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FOREWORD 
 
It is  my genuine pleasure  to welcome everyone to the 26th International  Conference on Software Engineering and 
Knowledge Engineering (SEKE) in the beautiful  city of Vancouver, British Columbia,  Canada. As  an international 
conference we just passed a quarter  of century, and look forward for next quarters to come. SEKE has established itself 
as a major international forum to foster, among academia, industry, and government agencies, discussion and exchange 
of ideas, research results and experience in software engineering and knowledge engineering. The SEKE community has 
grown to become a very important and influential source of ideas and innovations on the interplays between software 
engineering and knowledge engineering, and its impact on the knowledge economy has been felt worldwide. On behalf of 
the Program  Committee Co-Chairs  and the entire  Program Committee, I would like to extend to you the warmest 
welcome to SEKE 2014. 

 
We received 229 submissions from 33 countries this year. Through  a rigorous review process where  a majority (85 
percent) of the submitted papers received three reviews, and the rest with two reviews, we were able to select 67 full 
papers for the general conference (29 percent),  and 69 short  papers (30 percent). Out of that 11 papers have been 
accepted for two special tracks. All papers are scheduled for presentation in forty-five sessions during the conference. In 
addition, the technical program includes excellent keynote speech, poster and demo presentations, as well as two special 
tracks: Software Assurance, and Knowledge Management in Software Engineering. 

 
The high quality of the SEKE 2014 technical program would not have been possible without the tireless effort and hard 
work of many individuals. First of all, I would like to express my sincere appreciation to all the authors whose technical 
contributions have made the final technical program possible. I am very grateful to all the Program Committee members 
whose expertise and dedication made my responsibility that much easier. My gratitude also goes to the keynote speaker 
and panelists who graciously agreed to share their insight on important research issues, to the conference organizing 
committee members for their superb work, and to the external reviewers for their contribution. 

 
Personally, I owe a debt of gratitude to a number of people whose help and support with the technical program and the 
conference organization are unfailing and indispensable. I am deeply indebted to Dr. S. K. Chang, Chair of the Steering 
Committee, for his constant guidance and support that are essential to pull off SEKE 2014. My heartfelt appreciation 
goes to Dr. Swapna Gokhale of University of Connecticut, USA, the Conference Chair, for her help and experience, and 
to the Program Committee Co-Chairs, Dr. Haiping Xu of University of Massachusetts Dartmouth,  USA,  Dr. Claudia 
Werner of Federal University of Rio de Janeiro, Brazil, and Kehan Gao of Eastern Connecticut State University, USA, 
for their outstanding team work. 

 

I am truly grateful to the special track organizers, Dr. Dianxiang Xu of Boise State University, USA, Dr. Haiping Xu of 
University of Massachusetts Dartmouth,  USA,  Dr. Meira Levy of Shenkar College of Engineering and Design, Israel, 
Dr. Irit Hadar of University of Haifa, Israel, and Dr. Sivan Rapaport of Marketing Division Columbia Business School, 
USA, for their excellent job in organizing the special sessions. 

 

I would like to express my great appreciation to all the Publicity Chair, Dr. Xiaoying Bai of Tsinghua University, 
China, for her important contributions, to the Asia, Europe, India, and South America liaisons, Dr. Hironori Washizaki 
of Waseda University, Japan, Dr. Raul Garcia Castro of Universidad Politecnica de Madrid, Spain, Swapan 
Bhattacharya, NITK, Surathakl, India, and Dr. Jose Carlos Maldonado of University of Sao Paulo,  Brazil, for their 
great efforts in helping expand the SEKE community, and to the Poster/Demo session Co-Chairs, Dr. Farshad Samimi 
of Trilliant, USA, and Dr. Dragutin Petkovic of San Francisco State University, USA, for their work. 

 

Last but certainly not the least, I must acknowledge the important contributions the following KSI staff members have 
made. Their timely and dependable support and assistance throughout the entire process have been truly remarkable. It 
has been a great pleasure to work with all of them.  Finally, I hope you will enjoy both the scientific part of SEKE 2014 
– exciting exchange of ideas related to software and knowledge engineering topics – and the beauty of Vancouver, 
British Columbia, Canada, one of the most livable cities in the world. 

 
Marek Reformat, SEKE 2014 Program Chair 
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Keynote 
Toward the G System: The Dynamic Context-Aware Internet of Things 

for Advanced Society 
 

 

Son Vuong Computer Science 

Department University of British 
Columbia Vancouver, BC V6T 

1Z4 Canada Email: 
vuong@cs.ubc.ca 

 

The Internet of Things, the ultimate in ubiquitous networking, will greatly impact everyone’s life 
in every facet, including entertainment, socialization, business, healthcare and education.  Yet, the 
real structure of the future networks  and the adaptable ubiquitous computing model are still in 
clouds. To approach this ultimate goal of ubiquitous networking, we undertake to develop the so- 
called  G  System,  that combines  aspects  of  context-aware  ubiquitous networking, ambient 
intelligence and smart environments  based on dynamic wireless sensor networks  (WSNs).   To 
alleviate the explosion problem of collecting, processing and dissemination of huge amount of 
data and contents in the modern communication and interactions among humans, mobile devices 
and things, we must take into consideration of underlying dynamic context information and the 
small world model. 

 
The G System is defined to be the ultimate application of the Internet of Things to enhance the 
quality of life and to harmonize the society.     In this talk, we will  discuss our ongoing 
development  of the overall  G System  and  some  various  key  technologies,  subsystems  and 
components that are essential for the G System, including WISEMAN, a mobile agent system for 
intelligent management of wireless sensor networks (WSN);  RFID-G2, the next-generation RFID 
for object  identification  to convey  intelligence  in the code contained  in the RFID-G2 tag; 
MOPAR, a P2P Interest Management System for data collection of relevant local information, 
LePlaza,  a location-based  social  networking system;  and  LIVES,  a voice-based  system  for 
mobile learning and social networking. Some demo of these subsystems with a particular focus 
on LIVES system for mobile learning will also be presented, if time permits. 

 
We  will  discuss  the basic  architecture  and  infrastructure  of the G System   as  well  as  the 
underlying basic principle of harmonization.  The research on the G System is still at the infancy 
stage,  further work and  collaborative  efforts  will  be needed  to realize  the  true potential  of 
applying advanced technology to improve society and the wellbeing of mankind. 

mailto:Vuong@cs.ubc.ca
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Biographical Sketch 
 
Dr. Son T. Vuong Received his B.S. in Electrical Engineering from California State 
University, Sacramento, USA; M.Eng. in Systems Engineering at Carleton University in 
Ottawa, Canada; and Ph.D. in Computer Science from the University of Waterloo, 
Canada where he was a lecturer and assistant professor in 1981-1982.  Since 1983, he 
has been a professor of Computer Science at the University of British Columbia in 
Vancouver, Canada, where   he was a founder of the Distributed System Research 
Group and has been the Director of the Laboratory for Networks and Internet Computing 
(NICLab).   He is an international renowned researcher on protocol engineering, 
distributed multimedia systems, and collaborative computing.  His areas of research 
interest in recent years  include the Internet of Things, ambient networks, grid and  p2p 
computing, P2P video streaming,   network security, mobile computing and mobile 
learning, and especially the G (Green) System. 

 
Dr. Vuong has (co) authored a US patent,  200 papers and co-edited three books, 
including the book on “Recent Advances in Distributed Multimedia Systems” published in 
1999. He has supervised thesis research of 80 graduate (PhD and MSc) students. He 
was a co-leader of the major $30M grant proposal to establish a new Network of Centres 
of Excellence in 1999, called Global Information Systems and Software Technology – 
GISST that made to the final short list.  Dr. Vuong served on many conference program 
committees and has been general or technical (co)chair and (co)organizer of thirteen 
international  conferences  (AMT’14,  iThings’13,  ICASA’13, NCAS’11,  ACM 
Multimedia’08, DMS’08, IEEE NOMS’06, DMS'97, ICDCS'95, PSTV'94, FORTE'89, 
IWPTS'88). He served on the Canadian National Science and Engineering Research 
Council (NSERC) Grant Selection Committee in 1999-2003, and  also serves on the 
Board of Directors of two high-tech companies. 

 
Since 2013 he also serves as the Co-chair of the Green World System to realize the 
visions of a clean green world and an advanced society as set out by the respectable 
founding chair, Mr. Thai Quang Trung. 
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Abstract—Migrating towards Service Oriented Architecture SOA 

has become a major topic of interest during the recent years. 

Since emerging service technologies have forced non-service 

based software systems to become legacy, many efforts and 

researches have been carried out to enable these legacy systems 

to survive. In this context, several service identification solutions 

have been proposed. These approaches are either manual, thus 

considered expensive, or rely on ad-hoc criteria that fail to 

identify relevant services. In this paper, within the big picture of 

migrating object-oriented legacy systems towards SOA, we 

address automatic service identification from source code based 

on service quality characteristics. To achieve this, we propose a 

quality measurement model where characteristics of services are 

refined to measurable metrics. 

Keywords- SOA; reengineering; migration; reverse 

engineering; Object-Oriented; service identification; quality; 

software reuse; legacy system. 

I.  INTRODUCTION 

Service Oriented Architecture SOA, whose main bricks are 
services [7], has become a trend [3, 5] of computing paradigm 
to describe business functionalities and application logics. In 
SOA, a system is structured into a set of loosely coupled [6, 13, 
20] and interoperable business services that can be easily 
composed [7], reused [7] and shared [8] regardless of their 
physical location. Services could either be all implemented on a 
single machine, residing on several machines of company’s 
internal network, or even distributed on several systems over 
internet [2]. Moreover, having solid service oriented 
architecture in place will provide the infrastructure needed to 
successfully deploy services in cloud environment. 

The evolution of service technologies in recent years has 
led non-service based software systems to become legacy 
software [3, 5]. Any software which has been developed using 
outdated technology [1], but still brings great value to the 
organization that uses it, is considered as a legacy software [18, 
1]. In order to follow new technological advances and yet to 
conserve existing business value of current systems, a 
migration, which is considered as a variation of wrapping 
methodology [18], of legacy system should be carried out. 
Several approaches for legacy system migration towards SOA 
have been reported in literature [1, 2, 3, 4, 7, 9, 10, 14, 18, 19, 
21]. SOA migration is achieved through two major phases: (1) 
legacy analysis, where available software artifacts are analyzed 
to identify provided services and (2) service implementation, 
that leverages extracted legacy code as usable services, wraps 
them by interfaces and orchestrates their operations. The first 

phase (i.e. service identification) is crucial in this process, 
especially with the unavailability of certain resources (e.g. 
developers, architects) and poor documentation [4, 7]. Even 
more, it is a challenging task, since legacy systems are not 
necessarily built with the vision of service. Therefore many 
approaches have been proposed to identify services by 
analyzing legacy software artifacts. The majority of them are 
carried out manually [1, 7, 9]. These solutions are considered 
as expensive in terms of expertise. Thus, some automatic or 
quasi-automatic approaches were proposed [3, 5, 6, 19, 21]. 
Most of these approaches assume the existence of large range 
of information about legacy systems such as their 
documentation, architecture and design documents [7, 21]. 
Therefore they are specific to systems where such information 
is available. They cannot be applied to a large number of 
systems where only the source code is available [13]. In 
addition, these approaches rely on ad-hoc criteria for evaluating 
candidate services, hence a gap between identified services and 
expected ones. 

Our contribution in this paper is to automatically identify 
services from object-oriented source code. Unlike existing 
approaches, our service identification process is based on a 
quality function that measures the semantic correctness of 
identified services. We introduce a semantic correctness model 
in order to refine well-known service characteristics to 
measurable metrics. 

The rest of the paper is structured as follows: In section 2, 
we outline the related works for service identification within 
migration towards SOA approaches. In section 3, we present 
our approach of service identification from object-oriented 
source code by defining quality metrics to evaluate services. In 
section 4, we evaluate our approach on two case studies. 
Finally, section 5 concludes the paper and provides some future 
directions. 

II. RELATED WORK 

Most of the approaches proposing migration of legacy 
systems to service-based ones offer only guidelines to identify 
services [4, 9, 10, 14]. Few of them propose technical steps. In 
[7], authors present a migration approach called Service-
Oriented Migration and Reuse Technique (SMART). It defines 
five steps to achieve the migration of legacy system towards 
SOA. However, the proposed approach requires several sources 
of information (e.g. documentation) to support the analysis of 
the legacy system. Besides, the approach largely relies on 
human interaction (e.g. system analyst, maintenance 
programmer, etc.) that gathers information through 
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Figure 1.  Object-service mapping model. 

interviewing stakeholders in order to fill the gap between 
existing legacy system and target architecture. In [5], an 
architecture-based and requirement-driven service-oriented 
reengineering method is discussed. Services are identified by 
domain analysis and business function identification. The 
approach is based on both requirements abstraction and source 
code levels. This approach needs architectural and requirement 
information to be avalaible. [1] proposes an automatic 
approach to evaluate candidate services. Candidate services are 
considered as groups of object-oriented classes evaluated in 
terms of development, maintenance and estimated replacement 
costs. Other approaches propose to evaluate services either by 
code pattern matching and graph transformation [19], feature 
location [3] or formal concept analysis [6]. A detailed survey of 
all service identification methods is discussed in [11]. 

Services and software components have several 
characteristics in common, in particular, those related to their 
quality, nature, structure and behavior. For that obvious reason, 
component identification techniques from object oriented 
legacy system could be considered as related to this paper. One 
of the previous works in our team identifies components from 
object-oriented source code based on quality-centric metrics 
[22].  

As to SOA quality metrics, diverse studies have been 
proposed in literature for measuring qualitative properties of 
SOA systems. Most of these works either assess systems that 
are already service based or evaluate systems only after their 
implementation. Unfortunately, such researches are not adapted 
to the context of reengineering an object-oriented system 
towards service oriented system. [23] proposes a framework to 
measure the degree of service orientation in SOA systems. It 
focuses on the internal SOA attribute, decomposes selected 
attribute to a set of factors and maps each factor to a set of 
measurable criteria. Each criterion is typically evaluated by a 
set of software metrics, though no dedicated metrics are 
defined for each criterion in the paper. 

III. PROPOSED APPROACH 

We propose a migration technique that identifies services as 
groups of classes in the legacy software source code. We base 
our legacy system analysis on the source code, since it is the 
only resource that is always available, while other resources 
such as documentation or architecture could often be missing. 
Unlike other approaches that identify candidate services in 
source code manually, we propose an automatic identification 
method of candidate services. Our approach is based on the 
definition of a fitness function that measures semantic 
correctness of each group of source code elements to be 
considered as a service. 

A. Object-to-service mapping model  

In order to be capable to identify services from object-
oriented source code, we define a mapping between object 
oriented and SOA concepts (see Figure 1). We consider a 
service as a group of classes defined in object-oriented source 
code. Among these classes, some define the operations 
provided by the service, whereas others are inner classes. Inner 
classes are those which only have internal connections to other 
classes of the same service. Classes that define the operations 

provided by the service are the classes that define its interface. 
Inner classes do not define operations provided by the service. 
Operations provided by the service are class’s public methods. 

B. Quality Measurement Model of Services 

As we have mentioned earlier, a service is identified from a 
group of object-oriented classes. Initially, each group of classes 
is considered as a candidate service. A qualified service is 
selected from candidate ones based on a function that measures 
its quality. Similar to the standard for the evaluation of 
software quality ISO/IEC 25010:2011 [12], we define this 
quality function of services based on a set of characteristics that 
are mapped to a set of properties. Each property is later 
measured using a set of metrics.  

1) Characteristics of Services 
We deduct the quality characteristics of services based on 

the analysis of the most commonly used definitions of services 
in literature. 

In literature, there are several definitions of services [2, 5, 
13]. According to [5], a service is an abstract resource that 
performs a coherent and functional task. [13] considers a 
service as a process that has an open interface, self-
containedness and coarse granularity. It can be easily 
composed and decomposed to implement various business 
workflows. [2] defines the service in terms of its 
characteristics: A service is a coarse-grained and discoverable 
software entity that interacts with applications and other 
services through a loosely coupled, often asynchronous, 
message-based communication model. Coarse-grained means 
that services implement more than one functionality and 
operate on larger data sets. Discoverable means that services 
can be found at both design time and run time, not only by 
unique identity but also by interface identity and by service 
kind. Self-contained refers to the self-sufficiency a service has, 
where context or state information is not required from other 
services. For loosely coupled, services are connected to other 
services and clients using standard, dependency-reducing, 
decoupled message-based methods such as XML document 
exchanges. 
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 Table I lists the characteristics of services as mentioned in 
the definitions above. We have categorized them into two 
categories: those related to the structure and behavior of 
services and others related to the SOA platform. In order to 
measure the semantic correctness of candidate services, we 
select from the aforementioned characteristics the ones that 
define service structure and behavior: self-containment, 
composability and coarse-grained (functionality). 

2) Refinement of Service Characteristics 
The former selected characteristics are refined to 

measurable quality properties.  

 A service can be completely self-contained if it does not 
require any interface, i.e. it can be deployed as a single 
unit without depending on other services [13]. Thus, the 
property number of interfaces the service requires gives us 
a good indication on the self-containment of the service.  

The higher the number of required interfaces is, the less the 
service is self-contained.  

 A service is subject to composition with other services. 
This composition is realized without internal modifications 
but through service interface. A decomposition of the 
legacy system will be effective with the principle of 
composing those services with high cohesion and loose 
coupling, i.e. two services are composed with each other if 
their interfaces are cohesive. Thus, the average of services’ 
cohesion within an interface gives us a good indication on 
the composability of the service. 

 A service is more likely to be coarse-grained and hence 
represent complex, rich and high-level business 
functionality. However, it may sometimes be fine-grained 
and hence represent low-level primitive functionality [14]. 
Choosing the right level of granularity is the key for a 
successful service reuse. The bigger the service grains are, 
the less the service becomes reusable. It is relatively 
difficult to determine from source code the exact number 
of functionalities that the service provides. However, 
several factors can help measuring the functionality of a 
service. (1) A service that provides several interfaces may 

provide numerous functionalities, thus the higher the 
number of interfaces is, the more the service provides 
functionalities. (2) An interface whose services are highly 
cohesive probably provide single functionality. (3) A 
group of interfaces with high cohesion are most favorable 
to provide single or limited number of functionalities. (4) 
When the extracted code of candidate service is highly 
coupled, this means that the service probably provides 
very few or single functionality. (5) When the extracted 
code of candidate service is highly cohesive, this means 
that the service probably provides very few or single 
functionality. Thus, we suggest binding the functionality 
characteristic to properties as indicated in Table II.  

3) The Quality Metrics  
In our approach, according to the characteristics and 

properties of services we have chosen above, we build our 
quality metrics to evaluate the quality of candidate services. 
This quality will be the factor in distinguishing the extracted 
candidate services. The property functionality requires 
coupling and cohesion measurements, while composability 
only requires a cohesion measurement (see Figure 2). As to 
[15], cohesion of a service measures how strong the elements 
within this service are related to each other. A service is 
considered as highly cohesive, if it performs a set of closely 
related functions and cannot be split into finer elements. The 
metric LCC Loose Class Cohesion proposed by [16] measures 
the overall connectedness of the class. It is calculated by: 

 

     
                                         

                                      
 

Coupling means the degree of direct and indirect 
dependence of a class on other classes in the system. Here, two 
measures are counted: method calls and parameter use, i.e. two 
classes are considered coupled to each other if the methods of 
one class use the methods or attributes of the other class. In our 
approach,          measures the internal coupling of the 

TABLE I.  CHARACTERISTICS OF SERVICES 

Characteristic 

Type 

Structural and  

Behavioral 
SOA platform 

coarse-grained 

 =  

functionality  

  

discoverable   

self-contained  

=  

loosely-coupled 

  

dynamic-binding   

composable   

message-based   

asynchronous   

   

TABLE II.  BINDING FUNCTIONALITY CHARACTERISTIC TO 

PROPERTIES 

Functionality Characteristic Property 

A service that provides several interfaces may 

provide numerous functionalities, thus the 

higher the number of interfaces is, the more the 

service provides functionality.  

Number of provided 

interfaces 

An interface whose services are highly 

cohesive probably provide single functionality.  

Average of service’s 

interface cohesion 

within the interface 

A group of interfaces with high cohesion are 

most favorable to provide single or limited 

number of functionality. 

Cohesion between 

interfaces 

When the extracted code of candidate service is 

highly coupled, this means that the service 

probably provides very few or single 

functionality. 

Coupling inside a 

service 

When the extracted code of candidate service is 

highly cohesive, this means that the service 

probably provides very few or single 

functionality. 

Cohesion inside a 

service 
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Figure 2.    Refinement model of service characteristics. 

 

Figure 3.     Dendrogram with set of services. 

candidate service   and is calculated by the ratio between 
number of classes inside the service that are internally called to 
the total number of classes within the candidate service  . 
            measures the coupling of the candidate service   
with other services. It is calculated as                
         . 

4) Fitness Function Definition 

We define a fitness function       for an identified 

candidate service   as a linear combination between the 3 

characteristics of services previously defined,      for 

functionality,      for composability and      for self-

containment as follows: 
 

       
                 

 
 

 

Where       are coefficient weights for each 

characteristic that are determined by software architect 

and           . 
 

 The characteristics functionality      , composability 

     and self-containment      are measured according to 

their definition as follows: 
 

      
 

 
        

 

 
                           

        
 
Where       refers to number of provided interfaces, 

       refers to the average of service’s interface cohesion 
within the interface,        refers to the cohesion between 
interfaces,          refers to the coupling inside a service, 
and        refers to the cohesion inside a service. 

 

      
 

 
          ; where i refers to interface 

 

                 

C. Clustering Process 

In order to recover services from OO legacy code, we group 
classes based on their dependencies. For that purpose, we 
propose a hierarchical agglomerative clustering algorithm. This 
algorithm groups together the classes with the maximized value 
of the fitness function. At the outset, every class is considered 
as a single cluster. Next, we measure the fitness function 
between all pairs of clusters. The algorithm merges the pair of 
clusters with the highest fitness function value into a new 
cluster. Then, we measure the fitness function between the new 
formed cluster and all other clusters and successively merge the 
pair with the highest fitness function value. These steps are 
repeated as long as the number of clusters is bigger than one, as 
illustrated in Pseudo code 1. As a result, the legacy system is 
expressed in hierarchical view presented in a dendrogram, as 
illustrated in Figure 3. 

To obtain a partition of disjoint clusters, the resulting 
hierarchy needs to be cut at some point. To determine the best 
cutting point we employ the standard depth first search (DFS) 
algorithm. Initially on the root node, we compare the similarity 
of the current node to the similarity of it child nodes. If the 
current node’s similarity value exceeds the average of 
similarity value of its children, then the current node is a 
cutting point, otherwise, the algorithm continues recursively 
through its children. 

By applying the aforementioned clustering algorithm, we 
evaluate the legacy system and represent its classes in coarse-
grained and loose-coupled disjoint set of services. An example 
of partitioning legacy system’s classes to services is illustrated 
in Figure 3. 

PSEUDO CODE 1:        AGGLOMERATIVE HIERARCHICAL CLUSTERING 
 

Input: OO source code classes; 

Output: A hierarchy of clusters (dendrogram); 

1: let each class be a cluster; 

2: compute fitness function of pair classes; 

3: repeat 

4:  merge two “closest” clusters based fitness function 

value; 

5:  update list of clusters; 

6: until only one cluster remains 

7: return dendrogram 

4



IV. EVALUATION 

The proposed approach has been evaluated on two realistic 
case studies: Java Calculator Suite

1
 which is a small system 

with 17 classes and MobileMedia
2
 which is a medium sized 

system with 51 classes. Table III gives the number of classes 
and LOC (Line of Code) of these two case studies. 

Java Calculator Suite is an open-source calculator 
implemented in Java. It performs basic mathematical 
operations, has a graphic interface and supports Booleans, large 
numbers, machine numbers, and about 25 different operations. 
MobileMedia is an open-source Java application used for 
managing media (photo, music, and video) on mobile devices. 

A.  Service Identification 

1) Results 
 In this phase, we partition the source code of each case 

study into a set of clusters. Each cluster is composed of one or 
more classes. Each resulting cluster corresponds to one service. 
Table IV shows the results in terms of number of obtained 
services for each case study and the corresponding average 
service quality value for each of the three characteristics: 
functionality, composability and self-containment. The 
distribution rate of classes to services is 17/7= 2.4 classes per 
service for Java Calculator Suite and 3.9 for MobileMedia. 
Even more, we notice that almost all classes of same service 
are grouped to offer single functionality. For example, 
“Entries”, “GuiCommandLine” and “ResultList” handle I/O 
issues. 

2) Validation and Discussion 
We validate the consistency of our proposed approach 

either by comparing resulting services with the known 
architectural design or by analyzing the relevance of the 
identified services.  

In Java Calculator Suite, we notice that lexically relevant 
classes were grouped in one cluster. We document the resulting 
components by assigning a name based on the most frequent 
tokens in their classes’ names. In Table V, we display service 
identification results in terms of clusters’ names and their 
composing classes.  

                                                           
1
  http://sourceforge.net/projects/bfegler/ 

2
  http://homepages.dcc.ufmg.br/~figueiredo/spl/icse08/ 

MobileMedia has a known architecture model. In [17], the 
authors presented aspect oriented architecture for 
MobileMedia. We manually compare our extracted services 
with the modules of this design, after excluding aspect 
modules. We have found out that some services were directly 
mapped to one corresponding module in the architecture, such 
as the service that includes two classes “MediaListScreen” and 
“MediaData” was mapped to the module named 
“MediaListScreen”. In total, 5 services were successfully 
mapped to 5 modules. Some other extracted services could be 
mapped to more than one module. This category can be divided 
to two types. The first type is one module with closely related 
functionalities such as the service named “Video Media Util 
Screen Play Capture Music” was mapped to three modules 
“PlayMediaScreen”, “VideoAccessor” and 
“VideoAlbumData”. These three modules are in fact 
functionally related and the resulted service was more coarse-
grained than the architecture design. The second type is 
modules that are weakly related. For this case, we have found 
two services that each of them was mapped to respectively 3 
and 4 modules of the architecture. Some services that are 
functionally closely related (in our case study, 4 services 
related to the functionality of transferring media via SMS) were 
mapped to many modules of the architecture (in our case study, 
2 modules related to media transfer functionality). These 
extracted services were finer-grained than their corresponding 
modules. Finally, one service that groups exception classes is 
missing from the architectural design since in the architecture, 
non-functional modules are not represented. 

The results show that 77% (10/13) of extracted services 
were successfully mapped in the architectural design. 

B. Example of Service Deployment 

We deployed identified services as Web services using 
Apache Axis2 on Apache Tomcat Web server and then 
wrapped these Web services by generating their WSDL 
interfaces. For example, in MobileMedia case study, the 
configuration file services.xml (Figure. 4) describes the 
"mapping" between Web service “Video Media Util Screen 

TABLE III.  CASE STUDIES INFORMATION 

Case study Number of classes LOC 

Java Calculator Suite 17 2360 

MobileMedia 51 3016 

   

TABLE IV.  SERVICE IDENTIFICATION RESULTS 

Case study Number 

of 

services 

Functionality Composability Self-

containment 

Java Calculator 
Suite 

7 0.73 0.88 0.41 

MobileMedia 13 0.60 0.79 0.59 

 

TABLE V.  SERVICE IDENTIFICATION RESULTS 

Cluster 

Number 

Cluster Name Composing Classes 

1 Calc Machine Number CalcMachineNumber 

2 Operator Center Control OperatorControlCenter 

3 Calculator jcalc_applet 
Gui Results jcalc Entries 
Command 

Calculator 
CalculatorException, 
CalculatorTester 

 Jcalc 
jcalc_applet 

4 E variable_interface 

jcalc_math jcalc_trig 

E 

jcalc_math 
jcalc_trig 
variable_interface 

5 Variable operator 
Checker Table 

VariableTable, operatorChecker 

6 PI PI 

7 Gui Line Results Entries 
Command List 

Entries 
GuiCommandLine 
ResultsList 
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Play Capture Music” and the Java classes composing this 
service. 

 

<service name="VideoMediaUtilScreenPlayCaptureMusic" 

scope="application"> 

    <description> 

        Video Media Util Screen Play Capture Music 

    </description> 

    <messageReceivers> 

        <messageReceiver  

            mep="http://www.w3.org/2004/08/wsdl/in-only" 

class="org.apache.axis2.rpc.receivers.RPCInOnlyMessageReceiv

er"/> 

        <messageReceiver 

            mep="http://www.w3.org/2004/08/wsdl/in-out" 

 class="org.apache.axis2.rpc.receivers.RPCMessageReceiver"/> 

    </messageReceivers> 

    <parameter name="ServiceClass"> 

        sample.pojo.service.VideoMediaUtilScreenPlayCapture 

Music  

    </parameter> 

</service> 

 

Figure 4.    Services.xml file. 

V. CONCLUSION 

The main contribution of the work presented in this paper is 
the extraction of services from legacy source code based on 
service quality characteristics. For this purpose, we first set a 
mapping model between object and service concepts. Then, 
unlike most ad-hoc identification approaches, we introduced a 
fitness function that measures the quality of identified services. 
The measurement metrics of fitness function are based on a 
refinement model of service’s semantic characteristics. It is 
worthy to note that this approach is especially applicable to 
modernize legacy systems for which no software assets but the 
source code is available. Finally, to demonstrate the 
applicability of our proposed approach, we have applied it on 
two Java OO applications and obtained satisfying results. As a 
part of future work, we plan to apply our proposed on more 
complex case studies. 
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Abstract—Quantitative metrics is useful for improving soft-
ware development process. Automatic capturing of metrics from
development projects enhances the usage of software metrics.
This paper presents an automatic metrics capturing tool and
its implementation to capture different software product metrics
during product development using IEC 61131-3 languages. We
are discussing about the method to capture the metrics for
function block and structured text languages of IEC 61131-3.
We also discuss about the normalization of different languages
in IEC61131-3.

Keywords—Software metrics, size metrics, control application,
automation application, Tool development

I. INTRODUCTION

Complexity of Software logic in control / automation
applications is increasing rapidly due to improved capabilities
of field devices, usage of more powerful programmable con-
trollers, etc. IEC61131-3 [1] languages are used to develop
majority of these software applications. Control / automation
applications are being predominantly developed by the func-
tional / domain experts, who often have limited understanding
of the software engineering practices used in the industry, due
to the lack of software engineering background. To manage the
software development in this complex scenario, we need the
support of good software engineering practices. According to
IEEE Standard 610.12, software engineering is defined as, “the
application of a systematic, disciplined, quantifiable approach
to the development, operation, and maintenance of software;
that is, the application of engineering to software” [2]. Soft-
ware metrics are used by the software engineering community
for quantitative management of the development, operation
and maintenance of software [3]. It helps the industry to get
quantitative information about developer productivity, quality,
complexity and maintainability of software. The selection of
metrics depends on the goal we want to achieve. They give us
the status of the project in quantitative manner that is used to
track the goal in objective manner and can help to compare the
process and product with respect to the goals to achieve. This
information can also be used to take corrective and preventive
actions as well as to plan definite improvement and strategy
plans on software development [4].

In control and automation field, one can find very few
works related to software metrics. Gharieb [5] defined 4 met-
rics specific to ladder logic programming. Dubey [6] reviewed
the need for software engineering in context of control and
automation. She pointed the need of normalization between

different IEC61131-3 languages. Based on these needs, Nair
[4] defined a set of product metrics, which are applicable
to all IEC61131-3 languages. To know about the status of
a project with respect to goals, we might need the number
of lines of code or POUs, its complexity, the functionality it
covers, the number of potential defects it may have. However,
these metrics can only be used when tools are available for the
developer to extract the required data without spending much
effort.

The unavailability of software metrics tool for IEC61131-
3 languages is a major drawback in estimating and tracking
productivity of software project development using IEC 61131-
3 languages. In this paper, product metrics such as size, reuse
and coupling are implemented for estimating and tracking
productivity of software project development using IEC 61131-
3 languages. This tool is helpful to managers and developers
in optimizing resources during development and maintenance
of project developed using IEC61131-3 languages.

The rest of the paper is organized as follows. We introduce
the working principle of the tool along with the basic concepts
of IEC 61131-3 in section II. Next we explain the implemen-
tation of the tool for the IDEs in section III. We describe the
conclusion and future work in section IV.

II. METHODOLOGY

Most of the development environments (IDEs) like
CoDeSys [7], [8], Control Builder [9] etc., save the code of
control application project in native format and then convert it
to an intermediate format to export the code. In our approach,
we parse this intermediate format to collect the information
required to calculate the metrics. Figure 1 depicts the block
diagram of the methodology followed in our tool.

A. Intermediate format

Some of the IDEs like control builders etc., use proprietary
intermediate formats in XML, and other IDEs use open source
intermediate formats like PLCopen XML, which is a XML
representation. The W3C consortium calls XML “a common
syntax for expressing structure in data” [10]. Structured data
refers to data that is tagged for its content, meaning, or use. The
XML data format PLCopen XML specified by the PLCopen
association has the purpose to store and exchange all relevant
programming information for IEC 61131-3 PLC programming
projects. Thereby, it covers the exchange of the five IEC
61131-3 programming languages, graphical information for
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the graphic based programming languages and the structure of
programming projects as well as supplier specific information
[11]. In this paper, we are talking about the metrics capturing
tool which uses propriety XML schema in place of PLCopen
XML. However, this tool can easily modified for PLCopen.

B. Introduction of IEC61131-3

The standard includes both the common concepts already
in use in PLC programming and additional new program-
ming methods. IEC 61131-3 defines a guideline for PLC
programming. The standard was established by working group
SC65B WG7 (originally: SC65A WG6) of the international
standardization organization IEC (International Electotechnical
Commission) which consists of representatives of different
PLC manufacturers, software houses and users [12]. The IEC
61131-3 is a worldwide standard for PLC programming in
recent years.

IEC 61131-3 provides three textual languages and three
graphical languages for writing application programs.

The textual languages are [12]:

• Instruction list (IL)
• Structured Text (ST)
• Sequential Function Chart (SFC-textual version).

The graphical languages are:

• Ladder Diagram (LD)
• Function Block Diagram (FBD)
• Sequential Function Chart (SFC - graphical version)

C. POU

POUs are the smallest independent software units of a user
program. IEC 61131-3 calls the blocks from which programs
and projects are built as Program Organization Units (POUs).
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Fig. 1: Flow chart of obtain metrics from IDEs

POUs correspond to the program blocks, organization blocks,
sequence blocks and function blocks of the conventional PLC
programming world. There are three types of POUs: Function
(FUN), Function block (FB) and Program (PROG). Functions
always produce the same result (function value) when called
with the same input parameters, i.e. they have no “memory”
but function blocks have their own data record and hence
“remember” status information (instantiation).

These POU types differ from each other in certain features:

Function (FUN) : A Function whenever invoked with same
input, will generate same output [12].

Function blocks (FB) : A Function Block (for example a
counter or timer block), when invoked with the same input
parameters, will output values depending on the state of its
internal (VAR) and external (VAR EXTERNAL) variables;
these variables are retained from one execution of the function
block to the next [12].

Program (PROG) : This POU represents the “main pro-
gram”. The variables used in the program which need to
be assigned physical addresses (for example PLC inputs and
outputs) must be declared in this POU or above it (Resource,
Configuration). Except this point, it behaves like an FB [12].

D. Metrics Implemented
The tool discussed in the paper implements three product

metrics - size, reuse and coupling which were defined in [4].
1) Size Metrics: By representing the project using a quan-

titative size, we can calculate the productivity (i.e., effort taken
by the developers to develop a typical POU of unit size).
Following parameters were considered for defining the size
metrics.

Base Functional complexity (CPOU ) : This parameter is
arrived from the time required to configure a standard POU
by an average resource. The value for each POU is defined by
the experts in a scale of 1 to 10.

No of additional operands (NAOP ) : This identifies addi-
tional parameters that will provide the incremental changes to
the Base functional complexity.

Complexity of module (CM ) : While calculating the size,
we need to consider the additional efforts spent on arranging
POU inside the module. Depending upon the complexity
of the logic, the relationships between the POUs inside a
control module/type circuit/program may be easy or difficult
to configure. This parameter will provide the details regarding
the effort required for combining different POUs to arrive at
the module.

Number of physical I/O (NIO) : Number of physical I/Os
connected to the project.

Using the above four parameters, we can arrive at the
project size. The steps for determining size are as follows.

Module Size,

SM = CM ×
NPOU∑

1

[CPOU × (1 + α×NAOP )]
(1)

Project Size,

SP = (

NM∑
1

SM ) + (β ×NIO)
(2)
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Here α is the size constant for operands, β is the size
constant of physical I/Os and NM is the number of modules.

2) Reuse Metrics: Two Metrics are defined for reuse -
reuse count and reuse size. The metric reuse ratio assesses
the percentage of POUs reused in the project. Reuse ratio of
the project can be arrived by the formula,

[REP ]Count =
[NPOU ]Reuse

NPOU
(3)

[REP ]Size =
[SPOU ]Reuse

SP
(4)

Where the base measures are,
Number of re-used POU ([NPOU ]Reuse) : Count of POUs

reused in the project. (POUs used more than once)
Total number of POUs (NPOU ) : Total number of POUs

including the reused POU
Size of re-used POU ([SPOU ]Reuse) : Sum of size of

Program Organization Units (POU) reused in the project.
(POUs used more than once) (Calculate using Eq. 1)

Total size of project (SP ) : Size of the total project
(Calculate using Eq. 2)

3) Coupling Metrics: Coupling metrics [13] is the measure
of dependencies of a given module onto the other modules that
the project consists of. Using this metrics, we can measure
stability, maintainability, and testability of the whole project
by considering it as a collection of modules.

Afferent coupling (fan-in) (Ca) : describes the number
of POUs outside a module that depend on POUs inside the
module. Greater this value, larger is the module’s responsibility
in maintaining the overall project stability.

Ca = Count of POUshaving direct inputs
from thePOUs in themodule

(5)

Efferent coupling (fan-out)(Ce) : is the number of POUs
inside a module that depend on POUs outside the module;
an indicator of the package’s independence. It builds a unique
set for these dependencies by considering all modules that the
entity depends on.

Ce = Count of POUshaving direct inputs
to thePOUs in themodule

(6)

Instability (I) : is an indicator of the function’s resilience to
change. The range for this metric is 0 to 1, where, 0 indicates
a completely stable package and 1 indicates a completely
unstable package.

Instability , I =
Ce

(Ca + Ce)
(7)

III. IMPLEMENTATION OF TOOL
A. Steps for calculating metrics

According to IEC 61131-3 the basic building blocks are
function, function block and program. The tool first reads XML
of project, after reading XML the tool will parse XML and
collect all measures we require to calculate the metrics. The
measures at all three level are collected from the project written
using IEC61131-3 languages. Working principal of the tool is
explained below.

Step 1. Read the XML of project from development IEDs.
Step 2. Parse XML and collect following data at different

levels:

Data collection on function block level : The data collected
by the tool at function block level are name of the project,
name of the application, name of the program, name of the
function block, function block type, no of inputs, no of outputs,
input extension possibility, name of the variable attached, and
variable type with each function block.
Data collection on Program level : The data collected by the
tool at program level are the name of project, name of the
application, name of the program, name of the function block,
function block type, no of inputs, no of outputs on program
level.
Data collection on Application level : The data collected by
the tool at application level are Name of the project, name of
the application, name of the variable.

Step 3. Collect base complexity of each Function block
and function and base complexity of each Program from the
users. This will be a onetime activity for an organization.

Step 4. Calculate metrics as mathematical formula defined
in previous equation.

Step 5. Show the metrics value (output) to user.
Step 6. Implementation of metrics

B. Metrics implementation for Function Block Diagram (FBD)
According to IEC 61131-3 the basic building blocks are

function, function block and program. Our tool collects data
from project written using Function Block Diagram (FBD)
language at all three levels. In figure 2, a sample project
written in FBD language is depicted. Sample project has
one application, Application 1. Application 1 has two pro-
grams, Program 1 and Program 2. Program 1 has 2
AND blocks (one with 2 inputs and another with 3 in-
puts) and 1 OR (3 input) block. Program 2 has 1 AND
(2 input) block and 1 Ton timer. The variable defined in
Program 1 and Program 2 are local to respective programs
and variables defined at application level are available for both
Program 1 and Program 2. Figure 2c shows relationship
between Program 1 and Program 2.

Table II and I show the tools output measures (i.e. data
collected at different level) and metrics values and metrics
calculated by the tool. For recognizing function Block in pro-
gram, a unique ID is given to each function and function Block
(as shown in table II, Program 1 has 2 AND Logic Blocks,
1st has ID1 and 2nd has ID2). The tool also considers the
physical (input/output from controller) and extra input/output
attached with function blocks, because each extra and physical
input /output affect the function blocks complexity because
developer will spend extra time to configure them.

Example: If we consider an AND block with 3 inputs to
calculate metrics,

Base complexity of AND Block, CPOU = 1
Size constant for operands, α = 0.1
Complexity of module, CM = 1
Size constant of physical I/Os, β = 0.2
No of additional operands, NAOP = 1
Using these values, size of AND block with 3 inputs

= CPOU + α×NAOP = 1.1

Similarly the tool also calculates size of each FB,
which is shown in table II. Using these values in equation 1,

(SM )Prog1 = 3.2
(SM )Prog2 = 4.0

and, using equation 2, Size of the project,
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TABLE I: Project Metrics calculated for sample FBD project

Project Test project

Application Application 1
Program Program 1 Program 2
Program Size 3.2 4
Afferent coupling 0 2
Efferent coupling 2 1
Instability 1 0.33
REUSE(COUNT) 0.67 0
REUSE(SIZE) 0.65 0

   1

global2

global1

var12

var15

var14
var13

var11

 >=1 

 & 

 & 

(a) Program 1

   1

var23
global3

var21

var22

global2
global1
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Q
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In

TOn_1

TOn

 & 

(b) Program 2

global3
Program1 Program2

global1

Relation Between Programs

Program1 Program2

global2

(c) Relation between programs

Fig. 2: Sample project written in FBD

SP = 7.2
The tool also calculates the coupling metrics at program level:
For program 2,

(Ca)Prog2 = 2
(Ce)Prog2 = 1

Using equation 7,
(I)Prog2 =

(
1

1+2

)
= 0.33

Similarly, for Program 1,
(I)Prog1 = 1.0

All the metrics calculated by the tool are mentioned in
table I.

C. Metrics implementation for Structure Text (ST)
The tool collects data from project written using struc-

tured text (ST) language at all three levels (function, func-
tion block and program) as defined in IEC 61131-3. For
explaining basic concepts, a sample project written in struc-
ture text, is shown below. Sample project has one applica-
tion, Application 1. Application 1 contains one program,
Program 1. Program 1 has 1 TON timer and “if-else”
conditional statement. Application 1 has 2 global variables
and rest are local variables. Table III and IV provides the
results obtained by running the tool on this sample code to
collect the metrics.
if Start_TempControl then

TABLE IV: Project Metrics calculated for sample ST project

Project Sample ST1

Application Application 1
Program Program1
Program Size 12.3
Afferent coupling 2
Efferent coupling 2
Instability 0.5
REUSE(COUNT) 0.5
REUSE(SIZE) 0.423

if Start_TempControl then
CoolingSetpoint := Sp_Temp + TempDeadband;
HeatingSetpoint := Sp_Temp - TempDeadband;

if gTemp < HeatingSetpoint - Temp_Hysteresis then
gHeater_Ord := true;

end_if;
if gTemp > 130 then

Temp_High := True;
gHeater_Ord := False;
Start_TempControl := False;

else
Temp_High := False;

end_if;
end_if;

TON1( In := Temp_High,
PT := time1,
Q => out,
ET => time2 );

For calculation of metrics for function and function blocks
from the code written in structured text, our tool uses the
same rules and steps as used for function block diagram.
But structure text have extra features like loops (for, while)
and conditional statement (if, else). Also simple arithmetic
and logical expressions are different from other IEC 61131-
3 languages. Hence for size metrics calculation, we need a
different approach compared to FBD. Size metrics calculation
scheme for ST is explained below with the help of an example.

The tool traverses through the ST code and identifies
statements that contain loops and conditional statements. If
these statements contain operators, then it will count the
number of operators in those statements and will give equal
base complexity for each operators (say, Loop1). The base
complexities are defined with the help of experts in the domain
and is a onetime activity.

For example take an If statement from above ST code:
if gTemp < HeatingSetpoint - Temp_Hysteresis then

gHeater_Ord := true;
end_if;

Base complexity of Loop1, CPOU = 0.8
Number of Loop1 in above “if ′′ statement

= 2
Size of “if ′′ statement:= 2× ∗CPOULoop1

= 2× 0.8 = 1.6

In case, the statement does not have any operators, then the
tool will assign a different base complexity to that statement
(say, Loop2). I.e., “If-else” Conditional statement contains only
one statement which is called as “Loop2” and “Loop2” will
have less base complexity than “Loop1”.

For example take an If statement from above ST code
If Start_Temcontrol Then

Base complexity of Loop2, CPOU = 0.5
Number of Loop2 in above “if ′′ statement
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TABLE II: Measures for sample FBD project
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Test case1 Application 1 Program1 AND AND ID 2 1 3 1 1.1 3 0 0 1 0
Test case1 Application 1 Program1 OR OR ID 3 1 3 1 1.1 3 0 0 1 0
Test case1 Application 1 Program1 AND AND ID 1 1 2 0 1 2 1 0 0 0
Test case1 Application 1 Program2 AND AND ID 1 1 2 0 1 0 1 2 0 0
Test case1 Application 1 Program2 TOn 1 TOn ID 2 2 2 0 3 2 1 0 1 0

TABLE III: Measures for sample ST project
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sample ST1 Application 1 Program1 + ID 6 1 2 0.8 2 1 0 0 0
sample ST1 Application 1 Program1 := ID 1 1 1 0.8 1 0 0 1 0
sample ST1 Application 1 Program1 := ID 2 1 1 0.8 1 0 0 1 0
sample ST1 Application 1 Program1 Loop1 ID 3 0 2 1 1 0 1 0 0
sample ST1 Application 1 Program1 Loop1 ID 5 0 2 1 1 0 1 0 0
sample ST1 Application 1 Program1 - ID 7 1 2 0.8 2 1 0 0 0
sample ST1 Application 1 Program1 Loop2 ID 8 0 1 0.5 1 0 0 0 0
sample ST1 Application 1 Program1 := ID 9 1 1 0.8 1 1 0 0 0
sample ST1 Application 1 Program1 := ID 10 1 1 0.8 1 1 0 0 0
sample ST1 Application 1 Program1 := ID 11 1 1 0.8 1 1 0 0 0
sample ST1 Application 1 Program1 Loop1 ID 4 0 2 1 2 0 0 0 0
sample ST1 Application 1 Program1 TON1 2 2 3.2 2 2 0 0 0

= 0
Size of “if ′′ statement:= CPOULoop2

= 0.5

Similarly size is calculated for loops such as (For, While
etc.). For simple arithmetic and logical expressions, total
number of operators is counted and identified with unique ID
and size metrics is calculated by providing base complexity
to each type of operators and summing up the size of each
operators.

Considering the difference in development approach, the
base complexity provided to the same function block may
differ in ST and FBD. In most cases base complexity of a
function block in ST is more when compared to the same
provided to FBD.

This way, we can calculate the measures and metrics for
the entire ST program. The results arrived are given in Tables
III and IV.

D. Tool Piloting
To explore the usefulness of the tool, we have used the tool

to an industrial project. In this project FBD and Structure test
is used for developing the logic. It consists of one application,
4 programs, 8 code panes and 50 POU’s. With the help of
domain experts, we have defined base function complexity
measure and operand constant for each POU. Similarly, physi-
cal I/O constant and program complexity were also calculated.

The result of tool is correlated with the help of experts.
The results are found accurate.

The metrics of programs are almost able to predict the
program effort. From the above result we concluded that reuse
size metrics give us more accurate figure about re-usability
compared to reuse count. Zero reuse metrics mean that all the
function blocks in that particular program are unique.

E. Normalization between two different IEC61131-3 lan-
guages

In practice, most industrial projects use more than one
language to develop a project. This is mainly to utilize the
best properties of each language (for example, use FBD when
standard function blocks and libraries are available; use ST
when a new library or function block is to be developed etc.).
Each language has got their own benefits. Ladder diagram is
preferred for sequential logic implementation, structured text is
preferred for mathematical implementation, sequential function
chart is used for structuring programs and controlling their
execution [12]. To express the complete project in terms of
single entity (for example, size of the project is x POUs), we
need some sort of normalization of metrics among IEC61131-3
languages. The main objective of normalization is to calculate
the productivity of developer more precisely [6].

In this paper a project is represented in terms of basic
function blocks, but the base complexity of function block
depends on the developers’ choice of programming language.
Effort required to configure the particular function block varies
with programming language. Consider ST and FBD, usually
developer may take more time to configure the same function
block in ST compared to FBD. So base complexity of the
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same function block may be more in structured text compared
to function block diagram.

For example, for implementing 3 input “AND” block in
FBD, developer have option to increase number of inputs in
“AND” block. However, in ST we have to use AND block
twice to get the same result. Hence developers may have to
put more effort for implementing same logic in most of the
cases.

In this paper an example is used to explain how differ-
ent programming language effect metrics values. The sample
project is implemented using both FBD and ST and the tool
captures the metrics for both. FBD and ST metrics captured
by the tool are given in Table I and V respectively.

Structure text code for project (Fig 2) is shown below:
Program 1

var12:=var11 and var12;
global1:=var12 and var13 and var14;
global2 := var13 and var14 and var15;

Program 2
var21:=global1 And global2;
Ton_1( In := var21,

PT := var22,
Q => global3,
ET => var23 );

TABLE V: Project Metrics for sample FBD project in ST

Project Sample st2

Application Application 1
Program Program1 Program2
Program Size 5 4.2
Afferent coupling 0 2
Efferent coupling 2 1
Instability 1 0.33
REUSE(COUNT) 0.8 0
REUSE(SIZE) 0.8 0

It is clear from Tables I and V that change in language
affects program size and reuse metrics and does not affect
coupling metrics. Size of program 1 and 2 in FBD are 3.2 and
4 respectively, but in case of structured Text size is 5 and 4.2.
Hence the developer will take more time to write the same
logic in structured text.

This information can be useful while estimating the
projects. During estimation, the normalization factor can be
used to arrive at the approximate effort required if we know
the nature of the program and usage of different languages.

F. Benefits of usage of the metrics in SDLC
Size metrics: In control and automation, common practice

is to express project size in terms of number of input/output
loops. For estimation, we will divide a project in three cate-
gories according to the complexity of loop (simple, medium
and complex). But there is no clear cut definition of simple,
medium and complex, so with the help of size metrics we can
define these categories in terms of quantitative value and try
to explore whether we need to divide a project in more than
three categories for better estimation and implementation.

Coupling Metrics: This measures dependencies of one
module to other module of the project. As dependency of
module increases it’s hard to maintain. So we need to decide
threshold value of a particular project. If metrics value is going
to be beyond the threshold then we can suggest the various
possibilities of bringing the metrics value below threshold

for e.g. by trying to split a particular module and reducing
dependency etc.

Reuse Metrics: Before starting a project development, a
team in the organization will build libraries, specific to the
project to maximize the reuse and save developers time. Most
of organizations will fix a specific goal of re-usability. This
metrics will help the manager to keep track of Re-usability.
Are we able to achieve re-usability goal or not? If not, then
take necessary action to reach that goal.

IV. CONCLUSION AND FUTURE WORK
We have implemented three product metrics size, reuse and

coupling for two most used IEC61131-3 languages, Function
Block Diagram and Structure Text. Results of the tool are
satisfactory. These metrics will be helpful to track productivity
of developer’s (effort), keeping track of re-usability in develop-
ment phase and tracking instability of the module (Program).

We can define more metrics like complexity of the par-
ticular module and loops. For calculating size metrics more
accurately we have to take into consideration the variables that
are repeating within more than one function block. We have to
count the total number of variables repeating in each program
and subtract the effect from the size, because developer will
save effort not to declare those variables again. For deciding
threshold for coupling metrics we need to further analyze and
find the factor’s on which threshold will depend. In future we
can add metrics of reliability which will be helpful in tracking
the correctness and robustness of the control algorithm and
incremental code churn to track changes between two versions
of the software.
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    Abstract–User interface design metrics assist 

developers to evaluate interface designs in early phase 

before delivering the software to end users. This paper 

presents a metric-based tool called GUIEvaluator for 

evaluating the complexity of the user interface based on 

its structure. We defined a metrics model that includes 

five modified structural measures of interface 

complexity: Alignment, grouping, size, density, and 

balance. The results of our tool are discussed in 

comparison with the subjective evaluations of interface 

layouts. This paper demonstrates the potential benefits 

of incorporating automated complexity metrics into the 

user interface design process. Our findings show that the 

means of the interface complexity values for both the 

subjective evaluation and the GUIEvaluator are equal at 

a significance level 0.01. 

    Keywords-User Interface Design, GUI, Complexity 

Metrics, Screen Aesthetics, Usability, Automated Tools. 

I. INTRODUCTION 

Despite the abundance of usability and interface 

design principles and guidelines, interface complexity 

continues to be a pressing Human Computer 

Interaction (HCI) issue. With the tremendous 

advances in technology, the user interfaces become 

complex. Therefore, interface design is a difficult 

process that needs effective tools and techniques to 

evaluate interface layouts. One of these techniques is 

the software metrics. With the rapid advance of 

software, software metrics have become one of the 

foundations of software management and essential to 

the success of software development. Nowadays, 

software metrics are integrated into programming 

languages that provide developers statistical data 

about their code. One of the metrics suites is structural 

metrics. Of the structural metrics, particularly 

important are complexity metrics, which are used 

widely with code. Thus, complexity metrics have 

played a significant role in software development.  

Therefore, the growth of interface complexity calls for 

the growth of the complexity metrics in the interface 

design process. Although people realize the 

importance of interface metrics, the complexity 

metrics field still needs to grow quickly to meet the 

requirement of interface design. This encourages us to 

investigate the importance of applying complexity 

metrics in interface design.  

We need to study and merge the complexity 

metrics into the interface design environment for two 

reasons: First, there are several applications of the 

complexity measures in the software development 

process such as project size estimation, cost and time 

estimation, effort estimation, and software 

maintenance. In order to improve the user interface 

quality and the project controllability, it is necessary 

to control the interface complexity by measuring the 

related aspects. Second, user interface is a key 

component of any software application. Moreover, 

good interfaces make the interaction between the 

human and the software seamless and as effortless as 

possible. Previous empirical studies have proven that 

the layout complexity is important to aesthetic 

perception of user interfaces [11, 12].  

Quantitative tools can help developers identify 

better solutions to user interface design problems 

and make better decisions when faced with 

alternative designs [14]. In order to enhance the user 

satisfaction through well-designed interfaces in early 

stages, we present five design factors with their 

metrics based on the structural aspects of the interface 

layout. Those design factors are: Alignment, grouping, 

size, density, and balance, which are considered 

significant influences on interface usability [8]. This 

metrics suite is supported by a complementary tool 

called GUIEvaluator, which provides automatic 

metrics calculation. This tool is used to measure the 

complexity of an interface layout in order to judge the 

quality of the interface design.  
The ultimate goal of this research is to develop an 

effective metric-based tool to evaluate the complexity 

of interface layouts. This quantitative tool may 

mitigate the cost and time of the evaluation of user 

interfaces in early stages. The rest of this paper is 

organized as follows. Section II describes the 

GUIEvaluator tool and the metrics model in further 

detail. Section III presents the related work. Section IV 

shows the collected data and procedure. Section V 

shows the results of our user study. Section VI 

discusses the results. Section VII concludes the paper. 
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II. RELATED WORK 

Several research studies run in the interface 

design field focus on developing and calculating 

metrics models manually or semi-automatically.  

Stickel et al. [2] introduced a method to calculate the 

visual complexity, which is based on the number of 

possible interactions or functional elements, number 

of higher level of structures or organizational 

elements, and summed entropy of RGB values. Sears 

[3] developed a layout metric called Layout 

Appropriateness (LA). Each task needs a sequence of 

actions and LA metric attempts to calculate the costs 

of each sequence of actions. Kang and Seong [5] 

proposed three measures to determine the complexity 

of UI design: Operation, transition, and screen 

complexity. In addition, Xing [7] developed metrics 

which utilize three factors associated with complexity: 

numeric size, variety of elements, and relation 

between elements. 

Ngo et al. [11, 12] introduced a new aesthetic 

model which consists of 14 aesthetic measures for 

screen layouts. Fongling et al. [9] developed a metrics 

model to evaluate the complexity of web pages, 

including four design factors: density, alignment, 

grouping, and size. In addition, Parush et al. [10] 

developed a numerical model to evaluate the GUI. 

This model consists of four screen factors: element 

size, grouping, alignment, and local density.All of the 

above metrics were calculated manually. 

      A number of researchers developed semi-

automated tools that help them to calculate some 

aspects of user interface designs. Comber and Maltby 

[1] developed an application called Launcher. Zheng 

et al. [4] developed a MatLab tool to calculate image 

vectors. Sears [6] introduced a metric-based tool 

called AIDE, which partially automates the designing 

and evaluating user interface layouts. Miyoshi and 

Murata [8] developed a numerical tool for evaluating 

the usability of a screen design based on its complexity 

measures. González et al. [13] developed a tool called 

BGLayout which helps to automate the metrics 

calculations using image processing techniques.   

GUIEvaluator extends the ideas presented in 

previous work in two directions: First, GUIEvaluator 

is a full automated tool that calculates and analyzes the 

five structural interface measures. This helps designers 

to determine which design factor has a high 

complexity rating and allows designers to evaluate, 

redesign, and reevaluate their interface designs from 

within a single interface design environment. The 

previous tools are semi-automated tools. Furthermore, 

these tools calculate four design factors. Second, 

GUIEvaluator incorporates the weight for each design 

factor using the user preferences. This helps us to 

consider the human factors as a part of our metrics.  

The previous studies do not take into account the 

importance of design factors.  

III. GUIEvaluator TOOL AND METRICS 

MODEL 

A. The GUIEvaluator Tool 

GUIEvaluator is a tool for supporting the 

effectiveness evaluation of our metrics model. 

GUIEvaluator calculates the complexity of the 

interface layout. By using this tool we can evaluate 

user interface layouts whether the interface is under 

development or a part of running applications. 

GUIEvaluator was developed in Visual Basic 2012. 

This tool extracts the interface layout information 

using reflection techniques that are supported by 

Visual Basic 2012. The extraction and analysis 

window of GUIEvaluator is shown in Fig. 1. 

Figure. 1. The extraction and analysis window of the 

GUIEvaluator  

B. Metrics Model 

The purpose of the metrics-model is to reduce the 

time and costs of subjective evaluation of user 

interfaces early in the software development. This 

model consists of five metrics for measuring five 

design factors: Alignment, grouping, density, balance, 

and size. The values of these metrics will be used to 

calculate the interface design complexity. These 

metrics are the following: 

1. Alignment  

      Alignment metric measures the vertical and 

horizontal alignment of objects in two levels: A group 

level (Local Alignment) and screen level (Global 

Alignment). These two alignment levels are combined 

to calculate the Total Screen Alignment Complexity. 

1.1 Local Alignment 

      Equation 1 calculates the alignment for each 

group. Where Vp is the number of vertical alignment 

points and Hp is the number of horizontal alignment 

points. K is the number of grouped objects on the 
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screen. The range of values of GA is [0, 1]. Equation 

2 calculates the Alignment Complexity (AC) for all 

groups on the screen. Where the Weight is the number 

of objects in a group (i) divided by the total number of 

grouped objects. And m is the number of groups on the 

screen. 

Group Alignment (GAi) = 
∑ (𝑉𝑝+𝐻𝑝)𝐾

𝑖=1

2𝐾
  (1) 

AC = ∑ 𝐺𝐴𝑖 ∗ 𝑊𝑒𝑖𝑔ℎ𝑡(𝑚
𝑖=1 𝑖)   (2) 

1.2 Global Alignment  

       The global alignment is calculated as shown in 

Eq. 3, where Vp is the number of the vertical 

alignment points and Hp is the number of the 

horizontal alignment points. N is the number of 

ungrouped objects on the screen. The range of values 

of the SA is [0, 1]. 

Screen Alignment (SA) = 
∑ (𝑉𝑝+𝐻𝑝)𝑁

𝑖=1

2𝑁
 (3) 

1.3 Total Screen Alignment Complexity 

Equation 4 shows the Total Alignment 

Complexity (TAC).Where weight1 is the ratio of the 

number of grouped-objects to the total number of 

objects on the screen. Whilst the weight2 is the ratio 

of the number of ungrouped-objects to the total 

number of objects on the screen. 

TAC = AC * weight1 + SA * weight2     (4) 

2. Balance 

Balance metric uses the number and size of 

objects from Eq. 5 and Eq. 6, respectively, for each 

quarter of screen to calculate the Total Balance 

Complexity (TBC). The BQni and BQnj represent the 

number of objects in ith and jth quarters. The range of 

ratio of BQni and BQnj is [0, 1] and the range of values 

of BQn overall is [0, 1], where 0 means unbalanced 

and 1 means fully balanced in terms of number of 

objects. The BQsi and BQsj represent the sum of sizes 

of objects in ith and jth quarters. The range of ratio of 

BQsi and BQsj is   [0, 1] and the range of values of 

BQs overall is [0, 1], where 0 means unbalanced, 1 

means fully balanced in terms of object size. Equation 

7 is the Total Balance Complexity (TBC). 

BQn = 
∑

𝐵𝑄𝑛𝑖 

𝐵𝑄𝑛𝑗 
6
𝑘=1

6
       (5) 

BQs = 
∑

𝐵𝑄𝑠𝑖

𝐵𝑄𝑠𝑗
6
𝑘=1

6
       (6) 

TBC = 1 – (0.5 * BQn + 0.5 *BQs)     (7) 

3. Density  

Density metric measures the screen occupation by 

objects, where Eq. 8 calculates the Local Density 

(LDj) for the group jth and Eq. 9 calculates the Global 

Density (GD). In Eq.10, the Density-Complexity (DC) 

is calculated taking into account the W1 that is the 

ratio of the area of groups to the screen area, and W2 

is the ratio of ungrouped area to the screen area. 

LDj =  
∑ 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 𝑖 𝑖𝑛 𝑎 𝑔𝑟𝑜𝑢𝑝 𝐽

𝑔𝑟𝑜𝑢𝑝𝑒𝑑𝑜𝑏𝑗𝑒𝑐𝑡𝑠
𝑖=1

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑔𝑟𝑜𝑢𝑝 𝐽
       (8) 

GD = 
∑ 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑜𝑏𝑗𝑒𝑐𝑡 𝑘 

𝑢𝑛𝑔𝑟𝑜𝑢𝑝𝑒𝑑𝑜𝑏𝑗𝑒𝑐𝑡𝑠
𝑘=1

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑢𝑛𝑔𝑟𝑜𝑢𝑝𝑒𝑑
        (9) 

DC = (
∑ 𝐿𝐷𝑗𝑛

𝑗=1

𝑛
) ∗ 𝑊1 + 𝐺𝐷 ∗ 𝑊2             (10) 

4. Size 

Size metric measures the object sizes complexity 

of two levels: The object size complexity (SCk) as in 

Eq. 11 and the size complexity overall (SC) as in Eq. 

12, where N is the number of objects in type kth and 

Sj is the number of different sizes, where Sj is 1 if the 

object size is not counted before and 0 if the object size 

is counted. Wi is the number of objects types and 

Weight (j) is the number of objects in category jth 

divided by the total number of objects on the screen. 

Object Size Complexity (SCk) =  
∑  𝑆𝑗𝑁

𝑗=1

𝑁
      (11) 

SC = 
∑ 𝑆𝐶𝑘∗𝑊𝑒𝑖𝑔ℎ𝑡(𝑘)𝑊𝑖

𝑘=1

𝑊𝑖
      (12) 

5. Grouping 

Grouping metric measures the number of objects 

that have a clear boundary by line, background, color, 

space, or size. Equation 13 calculates the percentage 

of ungrouped objects (UG), where the GW is the 

object that is grouped. The value of GW equals 1, if 

the object exists in a group, otherwise GW equals 0. N 

is the total number of objects on the screen. Equation 

14 calculates the ratio of the number of different object 

types (G) to the total number of objects (M) in all 

groups, where the Weight is the ratio of total number 

of grouped objects to total number of objects on the 

screen. To calculate the grouping complexity (GT), we 

use Eq. 15. 

𝑈𝐺 = 1 − 
∑ 𝐺𝑊𝑁

𝑖=1

𝑁
    (13) 
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𝐺𝐶 =  
𝐺

𝑀
 * Weight    (14) 

GT = UG + GC   (15) 

6. Overall Screen Layout_Complexity (LC)  

Equation 16 calculates the Overall Screen 

Layout_Complexity (LC), which includes the values 

of TAC, TBC, DC, SC, and GT metrics. Each metric 

has a weight (w1, w2, w3, w4, and w5, respectively), 

which are calculated based on the participant rating. 

The values of those weights are 0.84, 0.76, 0.80, 0.72, 

and 0.88, respectively.  

LC= (TAC * w1 + TBC * w2 + DC * w3 + SC * w4 
+ GT * w5) / 5)* 100%   (16) 

IV. METHODOLOGY 

 

A. Participants 

The study was conducted at North Dakota State 

University. Participants included 50 student 

volunteers (17 females, 33 males), where 80% of 

participants were graduate students and 20% were 

undergraduate students. The participants who are 

computer science or related fields were 50% and 50% 

were from other majors. The data that were collected 

about the participants show 46% of participants have 

no experience in software development. But 24%, 

16%, and 14% of participants have one or two years, 

three to six years, and six years and above, 

respectively.  

B. Data Collection 

This section presents a brief description of data 

collected during the study. We developed an 

application to collect our data. The study took 

approximately 35 minutes. First, we showed the 

participants examples that explain the design factors 

and how to rate them. Second, we asked participants 

to provide background information. Third, the 

participants were asked to rate the five design factors 

(alignment, grouping, density, balance, and size) and 

the user interface design overall using a 7-point Likert 

scale. Finally, to obtain the weight for each of the five 

complexity measures in Eq.16, the participants rated 

the importance of each measure.  

V. RESULTS AND ANALYSIS 

The major objective of this study is to investigate 

the usefulness and effectiveness of using the 

GUIEvaluator and its metrics in evaluating the user 

interface complexity. Therefore, our investigation 

addresses the following two research questions: 

RQ1: Is the GUIEvaluator effective to measure 

the complexity of user interface? 

RQ2: How do the structural measures of an 

interface affect the interface complexity rating? 

Our hypotheses associated with RQ1 are: 

H1: given a specific user interface, the means of 

interface complexity for the user rating and the 

GUIEvaluator are equal. 

H2: given a specific user interface, there is a 

strong positive correlation between the user rating 

and the GUIEvaluator in terms of interface complexity 

value. 

To test these two hypotheses, we performed the t-

test on (H1) and the Pearson correlation on test (H2) 

for both the user rating and the GUIEvaluator, at a 

significance level of 0.01, on 18 interface layouts. 

Table 1 shows that the means of the user rating and the 

GUIEvaluator are 0.561 and 0.575, respectively. 

Furthermore, to test the hypothesis (H1), we 

performed the t-test for (H1) as shown in Table 1, 

df=32.39, for a significance level of 0.01. It shows 

there is no difference between the means of interface 

complexity of the user rating and the GUIEvaluator. In 

addition, to test the hypothesis (H2), we performed the 

Pearson correlation test. In Table 1, the R value 

(0.804) shows a strong positive correlation between 

the user rating and the GUIEvaluator at a significance 

level of 0.01.  

Figure 2 presents the complexity values of 18 

interface layouts, which are rated by both the 

participants and the GUIEvaluator. We have observed 

strong similarities between the complexity values for 

both the user rating and the GUIEvaluator. Therefore, 

our tool can be used to accurately   evaluate the 

complexity of user interfaces. 

Our hypothesis associated with RQ2 is: 

H3: given a specific user interface, the values of 

the metrics which exist in our metrics-model are 

strongly correlated with interface complexity values 

given by both the users and the GUIEvaluator. 

To test this hypothesis, we performed the 

Pearson correlation test and the t-test for both the user 

rating and the GUIEvaluator with the five complexity 

measures, at a significance level of 0.01, on 18 screen 

layouts. Table 2 shows the results of the Pearson 

correlation test and t-test for the values of the five 

complexity measures and the values of interface 

complexity given by both the user rating and the 

GUIEvaluator. On the one hand, Table 2 shows that 

there is a strong correlation among the user rating and 

the GUIEvaluator and the following design factors at 

a significance level of 0.01: Size, alignment, density, 

and balance. On the other hand, the grouping factor 

has a weak correlation with the user rating and the 

GUIEvaluator with R values 0.462 and 0.095, 

respectively. Therefore, we can accept the hypothesis   
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(H3) for the alignment, size, balance, and density 

metrics, but we fail to accept it for grouping metric.  

Figure 3 compares the values of five complexity 

measures (size, alignment, density, grouping, and 

balance) with the interface complexity values of the 

user rating. From Fig. 3 we have observed the 

following: First, the interface complexity is strongly 

affected by the size measure. Our findings show that 

the size measure has a strong correlation with the 

interface complexity that was rated by the participants, 

but the participants rated the size measure less 

important compared with the rest of measures. Second, 

another surprising result was that the grouping 

measure had the highest importance according to the 

user rating, but our findings show that the grouping 

measure has the lowest correlation with the values of 

interface complexity that are rated by the participants. 

Third, the value of interface complexity appears to 

increase as the values of balance, density, and 

alignment measures increase. To sum up, the values of 

structural measures are consistent with overall 

interface complexity.  

Figure 4 compares the values of five complexity 

measures (size, alignment, density, grouping, and 

balance) given by the participants with the interface 

complexity values given by the GUIEvaluator. By 

analyzing Fig. 4, we have observed a strong 

resemblance with the results from Fig. 3. Both results 

are consistently correlated. Thus, we can claim that 

our metrics model is effective to evaluate the 

complexity of user interfaces.  

VI. DISCUSSION 

As just outlined, the interface complexity values, 

which are rated by both the participants and the 

GUIEvaluator, are consistent. Furthermore, our 

findings show that our complexity metrics of interface 

layouts are useful, but these metrics do not have equal 

magnitude of importance. We investigated that the 

grouping measure has the less correlation with 

complexity values for both the user rating and the 

GUIEvaluator. Perhaps the reasons behind this are: (1) 

Misunderstanding the objects grouping on the screens, 

(2) 46% of participants have no experience in software 

development, or (3) our grouping metric may be 

insufficient to measure the objects grouping.  

In Table 1, our findings show that the R value is 

0.804 between the user rating and the GUIEvaluator 

for 18 interface layouts. However, the interface 

layouts 3, 8 and 14, we observed that there is a non-

trivial difference between the interface complexity 

values for both the user rating and the GUIEvaluator. 

The complexity measure that causes this difference is 

the objects grouping given by user rating. The values 

of grouping are less than the average of the values of 

other complexity measures for the interface layouts 3, 

8, and 14. This encourages us to focus on grouping 

measure to investigate the causes behind the variance 

of the values between the user rating and the 

GUIEvaluator. In summary, whether we use 

GUIEvaluator or user rating to evaluate the interface 

complexity, we reach the same conclusion. Therefore, 

our findings confirm the effectiveness of our tool and 

its metrics-model to be used during the early stage 

software development. 

VII. CONCLUSION 

In this paper, we identify a set of structural 

measures of user interfaces. This metrics-model 

consists of five metrics: Alignment, grouping, size, 

density, and balance. This model is supported by a 

complementary tool called GUIEvaluator, which 

automatically calculates the values for the metrics. 

Our findings confirm the effectiveness of our metrics 

model and GUIEvaluator to measure the complexity 

of interface layouts. Some issues still need 

investigating. Our future work will include conducting 

an experiment to compare our metrics with other 

existing metrics and extend our model with new 

structural metrics. Therefore, this paper is the start 

point of developing our framework that consists of 

tools and metrics to automate the evaluation of user 

interfaces in early stages. To sum up, this work 

addresses the lack of effective tools and techniques to 

evaluate the complexity of user interfaces during 

software development.  So, automated tools can play a 

significant role in evaluating of the complexity of user 

interfaces. 
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Table 2. Pearson correlation test and t-test results for each user interface design factor with the user rating and GUIevaluator rating 

Interface Design 

Factor 
User Rating GUIEvaluator Rating 

 Pearson Correlation Test T-test Pearson Correlation Test T-test 

 R p-val. t-val. p-val. R p-val. t-val. p-val. 

Alignment 0.836 <0.00001 -0.780 0.442 0.662 0.0028 -1.005 0.323 

Balance 0.825 <0.00001 -0.560 0.579 0.705 0.0011 -0.857 0.398 

Density 0.683 0.0018 -0.772 0.445 0.585 0.0098 -1.050 0.302 

Size 0.943 <0.00001 -0.731 0.470 0.767 <0.001 -1.013 0.319 

Grouping 0.462 0.0537 -2.608 0.014 0.095 0.708 -2.657 0.012 

 

 

Figure 3. Comparison of the values of five complexity measures with the interface complexity values of the user rating 

 

Figure 4. Comparison of the values of five complexity measures with the interface complexity values of the GUIEvaluator rating 
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Abstract—Static analysis is an efficient approach for software 

assurance. It is indicated that the most effective usage of it is to 

perform analysis in an interactive way through software 

development process, which has a high performance requirement. 

This paper concentrates on rule-based static analysis tools and 

proposes an optimized rule-checking algorithm to improve their 

performance. Our technique filters rules according to their 

characteristic objects before checking the rules against a specific 

source file. It is based on an observation that a source file always 

contains vulnerabilities of a small part of rules rather than all. To 

investigate our technique’s feasibility and effectiveness, we 

implemented it in an open source static analysis tool called PMD 

and used it to perform an evaluation. The evaluation results show 

that our approach can get an average performance promotion of 

28.7% compared with original PMD. Additionally, our technique 

incurs trivial runtime overhead. 

Keywords- rule-based static analysis; software quality; software 

validation; performance improvement 

I.  INTRODUCTION 

Static analysis is one of the most important techniques for 
software assurance. It can find potential vulnerabilities as early 
as in software implementation phase by scanning application 
programs‟ source code, byte code, binary code or other artifacts 
rather than running the executable files. In recent years, many 
tools have been developed for automatically finding bugs in 
program source code, using techniques such as syntactic 
pattern matching [1], data flow analysis, type systems, model 
checking, and theorem proving [2]. Just as David Hovemeyer 
[3] pointed out that integrating bug-finding tools into the 
development process is an important direction for future 
research, these tools are not only powerful but also possess the 
feature to be used in an interactive way through software 
development process. For instance, Coverity and Klocwork [4] 
are two powerful software assurance tools, both of which have 
plug-in versions for Eclipse IDE. However, the plug-in 
versions are always more lightweight tools, which just carry 
out shallow analysis due to high performance requirements.  

To resolve the performance issue, many techniques have 
been proposed, such as incremental analysis technique and 
distributed technology [3]. Incremental analysis automatically 
infers what parts of source code have to be reanalyzed after the 
code has been modified. This approach typically reduces the 

analysis time substantially, but may of course imply a complete 
reanalysis in the worst case [4]. Distributed technology is a 
general approach to cope with efficiency issues, but building a 
robust distributed system is a complicated and complex task. 
Aside from above techniques, some other techniques exist, but 
many of them have side effects on static analysis precision 
which is a key index of the tools. 

In this paper, we aim to improve the performance of rule-
based static analysis tools. A rule-based static analysis tool 
detects vulnerabilities by matching vulnerability rules lexically 
or syntactically against program source code or other artifacts. 
We focus on this particular type of tools for several reasons: (1) 
this kind of tools is used extensively and many recently 
developed tools are of the kind, such as FindBugs [3, 5, 6, 7], 
PMD [5, 8, 9], CheckStyle [10], etc.; (2) this kind of tools is 
able to detect many kinds of vulnerabilities only if the 
corresponding rules are added; (3) these tools have some 
unique characteristics which make it possible to improve their 
performance by novel approaches rather than the above 
traditional ones. 

As Figure 1 illustrates that rule-based static analysis tools 
usually consist of four parts: compiler front end, vulnerability rules 

library, rules checking engine and vulnerability reporter. Compiler 
front end is the main component which is responsible for 
translating source code into intermediate forms such as 
Abstract Syntax Trees (AST). Vulnerability rules library 
contains a set of vulnerability rules. A vulnerability rule is a 
code idiom representing a weakness, the number of which is an 
important indicator of the tools‟ detection capability. Typically, 
vulnerability rules are described using various kinds of rule 
description languages, e.g. PQL [11, 12], Datalog [13-16], 
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Figure 1. Composition of rule-based static analysis tools 
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XPath expression [17, 18], etc. The functionality of 
vulnerability reporter is displaying vulnerabilities in different 
formats. Another key component is the rules checking engine, 
which finds bugs by checking rules against AST nodes. The 
rule-checking algorithm that it employs is a decisive factor of 
the tools‟ performance especially for a large vulnerability rules 
library. 

To date, most of the rule-checking algorithms are based on 
visitor pattern, that is, each rule checks against the whole AST 
using depth-first or breadth-first tree searching approach. The 
problem is that, a large number of unnecessary AST nodes 
(which are impossible to contain violations of rules) may be 
visited, which increases time overhead enormously. Based on 
the observation, we propose a novel rule-checking algorithm. 
Given a source file f required to be validated, prior to checking 
vulnerability rules against the file, our technique first filters out 
unnecessary rules according to characteristic objects (which is 
defined in later sections). Theoretically, our approach is 
effective in improving performance, because a source file 
always contains violations of a small part of rules in the library 
rather than all. Additionally, our technique incurs little runtime 
overhead, because we can recognize characteristic objects 
efficiently by inspecting several lines of code at the beginning 
of a source file. 

To investigate our technique‟s feasibility and effectiveness, 
we implemented our technique in a prototype tool EPMD 
which developed from an open source static analysis tool called 
PMD and used it to perform an empirical evaluation. The 
results of our evaluation show that our approach can improve 
performance of static analysis effectively with an average 
promotion of 28.7%. Moreover, we believe that our technique 
is promising to be more effective when testing on some special 
subjects or using tools with more vulnerability rules.  

The contributions of this paper are: 

 A novel rule-filtering technique that can improve the 
performance of rule-based static analysis tools. 

 A formal language which is used to describe 
characteristic objects of rules. 

 A prototype tool EPMD that implements our technique. 

 An empirical evaluation that shows the feasibility and 
effectiveness of our technique. 

The rest of this paper is organized as follows: Section II 
describes our technique in detail. Section III demonstrates our 
empirical evaluation. Section IV and Section V discuss related 
work and present our conclusions. 

II. OUR TECHNIQUE 

In this section, we present our technique of checking 
vulnerability rules against source files. Our technique can 
handle application programs written in most of mainstream 
programming languages (e.g. Java, C/C++, C#, etc). In this 
section, we take Java as an example to demonstrate its working 
principle. We first provide an intuitive description of our 
technique and then discuss its main characteristics in detail. 

A. General Approach 

Our technique is based on the observation that a 
vulnerability rule is dedicated to some particular objects. Take 
the rule MDBAndSessionBeanNamingConvention 

illustrated in Figure 2 for example, it is designed to check the 
EJB specification that any class implementing 

MessageDrivenBean or SessionBean interface should 
be suffixed by “Bean”. As we can see, the rule aims to detect 

violations concerning class SessionBean and 

MessageDrivenBean. We can conclude that, a source file 

must be free of vulnerabilities of the rule, if neither of the 
classes has been used in the file. In other words, the classes 
form a prerequisite for a source file to contain vulnerabilities of 
rule MDBAndSessionBeanNamingConvention. On the 

other hand, in Java programs, to use a class, we always import 
it first at the beginning of the file using import statements. 
Consequently, we can judge whether a vulnerability rule should 
be employed to check a source file through inspecting import 
statements at the beginning of the file.  

We call all the classes that a rule relies on Characteristic 
Objects and describe them using a designed prefix notation [25] 
CObject Expression. Based on characteristic objects, we can 
filter out rules whose characteristic objects have not been 
imported before checking a source file, which can reduce time 
overhead enormously. Details of our technique are elaborated 
in later sections. 

B. CObject Expression 

It must be noted that characteristic objects 

MessageDrivenBean and SessionBean of the rule 

MDBAndSessionBeanNamingConvention shown in 

Figure 2 have a disjunction relationship. In order to describe 
characteristic objects as well as relationships among them, we 
propose a prefix notation CObject Expression.  

A CObject expression is comprised of full package names 
of characteristic objects (full package names facilitate 
evaluation of the expressions), commas, parentheses and 
operator symbols. Recursive definition of CObject expression 

is presented as follows. Given full package name   of a 
characteristic object and two CObject expressions R and S, we 
have the following CObject expressions: 

<![CDATA[
//TypeDeclaration/ClassOrInterfaceDeclaration
[
        (
                (./ImplementsList/ClassOrInterfaceType
                [ends-with(@Image,'SessionBean')]) or
                (./ImplementsList/ClassOrInterfaceType
                [ends-with(@Image,'MessageDrivenBean')])
        )
        and not (ends-with(@Image,'Bean'))
]]]>

 

Figure 2. Rule MDBAndSessionBeanNamingConvention 

excerpted from PMD. It is described using XPath  expression. 
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 ( )exist   denotes existence operation that determines 

whether the characteristic object   has been imported 
into a source file. 

 ( )neg R  denotes negation operation that reverses the 

meaning of a Boolean operand. 

 ( , )and R S  denotes conjunction operation that 

performs a logical conjunction on two Boolean 
operands. 

 ( , )or R S  denotes disjunction operation that performs a 

logical disjunction on two Boolean operands. 

CObject expression is compact and easy to use. In addition, 
the characteristic that operators can be nested within each other 
makes the notation powerful to express complicated logical 
relationships. For instance, the characteristic objects of the rule 
shown in Figure 2 can be described using a CObject expression 

as follows: or(exist(javax.ejb.SessionBean), 

exist(javax.ejb.MessageDrivenBean)), which means 

that a violation may exist in a source file, if either of the classes 
SessionBean and MessageDrivenBean has been 

imported into the file. To check the expressing capability of 
CObject expression, we inspected all the rules of PMD and no 
exceptions were found. The expression may be limited for 
some unknown rules (e.g. rules whose characteristic objects 
have if-then relationship), but we believe it is applicable in 
most of cases.  

C. Filtering Rules by Evaluating CObject Expression 

Before checking vulnerability rules against a source file f, 
our technique first filters the rules according to evaluation 
results of their CObject expressions. For each rule r, if the 
evaluation result is Boolean true, we check r against f. 
Otherwise, we discard the rule. In this subsection, we discuss 
our approach of evaluating CObject expressions. 

Since CObject expression is a kind of prefix notation, it can 

be evaluated using the traditional stack-based approach [25]. In 
detail, given a CObject expression e, we scan e from right to 

left. For each encountered token  , we perform the following 

actions according to its type: 

 If   is an operand, we push   into a stack T. 

 If   is an operator, we perform corresponding 

operations on operands popped from the top of T and 
push the results back into T. 

Once all the symbols have been processed, a Boolean value 
will be left in T, which is the evaluation result of e. 

It must be noted that, CObject expression subsumes four 
kinds of operators: neg, and, or and exist. The former three are 
logical operators. As to the last one, we carry out the operation 
using the linear search algorithm. Given a full package name 

  of a characteristic object, I is a set of import statements at 

the beginning of a source file f. To distinguish whether   has 

been imported into f (evaluating ( )exist   with f), we search   

in I sequentially. The linear search algorithm is desirable here, 
because it is easy to implement and the limited size of I will not 
cause too much overhead. What should be noted is that two 
kinds of import statements exist in Java to import an object into 
a file. The first type like import 

javax.ejb.SessionBean is used to import exactly one 

object and the second type such as import javax.ejb.* 

is used to import all objects within a package. Consequently, 

for each characteristic object  , we should lookup   itself 

and   which denotes the second type of import statements of 
 . 

As an example, we evaluate the CObject expression of rule 
MDBAndSessionBeanNamingConvention shown in 

Figure 2 with an input program   illustrated in Figure 3. The 

evaluation process is presented in Table I. For concision, we 

denote class javax.ejb.SessionBean and 

javax.ejb.MessageDrivenBean as O1 and O2 

respectively. The Boolean value True and False are denoted by 
T and F. Based on the notations, the CObject expression can be 
rewritten in a more compact form as 

    1 2,or exist O exist O . From Table I, we find that the 

evaluation result F is consistent with our manual inspection. 
Consequently, it is unnecessary to check rule 

(1) package pmd_test;
(2) 
(3) import java.util.Collection;
(4) import java.util.ArrayList;
(5) 
(6) public class Pmd_Test {
(7)       public static void main(String[] args) {
(8)     Collection c = new ArrayList();
(9)     Integer obj = new Integer(1);
(10)     c.add(obj);
(11)
(12)     Integer[] a = (Integer [])c.toArray();
(13)      }
(14) }

 

Figure 3. A program example 

TABLE I. EXAMPLE OF EVALUATING A COBJECT EXPRESSION. 

Step Token ( ) Stack (T ) Action 

1 )  Discard 

2 )  Discard 

3 O2 O2 Push O2 into T 

4 ( O2 Discard 

5 exist F 

Pop O2, 

Evaluate exist(O2) with  ,  

push result F into T 

6 , F Discard 

7 ) F Discard 

8 O1 O1, F  Push O1 into T 

9 ( O1, F Discard 

10 exist F, F 

Pop O1, 

Evaluate exist(O1) with  , 

push result F into T 

11 ( F, F Discard 

12 or F 

Pop two elements F and F, 

calculate F F , 

Push result F into T 

13   Pop and output result F 
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MDBAndSessionBeanNamingConvention against 

program  . 

III. EVALUATION 

To evaluate our technique, we implemented it in a 
prototype tool called EPMD, which developed from the open 
source static analysis tool PMD, and investigated the 
performance improvement of our technique. The remainder of 
this section discusses prototype tool EPMD, our subjects, 
results of experiments, our technique‟s runtime overhead and 
limitations. 

A. Prototype Tool EPMD 

We implemented our technique in an open source static 
analysis tool PMD and called the extended version EPMD. The 
primary modifications that we did to PMD are as follows: 

 Implementation of a module that evaluates CObject 
expressions. 

 Addition of CObject expressions to the vulnerability 
rules of PMD. 

In order to evaluate CObject expressions, we constructed a 
lexer and parser with the help of ANTLR [19-22] to recognize 
tokens and validate syntax of CObject expressions respectively. 
After that, we evaluate CObject expressions using the stack-
based approach elaborated in Section II with input of tokens 
recognized by the lexer. 

B. Subjects 

We adopt six large-scale open source applications in our 
evaluation, which are listed in Table II. The selection of these 
applications is based on the following criteria: (1) applications 
with available source code; (2) applications of a large code 
base; (3) applications coming from various application domains. 
The second requirement is important for our evaluation, 
because the performance improvement gained by the removal 
of one unnecessary rule is trivial. In order to achieve accurate 
and salient results, we should perform experiments on large-

scale applications, in which case, a large number of 
unnecessary rules may be pruned away. Furthermore, to avoid 
biases, our subjects originate from various application domains 
and are of different size spanning from 73 thousands of lines of 
code (KLoC) to 2675 KLoC. 

C. Performance Evaluation with EPMD 

To investigate effectiveness of our technique, we analyzed 
subject applications using EPMD with rule sets RS and RS* 
respectively. Rule set RS consists of 45 rules excerpted from 
PMD, and RS* contains all the same elements as RS except that, 
each rule of which has an additional property of CObject 
expression. In accordance with our technique, rules will be 
filtered when running EPMD with rule set RS* but not with RS. 
To achieve accurate results, we repeatedly ran EPMD five 
times for each group of subject and rule set. After that, we 
compared the average execution time of EPMD running with 
rule set RS and RS*. Our experiment was conducted on an 
Intel(R) Core (TM) i3-2100 3.1GHz machine with 

3GB of memory running Windows XP. The experimental 
results are presented in Table III. 

From Table III, we find that the execution time with rule set 
RS* is generally less than that of RS for all applications. The 
least ratio of reduction is 15.6% when testing on Eclipse. The 

TABLE II. APPLICATIONS USED IN EVALUATION. THE SIZE OF APPLICATIONS 

COUNTS CODE LINES ONLY, COMMENT LINES AND BLANK LINES ARE ALL 

EXCLUDED. KLOC: THOUSANDS OF LINES OF CODE. 

Subject Description 
# Source 

File 
KLoC 

Eclipse 4.2 
Software development 

environment 
20602 2675 

ElasticSearch 

v0.19.9 

Distributed search 

engine 
2581 230 

PMD 5.0 Source code analyzer 945 73 

Tomcat 6.0.35 
Web server and servlet 

container 
1157 172 

SQuirreL SQL 

Client 3.4.0 
Java SQL client 2890 253 

JBoss 6.0.0.Final Application server 6397 494 

 

TABLE III. TIME OVERHEAD OF EPMD RUNNING WITH RULE SET RS AND RS* RESPECTIVELY. AVG: AVERAGE TIME OVERHEAD; REDUCTION: AVERAGE TIME 

OVERHEAD REDUCTION. 

 1-st Time (s) 2-nd Time (s) 3-rd Time (s) 4-th Time (s) 5-th Time (s) Avg (s) Reduction (s) % Reduction 

Eclipse 
RS 469.8  437.4  444.0  438.9  467.1  451.4  

70.4  15.6  
RS* 380.3  380.2  380.3  382.9  381.6  381.1  

ElasticSearch 
RS 40.7  36.9  37.1  36.7  39.7  38.2  

6.6  17.3  
RS* 31.5  31.7  31.7  31.6  31.5  31.6  

PMD 
RS 9.5  6.6  6.7  6.6  8.6  7.6  

3.4  45.3  
RS* 4.1  4.2  4.1  4.2  4.2  4.2  

Tomcat 
RS 15.5  14.8  14.6  14.6  15.2  14.9  

5.4  36.4  
RS* 9.6  9.5  9.3  9.6  9.5  9.5  

SQuirreL SQL Client 
RS 45.2  31.2  31.4  48.1  31.1  37.4  

11.1  29.6  
RS* 26.4  26.5  26.2  25.8  26.8  26.3  

Jboss 
RS 57.8  49.0  49.2  66.3  49.6  54.4  

15.4  28.2  
RS* 38.8  39.2  39.0  39.0  39.1  39.0  
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ultimate is 45.3% with PMD. We have an average ratio of time 
reduction 28.7%. A side effect that may be caused by our 
technique is the increase of false positives and false negatives. 
We compared the bug reports generated in each group and 
found that the bugs reported by EPMD running with rule set RS 
and RS* were the same (in terms of the number and content). 

The above results, albeit preliminary in nature, strongly 
suggest that our technique is effective in improving static 
analysis efficiency, because (1) the subjects that we used are 
real-world programs originated from various application 
domains and (2) the rules utilized are also realistic. Moreover, 
we even believe better results can be achieved when testing on 
some special subjects or with more vulnerability rules. We will 
investigate this in the future work. 

D. Runtime Overhead 

The primary runtime overhead of our technique is 
introduced in the phase of filtering rules (which we have 
discussed in Section II). In order to filter rules, we evaluated 
CObject expressions based on the approach applied to prefix 
notations. Different actions were carried out according to the 
type of operators, among which, the existence operation is 
crucial. Let L and M be the count of tokens of a CObject 
expression and import statements of a source file respectively, 
the time complexity of the stack-based evaluation approach is 
O(L). The existence operation based on the linear search 
algorithm has a time complexity of O(M), because it mainly 
consists of a loop iterating through all import statements. 

Therefore, the time complexity of filtering rules is ( )O L M . 

On the other hand, it is quite reasonable to assume L to be 
constant, because, in general, the CObject expressions of rules 
are in limited length. Additionally, it is well known that the 
number of import statements is trivial relative to lines of code 
in a source file. Consequently, we believe the runtime overhead 
incurred by EPMD is within an acceptable range. 

E. Limitations 

Although our technique is effective in improving 
performance of static analysis, it has limitations. The 
limitations are mainly caused by the prerequisite that 
characteristic objects can be distinguished through import 
statements. The problem is that the assumption cannot be 
satisfied in some circumstances and the following cases may 
threaten the validity of our technique. 

(1) In Java programs, we can utilize an object via its fully 
qualified name without corresponding import statements at the 
beginning of source files. In this case, we cannot determine the 

use of characteristic objects by inspecting import statements 
and our technique does not work. 

(2) There is one exception to the import rule of Java, that is, all 
objects in java.lang package are imported by default. Thus, 

any object in java.lang package can be used freely without 
importing explicitly. This case limits the scope that our 
technique can be used. 

(3) It is allowable to import a package without use of any 
objects belonging to it. Moreover, we cannot ascertain the 
existence of a specific object according to import statements 
because a package subsumes multiple objects. What we can 
determine is the nonexistence of objects in terms of absence of 
corresponding import packages. This circumstance introduces 
inaccuracy to our approach. 

(4) There exist some rules that have no characteristic objects. 
Consider the rule ForLoopShouldBeWhileLoop 

illustrated in Figure 4, it is used to detect for loops which can 
be simplified to while loops. For instance, the for loop (line 3) 
showed in Figure 5 matches the above rule and it can be 
simplified to a while loop as while(true). This rule does not 
possess any characteristic objects but for a keyword for which 
cannot be distinguished through import statements. Therefore 
our technique is unable to handle this kind of rules. 

Though our technique has some limitations above, it is 
applicable in most of circumstances except a small part of rules 
discussed in limitations (2) and (4). As to limitations (1) and 
(3), the cases are rare in applications with good programming 
practices. Some analysis tools even regard redundant import 
statements as errors. In terms of the evaluation results, we 
believe that our technique can work well in practice. 

IV. RELATED WORK 

Though some state-of-the-art static analysis tools are 
efficient enough to satisfy most of applications, performance is 
an eternal topic and it is still a key challenge of integrating bug-
finding tools into development process. To resolve the 
performance issue, researchers have proposed various kinds of 
techniques. In this section, due to space considerations, we 
limit our discussion to several typical techniques. 

Incremental analysis [4] can automatically infer what parts 
of source code have to be reanalyzed after the code has been 
modified. This approach typically reduces the analysis time 
substantially, especially for a frequent interactive use of static 
analysis tools in development process. However, it is difficult 
to accurately identify the associated code when programs have 
been changed and in the worst case, a complete reanalysis will 
be performed. 

Nowadays, a widely used approach to improve performance 
of static analysis tools is to perform less deep analysis, such as 

<![CDATA[

//ForStatement

[count(*) > 1]

[not(ForInit)]

[not(ForUpdate)]

[not(Type and Expression and Statement)]

]]>

 

Figure 4. Rule ForLoopShouldBeWhileLoop excerpted from PMD 

(1)  public class Foo {
(2)          void bar() {
(3)                  for (;true;) true; 
(4)          }
(5)  }

 

Figure 5. For loop example which should be simplified to a while loop 
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GREP, which performs lexical analysis only [1, 4]. However, 

these tools have too many false positives, which discount their 
usability. 

Many static analysis tools, such as FindBugs [24] and PMD 
[23] provide the functionality for users to select vulnerability 
rules before checking a program. This approach is most similar 
to our technique. Both them aim to reduce overhead by filtering 
rules. However, our technique can filter rules automatically. 

V. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a novel rule-filtering algorithm 
based on characteristic objects. Additionally, in order to 
describe characteristic objects, we designed a prefix notation 
CObject expression. By evaluating CObject expressions using 
the stack-based approach, our technique can determine whether 
a rule should be checked against a specific source file or not. 

We also presented EPMD, a prototype tool developed from 
PMD that implements our technique. In the evaluation, we 
performed five groups of test using EPMD on subjects of six 
real-world applications. The experimental results strongly 
suggest that our technique is effective in improving static 
analysis performance. 

Though we discussed our technique based on Java language, 
as a matter of fact, our technique is applicable for programs 
written in most of mainstream programming languages, such as 
C/C++ and C#. What is noteworthy is that, not all languages 
have import statements as Java. It is header file instead in 
C/C++. On the other hand, the effectiveness of our technique 
may be varied for different languages. For instance, the 
limitations (1) and (2) discussed in Section III will not exist in 
C/C++ programs, which makes our technique become more 
useful. Applications of our technique to other programming 
languages and a further investigation are left to the future work. 
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Abstract—Multi-core architectures have increased the power
of parallelism by coupling many cores in a single chip. This
becomes even more complex for developers to exploit the avail-
able parallelism in order to provide high performance scalable
programs. To address these challenges, we propose the DSL-
POPP (Domain-Specific Language for Pattern-Oriented Parallel
Programming), which links the pattern-based approach in the
programming interface as an alternative to reduce the effort of
parallel software development, and achieve good performance
in some applications. In this paper, the objective is to evaluate
the usability and performance of the master/slave pattern and
compare it to the Pthreads library. Moreover, experiments have
shown that the master/slave interface of the DSL-POPP reduces
up to 50% of the programming effort, without significantly
affecting the performance.

Keywords: Parallel Programming, Pattern-Oriented, Perfor-
mance Evaluation, Usability Evaluation.

I. Introduction

Parallel programming has become inserted in the daily ac-
tivities of software developers due to easy access to the multi-
core architectures. However, its higher computational power
achieved by coupling multiple processing elements on a single
chip, increases complexity in parallelism exploitation. Thus
requiring higher programming efforts to develop programs
with good scalability and high performance.

Initially, the main interest of software designers was to
provide flexible libraries. In recent years, the concern has
also been to create high-level abstractions including flexibility
issues without compromising the performance of the applica-
tion. Therefore, the challenge is to evaluate the programming
interface’s usability. This is not a simple task because it
requires volunteers to perform the experiments, and becomes
laborious for everyone involved [16].

Such challenges have already been targeted in many studies
that propose some level of abstraction [17]. On the other hand,
[14] proposed an environment to automatically evaluate the
usability of parallel language constructions, which does not
consider the programming effort. In this paper, we present
the master/slave pattern-oriented interface of DSL-POPP for

multi-core architectures in order to evaluate its performance
and usability. The contributions are the following:

• We present the master/slave pattern interface of the DSL-
POPP;

• We perform a usability experiment comparing the pro-
gramming effort between DSL-POPP and Pthreads;

• We conduct a performance experiment using four differ-
ent applications.

This paper is organized as follows: Section II discusses
related work; Section III presents the DSL-POPP in a nutshell;
Section IV demonstrates the usability experiment; Section V
describes the performance experiment; and finally, Section VI
presents the conclusions.

II. RelatedWork

We consider Delite the first project to face the challenge
of using DSLs as a programming environment for simplifying
parallel programming. It generates parallel embedded DSLs
for an application, whereas programmers implement domain-
specific operations by extending the DSL framework [4]. The
final result is a high performance DSL for a wider diversity of
parallel architectures. In its interface implementation, Delite
uses the Scala language. However, one disadvantage is that
the lack of some features in the host language may restrict
performance optimizations.

The concept of the algorithm skeleton was introduced
by Murray Cole [6], who later proposed a skeleton-based
programming environment called eSkel. Many libraries and
frameworks emerged [8], allowing skeleton constructions in
message passing and thread model scenarios. Other related
approaches have emerged like the CO2P3S, which is a
pattern-based parallel programming framework that creates
pre-defined templates through a high-level interface [3], and
the TBB (Thread Building Blocks) library that allows skeleton
implementation in low-level operations [10]. Recently, the
FastFlow template library [1] introduced a precise and op-
timized implementation of patterns for streaming applications
and has proven to be faster than TBB, due to its advanced
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parallelism implementation through techniques such as lock-
free synchronization [2].

Yet, there are also programming models that are not pattern-
based such as OpenMP [5], which have a set of pragma
primitives designated to exploit loop parallelism in sequential
programs. Charm++ is a parallel language based on the C++
syntax, parallelizing the execution through parallel objects and
channel mechanisms [12]. Lastly, Cilk++ is a C language
extension that provides keywords for spawn and synchronize
threads, and loop parallelism [13]. The drawback of these
specialized systems is that pattern-based implementations may
require substantial work.

This research differs from these previous related works in
it focuses on usability through a pattern-oriented interface,
although it continues to focus on high performance and scal-
able programming. Also, this paper will evaluate the perfor-
mance of parallel applications in multi-core architectures using
statistical method, which differs of studies for performance
prediction of parallel patterns [15].

III. DSL-POPP in a Nutshell

The POPP model is a standard way to design algorithms
capable of combining and nesting parallel patterns while
remaining compliant with different high performance archi-
tectures. It is framed on top of pattern-based approaches,
where these patterns are presented as routine, and the skeleton
templates are code blocks. The nesting of patterns occurs
when a pattern subroutine is called inside a code block, pro-
ducing a hierarchical composition. Additionally, it is possible
to have different pattern combinations, resulting in different
variations from the source application and implying different
parallelism behaviors [9]. However, in this paper we focus on
the master/slave, demonstrating how it can be nested in order
to achieve levels of parallelism. Therefore, we exemplify in
Figure 1(a) its behavior using process illustrations to represent
abstract parallelism.

The master is responsible for sending the computational
tasks to all slaves. Then, once all tasks have been computed,
results are sent back to the master to finalize the whole
computation. In this pattern, both the POPP routine and the
subroutines can implement their own master and slaves code
blocks. For instance, a slave block may have as many slave
processes as necessary running parallel, and nesting occurs
when a slave or master code block calls a Master/Slave
subroutine.

We named active processes those that are used to measure
the performance, and control processes those that are only
used to represent the skeleton behavior pattern. Through the
processes labeled second level, we see the point from which
levels of parallelism are achieved. In general, the control
process coordinates the computation flow and does not per-
form significant computations (being CPU idle) while active
processes are computing their tasks. For this reason, those
processes are not used to measure the speed-up. The levels
of parallelism can be achieved by calling subroutines from
inside the slave block. Even though the execution sequence

subroutine

subroutine
main routine

call

call

ProcessM Master Block S Slave Block

(a) Nesting

First level active process

L
e
g

e
n

d

Second level active process

Control process (coordinatior)

Code Block (representation)

Slave

Master

subroutine

(b) Levels of parallelism

Fig. 1. How to address nested patterns and levels of parallelism through the
POPP model for the master/slave pattern.

of the routines is not clearly defined in the example, the idea
is that each one executes after the other has finished. In other
words, using the example in Figure 1(b), slave block processes
do not run parallel with the subroutine called on the master
block, but they are on the same parallelism level.

The POPP model is built over the C language and stan-
dardized as follows: the specification of routines begins with
“$” and code blocks with “@”. The pattern routine should be
declared in a function followed by the return data type and its
name. Code blocks should be used inside of the pattern routine,
consisting of pure C code, and the skeleton communication
occurs through predefined arguments. Also, the code declared
inside each block is private and will not be accessible to other
code blocks. In the current master/slave interface, in the master
block only the buffer and its size have to be given, whereas in
the slave block it is necessary to specify the number of threads,
buffer, buffer size, and the load balancing policy (Listing 1).

1$MasterSlavePattern int func name ( ) {
2 @Master (void ∗ b u f f e r , const int s i z e ) {
3 / / f u l l C code
4 @Slave (const int num threads , void ∗

b u f f e r ,const int s i z e , const p o l i c y ) {
5 / / f u l l C code
6 }
7 / / f u l l C code
8 }
9 }

Listing 1. Master/Slave programming interface.

In the runtime system, the master block creates as many
threads as defined in the slave block and waits until all slave
threads have finished their work. This is hidden from program-
mers, since thread creation occurs when the slave block starts
and the synchronization is performed automatically at the end
of the slave block. Moreover, at the end of a slave block, all
slave threads send their work back to the master (using the
buffer parametrized to the slave block) in order to allow it to
merge all results. This communication procedure, and the load
balancing are also hidden from developers.

In fact, slave threads receive their workloads according to
the policy argument in the slave block. The implementation of
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these policies is automatically generated by the pre-compiler
system. Currently, we have only implemented an optimized
version of the static load balancing (POPP STATIC), where
the workload is uniformly divided by the number of threads,
and the resulting chunks are then statically assigned to slave
threads as they start their computations.

To use the programming interface, developers have to
include the DSL-POPP library (poppLinux.h) in the source
code and compile the program with the DSL-POPP compiler
(popp). This library includes all routine definitions and code
blocks. The compilation process of the source code is depicted
in Figure 2. The source-to-source code transformation between
DSL-POPP interface and C code is automatically done by the
pre-compiler, which is also responsible for checking syntax
and semantic errors. Then, the pre-compiler generates the C
parallel code using the Pthreads library based on the parallel
pattern used. Finally, we use the GNU C compiler to generate
binary code for the target platform.

Fig. 2. Compiler overview.

A. Matrix Multiplication Example

DSL-POPP can be used to design different parallel algo-
rithms [9]. However, we chose the classic matrix multiplication
algorithm to illustrate how programmers have to parallelize it
to perform the usability experiment. This application consists
of some auxiliary functions to load and print the matrix as well
as measure the execution time. We intend to present in details
only the main parts of the application, since the focus relies
on Matrix Multiplication (MM), which has to be implemented
with Pthreads (Listing 2) and DSL-POPP (Listing 3).

1#include < s t d i o . h>
2#include <p t h r e a d . h>
3#define MX 1000 / / m a t r i x s i z e
4long int num threads =2;
5long int m a t r i x 1 [MX] [MX] , m a t r i x 2 [MX] [MX] ,

m a t r i x [MX] [MX] ;
6double t i m e r ( ) { / ∗ r e t u r n t h e t i m e i n s e c o n d s ∗ /

}
7void a t t r v a l (long int ∗∗mat r ix , long int ∗∗

mat r ix1 , long int ∗∗m a t r i x 2 { / ∗ v a l u e s
a t t r i b u t i o n ∗ / }

8void p r i n t M a t r i x (long int ∗∗m a t r i x ) { / ∗ p r i n t s
a m a t r i x ∗ / }

9void ∗Thread (void ∗ th id ) {
10 long int i d= (long int∗ ) th id ;
11 long int i , j , k , end ;
12 end=( i d ∗ (MX/ num threads ) ) +(MX/ num threads ) ;
13 if ( i d==num threads −1)
14 end=MX;
15 for ( i= i d ∗ (MX/ num threads ) ; i <end ; i ++)
16 for ( j =0; j <MX; j ++)
17 for ( k=0; k<MX; k++)
18 m a t r i x [ i ] [ j ] += ( m a t r i x 1 [ i ] [ k ] ∗

m a t r i x 2 [ k ] [ j ] ) ;

19 p t h r e a d e x i t (NULL) ;
20 }
21int main ( ) {
22 double t s t a r t , t end ;
23 p t h r e a d t t h [ num threads ] ;
24 void ∗ s t a t u s ;
25 t s t a r t = t i m e r ( ) ;
26 a t t r v a l ( ma t r i x , ma t r ix1 , m a t r i x 2 ) ;
27 int i ;
28 for ( i =0; i <num threads ; i ++)
29 p t h r e a d c r e a t e (& t h [ i ] , NULL, &Thread , (

void ∗ ) i ) ;
30 for ( i =0; i <num threads ; i ++)
31 p t h r e a d j o i n (& t h [ i ] , &s t a t u s ) ;
32 t end = t i m e r ( ) ;
33 p r i n t f ( ”EXECUTION TIME : %l f s e c o n d s \n ” ,

t end− t s t a r t ) ;
34 p r i n t M a t r i x ( m a t r i x ) ;
35 }

Listing 2. MM implemented with Pthreads .

As can be observed, we used a very simple strategy to
parallelize the MM with Pthreads. The main function is
responsible for creating auxiliary threads (lines 28 - 31), which
will perform the MM in parallel (lines 15 - 18). Therefore,
each thread performs the MM on a sub-matrix. The sub-matrix
is obtained by dividing the number of rows of the resulting
matrix by the number of threads. We used the thread ID to
select a different sub-matrix for each thread, avoiding the use
of synchronization mechanisms (lines 12 - 14).
1#include < s t d i o . h>
2#include ” poppLinux . h ”
3#define MX 1000 / / m a t r i x s i z e
4long int num threads =2;
5long int m a t r i x 1 [MX] [MX] , m a t r i x 2 [MX] [MX] ,

m a t r i x [MX] [MX] ;
6double t i m e r ( ) { / ∗ r e t u r n t h e t i m e i n s e c o n d s ∗ /

}
7void a t t r v a l (long int ∗∗mat r ix , long int ∗∗

mat r ix1 , long int ∗∗m a t r i x 2 { / ∗ v a l u e s
a t t r i b u t i o n ∗ / }

8void p r i n t M a t r i x (long int ∗∗m a t r i x ) { / ∗ p r i n t s
a m a t r i x ∗ / }

9$MasterSlavePattern int main ( ) {
10 @Master ( ma t r i x , MX) {
11 double t s t a r t , t end ;
12 t s t a r t = t i m e r ( ) ;
13 a t t r v a l ( ma t r i x , ma t r ix1 , m a t r i x 2 ) ;
14 @Slave ( num threads , ma t r i x , MX,

POPP STATIC ) {
15 long int i , j , k ;
16 for ( i =0; i <MX; i ++)
17 for ( j =0; j <MX; j ++)
18 for ( k=0; k<MX; k++)
19 m a t r i x [ i ] [ j ] += ( m a t r i x 1 [ i ] [ k ]∗

m a t r i x 2 [ k ] [ j ] ) ;
20 }
21 t end = t i m e r ( ) ;
22 p r i n t f ( ”EXECUTION TIME : %l f s e c o n d s \n ” ,

t end− t s t a r t ) ;
23 p r i n t M a t r i x ( m a t r i x ) ;
24 }
25 }

Listing 3. MM implemented with DSL-POPP .
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The corresponding DSL-POPP version of the MM is pre-
sented in Listing 3. The main routine is composed of a master
block (line 9) and a slave block (line 14). The master block
does not contribute to the whole parallel computation, since it
starts the computation, joins the results of each slave threads,
and creates the slaves and waits for them to finish so that it is
automatically performed by the pre-compiler. The slave block
contains the sequential code of the MM which will be split
among independent slave workers (threads).

It is possible to notice that DSL-POPP considerably reduces
the amount of code necessary to parallelize the application.
Additionally, developers do not have to worry about how to
split the work. To evaluate how this will impact the program-
ming effort, we performed a usability experiment using this
application in the next section.

IV. Usability Evaluation

In this experiment, we only considered the time spent
(in minutes) to implement the parallel solution, using it as
the metric to evaluate the programming effort when using
DSLPOPP compared to Pthreads. In order to do so, we invited
M.Sc. and Ph.D. students in Computer Science and asked them
to parallelize the matrix multiplication with these approaches.
Then, we performed an analysis using the hypothesis statistical
test, making the assumption of a null hypothesis (H0) that will
be rejected or not. We used 95% reliability and the significance
level (max probability to reject the H0) adopted was 5%. This
means that to reject the H0 result has to be less than 0.05 (this
value is called p-value in the literature) [7]. The hypotheses
are formalized as follows:

1) Null hypothesis (H0): the effort in parallel programming
with Pthreads is equal to the effort using DSL-POPP
(Pthreads = DSL-POPP).

2) Alternative hypothesis (H1): the effort in parallel pro-
gramming with Pthreads is greater than DSL-POPP
approach (Pthreads > DSL-POPP).

We invited students to answer a questionnaire to evalu-
ate their previous knowledge (the options were: none, low,
medium, and high). Based on this questionnaire, we removed
the students that did not have the required skills (knowledge in
C language, parallel programming and Linux platform). Thus,
we split the remaining 20 participants into two groups with
equal knowledge. Group 1 parallelized the problem with the
DSL-POPP first and then with Pthreads. Group 2 parallelized
the same problem but in the reverse order.

In order to avoid external influences, the experiment was
carried out in a controlled environment (laboratory), where
participants only had access to a user manual (previously re-
viewed by another researcher) and the original sequential code.
Each participant used a desktop machine with Ubuntu Linux
installed and no Internet access was allowed. All students had
to achieve correct parallel implementations with performance
above a minimum threshold (of at least 90% of the linear
speedup with two threads) for the experiment to be considered
completed.

Table I presents the results obtained from the effort evalu-
ation. For each participant, we present his/her previous ex-
perience with Pthreads (taken from the questionnaire) and
the time spent to implement the problem using the DSL-
POPP and Pthreads. Therefore, it is important to highlight
that all participants had never developed applications with
the DSL-POPP and most of them had already developed
parallel applications with Pthreads. The results demonstrate
that the DSL-POPP demands less work from the developers.
An exception was found in Group 1 (ID=1), which parallelized
the problem faster with Pthreads than with DSL-POPP. This is
due to two factors: (i) the participant had already implemented
a matrix multiplication with Pthreads and (ii) he had significant
experience in developing applications with Pthreads.

We used the Statistical Package for the Social Sciences
(SPSS) to analyze the obtained results. The analysis showed
a significantly higher level of effort to program with Pthreads
than with DSL-POPP. The average time spent to implement the
parallel version of the matrix multiplication was 51.45 minutes
with Pthreads (the 95% confidence interval was 42.98 to 59.92
minutes) whereas it was 20.70 minutes for the average with
DSL-POPP (the 95% confidence interval was 17.59 to 23.81).

For the hypothesis test, there are basically two statistical
tests that can be applied: parametric and nonparametric. The
parametric test normally requires distributed data and homo-
geneity of variance. However, the time spent to implement the
solution with Pthreads did not follow a normal distribution,
thus indicating a non-parametric test. Due to that, we used the
Wilcoxon approach for paired sample tests [7]. This hypothesis
test is based on the differences between the scores of the
two approaches, ranking them positively and negatively. The
results are shown in Table II.

TABLE II
Statistical hypothesis test.

Ranks N Mean Rank Sum of Ranks
Negative Ranks 1 (a) 4.0 4.0
Positive Ranks 19 (b) 10.8 206.0
Ties 0 (c) – –

Total 20
(a) Pthreads ¡ DSL POPP
(b) Pthreads ¿ DSL POPP
(c) Pthreads = DSL POPP

Wilcoxon test Pthreads vs. DSL-POPP
Z -3.771*

Asymp. Sig. (2-tailed) 0.0
*Based on negative ranks.

We noticed that only one negative rank was found in the
statistical test. This means that Pthreads require more effort
than DSL-POPP ((b) Pthreads > DSL POPP). In order to
confirm whether the effort is significantly different between
these approaches, we used the significance level (Sig.), which
must be less than 0.05 [7]. The SPSS returned the result shown
at the bottom (Wilcoxon test) of Table II, concluding that the
effort is significantly different. Thus, we can reject the null
hypothesis (H0) and based on the mean results, we can accept
the alternative hypothesis H1, which states that the effort in
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TABLE I
Effort evaluation results.

Group 1: DSL-POPP → Pthreads Group 2: Pthreads → DSL-POPP

ID Experience DSL-POPP Pthreads ID Experience DSL-POPP Pthreads
with Pthreads Time (min) Time (min) with Pthreads Time (min) Time (min)

1 Medium 29 18 11 High 15 33
2 Medium 23 32 12 Medium 17 54
3 Low 13 30 13 Medium 12 65
4 Medium 25 29 14 Low 15 70
5 Medium 19 27 15 Low 17 60
6 Low 33 65 16 Low 15 71
7 Low 15 39 17 Low 12 61
8 Low 31 81 18 Zero 21 63
9 Zero 28 59 19 Zero 24 61
10 Low 28 45 20 Low 22 66

parallel programming with Pthreads is greater than with DSL-
POPP.

V. Performance Experiments

This experiment seek to evaluate the performance in order to
identify whether there are significant performance differences
between DSL-POPP and Pthreads. The metric associated with
this experiment is the execution time, which is used to calcu-
late the speed-up and compare the performance results. The
hypotheses for this experiment are the follows:

1) Null hypothesis (H0): the performance of the algorithms
implemented with Pthreads is equal to the implemented
using DSL-POPP (Pthreads = DSL-POPP).

2) Alternative hypothesis (H1): the performance of the
algorithms implemented with Pthreads is significantly
different than implemented with DSL-POPP (Pthreads
! = DSL-POPP).

The performance tests were carried out on a machine run-
ning Ubuntu-Linux-12.04-server-64bits and the architecture
was composed of Intel Xeon X3470 (2.93GHz), 8GB of main
memory, and 2TB of disk. We chose four well-known algo-
rithms from the literature to be parallelized by one volunteer
from the usability experiment. This programmer implemented
these algorithms with Pthreads and DSL-POPP, and we cer-
tified that the output result was the same as the sequential
version in order to guarantee the parallelization correctness.
Also, for each sample we performed 40 random executions to
measure/compare the performance and efficiency.

Therefore, the first program Estimates an Integral (EI) over
a domain of two dimensions using an averaging technique. The
second is a Molecular Dynamic (MD) simulation algorithm.
The other application sets up a dense Matrix Multiplication
(MM), and the last application counts the Prime Numbers
(PN) between 1 to N. We used the SLOCCount tool [18]
to present an overview of the physical source lines of code
and the development effort for this application. The results
are presented in Table III. As can be seen, the estimate of
this tool demonstrates that the programmer used more lines of
code and the development effort was probably more expensive
than with DSL-POPP.

TABLE III
Code analysis.

Source Lines of Code (SLOC) Development Effort Estimate (Min.)
App. Ori. DSL-POPP Pthreads Ori. DSL-POPP Pthreads

EI 91 93 135 8322 8760 12702
MD 249 259 352 24528 25404 35040
MM 99 105 209 9198 10074 20148
PN 78 100 142 7008 9198 13578

It is important to highlight that this tool is not equivalent to
the usability experiment because it does not effectively evalu-
ate human interaction. Additionally, it does not consider some
parallel programming issues, for example, the programmers
have to find the pieces of code that can/must be parallelized,
study how to split the computation, how to communicate, and
how to perform synchronization. Due to this, it only gives
an overview of the development effort to show some trends.
For example, applying this test over the matrix multiplication
application used in the usability experiment, it estimates a
development effort for the sequential version of (52 SLOC)
80.18 hours, for DSl-POPP (59 SLOC) 87.36 hours, and with
Pthreads (73 SLOC) 109.30 hours.
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Fig. 3. Speed-up and Efficiency.

The performance and efficiency of these applications are
presented in the graphs of the Figure 3. The EI, MD, and
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MM achieved ideal speed-ups until 4 threads. However, with
6 and 8 threads they have performance losses due to the
use of logical cores. As expected, the PN does not achieve
good performance over the other applications, because the
algorithm is not embarrassingly parallel. Finally, both speed-
up and efficiency presents similar results between DSL-POPP
and Pthreads implementations.

Even though it seems there are no significant performance
differences according to the graphs of speed-up and efficiency,
we performed a significance (Sig) test using the SPSS tool.
It was performed with 95% reliability (the probability to
reject the H0 is 5%) over the 40 execution time of each
sample so that the Sig. must be < 0.05 for reject the H0. The
place where the statistics test indicates significant performance
differences are in bold (Table IV), thus in these particular
cases H0 is rejected. Overall, all performance tests of MM
application presented results without significant differences
admitting 95% reliability, which is considered one of the most
accurate statistic evaluations for software usability [11].

TABLE IV
SPSS output for the test of significance (Sig.)

Threads EI MD MM PN
2 0.455 0.135 0.059 0.281
4 0.740 0.090 0.174 0.001
6 0.000 0.000 0.837 0.199
8 0.000 0.269 0.381 0.011

VI. Conclusions
This paper presented a performance and usability evaluation

of a pattern-oriented interface for multi-core architectures. It
was performed using software experiments and statistical anal-
ysis, whose results demonstrated that the master/slave pattern
interface of the DSL-POPP requires less programming effort
than Pthreads in the parallelization of a matrix multiplication
algorithm. Additionally, we demonstrated that the performance
is not significantly affected in four applications, and we discuss
the development effort estimated by the SLOCCount tool in
order to demonstrate some programming effort trends in these
applications.

The comparative analysis with Pthreads library was per-
formed because it is used to implement parallel code gener-
ation. Hence, we could see the efficience of the DSL-POPP
for usability and performance issues. However in the future,
we intend to evaluate the impact of the parallel programming
efforts in applications that can exploit the nested pattern abil-
ity, and repeat these experiments for other pattern interfaces
available in the DSL-POPP. Also, we plan to compare the
performance and usability with other programming interfaces
that are not pattern-oriented, such as OpenMP and Cilk.
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Abstract

Despite the popularity of BPEL engines to orchestrate com-
plex and executable processes, there are still only few ap-
proaches available which help to find the most appropriate
engine for individual requirements. One of the more crucial
comparison factors for middleware products in industry are
the performance characteristics. There exist multiple studies in
both industry and academia testing the performance of BPEL
engines, which differ in focus and method. We aim to compare
the methods used in these approaches and provide guidance
for further research in this area. Based on the related work in
the field of performance testing, we created a process engine
specific comparison framework, which we used to evaluate
and classify nine different approaches that were found via a
systematical literature survey. With the results of the status quo
analysis in mind, we derived directions for further research in
this area.

Keywords: SOA, BPEL, engines, performance testing

1. Introduction

Over the past few years, the research concerning the Web
Services Business Process Execution Language (BPEL) [21]
made huge progress and focused on arising chances and chal-
lenges for businesses [5]. Based on service-oriented archi-
tectures (SOAs), one of the major trends in the development
of business information systems, BPEL steadily became the
standard for Web Service based business orchestrations [15].
Strongly connected to the growing popularity is the develop-
ment of more complex systems, which also leads to an in-
creased error-proneness of the developed software [3]. There-
fore, the need to intensively test those SOAs also gains more
importance. However, there still is a tremendous deficit in
terms of proper testing tool support, which has been consid-
ered to be one of the major problems of SOAs [6].

A classic goal of performance testing has always been to
compare competing platforms, allowing the selection of the
best fitting product for particular needs [28]. Despite the grown
acceptance of SOAs, performance testing in this area still

lacks some major aspects. While the number of approaches
steadily grows, the majority focuses solely on the evaluation
of single Web services instead of middleware components
or even complete systems [13]. However, “the middleware
used to build a distributed application often determines the
overall performance of the application” [8, p. 2] and should
therefore be considered at least as carefully as the choice of
partner services involved in a process. Looking at performance
testing of BPEL processes and their engines, a few studies
have been conducted in industry and academia. But there is no
standardized benchmark, let alone a commonly agreed upon
testing methodology [7]. As a consequence, the current view
on the status quo and further research topics is clouded. In
this work, we aim to provide a clear view on both, the current
state in performance testing of process engines and further
challenges in this area.

Our contribution1 comprises three parts. First, the cre-
ation of a framework to compare performance benchmarking
approaches of process engines in Section 2. Second, a liter-
ature survey of the status quo in performance benchmarking
of BPEL engines reusing the previously created comparison
framework in Section 3. Third, directions on improving per-
formance benchmarking of process engines are given based on
the comparison results in Section 4. Our work concludes in
Section 5, which also outlines future work.

2. Comparison Framework and its Criteria

Performance testing refers to the usually technical examina-
tion of a system under test (SUT) with the aim to analyse and
validate a product’s characteristics. It is known for allowing
a measurement-based comparison of different products and
platforms under similar conditions, hence offering valuable
information for purchase decisions [28]. Furthermore, it is also
used to identify bottlenecks and verify the requested quality
of service (QoS) attributes in nearly finished software, i.e.,
whether nonfunctional performance requirements are met [29].
According to Koziolek [14], the performance of a software
component is influenced by five factors: its implementation,
the usage profile, deployment platform, required services, and

1For more details, see the accompanying technical report [22].
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resource contention. Based on these influences, we created a
framework to enable the classification of BPEL engine perfor-
mance tests. In the following, we present four primary and
three secondary criteria, by which performance tests can be
analysed and made comparable.

Measurement based performance tests can be executed in
several ways depending on the intended purpose of the test.
These different strategies establish the types of performance
tests, namely baseline, stress and load tests [18]. Baseline
tests measure the response time behaviour of an application
with only a single request or user, hence represent the best-case
scenario. It can be used for product comparison or as a bench-
mark baseline for other test types, e.g., for load tests [20, pp.
38-40]. A load test verifies the application behaviour in typical
and expected situations, including load peaks with multiple
concurrent users. It is often used to assure performance related
QoS attributes [18] [19, p. 291]. Pushing an application be-
yond the expected level of load and peak conditions is called
stress testing. Its goal lies in revealing bugs and unexpected
behaviour that only appear in extreme conditions [18]. The
results reflect the worst-case scenario and unearths the capacity
limits of the system under test [20, pp. 38-40] [19, p. 291].

Workloads are defined as the sum of all inputs that are
received by the SUT. They are considered to be one of the
key aspects for assuring the validity of performance test re-
sults [19,25,28,29]. In the context of BPEL engines, workloads
consist of the invoked processes and their dependent Web ser-
vices, but also include the request messages and the strategy
for sending these requests. According to [19, pp. 265-266], the
workload of software performance benchmarks can be cate-
gorised into four workload types. Basic operations refer to the
smallest operations, i.e., all supported and standardized activi-
ties in the context of a BPEL engine, and supply fine-grained
performance characteristics. Toy-benchmarks, usually imple-
menting classic puzzles or being proof-of-work concepts, are
of not much use for performance tests. Kernels are core parts
of real programs. They represent the most important or time
consuming parts and provide an intermediate level in terms
of granularity and realism. In our context, kernel processes
implement patterns, e.g., the workflow patterns [27] that were
extracted from a large corpus of real world processes. Real
programs, or real processes in our case, are often seen as the
most important workload type as their results are most accurate
for estimating the performance of production systems [2, 25].
Therefore, real workloads are also used in other domains, e.g.,
for benchmarking SQL databases with TPC-C.

Workload injection strategies can be subdivided into a)
continuously injecting the workload and b) injecting the work-
load with an arrival rate. Continuously injected workloads
test the engine with a constant load, once reaching the plateau
phase. This plateau, however, can either be reached with a big
bang (default approach), or stepwise, by slowly increasing the
number of concurrent users over a specific period [20, p. 41].
The arrival rate can be either fixed or dynamic to simulate
even more realistic peaks [25].

If the SUT and load generating clients are co-located, one

has to closely observe the system for overloads. Therefore,
they are often installed on separate systems, i.e., distributed.
Moreover, a separation allows the load to be created from
distributed clients, providing more realistic situations and as-
suring the saturation of the SUT.

The evaluation of software performance usually considers
multiple metrics. In this study, we use three performance
metrics: latency, throughput and utilization. The latency or
response time [8] defines the time span between sending a
request and having received the full response. It is influenced
by multiple factors, e.g., the execution of partner services, net-
work delays and message parsing [24]. Throughput is the most
commonly used metric for software performance, defining the
number of transactions that are completed within a period. In
the context of BPEL engines, the term transaction can refer
either to the completion of requests or process instances. The
utilization reflects the degree to which a capacity is used and
refers to many parts of the testbed, e.g., the network, database,
server, or load-generating clients [20, p. 29]. As metrics dif-
fer in semantics and focus, they depend upon the test types.
For example, a baseline test using any throughput metric is
meaningless as there is only one active request at a time.

In addition to the primary criteria, we distinguish between
three secondary criteria. First, the number of the engines
and their license, being either open source or proprietary. Sec-
ond, the setup of the test bed, being either automated or done
manually, which has effects on the experiment’s reproducibility.
And third, as BPEL engines provide plenty of configuration
options, we distinguish whether the processes are executed
in-memory or not, which we denote as persistence.

3. Literature Study

The results of our systematic literature study2, i.e., the nine
approaches and their classifications, are shown in Table 1. Each
row and each column refers to an approach and a comparison
criterion, respectively. Cells represent the findings, with empty
cells denoting the absence of a criterion and cells marked n/a
denoting that the approach did not provide any data regarding
this criterion.

The benchmark conducted by SOABench [4] includes three
engines and performs load tests using four BPEL processes.
Two processes are built with the flow activity, the other two
use either the sequence or the while activity. All four pro-
cesses invoke mocked external services, thus, use the invoke
activity as well. The performance is measured via latency and
throughput metrics. Moreover, SOABench features the auto-
mated generation, execution and analysis of testbeds, allowing
reproducing the test results. Workloads are either injected
based on a given arrival rate, or delayed by a thinking time
between consecutive invocations.

The load test of OpenESB [26] is focused on throughput
metrics. Its workload is a single process, using all supported
BPEL activities, i.e., a toy benchmark, and is injected stepwise.

2The method is detailed in the accompanying technical report [22].
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Table 1. Literature analysis, comparing most important performance test factors
Criteria Test Type Workload Workload Injection Metrics Engines Config Testbed
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SOABench [4] x x basic 4 x x x x x x 2 1 x

OpenESB [26] x toy 1 n/a x x 1

ActiveVOS [1] x real 2 n/a n/a n/a n/a x 1 x

Sliver [10] x kernel 12 x x x x 2

Workload model [9] x toy 1 x x 1

Intel & Cape Clear [12] x real 2 x x x x x x 1 x

Roller [23] x real 1 x x x 1

SWoM [17] x basic 2 x x x x 3

FACTS [16] x real 1 x n/a n/a n/a n/a x 1

Similarly, throughput metrics are measured in the load test
of ActiveVOS [1]. The test uses two functional processes, with
one being analysed with persistence enabled or disabled.

In [10], Sliver is compared with ActiveBPEL, using a base-
line test measuring request latency and memory utilization.
The workload consists of twelve workflow patterns [27], i.e.,
kernels, realized as BPEL processes, which utilize external
services and are invoked in consecutive requests.

Validating their workload model, Din et al. [9] have per-
formed a load test that focused only on the response time
behaviour of the used ActiveBPEL engine. The tested process
uses correlations but does not call external services. The work-
load is injected by several virtual users over a total duration of
two minutes, injecting 20 new processes per second.

The load test of Intel and Cape Clear [12] focuses on latency,
throughput and utilization measures of the tested Cape Clear
7 engine. The two processes implement a typical industrial
functionality and invoke external services, while the workload
is continuously injected from a set of distributed clients Ad-
ditionally, the test focuses on the effect of persistence on the
performance metrics.

Verifying Roller’s [23] proposals, he has conducted a load
test on one proprietary engine and measured throughput met-
rics. The tested workload is a single realistic BPEL process,
including the invocation of external services, which is continu-
ously called by the testing clients.

Benchmarking three BPEL engines, Längerer et al. [17]
have conducted a load test focusing on throughput and latency
metrics. The workload, which is continuously injected, con-
sists of two processes. One uses the assign activity, the
other one calls an external service with the invoke activity.

The load test of Liu et al. [16] tests the response time be-
haviour of a single realistic process, which includes external
services and was deployed on the ActiveBPEL engine.

4. Discussion and Further Suggestions

This section analyses the findings of our evaluation and
discusses which parts of BPEL performance testing should be
strengthened in future work. As the approaches differ in many

aspects and follow no common schema, we focus on patterns
per criterion, i.e., compare the results column-wise.

The approaches mainly execute load tests, whereas, in ad-
dition, Bianculli et al. [4] also applies stress testing. Solely
Hackmann et al. [10] perform baseline tests, leaving room for
further evaluations, by means of baseline and stress tests.

The workload types differ for all approaches, with four
using real workloads, one using kernels, and two using basic
and toy each. For each workload, the number of processes
also varies, with four approaches using only a single process,
three using two, one using four and one using twelve processes.
The majority (6/9) uses processes that invoke external services,
thus the test always includes the performance characteristics
of the invoke activity. For the remaining approaches, two do
not use external services, while it is unknown for the last one.
For all workload types, a larger corpus of processes would help
to improve the meaningfulness of the test results. Regarding
the basic category, we propose to have a process per feature
to be able to compare their performance characteristics. For
kernel processes, we suggest to cover more pattern catalogues,
whereas for real processes, we propose to use distinct real
processes from various use cases in different domains. As
external services are a crucial part of BPEL processes, they
should not be neglected in further studies as well.

Concerning the workload injection, two approaches did not
mention it at all. For some approaches, it is neither stated, nor
can it be deducted. As it is a crucial part of a performance
evaluation, we advise to explicitly state the chosen strategy.

Regarding the metrics, latency and throughput are used by
six approaches each, whereas only two measure utilization.
In this context, Intel and Cape Clear [12] provide the most
complete approach as they measure all three metric types.
Three approaches use two metric types, while the majority (5/9)
measures only metrics of a single type. Hence, we propose
to focus on the neglected utilization metric, which can reveal
interesting characteristics of the engines as well as ensure that
there are no system overloads falsifying any results.

The number of engines under test range from one up to
three per approach, limiting their relevance for buying deci-
sions. Three approaches compare the performance of multiple
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engines, while the remaining six evaluate the performance of
a single engine. Only SOABench [4] compares open source
with proprietary engines. But as the proprietary engine Ac-
tiveVOS incorporates the open source engine ActiveBPEL,
SOABench basically test the open source one. Hence, there
is no proper performance comparison of open source with
proprietary engines, leaving room for further work in this area.

Regarding the configuration opportunities of the BPEL en-
gines, only two approaches [1, 12], both evaluating only a
single engine, tested their engines in different configurations,
namely either execute their processes in-memory or not. As
most engines offer multiple options, it shows that this has been
neglected in research, despite its importance. However, when
comparing more than one engine, it has to be ensured that all
engines equally support the capability.

With only Bianculli et al. [4] allowing to automatically
setup the testbed and execute the tests, it is very hard to redo
the experiment for all other approaches. Moreover, only [4, 12,
17, 23] published their detailed test setup, processes and tools,
which are essential for the repeatability of these tests.

None of the approaches allow analysing the influence of
environmental aspects, for instance the system’s hardware,
database or influences of long-running transactions on the
engines’ performance. However, modern multi-core systems
and solid-state drives provide new challenges and opportunities
for differentiation among middleware products.

One additional problem is that none of the approaches takes
into account that BPEL engines greatly vary in their degree of
support of the BPEL specification [11], i.e., they implement
different subsets of the BPEL features. We propose to take
these results into account, creating and selecting appropriate
workloads for the engines to be compared.

5. Conclusion and Future Work

In our work, we created a comparison framework with
which existing performance benchmarking approaches of pro-
cess engines, and BPEL engines in particular, can be classified.
We applied our comparison framework onto nine methodically
found approaches, revealing their differences and similarities.
Based on the findings, we derived guidance for further research
in the areas which have been neglected so far.

In future work, we want to apply our comparison framework
and method onto other studies targeting other process engines
and their languages, and fill in the open gaps that were revealed
during this study.
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ABSTRACT
The success of a software project is strongly related with
architectural design. However, designing the right Software
Architecture is a very subjective task and takes a long time,
being much influenced by architect’s experience and the
quality of requirements engineering. A big problem emerges
when the trade-off among quality requirements is not prop-
erly solved during requirements engineering. The objective
of this paper is to present a trade-off resolution process sup-
ported by a tool for helping young requirements engineers
and software architects on the hard task of specifying the
system requirements, detecting and solving trade-offs among
them.

Keywords
Requirements engineering, Trade-off resolution, Software ar-
chitecture

1. INTRODUCTION
Develop software with low cost of production and mainte-

nance, to be delivered in a shorter time with requirement of
high quality has become even more urgent and necessary. In
this way, one of the key elements of success for the software
projects is the architectural design.

Software architectures represent explicitly the structure of
systems, and it is one of the earliest artifacts that permits
the analysis of system quality attributes, such as dependabil-
ity, including reliability, availability, security and safety [1].

Although each system has its particularity, it is common
that applications that belong to the same domain are to use
similar architecture. In this way, the architectural styles
are very important, because they define a family of systems
in terms of a pattern of structural organization, thus pro-
viding meta-models that can be applied in recurrent prob-
lems of a domain [5]. However, designing the right Soft-
ware Architecture is a very subjective task and takes a long
time, being much influenced by architect’s experience as well
as the quality of requirements engineering. A big problem
emerges during the architectural design phase when trade-
offs amongst quality attributes have not been identified and
properly managed during requirements engineering.

Each alternative solution satisfies different functional and
non-functional requirements to varying extents. Selecting
a solution among multiple alternatives involves managing

trade-offs among requirements, with respect to stakeholders
preferences and consequences of alternatives on the require-
ments [2].

The main problems when managing trade-offs among re-
quirements and deciding over alternative design solutions
are [2]: (1) Extensive Data Collection, (2) Manual prioriti-
zation, (3) Incomparable Scales and (4) Scalability.

The objective of this paper is to present a trade-off reso-
lution process with tool support for helping young require-
ments engineers and software architects on the hard task of
specifying the system quality requirements, detecting and
solving trade-offs among them. The tool has a rule-based
architecture which uses an expert system engine for identi-
fying trade-offs and provide directions for managing them.
The rules database can be seen as a knowledge repository
that contains technical solutions based on patterns and good
experiences of specialists.

The proposed tool is presented in details, including its
requirements, its software architecture and detailed design,
as well as the structure of the rules for representing the
specialist’s knowledge.

The rest of the paper is organized as follows. Section 2
presents some related work. Section 3 presents the trade-
off management process proposed in this paper. Section 4
presents the tool developed for supporting the aforemen-
tioned process.Finally, Section 5 presents some concluding
remarks and directions of future work.

2. RELATED WORK
Faced with the typical absence of reliable quantitative

data, some Requirements Engineering (RE) techniques, such
as Tropos [6] and i* [15] treat quality attributes as soft goals,
thus enabling to reason about the partial satisfaction of such
goals by using qualitative labels such as partially satisfied,
sufficiently satisfied, partially denied, and fully denied. Al-
though it is considered a good evolution, the subjectivity
of classification and evaluation of quality attributes could
produce conflicting quality requirements. When conflicts
emerge among quality attributes, the management of the
trade-offs becomes a critical issue [13].

Elahi and Yu [2] present a semi-automated tool that uses
Even Swaps process [7] for decision making related to con-
flicting requirements. Although this tool addresses the same
focus of our approach, we focus on managing trade-off in-
volving specifically software quality attributes. Besides, we
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also aim to clarify the meaning of quality attributes and the
relationship among them, in order to improve the confidence
of the stakeholder on the final quality attribute specification.

Garćıa-Mireles et al. [4] present a conceptual framework
for dealing with software quality trade-offs. Such solution
presents a set of activities for managing trade-offs based on
a systematic comparison of CMMI and ISO-12207 specifi-
cations. Our work is compliant with Garćıa-Mireles et al.’s
approach and can be seen as a tool-supported instance of
such conceptual framework.

3. A PROCESS FOR MANAGING TRADE-
OFFS AMONG QUALITY ATTRIBUTES

The Trade-offs management is an important task, which
can influence many activities of software development. In
terms of quality attributes, the trade-off management is spe-
cially important in the context of architectural design. Fig-
ure 2 presents an overview of the proposed process, which
also contextualizes the trade-off management activities with
architectural design activities.

The first activity, named 01-Prepare the Environment fo-
cuses on the persistence of specialist’s knowledge related to
requirements engineering. This activity should be executed
at the beginning, after the deployment of the proposed solu-
tion, but can also be re-executed anytime, in order to update
the knowledge database with expertises. The second activ-
ity, named 02-Specify Quality Requirements consists on the
utilization of the proposed tool using the existing special-
ized knowledge. These activities will be detailed in the next
subsections.

3.1 Registering the Quality Atributes
The first thing to be done in whole process is the register

of quality atributes (Activity 01.1). In the context of this
paper, we have registered the quality attributes proposed
by ISO/IEC 9126 [3]. The main idea consists in using these
information to collect user’s preferences about the desired
quality requirements.

These registered information about the quality attributes
will be used to collect the attributes’ priorities, thus the end
users won’t need to know technical terms or details about
a particular domain or technology. In this sense, we con-
sidered adopting a mapping between natural language and
quality requirements, where the engineers and architects will
associate each quality attribute with a text about this at-
tribute. The end user must understand this text easily, re-
ducing the effort to collect the priority of a particular re-
quirement correctly.

Additional information such as features, advantages and
disadvantages could be registered to improve the under-
standing about a specific requirement. Each registered qual-
ity attribute will be associated to an element in a knowledge
repository. This association is very important, because once
the priorities of requirements were filled (Activity 02.1), the
tool will retrieve the elements which are associated with each
attribute and will fill properly the working memory with
their priorities.

3.2 Registering the Trade-off Patterns
After registering the quality attributes, it is necessary to

identify potential trade-offs among them (Activity 01.2). The
potential trade-offs, called patterns, consist on well known

scenarios in which two or more quality attributes conflict
each other. For example, on a web application, the software
architect noticed that when the number of concurrent re-
quests increases, the application becomes slower. This sce-
nario could generate a pattern exemplifying a case when
scalability and performance conflict each other.

The identification of such trade-off patterns can be done
both based on previous experiences and on the specialized
literature. In the context of this paper, we have registered
trade-off patterns based on real scenarios reported by liter-
ature [11].

Once the stakeholder confirms the priorities for each qual-
ity attribute, they will be used as input to the working mem-
ory of trade-off management process (Activity 02.3), using for
this the association made in the Register Quality Attributes
activity (Activity 01.1), that will be responsible to identify
and solve possible trade-offs among two or more require-
ments.

3.3 Registering Rules for Prioritize Require-
ments

Then, in order to finish the environment preparation, it
is necessary to define rules to support trade-offs manage-
ment (Activity 01.3). Such rules are described through a list
of easy questions, whose answers reflect priorities over the
requirements.

For example, in the context of the trade-off scenario of
the hypothetical web application, a helpful question could
be: ”Would you limit the number of concurrent request in
order to provide a better quality of service in terms of per-
formance?”. Each registered trade-off scenario should be
associated to at least one question and each question should
have an impact associated to its answers, which can increase
or decrease the weight of the quality attributes, thus impact-
ing on its priority, as can be seen in Figure 1 that shows the
meta-model for representing the rules. For simplifying the
diagram, most attributes have been omitted. It is important
to emphasize that the association between TradeOffPattern
and Domain allows the definition of either domain-specific
and general-domain trade-off patterns.

Figure 1: Metamodel Describing Rule Structure

3.4 Eliciting the Quality Requirements
Firstly, the activity named Specify Quality Requirements

(Activity 02) starts with the stakeholder trying to identify
the quality attributes which his system must meet (Activ-
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Figure 2: Overview of the Proposed Process

ity 02.1). The tool will retrieve all the quality requirements
persisted in the database and will show a list with infor-
mation about each one of attributes that were registered
previously (Activity 01.1).

This tool will give 100 points to the stakeholder to dis-
tribute among the attributes which he is think that is im-
portant for his software. All attributes start with the same
priority, that is zero. The importance of a requirement will
be measured using the points associated for each attribute.

Once the stakeholder confirms the priorities for each qual-
ity attribute, they will be used as input to the working mem-
ory of trade-off management process (Activity 02.3), using for
this the association made in the activity named Register the
Quality Attributes (Activity 01.1), that will be responsible
to identify and solve possible trade-offs among two or more
requirements.

3.5 Understanding the Requirements
For each quality attribute selected, it is important to pro-

vide extra details in order to validate properly the chosen
quality attributes (Activity 02.2).This activity will give sup-
port the previous activity (Activity 02.1), providing extra in-
formation about each one of registered attributes. Anytime,
when the stakeholder has some doubt or the information is
not sufficiently clear about a requirement, he will can use
this resource to clarify any misunderstood about this item.
Such details can be, for example, a detailed description of
the quality attribute with an illustrating example, its fea-
tures, advantages and disadvantages.

3.6 Managing Trade-offs
Finally, after having the real list of quality attributes

aimed for the application, might be necessary to manage
trade-off among them (Activity 02.3). For this, it is nec-
essary to follow five sequential steps: (1) Identify trade-off
patterns among the selected quality attributes; (2) Ask ques-
tions related to the identified trade-off patterns; (3) Compute
answer’s impact and update the weight attribute (positive and
negative); (4) Sort quality attributes based on the weight at-
tribute; (5) Classify requirements following a predefined taxon-
omy.

The taxonomy for classifying quality attributes aims to

reduce subjective interference. Analyzing existing guide-
lines [9], we have designed a taxonomy for classifying quality
attributes in four possible levels: (1) Mandatory, for those
attributes whose bad functioning could preclude the use of
the system; (2) Important, for those attributes that the stake-
holder would be willing to pay more for them; (3) Desirable,
for those attributes that the stakeholder wants, but would
not be willing to pay more for them; and (4) Not Impor-
tant, for those attributes that the stakeholder does not re-
quire, but can be implemented if do not impact on cost.
After having the quality attributes sorted by importance
(weight), the stakeholder should classify in the four cate-
gories proposed. A possible way for automating this task
is to establish a threshold value of weight. But in case of
keeping trade-off even after the aforementioned resolution
process, the software architect should be warned about the
problem and solve it manually.

4. A TOOL FOR SUPPORTING THE PRO-
POSED PROCESS

A generic trade-off resolution tool for supporting the pro-
cess presented in Section 3 has been developed. We have
used the Java programming language and MySQL database
using JPA framework for persistence. During the tool spec-
ification, we opted to perform the two first activities of the
execution process at the same time.

After selecting the desired quality attributes, the user
should confirm in order to manage trade-offs. The initial
weight of the quality attributes is zero, thus indicating that
all of them initially have the same priority. Alternatively,
the user can choose to manually set the initial priority. For
this, 100 points are given to the user, who can distribute
these points over the quality attributes. When the priorities
were filled, all the information will be passed to a working
memory of the expert system that manages trade-offs (Ac-
tivity 02.3). After the trade-off management process, such
importance order is updated, based on the final weight.

For providing more details about the design of tool, Fig-
ure 3 presents its software architecture, which follows an het-
erogeneous architectural style which combines data-centered
and rule-based characteristics.
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Figure 3: Architecture of the Developed Tool

The ExpertSystem component consists on a rule-based sys-
tem that emulates the decision-making ability of a human
expert [10]. Such systems are designed to solve complex
problems by reasoning about knowledge by using an infer-
ence engine, which is a computer program that tries to derive
answers from a knowledge base. The developed tool reused
an existing rule-based inference engine called Inabit [14,
12],an Intelligent Agent Building Tools. Inabit may be seen
as a kind of rule-based expert system shell, but it may be
also seen as a software framework by providing a set of facil-
ities to be used by the developers of intelligent applications.
Therefore, the main idea is to provide effective support with
facilities to both domain expert/knowledge engineer and de-
veloper. Inabit provides various features commonly used in
a typical expert system, such as (i) inference by using goal
driven reasoning (backward chaining) or data driven reason-
ing (forward chaining), (ii) basic explanation facilities, (iii)
facilities to create and edit a given knowledge base.

For this, The FormFiller component will have the task
of passing the stakeholder’s answers regarding quality at-
tributes to the ExpertSystem component to be inserted in
the working memory of framework. With all these informa-
tion, the Trade-offSolver component will use the framework,
running the forward chaining reasoning in the knowledge
stored to identify the trade-offs problems. Once these trade-
offs were identified, the tool will try to solve them presenting
questions associated to the trade-off patterns, as presented
in Section 3.

5. CONCLUSION AND FUTURE WORK
This paper presented an approach to support the require-

ments engineering phase of a software. The proposed so-
lution comprises a systematic process supported by a tool
for helping young requirements engineers and software archi-
tects on the hard task of specifying the system requirements,
detecting and solving trade-offs among them. The tool has
a rule-based architecture which uses an expert system en-
gine that behaves as a requirement engineer, thus keeping
the technical knowledge and experience at the software com-
pany. Although other existing approaches address the same
target, we focuses on managing trade-off involving specifi-
cally software quality attributes. Besides, we also aim to
clarify the meaning of quality attributes and the relation-
ship among them, in order to improve the confidence of the
stakeholder on the final quality attribute specification.

As an immediate future work, the approach should be
evaluated in real scenarios and domains, with a high number
of volunteers. Furthermore, it is also being evolved in order
to link trade-off resolution of quality attributes to design
decisions related to the choice of architectural styles during
the architectural design phase. In addition to supporting

the architectural design by recommending reference archi-
tectures, this integration also aims to increase the quality of
trade-off resolution, since the trade-offs are better resolved
when contextualized with design artifacts, such as software
architecture and source-code [8].
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Abstract— Information technology and the environment have a 

relationship until then signaled by the effects caused by excessive 

energy consumption, greenhouse gas emissions and the e-waste. 

In our paper we present the GreenRM reference model for 

sustainable software development. We focus on the model 

structure definition and the benefits identified with its 

implementation. We also present a comparison between the 

model processes and attributes with the environmental 

requirements of ISO/IEC 14001 to demonstrate its compatibility. 

In addition we present a model early assessment in three 

Brazilian software organizations to evaluate the model technical 

and financial feasibility. 

Keywords: Green IT; Process Reference Model; Sustainable 

Development; Green Software Engineering. 

I.  INTRODUCTION 

When we think of Information Technology (IT), words like 
innovation and solution comes to mind. However, rarely, or 
never, we think on relationship between IT and the 
environment. This relationship is discussed through green IT, 
which has emerged as a subject centralizing this discussion 
bringing to the IT market the importance of sustainable 
development and the growth focused on preservation of the 
environment. Environmental problems associated with the IT 
industry are mainly related to the large power consumption, the 
emission of carbon dioxide and lack of treatment of e-waste 
[1]. In software organizations we observed that environmental 
issues are the same, mainly due to technological resources used 
and the infrastructure required. In the software life cycle we 
can analyze issues related to the energy consumption during the 
execution of programs or the energy consumption to maintain 
the infrastructure of the software factory (computers, servers, 
and others), printing documents on requirements gathering 
phase or the use of disposable media (CD, DVD) on the 
installation phase [2], the great demand for acquisition of new 
equipment or electronic components with higher performance 
and the hardware change that become obsolete when the 
software evolves [3]. 

On this research we analyze organizational changes for a 
software organization implement processes that contribute to 
the improvement and reduce of environmental problems within 
their organizational setting. This paper presents the GreenRM 
reference model to support software organizations in the effort 
to achieve process improvement but considering environmental 

quality with the introduction of environmental management. 
The GreenRM can stimulate competition in the software 
market through sustainable image, allowing organizations to be 
qualified and valued from an environmental quality model. 

II. THE GREENRM REFERENCE MODEL 

GreenRM is a reference model based on the concepts of 
maturity and capability and was developed based on two 
pillars, the PRO2PI-MFMOD method framework [4][5] and 
the environmental standard ISO/IEC 14001 [6]. The PRO2PI-
MFMOD framework was used to establish a reference model 
construction method for the GreenRM development. The 
ISO/IEC 14001 was used as a support to identify relevant 
processes and practices already consolidated. 

During the PRO2PI-MFMOD framework instantiation, 
some activities and techniques were performed: 1) Gathering 
environmental needs in IT and definition of the target audience; 
2) Literature Review; 3) Reference model structure definition 
(based on ISO/IEC 15504 [7]); 4) Detailed analysis of selected 
models; 5) Hold meetings with experts from the ISO/IEC 
15504 to ensure structure compatibility between models; 6) 
Development strategy review; 7) A preliminary model version 
was evaluated with three software organizations. These 
activities were developed from the "Sequential Practices" 
described in the framework. The techniques employed in the 
development were: Translation process areas of an existing 
model; Application questionnaire; Literature Review; Analysis 
of related work and Peer Review. The PRO2PI-MFMOD 
framework instantiation allowed the development of a 
reference model based on definitions and concepts of 
recognized and consistent models in Software Engineering. 
With this, we expect a greater acceptance in software 
organizations that already have implemented maturity and 
capability models for software quality. The major benefits in 
implementing the GreenRM model are the integration of 
environmental management with the business goals, financial 
returns arising from green solutions like energy conservation, 
the sustainable image, changes on processes organizational for 
the environmental certification ISO/IEC 14001 and the change 
on culture and awareness. 

A. Green Levels 

The green levels developed on GreenRM are the model 
maturity levels. Each maturity level has a set of required 
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processes. In addition, the processes were also classified in 
three categories: main processes, organizational processes and 
supporting processes. 

The first green maturity level (G1 - Environmental 
sustainability is managed) defines four processes: GSM - 
Green Solution Management (main); DCM - Data Center 
Management (main); EWM - Electronic Waste Management 
(main); and ERM - Environmental Risk Management 
(supporting). The second green maturity level (G2 - 
Environmental sustainability is institutionalized) defines four 
processes: GAQ - Green Acquisition (organizational); GEI - 
Green Solution Evaluation and Improvement (supporting); 
GSD - Green Software Development (main); and GIR - Green 
Software Installation and Retirement (main). The third green 
maturity level (G3 - Environmental sustainability is 
continuously improved) defines three processes: GMS - Green 
Solution Measurement (organizational); OTG – Organizational 
Training for the Green Solution (organizational); EKM - 
Environmental Knowledge Management (organizational). 

The green level G1 ensure an organized management of 
environmental initiatives performed by the organization. These 
initiatives are identified as green solutions and are treated at the 
first process of the level. By means of assuring the 
environmental management of specific solutions for the data 
processing center and for the electronic waste, the second and 
the third processes of the level are responsible for these issues. 
To help identifying these green solutions, the last process of the 
level permits the risk and environmental impacts analysis. The 
green level G2 ensure that the environmental processes be 
incorporated to the remained organizational processes. In this 
level, the auditing process is established to assure that the green 
solutions are been performed as in order to meet the 
organization environmental goals. Focusing on the 
accomplishment of the environmental requirements related to 
the software lifecycle, two processes are defined. These two 
processes focus on environmental practices directed related to 
the development, installation and the retiring phases of the 
software. Still at this maturity level, a process for green 
acquisition is also defined, demanding that supplier’s selection 
and evaluation be based on environmental criteria. The green 
maturity level G3 permits to analyze and measure the benefits 
gained with the application of green solutions through 
measurement and guarantees that the knowledge acquired with 
green solutions implementation be managed and disseminated. 

B. Capability Levels 

For the GreenRM capability dimension (model evaluation), 
three capability levels and eleven process attributes (PA) 
defined for the levels from 1 to 3 are presented. The ISO/IEC 
15504 and ISO/IEC 14001 standards contributed significantly 
to the development of these process attributes. Most of these 
attributes is related to the environmental management needs 
specified at the ISO/IEC 14001.  

The level 0 is not included in any type of indicator because 
it represents a non-implemented process or a faulty one in 
accomplishing the outcomes. The capability level 1 represents 
the process is managed: PA1 - the process achieves its defined 
outcomes; PA2-formal process documentation is established, 
maintained and communicated to everyone involved; PA3-the 

process is planned and monitored; PA4-required roles and 
responsibilities to perform the process are identified; PA5-
personnel performing the process are competent on the basis of 
appropriate education, training and experience; and PA6-the 
process is specified on the organization environmental policy. 
At capability level 2, it is defined that the process is 
institutionalized. The process attributes are then evaluated: 
PA7-a process improvement group is formally established to 
continuously discuss and revise the process; and PA8-the 
process outcomes are revised at different hierarchical levels of 
the organization, including higher level management. And 
finally, capability level 3 represents that the process is 
measured and evaluated continuously. To evaluate this level, 
the process attributes are demonstrated: PA9-achieved 
outcomes by the process performing allows demonstrating 
environmental benefits; PA10-process measurements are 
collected and analyzed in order to support the decision making 
about the environmental solutions; and PA11-improvement 
opportunities derived from technological innovations and 
environmental solutions are identified, evaluated and selected 
to support the business' goals achievement.     

The process attributes PA2, PA4, PA6, PA8 e PA10 were 
identified from the analysis of the environmental requirements 
demanded by the ISO/IEC 14001 standard. By achieving these 
attributes, it is possible to guarantee the existence of the 
environmental policy and the formalization of processes in this 
policy, defining the roles and responsibilities involved, the 
analyses of administration in the decision making, as well as 
measurements for identifying corrective and preventive actions. 

C. A Process Documentation Excerpt 

As an example of the processes documentation, we present 
in Table I, the G2 maturity level process GSD (Green Software 
Development). This process allows the analysis of 
environmental practices in the software development lifecycle.  

TABLE I.  GSD (GREEN SOFTWARE DEVELOPMENT) PROCESS 

DESCRITION 

Process ID GSD 

Process 

Name 
Green Software Development 

Process 

Purpose 

Provide the environmental performance on the activities related 

to the software development phase. The improvement actions 

allow the insertion of environmental practices on the activities 

that belong to the software lifecycle. 

Process 

Outcomes 

As a result of the successful implementation of the 

software: 
1. Software documentation is developed in electronic media 

and tools for traceability are established. 

2. The useful life of the software is analyzed at the 

requirements survey phase, considering future needs and 

current hardware limitations. 

3. Non-functional requirements aiming at meeting 

environmental needs are specified.  

4. The prototypes elaborated at the requirements survey 

phase are reused on the software implementation. 

5. Modularization practices are used in the software project, 

when necessary.  

6. The software components and methods are projected 

aiming their reutilization. 

7. Automation tools are used in the software implementation 

stage. 

8. Unit tests are performed in the end of each 

implementation. 

9. Automatized tests are planned and performed according to 

the frequency established in the planning. 
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10. Performance tests are planned and performed according to 

what was previously planned. 

Base 

Practices 

GSD.BP1: Develop software documentation in 

electronic format. Software documentation should be 

developed in electronic format, facilitating the control and 

organizing the artifacts and security of information. Besides, it 

decreases or avoids the need for paper use on the software 

development. [Outcome 1] 

GSD.BP2: Establish tools that allow traceability. 
Tools that allow the traceability of artifacts generated during 

the software development should be applied, since it is through 

traceability that it is possible to measure the impact of changes 

and, consequently, to measure the effort required. The 

traceability facilitates the maintenance of artifacts and can 

decrease the need for printing documents. [Outcome 1] 

GSD.BP3: Analyze the useful life estimated for the 

software. The software should be specified and developed 

taking into consideration the current and future characteristics 

of the hardware, because it is necessary to avoid the need for 

hardware replacement with the software implementation. 

[Outcome 2] 

GSD.BP4: Specify the non-functional requirements 

that aim at environmental issues. Non-environmental 

requirements which describe characteristics that care for 

environmental quality of the software should be defined. For 

example: not using shiny colors, the energy consumption 

estimated for the software in use or not, and so on. [Outcome 3] 

GSD.BP5: Reuse the prototype developed at the 

requirements' phase on the software  

implementation. The prototype should be reused on the 

software implementation and, with that, energy, time and effort 

spent on the requirements' phase are also reused. [Outcome 4] 

GSD.PB6: Use modularization practices in the 

software project. Modularization simplifies the software 

project and may turn the implementation less complex and, 

consequently, less time will be spent to perform it. [Outcome 5] 

GSD.PB7: Project components and methods 

allowing reutilization. Reutilization of the components and 

methods has several benefits, but one of them is energy and 

effort saving [Outcome 6] 

GSD.PB8: Use automation tools during software 

implementation. Tools for automatic code generaqtion and 

analysis allow the reduction of the time necessary to execute the 

task manually and the source code standardization. [Outcome 7] 

GSD.PB9: Perform unit tests. Unitary tests may 

minimize the error detection in stages after the implementation 

and, therefore, perform a prominent role in the consolidation 

ofa flawless software. The less flaws, the less necessity of 

alterations and rework. [Outcome 8] 

GSD.PB10: Plan automatized tests. Automatized tests 

reduce the necessity of people in manual tests. Moreover, they 

allow the reapplication of test cases and standardization of test 

processes. It is necessary to plan the activities, resources ad 

effort used in these tests. [Outcome 9] 

GSD.PB11: Plan performance tests. Performance tests 

allow the identification of compatibility problems between 

software and hardware, so software may not work properly on 

current or legacy systems that present less capacity. It is 

necessary to plan the activities, resources and effort used in 

these tests. [Outcome 10] 

GSD.PB12: Execute automatized and performance 

tests. Having the planning made, it is possible to perform the 

activities related to the automatized tests. It is necessary to 

register the test execution and inform the interested ones the 

problems detected by the test. [Outcome 9, 10] 

 

All expected process outcomes are related to environmental 
base practices. It is also possible to notice that these expected 
outcomes consider software quality aspects. Thus, we have 
concluded that environmental actions employed on the green 
software development process also contribute for software 
quality in general. This allows the organization to improve its 
development processes aimed at environmental quality and, at 
the same time, to improve the software itself. In this sense, we 

have understood that environmental quality complements 
software quality.  

When implementing the GreenRM in software 
organizations, this process is mandatory and also should be 
evaluated in relation to the process attributes defined in each 
capability level. 

III. THE ISO/IEC 14001 AND THE GREENRM 

The Brazilian government has been prioritizing 
organizations that implement the environmental management 
system or any of the environmental requirements defined by 
the ISO/IEC 14001 standards. In some public notices for hiring 
software services - Petrobrás (Brazilian Oil Company) is a 
good example - it is possible to find items that demand the 
meeting of at least one requirement in the standard. 

To support the ISO/IEC 14001 implementation in software 
organizations, the GreenRM has been developed to provide a 
path for this environmental certification. The standard 
describes the requirements that the environmental management 
system should meet; however, there is no script or guide that 
helps the application of these. The GreenRM supports the 
implementation of these requirements through the 
establishment of a model that presents in details what should be 
done and provides a complementary implementation guide that 
allows a more detailed understanding of each environmental 
process.  

The ISO/IEC 14001 standard presents generic 
requirements, not considering specific aspects of information 
technology and software engineering. The GreenRM tries to fill 
this gap, establishing specific processes and practices to 
improve software development organizations. The conception 
of a model based on ISO/IEC 14001 qualifies and brings a 
strong basis to the model processes. Through Table II 
evaluation it was possible to realize that GreenRM meets the 
environmental requirements specified in the standard. 
However, it is necessary a previous evaluation of the 
organization before the certification because there are elements 
such as the documents content which were inserted only as 
work products in the GreenRM. This includes specifically the 
item '4.4.4 Documentation'.   

IV. GREENRM ASSESSMENT 

To evaluate the model, an interview process to assess 
technical and financial feasibility of the GreenRM 
implementation has been done in three software organizations 
(Table III) with the participation of software engineering and 
environmental management experts.  

TABLE II.  SOFTWARE ORGANIZATIONS EVALUATED 

A. Software development organization with 20 years of existence; 900 

workers; MPS C (Brazilian Model equivalent to CMMI-DEV ML 3). 

B. Software development organization with 34 years of existence; 700 

workers; CMMI-DEV ML 2. 

C. Software development organization with 10 years of existence; 200 

workers; CMMI-DEV ML 2. 

Concerning the technical feasibility, the three organizations 
considered the model a feasible one. However, the Green 
Acquisition and Green Solution Measurement processes have 
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been questioned by the organization A. The interviewee 
explained that the Green Acquisition process implementation 
would be problematic because of difficulties in finding and 
choosing suppliers from environmental criteria, taking into 
consideration that there might be a reduced number or even no 
organizations that put environmental actions into practice, and 
this would limit their choice of good suppliers. For the Green 
Solution Measurement, the interviewee has considered this a 
more difficult process to implement because, nowadays, 
difficulties already took place when measurements are done in 
the organization.  

Regarding the financial feasibility, the model was 
considered feasible for the three organizations. Excepting for 
the Data Processing Center process evaluated as unfeasible by 
organization C, since it has its infrastructure outsourced. 
However, in situations like that, where an organization can 
justify the absence of a data center, the GreenRM model allows 
the exclusion of the DCM process. The evaluation process also 
identified how the results have been met for each process: N-
Not Achieved; P-Partially Achieved; L-Largely Achieved; and 
F-Fully Achieved. 

Through this collection, it has been identified the reaching 
level of the process in relation to the PA 1 attribute - in which 
the process reaches its defined outcomes. This was the only 
process attribute evaluated, since the evaluation aimed at 
identifying the processes adherence to the organizations reality. 
The evaluation of the PA 1 process has been considered as a 
first step, only to identify whether the organization executes a 
given result or not. Besides, it was not possible to evaluate the 
other attributes of the process, because the organizations did 
not implement the model.  

To determine the process capability, the ISO/IEC 15504-3 
evaluation method considers that each process attribute is 
assessed on a four-point (N-P-L-F) rating scale: Not achieved 
(0 - 15%); Partially achieved (>15% - 50%); Largely achieved 
(>50%- 85%); and Fully achieved (>85% - 100%). The rating 
is based upon evidence collected against the practice indicators, 
which demonstrate fulfillment of the process attribute. 

Through this analysis, it has been identified that 
organization A and C have not obtained processes evaluated at 
the 'Fully achieved' level, while organization B has obtained 
two processes in this level. Regarding the 'Largely achieved' 
level, it has been identified that organization A has obtained 
two processes, organization B has obtained five processes and 
organization C has obtained one process in this level. For the 
'Partially achieved' level, it has been identified that 
organization A and C have obtained two processes, while 
organization B has not obtained any process in this level. And, 
concerning the 'Not achieved' level, the organization A has 
obtained seven processes, organization B has obtained four 
processes and organization C has obtained eight processes in 
this level.  

From the result of this evaluation, it was possible to 
compare the evaluated organizations. The organization B 
stands out from the others, which made possible to conclude 
that this organization will succeed best when implementing the 
model, taking into account that organization B holds more 
processes in the 'Fully achieved' and 'Largely achieved' levels 

than the others. Therefore, on the comparative presented by the 
graph, the organization B is in the first position, organization A 
is in the second and organization C is in the third position.  

In most cases, the actions applied by the organizations are 
motivated by their own interests, since most of the times there 
are no support from the Brazilian government in environmental 
projects for this area. Thus, we understand that investments in 
establishing projects such as the GreenRM will be possible 
when the government starts to grow interest and demand on the 
public hiring processes, providing the appreciation of software 
organizations that implement environmental actions. 

V. CONCLUSION 

Our research demonstrates that GreenRM is a model that 
unites the concepts of Green IT in software development 
organizations with the ISO/IEC 14001 environmental 
requirements, according to the reality of these organizations. 
The GreenRM can be used as a guide for the environmental 
certification and for the application of Green IT practices. The 
main goal is not just support practices related to infrastructure 
but also improve the environmental sustainability in the 
software development process. The model has been evaluated 
in three software organizations obtaining supportive results. 
However, we realize that these results cannot be generalized. It 
is necessary to expand the evaluation considering a larger 
number of software organizations and also evaluate the model 
with a group of Green IT experts from Brazil and abroad.  

We also are negotiating to work in a pilot for the model 
implementation in a software organization. The results of this 
implementation will allow a real verification of the GreenRM, 
including a complete review of the model. In addition we are 
also working with a metrics model to support the implemented 
practices measurement allowing to verify not just if the 
organizations are achieving the outcomes defined by the 
GreenRM, but if the implementation achieves real 
environmental benefits to this organizations. 
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Abstract—This paper presents an approach to solve project 

portfolio selection problem (PPSP) in the presence of limited 

resources, multiples criteria, software projects, constraints, 

functions to be optimized, interdependent projects, and scenarios 

with a large number of projects available. For this purpose, it is 

divided into two phases, one for (i) optimization using the 

multiobjective algorithm NSGA-II and another (ii) post-

optimization using the Analytic Hierarchy Process (AHP). Among 

their contributions, we can name (i) a solution to the combinatorial 

analysis 2n and (ii) the structure of a hierarchy of criteria derived 

from subjective aspects. 

Keywords- Software Project Portfolio Selection,  Software 

Engineering Decision Support, NSGA-II; 

I.  INTRODUCTION 

Project Portfolio Management (PPM) is an important issue 
for organizations that want to establish a process of selection and 
prioritization of projects focused on alignment to the corporate 
strategies. This means managing the set of programs and/or 
projects as a systemic whole, and enables appropriate allocation 
of resources, whether financial, human and technological, 
enabling an integrated investment management [1]. 

The PPM includes activities such as identification, 
evaluation, selection, prioritization, balancing, among others, 
whereas support the consistency of the strategy aligned to the 
organizational vision, mission, and values [1]. This relation is 
shown in Fig. 1. 

 

Figure 1.  An organizational context of portfolio management [1]. 

The Project Portfolio Selection Problem (PPSP) aims to 
choose a set of programs and/or projects, considering not only 
the constraints and characteristics of each one, but also the 
relations among them, optimizing one or more objectives [21]. 
Considering the process shown in Fig. 2, the selection activity is 
contained in stage “Selection”, where the alternatives are 
evaluated and chosen [1]. 

 

Figure 2.  A process to systematic management of a project portfolio [1]. 

To select the projects that should be implemented by an 
organization is the main component of a PPM [2]. Levine [3] 
states that many companies strive to make their projects succeed 
well, not knowing, if these are the right projects to be executed. 
Another aspect addressed by the author is the fact that companies 
take excessive risks with projects or continue running projects 
that probably will not reach their goals. Thus, valuable resources 
are being expended without needing instead of being targeted for 
more interesting projects for organizations. 

This paper presents an approach to solve PPSP consisting of 
two phases: (i) optimizes two objective functions (risk and 
return) subject to a set of constraints generating a set of optimal 
portfolios, and (ii) a hierarchy of qualitative criteria that captures 
difficult mapping mathematics information [11, 12] allowing a 
single project portfolio to be selected. 

1 A Project Portfolio (PP) is a collection of programs and/or projects 
managed group with intention to achieve one or more strategic objectives [1]. 
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II. RESEARCH PROBLEM & CONTRIBUTIONS 

The research question that guided this work can be described 
as follows: “How to select an optimal project portfolio 
considering quantitative and qualitative criteria in a scenario 
with multiple objectives, multiple constraints, and a high 
number of possible combinations?”. This issue has generated 
some contributions that can be classified as: 

 Mathematical description of problem: encode the 
problem in terms of their objective functions and 
constraints to solve combinatorial analysis 2n. 

 Hierarchy of criteria for project portfolio selection: a 
structure with the criteria commonly present in the 
context of selection of project portfolios. 

III. FUNDAMENTALS & RELATED WORKS 

A. Multiobjective Optimization (MOO) 

Problems with multiple objectives arise in a natural fashion 
in most disciplines and their solution has been a challenge to 
researchers for a long time. Despite the considerable variety of 
techniques developed in Operations Research (OR) and other 
disciplines to tackle these problems, the complexities of their 
solution calls for alternative approaches. [4]. 

The use of Evolutionary Algorithms (EAs) to solve problems 
of this nature has been motivated mainly because of the 
population-based nature of EAs which allows the generation of 
several elements of the Pareto optimal set in a single run. 
Additionally, the complexity of some Multiobjective 
Optimization Problems (MOPs) (e.g., very large search spaces, 
uncertainty, noise, disjoint Pareto curves, etc.) may prevent use 
(or application) of traditional OR MOP-solution techniques [4]. 

B. Nondominated Sorting Genetic Algorithm II (NSGA-II) 

The NSGA-II Multiobjective Evolutionary Algorithm is 
based on a classification of hierarchical dominance frontiers. 
This method is employed an elitist strategy of reinsertion in 
population, to ensure which any solution of the Pareto Optimal 
Set is found in any generation, it will be retained until the final 
population [5]. The NSGA-II works with a parent population P 
to generate an offspring population Q similar to conventional 
EAs. In the first iteration, generates a population P0 that is 
subjected to the classification of dominance. Each solution has a 
fitness value equal to the level of their frontier. Using the 
operators: selection by tournament, crossover, and mutation, 
obtained an offspring population Q0. P0 and Q0 are size N. Both 
populations, P0 and Q0, are join in a total population R0 = 2N. 

For subsequent generations (t = 1, 2, ...), the algorithm works 
with the total population Rt. Every generation is classified in 
hierarchical frontier of dominance, obtained frontiers F1, F2, ..., 
where F1 is the first frontier, with all non-dominated solutions of 
the current Rt. The reintegration of the total population Rt, into a 
new population Pt +1 of parents, is made in order to select the N 
solutions of Rt that are at a higher level of dominance. Thus, the 
formation of Pt +1 starts with solutions F1 followed by solutions 
F2 and so forth. 

Each Fi set must be inserted in Pt +1 while Pt +1 + | Fi | ≤ N. 
Inserting the solutions of a frontier Fj such as | Fj | > N - Pt +1, 
the algorithm chooses the solutions of Fj that are better spread, 

i.e., the reinsertion of population from one generation to another 
is made considering the best individuals among parents and 
offspring. These individuals are classified into dominance 
frontiers and new population is formed selecting individuals of 
the first frontier until population size is reached. This 
measurement is given by the crowd distance [5]. Fig. 3 illustrates 
the population scheme of NSGA-II. 

 

Figure 3.  The population scheme of NSGA-II algorithm [5]. 

The NSGA-II presented a method of frontier diversity called 
crowding distance [5]. The distance of crowd of a solution i (di), 
represents the estimate of the perimeter formed by the cuboid of 
which vertices are their nearest neighbors. The cuboid size i is 
directly proportional to distance of solution i of their neighbors. 
Extreme solutions in each objective will have a cuboid of infinite 
size. Fig. 4 shows the distance from the crowd for the solution i. 

 

Figure 4.  Crow distance used in NSGA-II [5]. 

Once obtained crowd distances, the sets Fj are ordered 
decreasingly by their distances. Finally, it generates |Qn +1| from 
|Pn +1| using the operators of tournament selection by crowd, 
crossover, and mutation [5].  

The multiobjective selection in NSGA-II is performed by 
tournament crowd. The NSGA-II incorporates a small 
modification in the tournament selection method (crowd 
tournament) [5]. A solution i is considered winner of a 
tournament against j solution if: 

 Solution i has a higher level of non-dominance: i frontier 
< j frontier 

 If both solutions are in the same frontier, but i  crowd 
distance is greater than j, or di > dj 

Subsequently, the operators of crossover and mutation are 
applied, as employees in EAs. At the end of each generation the 
population Pt and Qt are inserted as previously described (Fig. 3) 
in an elitist strategy to obtain new parents population Pt +1. After 
reaching a pre-specified number of generations, the algorithm is 
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stopped and the frontier of non-dominated solutions of the 
current population is returned as the final solution of the EA. 

C. The Analytic Hierarchy Process (AHP) 

The AHP was first proposed by Thomas L. Saaty and their 
main feature is the pairwise comparison of a hierarchy of criteria 
and alternatives [6]. It is often used to analyze problems of 
multicriteria decision-making [6, 7, 11, 12]. The AHP divides 
the overall problem in evaluations of minor importance, while 
maintaining the participation of these problems small in global 
decision, decomposing the structure of problem into a hierarchy 
(containing criteria and alternatives) [6]. 

Saaty states that hierarchy is an abstraction of a system 
structure to study the functional interactions of each components 
and their impact on the total system [6, 7]. The most creative part 
of the decisions that have significant effect on the result is the 
modeling of the problem. In AHP, a problem is structured as a 
hierarchy, and subsequently undergoes a process of comparison. 

The paired comparison is an important component of the 
AHP. Two criteria (or alternatives) are compared using a nine-
point scale, where one (1) means importance “equal”, three (3) 
the importance is “low”, five (5) clearly indicates “superior”, 
seven (7) is “very” important, and nine (9) denotes “extremely” 
important [6, 7]. Even numbers (2, 4, 6, 8) can be used to indicate 
intermediate values, if necessary. If there are n criteria to be 
considered, then n (n-1) / 2 pairwise comparisons should be 
made. Afterwards, an n x n matrix is constructed and the weights 
of each entity (local and global) are obtained [11, 12]. 

The consistency of the matrix can be verified by the 
following indexes: consistency index (CI) and consistency ratio 
(CR). They are defined in equations (1) and (2) with λmax is the 
main value (Eigen) and IR random consistency index, as shown 
in Tab. 1. For consistency, CI and CR should be less than 0.1 to 
AHP analysis be considered consistent [11, 12]. 

CI = (λmax – n) / (n – 1) 

 CR = CI / RI 

According to Saaty [7], the benefit of this method is that as 
the values of the paired comparisons judgments are based on 
experience, intuition, and on physical data, AHP can deal with 
qualitative and quantitative aspects of a decision problem. 

TABLE I.  CONSISTENCY INDEX RANDOM (RI) 

na 1 2 3 4 5 6 7 8 9 10 

RIb 0 0 0,58 0,9 1,12 1,24 1,32 1,41 1,45 1,49 

a. Dimension of the matrix (n) and b. Random consistency index (RI). 

 

A well-constructed hierarchy is a good model of reality, and 
can bring some advantages [6, 7]. First, the hierarchical 
representation of a system can be used to describe how changes 
in priorities at the highest levels affect the priority of the lowest 
levels. The hierarchy also allows obtaining an overview of a 
system, since lower levels of criteria to their purposes at the 
highest levels. Finally, hierarchical models are flexible and 
stable: stable because small changes are small effects; whereas 

flexible because additions to a well-structured hierarchy does not 
disturb the overall performance [6, 7, 11, 12]. 

D. Related Works 

There are works in the literature that deal with project 
portfolio selection problem (PPSP). According to Wang [10] 
these works can be classified into: 

 Scoring Models 

 Mathematical Models 

 Financial Ratios Models 

 Probabilistic Models 

 Pricing Options Theory 

 Strategic Approaches 

 Hierarchical Approaches 

 Behavioral Approaches 

In recent years, Heuristic Methods were used to solve PPSP. 
Iamratanakul [8] published a literature review related to this 
topic, classifying the portfolio selection models in a taxonomy 
that comprises different types of approaches, one of them is the 
Heuristic Approach. The evolution of published works that 
address the problem of portfolio selection can be seen in paper 
published by Metaxiotis & Liagkouras [9]. The Fig. 5 
summarize the evolution of heuristics methods to portfolio 
selection and other subjects. 

 

Figure 5.  Evolution of publications related to heuristic methods [9]. 

The line with circles represents the evolution of publications 
related to heuristic methods for portfolio selection. The line with 
triangles represents the evolution of the publications of heuristic 
methods in several contexts. 

Among recent works (2010-2014) we can mention; in [13] 
the authors propose an approach for multiobjective heuristic 
search technique to support a selection of project portfolio in 
scenarios with a large number of available projects. In [14] the 
authors propose an alternative that uses fuzzy logic with a 
heuristic to choose an optimal portfolio. The same authors 
present a variation of this alternative in [15] adding a data mining 
subsystem. The work presented in [16] uses an evolutionary 
algorithm for selecting an optimal portfolio based on a single 
objective function. In [17] the authors propose a tool that 
identifies a set of portfolios (Pareto Optimal) within a cost range 
allowing the realization of interactive analysis. In [18, 19], the 
authors present a tool which implements a heuristic algorithm. 
The Tab. 2 shows the comparison of related work with our 
approach. 
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TABLE II.  RELATED WORKS COMPARATION 

Criteria 

Related Works 

[13] [14] [15] [16] [17] [18,19] Our 

Objective Functon        

Restrictions Set        

Heuristic Search        

Optimal Set        

Structurated Decision        

Post Optimization 

Selection 
       

Portfolio Selection        

Criteria Set        

Process in Phases        

NP-hard        

 Meets strongly   partially meets and no symbol, no answer. Criteria developed according to 

elements often present in publications [8, 9, 13, 14, 15, 16, 17, 18, 19]. 

 

The work presented in this article is intended to cover the 

gaps between the current models. 

IV. TWO PHASES MULTICRITERIA APPROACH 

A. The Project Portfolio Selection Problem (PPSP) 

PPSP is to determine in what ways the available designs can 
be combined to maximize the return, considering a set of 
constraints while minimizing the risks involved [21]. 

Harry Markowitz2 [20] defines two fundamental 
characteristics of a portfolio: their expected return and their 
variance, representing the risk of the portfolio. PPSP can be 
formally defined as: 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 �̅�𝑝 =  ∑ 𝑋𝑖 . 𝐸𝑛
𝑖=0 (𝑅)𝑖

𝑀𝑖𝑛𝑖𝑚𝑖𝑧𝑒 𝜎𝑝  = √∑ 𝑤𝑖
2𝜎𝑖

2 + ∑ 𝑤𝑖𝑤𝑗𝜌𝑖,𝑗𝜎𝑖𝜎𝑗
𝑛
𝑖=0

𝑛
𝑖=0 

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 ∑ 𝐶𝐼𝑖
𝑛
𝑖=0 ≤ 𝑏𝑢𝑑𝑔𝑒𝑡                             (5

max(𝑝𝑎𝑦𝑏𝑎𝑐𝑘) ≤ 𝑝𝑎𝑦𝑏𝑎𝑐𝑘                                  (6)

𝑃𝑖  depends P[1. . 𝑛]                                         (7)

𝑃𝑖 exclude P[1. . 𝑛]                                         (8)

𝑃𝑖  ∃! E(R)                                                     (9) 

E(R) > 0                                                   (10)

B. Function Return 

Equation (3) represents the objective function to be 

maximized [20, 21]. The first feature of the portfolio, its return 

expected �̅�𝑝, is simply the weighted average of the returns of 

individual projects that comprise it, where: 

 𝑋𝑖 is the percentage invested in the project i. 

 𝐸(𝑅)𝑖 is the percentage invested in the project i. 

C. Risk Function 

Equation (4) represents the function that must be minimized 
[20, 21]. The key feature of this equation is the risk, as measured 
by their variance, where: 

 𝑊𝑥𝑊𝑦 represent, respectively, the share of x and y in the 

project portfolio 

 𝜎𝑥
2𝜎𝑦

2  represent the variance of x and y projects, 

respectively, with respect to the risks identified 

 𝜌𝑥,𝑦 covariance between x and y projects 

The covariance 𝜌𝑥,𝑦 is given by Person Covariance [15] in 

Equation (11).  

𝜌𝑥,𝑦 =  
𝑛 ∑ 𝑥𝑖𝑦𝑖 − (∑ 𝑥𝑖)(𝑦𝑖)

√[𝑛 ∑ 𝑥𝑖
2 − (∑ 𝑥𝑖)2] ∗ [𝑛 ∑ 𝑦𝑖

2 − (∑ 𝑦𝑖)2]
                     (11) 

D. Constraints 

Equations (5) and (6) ensure that the total of investment on 
portfolio and the return period (payback) are not higher than 
expected [21]. Equations (7) and (8) show the dependencies and 
exclusionary between projects. This means that when selecting 
a project, you must also select their dependents and/or eliminate 
mutually exclusive [21]. In (9), it ensures that a project should 
exist only once within the portfolio. Finally, Equation (10) 
ensures that the final return is greater than zero [21]. The search 
space is given by 2n, where n is the number of projects available 
for selection3. 

E. Structure of Two Phase Approach 

Considering the different stages of the project portfolio 
selection process [21], a decision structure of two phases was 
created (Fig. 6), aiming (i) to generate a set of optimal solutions 
and (ii) allowing that one of the solutions is selected by a 
structured method. 

 

Figure 6.  Structure of the two-phase approach. 

The first phase (MOO) uses the NSGA-II algorithm with the 
objective functions and constraints explained above to generate 
a set of optimal solutions (Pareto Front). After that, a 
hierarchical structure is used to select a single solution (AHP) 
considering a set of criteria. 

F. Hierarchy of Criteria 

A total of 34 criteria to assess the values of project portfolios 
in the relevant literature were researched. These criteria were 

MOO

•Define the objective 
functions 

•Define the restrictions 

•Get a set of optimal 
solutions

AHP

•Define the hierarchy of 
criteria 

•Define the importance 
of the criteria 

•Select an alternative

2 Was awarded with Prize in Economic Sciences in Memory of Alfred 

Nobel 1990. 
3 This search space disregards the restrictions imposed on the problem. This 

is one of the types of problems that can be classified as NP-hard [21], 

polynomial methods which would take considerable time to test all solutions. 

46



organized into two groups: (i) endogenous criteria with focus on 
creating internal value to the organization (these criteria should 
express factors that are within the control of the organization), 
(ii) exogenous criteria intrinsically related with environment 
being beyond control of the organization [21]. This classification 
(and criteria) can be seen in Tab. 3. 

TABLE III.  SELECTION CRITERIA PROJECT PORTFOLIO 

Endogenous Exogenous 

Fit with corporate strategic objectives  
Position of the related technology in 

its own life cycle 

Profitability 
Environmental and safety 

consideration 

Capability of research team Dealing with international Sanctions 

Financing capacity Public support for development 

Impact on enhancing Innovation Barriers to copy or imitation 

Contents of technical plan 
Market volume opened by Research 

result 

Serving as infrastructure Competition intensity 

Technological connections Benefits for human life 

Extensibility of results and Span of 

application 
Impact on firm prestige 

Appropriateness for research cost Potential for progress 

Equipment support Market Dynamics 

Appropriateness for research project 

timing 
Potential for research product growth 

Impact on enhancing Firm Productivity Impact on societal stakes 

Advancement of related Technology Number of stakeholders 

Research gap to corporate core business 
Impact of related technology on 

competitive issues 

Quality Improvement  

Impact on employees learning and 

growth 
 

Experience accumulated in the field  

Synergy with other projects  

The criteria bold has a higher representation [21]. 

 

The criteria of Tab. 3 are used often in specialized literature 
[21], providing a structure to allow for a meaningful analysis. 
An example of the result of the hierarchy can be seen in Fig. 7. 

 

Figure 7.  Example of hierarchy of criteria. 

V. EXPERIMENTS & RESULTS 

A. Considerations and Initial Parameters 

In PPSP, each portfolio is represented by a binary sequence, 
where each position of the sequence is that the project is present 
or not. An individual may be represents by S = [0, 1, 1, 0, 1]. To 
ensure a good quality and diversity of the initial solution set, the 
initial population of NSGA-II was generated random way [5]. 

The initial population size was estimated empirically, 
starting with 10 individuals, increasing by 10 until the result of 
the algorithm was not changed reaching number (rounded) of 
100 individuals. This size remains the same for population 
during the iterations. 

The stopping criterion of the genetic algorithm might vary 
according to user’s choice. One way is to (i) define a number of 
generations that must be created. Another way is (ii) run it until 
it is a population where individuals have the evaluation function 
to be reached [5]. The criterion used was (iii) convergence, i.e., 
there is no significant improvement in the solution for a given 
number of generations. The Tab. 4 summarizes these 
parameters. 

TABLE IV.  PARAMETERS USED IN NSGA-II ALGORITHM  

Parameter Value 

Amount of Projects 42 software projects 

Initial Population 100 individuals 

Population Size 100 

Function to be Maximized Equation (3) 

Function to be Minimized Equation (4) 

Constraints Equations (5), (6), (7), (8), (9) and (10) 

Representations Scheme Binary Encoding 

Selection Operator Crowding Tournament 

Crossover Operator Partially Mapped Crossover (PMX) 

Mutation Rate 0.01 

Stop Condition 
100 springs without improve over 
solutions 

 

B. Results and Analysis of Experiments 

The data used in experiments was got from a set of 42 
software projects originated from strategic planning of a midsize 
company. These experiments were carried out considering the 
real scenario and scenario simulations, where we tested 
variations in values of constraints. 

The Pareto optimal set is displayed in Fig. 8. This set 
contains portfolios that were constructed by the combination of 
projects available, optimizing the functions represented by 
Equations (3) and (4) and respecting constraints expressed by 
equations (5), (6), (7), (8), (9) and (10). The solutions contained 
in the set can be considered optimum (from the viewpoint of 
each objective function). Variations on the constraints 
(Equations (5) and (6)) alter the set of solutions (i) reducing the 
amount of available portfolios and (ii) reducing the efficient 
frontier (solutions of lower return and lower risk), confirming 
the theory of Markowitz [20]. 
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Figure 8.  Efficient frontier generated by MOO using NSGA-II. 

The Fig. 8 shows two adjacent goals of heuristic search (i) 
search for new frontiers and (ii) increase the biodiversity of the 
solutions in order to obtain a greater number of alternatives 
available for post-optimization step [5]. 

With a set of optimal solutions, one can choose among them. 
This step is important because you can use the tacit knowledge, 
experience, and intuition of experts [6, 11, 12]. For experiment, 
we used the criteria of Tab. 3 with 7 people (including functional 
managers, project managers, and directors) and the paired 
comparison obtained by Delphi method [11].  

The result was the selection of a portfolio contained in the 
Pareto optimal set, with a tendency for higher risk/return and 
being accepted, by those involved, as the best portfolio. 

VI. CONCLUSIONS & FURTHER WORK 

The models and algorithms [5] discussed here aimed to bring 
an approach to organizational decision-making and give a new 
dimension to the project portfolio selection. This approach has 
better results when there are several constraints to be satisfied 
and/or the problem is large (several projects available) to be 
solved in deterministic or polynomial way (NP -hard) [21]. 

Importantly, the selection of a project portfolio assumes a 
broader and more complex understanding than the single use of 
a particular method [11, 12, 22, 23]. It presupposes that the 
decision on a portfolio is the result of negotiation, human 
aspects and strategic analysis. The approach of this work 
encourages and guides decision-making, but should not be used 
as the sole method. 

Among the contributions of the approach can be mentioned 
(i) a solution to the combinatorial analysis 2n and (ii) the 
structure of a hierarchy of criteria derived from subjective 
aspects that allow the selection of a single portfolio. 

In future work, one can explore a larger set of constraints 
and other functions to be optimized , such as minimizing the 
costs of the portfolios generated by transforming PPSP from 2 
to 3 or N goals, added data sources, such as Master Data 
Management (MDM) [22] to get more precision information. 
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Abstract— It is common for students to multi-task and use 
their mobile devices while in class for studying or other activities. 
This research aims to leverage this situation by developing a 
mobile classroom learning software to help students solve 
interactive problems in their mobile devices in order to improve 
their class engagement and problem solving skills. This paper 
presents the design and development of the mobile classroom 
response software to communicate, collaborate and evaluate in-
class interactive problem solving activities using mobile devices. 
The software facilitates various pedagogical approaches that 
reported to enhance student learning. The software is designed to 
be easy-to-use and maintainable. MRS is extensible and can 
render interactive problems developed by third party developer. 
Software quality matrices for the developed code and the user 
interface are presented to justify above stated objectives.1  

Keywords-Mobile Learning Software; Software Architecture, 
Client-server System, Extensibility.  

I. INTRODUCTION 
Mobile technology has brought tremendous potential and 

opportunities for educators to enable and deliver learning in 
ways that could not have been accomplished before. There 
have been an increasing number of studies related to the 
research and development of learning software intended for 
mobile computing devices. Some of these studies focus on 
supporting several interesting pedagogical approaches while 
utilizing mobile learning software such as slide annotation, 
collaborative note taking, student submissions, grading, 
polling etc. This research envisions utilizing mobile learning 
environment to help students solve interactive problems in 
order to improve their class engagement and problem solving 
skills. Toward this goal, this paper present the design, 
development and planned incorporation of the mobile 
classroom response software (MRS) designed to 
communicate, collaborate and evaluate in-class interactive 
problem solving activities using mobile devices.  

MRS is a client-server software that allows the faculty to 
dynamically prompt the students with interactive problems 
synchronized with the lecture material in their mobile 
computing devices (Clients). Students are able to actively 
interact with the problem and send their answer back to the 
faculty computer (Server). MRS then performs grading of the 
exercises automatically, by comparing the student made 
                                                
* Supported by NSF fund # 1332531 

sequence of steps with the correct sequence of steps. The other 
important features supported by MRS are immediate and 
context-sensitive feedback, anonymous question, polling, 
summarized grading etc. Currently MRS software and 
associated problem solving activities are being deployed in CS 
and IT courses at Winston-Salem state University (WSSU). 
By adopting MRS in the classroom, this research expects to 
increase student engagement and improve their problem 
solving capabilities and therefore prepare them better to enter 
the computing workforce. MRS is designed to be user friendly 
and extensible so that faculty and students can use the system 
with ease and can extend it to any domain.  

II. BACKGROUND AND RELATED RESEARCH 
To improve student learning in the STEM disciplines, 

traditional pedagogical approaches are not enough to transfer 
critical knowledge to students. A feedback driven evidence 
based teaching and learning technique has to be devised and 
implemented to improve student retention rates in the STEM 
discipline. In that regard, evidence-based instructional 
practices were incorporated in a sophomore-level CS course 
for the last few offerings, where at the end of a lecture, 
students were immediately prompted with in-class problem 
solving activities. Intervened student’s performance data and 
their response to this pedagogy reveal the potential of this 
approach in order to enhance student learning. This finding 
encourages us to extend this model by scattering the 
questions/problems throughout the class period by 
synchronizing with the content covered. Observation about 
student’s frequent use of mobile devices during class further 
inspires us to extend the above idea of asynchronous problem 
solving to mobile devices to engage students more to class 
activities.  

Different studies [1]-[2] have found the benefits of using 
mobile devices in classrooms and in recent years, there has 
been a plethora of work [3]-[4] etc. performed to incorporate 
mobile devices in classrooms. There are also several 
commercial products [5]-[6] etc. for different mobile platforms 
that provide similar functionalities. Classroom Presenter [7], 
Ubiquitous Presenter [8] and DyKnow [9] are notable research 
initiatives that utilize tablets to create more active, student-
centered lecture environment while supporting various 
effective pedagogies. However, there are distinct differences 

49



between the MRS and similar systems. Most importantly, 
MRS facilitates interactive problem solving. In STEM 
courses, students need to actively solve problems by 
interacting with the problem in a hands-on approach. Students 
cannot develop skills such as synthesizing a problem and 
critical thinking only by using multiple-choice or true-false 
questions. We argue that by presenting the problems as 
interactive entities, where students can actively play with the 
problem; student’s critical thinking and problem solving skills 
can be improved.  

A. Interactive Problem 
An interactive problem is one, where students have to 

devise the answer following a set of steps and by following a 
particular algorithm/process. In each step, students have to 
make key choices that will have impact on the next step of the 
interaction. During these interaction steps, students can go 
back and forth and change their answer. This will allow them 
to see what is the affect of different selection on the result and 
how every piece fits together. Problems can be started bottom 
up or at the middle to give students different perspective on 
the problem and assess their problem solving skills. Only after 
the student traverse each of the steps or the allotted time to 
answer a problem runs out, the results of their interactions 
performed at each step are then sent back to the server as the 
answer. Each problem has a rubric that not only grade final 
answer but also partial answers to gauge student’s problem 
solving skills and thinking models. 

III. SYSTEM DESIGN 
The MRS software is designed as a client-server 

application. Client device needs the corresponding client app 
installed in them to interact during the class. The server (or the 
faculty computer) hosts the questions, manage users and 
process the results for display and for grade calculation 
purposes. It also has the required data analysis component to 
tabulate user responses and produce easy to interpret reports.  

A. Server 
Figure 1 shows the lifecycle of the server. The server is 
designed as a multi-process, multi-threaded entity to satisfy 
simultaneous invocation from users and to provide real time 
response to in-class activities. Usually when a user initiates a 
check-in to the system, the server validates the identity of the 
user and set a role for that specific user. Roles are basically 
privilege levels that allow a user to interact with the system 
with certain accessibility. The client app also allow students to 
send anonymous feedback/questions to faculty and vote on 
questions that faculty will choose to review at the end of the 
class. Separate thread of the server constantly monitors 
whether students wants to initiate a feedback/question session. 
In that case, it sends the current pool of feedback/ questions to 
the corresponding client. Once a response from the client is 
received, it is matched with the current pool and if a match is 
found, the priority of that entry is increased. Otherwise a new 
entry is created with the newly initiated feedback/question. 
Once the server receives answers back from all the clients, it 
does corresponding analysis of the data and produce 

appropriate summarized representation as specified by the 
faculty. The server also maintains the score of every student, 
which can be used later to calculate student’s grade. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Server lifecycle. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 
Figure 2. Client lifecycle. 

B. Clients 
Figure 2 shows the life cycle of the client. Once a student 
checks in, the app shows a standard screen where students can 
only submit new feedback/question or vote on one. If the app 
receives a new question from the server, the corresponding 
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activity that will render the given question into interactive 
entity will be executed. Every problem has a set amount of 
time to answer (which the faculty can assign) and a visible 
timer starts counting down to allow the students to see how 
much time they have left to answer the question. Once the 
answer of the student is received (or the timer runs out) and 
sent to the server, the app goes back to its root screen. At any 
time during the class, students can initiate a session to post a 
feedback/question or vote on an existing one anonymously. 

IV. SYSTEM DEVELOPMENT 
The current implementation of the server is in Java and 

the client is on Android.  The server’s components are: 
• User interface: To manage and monitor the system. 
• Encoder and Decoder: To store, transmit and convert the 
question and answer in the server and to client applications. A 
lightweight XML format is developed for encoding. 
• Result processing: Data processing capabilities built into 
this module to process answers back from the clients and to 
produce proper representation.  
• Blackboard integration: To import student information and 
export student score to course management system. 
• Trigger management: To synchronize question 
broadcasting and answer propagation and timing management.  
• Meta-language: A Meta language is developed to describe 
the questions and to render them in a general way across 
different platforms. It is XML based and has similarity with 
the encoding scheme mentioned above. 
• Question editor: To easily add, delete and edit questions. 
• User management: To manage user roles and information. 

The client app has platform specific components and also 
the following: 
• User Interface: To allow students to interact with the given 
problem and to initiate/vote anonymous questions/feedback.  
• Networking module: This module is responsible for 
transmission and reception of questions, their answers and 
student feedback/questions and any other server messages. To 
properly communicate with the server, an asynchronous 
communication and synchronization protocol is developed to 
satisfy timely execution of problems and propagation of 
answers back to the server. 
• Render module: This module render the encoded question 
sent from the server in the client device. This module 
determines which Android activity should be initiated for a 
question, initialize the activity with proper parameters as sent 
from the server and keep in consideration the target screen 
dimension, resolution and orientation for rendering a question.  
• Log-in module: This component is responsible for 
discovering the server, checking user information and setting 
appropriate role of the user. This module allows the client to 
work per session basis and will automatically logs out, if it 
receives a stop signal from the server.  

A. Extensibility 
Building each possible problem type within the client is 
impossible and not practical. This will not only make the 
client overly bulky to run in mobile platform, but will also 

make it domain centric. To overcome this, the activity (or the 
android app) that facilitates interactive problems is completely 
separated from the application logic of the MRS client 
software. Figure 3 shows the life cycle of such interactive 
problem app. This approach makes it possible to integrate and 
execute any interactive problems developed by third party 
developers into the MRS software.  The renderer module of 
MRS software can run any android activity (and app) as long 
as following conditions are met: 
• Name of the package for the target app should be same as 
the question type in server. 
• The incoming question will be delivered to the app through 
an Android Intent using the encoding scheme. Therefore the 
developer should use the decoding method in the project 
library to work with the given question. 
• Answers from the interactive app should be returned to 
MRS using an Android Intent and using the encoding method 
in the project library. 

Constrained with above conditions, anyone can develop 
their own interactive problem apps in any domain and use the 
MRS software to incorporate interactive problem solving in 
class. Third party developer can also decide on the level of 
interactivity they want to incorporate in their apps and the way 
to tackle Android’s activity life cycle for their app. 
 
 

  
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Lifecycle of interactive problem app. 

B. Communication 
 A prefix-based communication scheme is devised for all 
messages, where different parts of the message are separated 
by a dedicated delimiter symbol. Any acknowledgement is 
piggy-backed with an outgoing message to minimize 
transmission overhead. The prefixes distinguish each message 
and the server or the client process an incoming messages 
according to the prefix. The size of the prefixes and the 
delimiter symbol are kept small in order to reduce the 
transmission overhead. Underneath the custom transport layer 
protocol, UDP is used to transfer packets between clients and 
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server. Since each of the messages occupied single packets, 
there is no need to sequence them, saving us the overhead for 
sequencing and blocking communication. 

C. Software Matrices 
 To examine the quality and maintainability of the code, 
we use a static code analysis tool named STAN [10]. STAN 
analyzes the structure of the code and visualizes the design, to 
measure quality of the code and to report design flaws. STAN 
supports a set of selected metrics, suitable to cover the most 
important aspects of structural quality. Below we present two 
such measures that show the overall quality of the code.  
 

 
 
 
 
 
 
 
 
 

Figure 4. McCabe Cyclomatic Complexity. 

 Figure 4 shows McCabe Cyclomatic Complexity [11] of 
the code. We used this measure as it can be accurately 
calculated from the static call graph and determines code’s 
structural complexity. Studies [12]-[13] show a correlation 
between a program's Cyclomatic Complexity, where code with 
higher Cyclomatic Complexity have higher probability of 
inducing errors during later maintenance. In that regard, it is 
evident from Figure 4 that the Cyclomatic Complexity values 
for MRS falls within the low risk and simple program range 
[14] and therefore the software is easy to maintain and extend. 
We also evaluated the code using object-oriented metrics 
found in [15]. Table I shows the values calculated by STAN 
for the developed code. The value for each of the matrices 
falls within desired ranges, which justify our claims regarding 
extendibility, manageability and maintainability. 

TABLE I. QUALITY MATRICES. 

Chidamber & Kemerer Metrics Average 
Weighted Method Per Class (WMC) 9.2 
Depth of Inheritance Tree (DIT) 2 
Number of Children (NOC) 1 
Coupling between Objects (COB) 4 
Response for a Class (RFC) 6.87 
Lack of Cohesion in Methods (LCOM) 7.93 

V. MRS AT WORK 
One of the goals of the system is to provide users with 

easy to use interfaces and seamless user experience. In that 
regard, all user interfaces were made intuitive and easy to use. 
Before the start of the class, faculty has to setup in-class 
interaction (importing student info, questions, their answers/ 
rubrics and setup type of analysis, kind of report etc.) in the 
faculty computer using a graphical user interface. Once the 
interaction for the class is setup, students logged into the 
system and the class is in progress; the faculty can use a 

trigger (mouse click or a designated key in the keyboard) to 
broadcast a question to students. On the other hand, when a 
student initiates a check-in to the system, the clients first 
locates the faculty machine (MRS server) and once a session is 
established, credentials are validated so that the client can start 
accepting questions. After a successful login, the client shows 
the root screen, where the students can post anonymous 
questions/feedback to the faculty. Once a question is received 
the client invokes the corresponding activity to render the 
given question as described in Section IV.A. As mentioned 
earlier, each question has multiple interactive screens, which 
students can traverse back and fourth. Once the faculty 
machine receives answers back from all the clients, it does 
corresponding analysis of the data and displays it accordingly. 
Currently, several interactive problems are being developed 
with a planned deployment in the class of Fall, 2014. 
Currently MRS is operational and it’s scalability, 
responsiveness and reliability parameters have been tested and 
they all fell within accepted ranges. 

VI. CONCLUSIONS 
In this paper, we present the design and development of 

MRS software that is targeted towards supporting classroom 
interaction using mobile devices. More specifically the goal is 
to facilitate interactive problem solving, submission, grading 
polling etc. by using the software. The architecture is 
presented and elaborated to exemplify the communication, 
maintainability and extendibility aspects. The result acquired 
from software quality data and the user interface shows that 
the system is easy-to-use, extendible and maintainable. 
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Abstract—With the increasing usage of mobile devices in daily 
life, a lot of websites delivered another mobile application 
version of application with the same services. If the mobile 
application is inconsistent with the web application, it may 
imply possible error or misleading information in the mobile 
application. This paper proposes an approach for automatic 
consistency checking between mobile application and its web 
application. Our approach starts from the generation of page 
and link information by crawling content from web application 
and simulating user actions in Android application. Page 
matching and consistency checking algorithms are proposed 
and used to find out inconsistency in page, element and link. 
The validation tool is used in 3 mobile application containing 
more than 300 pages. The result shows that our approach can 
find out inconsistency with acceptable precision and recall. 

Keywords-Consistency checking, Black-Box, Mobile 
Application 

I. INTRODUCTION 
With the increasing usage of mobile devices in daily life, 

the number of mobile applications increased very quickly. 
By July 2013, the number of applications in Google play has 
rose through 1 million1

With this trend, a lot of websites delivered another 
mobile application version with the same services. Almost 
all the top 500 global sites

.  

2provide its corresponding android 
application3

Because the web application version and mobile 
application version are provided for the same target users, 
the functional requirements of the mobile application are 
already fixed before implementation. The requirement is 
usually the same as the web application, or subset of the 
requirements of the web application. In addition, these 
functionalities are required to be provided in the same way. 
For example, if a user can access the list of international 

.  

1http://www.techweb.com.cn/world/2013-07-25/1312444.shtml 

2http://www.alexa.com/topsites 

3 https://play.google.com/store 

news by clicking the element “News” in the homepage, it is 
improper to provide the list of international news through the 
“Information” element in the interface of mobile application. 
In addition, the list of international news should be the same. 

For a web application containing hundreds and thousands 
pages, the implementation of its mobile application is 
time-consuming with a lot of repetitive work. There may rise 
inconsistency problem that the mobile application include: (1) 
error page that shows information which is not included in 
the web application; (2) error element that displays 
misleading information; (3) error link that is linked to the 
wrong page. Although, not all the inconsistencies exist 
between a mobile application and its web application are 
faults. For example, a mobile application may provide a 
special sale for mobile users only. However, inconsistency 
information is still useful to make sure that extra 
functionalities are added. 

Current works[1-5] focus on consistency checking of 
different software models in an application. The problem in 
this paper is how to find out the consistencies between two 
implementations with the same design model/requirements. 
Some works proposed testing methods and tools[7-10] for 
Android applications. However, they do not notice the 
consistency problem.  

In this paper, we propose an approach for automatic 
consistency checking between mobile application and its 
web application. We abstract both web application and 
mobile application as a set of pages and link relationships 
between pages. Our approach starts from the generation of 
page and link information by crawling content from web 
application and simulating user actions in Android 
application. We define the consistency relationship between 
two applications and propose page matching and consistency 
checking algorithm to find out inconsistencies in page, 
element and link. The tool is used in 3 mobile applications 
containing more than 300 pages. The result shows that our 
approach can find out inconsistencies with acceptable 
precision and recall. Our approach can help software 
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engineers and maintainers in finding possible errors during 
development and maintenance. 

The remainder of the paper is organized as follows: 
Section 2 gives an illustrative example to show inconsistency 
problem; Section 3 gives the definition of consistency and a 
general overview of our solution, the definition of 
consistency and a general overview of our solution, which is 
further detailed in the Section4. Section 5 presents the 
evaluation of our approach; Section 6 discusses the 
limitations of our work, Finally, Section 7 discusses some 
related works before Section 8 concludes our work. 

II. ANILLUSTATIVE EXAMPLE 
For the OSChina website (http://www.oschina.net), its 

android application is delivered to provide the same 
functionality as its website. When we click the button with 
text “推荐阅读” in the main interface of mobile application, 
we can see the interface shown in Fig 1(a).  

In the home page of the web application, we can find a 
list of articles, as shown in Fig 1(b). These articles are listed 
without detail information. In the mobile application, the 
author, the type of paper, publishing time and number of 
reviews of an article is listed in the interface.  

 

 
Figure 1.  corresponding pages in mobile application and web application 

If we click “最新推荐博客文章” in the home page of the 
web application, we can see the same list as we see in the 
home page of OSChina. The related information for these 
articles is not provided in this page. The related information 
about an article is provided in different ways for mobile 
application users and web application users. The 
inconsistency problem may confuse or mislead users.  

 

 
Figure 2.  Corresponding page in the linked page 

III. APPROACH OVERVIEW 

A. The Consistency Requirementsbetween Web Application 
and Mobile Application 
A web application or mobile application can be 

abstracted as AP = （P, L）where P is the set of web pages, L 
is the set of link between web pages. A page in P includes a 
list of elements. The elements are divided into two types: 
elements with link and element without link. P = (El, Ee).  
link=<ps, e, pt> , Llink ∈ , ls Epe .∈ . A link is a link 
from a web page ps to another web page pt, and related to an 
element e in the web page ps. 

We define the consistency between a web application and 
its mobile application based on the following assumptions: 
(1) There exist a web application and a mobile application. 

The mobile application is developed to provide the same 
or subset of the services provided by the web 
application. 

(2) A page in the mobile application contains less 
information than a page in the web application. As a 
result, when implementing the mobile application based 
on the web application, the developer divides the 
contents in a web page into one or more pages in the 
mobile application.  

(3) The mobile applications are implemented considering 
the user habit of web application. However, because a 
page in the web application may be implemented as 
more than one page in the mobile application, there are 
links between pages which are developed for the same 
page of web application. If these links are neglected, the 
traces of user action to acquire the same information in 
both mobile application and web application should be 
the same. 

For a web application APweb= <Pweb, Lweb> and a mobile 
application APmobile = <Pmobile, Lmobile>: 

).().(..
,1

epndescriptioepndescriptioepep
PpPp

jiji

webjmobilei

=→=

∈∀∈∀）（  

Elements in the page of a web application are different 
from those in the page of a mobile application because they 
are developed using different programming language. Two 
elements of different kinds can be viewed as equal when 
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they are used to provide the same information or 
functionality. description(e) for the element e cannot be 
complete. For example, for an element which is a picture, it 
is hard to generate its description. The extracted description 
from the application may affect the accuracy for finding a 
possible consistent page. 

ejeiljliji

webjmobilei

EpEpEpEpppconsistent
PpPp

....),(
,2

∈∧∈→

∈∀∈∀）（  

   We assume that a page in a mobile application 
contains less information and functionality than its 
corresponding page in the web application version. A page pi 
in a mobile application is consistent with a page pj in its web 
application when all the elements included in pi  are also 
included in pj.  

)).,.(..).,.(
),(
,3

tjtijisjsi
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webjmobilei
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llconsistent

LlLl

∧=∧

→

∈∀∈∀）（
 

A page in a web application may consistent with multiple 
pages in the mobile application version. We define that a link 
li in a mobile application is consistent with a link lj in a web 
application when (1) their source pages are consistent;(2)the 
target pages are consistent; (3) the related elements are equal. 

The consistency relationship between APweb and APmobile 
is defined as: 

),(,,)1( jiwebjmobilei ppconsistentPpPp ∈∃∈∀  

)),.(),.(,(
)),((,)2(

jtjjsjwebj

jiwebjmobilei

pplconsistentpplconsistentPp
llconsistentLlLl

∧∈∃

∨∈∃∈∀ ，

   For each page pi belongs to Pmobile, there exists a 
corresponding consistent page pj in Pweb; For each li in Lmobile, 
if li ’s source and target pages are consist with the same page 
in  APweb , there exists a corresponding consistent link lj in 
Lweb. 

It should be noted that inconsistency between web 
application and mobile application do not imply an error in 
the implementation. A lot of mobile applications provide 
specific functionalities for mobile user only. However, the 
inconsistencies are worth of notice during development and 
evolutional process for software engineers.  

B. Approach Overview 
Because the implementations of an application in 

different platforms are different, the first step of our 
approach is to generate the description of the mobile 
application and web application using the same model. The 
description includes page and link information.    

Considering consistency requirement in implementing a 
mobile application for an existing web application, 
inconsistency may occur at the page level and the element 
level. Our approach first searches all possible pages in web 
applications to find out a possible consistent page for a page 
in mobile application. Because the link is related to an 
element in the page, the consistency in the element level 
considers both elements with and without a link. Our 
approach compares the elements and the links in sequence. 

 
 

 
Figure 3.  Approach Overview 

IV. CONSISTENCY CHECKING 

A. Generating Page and Link Information   
In our approach, we view the application as a black-box 

and simulate user actions to generate the page and link 
information. The generation starts from the homepage or 
main interface of the application.  

For each page, we generate descriptions for its elements. 
Because the descriptions are used in the following 
comparison, they should be described in the same way. Text 
and image are two of the most important information for user. 
In real application, the pictures used in web applications and 
mobile applications are usually different because they are 
used for different size of displayers. For the image 
information, understanding and generating the description of 
a picture is too hard. As a result, we only use text 
information as the description of page elements. For an 
element in page p, it is recorded using the page id, the text 
information, and its related link. Text and link can be left 
blank if the element does not contain text information or it is 
an element without a link. Element with no text and link 
information will be deleted because the comparison is 
meaningless.  

The required input for next step, searching possible 
corresponding page, is a page and all its related pages. As a 
result, width-first search algorithm is better when exploring 
the pages. When exploring the pages, our approach records 
the related elements and the ids of source pages and target 
pages for links. The search omitted a link when the link’s 
target page is not included in the application or it is already 
explored before. The search stops when all the pages are 
explored or the search depth reaches a pre-defined value.  

Because the programming language for web applications 
and mobile applications are different, they have different 
types of components in the pages. Our approach employs 
existing parser/tool to extract information from the 
application. 
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For the web application, our algorithm traverses pages 
from the home page and uses a Java HTML parser Jsoup[11]
 to extract information from each page. Jsoup provides APIs 
for fetching web page and extracting the text and link 
information from a page. Because a page in the web 
application is standalone, we can traverse the pages by using 
a width first search. During information extraction, we do 
not deal with dynamic content which is generated during 
execution of Javascript. These complex situations will be 
considered in our future work. 

For an android application, our approach simulates user 
actions to traverse all possible pages. Because a page 
(interface) in the android application is not a standalone page, 
fetching a page require the simulation of user actions to 
access this page from main interface. If the traverse is carried 
out using a width-first search, all the user actions simulated 
for a page will be repeated carried out when traversing its 
related pages. As a result, our algorithm traverses page in 
Android application using the depth-first search. 

We employs an Android test automation framework 
Robotium [12] to carry out the simulated user actions. 
Robotium is an Android test automation framework that 
support for native and hybrid applications. In real application, 
traversing pages in Android application is time-consuming. 
For example, we extract 90 pages from an Android 
application in about 1 hour. The max depth for the depth first 
search can be changed according to how complex the 
application is.  

B. Page Consistency Checking 
Based on the extracted page and link information, our 

approach traverses all the pages in the mobile application 
and finds out their corresponding pages. For a page pi∈
Pmobile, its corresponding page is a page pj∈Pweb, when the 
possibility for consistency(pi, pj) is higher than the possibility 
of consistency(pi, pj’),  pj’∈Pweb and pj’≠ pj . 

We suppose that the corresponding page of the main 
interface of a mobile application is the main page of the web 
application. Page matching starts from finding corresponding 
pages linked from the main interface. Because we omitted 
link whose target page is explored before. For a page p, there 
is only one link whose target page is p.  

For pages pi, pi’ ∈ Pmobile , pj ∈ Pweb, if  
'.., itismobile pplpplLl =∧=∈∃ , corresponding(pi)=pj, 

corresponding(pi’)∈{pj }∪ {p| p= e.link.ps ∧  e lj Ep .∈

webPp∈∧ }. 
 The matching is carried out in the set of all possible 

matched pages Ppossbile={p| p= e.link.ps ∧  e lj Ep .∈

webPp∈∧ }.   For  pj’∈Ppossbile , e∈pi 

(1)
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Based on the number of matched elements, we can find 

the corresponding page by comparing text information. 
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 If the number of matched elements between pages pi’ and pj’ 
are all zero, there is no corresponding page for pi’. 

C. Element and Link Consistency Checking 
    We divided the inconsistencies into three types. For a 
page p in mobile application, there is ： 

(1) Page inconsistency: no corresponding page 
φ=)( pingcorrespond  

(2) Element inconsistency 
)).(.(, ee EpingcorrespondeEpee ∉∧∈∃  

(3) Link inconsistency 

))().(
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pingcorrespondplingcorrespond
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t
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≠
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The inconsistent pages can be found in the page 
consistency checking process. An inconsistent page includes 
information and functionalities which are not included in the 
web application. Developers can use this result to see if 
mobile app specific functionalities are implemented, and 
analyze the degree of coupling between these new 
functionalities and existing functionalities. 

Element inconsistencies are recorded in the page 
consistency checking stage when the algorithm tried to 
compute the number of matched elements. An element 
inconsistency indicates possible differences in the way to 
provide information in different applications. The example 
introduced in section 2 is a classic example of element 
inconsistency. In some cases, the developer may use image 
and text to show the same information in different 
applications. This may bring some undetectable consistency 
relationship and reduce the accuracy of our method. 

Link inconsistency is validated based on the 
corresponding relationship between pages. Because there 
may exist more than one page in the mobile application with 
the same corresponding page in the web application, the 
links between these pages are not matched to a 
corresponding link in the web application. The checking 
filters this kind of links. Other inconsistent links are caused 
by link inconsistent. 

V. EXPERIMENTS 
We use our consistency tool to validate the following 

android applications with their web applications. We choose 
three application in our experiment. Because we view both 
web application and Android application as black-boxes, the 
first step of our experiment is to find out the website address 
and download the Android application package file (APK). 

TABLE I.  EXPERIMENT PROJECTS 

Name Website address Android 
app Size 

(M) 

Version 

oschina http://www.oschina.net 2.2 1.7.6.5 
zol http://www.zol.com.cn 7.2 3.5.2 
chinadaily http://www.chinadaily.com.cn 3.3 3.2.0 
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Because the generation of page and link information 
from the android application is time-consuming, we 
pre-defined the depth during explosion. Table II shows the 
page size and execution time in extracting page and link 
information.  The pre-defined depth for explosion of 
Android application is 3. 

TABLE II.  THE SIZE AND EXECUTION TIME OF GENERATION 

Project name Number of 
pages  

(web app） 

Execution 
Time 

Number of pages  
(Android app） 

Execution 
Time 

oschina 4070 23min 145 50min 
Zol 12430 107min 116 31min 
chinadaily 1727 23min 104 36min 

The extracted page and link information is saved in a tree 
structure. Fig 4(a) shows part of the generated information of 
the main interface of Android application, and Fig 4(b) 
shows part of the generated information of the home page of 
web application in the project of oschina. 

 

 
(a) Android app        (b ) web app 

Figure 4.  Example of generated information 

Based on the page and link information generated, our 
tool compare the consistency relationship between Android 
applications with their web applications. Table III shows the 
inconsistency problem we found for each projects.  

TABLE III.  NUMBER OF INCONSISTENT PAGES 

Project name page 
inconsistency 

Element 
inconsistency 

Link inconsistency 

pages elements pages links 
oschina 4 139 1680 13 76 
Zol 33 58 613 15 25 
chinadaily 17 58 85 16 36 

We choose 30 pages from each Android application 
randomly, and manual validate the consistency relationship 
with the web application. The result shows the precision and 
recall of our consistency validation results. The average 
precision of our result is 75.4% and 72.2% respectively for 
inconsistency in the element and link level, 47.2% for 
inconsistency in the page level.  

TABLE IV.  VALIDATION RESULT 

Project name Precision 
Page 

inconsistency 

Recall 
page 

inconsistency 

Precision 
element 

inconsistency 

Precision 
link 

inconsistency 
oschina 1/4 1/2 187/243 40/49 
Zol 2/5 2/4 138/174 5/7 
chinadaily 13/17 13/19 14/20 7/11 

average 47.2% 56.1% 75.4% 72.2% 
The precision in checking inconsistencies between pages 

is relatively low. Because when our algorithm finds a page 
without corresponding page, it stops matching all its related 
pages. A page inconsistency usually involves more than one 
page. The recall of page inconsistency is caused by the 
matching of some meaningless elements in the page, for 
example, logo in the page.  

VI. DISCUSSION AND LIMITATION 
During the experiment, we found some important 

problems that have not yet resolved in this paper. 
First, for the application running in the internet, the 

content in both web application and mobile application is 
changing all the time. The changes of content during the 
process of information extraction bring inconsistency 
problem. Our approach will generate confusing result if the 
application is updating during consistency checking.  

Second, our approach employs a testing tool 
Robotium[12] to extract page and link information from 
Android application，as introduced in section 4. In the 
implementation, our tool supports extraction of information 
for pre-defined and simple user-defined view types. 
User-defined types are now widely used in the 
implementation of Android application, our approach cannot 
work well in complicated user-defined type. 

VII. RELATED WORK 
Consistency checking is widely used in the field of 

model-driven software engineering and development.  
Inconsistencies between multiple views in the same phase or 
different phases of software lifecycle, may bring follow-on 
errors and unnecessary rework.  

Most works [1][2][3] focus on detecting consistency for 
UML models because UML is widely used and the 
consistency of models affects the quality of generated code. 
These works focus on both intra and inter level consistencies. 
Some works are proposed considering different aspects in 
consistency validation. Blanc[4] proposed a meta-model 
independent consistency validation method. In his approach, 
model is represented as sequences of elementary 
construction operations, structural and methodological 
consistency rules can then be expressed uniformly as logical 
constraints on such sequences. Egyed’s work [5] focus on an 
automated approach for detecting and tracking 
inconsistencies in real time. The performance of his method 
is not noticeably affected by the model size and common 
consistency rules but only by the number of consistency 
rules. Vierhauser et al.[6] proposed an approach for 
incremental consistency checking for product lines. It can be 
used to check the consistency of variability models and the 
consistency of the models with the underlying code base. 

To the best of our knowledge, there is not an existing 
method for consistency checking between a mobile 
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application and its corresponding web application. Most 
works focus on the testing of mobile applications, which 
provide basis for our approach.  

Hu et al.[7] present an approach for automating the 
testing process for Android applications, with a focus on 
GUI bugs. The approach detects GUI bugs by automatic 
generation of test cases, feeding the application random 
events, instrumenting the VM, producing log/trace files and 
analyzing them post-run. Azim et al. [8] propose two 
strategies: targeted exploration and depth-first exploration, 
for the automatic exploration of the Android applications so 
as to improve the coverage at two granularity levels: activity 
(high-level) and method (low-level). Amalfitano et al. [9] 
proposed an automated technique that tests Android apps via 
their Graphical User Interface (GUI). Its tool Android 
Ripper[10] is based on a user-interface driven ripper that 
automatically explores the application’s GUI with the aim of 
exercising the application in a structured manner. In addition, 
there are useful testing tools for Android application. 
Troyd[11] allows developers to write Ruby scripts that can 
drive the Android application. Robotium[12] is an Android 
test automation framework that support for native and hybrid 
applications. Our implementation of consistency validation 
tool is built based on Robotium. 

VIII. CONCLUSION 
In this paper, we propose our approach based on the 

inconsistency problem in developing and using mobile 
application in daily life. This paper proposes an approach for 
automatic checking consistency between web application 
and its mobile application. Our approach starts from the 
generation of page and link information by crawling content 
from web application and simulating user actions in Android 
application. Page matching and consistency checking 
algorithms are proposed and used to find out inconsistency in 
page, element and link. 

Because the number of inconsistency found in our 
experiment is too large for comprehension. In the future 
work, we will try to define inconsistency pattern based on 
mining the inconsistency data. Repetitive inconsistency 
simplified as a pattern will improve the usability of our 
approach for real software development.  
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Abstract—There is a global trend towards the increase of
the number of users connected to the network via mobile
devices which, consequently, will create an increasing demand
for information, applications and content for such equipments.
New ways to use existing aplicações are emerging. In particular,
systems that were once accessed via web interfaces through
personal computers physically located in offices, universities or
homes are providing new ways to access from mobile devices
which, in turn, have different requirements and capabilities than
the personal computers. Hence, the main objective of this paper
is to present an estimation model for mobile applications.
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I. INTRODUCTION

The remarkable growth in the use of mobile devices in
several areas, such as health, work, education and public
safety. Come along with the accession of all kinds of mobile
applications, but those interested in the area awakens a huge
discussion on the approach to estimating software, for this
private context. For although there was no specific method
to handle the particularities of this area. And the software to
be developed for mobile applications, are estimated with tra-
ditional methods of estimates, ie, facing desktop applications.
This new technological scenario is changing old habits and
creating new ways of society to access information and interact
with computer systems [1], [2] e [3].

According to Gartner, 1.75 billion people own mobile
phones with advanced capabilities and foresees further growth
in the use of this technology in the coming years [4]. The
ITU 1 estimates that there are more than six (6) billion mobile
subscribers worldwide. There is a worldwide trend towards
increasing the number of users connected to the network via
mobile devices, which consequently produce an increasing
demand for applications and content for such equipment. With
ways of using information systems emerging, such as the
access that were previously performed through Web interfaces
for personal computers in offices, universities or homes, are
providing new ways to access from mobile devices, which
turn have different requirements and capabilities of personal
computers.

There is a global trend towards the increase of the number
of users connected to the network via mobile devices which,

1International Telecommunication Union

consequently, will create an increasing demand for informa-
tion, applications and content for such equipments. New ways
to use existing aplicações are emerging. In particular, systems
that were once accessed via web interfaces through personal
computers physically located in offices, universities or homes
are providing new ways to access from mobile devices which,
in turn, have different requirements and capabilities than the
personal computers. Hence, the main objective of this paper
is to present an estimation model for mobile applications,
denominado “MEstiAM” (Estimation Model for Mobile Ap-
plications) proposed in [5].

II. PRESENTING THE MODEL

According to the proposed [5], which conducts a litera-
ture review covering the main estimation methods, but also
conducts a systematic review of the characteristics of mobile
applications and conducts a survey to ratify the specific charac-
teristics of context finally proposes the method previously cited
as a specific method of estimation for the design of mobile
application development.

A. Approaching the Model

The MEstiAM model is totally based on FISMA method,
which in its original usage proposes a structure of seven classes
of the Base Functional Component or BFC (Base Functional
Component) type, which is defined as a basic component of
functional requirement. The seven classes used to account for
the services during the application of the method are [6]:
interactive navigation of the end user and query services (q);
interactive input services from end users (i); non-interactive
outbound services for the end user (o); interface services for
another application (t); interface services for other applications
(f); data storage services (d) and algorithmic manipulation
services (a).

The identification for each class name BFC previously
mentioned, with a letter in parenthesis, is used to facilitate
the application of the method during the counting process,
because each of the seven classes BFCs are composed of other
BFC classes which, at the time of calculating, these BFCs
“daughter” classes are identified by the letter of their BFC
“mother” class followed by a numeral, as can be seen in Figure
1.

The unit of measurement is the point of function with the
letter “F” added to its nomenclature to identify the “FiSMA”,
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Fig. 1. Types of BFCs classes of the base model.

Fig. 2. Representation of the measurement process of the base model.

resulting in FfP (FiSMA Function Point) or Ffsu (FiSMA
functional size unit). The measurement process generally con-
sists of measuring the services and end-user interface and the
services considered indirect [6], as can be seen in Figure 2.

Figure 2 shows the process of measuring the base model,
in which it defines each step and sum of each BFC class of
the model. Briefly, the process of counting should be done as
follows. Identify:

• How many types of BFCs does the software have?

• Which are they? (identify all)

• What are they? (provide details of each BFC identi-
fied).

After doing this, it is necessary to add each BFC root using

Fig. 3. Final Report of FiSMA applied to Sigaa Mobile.

the formulas pre-defined by the method and their assignments.
Finally, the formula of the final result of the sum is the general
sum of all the BFCs classes.

B. Applying the Model

The FiSMA method can be applied manually or with the
aid of the Experience Service2 tool, which was the case,
provided by FiSMA itself through contact made with senior
consultant Pekka Forselius and with the chairman of the board
Hannu Lappalainen.

When using the tool, it is necessary to perform all the steps
of the previous subsection to obtain the functional size. Figure
3 shows the final report after the implementation of the FiSMA
on a real system, the Management of Academic Activities
Integrated System (Sigaa) in its Mobile version, developed by
the Superintendence of Computing (SINFO) of the Federal
University of Rio Grande do Norte (UFRN).

After the application of FiSMA, the functional size of
the software is obtained and from this it is possible to find
the effort using the formula: Estimated effort (h) = size (fp)
x reuse x rate of delivery (h/fp) x project status; the latter
is related to productivity factors that are taken into account
for the calculation of the effort. However, of the factors
predefined by the FiSMA regarding the product, only 6 (six)
are proposed, in which the basic idea of the evaluation is
that “the better the circumstances of the project, the more
positive the assessment”. The weighting goes from - - to +
+, as follows:

Caption:

• (+ +) = [1.10] Excellent situation, much better circum-
stances than in the average case;

• (+) = [1.05] Good situation, better circumstances than
in the average case;

• (+ / -) = [1.0] Normal situation;

• (-) = [0.95] Bad situation, worse circumstances than
in the average case;

2http://www.experiencesaas.com/
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• (- -) = [0.90] Very bad situation, much worse circum-
stances than in the average case.

Productivity factors:

• Functionality requirements - compatibility with the
needs of the end user, the complexity of the require-
ments.
◦ (- -) Complex and critical application area (thou-
sands of FPs), multiple users and multicultural system.
◦ (-) Interoperable application area with some complex
characteristics, requiring special understanding from
users and developers.
◦ (+/-) Partly automated, integrated application area
and a medium size application (between 600 and 1000
FPs) with standard security requirements.
◦ (+) Application area mostly automated and appli-
cation with less than 5 interfaces with other systems;
there are specific security requirements.
◦ (+ +) Very mature application area, simple and easy,
a small stand-alone application (less than 200 FPs) for
a small group of users.

• Reliability requirements: maturity, tolerance to faults
and recovery for different types of use cases.
◦ (- -) Malfunctions may put in danger human
lives and cause significant economic or environmental
losses.
◦ (-) The software is part of a large real-time system
where all the failures of operation will cause problems
to many other applications.
◦ (+/-) Not more than 2 hours of downtime is accept-
able, but the system recovery routines are appropriate.
◦ (+) Need for non-continuous operation, but daily.
◦ (+ +) Need for periodic operation. Pausing for a few
days will not cause any damage to the organization.

• Usability requirements: understandability and easiness
to learn the user interface and workflow logic.
◦ (- -) A large number of different types of end users
around the world.
◦ (-) 2 or 3 different types of users with different skills.
◦ (+/-) A large number of end users with equal
abilities.
◦ (+) No more than tens or hundreds of homogeneous
users in perhaps more than one location.
◦ (+ +) Only a few users, all located on one site.

• Efficiency requirements: effective use of resources and
adequate performance in each use case and under a
reasonable workload.
◦ (- -) Complex database with millions of data records
and transactions per day, thousands of simultaneous
end users.
◦ (-) Large database, hundreds of simultaneous end
users, critical response most of the time.
◦ (+/-) Large database, less than millions of data
records and less than hundreds of simultaneous end
users.
◦ (+) Medium database in volume and structure,
simple and predictable data requests from some si-
multaneous end users.
◦ (+ +) Simple and small database without simultane-
ous end users or complex data requests.

• Maintainability requirements: lifetime of the applica-
tion, criticality of fault diagnosis and test performance.
◦ (- -) Very large strategic software (over 20 years of
lifetime) in a volatile area of business, with frequent
changes in laws, regulations and business rules.
◦ (-) Large software (10-20 years of lifetime), and
frequent changes in laws, regulations and business
rules.
◦ (+/-) Medium size software (5-10 years of lifetime),
monthly changes in laws, regulations and business
rules.
◦ (+) Small software, rarely changes (2 to 5 years of
lifetime).
◦ (+ +) Temporary software (less than 2 years of
lifetime), without modifications.

• Portability requirements: adaptability and instability
to different environments, to the architecture and to
structural components.
◦ (- -) Software users are located in many types
of organizations, with various platforms (hardware,
browsers, operating systems, middleware, protocols,
etc), various versions and various update frequencies.
◦ (-) The software must operate on some differ-
ent platforms (hardware, browsers, operating systems,
middleware, protocols, etc) and in various versions of
each of them.
◦ (+/-) Each version of the software must run on mul-
tiple versions of a given platform (hardware, browser,
operating system, middleware, protocols, etc), and
the frequencies of update of the users are quite pre-
dictable.
◦ (+) The software must run on a given platform
(hardware, browser, operating system, middleware,
protocols, etc), but the use of system-level services
is limited because the upgrade process is partial.
◦ (+ +) Software must be run on a particular platform
(hardware, browser, operating system, middleware,
protocols, etc), but the upgrade process is completely
controllable.

Among the productivity factors mentioned above, only
the “Portability Requirement” factor fits in harmony with
the “Portability” characteristic regarding both hardware and
software. However, none of the other factors discusses the
characteristics of mobile application, in other words, after
obtaining the functional size of the software and applying the
productivity factors related to the product to estimate the effort,
this estimate ignores all of the characteristics of mobile appli-
cations, judging that the estimate of traditional information
systems is equal to the mobile application. However, with the
proposal of the creation of new productivity factors, which
would be the specific characteristics of mobile applications,
this problem will be solved, as presented below.

• Performance Factor:
◦ (-) The application should be concerned with the
optimization of resources for a better efficiency and
response time.
◦ (+/-) Resource optimization for better efficiency and
response time may or may not exist.
◦ (+) Resource optimization for better efficiency and
response time should not be taken into consideration.

61



• Power Factor:
◦ (-) The application should be concerned with the
optimization of resources for a lower battery consump-
tion.
◦ (+/-) Resource optimization for lower battery con-
sumption may or may not exist.
◦ (+) Resource optimization for a lower battery con-
sumption should not be taken into consideration.

• Band Factor:
◦ (-) The application shall require the maximum
bandwidth.
◦ (+/-) The application shall require reasonable band-
width.
◦ (+) The application shall require a minimum band-
width.

• Connectivity Factor:
◦ (-) The application must have the maximum willing-
ness to use connections such as 3G, Wi-fi, Wireless,
Bluetooth, Infrared and others.
◦ (+/-) The application must have reasonable predis-
position to use connections such as 3G, Wi-Fi and
Wireless.
◦ (+) The application must have only a predisposition
to use connections, which can be: 3G, Wi-fi, Wireless,
Bluetooth, Infrared or others.

• Context Factor:
◦ (-) The application should work offline and synchro-
nize.
◦ (+/-) The application should work offline and it is
not necessary to synchronize.
◦ (+) The application should not work offline.

• Graphic Interface Factor:
◦ (-) The application has limitations due to the screen
size because it will be mainly used by cell phone users.
◦ (+/-) The application has reasonable limitation due
to the screen size because it will be used both by cell
phone and tablet users.
◦ (+) The application has little limitation due to the
screen size because it will be mainly used by tablet
users.

• Input Interface Factor:
◦ (-) The application must have input interfaces for
touch screen, voice, video, keyboard and others.
◦ (+/-) The application must have standard input
interfaces for keyboard.
◦ (+) The application must have any one of the types
of interfaces, such as: touch screen, voice, video,
keyboard or others.

The proposed factors take into account the same weighting
proposed by FiSMA, but only ranging from - to +, in other
words:

• (+) = [1.05] Good situation, better circumstances than
in the average case;

• (+ / -) = [1.0] Normal Situation;

• (-) = [0.95] Bad situation, worse circumstances than
in the average case.

The functional size remains the same, thus affecting only
the formula used to obtain the effort, which will now consider
in its “project situation” variable the new productivity factors
specific for mobile applications.

The validation process was as follows, was raised the total
effort expended in developing the Sigaa Mobile project, ie,
we obtained the actual effort. After we applied the method of
estimation FISMA, in his original proposal thus obtaining an
estimate of effort. Then we applied the method MEstiAM also
generating an effort estimate finally the comparative analysis
between the three estimates generated was performed to verify
which method is closer to the actual effort spent. As can be
seen in Table I.

TABLE I. ANALYSIS OF ESTIMATES OF SIGAA MOBILE

Real Effort Spent MEstiAM Model FiSMA Model
860 h 792 h 403 h

As can be seen in Table I, the proposed method, MEstiAM,
which is closest to the actual effort spent. You FISMA model,
it was very much desired for the new model and the actual
effort expended.

III. CONCLUSION

Based on these results, it was evident the difference be-
tween a specific method for this context MEstiAM and other
methods. Since they fall short by not taking into account
the particularities of mobile applications, making it partially
ineffective method in this situation.

Finally, it is concluded that it is entirely appropriate and
feasible to use the method MEstiAM where it should take into
account all peculiarities of such applications. Putting up finally
a division that actually there are considerable differences in the
design development of mobile applications.
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Abstract—Feature modeling is the primary technology to capture 

and document the commonalities and variability among all of the 

members in a product line. Individual products are customized by 

selecting features according to the requirements. The work of 

feature selection is complex because of: 1) the complex 

dependencies and constraint relationship amongst features; 2) the 

multiple competing and conflicting non-functional requirements 

(NFRs); 3) the constraints to NFRs; 4) the explicit functional 

requirements. To select optimized feature set that conforms to the 

feature relations and satisfies both the functional and non-

functional requirements and the related constraints, an 

evolutionary algorithm template which employs multi-objective 

optimization algorithms to optimally select features in SPLs, is 

proposed. In the experiments, two different algorithms are 

designed based on our template. Empirical results show the 

remarking performance of our algorithms on time especially when 

the feature models are large and complex.   

Keywords-Product Line Engineering;feature selection;multi-

objective optimization;non-functional optimization 

I.  INTRODUCTION 

Product Line Engineering[1] has been shown an effective 
approach to product software for decreasing the cost, improving 
the product quality and accelerating time to market by many 
organizations such as Boeing, Bosch Group, Nokia and so on. 
Feature model is a popular way to express the commonalities 
and variability among all of the members in a product family. 
The tailored products are derived by selecting and removing 
features from feature model.  

In realistic feature model, non-functional requirements 
(NFRs) are always demanded besides the functional ones (FRs). 
These NFRs are also conflicting and have to be traded-off. In 
addition, massive features have constraints and dependencies 
relation with other ones, e.g., 86% features declare constraints in 
Linux and eCos. So a newly selected feature would often result 
some other ones obsolete and these have to be reselected. 

Multiobjective Evolutionary Optimization Algorithms 
(MEOAs) aims to optimize more than one objective in the 
presence of trade-offs. It is a proper way to deal with the 
competing NFRs in feature selection. Unfortunately, the random 
crossover and mutation of MEOAs inevitably destroy the feature 
dependencies and constraints. So in the current paper, a repair 

operator is designed to revise the destructive effects by the 
random operations during evolutionary process. 

The main contributions of this paper can be summarized as: 
(1) We design a uniform representation for different kinds of 
relations amongst features; (2) We design SolutionRevise, a 
common solution revise operator, which can be applied to 
different MEOAs and revise the feature selection that violates 
the feature model constraints; (3) We design an evolutionary 
algorithm template named MOOFs and show the remarking 
performance by two algorithms named MOOFHD and MOOFɛ+. 

II. FEATURE MODEL 

FIG.1 illustrates a simple feature model for mobile phone 
product line. The rectangles indicate features and the line 
between them are their relations. From FIG.1, we can see two 
basic kinds of relations amongst features: 

1.  Relationships between a parent feature and its child 
features, includes mandatory, optional, alternative and or.  

2. Cross-tree (or cross-hierarchy) constraints typically 
state that one feature excludes or requires another one.  

Mobile Phone

Calls GPS Screen

CameraHigh resolutionColourBasic

Media

MP3

Or

Mandatory Excludes

Optional

Alternative

Requires

 

FIG. 1 FEATURE MODEL FOR MOBILE PHONE PRODUCT LINE 

There can be group cardinality of the form [m,n] in feature 
groups, which declare that at least m and at most n members of 
a feature group can be selected. Cross-tree constraint ratio 
(CTCR) is defined in [2] as the ratio of the number of features in 
the cross-tree constraints to the number of features in the feature 
tree and it is a common indicator to indicate the complexity of a 
feature model. 

To deal with the NFRs, some researches extended the feature 
model with feature attributes[2][3][4][5]. In our paper, we assumed 
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the NFRs have been quantified. The classification and 
quantification of the NFRs are not our concerns in this paper. 

III. METHODOLOGY 

A. Preprocessing 

1) Feature model constraints and functional requirements 

representation and non-functional requirements 
From section II, we can see there are different kinds of 

relations amongst features. These different relations restrict the 
existence of features in different way.  To simplify the treatment 
for different constraints, we encode them in a uniform format 
firstly. We defined them as rule and the Chomsky grammar can 
be seen in Definition 1.  

Definition 1. A rule is defined as a quadri-tuple (N, ∑, P, S), 

where the non-terminal set N = {rule, A, B, G, Min, Max, N, 

N+}, the terminal set ∑ = {ɛ, [, ], ,, <, >, {, }, *, 0, 1, 2, 3, 4, 5, 

6, 7, 8, 9, featureID}, the start symbol S = {rule}. The following 

are the rewrite rules in P.  

 

A rule can be expressed as <A, B> which is a relation that A 
requires B. A and B are marked first and second respectively in 
the following sections.  Both A and B can be a single feature or 
a feature group. Taking one ternary cross-tree constraint ~a or 
~b or c for example, the rule can be expressed as <[a, b]{2,2},c> 
which means that c must be contained when both a and b are 
selected.  

In consideration of clear expression, we state the condition 
that a feature group is satisfied. 

Definition 2. A feature group is satisfied when the number of 
feature members selected is between minRange and maxRange. 

In addition, A can be ɛ when B must be satisfied in any case. 
Through analyzing the explicit functional requirements, we 
found they can be described as rule with the ɛ first. If one feature 
noted as f is required, there should be a rule < ɛ, f> which means 
that f must be selected anyhow. 

The feature selection conforming to all of the rules is called 
as “correct” solution in this paper. Otherwise, the selection is 
“incorrect”. 

Just as the discussion in section II, we assumed the NFRs 
have been quantified by the attributes of features and the values 
have been assigned in some way. The constraints for NFRs were 
described as equalities or inequalities, e.g., cost ≤ 400. 

2) Feature chromosome encoding 
The feature chromosome is encoded as binary string. The 

length of the binary string is equal with feature number. If one 
feature is selected, the corresponding bit is 1; otherwise the bit 
set is 0. 

B. MOOFs: an Multi-Objective Optimization algorithm 

template for Feature selection 

Based on the idea of MEOAs, we designed our algorithm 
template MOOFs listed in Algorithm 1. In MOOFs, we did not 
confine any concrete method such as population initialization, 
the fitness function, the crossover operator, and the mutation 
operator and so on. The selection of these operators depends on 
the certain application.  

Algorithm 1: MOOFs 

Input :    ɑ  (population size) 
N  (maximum number of generations) 

k  (fitness scaling factor)  
R (rule set)  

Output:  A (Pareto set approximation ) 

Initialize P 

p’ = SolutionRevise(p), for all p P 

PR  p’ 

Repeat 
    calculate fitness values of PR 

    select two individuals from PR to fill mating pool M 

    apply mutation operator to M and get offspring O 
   O’ = SolutionRevise(O) 

   PR  O’ 

   Select and remove individuals from PR 
Stop until m≥ N or other stopping condition  

Return A that is the Pareto Front approximation in PR 

C. SolutionRevise: an algorithm to revise feature selections 

According to the type of first and second in a rule defined in 
section III.A.1), the rules can be grouped into five categories: < 
ɛ, single feature>, < ɛ, feature group >, <single feature, single 
feature>, <single feature, feature group > and < feature group, 
single feature>. The type <feature group, feature group> does 
not exist, because a feature group must have a single feature 
parent. So their relationships can be depicted as <single feature, 
feature group>. On the basic of this classification, we defined 
two principles to select or remove a feature. 

Algorithm 2: SolutionRevise 

Input : S  (one configuration to be revised) 

           R (rule set) 
Output: SI   (feature selection conforming to R ) 

SI  , SE  , SG   

foreach rule r in S 

  if the second marked as s of r is a group and the minRange > 0, then  

      SG  r 

end 
IncludeFeature(0); 

foreach feature f in S 

  if f SI and f  SE, then IncludeFeature(f) 

end 

foreach rule r in SG 

   Note the number of feature members in the second of r which has been 
selected as N 

  While N < minRange do 

 select feature f’’  SI and f’’ SE 

IncludeFeature(f’’)  

Recount N 

 end 

end                        

Definition 3: A feature f is selected, if any of the following 
conditions is true: 1) f is neither included nor excluded; 2)f as a 
single feature is the second of a rule and the corresponding first 
that is also a single feature is selected; 3)f as a single feature is 
the second of a rule and the corresponding first is a feature group 
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and the first is satisfied. 4)f existing in a feature group which is 
the second of a rule and the first is null or a single feature being 
selected, the number of group members that are not excluded is 
just the minRange of the feature group. 

Algorithm 3: IncludeFeature 

Input :  f  (one feature to be included) 
   R (rule set) 

  SG(the set of rule whose second dimension is a feature group with 

the minRange >0) 
Output: SI, SE  

SI  f 

foreach rule r in SG 
      Denote the current group of r as STG,  

     if f  STG and the first of r is satisfied  or the first is null  then  

         Count the feature number of STG in SI as Y  
    if maxRange = Y, then ExcludeFeature(the other features of STG 

neither in SI nor in SE ) 

end 
foreach rule r in R 

     if the first is a group set STG and f  STG and the first is satisfied and 

the  second is a single feature f’, then IncludeFeature(f’)  
if the first is f and the second is a single feature f’ then 

    IncludeFeature(f’) 

if the first is f and the second is a group set STG  then  
  set the feature number of STG in SI as Y, the feature number in SE is E 

   if maxRange = Y, then ExcludeFeature(the other feature members of 

STG neither in SI nor in SE) 
   if size(STG) – E = minRange, then  

     IncludeFeature(other feature members of STG neither in SI nor in SE) 

end              

 

Algorithm 4: ExcludeFeature 

Input :  f (one feature to be excluded) 
  R (rule set) 

   SG(the set of rule whose second dimension is a feature group with 

the minRange >0) 
Output: SI, SE 

SE  f 

foreach rule r in SG 

    Denote the current group in r as STG,  

if f  STG and the first of r is satisfied or the first is null then  

   Count the number of  feature members of STG in SE as E  
   if size(STG) – E = minRange then  

       IncludeFeature(other features of STG neither in SI nor SE in STG ) 

end 
foreach rule r in R 

    if f as a single feature is the second of r, and the first f’ is a single 
feature, then ExcludeFeature(f’) 

   if f as a single feature is the second of r, and the first is a group STG 

      then count the number of features of STG in SE as E 
  if size(feature members of STG)-E ≥ minRange then 

     ExcludeFeature(the other feature members of STG neither in SE nor SI) 

  if the second is a group set STG and f  STG and the first is a single  
feature f’,  then  

   count the feature number of STG in SI as Y , the number in SE is E 

 if size(feature members of STG)-E < minRange  then ExcludeFeature(f’) 

end                      

Definition 4: A feature f is excluded, if any of the following 
conditions is true: 1)f as a single feature is the first of a rule, the 
second which is also a single feature is excluded. 2)f as a single 
feature is the first of a rule, and the second is a feature group and 
the number of feature members which has not been excluded is 
less than minRange. 3)f existing in a feature group which is the 
first of a rule, the second which is a single feature is excluded, 
and the number of features that are not excluded is above the 
lower limit of the group. 4)f existing in a feature group which is 

the second of a rule and the first is null or a single feature being 
selected, the number of features included is just the maxRange 
of the group. 

SolutionRevise was designed based on these two principles. 
Algorithm 2 shows the detailed process of SolutinRevise. 
SolutionRevise contains two related operators named 
IncludeFeature and ExcludeFeature. These two algorithms, 
shown in Algorithm 3 and Algorithm 4, determine whether a 
feature is selected or excluded. IncludeFeature puts one specific 
feature f and the features that f requires in SI and excludes the 
extra features when any maxRange is achieved after including f. 
Similarly, the operator of ExcludeFeature puts one specific 
feature f and the features that require f in SE and puts the left 
features in SI when the number of features in any group left by 
SE is minRange after excluding f. 

IV. EXPERIMENT SET UP 

A. Setting up the feature model 

Four feature models including two realistic models and two 
synthesis were selected from SPLOT[7], a popular feature model 
repository. In this paper, we augmented the feature models with 
the same attributes and contributions of their values as that in [6]. 
And the five optimization objectives[6]: to minimized total cost, 
to maximize features that were used before, to minimize the total 
number of known defects, to maximize correctness and to 
maximize the number of offered features. 

TABLE I.  FEATURE MODELS USED IN THIS PAPER 

Feature 

Model 
Features 

Total 

Rules 
CTCs CTCR Limits 

WebProtal 43 51 6 2.6% COST≤400 

EShop 290 333 21 6.8% COST≤2900 

FM500 500 572 50 7.8% COST≤4000 

FM1000 1000 1146 100 8.0% COST≤9000 

B. Setting up algorithms 

In this paper, we designed MOOFHD and MOOFɛ+ by 
introducing our SolutionRevise operator into IBEA suggested by 
[6]. Our two algorithms with NSGAII[8], SPEA2[9], IBEAHD

[10] 
and IBEAɛ+

[10] were experimented on the four models. All of 
these algorithms were implemented in jMetal[11], a popular 
framework for multi-objective optimization. The parameters of 
these algorithms are default values in jMetal: population 
size=100, single-point crossover, crossover probability=0.90, 
bit-flip mutation, mutation probability=1/NumberOfVariables. 

To diminish the impact of stochastic behavior of these 
randomized algorithms, we ran every algorithm independently 
run 30 times on a feature model. Initially, we performed all 
algorithms with 25K objective function evaluations. If no 
“correct” solutions were created, the evaluations time would turn 
to 500K. If not still, the evaluations would be 1M or 2M or 5M 
or 10M. But if no still even with 10M evaluations, the trial would 
be stop. 

V. EMPIRICAL RESULTS 

This section shows the comparing results of six algorithms 
on four feature models. We compare the run time to generate one 
correct solution.  
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 All other algorithms perform moderately with smaller 

WebProtal and EShop. However, to bigger model FM500, 

only IBEAHD can get correct solutions when evaluations is 

500K. To FM1000, no correct solution is generated by all 

these algorithms till 10M objectives functional evaluations. 

However, the SolutionRevise operation makes MOOFHD 

and MOOFɛ+ always product correct solution.  

TABLE II.  RUN TIME COMPARISON 

Feature 

Model 
Algorithms Eval. RunTime STR 

WebProtal 

NSGAII 25K 0.55sec 3.23 

SPEA2 25K 59.08sec 453.46 

IBEAHD 25K 0.11sec -0.15 

IBEAɛ+ 25K 21.73sec 166.15 

MOOFHD 25K 0.80sec 5.15 

MOOF ɛ+ 25K 0.13sec / 

EShop 

NSGAII 500K 47.22sec 261.33 

SPEA2 500K 3.67sec 19.39 

IBEAHD 25K 3.68sec 19.44 

IBEA ɛ+ 500K 135.97sec 754.39 

MOOFHD 25K 1.88sec 9.44 

MOOF ɛ+ 25K 0.18sec / 

FM500 

NSGAII 10M -- -- 

SPEA2 10M -- -- 

IBEAHD 500K 11.45sec 44.80 

IBEA ɛ+ 10M -- -- 

MOOFHD 25K 2.67sec 9.68 

MOOF ɛ+ 25K 0.25sec / 

FM1000 

NSGAII 10M -- -- 

SPEA2 10M -- -- 

IBEAHD 10M -- -- 

IBEA ɛ+ 10M -- -- 

MOOFHD 25K 4.74sec 9.68 

MOOF ɛ+ 25K 0.27sec / 
“--” means no correct solution produced by the algorithm in the corresponding row and “/” means no 

calculation on STR. If the STR is negative, the time consumed by MOOF ɛ+ is larger than the algorithm in 

the row. 

 From the column of RunTime, we can observe that IBEAHD 

works best comparing with NSGAII, SPEA2 and IBEAɛ+ 

which is consistence with [6]. However, to larger model, 

its performance is turning worse than our algorithms.  
Looking at the column of STR, except for the smallest 

WebProtal model, about 3 to 654 times more seconds are 
consumed by other algorithms to produce one correct solution 
than MOOFɛ+. 

VI. RELATED WORK 

Some remarking works transformed the feature selection 
into a SAT problem like Benavides et al.[2].  White et al.[12] 
and Guo et al. [13] selected features satisfying a series of 
resource constraints. Sayyad et al.[6] tried MEOAs to do feature 
selection towards multi-attribute optimization and proved the 
significant of IBEA. However, these approaches did not concern 
the explicit FRs and NFRs with constraints or not. 

A solution repair operator was also proposed in [13]. It is for 
the basic feature model with binary cross-tree constraints. 
Mendonca et al.[14] observed that the cross-tree constraints in 

the realistic models consisted of a mix of binary and ternary CNF 
clauses which are considered in our methodology. 

VII. CONCLUSIONS AND FUTURE WORKS 

Aiming to automatically select features that conforms to the 
feature model and satisfies both the functional and nonfunctional 
requirements and the related constraints, we provided a multi-
objective optimization algorithm template for feature selection 
which combined our configuration reviser with the existing 
MEOAs flexibly.  During empirical experiments, we designed 
two algorithms based on the IBEA suggested by [6]. Through 
comparing with four widespread MEOAs, our algorithms work 
best when the timing-consuming and multi-attribute 
performance are considered comprehensively. 
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Abstract—Software Product Line development entails planned 
reuse of development assets for creating applications in a 
specific domain. SPL development can benefit from 
incorporating soft constraints in both Domain and Application 
Engineering. Increased expressiveness is attained and 
important domain knowledge that would otherwise be lost can 
be included, allowing improved configuration support to be 
provided. The stakeholders’ goals for a specific product can 
also be represented with soft constraints, allowing incomplete 
and inconsistent specifications to be inputted and then be 
automatically processed and analyzed. The approach is 
supported by a tool, which is capable of detecting 
inconsistencies, identifying the required trade-offs and 
explaining them to the stakeholder, who can then make an 
informed trade-off decision.  

Keywords - Feature Models; Software Product Lines; Soft 
Constraints; Configuration Support; Feature Consistency; 
Feature Interactions; Domain Knowledge 

I. INTRODUCTION 

In Software Product Line (SPL) development, feature 
models annotated with domain constraints are often used to 
represent domain variability and commonalities [1, 2]. 
Domain constraints specify stringent conditions that must be 
verified by all products within the scope of the SPL. 
Automated support for the derivation of products can use this 
information to assist the developer in the creation of viable 
configurations of products. Regrettably, there are situations 
where these constraints clash with a reality that is not all 
black and white and stubbornly, albeit reasonably and 
incontrovertibly, refuses to conform precisely to the exacting 
specifications of our models.  

A direct consequence of this state of affairs is that 
developers must chose to either drop domain constraints 
representing useful domain knowledge for the sake of 
flexibility, or accept that the potential scope of the SPL must 
be crippled, lest under-specification of constraints allow 
unintended incursions into the realm of unfeasibility. The 
first solution strips relevant information from the model 
impairing automation and support for product derivation: the 
developer bears the burden of creating meaningful and 
feasible configurations with reduced assistance. The second 
solution may be too conservative: by playing it safe, security 
is gained but flexibility is lost. Rather than agonizing over 
the choice of the lesser of two evils, we propose that the 
concept of soft constraints (SC) is embedded into SPLs to 

address these concerns. SCs represent useful information that 
is relevant to the configuration of products, but is not of 
forcing nature and can be ignored if convenient. They serve 
the primary and important purpose of allowing automated 
advice and suggestions to be provided during product 
derivation. Although the developer may choose to act against 
this advice, he is making an informed rather than blind 
choice (as would be the case had those constraints been 
completely ignored and no support provided because of it). 
Collateral but relevant benefits include the possibility of 
identifying required trade-offs of conflicting stakeholders 
goals. 

Using these techniques improves domain modeling 
capabilities and product derivation support. In this paper we 
present a method and tools, based on the soft constraint 
model described in [3], for supporting the use of feature 
models annotated with SCs in SPL development. Goals of 
our approach include the following functionalities: 

 Provide configuration suggestions based on 
constraints and feature tree structure, in addition to 
configuration propagation and completion services. 

 Identify conflicted features, that is, features for 
which antagonic configuration advice is offered. 

 Provide an explanation for conflicted features so that 
the user (stakeholder) can better understand the 
required trade-offs. 

Hence, the main contributions include a detailed 
description of an inconsistency analysis algorithm and the 
development of the corresponding tool support for SC-
assisted SPL configuration. 

II. BACKGROUND 

A. Software Product Lines 

SPL development is an approach for developing software 
products within a specific domain of application [1, 2] that 
promotes planned reuse of core assets (e.g., specifications, 
code, models). Two distinct roles can be identified in SPL 
development: the domain engineer and the application 
engineer. The domain engineer defines the scope of the 
product line by identifying the common and variable features 
of the products to be created. He also provides the 
composable assets that are used to create those products. The 
application engineer is responsible for the derivation of 
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specific products. These are created by configuring the 
variation points according to stakeholders’ specifications and 
composing the corresponding assets. Feedback is provided to 
the domain engineer so that evolution of the SPL scope and 
core assets is possible. 

B. Feature Modeling 

The domain engineer typically represents product 
commonality and variability using feature models. These 
identify valid product configurations, that is, configurations 
corresponding to a variant that can be created by the 
application engineer. Feature models identify valid 
configurations by using a feature tree annotated with 
additional domain constraints. These can be represented 
graphically (e.g., linking dependent features with a 
dependency arrow). Feature models can be represented 
formally using logic expressions according to well-known 
transformations described in [4, 5]. A feature model is said to 
be consistent if at least one valid configuration exists.  

To allow better modularization and management of 
complex products, a product configuration is often created 
by the application engineer in an incremental process called 
staged configuration, where features are progressively 
included or dropped from the product [6]. This allows 
automated feedback to be provided by interactive 
configuration tools that assist the application engineer in 
obtaining a valid configuration. Interactive configuration 
support for staged configuration automatically propagates 
user choices, by selecting or deselecting open features as 
required, according to the partial configuration inputted by 
the user and the feature model and its restrictions. This is 
achieved by computing the configuration domain after each 
selection made by the user, by identifying features that 
become dead (must be always deselected) and features that 
are common (must be always selected) in the current partial 
configuration. Techniques and tools to assist feature model 
configuration have been described in [5, 7]. 

C. Hard and Soft Constraints 

Domain constraints can be categorized as hard or soft. 
While hard constraints are mandatory and must be satisfied, 
SCs are used to indicate optional but preferential or common 
configurations [3].  

While all hard constraints must be satisfied in a 
consistent feature model, the same does not apply to soft 
constraints. This opens up the possibility of valid models 
containing conflicting soft constraints, that is, soft constraints 
that may be impossible to satisfy simultaneously. In such 
cases, a trade-off between conflicting constraints exists and 
must be resolved. It is worth pointing out that hard 
constraints cannot conflict by definition; otherwise the 
feature model would become inconsistent. 

Soft constraints can also be prioritized. This allows a 
wider range of scenarios to be represented, by making it 
possible to establish relative degrees of importance. In this 
case, satisfaction of higher priority constraints takes 
precedence over those of lower priority. 

III. CONFLICT ANALYSIS AND CONFIGURATION 

SUGGESTIONS 

In this Section we describe the overall strategy for 
generating configuration suggestions and provide a detailed 
description of the configuration suggestion algorithm. In the 
SPL lifecycle, SCs originate in domain modeling or can be 
used to model user configuration goals. The overall strategy 
to automate conflict analysis is as follows: 

1. Identify the set of active1 SCs with highest priority. 

2. Temporarily consider the SCs identified in step 1 as 
hard constraints and verify consistency of the solution, 
by checking the satisfiability of the combined 
expression of feature model, partial configuration and 
the active constraint set. 

a. If the result is consistent, it is possible to find a 
solution that satisfies all active SCs. Proceed to 
generate configuration suggestions, by performing 
standard common and dead feature identification 
(but do not change the configuration). These are 
outputted as selection/deselection suggestions, 
correspondingly. 

b. If the result is inconsistent, then it is not possible to 
simultaneously satisfy all active SCs. The 
inconsistency must be analyzed to explicitly detect 
the conflicting constraints and how they conflict in 
terms of feature (de)selection. This algorithm is 
described in detail in the sequel.  

3.  The user selects or deselects a feature belonging to the 
domain of the active SCs.  

4. Propagate the choice performed in the previous step by 
selecting all features that became common and 
deselecting all features that became dead. 

The inconsistency analysis algorithm is detailed in Figure 
1.The overall strategy is based on identifying a minimal set 
of conflicting SCs by local search branching out from a 
consistent base model conjoining the feature tree, hard 
constraints and partial configuration. Neighborhoods of this 
model, including all k-permutations of SCs, are 
progressively explored, in increasing k order, until an 
inconsistent model is found. Ultimately, the process is 
ensured to end when the entire set of active SCs is 
considered (as these have already been identified as being 
inconsistent). Conflicts are identified by finding common 
and dead features (i.e., suggestions for selection and 
deselection) for different k-permutations of SCs. If 
conflicting advice is found, a conflict is identified. 

By considering the effect of k-permutations of SCs in 
increasing order of k, the algorithm will find the simplest 
explanations of the conflict (that is, explanations involving 
the smallest number of SCs). This is motivated for efficiency 

                                                           
1 We designate soft constraints as active if they have not been 
falsified or satisfied in the current partial configuration of a staged 
configuration process. 
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sake, as the majority of inconsistencies can be assumed to 
originate in the interactions between a reduced number of 
SCs. In scenarios where the assumption does not hold, 
efficiency is degraded but correct operation is still preserved. 

 
Figure 1.  Inconsistency Analysis Algorithm. 

Our algorithm associates a metric to each feature, in the 
range -1..1, which can be interpreted as a 
deselection/selection recommendation. This function is 
generically dependent on feature trade-off information as 
described above. Any number of reasonable possibilities can 
be considered. Currently, we map the percentage of 
recommendations for selection vs. total number of 
recommendations into the -1..1 interval. Other methods 
could easily be adopted, based on factors such as an 
importance weight attributed to of each SC. 

IV. ILLUSTRATIVE EXAMPLE AND TOOL 

DEMONSTRATION 

We developed a tool that supports SPL configuration. 
Rather than devising a feature model specifically tailored for 
illustrating our approach and supporting tool, we decided to 
adapt and use models freely available by industrial and 
academic sources in the SPLOT feature model online 
repository [7]. For this, we selected the Web Portal SPL 
feature model, a medium-high complexity feature model, in 
terms of number of features and constraint density, 
originally described in [9]. This feature model describes a 
product line for creating web servers with differentiated 
capabilities such as support for alternative protocols, 
advertisement and search services, security features, etc.  

A. Annotation of Feature Model with Soft Constraints 

Usage of SCs in the Domain Engineering phase of SPL 
development entails annotating a feature model with SCs. 
This is achieved by transforming relevant domain 
knowledge into appropriate set of SCs. In our example, 
Figure 2 shows the SCs corresponding to domain 
knowledge such as: 

 Although popups are possible, they are not well 
tolerated by users and are discouraged. 

 If banners are used, a Flash based version is 
advisable. 

 It is recommended that authentication should be 
conducted through secure https connections. 

Other concerns are also represented as well. 

B. Application Engineering 

File StakeholderSpecification.xml in Figure 2 represents 
the stakeholder’s desired configuration represented with 
SCs, with the ms, data_storage, advanced, dynamic and 
https features selected and the nttp feature deselected. These 
SCs are composed with the annotated feature model. As 
seen in Figure 3, the tool provides configuration suggestions 
(+100% is a strong selection suggestion, -100% is a strong 
deselection suggestion) with conflicts being indicated by 
intermediate scores. In this case, a conflicted feature is 
https. The conflict stems from the impossibility of 
simultaneously satisfying constraints cfg00 and cfg05, since 
domain restrictions indicate that https support precludes ms 
level performance. In this case, the stakeholder must resolve 
a trade-off by deciding to drop either one of cfg00 or cfg05. 
Once this decision is made, configuration can proceed by 
following the tools suggestions: since no other 
inconsistencies are found, the configuration is successfully 
completed. 

This example highlights how soft constraints have been 
used throughout the development process to successfully 
create a product, from an initial specification that is neither 
complete nor consistent. Automated support was able to 
detect the inconsistency in the specification and provided a 
clear indication of what the required trade-off is. Even 
though the stakeholder’s specification is not complete, a 
complete configuration with desirable properties was 
achieved. 

 
Figure 2.  Capturing domain information and desired specification as SCs. 

…
<softconstraints>
sc1: adserver discourages popups
sc2: banners suggests ban_flash
sc3: user_auth suggests https
sc4: web_portal suggests security
sc5: performance suggests ms
sc6: performance and not ms suggests sec
sc8: protocol discourages ftp
sc9: protocol discourages nttp
</softconstraints>
…

Web‐Portal.xml

<softconstraints>
cfg00: Web_portal suggests ms
cfg01: Web_portal suggests data_storage
cfg02: Web_portal suggests advanced
cfg03: Web_portal suggests dynamic
cfg04: Web_portal discourages nttp
cfg05: Web_portal suggests https
</softconstraints>

StakeholderSpecification.xml
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Mossoró-RN, Brasil

Email: pgabriel@ufersa.edu.br

Abstract—The development of Critical Embedded Systems
(CES) like Unmanned Aerial Vehicles (UAV) is complex because
it needs to ensure a high degree of quality, with affordable cost
and delivery time. It is also necessary to ensure security since
failures in this type of system can lead to catastrophic results.
In this sense, a Model-Driven Development (MDD) approach
presents itself as a good alternative to the traditional development
because coding complexity will be reduced by the use of high
level models. In addition, it avoids the introduction of coding
errors by human programmers, since the critical code will
be built automatically through models transformation. From
another perspective, Embedded Systems Development can benefit
from Software Engineering techniques like Product Lines to
reduce costs and time-to-market. While other works propose the
use of Product Line techniques to improve Embedded Software
development, we propose a Product Line approach to the whole
Critical Embedded System development life cycle, including
hardware variability management. Therefore, this paper pro-
poses a Critical Embedded System Product Line Model Based
approach, which aims to reduce the above mentioned challenges.
The development approach proposes a Domain Engineering
and Application Engineering focused on the system, with both
software and hardware. To illustrate the proposed approach we
include some artifacts from a case study in the UAV domain.

I. INTRODUCTION

EMbedded systems development approaches are con-
stantly evolving to meet the growing need for new and
more complex applications. In the embedded systems

domain we can highlight CES, which are embedded systems
whose failure could result in loss of lives or on significant
environmental or property damage. CES are common in
medical devices applications, aircraft flight control systems,
weapons, and nuclear systems [1]. This kind of systems breaks
with traditional systems engineering, as they bring together
technical requirements such as: criticality, need for low power
or fuel (autonomy), reactivity, robustness, scalability with
guarantee of quality and functionality at affordable costs [2].

Since hardware evolves fast, the new possibilities created
by their evolution increase users expectations for new func-
tionalities to be realized and integrated into an embedded
system. However, software development does not cope with
the hardware evolution and consequently system development
either. To build CES to meet the mentioned requirements
in an acceptable time-to-market, we need new efficient and

flexible development methodologies that can reduce design
complexity.

Among several possibilities, Software Product Line Engi-
neering seems a promising one, as it brings great benefits such
as: reducing system costs, because the systems are designed
collectively and generated automatically or semi-automatically
through the composition of reusable artifacts; time-to-market
reduction, since this technique allows to design systems in
such a way to predict the possible variabilities; and increasing
system reliability, because the systems are assembled from
reusable and extensively tested resources and many other
advantages [3]. However, for the effective use of this technique
in the CES domain we should adapt it for System Product Line
Engineering (SPLE), i.e., to apply product line techniques to
design the system and not only the software. In conjunction
with SPLE we propose the use of model-driven development
(MDD) techniques to increase the level of abstraction by
means of models and to allow automatic generation of system
product line artifacts through models transformations.

Therefore, this paper aims to define and present a complete
approach for the design of CES using a combination of both
System Product Line and MDD techniques. The differential
of the proposed approach are: the use of MDD in both
Domain and Application Engineering, the management of both
software and hardware variabilities, and the control of software
and hardware variability dependencies. For an effective use of
MDD we propose the use of the MARTE profile [4] in con-
junction with SysML [5] and a simple variability management
stereotypes proposed here. Finally, to illustrate the various
concepts presented in the proposed approach we include some
artifacts from a case study in the UAV domain.

The rest of this paper is organized as follows: Section II
presents a background summary of Product Line Engineering
and Model-driven Development; Section III illustrates some
related works; Section IV presents the proposed approach,
followed by a description of the examples by means of a
UAV product line case study; lastly, Section V presents the
conclusions of this paper.
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II. BACKGROUND

According to Northrop et al. [3], a Software Product Line
is a set of software systems that share common and managed
features satisfying the specific needs of a particular market
segment or mission and that are systematically developed from
a common set of core assets. The products of a PL distinguish
from each other in terms of features, which are user-visible
aspects or characteristics of a software system or systems [6].

On the other hand, in Model-Driven approaches, the soft-
ware complexity concentrate on high level models and not
in the code, which can be automatically generated from the
models. Furthermore, one can improve the system quality with
the use of V&V (Verification and Validation) methods [7].
According to model-based approaches, models become part
of the final product and most of the development complexity
shall belong to the transformations that should be used to
automatically or semi-automatically produce code (or pieces
of code) by transformation tools.

These techniques offers an interesting solution to the chal-
lenges in the CES domain because they have great synergy,
since they propose automation, raising the level of abstraction
and reuse. Additionally, they are being widely used in various
academic research and industrial projects as discussed in the
next Section.

III. RELATED WORKS

While there is a large number of researches that make use
of either PL and embedded systems or MDD and embedded
systems, due to space limitations, it is not possible here to
give an exhaustive description, thus we only provide a brief
summary of some works that make use of PL and MDD for
the CES domain, similarly to the approach proposed in this
work.

Eriksson et al. [8] present a work that focuses on the system
(hardware and software) and introduce a feature-based and use
case approach for the process of system requirements. While
the focus of these authors is only the step of requirements,
the work presented in this paper focuses on the entire System
Product Line development life cycle.

In the thesis described in Habli [9], the author defines
and evaluates a model-based approach to ensure systems and
process in a CES Product Line. The approach is based on
a safety metamodel that captures the necessary dependencies
between the safety plan, the safety assessment and the devel-
oped artifacts in the PL. The focus of that work is to ensure
systems and processes.

The work presented by Polzer et al. [10] is concerned with
the variability in control systems software. In their work, they
present a model-based PL engineering process using Rapid
Control Prototyping system combined with MDD techniques.
The authors modularize the components parameterization in a
separate setup, which is isolated from the model that defines
the behavior of the controller. The authors use Simulink
for the control modeling and automatic code generation and
Pure::variants [11] to obtain the products, which are propri-
etary tools.

Regarding the development of critical embedded applica-
tions product lines, there are approaches such as ProLiCES
[12] and SyMPLES [13]. ProLiCES creates a parallel path
in the process to handle the PL domain engineering and
also proposes the use of Matlab/Simulink as MDD technique,
which limits requirements analysis and concentrates the MDD
only in one step of the process. SyMPLES is an approach for
PL application in embedded systems through the extension of
SysML language to include variability together with a devel-
opment process, but in this study the authors do not distinguish
between the characteristics of hardware and software and focus
on the use of SysML for the architecture description. They
both show the application of the approach in the development
of a UAV PL.

In short, from the observation and analysis of existing
approaches, we note that: some of them require a lot of
previous knowledge like the use of non standard profiles,
which hinders its adoption; other approaches do not define
a specific treatment for hardware variability and its impact in
software variability; others are based on the use of proprietary
software, such as Matlab/Simulink; and, yet other approaches
use MDD in limited parts of the development, specially from
project to code or just in application engineering phase.

IV. PROPOSED APPROACH

The approach we propose in this paper is different from the
above mentioned related works, as it focuses on: a simplified
variability management, which addresses both hardware vari-
ability with its underlying software requirements dependences
and vice versa; the use of MDD techniques, like automatic
generation of hardware descriptions and embedded software
from high level models, for rapid design and specification
of CES; models based on UML and the use of SysML and
MARTE profiles, because it is the most widely used modeling
language, it is easier to understand and is considered as a
standard by various free existing tools; the use of MDD
in both Domain Engineering and Application Engineering
phases, with focus on model-to-model transformations in re-
quirements, analysis and design stages and not only motel-to-
text transformations in later development stages or just during
Application Engineering, by enabling the automatic generation
of SPL members.

A brief overview of the proposed approach, is illustrated in
Fig 1. As well as the classical PL approaches, the proposed
approach has two phases, Domain Engineering and Applica-
tion Engineering. This approach first differs from the others in
the abstraction levels proposed for the Domain Engineering:
a system abstraction level, a hardware abstraction level and
a software abstraction level, which are detailed later on this
section.

Observe that hardware variability could impact directly on
software requirements and vice versa. For example, consider
the following system requirement in a UAV product line: the
system should allow the user to choose between broadcast
the images to the ground control station at real time or to
record a video (in flash memory, for example). In that case, the
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UAV hardware must include a camera. Moreover, for each new
sensor added, their corresponding software drivers must also
be added. Another highlight is the continuous feedback in the
artifacts repository, in which we can store any kind of artifact
from both hardware or software types. This feedback can come
from updates in Domain Engineering or from new different
requirements elucidated from new members modeled in Ap-
plication Engineering. Also noteworthy is the feedback that
may exist inside the system, hardware or software abstraction
levels, and among these levels. The feedback is represented
by both dashed arrows and double-headed arrows.

Fig. 1. Overview of the proposed approach.

As previously mentioned, the proposed approach is based
on MDD and proposes the use of UML as a modeling
language. Therefore, for implementing model transformations,
it is necessary to use: UML MARTE and SysML profiles in a
controlled manner to avoid conflicts as explained below. For
efficient use of these modeling languages we need to use one
or more tools with MARTE and SysML metamodel suport.

A. Domain Engineering

The main purpose of Domain Engineering is to produce
reusable artifacts that are stored in the SPL artifacts repository
and are used to derive SPL members during Application
Engineering. The artifacts repository includes artifacts that
should be present in all SPL members, called core artifacts;
artifacts that are present only in some SPL members, known as
optional artifacts; and even artifacts that have different versions
required by different SPL members, known as alternative
artifacts. The distinction between these types of artifacts must
be detailed in the models listed below through the use of
mandatory, optional and alternative stereotypes respectively,
like proposed ind [14].

Before the Domain Engineering takes place, it is performed
a development activities planning, as well as an economic
feasibility analysis of the SPL, which will indicate whether
or not it is worth to be developed. If the SPL is feasible, then
we start the Domain Engineering by modeling requirements in
the system abstraction level, as detailed below. It is out of the
scope of this work to propose domain analysis techniques,
as they can be easily found in the literature. So, existing
techniques such as those mentioned in the survey by Prieto-
Diaz and Arango [15] can be used.

The Domain Engineering is performed in three abstraction
levels and starts mainly from the observation and analysis of
existing system on the domain of interest: the system level,
where we define the system as a whole by means of require-
ments definition and specification; the hardware level, in which
the hardware specification and hardware variability manage-
ment take place in conjunction with architecture definition,
design of the components and simulation; and, the software
level, where we perform the software variability specification
and management, architecture definition, subsystems design,
simulation, testing, and code generation. Since the proposed
approach focuses on CES, various activities of validation and
verification permeate the activities of each level. It is important
to notice that at the hardware and software abstraction levels a
more detailed specification takes place by the eventual alloca-
tion with schedulability and underlying model transformations
(model-to-model and model-to-text transformations), which
are used to bridge the gap between these abstract design
models and subsequent design phases, such as verification,
hardware descriptions of modeled targeted architecture and
generation of platform specific embedded software from in-
dependent architecturally software specifications.

1) System abstraction level: The system abstraction level
starts with the SPL requirements definition by means of a
domain analysis, in which the user initially specifies the
requirements related to the system product line. For this
purpose a SysML requirements diagram with the distinction
between functional and non-functional requirements including
a simple tagged stereotypes mentioned above to define manda-
tory, optional and alternative requirements is recommended.
Refinements of this diagram can be done as long as necessary,
specially after hardware and software specification, to produce
a validated artifact that can be included in the SPL repository.
In the Application Engineering, when concrete products are
instantiated, this document will be matched against the specific
product requirements. As illustrated in Figure 1, the artifact
repository is update during SPL life cycle for both Domain
Engineering and Application Engineering. So, if concrete
products have new requirements not covered by the SPL, the
requirements diagram can be further reviewed to include them.

After the requirements identification, we propose the defi-
nition of SPL features based on the requirements model, by
means of feature model [16]. This model also defines the SPL
mandatory, optional and alternative features, as well as the
constraints that must be validated during the composition of
the products. The restrictions are mainly represented by the
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dependencies between features.

Fig. 2. A portion of the feature model for the UAV Product Line – system
abstract level.

In Figure 2, we illustrate the system abstraction level UAV
feature model. It is important to notice that this is a initial high
level feature model and included both hardware and software
features that should be refined in both hardware and software
abstraction levels. The decision regarding the implementation
of some of these features in hardware or software is done
at a later point in the project, which can be even possible
at the Application Engineering phase, as it depends on the
results of simulations in conjunction with specific restrictions
of each product, like for example, execution time, cost and
other factors. Some of the features should be implemented and
stored in a software/hardware artifact repository. Regarding
the repository to store hardware artifacts, we refer in a logical
level, to a hardware models repository.

In the next step the system requirements are converted
into use case scenarios and into a system domain model.
The use case is described using traditional UML Use Case
Diagrams plus the stereotypes to represent mandatory, optional
and alternative use cases. The system domain model can be
modeled using a class diagram, in which the concepts are
represented by pseudo-classes, where we also propose the
use of the above mentioned stereotypes. These two modeling
concepts are strongly related to the functional high level spec-
ification described subsequently. While the use case is needed
to obtain a SysML block diagram, the domain model is used to
communicate with domain experts for a better understanding
about the domain, for validating the specification and for a
future definition of a domain specific language by means of
UML profile.

To finalize the system abstraction level, each use case is
converted into a SysML block (or internal block), for example
by applying the MADES methodology [2], with the difference
that a mandatory use case is converted to a mandatory block,
an optional use case is converted to an optional block, and
an alternative use case is converted to an alternative block.
After including all the developed artifacts in the repository,
we can continue the SPL development by going to hardware
or software abstract levels or even to both in parallel. Even
though some authors consider MARTE and SysML profiles
incompatible, by using the MADES methodology we avoided
conflicts related to the two profiles. SysML is used for initial
requirements and functional description, while MARTE is
utilized for the enriched modeling of the global functionality
and execution platform/software modeling [2].

2) Hardware and software abstraction levels: In the next
step of domain engineering we lower the abstraction level, with

the possibility of starting with hardware or software abstrac-
tion level, or both in parallel. In both hardware and software
abstraction levels, the requirements specification focuses on
variability management through feature diagram refinement.
It is not necessary to write another requirements model from
scratch, but it might be necessary to update the previous one
to maintain traceability between artifacts.

It is important to keep in mind that hardware variability
management should concern the impact evaluation of hard-
ware variabilities on software requirements, and also software
variability management should concern the impact evaluation
of software variabilities in hardware requirements. To manage
this impact we propose the use of a dependence matrix, which
relates every possible impacting hardware variabilities to the
corresponding software change variabilities and, on the other
hand, relate every possible impacting software variabilities to
the corresponding hardware change variabilities, as illustrated
in Figure 3. This matrix can be configured as OCL constraints
[17] to validate product instantiation in application engineer-
ing. Observe that for example automatic landing software
feature requires Landing gear hardware feature.

Fig. 3. A portion of the dependence matrix for the UAV Product Line

Once the refined feature management is completed, the
designer can move to the partitioning of the system in ques-
tion: depending upon the requirements and resources in hand,
he or she can determine which part of the system needs
to be implemented in hardware or software. It is possible,
although it substantively increases SPL cost, to increase the
number of possible SPL members derivation by implementing
system features in a redundant way, ie, whenever possible,
maintain in the repository features implementations in both
hardware and software. Thus, it becomes part of the Applica-
tion Engineering, whenever possible, to decide if the features
implementation component should be integrated in the product
by software or hardware.

For a description of the different steps related to each
design level by means of MARTE concepts, see the work
of Quadri et al. [2], which can be adapted to this approach
by adding mandatory, optional and alternative stereotypes to
the target models for the hardware and software specification,
architectural definition, components and subsystems design
and simulation. It is also important to perform validation
activities in every model to improve safety. At the end of this
phase our repository contains all the artifacts and the domain
engineering is concluded.

B. Application Engineering

Application Engineering corresponds to a product line target
system configuration by assembling reusable artifacts from the
repository. This step is the responsibility of the application
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engineer, who is responsible for eliciting system requirements,
verifying that the system being developed belongs to the
SPL and, if so, selecting the desired features for the target
system. The feature selection defines which system artifacts
should make part of the new system. From this configuration,
the target system is assembled from reusable components
developed in the Domain Engineering. To end this step, it is
necessary to conduct simulation and testing also on the target
system to validate it. The software system instantiation can be
automatic by configuring the SPL in an application generator
like Pure::variants [11] or other available tools.

V. CONCLUSIONS

This paper aimed to present an approach for the devel-
opment of critical embedded systems product lines with the
use of MDD in both Domain and Application Engineering,
as well as software and hardware variability management. To
fulfill this objective we have used a subset of UML profiles
like SysML, MARTE and a simple variability management
profile combined with the feature modeling and a dependency
matrix to simplify the challenges of critical embedded system
product line development. The use of the proposed approach
in the CES domain can bring the benefits of PL and MDD
techniques like reducing system costs and time-to-market and
increasing system reliability. The steps, models and concepts
from the proposed approach have been applied by a UAV
product line case study that was not shown due to lack of
space. For future work we propose to evaluate the use of other
MDD techniques during domain engineering to increase the
advantages of model transformations, to facilitate the adoption
of the proposed approach, and for automatic generation of
target system models.
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Abstract—Terms and their meaning connections provided by 

the Resource Description Framework (RDF) present nowadays 
the standard mechanism for Linking Data (LD) on the web. All 
the existing terms, whether they are built-in terms (imported 
from well-known vocabularies on the semantic web) or 
proprietary terms (custom terms created by data publisher) can 
be used to describe and link different things in the world 
through RDF statements, and by applying the general 
architecture of the World Wide Web known as Linked Data 
Principles (LDP). Sometimes, these existing terms are not 
enough and adequate to describe a particular data set; more 
proprietary terms need to be created and developed in a 
dedicated vocabulary using lightweight ontology of LD. The 
latter uses the constructors of Resource Description Framework 
Schema (RDFS) and little features from Web Ontology 
Language (OWL) to create new proprietary terms describing 
such data set. This idea is depicted in this paper through a 
phase retrieved from a Cyber Forensic (CF) process, called 
acquisition phase, where different forensic tasks need to be 
described using new proprietary terms. This paper explains 
how these new proprietary terms can be created and published 
using the constructors of the lightweight ontology to describe 
this forensic phase.     

 
Keywords—Linked Data; Linked Data Principles; Resource 

Description Framework Schemas; Web Ontology Language; 

Proprietary Terms; Cyber Forensic; State Preservation. 

I. INTRODUCTION 

Today, the WWW has radically altered the way to share 
information [1][3]. The interrelation is not just between 
documents, but it has evolved to link the data within these 
documents (i.e., Linked Data-LD) using the same aspects of 
web architecture (URI [4] and Hyper Text Transfer Protocol-
HTTP [5]). This data is described and represented using 
different terms imported from well-known vocabularies on 
the semantic web, or from proprietary terms retrieved from 
custom vocabularies created by the data publisher (i.e., such 
terms representing real objects and abstract concepts in the 
world). HTTP URIs are not only used to identify and 
interlink web documents but also interlink such terms, the 
fact that allows the latter to be dereferenceable/resolvable 
(i.e., it means that HTTP clients can look up the URI using 
the HTTP and retrieve a description of term/resource that is 
identified by this URI).     

Sometimes, the existing terms are not adequate, or there 
are no existing ontologies (vocabularies) containing terms 
describing a particular data set. Thus, new proprietary terms 

need to be developed in a dedicated vocabulary, applying the 
features of RDFS [9] and OWL [10] to describe this 
particular data set. However, before creating a new custom 
term, some aspects (criterions) should be taken into 
consideration

1
: 

1. Search for terms from widely used vocabularies that 
could be reused to describe the domain in interest. If the 
widely deployed vocabularies do not provide the required 
terms to describe such domain, so new terms should be 
defined as proprietary terms. 
2. When you define a new term, you need to have a 
namespace that you own and control (i.e., unique 
namespace), in order to mint your new terms to this 
domain/namespace. 
3. When you create new terms, you have to map these 
terms to those in existing vocabularies. 
4. Apply the LDP to your new terms by using the web 
technology stack (HTTP, URL, and RDF [8]) and this task 
takes place along the publication process, starting from the 
identification of terms until their publication. 
5. Label and comment each term you create. 
6. If your term is a property (predicate), you have to define 
its domain and range using the constructors of RDFS and do 
not overload your new term with ontological axioms.  
7. If at later time you discover that another term was 
enough, an RDF link should be set between the new created 
term and the existing one. 

This paper resumes the work published in [7] (see Figure 
1). In this work, a Cyber Forensics-Chain of Custody 
framework (CF-CoC) was proposed to transform the CoC 
from tangible documents into electronic data (e-CoC). This 
framework provided several layers to perform such task. The 
first two layers were about the creation of custom terms (i.e., 
forensic/victim terms) using lightweight ontology. This 
paper discusses how such terms are identified and defined 
using lightweight ontology in order to describe forensic data 
in order to be published later on the web of data. 

The current paper is organized as follows: next section 
discusses the state of the art and the map between 
lightweight ontology and CF. Section 3 presents the different 
constructors of lightweight ontologies; constructors of RDFS 
and OWL. Section 4 explains how the first two layers of the 

                                                           
1 http://linkeddatabook.com/editions/1.0/ 
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framework are designed and implemented, and how some 
forensic terms of the acquisition phase are defined. Finally, 
the last section concludes and summarizes this work. 

 
Figure 1 CF-CoC Framework [7] 

II. STATE OF THE ART: ONTOLOGICAL 

CONCEPTS AND FORENSIC PROCESS 

Publishing data on the web passes by three phases. It 
starts with identifying terms in the domain of interest. These 
terms are the things whose properties and relationships will 
be used later in the publication of data. Second phase, the 
identified terms are defined using different constructors of 
RDFS [9] and OWL [10], and uniquely named by HTTP 
URIs (i.e., as being explained in last section, a new term 
should be minted to a domain controlled and owned by the 
creator of the term). Finally, once terms are identified, 
defined, and named using HTTP URIs, they are then 
published on standardized contents formats. This format is 
the RDF [8] that provides a generic data model composed of 
a triple containing three slots: subject, predicate, and object, 
where the defined terms occupy one or more slot(s) in this 
triple. Because the RDF model does not provide any domain-
specific terms for describing classes of things in the world 
and their interrelation, it allows the combination of schema 
languages such as RDFS/OWL [9][10], and different  
mixture of distinct RDF vocabularies. Publication of these 
created terms takes place through a publication form (i.e., the 
third layer of the framework). 

 Although, the process of selecting terms is subjective 
and depends on the term creator (i.e., we may have two 
creators selecting and identifying two different terms 
describing the same concept in the real world), this does not 
affect the quality of terms being published, because the LDP 
on the web of data make them self-descriptiveness. The latter 
advantage is due to two reasons: 

 LDP with naming using HTTP/URIs, offer a 
dereferenceable nature to the term, so that any LD 
consumption applications can look up the 
RDFS/OWL definitions and retrieve more 
information about such term [11].  

 LDP with some schema constructors (i.e., OWL) can 
map a new term to existing terms from well-defined 
vocabularies in the form of RDF links [12].  

In a domain like CF, it is scarce to find forensic terms or 
well known vocabularies describing it, because it is still in its 
infancy and development. The most related work to define 

an ontology in CF, was published in [13], where an 
ontological model (i.e., with small ‘o’) was created for 
outlining CF tracks in the education process. Its aim was 
only to construct a hierarchical structure for classification of 
certification domains (i.e., the best convenient vocabulary to 
be used by the web of data to construct such type of ontology 
is the Simple Knowledge Organization System - SKOS 

2
). 

Thus, CF is a domain that requires the definition of new 
proprietary terms. In the CF-CoC framework, the need of 
creating new terms emerged from the objective to describe 
and represent tangible documents of CoC into electronic 
data. 

 

Figure 2 Abstract model of a Forensic Process 

The role player is the one who is responsible to prepare 
the tangible CoC for each forensic phase to answer the 5Ws 
(What, When, Where, Why, Who) and 1H (How), and to 
describe all the accomplished tasks performed during his 
forensic investigation (Figure 2). He will use the CF-CoC 
framework to represent CoC by defining new proprietary 
terms and publish such information on the web of data in 
RDF format. Any forensic process contains a set of phases, 
where each phase is assigned to a role player. Each forensic 
phase contains a set of forensic tasks; each task can be 
described using a set of terms representing the forensic 
information. However, before discussing how the role player 
can use the CF-CoC to generate the e-CoC, it is necessary to 
explain how the forensic information can be ontologically 
mapped (Figure 3).  

 
        Figure 3 Mapping between Ontological Concepts and a Cyber 

Forensic Phase. 

As shown in Figure 3, each forensic phase will have a 
corresponding lightweight ontology. Each lightweight 
ontology has a set of n categories, which will be equivalent 
to n forensic tasks. A category in the vocabulary should be 
described using a set of m terms. These terms are the 
proprietary terms describing a forensic task. 

This work considered the acquisition phase as an 
example to elaborate the idea of creating lightweight 
ontology with new proprietary forensic terms. 
[14][15][16][17][18]. 

                                                           
2 http://www.w3.org/2004/02/skos/ 
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      Acquisition Phase: this phase is about acquiring digital 
evidences from digital suspected devices (e.g., small-scale 
devices, large-scale devices, etc.). It contains three forensics 
tasks: state preservation, recovering, and copying. The role 
player of this phase is the first responder [17][14].  

 State preservation: the first task is saving the state of 
the digital device under question [19], by seizing the 
machine containing the suspected device. 

 Recovery: after seizing the suspected device, the role 
player tries to recover all deleted files on the device, 
especially the system files that records valuable details 
about this suspected device.  

 Copy: after recovering the deleted files, the first 
responder takes copy from the suspected device to avoid 
tampering and alteration.  

From the above forensics tasks, the role player can start to 
determine different terms to describe his CoC. In this paper, 
the authors are those who identified some terms of 
acquisition phase (see Table 1).  

                  TABLE-1 PROPRIETARY TERMS OF PRESERVATION TASK 

 
 

The T-Box, A-Box, and the column type will be 
discussed in next section. 

III. LIGHTWEIGHT ONTOLOGY:  RDFS AND OWL 

CONSTRUCTORS 

RDF is the standard format to create LD and it is 
sufficient to use the constructors of RDFS and a little feature 
of OWL. Combination of constructors from both 
vocabularies represents the lightweight ontology of RDF, 
known as RDFS++. Next subsections highlight all the RDFS 
constructors and some OWL primitive constructors to 
construct the first two layers of CF-CoC framework.  

The RDFS and OWL constructors are classified 
according the term type (rdfs:class, or to be a property 
owl:objectProperty). This definition takes place before the 
term will be used (i.e., before its publication- T-Box). Later, 
the defined terms are used to describe and publish different 
data (A-Box, Assertion Box) [23]. The type of the term also 
determines its slot position during publication. 

A. RDFS Constructors 

The RDFS constructors are used to define terms and their 

relationships. Consider the term in question is named X.  
  

 

TABLE-2    RDFS CONSTRUCTORS FOR PROPERTY AND CLASS TERMS 

 

B.  OWL Constructors 

The primitive selected from the OWL are mainly used to 
map between class and property terms.  

TABLE-3    OWL CONSTRUCTORS FOR PROPERTY AND CLASS TERMS 

      

IV. DESIGN AND IMPLEMENTATION: CASE 
3
STUDY ON ACQUISITION PHASE 

A. Work Environment  

The CF-CoC framework is implemented using Php and 
easyRDF, Graphiz tool, and its graph objects  are used 
within the easyRDF to produce and draw different RDF 
models

 3
.  

B. CF-CoC  Terms Definitions  

As shown in Figure 3, the first step is to create the 
ontology corresponding to a forensic phase. This ontology 
will contain all the forensic terms describing the different 
tasks of acquisition phase. Next figure shows the CF-CoC 
web application. 

                                                           
3 http://www.easyrdf.org/  

  http://www.graphviz.org/Documentation.php 
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Figure 4 CF-CoC Web Application 

As shown in Figure 4, the CF-CoC web application 
contains several modules. The first module, “Proprietary 
Terms”, contains two main tasks: the creation of ontology 
and the creation of terms (Figure 5). 

 
     Figure 5 Tasks of Proprietary Terms Module 

1) Creation of Ontology (Vocabulary): 

This task is about to create the ontology object of the 
acquisition phase (see Figure 3). The domain name field is 
required to mint the ontology to a unique domain name 
owned by the publisher (aspect 2). The second field is about 
the selection of role player certificate [20]. In addition, the 
value type of the role player can be a resource or a literal. 
Next fields are the ontology name and its label description. 
Last field is the publication date of the acquisition ontology 
(see Figure 6). 

 
        Figure 6 Creation of Acquisition Ontology 

      After completing this form, the acquisition ontology is 

generated by using the Graphiz module [24] (see Figure 7). 

 
Figure 7 Creation of Acquisition Ontology 

      After creating the acquisition ontology, the role player 

proceeds with the next module to create terms and append 

them to this new ontology object. 

2) Creation of terms (Acquisition Terms): 

      This task relates to four essential fields. The first field is 

the term name. The second field is selecting ontology to 

append the new proprietary term. The third field specifies 

the category/forensic task (see Figure 3). In our case, the 

category could be one of the three tasks provided in section 

2 (preservation, recovery, or copy). In this field, the user 

may select ‘New’ to create a new category or select 

‘Existing’ to import an existing category, defined in another 

vocabulary (ontology) created by another role player (see 

Figure 8) (i.e., two different forensic phase may have a 

common category/task [17]). Last field is the selection of 

term type (i.e., a term can be a property or a class). 

     Let now consider the following tangible CoC: 

 

“The name of the first responder in the acquisition phase is 

Jean-Pierre. He is the role player of this phase, and he 

preserved the state of the digital media, PDA device, which 

has the SN: 0G-4023-32-362. The date he did this task is 5 

March 2014”  

 
    Figure 8 Creation of a New Term
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The first step to create an e-CoC from this tangible CoC is 

to identify the terms (see Table 1). This case study contains 

T-Box and A-Box information. Terms of T-Box are of type 

class and property. The Role_player term is a class that can 

be defined as a subclass from the class Person in the FOAF 

(friend of a friend) ontology 
4
 (see Figure 9). This term will 

belong to a forensic task called Preservation.  

 
Figure 9 Creation of the Role_player Class 

      The First_responder term is a class that can be an 

instance of the Role_player class. Now, the Preservation 

category will be found under the ‘Existing’ category. 

Finally, the Digital_media is a subclass of owl:Thing (see 

Figure 10).  

 
Figure 10 Creation of the First_responder Class 

Now, the property terms (owl:objectProperty) will be 
defined. The domain and range of the term preservedby are 
defined to be Digital_media and First_responder class, 
respectively. This property term is defined to be a sub-
property from foaf:made property (see Figure 11).  

The preserve property is the inverse of preservedby 
property. Thus, the domain and range of the former will be 
also the inverse, First_responder and Digital_media 
respectively. Simply, if a digital media is preserved by a first 
responder, then this means that the first responder preserved 
the digital media (see Figure 12). The last property is SN: the 
serial number of a device is an inverse functional property, 

                                                           
4
 http://www.w3.org/TR/owl-ref 

   http://xmlns.com/foaf/spec/ 

because each serial number identifies one and only one 
subject (see Table 3). 

 
Figure 11 Creation of the preservedby Property 

        After creating all terms, the role player can generate the 
acquisition ontology with all the property and class terms of 
the preservation forensic task (Figure 12).  

        The created T-Box terms will be used to publish data. 

Therefore, they will describe the A-Box data. The latter is 

the e-CoC that will be consumed later by jury in court of 

law  using different consumption application (browsing [22] 

[21], searching [6] or querying [2]). Now, the data can be 

described and published using the terms defined in the T-

Box and by using the third layer of the framework, the user 

can publish different triples (i.e., using different 

vocabularies of the semantic web) and by the support of 

proprietary vocabularies defined by the role player.              

         Figure 13 shows the e-CoC (A-Box) of the forensic 

preservation task. This generated ontology does not answer 

all the question of CoC. It answers only the Who: Jean-

Pierre, What: PDA device, and When: publication date of 

ontology. In order to have the answers to other questions, 

more terms need to be determined and defined. In this 

figure, the cf-coc-Acq is the prefix namespace of the 

acquisition ontology: Jean-Pierre is an instance from the 

First_responder class (i.e., which is an instance of the Role_ 

player class), PDA device is an instance of Digital_media 

(i.e., which is instance from Things class), and presevedby is 

the inverse property of preserve property. SN is a functional 

property where its domain is the PDA device and its range is 

the 0G4023-32-362 (i.e., which is an instance of the Literal 

class). 

V. CONCLUSION AND FUTURE WORK 

 This paper discusses the idea of creating proprietary 
terms using lightweight ontology in order to publish and 
describe forensic information on the web of data. The work 
illustrates this idea through the preservation task of the 
acquisition forensic phase. It depicts how the first two layers 
of the CF-CoC framework are designed and implemented. 
Future work will discuss the remaining layers of this 
framework and how an e-CoC will be consumed by juries in 
a court of law.  
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Figure 12 T-Box Ontology of Forensic Preservation Task 5

 

 

Figure 13 A-Box Ontology of Forensic Preservation Task (e-CoC) 
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Abstract—  Global  Software  Development  has  become  an 
option for software companies to expand their horizons and work 
with geographically dispersed teams, exploiting the advantages 
brought  by  this  approach.  However,  this  way  of  developing 
software enables new challenges to arise, such as the inexistence 
of a formal, normalized model of a project’s data and artifacts 
accessible to all the individuals involved, which makes it harder 
for  them to  communicate,  understand each other  and what  is 
specified on the project’s artifacts. Then, this paper proposes a 
knowledge  management  tool  that  utilizes  a  domain-specific 
ontology  for  distributed  development  environments,  aiming  to 
help distributed teams overcome the challenges brought by this 
modality of software development proposing techniques and best 
practices. Thus, the main output of this work is Ontology-based 
System  to  Support  the  software  development  process  with 
distributed teams.

Keywords-Global  Software  Development;  Ontologies;  
Knowledge.

I. INTRODUCTION

Motivated by opportunities like the availability of experts 
worldwide,  cost  reduction,  local  government  incentives  and 
employee  turnover  reduction,  several  software  development 
companies  have  been  starting  to  work  with  geographically 
distributed  development  teams,  adopting  the  Distributed 
Software Development approach. 

The aforementioned distribution of teams brings along with 
it  new  challenges  to  the  software  development  scenario. 
Carmel  [1]  and  Komi-Sirvo  and  Tihinen  [2]  reiterate  the 
existence of these challenges by presenting some factors that 
are  likely  to  lead  distributed  software  development  projects 
into  failure:  inefficient  communication  between  distributed 
team members, diverging cultures and high complexity or lack 
of project management. 

In this context, the nonexistence of a formal,  normalized 
project data model accessible by the entirety of the team makes 
the communication between them and the understanding of the 
project  artifacts  harder,  which can be aggravated  when each 
member’s culture and customs is barely or even not known by 
the rest of the team. 

In  order  to  mitigate  these  problems,  the  utilization  of 
ontologies can be useful because they enable the creation of a 
common vocabulary. Wongthongtham et al. [3] mention that 
the use of ontologies represent a paradigm shift in Software 
Engineering and can be used especially to provide semantics 
for  support  tools,  strong,  knowledge-based  communication, 
centralization and information availability. 

This paper proposes DKDOnto, a domain-specific ontology 
for distributed software development projects, whose purpose 
is to aid those projects by defining a common vocabulary for 
distributed  teams.  Besides,  this  work  proposes  a  tool  that 
enables  both  handling  and  searching  the  information  in  the 
knowledge base, in order to get more useful information as to 
mitigate and avoid future problems inside the project. 

The main  goal  of  this  work  is  the  proposal  of  both the 
ontology  and  the  tool,  which  together  will  compose  a 
mechanism  to  ease  the  distributed  software  development 
process,  from  sharing  of  common  knowledge  between 
distributed  team  members  or  smart  agents  to  the  decision-
making process effectuated by the project managers. 

This paper is organized as follows: Ontology concepts are 
presented  in Section II;  Section III  contains  the knowledge-
based system proposal; Related works are presented in Section 
IV, where a succinct analysis and comparison of related work 
and this paper is made; and, finally, Section V brings the final 
considerations.

II. ONTOLOGIES

Various definitions are given as to determine a meaning to 
ontologies in the Computer Science context, the most popular 
and  best-known  definition  being  “a  formal,  explicit 
specification of a shared conceptualization”, given by Gruber 
[4]. By ‘formal’, he means that it is declaratively defined so 
that it can be comprehended by smart agents; by ‘explicit’, he 
means  that  the  elements  and  their  restrictions  are  clearly 
defined; by ‘conceptualization’, he means an abstract model of 
a  field of  knowledge or  a  limited  universe  of  discourse;  by 
‘shared’,  he indicates it is consensual knowledge, a common 
terminology  of  the  modeled  field.  Thus,  ontologies  set  an 
unambiguous,  common  higher  abstraction  level  for  several 
knowledge domains.
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Ontologies,  according to Guizzardi  [5],  are composed by 
concept,  relations,  function,  axioms  and  instances.  In  short, 
concept can be ‘anything’ about ‘something’ that is going to be 
explained. The interaction between a domain’s concepts  and 
attributes  is  called  relation,  whose  type  is  called  function. 
Axioms model  sentences  that  are  always  true  and  instances 
represent  elements  from the domain associated with specific 
concepts. 

The  use  of  ontologies  has  been  made  popular  by  many 
other  Computer  Science  subfields,  such  as:  Software 
Engineering,  Artificial  Intelligence,  Database  Design,  and 
Information Systems. One of the principal persons responsible 
behind this phenomenon is Web Semantics’  creator  [6],  Sir. 
Tim Berners Lee. Many reasons instigate the development of 
ontologies, according to [7] [8]. Some of these reasons are:

• Sharing  common  understanding  of  how  information  is 
structured between humans and smart agents;

• Reusing  knowledge  of  a  domain.  In  case  there  is  an 
ontology that  adequately  models  certain  knowledge of  a 
domain,  it  can  be  shared  and  used  by  engineers  and 
ontology  developers,  as  well  as  teams  that  develop 
semantic and cognitive applications;

• Making  explicit  assumptions  of  a  domain.  Ontologies 
provide  vocabulary  to  represent  knowledge  and  its  use 
prevents misinterpretations;

• Possibility of translation from and to various languages and 
knowledge  representation  formalisms.  The  translation 
concretizes an ideal pursued for generations by researchers 
in  Artificial  Intelligence.  It  makes  it  easier  to  reuse 
knowledge,  and  may  allow  for  communication  between 
agents  in  different  formalisms,  since  this  service  is 
available  in  an  increasing  number  of  knowledge 
representation formalisms. 
Furthermore,  ontologies help solve some of DSD project 

problems; for example, how to establish better communication, 
allow a  homogenous  comprehension  of  project  information, 
make the  project  management  a  less  laborious task,  prevent 
task  interpretation  errors  and  synchronize  the  enrolled, 
distributed team’s efforts and facilitate the knowledge sharing 
and standardization. 

III. KNOWLEDGE-BASED SYSTEM PROPOSAL

In  this  work,  is  presented  the  DKDOnto,  a  domain-
ontology  according  to  classification  adopted  by  [9],  which 
classifies the types of ontologies in: i) generic, ii) domain, iii) 
task and iv) application. 

The ontology proposed intends to be the basis for possible 
solutions of knowledge-based systems in the context of global 
software development, in order to assist all the professionals 
(client too) involved in the software development process with 
distributed teams. The DKDOnto emerges, thus, as a common 
knowledge  base  for  this  context,  leveraging  the  challenges 
deals, best practices and possible solutions, as well a road map 
with all the actors and their assignments. 

This  proposal  takes  a  step  beyond,  discussing  also  an 
inference  engine  called  DKDs,  extremely  flexible, 
customizable for each environment and giving support for the 
professional in real  time. The general  flow, operating means 
and features of the proposed system and the DKDOnto.

A. DKDOnto: Proposal Ontology

The  DKDOnto  ontology  was  developed  using  Ontology 
Engineering,  Methontology [14] and IEEE Standard [15] for 
developing  knowledge-based  information  systems 
methodologies; also, Method 101, proposed by N. F. Noy and 
D.  L.  Mcguinness's  [7]  was  used  a  complement  to 
Methontology.

Thus, the language used to build the ontology was OWL, 
which eases the publication and sharing of ontologies [16] and 
it has also been proposed as a standard for the World Wide 
Web Consortium (W3C), incorporating and taking advantage 
of  the  strength  of  earlier  languages.  OWL  is  an  ontology 
language (Semantic Web [17]) with high-level expressivity and 
great  potential  for knowledge inference.  In order  to edit  the 
ontology, the use of Protégé [18] was employed. It is a free, 
extensible,  Java-based,  open-source  ontology  editor  and 
knowledge-based framework.

The  DKDOnto  has  about  50  classes,  but  this  paper 
describes the following core classes.

•  Project:  the  main  class  of  this  knowledge  base.  It  is 
responsible to store all  the information about the settings of 
projects, from allocated team members to phases to activities to 
artifacts used.

•  Member:  it  is  a  subclass  of  Resource.  Member  is  an 
individual who has access to the environment and are allocated 
to  Projects.  A member  has  skills  and works  in  a  place  and 
participates directly in the project, reporting best practices and 
challenges, using and creating artifacts.

• Best Practices: all the solutions and best practices used to 
face any problem should be stored in this entity. This class is 
responsible for helping avoid challenges and problems found 
and  reported  by  a  member  during  the  execution  of  their 
activities. It also to solve these challenges and problems.

•  Challenges:  all  the  challenges  and  problems  found  by 
members should be stored in this class. A challenge can use 
best practices to solve itself. This entity is fundamental because 
the challenges  has some solution or  best  practice  associated 
with  some  practice  can  be  used  and  available  to  another 
members with same problems.

•  Skills: all members’ knowledge are stored in this entity. 
The Member's  skill  enables  to avoid challenges and solve it 
too. This class allows too that activities be distributed for the 
members according their skills.

• Place: it is a fundamental class to define exactly where the 
envolved  member  are  in  Project.  This  entity  estores  all 
information  about  member's  localization,  defining  what  is 
dispersion level and temporal distance.

•  Artifact:  class  that  is  used  by  almost  all  other  main 
classes. It supports members and their activities. Tools can use 
artifacts in specific activities, too.

This ontology uses two fundamental classes for the sucess 
of this proposal. These classes are responsibles for storage all 
information  about  the  problems  and  solutions  during  the 
project.  These  classes  are  called  of  Challenges  and 
BestPractices. Thus, user's queries allows to view responses of 
the challenges,  the knowledge base returns the best practices 
found for a certain team setting and can be applied to support 
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challenges, which can be useful for other teams involved with 
the same project or other teams from different projects.

Another important concept about ontologies is the Axiom, 
Freitas [8] affirms that Axioms are an important component of 
ontologies  to  describe  the relationships among the concepts. 
The DKDOnto used a set of axioms to ensure the rules were 
met by knowledge domain. For a better contextualization, some 
axiom are presents  bellow, in Figure 1.

Fig1.  Some Axioms from DKDOnto

All  the  main concepts  used  in  Axioms are  referents  the 
fundamental  classes  from DKDOnto.  The first  means that  a 
Project  has  a  Bestpractice,  so,  the  second  means  that 
Bestpractice  can  solve  a  Challenge,  then  the  manager  can 
authorize Challenges related by another members, Manager is a 
Member, Member executa the activities or tasks, and finally, 
Member  user  Tools.  It  was  verified  the  creation  of  an 
existential  quantifier  in  generated  axioms  indicating  that 
Description Logic was used.

B. DKDs: Proposal Tool

DKDs was developed to aid in the transmission, generation 
and distribution of knowledge. It is a support tool for decision-
making in  DSD,  which,  based  in  resources  and information 
from the  context  of  a  project,  the  system suggests  possible 
solutions for the problems found to its users. In this sense, the 
system accesses the knowledge base having distributed projects 
experiences,  their  configurations,  challenges  faced  and 
solutions used to overcome those challenges.

This  tool’s  main  goal  is  to  support  the  complete  DSD 
process,  offering  recommendations  considering  the  project 
setting  and  organization,  technical  and  nontechnical 
experiences.

In order  to develop DKDs,  the general  platform adopted 
was J2EE [19]; the web application frameworks utilized were 
Grails  [20]  (High-productivity  web framework  based  on the 
Groovy language [21]) and Google Web Toolkit (GWT) [22]; 
Hibernate (Java persistence framework project) [23] was used 
for  persistence;  and  to  manipulate  the  ontology,  the  Jena 
framework  was  employed,  which  is  also  responsible  for 
construction  and  manipulation  of  Resource  Description 
Framework (RDF) [24] graphics. 

With the DKDs a member from a project can know who are 
the another members envolved and have some instructions to 
talk each other depending their cultural characteristics. So, it 
helps to avoid any problems the communication (email, talk, 
phone). Furthermore, any doubt about some artifact or activity 
can be solved with the correct member, that is indicated by the 
tool.

Among DKDs’ main features, the most important ones are: 
DKDs uses the inference engine Pellet for inferring facts based 

on  the  information  that  has  been  previously  stored  in  the 
knowledge  base,  thus,  some  outcomes  that  the  system  can 
generate:

• Starting  the  project,  request  a  guideline  with 
suggested best practices for similar contexts

• Starting  the  project,  request  a  guideline  with  main 
challenges for similar contexts

• Determines who are the most qualified members  to 
solve technical problems; 

• Suggests possible practices,  tools or techniques that 
can be employed to avoid challenges

• Find possible solutions used previously to problems 
encountered

• Evaluating the solutions proposed by the tool
• Suggest adaptations to the proposed solutions

The application is basically composed by four modules, the 
Inference  Module:  allows  for  a  precise  deduction  of 
information about  DKDOnto in RDF and OWL code,  using 
inference engine Pellet. The Query Module, this is where all 
the queries made by users occur. As it was mentioned earlier, 
queries are made in SPARQL language and are transparent to 
the users. The Views Module: gives access to all the reports 
made  according  to  the  users’  needs.  And  finally,  the 
Management Module:  responsible for enabling access  to the 
ontology with insertion, removal and editing of the data in the 
ontology permissions.

For example, an user can access the application and insert, 
delete,  edit  and  view  all  the  data  (instances  contained  in 
DKDOnto) by the Management  Module.  The same user can 
use View Module for  the ask the system to inform what  is 
necessary, so, this module activates the Query Module that use 
the Inference  Module to bring appropriate  responses  for  the 
user.

The  users  have  an  access  interface  to  execute  the 
abovementioned functions on one side, whereas on the other 
side,  there  is  the  SPARQL  (Query  language  for  Resource 
Description  Framework) [25]  inference  engine  to  consult 
DKDOnto,  and the interface component (OWL API [26]) in 
the middle, which interacts with both sides. Integrating all the 
demands from user using the inference module.

Figure 2 shows the tool’s general functioning as described 
above.

Fig. 2. Tools General Functioning

84



IV. CONCLUSION

As globalization  took  place,  the  distribution  of  software 
development processes have become an increasingly common 
fact. The DSD work environments are very complex and there 
are no mature practices  for this context since it  is relatively 
new.  In  this  sense,  ontologies  can  bring  benefits  such  as  a 
shared understanding of information, ease of communication 
among  distributed  teams  and  effectiveness  in  information 
management.

DKDOnto  and  DKDs  fulfill  what  has  been  proposed, 
consisting of a computing tool that can be used for treatment, 
analysis and utilization of information on distributed software 
projects.  In  this  sense,  the ontology and the tool  allow that 
actors  in this scenario obtain and access  correct  information 
and artifacts, providing a high-level knowledge model for the 
team  members.  This  work  was  realized  after  a  systematic 
mapping that aimed to identify ontologies formalized in DSD 
context, provided that advance the state of art, highlighting the 
need to use ontology in this field. Is possible to view all the 
Systematic Mapping Results in Borge's work [27]. 

The results obtained to this date are expressive, in which, 
for  example,  the  project  manager  has  actual  consistent 
knowledge of  which cultures  are  involved in  the distributed 
teams and which  are  the  implication  of  this,  which  enables 
them to  handle  each  case  effectively.  Similarly,  a  technical 
leader  has  access  to  the  project  participants’  technical 
knowledge,  making  them  able  to  require  or  assign  specific 
activities accordingly to the expertise of each team member.

Another important point is that the ontology, as presented 
in Section 3, has two fundamental classes, namely Challenges 
and Solutions that are directly utilized by the query tool. That 
way, the knowledge base will return the challenges found for a 
certain team setting and also which solutions can be applied to 
such challenges, which can be useful for other teams involved 
with the same project or other teams from different projects.

The  next  step  in  this  segment  is  to  concretize  the 
acquisition of knowledge in a systematic way in order to fill 
the ontology. In this case, it will be possible to make tests and 
simulations  with higher  precision  since  all  the  inserted  data 
will be from real projects. Furthermore, other techniques can 
be used for improves the support of Challenges, for example, 
the  use  of  natural  procesing  language  for  retrieve  better 
solutions or best practices based in challenges cases.
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Abstract— Computer technologies, sensor technologies, fiber 

optics, high-performance network technologies, mobile devices, 

wireless sensor networks, and powerful data repositories have 

permeated all layers of industry and opened the door for 

unprecedented data analytic capabilities used to improve 

equipment operation, equipment design, process quality, and 

product quality. Powerful and inexpensive sensors can 

continuously collect data about industrial equipment 

operations and industrial processes.  Human operators and 

maintenance workers also utilize mobile devices to carry out 

their work collecting and transmitting enormous amounts of 

data related to the industrial activity. This paper presents the 

concept of Industrial Analytics which provides a framework 

for analyzing industrial data to discover valuable knowledge of 

the industrial activity that can help make decisions related to 

equipment design, predictive maintenance, process 

optimization, remote services, and product quality. The paper 

also presents an Industrial Analytics example applied to 

instrumented and networked electro-mechanical devices 

conducting their work in industrial environments. 

Keywords-industrial analytics; sensors; machine learning; 

data repositories; networked electro-mechanical devices; 

knowledge discovery. 

I.  INTRODUCTION 

We are in a new era of industrial growth that combines 
computers, sensors, data repositories, high bandwidth 
networks, mobile devices, autonomous machines, and data 
analytics that drive industrial innovation and growth. [6].  
Exemplified variously by the “Industrial Internet,” “Internet 
of Everything,” “Sensor Analytic Ecosystems,” and the 
“Internet of Things,” this era merges fields such as machine 
learning, machine-to-machine and human-to-machine 
communications, and sensor and database technologies.  [4] .  

Examples include Brizzi et al. [1] where real-time data 
collection and analysis on manufacturing processes allow 
companies to optimize energy and water consumption at 
each stage of the production cycle. Liu et al. [5] also discuss 
how the IoT can be applied to the automotive industry for 
monitoring, managing, and processing automobile 
manufacturing and the post-sale social management process. 
Authors like daCosta [3] discuss how the IoT will enable 
machine-to-machine communication.  

We find in the literature very little discussion about the 
automated analysis of industrial data.  We refer to this 
capability as Industrial Analytics.  The hallmarks of 
Industrial Analytics is the automated collection of large 
volumes of data generated by machines, computers, and 
people and the application of statistical and machine learning 
techniques to draw conclusions and knowledge about 
industrial processes. 

In this paper we present one example of Industrial 
Analytics where data generated by electromechanical 
equipment is analyzed for the purpose of industrial system 
design and predictive maintenance. Section II of this paper 
discusses the importance of instrumented and networked 
machines in Industrial Analytics. Section III presents a 
proposed framework for Industrial Analytics.  Section IV 
presents results and analyses conducted in a real-world case 
at ABB.  Finally, Section V presents conclusions and future 
work in the field of Industrial Analytics. 

II. INSTRUMENTED AND NETWORKED MACHINES 

Instrumented machines have integrated sensors that 
collect data related to machine operations, interactions with 
other machines, machine-process data, and product quality 
data [1]. Examples of these machines include: (a) power 
transformers that operate in power transmission and 
distribution grids and have sensors that measure attributes 
such as concentration of gasses and moisture levels in the 
coolant oil, vibration, oil temperature, power loading, and 
ambient temperature and moisture; (b) robots that operate in 
manufacturing, packaging, and assembly, with sensors that 
measure controller temperatures, torques, arm loads, 
electrical values, CPU utilization, ambient temperatures, 
ambient acidity, and ambient moisture; (c)  motors and 
drives; (d) instrumented mining equipment such as gearless 
mill drives; (e) cargo ships; and (f) instrumented machine 
tools, among others. Instrumented machines connect to high-
performance networks (HPNs) to transmit high data volumes 
in real-time. HPNs quickly transmit large volumes of data, 
allow the sharing of expensive computational resources, and 
allow distributed analytics with computing and data 
resources located at widely separated locations. In theory, 
this allows users to bring more computing power and better 
data to bear on their problems, but in practice the difficulties 
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imposed by distributed computing have often outweighed the 
benefits, resulting in limited acceptance of distributed 
computing by the user community. Instrumented machines 
are becoming more of a norm than exception in industry and 
as the time goes by, this trend will continue to grow. 

III. INDUSTRIAL ANALYTICS FRAMEWORK 

Figure 1 shows a high level diagram of the context employed 
at ABB for Industrial Analytics. Instrumented networked 
machines produce work for industrial processes. These 
machines and processes are instrumented with sensors that 
collect data store it in a variety of repositories. A data 
analytics platform pre-processes and cleanses the data. The 
platform also is utilized to analyze the performance of both 
machines and process. These activities result in the 
generation of knowledge that can be used for predictive 
maintenance, diagnostics or for improving product design. 
 

 

IV. GENERATING DESIGN KNOWLEDGE FROM 

INSTRUMENTED ELECTROMECHANICAL MACHINES 

Industrial machines perform heavy, repetitious, 
potentially dangerous, high volume work. These machines 
include motors and drives, mining equipment, power 
equipment, and flexible automation equipment, among 
others. Fig. 2 illustrates a simplified installation diagram 
used in the remainder of this paper to discuss the concept of 
Industrial Analytics.  This installation consists of: (a) 
instrumented equipment cooling fans; (b) instrumented 
electro-mechanical machines that perform production work; 
(c) instrumented controller(s); (d) high-bandwidth fiber 
optics network; (e) fiber optics transmitters; and (f) array of 
data repositories that persist time series data gathered by the 
sensors. The sections below describe examples of how data 
generated by real-world implementations of Fig. 2 was 
analyzed to derive useful knowledge for product re-design, 
diagnostics and predictive maintenance.  

V. DATA DESCRIPTION AND ANALYSIS 

Production data for installed machines at many customer 
sites are continuously collected and stored in a relational 
database.  The database schema consists of more than 70 
tables and at the time of the study contained less than 0.5 
terabyte of data. The machines are of the same equipment 
family and the data available consist of event log entries.  

The date, time, type, and reason behind each event are 
recorded.  Data include measurements on battery status, fan 
speeds, communications status, voltage levels, I/O Bus 
information, memory, CPU utilization, temperatures, 
positional and movement information, and controller-related 
data.  Also recorded are alarms associated with the recorded 
events. Measurements and event log entries are associated 
with alarms. Alarm information includes status code, 
comments, acknowledgement date, and notifications times. 

 

Critical elements for which data analyses are conducted 

in the system presented in Fig. 2 utilizing sensor data 

collected include the cooling fans, CPU temperature, CPU 

utilization, and motion analyses. Historical data based on 

these sensor data was utilized to develop machine learning 

models that are utilized to analyze incoming new data from 

these components. These analyses are summarized below. 

   

1) Cooling Fans Data Analysis 
Several fans are used in installations similar to the one 

that in Fig. 2.  These include CPU, cooling unit, the 
controller, and power fans.  Speeds (RPMs) are collected, 
transmitted and stored for all fans. Fig. 4 shows the 
distribution of the speeds of a typical fan.  The letters A 
through F indicate the presence of multiple peaks.  Peaks A 
and D are very prominent suggesting two distinct major and 
four minor populations. Fan speeds for this installation vary 
considerably between 2,700 and 14,000 RPM.  Analysis of 
the data generates knowledge about velocities related to fan 
failures, associations between failures and events, 
associations between velocities and temperatures, and 
associations between velocities and system alarms. 

 

 
 

Figure 1. Industrial Analytics Framework 

 
Figure 1. Single-site instrumented networked machines 

installation. 

 

 

 
Figure 2. Distribution of fan speeds. 
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Fig. 4 illustrates a downward trend in fan speed over 
several weeks that precede a fan failure.  In this case it is 
possible to observe that the speeds return to normal after the 
fan is replaced.  Using time series prediction techniques it is 
possible to anticipate fan failures from this data often days or 
weeks in advance of the actual failure. 

 

2) Fan Speed and CPU Temperatures 

Referring to Fig. 2 fan speeds form several clusters.  By 
assigning each speed to the nearest peak, we perform an 
analysis of variance to see if fan speeds are related to CPU 
temperature.  Fig. 5 shows a resulting box plot and the P-
value (<2.23-16 in Fig. 6) indicates a very strong association.   

 

 

The box plot shows temperatures decreasing as speeds 
increase.  One might expect that fan speeds are a response to 
temperature and that higher temperatures associate with 
higher speeds.  What we observe is that higher speeds are 
associated with the degree of cooling and, thus, a decrease in 

temperatures.  However, above a certain threshold 
temperatures increase indicating that that the fan cannot 
provide additional cooling.  

3) Fan Speeds and Events 
A Decision Tree analysis models correlations between 

fan speeds and events as illustrated in Fig. 7 For example, the 
model identifies alarm 20310 (fan failure) with an accuracy 
of 92.99%, a precision of 63.53%, a recall of 99.53%, and an 
f-measure of 77.56%. The model also identifies alarm 37054 
(faulty fan) with an accuracy of 92.99%, a precision of 
95.14%, a recall of 91.51%, with a calculated f-measure of 
93.29%.  Lastly, the Decision Tree model identifies alarm 
50204 (motion supervision module issue) with an accuracy 
of 92.99%, a precision of 98.75%, a recall of 92.54%, and an 
f-measure of 95.54%. 

 

4) Memory Usage and Temperature Analysis 
The amount of RAM utilized by the main controller 

computer over time was also collected. Decision Tree 
analyses on alarms were conducted to identify trends 
between alarms and RAM usage (Fig. 8). The model was 
able to predict alarm 37050 (over temperature in main 
computer) with a precision of 94.44%, a recall of 61.08%, an 
f-measure of 74.1% and an accuracy of 95.61%. The model 
also predicts alarm 37054 (Faulty Computer Unit fan) with a 
precision of 95.69%, a recall of 99.59%, and a calculated f-
measure of 97.60% and an accuracy of 95.61%. 

5) Motion Analysis 
Electromechanical devices move and to be useful they 

must move in predictable ways.  However, mechanical 
devices drift over time causing errors in motion.  We 
examined position, speed and torque and employed decision 
trees to predict the warnings and alarms from various 
combinations of values. In Figure 9 we examined position 
and speed to construct a decision tree to predict collisions 
with items in the environment. 

 

 
Figure 3. Fan speed degradation over time. 

 
Figure 4. Fan speed boxplot. 

 
Figure 5. Fan speed analysis of variance. 

 
Figure 6. Decision tree correlating events to fan speeds. 
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The boxes indicate different combinations of position and 
speed.  The shading indicates the probability of a collision 
for a given combination of values.  We see a dark shaded box 
at the right signifying a high degree of probability that a 
collision will occur with its particular combination of 
position and speed.  In this case there was more than an 86% 
probability of collision. In Figure 10 we examined various 
torques to see if certain torques are associated with a 
particular type of equipment movement (for proprietary 
reasons, we cannot reveal the exact nature of the movement).  
Again we see that certain torques produce tree nodes that 
predict the equipment movements with high probability.  The 
darker nodes indicate an ability to predict the movements 
with greater than 88% probability. Lastly, we used a decision 
tree to examine the relationship between equipment motion 
and alarms associated with the equipment power supply.  
Figure 11 illustrates the tree demonstrating that certain 
combinations result in particular warnings with greater than 
98% probability. 

VI. CONCLUSIONS 

In this paper we presented an example of how Industrial 
Analytics is applied to a system with instrumented 
electromechanical devices.  Machine learning models were 
developed utilizing historical data from an instrumented 
electromechanical system implemented at a real-world 
facility.  Using these models we demonstrated the ability to 
predict various types of important predictions and analyses 
associated with these devices. These predictions did not 
require physical models of the devices or how they operate.  
In contrast, we were able to make predictions based solely on 

real-time measurements collected during the course of 
equipment operation. This approach is applicable to 
numerous situations where physical models are too difficult 
to create.  The knowledge generated by analyzing data that 
originates from instrumented electromechanical machines 
can be used for machine diagnostics, predictive maintenance, 
and machines re-design. Future work in Industrial Analytics 
will be focused on more complex systems. 
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Figure 8. Decision tree for predicting equipment collisions. 

 

Figure 9. Decision tree predicting equipment motion from torques. 

 

Figure 10. Decision tree predicting power supply warnings. 
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Abstract—Testing a protocol at runtime in an online way is a
complex and challenging work. It requires the ability to handle
numerous messages in a short time, and also requires the same
offline testing preciseness. Meanwhile, since online testing is a
long term continuously process, the tester has to undergo severe
conditions when dealing with large amount of nonstop traces.
In this paper, we present a novel logic-based online passive
testing approach to test, at runtime, the protocol conformance
and performance through formally specified properties with new
definitions of verdicts. In order to evaluate and assess our
methodology, we experimented our approach with several Session
Initiation Protocol properties in a real IP Multimedia Subsystem
environment. Relevant verdicts and discussions are provided.

I. INTRODUCTION

Testing is a crucial activity in the evaluation process of
a system or an implementation under test (IUT). Among the
commonly applied approaches, the passive testing techniques
(also called monitoring) are today gaining efficiency and reli-
ability [9]. These techniques are divided in two main groups:
online and offline testing approaches. Offline testing computes
test scenarios before their execution on the IUT and gives
verdicts afterwards, while online testing provides continuously
testing during the operation phase of the IUT.

With online testing approaches, the collection of traces is
avoided and the traces are eventually not finite. Indeed, testing
a protocol at runtime may be performed during a normal use
of the system without disturbing the process. Several online
testing techniques have been studied by the community in
order to test systems or protocol implementations [14], [10],
[2]. These methods provide interesting studies and have their
own advantages, but they also have several drawbacks such as
the presence of false negatives, space and time consumption,
often related to a needed complete formal model, etc. Although
they bring solutions, new results and perspectives to the
protocol and system testers, they also raise new challenges
and issues. The main ones are the non-collection of traces
and their on-the-fly analysis. The traces are observed (through
an interface and an eventual sniffer) and analyzed on-the-fly
to provide test verdicts and no trace sets should be studied
a posteriori to the testing process. In our work, we present a
novel formal online passive testing approach applied at runtime
to test the conformance and performance of the IUT.

We herein extend our previous proposed methodology [3],
[4] that presented a passive testing approach for checking the
requirements of communicating protocols. In [3] and [4], a for-
malism was applied to test in an offline way the conformance
and performance of an IUT. In this new paper, we develop
our approach to test these two aspects in an online way in
considering the above mentioned inherent constraints and chal-
lenges. Furthermore, our framework is designed to test them
at runtime, with new required verdicts definitions of ‘Time-
Fail’, ‘Data-Inc’ and ‘Inconclusive’ representing unobserved

message within timeout, untested data portion and uncertain
status respectively. Finally, to demonstrate the efficiency of
our online approach, we apply it on a real communicating
environment for assessing its preciseness and efficiency.

Our paper’s primary contributions are:

– We provide a formal online passive testing approach
to avoid stopping the execution of the testing process when
monitoring a tested protocol. The analyzed traces are never
cut which improves the accuracy of the test verdicts.

– Our approach allows the testing process to be executed in
a transparent way without overloading the CPU and memory
of the used equipment on which the tester will be run.

– Data portion of the messages is taken into account in our
online testing approach, and new definitions of online testing
verdicts are introduced.

II. RELATED WORKS

When studying the literature, we note that there are very
few papers tackling online passive testing. We can however
cite the following ones.

In [16], the authors proposed two online algorithms to
detect 802.11 traffic from packet-header data collected pas-
sively at a monitoring point. They built a system for online
wireless traffic detection using these algorithms. Besides, some
researchers presented a tool for exploring online communi-
cation and analyzing clarification of requirements over the
time in [8]. It supports managers and developers to identify
risky requirements. We should also cite the works [11], [15]
from which an industrial testing tool has been developed.
These works are based on formal timed extended invariant to
analyze runtime traces with deep packet inspection techniques.
However, while most of the functional properties can be easily
designed, complex ones with data causality can not. Though
their approach is efficient with an important data flow, the
process is still offline. To be complete, we have to mention
that studies have also been performed to generate invariant
from model-checkers. However, it requires a formal model and
it still raises unresolved issues [6].

Inspired from these above cited works, we propose an
online formal passive testing approach by defining functional
properties of IUT, without modeling the complete system, and
by considering eventual false negatives. For this latter, we
introduce a new verdict ‘Time-Fail’ for distinguishing the real
faults and the faults caused by timeouts. In addition, since
online protocol testing is a long-term continuously testing
process, we provide a temporary storage for remaining the
integrity of incoming traces. Further, our approach provides
the ability to test both the data portion and control portion,
accompanying with another new verdict ‘Data-Inc’.
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III. ONLINE TESTING APPROACH

In this section, we describe the architecture and testing
process of our online testing approach. We also provide the
new definitions of online testing verdicts.

A. Architecture of the approach

In our approach, the Horn logic [7] is used for formally
expressing properties as formulas. This logic has the bene-
fit of allowing the re-usability of clauses. And it provides
better expressibility and flexibility when analyzing protocols.
A syntax tree generated from the formulas will be used for
filtering incoming traces and optimizing evaluation processes.
For the evaluation part, we use the SLD-resolution algorithm
for evaluating formulas. The architecture of our online testing
approach is illustrated in Figure 1.

Fig. 1. Architecture of our online testing approach

B. Testing Process

The testing process consists of 8 parts (Figure 1): Formal-
ization, Construction, Capturing, Generating Filters/Setup, Fil-
tering, Transfer/Buffering, Load Notification and Evaluation.

Formalization: Initially, informal protocol requirements
are formalized using Horn-logic based syntax. Due to the space
limitation, we will not go into details. The interested readers
may have a look at the works [3] and [9]. Then the verdicts
{‘Pass’, ‘Fail’, ‘Time-Fail’, ‘Inconclusive’, ‘Data-Inc’} are
provided to the interpretation of obtained formulas on real
protocol execution traces.

Construction: From formalized formulas, a syntax tree
is constructed for further testing processes. In this process,
each formula representing a requirement will be transformed
to an Abstract Syntax Tree (AST) using the TREEGEN algo-
rithm [12]. The standard BNF representation of each formula
is the input to construct an AST. All the generated ASTs
are finally combined to a syntax tree using a fast merging
algorithm [1]. The syntax tree will be transferred to the tester
as requirements and will be used to filter the captured traces.

Capturing: The monitor consecutively captures traces of
the protocol to be tested from points of observations (P.Os) of

the IUT, until the testing process finishes. When messages are
captured, they are tagged with a time-stamp tm in order to test
the properties with time constraints and to provide verdicts on
the performance requirements of the IUT.

Generating Filters and Setup: Once the syntax tree is
constructed, it will be applied to captured traces for playing
the role of a filter. Meanwhile, the tree will also be sent to the
tester with the definition of verdicts. According to different
conditions, verdicts are defined as below:

a) PASS: The message or trace satisfies the requirements.

b) FAIL: The message or trace does not satisfy the require-
ments.

c) TIME-FAIL: The target message or trace cannot be
observed within the maximum time limitation. Since we are
working on online testing, a timeout is used to stop searching
target message in order to provide the real-time status. The
timeout value should be the maximum response time written in
the protocol standard. If we cannot observe the target message
within the timeout time, then a Time-Fail verdict will be
assigned to this property. It has to be noticed that this verdict
is only provided when no time constraint is required in the
requirement. If any time constraint is required, the violation
of this requirement will be concluded as Fail.

d) INCONCLUSIVE: Uncertain status of the properties.
Different from offline testing, this verdict will not appear in
the final results. It only exists at the beginning of the test or
when the test is paused, in order to describe the indeterminate
state of the properties (e.g. a property that requires a special
occurrence on the potocol that did not occur yet).

e) DATA-INC (Data Inconclusive): In the testing process,
some properties may be evaluated through traces containing
only control portion (there is no data portion or the latter case
mentioned in Step ‘Transferring’). If any property requires for
testing the data portion, Data-Inc verdicts will be assigned to
the property, due to the fact that no data portion can be tested.
However, these Data-Inc verdicts will be eventually updated to
Pass or Fail based on the data (coming from complete traces)
analyzed on the tested properties. Currently we are using
worst-case solution (all concluded as Fail verdicts). It won’t
affect the overall results, since Data-Inc verdicts only represent
a tiny proportion (less than 0.1%) of the whole traces in our
experiments. However, expecting eventual contingencies, we
plan to apply a support vector machine (SVM) approach [5]
in the future.

Filtering: The incoming captured traces will go through
the filtering module, and messages in the traces are filtered
into different sets. The unnecessary messages irrelevant to any
of the requirements are filtered into the “Unknown” set, and
they will not go through the testing process. Finally, traces
will be filtered to multiple optimized streams. This step will
obviously reduce the processing time, since futile comparisons
with irrelevant messages are omitted.

Transferring: The filtered traces are transferred (6a) to the
tester when the tester is capable for testing. If the tester priority
has to be decreased (e.g. the CPU and RAM must be used for
another task on the user computer), a ”load notification” (7)
is provided to the monitor to transfer/store incoming traces.
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Requirement:

Every 2xx response for INVITE request

must be responded with an ACK within 2s

Step 1 Formalization Step 2 Construction

IUT

Step 3 Capturing

Caputured Trace:

Message (80000)

(45231) Request Response (34769)
Unknown

(23115) INVITE (18869)

ACKUnknown

(3247)

Success

(23024)
Unknown

(11745)

... ... ...

Filtered Trace:

Syntax Tree:
Message

Request Response
Unknown

INVITE ACK
Unknown

Success
Unknown

... ... ...

Step 5 Filtering

Step 6(a) Transferring

Step 6(c)

Re-Transferring

Step 6(b) Buffering

Step 7 Load Notification

Step 8 Evaluation

Step 4 Generating Filter

Tester:

Evaluation

Unit

Buffer

Temporary Storage

30798

Messages

Step 4: Setup

Step 7 Load Notification

No. Messages

80000

Pass

18864

Fail

5

Time-Fail

0

Final Result:

Formalized Formula:

Fig. 2. Use Case for Testing Process

Based on the message format of the protocols to be tested,
different buffering methods will be applied.

– If in the message format, the size of its header is larger
than its body. Then the whole message will be buffered in the
temporary storage.

– On the contrary, if the size of its header is equal or
less than its body, then only the control portion of the packets
are buffered (6b) in the temporary storage. Since not all the
protocol requirements have specific needs on the data portion,
only buffering the control portion will save a lot of memory
space when buffering millions of messages.

When the tester is available (notification obtained), the
stored traces are retransferred (6c) to the tester. In the latter
case mentioned above, only the control portion of packets are
provided. In both cases, the continuity of traces is ensured,
since no packet will be dropped in any condition. If the
protocol requirement has specific needs on the data portion,
then the new verdict Data-Inc can be given and will be
eventually updated to final verdicts by future analysis with
the entire traces (the tester is indeed available again).

Load Notification: When the tester reaches its limit re-
garding the amount of data processable or is given a lower
priority (e.g. to discharge the CPU / RAM), it sends a ”Load
Notification Y ” to pause incoming filtered traces and store
them in the temporary storage. When the tester is available
back, a ”Load Notification N” to release stored traces and to
pursue incoming packets is sent. When captured traces from
the IUT are transferred to the tester buffer, a checking overflow
function will be called. If the buffer already reached to its
maximum capacity, it will notify the IUT to redirect incoming
traces to temporary storage in order to avoid the overflow.
On the contrary, if the buffer is in a stable condition, it will
send the available notification N to the temporary storage for
releasing stored messages and to the IUT for returning back
to normal transport process.

Evaluation: The tester checks whether the incoming traces
satisfy the formalized requirements, and provides the final
verdicts Pass, Fail or Time-Fail and temporary verdicts In-
conclusive or Data-Inc.

IV. EXPERIMENTS

A. Environment

The IP Multimedia Subsystem (IMS) is a standardized
framework for delivering IP multimedia services to users
in mobility. It aims at facilitating the access to voice or
multimedia services in an access independent way, in order to
develop the fixed-mobile convergence. Most communication
with its core network and between the services is done using
the Session Initiation Protocol (SIP) [13]. For our experiments,
communication traces were obtained through four ZOIPER1

clients which are VoIP soft clients, meant to work with any
IP-based communication systems and infrastructure. On the
other side, the server is provided by Fonality2. The tests are
performed in the virtual machines by opening a live capture
on the client local interface.

B. Test Results

For better understanding how our approach works, we
illustrate a simple use case tested on one of the clients. As
shown in Figure 2, we have a SIP requirement to be tested:
“Every 2xx response for INVITE request must be responded
with an ACK within 2s”, which can be formalized to a formula
as Step 1 shows.

This formula will be transformed to a syntax tree. When
the syntax tree is generated and transferred to the IUT monitor,
it will start to capture the trace and apply the syntax tree as
a filter (Step 3 and 4) for captured messages. Meanwhile, the
syntax tree will be applied in the tester as requirement. Once
the captured trace is filtered into different sets (Step 5), it will
check the Load Notification value first. Currently, the Load
Notification value equals to N, which makes the tester available
to test incoming traces. Then all incoming traces will be sent
to the tester directly (Step 6a). As soon as the tester receives
the trace, it tests the trace through the formalized property.
When the tester is almost reaching to its maximum capacity,
it will send a load notification value Y back to the monitor
(Step 7 and 8). In this case, all incoming traces will be stored
in the temporary storage (Step 6b) until the tester recovers to

1http://www.zopier.com/softphone/
2http://www.fonality.com
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Properties Total Messages Filtered out Messages Filtered out Rate Pass Fail Time-Fail Incon Data-Inc
Prop.1 2324506 1631797 70.19% 631271 0 61432 52 2164
Prop.2 2324506 1631797 70.19% 498124 194579 0 52 2164
Prop.3 2324506 1979904 85.17% 314923 0 29673 14 1086
Prop.4 2324506 1979904 85.17% 247257 97339 0 14 1086
Prop.5 2324506 2259032 97.18% 61550 0 3924 6 371

TABLE I. ONLINE TESTING RESULT FOR PROPERTIES

an available state (Step 6c). Finally, after our 2 hours testing
process, we got 18864 ‘Pass’ verdicts, 5 ‘Fail’ verdicts caused
by violation of the time constraint and no Time-Fail verdicts.

Secondly, we test our approach in a more complex environ-
ment. It has been performed to concurrently test five properties
on a huge set of messages: “Prop.1: Every request must be
responded”, “Prop.2: Every request must be responded within
8s”, “Prop.3: Every INVITE request must be responded”,
“Prop.4: Every INVITE request must be responded within 4s”
and “Prop.5: Every REGISTER request must be responded”.

The table I shows a snapshot of temporary testing verdicts
after 3 hours online continuously testing. Benefited from the
filtering function, more than 70% irrelevant messages are
filtered out before testing process, which apparently reduce
the cost of computing resources. Besides, numbers of Fail
and Time-Fail verdicts can be observed. Time-Fail verdicts
in Prop.1, Prop.3 and Prop.5 indicate that there are 61432,
29673 and 3924 messages respectively that cannot be observed
within the timeout, in other words, they are lost during the
communication between the client and the server. Besides, the
‘0’ Fail verdict indicates there is no error observed in the data
portion for these three properties currently. On the other side,
Fail verdicts reported in Prop.2 and Prop.4 indicate that there
are 194579 and 97339 messages that cannot satisfy the time
requirement. These Fail verdicts include the Time-Fail verdicts
reported in Prop.1 and Prop.3, since lost messages also violate
the time requirement.

Moreover, several ‘Inconclusive’ verdicts indicating the
numbers of pending procedures for each property can be
observed. We also used the control-portion-only buffering
mechanism to test the usage of ‘Data-Inc’. All the buffered
messages without data portion are successfully reported as
‘Data-Inc’ shown in Table I. Since they take a tiny proportion
of whole traces (between 0.015% and 0.09%), we conclude
them as Fail in the worst-case. During the whole testing
process, our approach successfully handled this huge set of
messages and did not suspend.

V. CONCLUSION

This paper introduces a novel online passive testing ap-
proach to test conformance and performance of network pro-
tocol implementation. It allows to formally define relations
between messages and message data, and then to use such
relations in order to define the conformance and performance
properties. The evaluation of the property returns a Pass,
Fail, Time-Fail, Inconclusive or Data-Inc result, derived from
run-time traces. To verify and test the approach, several SIP
properties are designed to be evaluated. Our methodology
has been implemented into a real-time IMS communications
environment, and results from testing several properties online
have been obtained successfully. Consequently, applying our

approach under billions of messages and extending more
testers in a distributed environment is part of our future works.
In that case, the efficiency and processing capacity of the
approach will be scalably tested.
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Abstract 
 

Model transformations are crucial for the success of 

Model Driven Engineering.  Testing is a prevailing tech- 

nique of verifying the correctness of model transformation 

programs. A major challenge in model transformation test- 

ing is the oracle problem, which refers to the difficulty or 

high cost in determining the correctness of the output mod- 

els. Metamorphic Testing alleviates the oracle problem by 

making use of the relationships among the inputs and out- 

puts of multiple executions of the target function. This paper 

investigates the effectiveness and feasibility of metamorphic 

testing in testing model transformation programs.  Empir- 

ical results show that metamorphic testing is an effective 

testing method for model transformation programs. 

 
Keywords:  Metamorphic Testing, Model Transforma- 

tion, Software Quality, Software Testing, Test Oracle 
 

 

1. Introduction 
 

 
Model transformation, which refers to the automatic pro- 

cess of transforming one model into another, is a vital ele- 

ment of Model Driven Engineering (MDE). In MDE, model 

transformations are usually used to transform models be- 

tween different languages or different abstraction levels. In 

this way, models are automatically transformed and refined 

until code of final software is produced.  The success of 

MDE critically depends on the correctness of model trans- 

formation programs as an incorrect transformation will re- 

sult in incorrect models and the final software. 

Testing is a prevailing technique of verifying the correct- 

ness of model transformation programs. A major challenge 
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in the testing process is the oracle problem: In general, it is 

difficult to obtain test oracles for model transformation pro- 

grams [8]. We propose the technique of Metamorphic Test- 

ing (MT) to alleviate the oracle problem in testing model 

transformation programs. MT has been successfully applied 

to detect real-world faults [3, 5]. In MT, programs are tested 

against their expectedly necessary properties. A major dif- 

ference between MT and all the other testing methods for 

model transformation is that the properties used by MT are 

relationships among the inputs and outputs of multiple ex- 

ecutions of the target program (known as metamorphic re- 

lations), whereas the properties used by the other methods 

focus on the input and output of a single execution.  An- 

other difference is that when testing model transformations, 

metamorphic relations (MRs) can be extracted from infor- 

mal specifications, whereas most of the other methods rely 

on formal specifications. 
 

 

2. Model Transformation 
 

 
Model transformation is a critical activity in MDE, 

which is about the generation of target models from source 

models. A framework of model transformation is given in 

Fig. 1. The source metamodel (MMa) and the target meta- 

model (MMb) describe the static information of models, 

which are manipulated by the model transformation.  The 

source (Ma) and target (Mb) models conform to their re- 

spective metamodels. The transformation model (Mt) refers 

to an implementation (program) of the model transforma- 

tion, and MMt is the metamodel of Mt.  The model trans- 

formation program (Mt) takes a source model as input and 

produces a target model as output. 

There are different transformation languages, of which 

a popular one is the ATLAS Transformation Language 

(ATL) [6].    We conducted a case study using a popu- 

lar model transformation program written in ATL, namely, 
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and the other contains name and type of the Attribute. 

(5) For each single-valued Attribute of type Class, a Column 

is created. The name of the Column is the Attribute’s name 

+“id”, and the type of the Column is a specific type. 
conform to  conform to  

conform to 
(6) For each multi-valued Attribute of type Class, a new Ta- 

Ma 

(Source Model) 

Mt 

Transformation Model 

Mb 

(Target Model) 

ble (Type3) is created, which has two Columns with specific 

types (one is the identifier Column, and the other is named 

attribute.name + “id”). 
Figure 1. A framework  of model transformation 
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Classifier

 

(7) The name of the Table (Type2, Type3) is set to str1+ 

“ ”+ str2, str1 represents the name of the Class which con- 

tains the Attribute, and str2 represents the name of the At- 

tribute. The Table’s identifier Column is named str1+“id”. 
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The model transformation program class2relational.atl 

was written according to the above requirements.  An ex- 

ample Class model is given in Table 1 (left column), writ- 
+isAbstract:Boolean owner* +multivalued:Boolean 

+super     
*
 

 
(a) The Class metamodel 

 
     NamedElt   

+name:String 

ten in the XML Metadata Interchange (XMI) format. After 

executing class2relational.atl with this Class model as in- 

put, the output model, that is, the corresponding Relational 

model, is shown in Table 1 (right column). Obviously, it is 
 

    Table   

 
+keyOf 1..* 

 
+col 

+owner  * 

 
Column 

 
+key* 

 

* +type Type not difficult to manually verify the correctness of the trans- 

formation.  It should be noted that real-world models are 

much larger and much more complex than the above ex- 
(b)  The Relational metamodel 

 
Figure 2. The metamodels of Class2Relational 

 
 

Class2Relational, which is an “advanced example” open- 

sourced in the ATL Transformations Zoo 1 and is often used 

as a subject program by various experimentations [4]. 

In Class2Relational, Class model is the source model 

and Relational model is the target model. The Class and Re- 

lational models conform to the Class and Relational meta- 

models, respectively (see Fig. 2).  In a Class model, each 

DataType represents a primitive data type, and each Class 

has a name and a set of Attributes, each of which can be 

single-valued or multi-valued and has either DataType or 

Class as its type. In a Relational model, each Table contains 

a name, a reference to its key Columns and a set of Columns, 

each of which is described by its name and type. The fol- 

lowing describes the requirements of how Class2Relational 

should transform a Class model into a Relational model: 

(1) For each DataType, a Type is created. 

(2) For each Class, a Table (Type1) is created. Their names 

are identical. The Table contains a key Column, whose name 

is “objectId” and type is a specific type (In this example, it 

refers to Integer). Each Attribute of the Class is also manip- 

ulated, which is described in the following. 

(3) For each single-valued Attribute of type DataType, a 

Column is created, and their names and types are identical. 

(4) For each multi-valued Attribute of type DataType, a Ta- 

ble (Type2) is created. Two Columns of the Table are also 

created. One is the identifier Column (with a specific type) 
 

1 http://www.eclipse.org/atl/atlTransformations 

ample. Checking the correctness of the transformations of 

real-world models is therefore a very difficult task. 

 
3. Metamorphic Testing 
 

Metamorphic Testing (MT) [3] is a methodology de- 

signed to alleviate the oracle problem. Different from con- 

ventional testing strategies, MT uses some specific proper- 

ties known as Metamorphic Relations (MRs) involving mul- 

tiple test cases and their outputs. 

Let p be a program implementing function f .  To test 
p, suppose a set of test cases T={t1 , t2 , . . . , tn } (n  >  0) 
have been generated using some test case selection strate- 

gies (such as black-box, white-box or random testing). Test 

cases in T are referred to as original test cases. Based on the 

knowledge of f , some MRs can be identified. For each MR, 

a set of follow-up test cases can be generated for T. Suppose 

i  is a follow-up test case for the original test case ti , then 

is called a metamorphic test group [12].  MT runs 

the original and follow-up test cases and checks whether the 

outputs satisfy the MRs, regardless of the availability of an 

oracle for each individual test case. 

 
4.  Application  of  Metamorphic  Testing  to 

Model Transformation 
 

The procedure is outlined as follows:  First,  identify 

MRs and construct a set of original test models. For each 

MR, generate follow-up test models based on the original 

test models.  Then execute the model transformation pro- 

gram using both the original and follow-up test models, and 
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Table 1. A Class model (left column) and the corresponding Relational model (right column) 
<?xml version=”1.0” encoding=”ASCII”?> <?xml version=”1.0” encoding=”ASCII”?> 

<xmi:XMI xmi:version=”2.0” xmlns:xmi= <xmi:XMI xmi:version=”2.0” xmlns:xmi= 

”http://www.omg.org/XMI” xmlns=”Class”> ”http://www.omg.org/XMI” xmlns=”Relational”> 

<DataType name=”Integer”/> <Table name=”C1” key=”/0/@col.0”> 

<DataType name=”String”/> <col name=”objectId” keyOf=”/0” type=”/2”/> 

<Class name=”C1”> <col name=”A1” type=”/3”/> </Table> 

<attr name=”A1” multiValued=”false” <Table name=”C2” key=”/1/@col.0”> 

type=”/1”/> <col name=”objectId” keyOf=”/1” type=”/2”/> 

<attr name=”A2” multiValued=”true” <col name=”A3Id” type=”/2”/> </Table> 

type=”/1”/> <Type name=”Integer”/> 

</Class>  <Type name=”String”/> 

<Class name=”C2”> <Table name=”C1 A2”> 

<attr name=”A3” multiValued=”false” <col name=”C1Id” type=”/2”/> 

type=”/2”/> <col name=”A2” type=”/3”/> </Table> 

<attr name=”A4” multiValued=”true” <Table name=”C2 A4”> 

type=”/2”/> <col name=”C2Id” type=”/2”/> 

</Class></xmi:XMI> <col name=”A4Id” type=”/2”/> </Table></xmi:XMI> 

 
 

collect the output models.  Finally, check the relationship 

among the original and follow-up test models and their re- 

spective output models against the MR. Any violation of 

MR implies that the program under test is faulty. 

A key activity in MT is the identification of MRs, which 

requires knowledge of the model transformation require- 

ments. Once MRs are identified, they can be used for test- 

ing irrespective of the programming language of the model 

transformation software. We are now going to present some 

MRs for the subject program Class2Relational. 

We will use Type1 Table, Type2 Table and Type3 Table 

to represent the aforementioned three kinds of Tables of 

the Relational model and use Specific Columns to repre- 

sent Columns whose type refers to the specific type. Let C1 

denote the original test model and C2  denote the follow-up 

test model with T1  and T2  being their output models, re- 

spectively. We use X.Y to indicate the element Y of model 

X, and X.#Y to denote the number of Y of model X. 

Based on the requirements of Class2Relational, the fol- 

lowing categories of MRs can be identified: 

1. Reset of values of some attributes of the test model. 

MR1.1: If we modify the values of some attributes of C1  to 

obtain C2  (the modified values are legal), then 

T2 .#Type1 Tables=T1 .#Type1 Table1s, 

and T2 .#Types=T1 .#Types. 

MR1.2: Suppose Attr is an attribute of Class Cla in C1 , and 

C2 is constructed by reversing the value of Attr.multivalued. 

• If Attr.multivalued is true (It is false in C2 ), then we have: 

(T2 .Tab.Columns \ T1 .Tab.Columns) = {Col | Col.name 

contains Attr.name},  where Tab is the Table whose name 

equals C la.name and \ is the set difference operator, which 

will be used hereafter in this paper, 

T2 .#T s1  = (T1 .#T s1  − 1),where T s1  is a set composed 

of Tables whose name contains Attr.name, 

and T2 .#T s2  = (T1 .#T s2  − 1), where T s2  is a set com- 

posed of Tables whose name contains Cla.name. 

• If  Attr.multivalued is  false,  then  (T1 .Tab.Columns  \ 
T2 .Tab.Columns) = {Col | Col.name contains Attr.name}, 

T2 .#T s1 =(T1 .#T s1  +1), and T2 .#T s2 =(T1 .#T s2  +1). 

MR1.3: Suppose Attr is an attribute of Class Cla in C1 , and 

C2  is constructed by changing Attr’s type. 

• If Attr.type refers to a DataType (Attr.type will refer to a 

Class in C2 ), then 

T2 .#Specific Columns = (T1 .#Specific Columns +1). 

• If Attr.type refers to a Class, then we have: 

T2 .#Specific Columns = (T1 .#Specific Columns −1). 

2. Insertion of an element into the test model. 

MR2.1: Construct C2  by adding a DataType into C1 , then 

T2 .#Columns=T1 .#Columns, 

T2 .#Types= (T1 .#Types+1), and T2 .#Tables=T1 .#Tables, 

MR2.2: Construct C2  by adding a Class into C1 , then T2 

.#Type1 Tables= (T1 .#Type1 Tables+1), T2 

.#Columns>T1 .#Columns, T2 .#Types=T1 .#Types, 

and T2 .#specific Columns > T1 .#specific Columns. 

MR2.3: Construct C2  by adding an Attribute to C1 . 

MR2.3.1: The added Attribute is a single-valued Attribute 

of DataType, then T2 .#Columns= (T1 .#Columns+1), 

T2 .#Tables=T1 .#Tables, T2 .#Types=T1 .#Types, 

and T2 .#specific Columns=T1 .#specific Columns. 

MR2.3.2: The added Attribute is a multi-valued Attribute of 

DataType, then T2 .#Columns= (T1 .#Columns+2), 

T2 .#Tables= (T1 .#Tables+1), T2 .#Types=T1 .#Types, 

T2 .#Type1 Tables=T1 .#Type1 Tables, 

T2 .#Type2 Tables= (T1 .#Type2 Tables+1), 

and T2 .#specific Columns= (T1 .#specific Columns+1). 

MR2.3.3: The added Attribute is a single-valued Attribute 

of Class, then T2 .#Columns= (T1 .#Columns+1), 

T2 .#Tables=T1 .#Tables, T2 .#Types=T1 .#Types 

and T2 .#specific Columns= (T1 .#specific Columns+1). 

MR2.3.4: The added Attribute is a multi-valued Attribute of 

Class, then T2 .#Columns = (T1 .#Columns+2), 

T2 .#Tables= (T1 .#Tables+1), T2 .#Types=T1 .#Types 

T2 .#Type1 Tables=T1 .#Type1 Tables, 

T2 .#Type3 Tables = (T1 .#Type3 Tables+1), 

and T2 .#specific Columns= (T1 .#specific Columns+2). 
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3. Deletion of data from the test model according to the 

output model 

MR3.1: Suppose Col is a Column of Table Tab (Tab is a 

Table of Type1) in the output mode of C1 . Construct C2  by 

deleting information related to Col of C1 . 

• If Col is related to a single-valued Attribute, then 

(T1 .Tab.Columns \ T2 .Tab.Columns) = {Col}. 

• If Col is related to a multi-valued Attribute, then 

(T1 .Tables \ T2 .Tables) = {T  | T.name = Tab.name+ 

’ ’+ Col.name},  and (T1 .Columns \ T2 .Columns) = {Col 
| Col.name either contains Tab.name or Col.name}. 

MR3.2: Suppose Tab is a Table of Type1 in the output 

model of C1 , and C2  is constructed by deleting information 

related to Tab of C1 . Then we have: (T1 .Tables \ T2 .Tables) 

= {T | T .name=Tab.name+str, where str can be empty}. 

4. Interchange of data in the test model 

MR4 Suppose C la1  and C la2  are two Classes of C1 , and 

Attr1 and Attr2 are Attributes of C la1  and C la2 , respec- 

tively. C2  is constructed by interchanging the data of Attr1 

and Attr2 (that is, in C2 , Attr1 becomes an Attribute of 

C la2  and Attr2 becomes an Attribute of C la1 ). 

• If Attr1 and Attr2 are both single-valued Attributes, then 

T2 .Columns = T1  .Columns, T2 .#Tables = T1 .#Tables, 

DiffTable = (T2 .Tables \ (T2 .Tables ∩ T1 .Tables)) = {Tab 

| Tab.name = C la1 .name or C la2 .name},  where ∩ is the 

set intersection operator, which will be used throughout this 

paper, and DiffTables.size = 2, where size is the number of 

elements in the set. 

• If Attr1 and Attr2 are both multi-valued Attributes, then 

T2 .Columns = T1 . Columns, T2 .#Tables = T1 .#Tables, 

DiffTable = (T2 .Tables \ (T2 .Tables ∩ T1 .Tables)) = {Tab 

| Tab.name contains Attr2 .name and C la1 .name or con- 

tains Attr1 .name and C la2 .name} and DiffTables.size = 2. 

• If one of these two attributes (namely, Attr1 ) is single- 

valued and the other (namely, Attr2 ) is multi-valued, then 

T2 .#Columns=T1 .#Columns, T2 .#Tables=T1 .#Tables, 

DiffColumns = (T2 .Columns \ (T2 .Columns ∩ 
T1 .Columns)) = {Col | Col.name contains C la1 .name} and 

DiffColumns.size =1, 

DiffTable1 = (T2 .Type1 Tables \ (T2 .Type1 Tables ∩ 
T1 .Type1 Tables))  =  {Tab  | Tab.name =  C la1 .name  or 

Tab.name = C la2 .name} and DiffTable1.size=2, 

DiffTable2 = (T2 .Type2,3 Tables \ (T2 .Type2,3 Tables 

∩    T1 .Type2,3 Tables))   =   {Tab   |  Tab.name   contains 

Atrr2 .name and C la1 .name} and DiffTable2.size=1. 

 
5. Empirical Evaluation 

 
5.1. Experimental procedure 

 
We conducted empirical evaluation of MT using the 

model transformation program class2relational.atl, which 

has 107 lines of code and contains 6 ATL rules and 1 ATL 

helper.  Using the MRs described in Section 4, the testing 

procedure consists of the following three steps: 

(1) Generation of original test models. The set of original 

test models were generated randomly in such a way that 

(i) they all conform to the source metamodel, (ii) all ele- 

ments of the source metamodel are covered, and (iii)  dif- 

ferent original test models have different values in the same 

attributes in order to maximize diversity. 

(2) Construction of follow-up test models.  Different MRs 

will result in different follow-up test models. These models 

were generated automatically. 

(3) Verification of test results. This step was also performed 

automatically by our test script against the MRs. 

A total of 100 Class models were generated as the 

original test models for testing the subject program 

class2relational.atl.  No violation of MRs was detected. 

This is expected as class2relational.atl is a popular and 

open-source program.   In order to evaluate the fault- 

detection effectiveness of MT, we then applied mutation 

analysis [7] to generate 20 non-equivalent mutants from 

class2relational.atl.  Details of the mutants are shown in 

Table 2, where M i denotes the ith mutant. 

 
5.2. Results of experiments 

 
We applied MT to test every mutant using the 100 orig- 

inal test models.  Results of experiments are summarized 

in Table 3 in terms of the violation ratio which is defined 

as the ratio of violated metamorphic test groups among all 

used metamorphic test groups. The last row shows the aver- 

age violation ratio for each individual MR, and the last col- 

umn shows the average violation ratio for each individual 

mutant. It is observed that every mutant has some violated 

metamorphic test groups. In other words, all seeded faults 

are detected. 

Table 3 shows that the average violation ratios of MRs 

range from 0.00 to 0.54. This result is consistent with many 

other MT studies, which reported that different MRs can 

have very different fault-detection effectiveness.  Table 3 

also shows that the fault-detection effectiveness of an MR 

is mutant dependent. Consider MR2.3.1, for instance, it has 

varied violation ratios for M3, M9, M19, M20, which are 

1.00, 0.08, 0.00 and 1.00, respectively. 

The effectiveness of MT can be further analyzed using 

metamorphic test groups.  For each mutant, 100 × 12  = 

1, 200 metamorphic test groups have been executed. There- 

fore, there is a total of 1, 200 × 20 = 24, 000 metamor- 
phic test groups. The total number of violated metamorphic 

test groups is 5,240, which gives the overall effectiveness 

of MT (in terms of violated metamorphic test groups) to 

be 5, 240/24, 000 = 22%.  This result shows that MT is 

quite effective because a failure will be revealed after run- 

ning about 5 metamorphic test groups on average. 
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Mutant Line number Original code New code mutation operator 

M1 42 type<-a.type type<-a.owner ROCC 

M2 77 thisModule.objectIdType a.type RSCC 

M3 37 a.type.oclsKindof(CLA!DataType) a.oclKindof(CLA!DataType) RSMD 

M4 56 name<-a.owner.name+’ ’+a.name name<-a.name+’ ’+a.name RSMD 

M5 88 name<-a.owner.name+’ ’+a.name name<-a.name+’ ’a.name+ RSMD 

M6 60 name<-a.owner.name+’Id’ name<-a.name+”Id” RSMD 

M7 56 name<-a.owner.name+’ ’+a.name name<-a.owner.name+’ ’+a.owner.name RSMA 

M8 7 select(e | e.name = ’Integer’) select(e | true) CFCD 

M9 11 c:CLA!Class c:CLA!Class(c.attr.size()>0) CFCA 

M10 29 REL!Type REL!Table CCCR 

M11 29 REL!Type REL!Column CCCR 

M12 21 type<-thisModule.objectIdType  CACD 

M13 57 col<-Sequence{id,value}  CACD 

M14 57 col<-sequence{id,value} col<-sequence{value} CACD 

M15 61 type<-thisModule.objectIdType  CACD 

M16 89 col<-Sequence(id,foreignKey)  CACD 

M17 89 col<-sequence{id,foreignKey} col<-sequence{id} CACD 

M18 7 select(e|e.name=’Integer’) select(e|not(e.name=’Integer’)) CFCP 

M19 52, 
84 

a.type.oclIsKindOf(CLA!DataType) 
a.type.oclIsKindOf(CLA!Class) 

not a.type.oclIsKindOf(CLA!DataType) 
not a.type.oclIsKindOf(CLA!Class) 

CFCP 

M20 37, 
72 

a.type.oclIsKindOf(CLA!DataType) 
a.type.oclIsKindOf(CLA!Class) 

not a.type.oclIsKindOf(CLA!DataType) 
not a.type.oclIsKindOf(CLA!Class) 

CFCP 

 

Table 2. Details  of mutants of class2relational.atl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 3. Results of experiments: violation ratios 
 

 MR 
1.1 

MR 
1.2 

MR 
1.3 

MR 
2.1 

MR 
2.2 

MR 
2.3.1 

MR 
2.3.2 

MR 
2.3.3 

MR 
2.3.4 

MR 
3.1 

MR 
3.2 

MR 
4 

Average violation 
ratio for each mutant 

M1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.73 0.06 

M2 0.00 0.00 0.55 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.87 0.49 0.24 

M3 0.00 0.47 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.45 0.16 

M4 0.00 0.59 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.41 0.77 0.73 0.29 

M5 0.00 0.34 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.25 0.00 0.63 0.19 

M6 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.00 0.00 0.49 0.12 

M7 0.00 0.58 0.00 0.00 0.00 0.00 0.94 0.00 0.00 0.05 0.00 0.81 0.20 

M8 0.00 0.00 0.50 0.00 0.50 0.00 0.50 0.50 0.50 0.00 0.00 0.45 0.25 

M9 0.00 0.00 0.00 0.00 0.54 0.08 0.08 0.08 0.05 0.03 0.00 0.55 0.12 

M10 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.47 0.12 

M11 0.00 0.00 1.00 1.00 1.00 0.00 1.00 1.00 1.00 0.00 0.77 0.53 0.61 

M12 0.00 0.00 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.04 0.07 

M13 0.00 0.00 0.41 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.54 0.16 

M14 0.00 0.00 0.54 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.53 0.17 

M15 0.00 0.00 0.54 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.56 0.18 

M16 0.00 0.00 0.60 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.50 0.18 

M17 0.00 0.00 0.49 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.46 0.16 

M18 0.00 0.00 1.00 0.00 1.00 0.00 1.00 1.00 1.00 0.00 0.00 0.49 0.46 

M19 0.00 0.00 0.49 0.00 0.00 0.00 1.00 0.00 1.00 0.00 0.89 0.46 0.32 

M20 0.00 0.00 0.48 0.00 0.00 1.00 0.00 1.00 0.00 0.00 0.87 0.44 0.32 

Average violation 
ratio for each MR 

 
0.00 

 
0.10 

 
0.33 

 
0.10 

 
0.18 

 
0.10 

 
0.47 

 
0.23 

 
0.33 

 
0.04 

 
0.20 

 
0.54  

 
 
 

5.3. A further analysis of the effectiveness of MRs 

 
Table 3 shows that the fault-detection effectiveness of 

different MRs can be very different: MR4 was violated by 

every mutant, but MR1.1 was never violated.  The most 

effective MR is MR4.  Its average violation ratio is 0.54. 

That is, on average, more than half of its metamorphic test 

groups can reveal a failure.  MR4 is highly effective be- 

cause it makes use of more information of the transforma- 

tion requirements than the remaining MRs.  MR4 checks 

almost all data items of the Relational model, taking their 

concrete values into consideration, instead of just compar- 

ing the numbers of some elements.  The other MRs (ex- 

cept the worst one, MR1.1) generate follow-up test models 

by adding or deleting some elements, or resetting the at- 

tributes’ values of some elements of the original test model. 

Their average violation ratios range from 0.10 to 0.47. They 

are less effective than MR4 because they check only certain 

parts of the Relational model.  We analyzed each MR to- 

gether with all the mutants that violated it.  For any given 

pair of mutant and MR, a high violation ratio will be intu- 

itively expected if the fault in the mutant is relevant to the 

MR. 

MR1.1, which constructs follow-up test models by 

changing the values of some arbitrary attributes, was the 

least effective MR: It did not detect any violation. The rea- 
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son for this is twofold. First, in each and every metamorphic 

test group generated by MR1.1, the original and follow-up 

test case executions are almost identical in the sense that the 

same statements of the subject program are exercised (and 

in the same sequence). The original and follow-up output 

models generated in this way are therefore very similar. As 

a result, MR1.1 is very likely to be satisfied. This observa- 

tion confirms the findings of Chen el al. [2] and Cao et al. 

[1]: an effective MR should make the original and follow- 

up test case executions as different as possible.  Secondly, 

MR1.1 checks the test results at a quite high abstraction 

level by ignoring many details of the output models. Con- 

sequently, even if an output model is incorrect, the incor- 

rect data item buried in the output model is not checked by 

MR1.1 and hence a violation cannot be detected. This find- 

ing shows that an effective MR should look at the details of 

the output as much as possible. 

We have obtained two useful guidelines.  First, MRs 

whose original and follow-up test case executions are very 

different, are likely to have a higher chance of detecting a 

failure than those whose original and follow-up test case 

executions are similar.  Secondly, an effective MR should 

involve detailed information from the requirements specifi- 

cation as much as possible and as complete as possible. 

 
6. Discussions and Conclusion 

 
We propose to apply Metamorphic Testing (MT) to al- 

leviate the oracle problem in testing model transforma- 

tion programs.   To evaluate the effectiveness of the pro- 

posed approach, a case study has been conducted using 

Class2Relational and mutation analysis. The empirical re- 

sults show that MT can effectively detect model transforma- 

tion faults. We used Metamorphic Relations (MRs) involv- 

ing four kinds of operations, namely, addition of elements, 

deletion of elements, alteration of attribute’s values, and in- 

terchange of elements.  We have obtained two guidelines 

for applying MT to model transformation programs.  The 

first guideline is to select MRs whose original and follow- 

up test case executions are significantly different. The sec- 

ond guideline is to select MR that involves as many details 

of the model transformation as possible from the transfor- 

mation requirements. These two guidelines are appropriate 

for the selection of MRs for any model transformation pro- 

grams. 

Many applications have a model transformation com- 

ponent or have been developed using model transforma- 

tions.   Examples of the former include software devel- 

opment tools that use model transformations to generate 

the application code [10].  Examples of the latter include 

context-aware pervasive systems [9] and secure XML data 

warehouses [11] which are developed using Model Driven 

Development (MDD) method.  Obviously, the correctness 

of the model transformations will affect the quality of the 

final systems. MT can be used to test the model transforma- 

tions in such applications. 
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Abstract— Software product line is a practice that has proven its 
advantages since it can offer to a company the reduction of time 
to market, the decrease of development costs, the increase of 
productivity and the improvement of the final product quality. 
However, this practice requires a high initial investment and 
offers long-term risks to dynamic markets where changes are 
difficult to predict. One of these markets is the mobile application 
development, which presents a growing demand, with 
smartphone and tablets having already surpassed sales of PCs 
and notebooks. Currently, proposals bring the advantages of 
software product line for dynamic markets through the use of 
agile software development practices, which is called Agile 
Product Line Engineering (APLE). This paper investigates the 
use of test-driven development (TDD) and refactoring techniques 
for performing reactive variability in APLE. The variability 
mechanism chosen is the configuration file that allows achieving 
more than one platform, an important problem in mobile 
application development. In that manner, new products can be 
built as needed, without the high upfront investment, but with a 
code easier to maintain.  

Keywords- Software product line, test-driven development, 
refactoring, variability realization 

I.  INTRODUCTION 
A Software Product Line (SPL) is a set of applications that 

share common artifacts addressing the need of a particular 
market segment. This practice has already proven the 
advantages of reducing the time to market, decreasing 
development costs, increasing productivity and improving the 
quality of applications [1]. There are two essential activities in 
the SPL development: domain engineering and application 
engineering [1].  

In domain engineering an initial planning to identify the 
commonalities and variability points of the applications is done 
and the system architecture is defined. Moreover, the resources 
that will be reused in applications are produced and become 
part of the core assets repository. Application engineering, in 
its turn, focuses on understanding the needs of each specific 
application and then reusing the resources (e.g. architecture, 
code, tests) in the core assets repository through the activation 
of variability points and selection of components necessary to 
satisfy the requirements. 

Despite its advantages, a SPL requires a high upfront and 
long-term investment to design and to develop the core assets 
repository, hindering the SPL use in dynamic markets due to 
the risk of unforeseen changes and the cost of developing 
artifacts that may no longer be reused. To overcome this 
difficulty, there is a proposal of combining agile software 
development practices with SPL, resulting in the Agile Product 
Line Engineering (APLE) [2].  

One example of a dynamic market that has grown rapidly is 
the one of applications for mobile devices. Smartphones and 
tablets have surpassed PC and laptop sales [3]. New and 
different devices are constantly released with different 
connection capacities, pixels densities, resolutions, screen 
sizes, sensors (accelerometer, barometer, gyroscope), GPS and 
storage [4] besides using different operating systems such as 
iOS, Android, Windows Phone, and others. 

 Considering this scenario where changes are constant, 
APLE is an interesting proposal for mobile application 
companies that want to make use of SPL but do not want to 
suffer the disadvantages the traditional SPL development. 

This article uses the APLE approach to define a process for 
developing reactive SPLs using agile practices. The SPL 
variability is carried out on demand using Test-Driven 
Development (TDD) and refactoring practices. The variability 
mechanism used is the configuration file. 

This paper is organized as follows. Section 2 describes SPL 
combined with agile software development. In section 3 the 
proposed process is explained. Section 4 shows an example of 
a mobile application that was developed by applying the 
proposed process. Related work is discussed in section 5. 
Finally, section 6 presents some conclusions. 

II. AGILE PRODUCT LINE ENGINEERING 
There are several reasons for combining SPL practices with 

agile software development practices [2]. This combination can 
be applied when: 

1. There is not much knowledge about the domain to perform 
domain engineering; 

2. It is not possible to predict changes in product 
requirements; 
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3. There is a need to decrease the risk of developing artifacts 
that may not be reused, due to market modifications. 

According to Silva [5], Scrum and Extreme Programming 
(XP) are the most used agile methods in SPL development. 
Some studies combine Scrum and XP due to the fact that the 
nature of these methods has different focus. While Scrum 
focuses on project management, XP focuses on development 
practices. One of the most famous practices of XP is the Test-
Driven Development (TDD). 

TDD is a way of programming where the coding tasks are 
performed in small cycles according to the mantra 
Red/Green/Refactor [6]. In the red phase, a failed unit test is 
written, which may not even compile. In the green phase, code 
is modified in the simplest way just to pass the test. And in the 
last phase, refactor, the code is modified in order to improve 
and maintain the behavior. It is in the refactor phase that design 
decisions are made, one at a time. 

TDD also assists in preventing bugs and may serve as 
documentation of the system. According to Beck [6], TDD can 
also aid the framework development because it focuses on what 
is needed instead of attempting to accommodate different 
features at once. As new features arise, the code is tested and 
refactored, eliminating duplicated code. The common code is 
placed in separate from the specific code, facilitating the reuse 
of common code later. 

There are two main strategies for building a SPL: proactive 
and reactive [1]. The more traditional approach is proactive, 
where scope, architecture, components, and other resources, are 
defined in early stages, anticipating commonalities and 
specificities. In the reactive approach one or more applications 
are developed at first, then the core assets are extracted from 
them. It is also possible an incremental approach, combining 
the ideas of both strategies at different times. 

In this work, we choose the reactive approach to be used in 
conjunction with agile practices because among its advantages 
is the lower cost for development, since the core assets 
repository is not constructed upfront [1]. In this way, the risk of 
developing useless components is lower since there is no need 
to provide the variations of products in advance and the 
knowledge about the domain can grow as applications are 
developed. 

III. A PROCESS FOR REACTIVE SPL DEVELOPMENT 
The goal of this work is to define a process for developing a 

reactive SPL. Such process applies TDD and refactoring agile 
practices to product conception and variability realization. 

During this process, the first application is developed 
focusing only on satisfying its existing requirements. This 
development is test-driven and its results include the 
application and a unit test suite that ensures its behavior. 

During the development of the second application, its 
requirements are either mapped to new features or the existing 
features can be modified. In the case of new features, new unit 
tests and production code is developed through the 
red/green/refactor form and then added to the core assets 
repository. 

When new requirements are variations of features 
previously added to the SPL, unit tests and code changes are 
applied to allow activating this new variability. Testing helps 
with making sure that the first application continues to behave 
properly. The new unit tests will drive the changes in the 
source code for the integration of variability points, which are 
then configured in the second application. 

The main mechanism to activate the variability is the 
configuration file. In addition to centralize the settings for 
building applications, the configuration file also documents the 
variations of each application. The file format chosen was the 
JavaScript Object Notation (JSON) [7], because it is a 
lightweight file format, easy to read and is commonly used to 
data-interchange. 

The configuration file is created when features are added as 
variabilities to the features that already exist in the core assets 
repository. This file has a key and a value to configure each 
feature. Along with this file a test class is created for testing the 
possible combinations of keys and values. It is also necessary 
to create a class in the code to read the configuration file and to 
instantiate a configurator object, which will be used to inform 
the application of what variability will be activated. The 
configuration file is modified as more variabilities are added to 
the SPL. Each application has its own configuration file, 
activating and configuring variabilities as needed. 

The proposed process can be described as follows: 

1. The first application is developed using TDD as if it were 
the only one, without attempting to predict future features 
and variations. 

2. Tests related to the first application become part of the 
core asset artifacts. 

3. The features of the second application are gathered and 
described by user stories, which is a usual technique to 
define requirements in agile methods. 

4. The features of the second application that are not related 
to existing features are developed with TDD. 

5. The features of the second application that are variations 
of existing features follow a slightly different path: 

5.1. Identify where the existing feature is tested. 

5.2. Add new(s) test(s) to include the new expected 
behavior and refactor the existing code to pass these 
tests. 

5.3. Refactor the existing code to use the configurator 
object that is modified. 

5.4. Add new tests to verify the behavior of the new 
entries in the configurator object. 

IV. EXAMPLE 
To illustrate the use of our proposed process, the 

application developed in the book Test-Driven iOS 
Development [8] was chosen as the first application of a 
reactive SPL. The choice of an existing application, which was 
test-driven developed, has been made to reduce the bias of 
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writing the first application. Moreover, this application was not 
developed following the SPL approach. This first application 
serves as a basis for the development of the second application, 
where new features and variabilities are inserted. The tests of 
the first application are refactored so that the core assets 
repository continues to support both applications.  

In the following, we initially describe the first application. 
Then we describe the second application and the modifications 
that were made to the core assets repository. 

1.1 First Application 

The first application is an application for the iOS operating 
system that provides to the user the latest questions of Stack 
Overflow1 forum related to mobile development for iOS. The 
questions are organized by topics, and users can also view the 
answers that were given to these questions. The name of this 
application is BrowseOverflow. 

Describing such application in more detail, we obtain the 
following user stories: 

• List of topics. The application starts showing a list of 
topics related to iOS. Each topic is associated with a tag 
from Stack Overflow. 

• Access the latest questions. When a topic is selected, 
another list appears showing the 20 latest questions that 
have a tag associated with the selected topic. This list is 
sorted in chronological order, from most recent to least 
recent. Each item of the list shows the title of the question, 
the user who made the question (name and image), and the 
score of the question (number of people who upvoted or 
downvoted the question). 

• Connection availability. To load the list of recent 
questions, an internet connection is necessary, but it is 
possible that the connection to the stackoverflow.com site 
fails. In the latter case, the application must then inform 
the user that the information cannot be loaded, either for 
lacking an internet connection or communication failure 
with the site. 

• Get answers to one question. When selecting a question, 
the application opens a screen showing the question 
description and a list of answers. If an answer was chosen 
as correct, it appears first. Otherwise, if no answer is 
chosen, the answers are listed according to the score they 
have. For each answer the name and avatar of the user who 
answered it are also shown.  

The user stories were transcribed to a feature model that 
shows which features were developed. The resulting feature 
model is shown in Figure 1. As the features come from the first 
application, all of them are mandatory. 

                                                             
1 Available at http://stackoverflow.com   

BrowseOverflow

StackOverflow API Questions Availability

Topic Listing questions Answer sorting

V 1.1 Online

20 more
recentPredefined Order by

upvote

Legend

Alternative Optional

Or Mandatory
 

Figure 1.   Feature model of the first application 

Besides the development of the first application has been 
test-driven, it was done incrementally following a layered 
architecture. The model layer was developed first, followed by 
the controller layer. Finally the integration between both layers 
was done. The source of the first application is open2 and has 
24 classes and 182 unit tests. 

1.2 Second Application 

In the second application some new user stories were 
added, some user stories from the first application were 
modified and some user stories from the first application were 
maintained.  

The following user stories are either new ones or variations 
of the first application stories: 

• Access the 30 most recent questions. When a topic is 
selected, the list appears showing the 30 most recent 
questions.  

• Using the API 2.0. The API version used to request the 
questions and answers should be 2.0 instead of 1.1. 

• Access content without internet connection. The content 
(questions and answers) that was displayed previously 
must be available to the user even if there is no internet 
connection. 

• Insert new topics. On the topic screen, the user can add 
new topics in order to look for questions. 

• Order the answers chronologically. A list of answers to a 
question must be chronologically ordered, showing the 
most recent answers first. 

To exemplify the development of the SPL and its unit tests, 
the development of the first three user stories listed above is 
discussed next. 

                                                             
2 Available at https://github.com/iamleeg/BrowseOverflow 
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1.2.1 Access the 30 Most Recent Questions 

The steps required to develop the user story that changes 
the amount of questions from 20 to 30 are detailed as follows. 

First of all, we need to find where this feature is tested 
inside the unit tests of the first application. In the proposed 
model for the first application, each topic contains between 0 
and 20 questions. The class diagram corresponding to this user 
story, presented in [8], is shown in Figure 2. 

 
Figure 2.   Relationship between Topic and Question in the first application 

In the class responsible for testing topics (TopicTests) is the 
method testLimitOfTwentyQuestions (Figure 3). This method 
ensures that the modifications made to accept the new value 
will not affect the behavior of first application. 

 
Figure 3.   First application test limit of twenty questions method 

Since the first application had a limit of 20 questions and 
the second application extends this limit to 30 questions, this 
feature has to be modified. We can generalize the limit of 
questions to n, where n is defined in the configuration file 
responsible for building each application. 

Thus, a new method, called testLimitOfQuestions (Figure 
4), is created to test the limit of questions that must be defined 
at compile time. A new field is created in Topic class to store 
this value and the signature of the constructor is refactored to 
accept a new limit parameter (Figure 5). These changes 
resulted in changes elsewhere. The method setUp in the 
TopicTests class needed to be refactored to use the new 
constructor. The method addQuestions, that previously stored 
the number 20 directly in code, now uses the limit defined for 
the application (Figure 6). After having passed all tests, we 
found out that the test testLimitOfTwentyQuestions was no 
longer necessary, and then it was removed. 

 
Figure 4.   Added method testLimitOfQuestions 

 
Figure 5.   New class field and change in the constructor signature 

 

 
Figure 6.   Changes in the method addQuestions (before and after)  

Since this was the first feature modified in the SPL features 
model, it was necessary to create the test class responsible for 
testing the class that will read the configuration file and 
instantiate the configurator object. The configurator object is 
accessed by the system to enable the variability points. 

The necessary information to instantiate the configurator 
object comes from the configuration file, a JSON file that is 
created for each application. A JSON file to configurate the 
number of question is shown in Figure 7. For each variability 
point of the SPL there is a descriptive key in the configuration 
file and that key references a value that has the settings 
required to activate that point. 

1. -‐	  (void)addQuestion:(Question	  *)question	  	  	  
2. {	  	  	  	  	  
3. 	  	  	  	  NSArray	  *newQuestions	  =	  	  	  	  
4. 	  	  	  	  	  	  	  [questions	  arrayByAddingObject:	  question];	  
5. 	  	  	  	  if	  ([newQuestions	  count]	  >	  limit)	  {	  	  	  	  	  
6. 	  	  	  	  	  	  	  	  newQuestions	  =	  	  	  	  
7. 	  	  	  	  	  	  	  	  	  	  	  	  [self	  sortQuestionsLatestFirst:	  	  	  
8. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  newQuestions];	  	  	  
9. 	  	  	  	  	  	  	  	  newQuestions	  =	  	  	  	  
10. 	  	  	  	  	  	  	  	  	  	  	  	  [newQuestions	  subarrayWithRange:	  	  	  
11. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (NSMakeRange(0,	  limit)];	  	  	  
12. 	  	  	  	  }	  	  	  	  	  
13. 	  	  	  	  questions	  =	  newQuestions;	  	  	  
14. }	  	  	  
 

1. -‐	  (void)addQuestion:(Question	  *)question	  	  	  
2. {	  	  	  	  	  
3. 	  	  	  	  NSArray	  *newQuestions	  =	  	  	  	  
4. 	  	  	  	  	  	  	  [questions	  arrayByAddingObject:	  question];	  
5. 	  	  	  	  if	  ([newQuestions	  count]	  >	  20)	  {	  	  	  	  	  
6. 	  	  	  	  	  	  	  	  newQuestions	  =	  	  	  	  
7. 	  	  	  	  	  	  	  	  	  	  	  	  [self	  sortQuestionsLatestFirst:	  	  	  
8. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  newQuestions];	  	  	  
9. 	  	  	  	  	  	  	  	  newQuestions	  =	  	  	  	  
10. 	  	  	  	  	  	  	  	  	  	  	  	  [newQuestions	  subarrayWithRange:	  	  	  
11. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  (NSMakeRange(0,	  20)];	  	  	  
12. 	  	  	  	  }	  	  	  	  	  
13. 	  	  	  	  questions	  =	  newQuestions;	  	  	  
14. }	  	  	  
 

1. @synthesize	  limit;	  	  	  
2. 	  	  	  
3. -‐	  (id)initWithName:(NSString	  *)newName	  	  	  
4. 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  tag:(NSString	  *)newTag	  	  	  
5. 	  	  	  	  	  	  	  	  	  	  	  	  	  limit:(int)newLimit	  	  	  
6. {	  	  	  
7. 	  	  	  	  if	  ((self	  =	  [super	  init]))	  {	  	  	  
8. 	  	  	  	  	  	  	  	  name	  =	  [newName	  copy];	  	  	  
9. 	  	  	  	  	  	  	  	  tag	  =	  [newTag	  copy];	  	  	  
10. 	  	  	  	  	  	  	  	  limit	  =	  newLimit;	  	  	  
11. 	  	  	  	  	  	  	  	  questions	  =	  [[NSArray	  alloc]	  init];	  	  	  
12. 	  	  	  	  }	  	  	  
13. 	  	  	  	  return	  self;	  	  	  
14. }	  	  	  
 

1. -‐	  (void)testLimitOfQuestions	  
2. {	  
3. 	  	  Question	  *q1	  =	  [[Question	  alloc]	  init];	  
4. 	  	  for	  (NSInteger	  i	  =	  0;	  i	  <	  topic.limit;	  i++)	  {	  
5. 	  	  	  	  	  	  	  	  	  	  [topic	  addQuestion:	  q1];	  
6. 	  	  }	  
7. 	  	  XCTAssertTrue(	  
8. 	  	  	  [[topic	  recentQuestions]	  count]	  <	  topic.limit);	  
9. }	  
 

1. -‐	  (void)testLimitOfTwentyQuestions	  
2. {	  
3. 	  	  	  	  Question	  *q1	  =	  [[Question	  alloc]	  init];	  
4. 	  	  	  	  for	  (NSInteger	  i	  =	  0;	  i	  <	  25;	  i++)	  {	  
5. 	  	  	  	  	  	  	  	  	  	  	  	  [topic	  addQuestion:	  q1];	  
6. 	  	  	  	  }	  
7. 	  	  	  	  XCTAssertTrue(	  
8. 	  	  	  	  	  	  	  	  [[topic	  recentQuestions]	  count]	  <	  21);	  
9. }	  
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Figure 7.   Example of JSON configuration file 

1.2.2 Using the API 2.0 

In the case of the API variation, the modification is more 
complex. In the first application, a facade [9] called 
StackOverflowManager is responsible for the communication 
with the class StackOverflowCommunicator (Figure 8). The 
requests to the API 1.1 are centralized in this communicator 
class.  

Now we need a class that tests the communicator that will 
be used independently of the API version. The tests guide the 
construction of an adapter [9] StackOverflowCommunicator. 
This adapter is responsible for calling the communicators with 
the API 1.1 (StackOverflowComunicatorV11, the old 
StackOverflowComunicator class of the first application) and 
with the API 2.0 (StackOverflowComunicatorV20) (Figure 9). 
This technique of extracting an adapter during refactoring was 
proposed by Kerievsky in [10]. 

However, other problems arise from the API change 
because the JSON format of the response from each API is 
different. Despite the PersonBuilder, QuestionBuilder and 
AnswerBuilder classes not knowing about the requests, they 
assume they will receive a JSON file with the same predefined 
fields. So, in this case the builder classes must receive the 
JSON file and also the mapping between this file and the object 
to be instantiated.  

 
Figure 8.   Relationship between the facade and other classes [8] 

 
Figure 9.   StackOverflowCommunicator new adapters 

1.2.3 Access Content Without Internet Connection 

The availability of the content even without internet 
connection leads to changes in many places, since the first 
application always notifies the user that a problem has occurred 
when there is no internet connection.  

The StackOverflowManager class also acts as a facade 
between the communicator and the builder [9] classes 

(PersonBuilder, QuestionBuilder and AnswerBuilder). The 
facade asks for the communicator to make a request to retrieve 
a JSON response from the Stack Overflow. When successful, 
the manager passes the JSON response to the builder classes. 
At this point, the JSON response must be saved by the 
application. When the request fails, the StackOverflowManager 
should verify if the JSON response was saved in memory 
before. 

After applying all the changes in the code, the configuration 
files for each application are defined as shown in Figures 10 
and 11. 

 
Figure 10.   Configuration file of the first application 

 
Figure 11. Configuration file of the second application 

As a JSON file does not support comments, we need other 
support file to document the possible values for each key. 

At the end of the development of the second application, 
the feature model evolves including features that are 
mandatory, optional or mutually exclusive alternatives, as 
shown in Figure 12. It is important to point out that, in the case 
of the feature related to the quantity of questions we now have 
a more generic feature, and in the case of the features related to 
the API version and content availability we now have 
alternatives. 

V. RELATED WORK 
Ghanam [11] proposed the use of a test-driven approach to 

introduce variability through the refactoring of the existing 
code. Tests can guide the insertion of new forms of system 
variability as required. He proposed the use of the factory 
pattern [9] in the refactoring process in order to generate new 
feature alternatives and the use of the decorator pattern [9] to 
generate options. Then the variabilities are configured in a 
specific class of the code. 

Our work differs from Ghanam’s work [11] because we 
explore more design patterns to generate variability. There are 
cases where the factory and decorator patterns are not enough 
or they are not the best option to insert variability. Furthermore, 
the solution presented in [11] is platform-dependent, whereas 
the configuration file of our work was designed to be used in 
other platforms too. 

1. {	  	  	  
2. 	  	  "limitOfQuestions":	  30,	  	  	  
3. }	  	  	  
 

1. {	  	  	  
2. 	  	  "limitOfQuestions":	  30,	  	  	  
3. 	  	  "stackOverflowApiVersion":	  2,	  	  	  
4. 	  	  "userDefinedTopic":	  true,	  	  	  
5. 	  	  "contentAvailability":	  "offline",	  	  	  
6. 	  	  "answerSorting":	  "date"	  	  	  
7. }	  	  	  
 

1. {	  	  	  
2. 	  	  "limitOfQuestions":	  20,	  	  	  
3. 	  	  "stackOverflowApiVersion":	  1.1,	  	  	  
4. 	  	  "userDefinedTopic":	  false,	  	  	  
5. 	  	  "contentAvailability":	  "online",	  	  	  
6. 	  	  "answerSorting":	  "upvote"	  	  	  
7. }	  	  	  
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Kakarontzas [12] proposed a systematic approach to create 
new quality and functional variant components through the 
customization of existing core assets of a SPL. This work also 
uses the TDD to assist with the evolution of SPL software 
components. It suggests the creation of a new component, 
which is an extension of a pure component, when new features 
are added. Thus, when a new functionality is needed, just a 
pure component or a component in the higher hierarchy has to 
be used. 

The component hierarchy presented in [12] increases the 
complexity. With a large hierarchy, it is more difficult to select 
alternative and requirements options to compose a new 
product. The configuration file we use in our work seems to be 
a simpler solution to centralize the variabilities choice as well 
as to serve as a guide for building a new application. 

VI. CONCLUSIONS 
Traditional SPLs have the disadvantages of high initial 

investment, the development of artifacts that may not be used, 
and the difficulty of dealing with unknown segments. The 
APLE arises to address these disadvantages using agile 
practices. 

This paper showed how TDD and refactoring agile 
practices could make a reactive SPL evolve and acquire 
variability points on demand. This is done through a defined 
process and the use of the configuration file as the variability 
mechanism.  

In our proposed process the first step is the development of 
an application using TDD, without considering the creation of 
other applications belonging to the same SPL. Then new 
features and variations of existing features are added in the 
form of user stories. To develop the features we create new 
variability points from new tests, and we also create the 
configuration file to activate the desired variability of each 
application. Then we implement the code necessary to pass all 
tests. The configuration file allows visualizing the application 
variability points in an easy way and centralizing the variability 

mechanisms in a unique place. It can also be used as a guide for 
the construction of a new SPL application. 

As future work we intend to apply the proposed process 
practices in a company of the mobile applications segment, 
addressing the cross platform development challenges. We will 
develop one iOS application using the Objective-C language 
and another Android application using the Java language so 
that the variabilities are specified in the configuration file. 
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Abstract— Software testing practitioners have an array of testing 
techniques to choose from to test their software. Nevertheless, 
there is little empirical evidence about the capability of each 
technique to detect specific types of defects. As a result, when 
selecting and combining the testing techniques for a project, 
practitioners must rely on their own experience. This paper 
studies the behaviour of two specific techniques, equivalence 
partitioning and decision coverage, to determine which types of 
defect are potentially undetectable to either one. This paper 
presents a differentiated experiment replication based on a 
previous experimental design, but using different artifacts. The 
experiment confirms the hypothesis that some defect types are 
undetectable to each technique. Even with a correct application 
of each technique, some defects will only be detected by chance.  
This study adds new empirical evidence for constructing a 
classification of defects that takes into account technique 
detection capabilities.  

Keywords: Software testing, experiment, defect detection. 

I. INTRODUCTION 
Software testing is one of the software quality assurance´s 

key activities. Nowadays, the software testing practitioner has a 
myriad of tools and techniques at his disposal to carry out his 
task effectively. And yet, our experimental knowledge on these 
tools and techniques is limited [1]. 

An important contribution to the experimental knowledge 
on defect detection techniques has been achieved by the 
execution of a family of experiments started by Basili [2]. This 
family of experiments has been adapted and replicated by other 
researchers [3]–[6]. The objective of this family of experiments 
is to study the impact of the human factor on the application of 
different defect detection techniques. In the different iterations 
of the experiment, several manual static (inspection) and 
dynamic (testing) defect detection techniques were compared. 
The most common result is that these techniques have similar 
defect detecting capability, and that the efficacy is dependent of 
the defect and the context where the technique is applied [6].  

This paper presents an experimental replication that uses a 
set of seeded defects to compare the efficacy of functional and 
structural manual testing. These seeded defects were designed 
to test the hypothesis that certain defects could be potentially 
undetectable for the functional or structural testing technique. 

The differentiated replication presented in this paper is 
based on an previous experiment designed by Juristo and 
Vegas [5]. We call this replication differentiated because the 
experiment was modified in two key aspects. First, 

experimental programs were adapted to fit the knowledge and 
training of the experimental subjects. Secondly, seeded defects 
were modified to test a new hypothesis that defects detected by 
each technique are different. 

The results presented by this replication confirm previous 
replications of this family of experiments regarding technique 
efficacy, but also adds new data about the types of defects 
detected by each technique. Our results show that some defects 
types are potentially undetectable to structural or functional 
techniques. Furthermore, the techniques efficacy to detect a 
defect is dependent to the program and the specific seeded 
defect. 

This paper uses Carver´s guidelines to report replications of 
software engineering controlled experiments [7]. These 
guidelines suggest describing in separate sections the previous 
experiment and the replication, and also including an 
interpretation of results in the context of the experimental 
family. Following this, the rest of the paper is structured as 
follows. Section II details the history of the family of 
experiments that this replication is part of. Section III presents 
the information about the previous experiment. Section IV 
describes this experimental replication. Section V discusses the 
potentially undetectable defects for each technique. Section 0 
presents a comparative analysis of the replication with the 
previous results. Section VII presents the interpretation of the 
results in the context of the experimental family and finally in 
Section VIII we present our conclusions.  

II. HISTORY OF THE FAMILY OF EXPERIMENTS 
Basili started the family of experiments to which this 

replication is part of in the 1980s. Since then, this experiment 
has been extensively evolved and replicated [3]–[6].  Some of 
these replications have introduced changes in the techniques 
under study or have adapted the materials to suit different 
contexts. Some replications have focused on code reviews, and 
other in testing techniques. Some have even considered 
comparing these approaches. 

We consider the first stage of the experiment to be the 
replications carried out at Maryland University and the 
Software Engineering Laboratory at NASA Goddard Centre 
[2]. The second stage of this family of experiments is based on 
the laboratory package that was built by Kamsties y Lott at 
Kaiserslautern University [3], and replicated by Roper et al [4]. 
Juristo and Vegas carried out the following stage at 
Universidad Politécnica de Madrid (UPM) [5]. This stage 
produced the laboratory package that has driven the replication 
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presented in this paper. Arguably, this family of experiments is 
one of the longest running families of experiments within the 
experimental software engineering community. 

In addition to providing another replication to this family of 
experiments, the motivation for this work is to identify new 
empirical evidence about which types of defects could be 
potentially undetectable for structural or functional testing 
techniques. It has been hypothesized that functional and 
structural techniques complement each other, but there is no 
empirical evidence to confirm this hypothesis. This replication 
uses defects that have been seeded in order to evaluate if they 
are undetectable to either technique. We define a defect to be 
potentially undetectable to a technique, if the technique 
capability to find it can only be attributed to chance, and not to 
the technique prescription for test case generation.  

III. INFORMATION ABOUT THE PREVIOUS EXPERIMENT 
The replication reported in this paper is based on a previous 

experiment design proposed by Juristo and Vegas [6] 
performed at UPM. This experiment is in turn a replication 
based in the laboratory package created by Kamsties and Lott 
[3], later refined in multiple replications [4], [5]. When 
referring to the UPM experiment here, we use the term 
previous experiment in order to avoid confusion with other 
experiments in the same family. 

One of the main evolutionary changes in the Juristo and 
Vegas replication was the separation of test design and test 
execution activities. Each subject performed two separate 
exercises: one for designing the test cases and other to execute 
the test cases against the executable program. In both activities, 
the influence of the human factor can be observed. This 
reductionist approach has enabled a more focused study of the 
phenomenon of applying a dynamic software evaluation 
technique. 

Along the replication process, with the objective of 
studying the behaviour of the techniques against different types 
of defects, several defect taxonomies have been used. One of 
the replication used the same defect classification introduced in 
the Basili experiment. Different types of defects were seeded 
generating multiple versions of the programs. This design 
allowed the exploration of defect type as a factor in a 
significant number of cases. However, this modification did not 
yield to conclusive results and the defects were re-seeded 
following a different scheme. 

The research question of the previous experiment is: 
¿Which is the efficacy of different software evaluation 
techniques (equivalence partitioning, decision coverage and 
code review by stepwise abstraction) for detecting defects? 
This question could be expressed in a null hypothesis format: 
H0: There is no difference in defect detection efficacy between 
equivalence partitioning, decision coverage and code review 
by stepwise abstraction. 

For the dynamic evaluation techniques (equivalence 
partitioning and decision coverage) the response variable is 
measured as the percentage of subjects that generate at least 
one test case that can detect the failure associated with each 
fault. For the static evaluation technique (code review by 

stepwise abstraction) efficacy is measured as the percentage of 
subjects that report each fault. The previous experiment uses a 
factorial design. The factor of the experiment (independent 
variable) is the evaluation technique with three alternatives: 
equivalence partitioning, decision coverage and code review by 
stepwise abstraction. 

Subjects of the previous experiment were fourth-year 
students of the course Software Evaluation at UPM. The 
students profile was medium level of experience in 
programming. The training on the testing techniques was 
received during the course, so the testing experience level was 
low. At an operational level, the experiment was performed in 
Spanish language. In the previous experiment all the artefacts 
provided to the subject to accomplish the task are paper form. 
The programs are coded in C language and have between 200 
and 300 lines of code. Three different programs are used: 
cmdline, nametbl and ntree. Each program has 6 seeded faults, 
named F1 to F6. Faults F1, F2 and F3 are seed with the 
intention to be more difficult to find for the structural 
technique. Faults F4, F5 and F6 are seeded with the intention of 
being more difficult to find for the functional technique. 

The results of the previous experiment confirm (at a 
statistically significant level) the hypothesis that some defects 
are much more difficult to detect for structural of functional 
testing techniques. The code review technique has an overall 
lower efficacy, but could potentially detect all the seeded 
defects. 

IV. DESCRIPTION OF OUR REPLICATION 
Performing the replication had a double motivation: start an 

experimental research project about software testing and 
studying the communications mechanisms in experimental 
replications [9]. Our replication was performed at Universidad 
ORT Uruguay from 2010 to 2012. The experimental design 
was derived from the previous experiment, but changing the 
number of alternatives in the independent variable (the code 
review technique was not studied). New artifacts were created 
in Java to mach subjects skills. More importantly, new defect 
types were seeded to test a new research hypothesis. 

The experiment subjects were final year undergraduate 
students taking a Software Testing course. The experiment was 
run with three different groups, one in each year using the same 
experimental design and operation. The number of subjects was 
8 in 2010, 9 in 2011 and 7 in 2012. All the cases were jointly 
analyzed with a procedure already used for obtaining bigger 
statistical samples in software engineering experiments [8].  

To the previous experiment hypothesis about technique 
efficacy, we added a new null hypothesis in our replication: 
H0Rep: All defects are potentially detectable for equivalence 
partitioning and decision coverage testing techniques. 

Although, the main experimental design remains the same, 
the code review technique was not studied in this replication. 
This change has no effect in the possibility of aggregation and 
comparison of results with previous replications, considering 
only the shorter list of studied alternatives. 
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The subjects’ background in programming is different from 
the previous experiment subjects. To fit this constraint, new 
programs in Java language were used in this replication. The 
two generated programs Export and MesConv are of similar 
size, each one having a 2 page specification and around 200 
lines of source code. 

Another change of the replication was in the data gathering 
mechanism. In the previous experiment paper forms were used, 
while in the replication the subjects had to upload a file with 
the test cases in an authenticated web system. Each subject 
could use JUnit as a framework to create the test cases (either 
functional or structural) but this step was not mandatory. 

V. DISCUSSION OF POTENTIALLY UNDETECTABLE DEFECTS 
In order to present the results of the replication, a 

discussion regarding the potentially undetectable defects for 
each technique is necessary. Although there are several defect 
classification taxonomies, to the best of our knowledge, none 
of them has the capability to differentiate technique defect 
detection capability. Because of this, it is necessary to have a 
preliminary theoretical discussion about defects types 
potentially undetectable to structural or functional testing 
techniques.  

Structural and functional techniques use different strategies 
for test case generation. In the case of equivalence partitioning 
the program specification is used as the main source, analyzing 
the semantic and dividing the input space it in different 
equivalence classes. This technique uses heuristics to identify 
the classes and generate associated test cases. In the case of the 
structural technique the program source code is normally the 
main source for generating the test cases. The code is analyzed 
form a control flow or data flow perspective to generate test 
cases that cover certain degree of these structures. For example, 
in decision coverage each branch of execution is tested by at 
least one test case. This strategies use different foundations, so 
the generated test cases could lead to some potentially 
undetectable types of defect for each technique. 

Functional techniques could have problems detecting: 

• Defects related to combination of equivalence 
classes. The technique does not prescribe in which way 
the valid classes should be combined. If the defect is 
only detectable if certain classes are combined in the 
same test case, this type of defect could be potentially 
undetectable. 

• Defects present within code of unspecified functions. 
Since the specification is the basis for the equivalence 
partitioning, if there is a defect in code not associated 
with the specification, this type of defects are 
potentially undetectable for the functional technique. 

• Faults associated with implementation structures. Is 
possible that the developer makes decisions in the 
implementation structures, not necessary mandated in 
the specification but following implementation 
constraints or developer preferences. 

• Faults detectable only if specific data set are used in 
the test case. Equivalence partitioning technique 

mandates to use at least one data input representative 
of each class in the test cases.  

Structural technique could have problems detecting other 
types of defects: 

• Faults of complete omission of functionalities in 
implementation. Since there are no internal structures 
to generate the test cases, the omission could only be 
detected if by chance the generated test cases cover the 
omitted function. 

• Faults associated with specific combination of 
predicates or test data, not necessarily exercised by 
executing decision branches. This is an intrinsic 
limitation of the decision coverage criterion. 

In our replication, 4 defects of similar type were seeded in 
each program. Defects e1 to e4 were seeded in the Export 
program, while defects m1 to m4 were seeded in the MesConv 
program. Based on this classification, we hypothesise that the 
first two faults are potentially undetectable for the structural 
technique and the last two potentially undetectable for the 
functional technique. We try to seed faults of the same type and 
approximately equal in detection difficulty, although this 
assumption should be confirmed with the collected empirical 
data.  

VI. ANALYSIS OF RESULTS 
In a preliminary analysis a set of descriptive statistics were 

used to confirm the potentially invisible defects for the 
structural and functional techniques. The response variable is 
the percentage of subjects that detect each defect. Table II 
shows the detection rate and the classification of each defect 
after the preliminary analysis. Values below 50% detection rate 
are written in bold.  

The number of participants was limited to 24 subjects, each 
performing two exercises. Since the sample size is near the 
conventional statistical practice, both parametric (ANOVA: 
Analysis of Variance) and non-parametric (Mann-Whitney) 
statistical tests were used. Both tests showed significance in the 
same independent variables (technique and program). 

TABLE I.  DETECTION RATE FOR EACH FAULT AND TECHNIQUE 

Fault Structural 
det. rate 

Functional 
det. rate 

Preliminary analysis 

e1 0,33 0,92 Potentially undetect. to structural 
e2 1 1 Highly detectable 
e3 0,5 0,92 Potentially undetect. to structural 
e4 0,33 0,83 Potentially undetect. to structural 
m1 0,25 0,42 Potentially undetect. for both 
m2 0,92 0,92 Highly detectable 
m3 0,08 0,67 Potentially undetect. to structural 
m4 0,17 0,17 Potentially undetect. for both 

 

Regarding the general efficacy of structural and functional 
techniques, efficacy of the functional technique is significantly 
better than the structural technique in this replication. After 
performing the preliminary analysis, this result can be 
attributed to the fact that only potentially undetectable defects 
for the structural technique were actually seeded. Besides the 
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technique factor, the statistical analysis also shows that the 
program is a significant factor that affect efficacy. This is 
explained because the MesConv program has specific defects 
that are more difficult to detect than the Export program 
counterpart. This is a confirmation that the detection capability 
of each defect is more dependent on the specific seeded defect 
and program, than the intended preliminary classification. 

VII. INTERPRETATION OF RESULTS WITHIN THE FAMILY OF 
EXPERIMENTS 

There are a considerable number of experiments and 
replications studying software evaluation techniques, but 
results are not always consistent.  Variations among 
replications on technique and training factors are not 
conclusive about which technique to use. Because of this, the 
safest advice for a practitioner is to use a combination of 
techniques. The replication reported in this paper focused the 
investigation in which types of defects could be potentially 
undetectable to each testing technique. 

This family of experiments has also contributed with 
observations about the human factor in the application of 
software evaluation techniques. The potential theoretical 
efficacy of certain technique could be considerably different 
with the result when applied by practitioners. With the same 
training, different subjects generate different set of test cases, 
even for well-established testing techniques. Because of this 
variation is sensible to promote that the evaluation of critical 
systems is done involving several persons to archive the 
maximum potential defect detection capability of the technique. 

The experiments in the family show that technique efficacy 
is dependent of the program and the seeded defect. However, 
we do not have yet a complete and practical defect 
classification that is sensitive to technique defect detection 
capability. 

VIII. CONCLUSIONS 
This paper has presented a replication of an experiment 

about software testing techniques that belongs to one the 
longest running families of experiments in the experimental 
software engineering community. The results from the 
replication show that the efficacy of the structural technique 
(decision coverage) and functional techniques (equivalence 
partitioning) are similar, although the last set of seeded defect 
yield to greater efficacy of the functional technique. The 
observed difference can only be statistically attributed to the 
natural variation of the subjects involved in the application of 
the techniques. This result confirms previous observations of 
other replications of this family of experiments. Nonetheless, 
this replication adds a new element to the existing empirical 
knowledge. Our result adds empirical evidence that there are 
certain types of defects that can be potentially undetectable to 
certain testing techniques. This means that even with the 
correct application of the technique, the defect can only be 
detected by chance when a test case is defined that specifically 
stimulates the conditions for that defect.  

According to the current level of empirical knowledge in 
the field, exploring the hypothesis that different techniques can 
detect different types of defects is still relevant. These defect 
types must be mapped to real defects in production software, 
which will allow for the development of another classification 
to continue this line of research. Furthermore, the impact of the 
human factor in the application of each technique still requires 
more research. For instance: How many testers are necessary 
for applying a technique to reach its theoretical defect detection 
limit? How can testing techniques complement each other 
according to their patterns of potentially undetectable defects? 
Only by continuous experimentation and replication iterations, 
we will be able to produce enough variations to provide 
practitioners with empirical knowledge to answer these 
questions. 
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Abstract—Software testing is an important part of the software 
development process. Much work been has done on automating 
various parts of testing. In previous work, we had proposed a 
knowledge-based approach to generate test scenarios for Web 
applications. However, our previous work did not account for 
generation of actual test data. Thus, in order to execute the test 
scenarios, the user would need to (manually) create the test data. 
This paper proposes an approach to generate test data for our 
previously proposed test scenario generation tool. Our approach 
can generate two types of test data: constraint-based test data 
and database-based test data. Our tool can now automatically 
execute the combined test scenario and test data. We confirmed 
the usefulness of our approach through a case study. 

Keywords-test data generation; Web applications; test scenario 

I.  INTRODUCTION 

Software testing is an important part of the software 
development process, but it can be time-consuming and very 
costly. Thus much work has been done on automating various 
aspects of testing, such as test case generation and test case 
execution. 

In previous work, we had proposed a knowledge-based 
approach to generating test scenarios for Web applications [1]. 
A test scenario represents a sequence of steps that are taken to 
transition from one Web page to another. We generated test 
scenarios by using test scenario information from previous 
Web applications that were stored in a knowledge base. 
Although we had shown that our approach was able to generate 
many useful test scenarios that professionals were not able to 
create manually, there was one important drawback. We could 
generate test scenarios, but we could not generate the test data 
themselves. A tester would need to manually generate the test 
data based on the test scenarios to actually conduct the test. 

We thus propose an approach to generate test data for our 
previously proposed test scenario generation tool. The main 
contributions of this paper are as follows: 

1. Extension of our previously proposed tool to generate 
test data. 

2. Generation of test data using constraints and 
knowledge-base. 

3. Evaluation through a case study. 

The rest of this paper first starts with a discussion of related 
work. Section III then describes our approach. Section IV 
evaluates our approach. Section V makes concluding remarks. 

II. RELATED WORK 

Much work on test data generation has been done [2]-[9]. 
Pacheco, et al proposed feedback-directed random testing, and 
implemented it as Randoop [2]. Basically, test data is generated 
randomly, but the generation process is guided by the execution 
of previous inputs.  

Another approach is based on symbolic testing, which was 
originally proposed by King [3]. In symbolic testing, a program 
is “executed” using symbols rather than concrete values for 
each variable. These symbols are collected to form expressions 
which can be solved to obtain concrete values, i.e., test data, 
each of which will result in the execution of a certain program 
path. Concolic testing addressed the issue of redundant 
execution in symbolic testing by combining concrete execution 
with symbolic execution [4]. 

Search-based software testing [5] generates test data by 
using optimization algorithms. A fitness function is defined to 
guide the search of a space of test data to find “good” data. 
Gross, et al [6] proposed an approach that generates test cases 
at the GUI level using genetic algorithm. Mariani, et al [7] 
proposed a tool called AutoBlackTest which uses Q-Learning 
to guide the test process. Alshahwan, et al [8] applied search-
based software testing to Web application, but their approach is 
limited to PHP applications. 

Finally, model-based testing generates test data using 
models and/or formal specifications. Fujiwara, et al [9] 
proposed a formal approach based on UML class diagrams and 
OCL constraints. It was shown to be a powerful method, but it 
requires a tester/modeler to be well-trained in formal modeling. 

Work has been done on test data generation for Web 
applications. But they have issues such as being applicable only 
to PHP applications [8] or needing information that requires 
someone that is well trained [9]. Such approaches cannot be 
used for our test scenario generation tool. Thus, we propose our 
approach to work on top of our previous test scenario 
generation tool, which can be used for any Web applications 
since it does not require a certain language such as PHP, and it 
does not require the tester to be well trained in a certain 
technology. 

* Currently at Hitachi, Ltd.
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III. TEST DATA GENERATION 

A. Previous Work 

Our test data generation is based on our previous work on 
test scenario generation. We thus first give an overview of our 
previous work.  

The tester first creates a base scenario of the Web 
application under test. This base scenario corresponds to the 
basic normal steps that a user takes for the current Web page. 
For example, a base scenario for logging in may include steps 
such as “input user id”, “input password” and “submit 
information” (Fig. 1 (a)).  

Our tool then searches a database containing information on 
each step (called “scenario node”). The goal of this search is to 
find nodes that were used in previous tests that can replace 
nodes in the current base scenario. A dictionary is also 
employed to account for synonyms, e.g., “user name” and “user 
id” can be considered as synonyms. Our tool generates related 
test scenarios, each differing with the base scenario by one 
node which had been replaced. Thus for example, given the 
base scenario in Fig. 1 (a), a related scenario (shown in Fig. 1 
(b)) may be generated where the first node is replaced. 

B. Overview of our proposed approach 

Figure 2 shows the overview of our proposed approach.  
The initial step of constructing a base scenario with our 
Scenario Editing Tool is the same as our previous work, except 
the tester will need to specify constraints and some other extra 
information, specifically Input Type and Concrete Value 
(subsection III-C), for test data generation and execution. 

Our Scenario Analyzer analyzes the base scenario and 
searches for nodes in the scenario node database to use for 
replacement. The dictionary is used to check for synonyms. 
The Test Case Generator generates the related test scenarios (as 
in our previous work) and also test data. We consider a test 
case to be a combination of a test scenario and test data.  

Our Test Case Generator generates two types of test data. 
The first type is constraint-based test data, which is generated 
by encoding constraints for each node. For example, if a node 
is concerned with inputting numbers within a textfield, then we 
encode that information within that node. When generating test 
data, we can then (randomly) generate a string that includes a 
non-number for that textfield. 

The second type is database-based test data. This type of 
test data is reuse of data that was used in a previous test case. 
For example, if a node contains information that “johnny” was 
used in a previous test case, then that can be used. 

Finally, our Test Case Executor automatically executes the 
set of ranked test cases. Test cases are ranked based on 
frequency, i.e., if nodes have been used often in previous tests, 
then those test cases have a higher ranking. 

C. Scenario Node 

Table I shows information that is contained within the 
scenario node database.  The new types of information that 
have been added are “Input Type” and “Concrete Value”. 
“Input Type” was added to prevent invalid scenarios from 

being generated. For example, in our previous tool, if the 
Process Name and Node Type matched, a textfield node may 
be replaced with a radio button node. This obviously would not 
lead to an executable test case. “Concrete Value” stores values 
that were used in previous tests, and is used when generating 
database-based test data. 

 

      (a) Base scenario                      (b) Related scenario 

Figure 1. Base scenario and related scenario 

 

 
Figure 2. Overview of proposed approach 

 

TABLE I.  NODE INFORMATION 

 Description 

ID ID for node. 

Process Name 
The type of processing done by the Web page. (e.g., 
login, registration) 

Node Type The type of node. (e.g., PROCESSING, INPUT) 

Input Type The type of input. (e.g., textfield, radio button) 

Attribute 
Name 

Name of attribute. (e.g., username, password) 

Value Class The type of value. (e.g., empty, exist) 

Concrete 
Value 

Values that were used in previous tests. 

Frequency 
The number of times this node was used in previous 
tests. 
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TABLE II.  CONSTRAINTS FOR TEXT INPUT 

Constraint Description 

More String length must be greater than specified number 

Less String length must be less than specified number 

Only String can only take a certain type of character 

Must String must include a certain type of character 

Must Not String must not include a certain type of character 

 

When a tester specifies a base scenario, he/she may 
describe constraints for each node. Table II shows text input 
constraints that the tester can encode for nodes in the base 
scenario. This did not exist in our previous work, and enables 
the generation of constraint-based test data. Note that this 
information is not saved in the database. 

For example, the constraint “more” specifies that the length 
of a string must be greater than a certain number. Thus, in case 
of a password, the tester can specify “more=7”, which means 
that the length of the password must be greater than or equal to 
7. The constraint “must” specifies that the string must include a 
certain type of character. Thus, in case of a password, the tester 
can specify “must=NUMBER AND ALPHABET AND 
SYMBOL”, which means that the password must have at least 
one number, one alphabetical letter, and one symbol. If the 
tester wants to specify a specific character, then he/she can 
specify “must=“AbC””, which means that the string “AbC” 
must be included. 

These constraints could have been specified using existing 
constraint languages, such as OCL, but we intentionally kept 
this simple so that testers can easily specify the constraints 
without special training. 

D. Test Data Generation 

We generate test data by combining the base scenario with 
information in the knowledge base. Our previous work 
generated related scenarios by replacing nodes [1]. In this paper, 
we go one step further; we automatically generate test data 
based on two approaches: (1) database-based approach and (2) 
constraint-based approach.  

In the database-based approach, there are three ways to 
generate data: 

1. Manual Input: The tester manually specifies the test data. 

2. Altered Data: The value in the original node of the base 
scenario is altered. In the case of text input, one 
character in the value (string) is randomly changed. 

3. Previous Data: We check the Concrete Value field of 
the node that we will use to replace. If a value exists, 
then it is used. Of course, if there are no values in the 
Concrete Value field, then our tool cannot automatically 
generate test data. 

In the constraint-based approach, we can generate data as 
follows: 

1. Manual Input: The tester manually specifies the test data. 

2. Automatic Generation: Randomly generate data each of 
which does not satisfy one constraint, but satisfies all 
other constraints. 

Based on the above two test data generation approaches, 
our tool operates as follows. Our tool searches for nodes in the 
node database that match the Process Name and Attribute 
Name, i.e., this search corresponds to the search for nodes that 
can be used to replace nodes in the base scenario, and generate 
related scenarios.  

Next, a data selection window pops up (Fig. 3). In this 
example, the Process Name is “LOGIN”, Attribute Name is 
“USER ID”, the Value Class is “DOES NOT EXIST”, and the 
data in the original node is “johnny825”. The data selection 
window shows four options: (1) skip generation of test data, (2) 
manually specify test data, (3) use test data that has been 
automatically generated by altering the data in the original 
node (which results in “johuny825”), and (4) use data that 
exists in the Concrete Value field (which results in 
“johnnyjohnny”). The tester chooses one of these options. This 
process of data selection will continue until all nodes that can 
be replaced have been processed. 

 

 
Figure 3. Concrete value selection menu for database-based approach 
 

After generating database-based test data, we generate 
constraint-based test data. We take text input node as an 
example. Text input nodes may have constraints described. For 
each constraint, an abnormal node is generated where the 
VALUECLASS is as shown in Table III. For example, if there 
is a “more” constraint, then we need to generate test data that 
will violate that constraint. In other words we need to generate 
test data that will be “SHORT”. If there is a constraint 
“must=XX AND YY”, then “XX” and “YY” must not be 
included, and thus the VALUECLASS will be “DOES NOT 
HAVE XX” and “DOES NOT HAVE YY”. 

TABLE III.  CONSTRAINTS FOR TEXT INPUT 

Constraint VALUECLASS 

more=XX SHORT 

less=XX LONG 

only=XX AND YY NOT ONLY XX AND YY

must=XX AND YY 
DOES NOT HAVE XX,

DOES NOT HAVE YY 

mustnot=XX AND YY 
HAVE XX, 

HAVE YY 
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Figure 4. Concrete value selection menu for constraint-based approach 
 

Next, a data selection window pops up (Fig. 4).  In this 
example, the Process Name is “REGISTRATION” and the 
Attribute Name is “PASSWORD”. The original node had 
“must=NUMBER” as a constraint; thus the newly generated 
node will have VALUECLASS as “DOES NOT HAVE 
NUMBER”. The data selection window shows three options: 
(1) skip generation of test data, (2) manually specify test data, 
and (3) automatic generation of test data, which in this case is 
“pH@FRY”. 

The automatic generation of constraint-based test data is 
done as follows: 

1. Decide on string length: If there is a “more” or “less” 
constraint, then the length is set to that value. If both 
“more” and “less” constraints exist, then the length is 
set to the median value. If no constraint exists, then the 
length is set to the original string length. 

2. Decide on the characters to be used: The decision is 
made based on the “only”, “must”, and “mustnot” 
constraints. 

3. Generate string: Based on the above, a string is 
randomly generated. 

4. Confirm: If the generated string does not satisfy a string 
constraint, then go back to step 3. This last step is done 
as there may be multiple constraints for a node, and we 
need to check if the randomly generated string will not 
violate the other constraints. 

E. Test Case Execution 

The generated test data is executed with our Test Case 
Executer. Our Test Case Executer uses Selenium WebDriver 
[10], which enables the automatic operation of a Web page. For 
each test data, the following four steps are executed: 

1. Launch a Web browser. 

2. Execute the operation specified in each node (e.g., text 
input, button press). 

3. Save a screenshot of the result. 

4. Close the Web browser. 

A screenshot of the result is saved in step 3 so that the tester 
can check the result as necessary.  

IV. CASE STUDY 

We conducted a case study to evaluate our approach 
focusing on the following three research questions: 

 RQ1: When different users use our tool to generate test 
data for the same Web application, how different are 
they? 

 RQ2: How different are the tool-generated test data and 
test data that are manually created by a professional?  

 RQ3: For test data that were created manually, can they 
be used to update the knowledge base? 

RQ1 is posed to check how the tool can be used. Since the 
test data is generated with a knowledge base, if all users use 
the same knowledge base, then there should not be much of a 
difference between different users. 

RQ2 checks what types of test data cannot be generated. 
But since this is likely tied to how well the knowledge base is 
made, RQ3 is a follow up to RQ2, i.e., if the knowledge base 
had been made better, what would the difference between the 
tool-generated test data and manually created test data be? 

A. RQ1: Difference between Different Tool Users 

Six students majoring in computer science took part in our 
case study. After first getting instructions on how to use our 
tool, each student “played” with the tool. They were then 
instructed to generate test data for the login, registration and 
search Web pages for three Web applications: Cyclos [11], 
Tapestry5 [12], and Redmine [13].  

Table IV shows the results for the total number of 
generated test data and the total amount of time that each 
subject took. The result shows that overall there was not much 
of a difference between the subjects. The time taken to draw 
the base scenario and then generate the test cases was between 
73 and 86 minutes for a difference of 13 minutes (15%). The 
total number of generated test data ranged between 118 and 
132 for a difference of 14 (11%). 

TABLE IV.  TOOL GENERATED TEST  DATA RESULTS 

Subject A B C D E F 
Total # 118 123 123 129 120 132 
Time (min) 76 86 81 80 78 73 

 
A closer inspection of the generated test data found that the 

total number of types of test cases, i.e., scenarios, was 134. 
Among these, all six subjects generated the same 106 types 
(79%), while five out of the six subjects generated 121 types 
(90%). The actual test data itself was not always the same, 
because different concrete values from past test data were 
chosen for the same scenario, and the constraint-based test 
data were different because they were randomly generated. 
This clearly indicates that regardless of the tester, most of the 
generated test cases will be the same. 

We also checked for invalid test cases, and found three. 
These occurred when the user erroneously manually created 
test data. For example, the VALUECLASS stated “HAVE 
NUMBER”, but the test data was “ABCD”, which clearly 
does not have a number included. All cases where the user 
decided to automatically generate the test data were valid. 
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B. RQ2: Difference between Tool-Generated Test Data and 
Manually Created Test Data 

We asked a professional software engineer to manually 
create test cases for the three Web applications. The software 
engineer took a total of about 175 minutes to create the test 
cases, which is more than twice as long as it took the students 
to generate the test cases. The total number of test cases that 
the professional engineer created was 114. This is less than the 
number of test cases that each of the subject created. Thus we 
can say that our tool can be used by testers that do not 
necessarily have deep knowledge of how to create tests. 

We next check the type of test cases that were generated. 
Fig. 5 (a) shows the breakdown in Venn diagram format. 
 

 
Figure 5. Generated test cases before and after knowledge base update 

 
In Fig. 5 (a), “Pro” shows the number of test cases that the 

professional engineer manually created, while “Tool” shows 
the number of test cases that the students generated with our 
tool. Note that for the tool generated test cases, we did not use 
the entire set; instead, we used the 121 test cases that five out 
of the six subjects generated, since we believe that this will 
better represent the tool generated set of test cases.  

From Fig. 5 (a), 69 test cases were created only by the 
professional engineer, while 76 test cases were generated only 
by our tool. There was an overlap of 45 test cases that both the 
professional and our tool created. In other words, 39% 
(=45/(69+45)) of the test cases created by the professional 
were also generated by our tool. This is not necessarily a high 
number. But since our tool is knowledge-based, this is likely 
due to not enough information being stored in our knowledge 
base. We consider this further in the next subsection. 

C. RQ3: Updating the Knowledge Base 

Since our tool is knowledge-based, the results in the 
previous subsection may have been better if the knowledge 
base was populated better. We thus added the knowledge base 
with the information from the test cases that the professional 
created, but our tools did not. We then automatically generated 
the test cases again, using the base scenarios that the student 
subjects had made. Fig. 5 (b) shows the results. 

As Fig. 5 (b) shows, by populating the knowledge base, 
94% (=107/(7+107)) of the test cases that the professional 
created can be generated by our tool. The remaining seven can 
be categorized into the following two types: (1) No concrete 
value possible due to constraints, and (2) impossible to add to 
database due to ambiguity 

Concerning the first type, when our tool generates database-
based test data, the test data must satisfy the constraints that 
have been set for that node. Test data that do not satisfy 

constraints can only be generated through constraint-based 
generation. For example, the professional engineer specified a 
test case where the input text is one letter long. In our tool, this 
would correspond to a test case where VALUECLASS=ONE 
LETTER. Unfortunately, if the node has a constraint which 
states that the input text must be three or more letters long, it 
will be impossible to generate test data, since the length of a 
text cannot be both one letter and more than three letters long. 

As for the second type, in some cases, the professional 
created a test case where the meaning will depend on the 
context as well as constraints. In one case, the professional 
specified “invalid characters for user name”. An invalid 
character can differ between applications, and thus can only be 
handled through constraint-based test data generation.  

V. CONCLUSION 

We proposed a test data generation scheme based on 
database and constraints. Along with our previous work on test 
scenario generation, we can automatically generate test cases, 
i.e., combination of test scenarios and test data. Our tool can 
automatically execute these test cases. We showed the results 
of a case study. 

The main part of future work concerns the knowledge base 
itself. As with any knowledge-based approaches, our tool is 
completely reliant on what is currently included in the 
knowledge base. We thus need to consider how we can 
systematically update the knowledge base. We also need to 
consider scalability issues; updating the database will lead to 
more test cases, but will there be any tendencies as to what 
type of test cases are more useful than others?  
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Abstract — This paper aims at proposing a unified metrics suite 
that can be used to quantify different perspectives related to the 
code of JUnit test cases. We extended existing JUnit test case 
metrics by introducing two new metrics. We analyzed the code of 
JUnit test cases of two open source Java software systems (ANT 
and JFREECHART). We used in total five metrics. We used the 
Principal Component Analysis (PCA) method in order: (1) to 
better understand the underlying orthogonal dimensions 
captured by the suite of unit test case metrics, and (2) to find 
whether the metrics are independent or are measuring similar 
structural aspects of the JUnit test code. Overall, results show 
that: (1) the new introduced unit test case metrics are relevant, 
(2) the studied unit test case metrics are not independent, and (3) 
the best subset (a couple) of unit test case metrics that maximizes 
the variance varies from one system to the other. The new 
introduced metrics are, however, each in the best subset of unit 
test case metrics that provide the best independent information 
that maximizes the variance for each system. 

Keywords - Software Testing, Unit Testing, JUnit, Code, Metrics, 
Principal Components Analysis. 

 

I. INTRODUCTION 
Software testing plays an important role in software quality 

assurance. It is, however, a time and resource consuming 
process. The overall effort spent on testing depends, in fact, on 
many different factors, including human factors, testing 
techniques, used tools, characteristics of the software 
development artifacts, and so forth. We focus, in this paper, on 
the effort involved to write unit tests. Software metrics can be 
used to quantify different perspectives related to unit test case 
construction. 

This paper aims at proposing a unified metrics suite that can 
be used to quantify different perspectives related to the code of 
JUnit test cases. In practice, such metrics can be used to 
evaluate the unit testing effort. We analyzed the code of JUnit 
test cases of two open source Java software systems (ANT and 
JFREECHART). We used in total five metrics. We extended, 
in fact, existing JUnit test case metrics by introducing two new 
metrics. 

In order to better understand the underlying orthogonal 
dimensions captured by the studied suite of unit test case 
metrics, we performed a Principal Component Analysis (PCA). 
We used this technique to find whether the unit test case 

metrics are independent or are measuring similar structural 
aspects of the unit test code. The main goal of the study is, in 
fact, to identify a subset of independent unit test case metrics 
that can be used to quantify different perspectives related to the 
code of JUnit test cases. Such quantification support can be 
used to explore (and validate) the relationships between the 
characteristics of software development artifacts, particularly 
the source code, and different perspectives related to the effort 
involved in the construction of corresponding unit tests. 

The rest of this paper is organized as follows: Section 2 
gives a brief survey of related work. The unit test case metrics 
are introduced in Section 3. Section 4 presents the empirical 
study we performed to better understand the underlying 
orthogonal dimensions captured by the suite of unit test case 
metrics. Finally, Section 5 concludes the paper. 

II. RELATED WORK 

Only few studies in the literature have addressed the 
quantification of JUnit test cases. JUnit test code has, however, 
been used in various studies addressing for example the testing 
coverage [1] or the relationships between the units under test 
and the corresponding test code [2, 3]. 

Bruntink and Van Deursen [4, 5] investigate factors of 
testability of object-oriented software systems. The authors 
studied five open source Java software systems in order to 
explore the relationships between object-oriented metrics and 
some characteristics of JUnit test cases. Testability was 
measured by the number of lines of test code and the number of 
assert statements in the test code. Results show that there is a 
significant relationship between the used object-oriented 
metrics and the measured characteristics of JUnit test classes. 

Singh and Saha [6] focus on the prediction of the testability 
of Eclipse at the package level. Testability was measured using 
several metrics including the number of lines of test code, the 
number of assert statements in the test code, the number of test 
methods and the number of test classes. Results show that there 
is a significant relationship between the used object-oriented 
metrics and test metrics. 

Badri et al. [7] explore the relationship between lack of 
cohesion metrics and testability in object-oriented software 
systems. In [8], Badri et al. investigate the capability of lack of 
cohesion metrics to predict testability of classes using logistic 
regression methods. In these studies also, testability was 
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measured by the number of lines of test code and the number of 
assert statements in the test code. Results show that lack of 
cohesion is a significant predictor of unit testability of classes. 

Badri and Toure [9] explore the capacity of object-oriented 
metrics to predict the unit testing effort of classes using logistic 
regression analysis. Results indicate, among others, that 
multivariate regression models based on object-oriented design 
metrics are able to accurately predict the unit testing effort of 
classes. The same test case metrics have been used in this 
study. 

Zhou et al. [10] investigate the relationships between the 
object-oriented metrics measuring structural properties and unit 
testability of a class. The investigated structural metrics cover 
five property dimensions, including size, cohesion, coupling, 
inheritance and complexity. In this study, the size of a test class 
is used to indicate the effort involved in unit testing. 

III. JUNIT TEST CASE METRICS 

In order to quantify a JUnit test class, we used the following 
three metrics: 

- TLOC: this metric gives the number of lines of code of a 
test class [4]. It is used to indicate a perspective of the size 
of the test class. 

- TASSERT: this metric gives the number of invocations of 
JUnit assert methods that occur in the code of a test class 
[4]. JUnit assert calls are, in fact, used by the testers to 
compare the expected behavior of the class under test to its 
current behavior. This metric is used to indicate another 
perspective of the size of a test class. It is directly related to 
the construction of test cases. 

- TNOO: this metric counts the number of methods in a test 
class [6]. It indicates another perspective of the size of a test 
class. 

The metrics TLOC and TASSERT have been introduced by 
Bruntink and Van Deursen in [4, 5] to indicate particularly the 
size of a test suite. The authors used an adapted version of the 
fish bone diagram developed by Binder in [11] to identify 
testability factors. The used test case metrics reflect, in fact, 
different source code factors [4, 5]: factors that influence the 
number of required test cases and factors that influence the 
effort involved to develop each individual test case. These two 
categories have been referred as test case generation and test 
case construction factors. 

Moreover, some classes, depending on the design and 
particularly on the collaboration between classes, will require 
drivers and/or monitors to achieve unit testing. We believe that 
this will also affect the effort involved in the construction of 
test cases. By analyzing the source code of the JUnit test 
classes of the systems we selected for our study, we observed 
that some characteristics related to the interactions between 
classes and/or objects creation are not captured by the three 
unit test case metrics TLOC, TASSERT and TNOO. In order to 
capture these additional dimensions, which also affect in our 
opinion the effort involved to developing each individual test 
case, we used two additional metrics: 

- TINVOK: this metric counts the number of method 
invocations in a test class. It captures particularly the 
dependencies needed to run the test class. 

- TDATA: this metric gives the number of new data (objects) 
created in a test class. These data are required to initialize 
the test. 

We assume that the effort necessary to write a test class Ct 

corresponding to a source code class Cs is proportional to the 
characteristics measured by the selected unit test case metrics. 

IV. EMPIRICAL STUDY 

A.  The Case Studies 

Two open source Java software systems were selected for 
the study: 

- ANT (http://www.apache.org/) is a Java library and 
command-line tool that drives processes described in build 
files as targets and extension points dependent upon each 
other. This system consists of 713 classes with a total of 
roughly 64 000 lines of code. JUnit test classes have been 
developed for 111 source classes, which represents a 
percentage of 15.60%. 
 

- JFREECHART (JFC) (http:// www.jfree.org/jfreechart/) is 
a free chart library for Java platform. This system consists 
of 496 classes with a total of roughly 68 000 lines of code. 
JUnit test classes have been developed for 226 source 
classes, which represents a percentage of 45.60%. 

 

B. Goals, Research Methodology and Data Collection 

In order to better understand the underlying orthogonal 
dimensions captured by the suite of unit test case metrics, we 
performed a Principal Component Analysis (PCA). PCA is a 
technique that has been widely used in software engineering to 
identify important underlying dimensions captured by a set of 
software metrics. We used this technique to find whether the 
unit test case metrics are independent or are capturing the same 
underlying dimensions (properties) of the JUnit test cases. 

We selected from each of the investigated systems only the 
classes for which JUnit test cases exist. We noticed that 
developers usually name the JUnit test case classes by adding 
the prefix (suffix) “Test” (“TestCase”) into the name of the 
classes for which JUnit test cases were developed. Only classes 
that have such name-matching mechanism with the test case 
class name are included in the analysis. This approach has 
already been adopted in other studies [1]. 

JUnit (http://www.junit.org/) is, in fact, a simple 
Framework for writing and running automated unit tests for 
Java classes. Test cases in JUnit are written by testers in Java. 
JUnit gives testers some support so that they can write those 
test cases more conveniently. A typical usage of JUnit is to test 
each source code class Cs of the program by means of a 
dedicated test class Ct. To actually test a class Cs, we need to 
execute its test class Ct. This is done by calling JUnit’s test 
runner tool. JUnit will report how many of the test methods in 
Ct succeed, and how many fail. 
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However, we noticed by analyzing the JUnit test case 
classes of the subject systems that in some cases there is no 
one-to-one relationship between JUnit classes and tested 
classes. This has also been noted in other previous studies (e.g., 
[2, 3]). In these cases, several JUnit test cases have been related 
to a same tested class. The matching procedure has been 
performed on the subject systems by three research assistants 
separately (a Ph.D. student (first author of this paper) and two 
Master students, both in computer science). For each software 
class Cs selected, we used the suite of unit test case metrics to 
quantify the corresponding JUnit test class (classes) Ct. We 
used a tool that we developed (JUnit code static analyzer). 

C. Principal Components Analysis 

Principal Component Analysis (PCA) is a statistical 
technique that has been widely used in software engineering to 
identify important underlying dimensions captured by a set of 
software metrics (variables). It is a useful technique that aims 
to reduce variables. PCA is, in fact, a standard technique to 
identify the underlying, independent/orthogonal dimensions 
that explain relationships between variables in a data set [12]. 

From M1, M2, M3… Mn metrics, PCA creates new artificial 
components P1, P2, P3, ..., Pm such as: 

- Pi are independent,  
- Pi are linear combinations of Mi,  
- and each Pi maximizes the total variance. 

The linear factors are called loadings and the variables with 
high loadings require some degree of interpretation. In order to 
find out these variables and interpret the new components, we 
focused on rotated component. Orthogonal rotation is 
performed to improve the interpretation of results. There are 
various strategies to perform such rotation. According to 
literature, Varimax is the most frequently used strategy [13, 
14]. The sum of squared values of loadings that describe the 
dimension is referred to as eigenvalue. 

Since PCA is a projection method in a smaller dimension 
space, projected variables may seem close in the small space 
but far from each other in the real space, according to the 
projection direction. In order to avoid misinterpretation of the 
new components, the square cosines are computed. A value 
closed to zero indicates that the point is far from the projection 
axe. A large proportion of the total variance (information 
captured by unit test case metrics) is usually explained by the 
first few PCs. We reduce the metrics without a substantial loss 
of the explained information by selecting the first PCs. Three 
criteria are generally used to determine the factors to retain for 
interpretation: 

- (1) The Scree test [15] is based on the decreasing curve of 
eigenvalues analysis. Only the factors that appear before the 
first inflection point detected on the curve are considered. 

- (2) The cumulative amount of variance criterion considers 
only the first components that cumulative amount of 
variance is greater than a given value (in most cases 80%). 

- (3) The eigenvalue criterion considers only factors with 
associated eigenvalue greater than 1 [12]. 

We used criterion (2) in our case, which guarantee us to 
consider at least 80% of variance information captured by all 
metrics. We used the XLSTAT tool (http://www.xlstat.com) to 
perform the PCA analysis. 

D. Results and Discussion 

ANT 

Table 1 gives the descriptive statistics of the unit test case 
metrics for ANT. Table 2 presents the correlations (Pearson) 
values between the unit test case metrics. We applied the 
typical significance threshold (α = 0.05) to decide whether the 
correlations between the metrics values were significant. The 
correlation values that are significant are in boldface. The 
Pearson’s correlation coefficient is widely used for measuring 
the degree of linear relationship between two variables. 
Correlation coefficients will take a value between -1 and +1. A 
positive correlation is one in which the variables increase (or 
decrease) together. A negative correlation is one in which one 
variable increases as the other variable decreases. A correlation 
of +1 or -1 will arise if the relationship between the variables is 
exactly linear. A correlation close to zero means that there is no 
linear relationship between the variables. 

Table 1: Descriptive statistics of the metrics – ANT. 

   Min Max Mean σ 

TINVOK 20.000 118.000 83.721 11.747 

TDATA 0.000 47.000 4.559 7.572 

TASSERT 0.000 165.000 12.027 20.684 

TLOC 8.000 493.000 73.162 82.419 

TNOO 1.000 40.000 6.432 5.986 

 
Table 2: Correlations between metrics – ANT. 

TINVOK TDATA TASSERT TLOC TNOO 

TINVOK 1 0.150 0.072 0.377 0.462 

TDATA 0.150 1 0.739 0.616 0.115 

TASSERT 0.072 0.739 1 0.746 0.318 

TLOC 0.377 0.616 0.746 1 0.588 

TNOO 0.462 0.115 0.318 0.588 1 

 
It can be seen from Table 2 that the obtained correlation 

values between the unit test case metrics are not all significant. 
Overall, we can observe that the TLOC metric is significantly 
related to the four other unit test case metrics, which is a 
plausible finding. We can also observe that the highest 
correlation values are obtained for the pairs of metrics (TLOC, 
TASSERT), (TASSERT, TDADA) and (TDADA, TLOC). 
Moreover, it can be seen that the TINVOK metric is the metric 
that is the least correlated to the other unit test case metrics. In 
addition, as we can see, the correlation values between the unit 
test case metrics are positive. A positive correlation is one in 
which both variables increase (or decrease) together. These 
results are plausible and not surprising. 
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Table 3: PCA results – ANT. 
F1 F2 F3 F4 F5 

EigenValue  2,765 1,252 0,602 0,212 0,169 

Variability(%) 46,6 33,737 12,049 4,235 3,379 

% Cumulated 46,6 80,337 92,386 96,621 100 

  
Correlation  Square cosine 

F1 F2 
 

F1 F2 

TINVOK 0,013 0,843  0 0,71 

TDATA 0,899 -0,002  0,809 0 

TASSERT 0,934 0,102  0,873 0,01 

TLOC 0,775 0,515  0,601 0,265 

TNOO 0,217 0,837  0,047 0,701 
 

 
Table 4: Multicollinearity analysis – ANT. 

ANT TINVOK TDATA TASSERT TLOC TNOO 

R² 0.319 0.617 0.719 0.739 0.499 

Tolerance 0.681 0.383 0.281 0.261 0.501 

VIF 1.469 2.612 3.555 3.828 1.997 

 

Table 3 presents the PCA results for ANT. It gives the 
variability of new components, their correlation with unit test 
case metrics, and the square cosine of projection (metrics) in 
the new components. From Table 3, it can be seen that the 
components F1 and F2 cumulate more than 80 % of total 
variance (80.337%), which leads us to interpret only F1 and 
F2. The component F1 is represented by the metrics 
TASSERT (0.934), TDATA (0.899) and TLOC (0.775). The 
component F2 is represented by the metrics TINVOK (0.843) 
and TNOO (0.837). 

The two components F1 and F2 oppose, in fact, the group 
of large test classes (high TLOC) having relatively a high 
verification effort and data creation (high values of TASSERT 
and TDATA) to the group of classes that contains many 
method invocations (TINVOK) with high number of 
operations (TNOO). High contribution of the metrics TDATA, 
TASSERT and TLOC in the first component indicates that, in 
the large majority of test classes, data creation and number of 
assertions increase with the size of test classes (line of codes). 
The independence between F1 and F2 indicates that, in some 
test classes, the number of methods and invocations increase 
together independently of the metrics TDATA, TLOC, and 
TASSERT. 

The overall information (related to unit testing writing 
effort) captured by the suite of unit test case metrics is 
distributed in the two dimensions F1 and F2, which can be 
represented by one of the couples {TASSERT, TDATA,  
TLOC}×{TINVOK, TNOO}. The couple (TASSERT, 
TINVOK) provides, however, the best independent 
information that maximizes the variance. 

Moreover, we performed a multicollinearity analysis 
between the unit test case metrics. Table 4 gives the results. 
Multicollinearity is, in fact, a statistical phenomenon in which 
two or more predictor variables (unit test case metrics in our 
case)  in a multiple regression model are highly correlated. 
Multicollinearity suggests, in fact, that several of the 
independent variables are closely linked in some way. This 
means that one variable can be linearly predicted from the 
others with a non-trivial degree of accuracy. The simplest way 
to resolve multicollinearity problems is to reduce the number 
of collinear variables until there is only one remaining out of 
the set. Some authors have suggested a formal detection of 
multicollinearity using the VIF (variance inflation factor). The 
VIF is defined as : VIF = 1 / tolerance, where tolerance = 1 – 
R2 and R2 is the coefficient of determination of a regression of 
variable j on all the other variables. A tolerance of less than 
0.20 indicates a multicollinearity problem. The problem with 
such data redundancy is that of over fitting in regression 
analysis models. As we can see from Table 4, the VIF 
(variance inflation factor) of the unit test case metrics are all 
less than 4. Moreover, all tolerance values are greater than 
0.20, which indicates that there is no multicollinearity problem 
in the case of ANT. From Table 4, it can also be seen that the 
metric TINVOK has the lowest VIF. 

JFC 

Table 5: Descriptive statistics of the metrics – JFC. 

 
Table 6: Correlations between metrics – JFC. 

TINVOK TDATA TASSERT TLOC TNOO 

TINVOK 1 0.491 0.792 0.836 0.671 

TDATA 0.491 1 0.735 0.742 0.444 

TASSERT 0.792 0.735 1 0.922 0.652 

TLOC 0.836 0.742 0.922 1 0.772 

TNOO 0.671 0.444 0.652 0.772 1 

Table 5 gives the descriptive statistics of the unit test case 
metrics for JFC. Table 6 presents the correlations (Pearson) 
values between the unit test case metrics. Here also, we applied 
the typical significance threshold (α = 0.05) to decide whether 
the correlations between the metrics values were significant. It 
can be seen, from Table 6, that the obtained correlation values 
between the unit test case metrics are all significant (in 
boldface). Overall, we can observe that, here also, the TLOC 
metric is significantly related (with relatively high correlation 
values) to the four other unit test case metrics. We can also 
observe that the highest correlation values are obtained for the 
pairs of metrics (TLOC, TASSERT), (TLOC, TINVOK) and 

   Min Max Mean σ 

TINVOK 5.000 118.000 22.146 13.183 

TDATA 4.000 265.000 23.925 30.900 

TASSERT 1.000 143.000 17.956 21.807 

TLOC 18.000 635.000 91.403 82.214 

TNOO 2.000 45.000 5.774 4.541 
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(TASSERT, TINVOK). Moreover, it can be seen that the 
lowest value of correlation is observed for the pair (TNOO, 
TDATA). We can also observe that the metrics TNOO and 
TDATA are the less correlated to the other unit test case 
metrics. Moreover, as we can see, the correlation values 
between the unit test case metrics are here also positive. 

In the case of JFC (see Table 7), the cumulated variance of 
F1 and F2 (89.28%) suggests to limit the interpretation to the 
two first components. The component F1 regroups the metrics 
TNOO (0.887), TINVOK (0.837) and TLOC (0.746). The 
component F2 is represented by TDATA (0.951). TASSERT, 
in spite of its relative high correlation with the component F2 
(0.694), is far from the projection axe as shown by its low 
square cosine (0.481 < 0.5). TASSERT provides insignificant 
information in the considered set of unit test case metrics. 

Table 7: PCA results – JFC. 
F1 F2 F3 F4 F5 

Eigenvalue 3,852 0,612 0,346 0,139 0,051 

Variability(%) 50,152 39,124 6,923 2,771 1,029 

% Cumulated 50,15 89,28 96,2 98,97 100 

  
Correlation  Square cosine 

F1 F2  F1 F2 

TINVOK 0,837 0,358  0,701 0,129 

TDATA 0,209 0,951  0,044 0,905 

TASSERT 0,647 0,694  0,419 0,481 

TLOC 0,746 0,634  0,556 0,402 

TNOO 0,887 0,197  0,787 0,039 

Table 8: Multicollinearity analysis – JFC. 

JFC TINVOK TDATA TASSERT TLOC TNOO 

R² 0.746 0.653 0.866 0.930 0.647 

Tolerance 0.254 0.347 0.134 0.070 0.353 

VIF 3.931 2.882 7.471 14.318 2.830 

For JFC, the two first components oppose, in fact, the most 
important set of classes containing a relatively high number of 
methods, having many invocations and large number of lines of 
code, to the set of classes with many data creation. One of the 
couples {TNOO, TINOK, TLOC}×{TDATA} could represent 
the set of unit test case metrics for JFC. The couple (TNOO, 
TDATA) is, however, the best representative of the suite of 
unit test case metrics. 

In the case of JFC also, we performed a multicollinearity 
analysis between the unit test case metrics. Table 8 gives the 
results. As we can see, the VIF (variance inflation factor) of the 
metrics TNOO, TDATA and TINVOK (respectively 2.830, 
2.882 and 3.931) are less than 4, unlike those of the metrics 
TLOC and TASSERT (respectively 14.318 and 7.471). This 
indicates that there is a multicollinearity problem in the case of 
JFC, unlike ANT. Indeed, the metrics TLOC and TASSERT 

are the most linearly related to the other unit test case metrics. 
The tolerance of the two metrics is less than 0.20 (respectively 
0.070 and 0.134). From Table 8, it can also be seen that the 
metric TNOO has the lowest VIF, followed by the metric 
TDATA. 

Overall, results show that the studied unit test case metrics 
are not independent. There is, in fact, a certain redundancy in 
the information captured by the metrics. Results also show that 
the best representative subset of (independent) unit test case 
metrics varies from one system to the other. However, as we 
have seen, the new introduced metrics TDATA and TINVOK 
are each in the couples that provide the best independent 
information that maximizes the variance for each system. In 
fact, the design of the analyzed systems may have an impact on 
the effort involved to test each class. Moreover, the style 
adopted by the developers while writing the code of JUnit test 
cases could also significantly impact the observed values of 
studied unit test case metrics. We observed, indeed, that the test 
development style, in general, differs from one system to the 
other. Further investigations are, however, needed in order to 
validate these observations and draw more general conclusions. 

However, in all results, we can see that the effort of writing 
test code, in terms of lines of code (TLOC), is significantly 
correlated with the first component in the case of the two 
systems, which is a plausible finding. Results show also that 
the new introduced unit test case metrics, TDATA and 
TINVOK, capture a part of information that is not captured by 
the metrics TLOC, TASSERT and TNOO. 

E. Threats to validity 

The study presented in this paper should be replicated using 
many other case studies in order to draw more general 
conclusions. The achieved results are based on the data set we 
collected from only two case studies. The findings in this paper 
should be viewed as exploratory and indicative rather than 
conclusive. 

It is also possible that facts such as the development style 
used by the developers for writing test cases and the criteria 
they used while selecting classes for which they developed 
JUnit test classes (randomly or depending on their size or 
complexity e.g., or on other criteria) may affect the results or 
produce different results for specific applications. Results 
show, at least, that the new introduced metrics are relevant. 

V. CONCLUSIONS AND FUTURE WORK 

We analyzed, in this paper, the JUnit test classes of two 
case studies. We used five metrics to quantify different 
perspectives related to their code. We extended, in fact, 
existing JUnit test case metrics by introducing two new 
metrics. We used the Principal Component Analysis technique 
in order to analyze the underlying orthogonal dimensions 
captured by the studied suite of unit test case metrics. The main 
goal of the study was to find whether the unit test case metrics 
are independent or are capturing the same underlying 
dimensions (properties), and particularly to identify a subset of 
independent unit test case metrics that can be used to quantify 
the code of JUnit test classes. 

119



Results show that: (1) the new introduced unit test case 
metrics are relevant, and (2) the best subset (a couple) of unit 
test case metrics that maximizes the variance varies from one 
system to the other. Moreover, the new introduced metrics are 
each in the best subset of unit test case metrics that provide the 
best independent information that maximizes the variance for 
each system. 

The performed study should, however, be replicated using 
many other case studies in order to draw more general 
conclusions. Also, it would be interesting to investigate the 
impact of the systems design, and particularly the style adopted 
by the developers in writing the code of test cases, on the 
distribution of the unit test case metrics. 
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Abstract—The prioritization of interaction test suites has
received more attention in the field of combinatorial interaction
testing, especially when testing resources are limited to allow
the part of combinatorial test cases to be executed. Many
strategies have been proposed to prioritize interaction test
suites according to different evaluation measures. However,
most of these strategies may face a challenge to choose more
than one “best” candidate with the largest evaluation measure
value. In this case, there is a tie among all “best” candidates.
How to do tie-breaking? Intuitively speaking, random tie-
breaking could be a reasonable choice, which has also been
applied to many research papers. In this paper, we investi-
gate different tie-breaking techniques including random tie-
breaking, first-element tie-breaking, last-element tie-breaking,
higher-strength tie-breaking, and lower-strength tie-breaking,
and also conduct experiments on a well-known prioritization
strategy of interaction test suites, namely interaction coverage
based prioritization, in order to present a guideline of choosing
tie-breaking techniques for testers in practical testing. The
experimental results show that although no tie-breaking tech-
nique always performs best, in many cases random tie-breaking
and last-element tie-breaking have best performance, so that
they would be best choices for testers in the prioritization of
interaction test suites.

Keywords-Combinatorial interaction testing, interaction test
suite, test case prioritization, tie-breaking, guideline

I. INTRODUCTION

Combinatorial interaction testing (CIT) [1] aims at gener-
ating an interaction test suite [1], in order to identify failures
that are caused by parameter interactions. Intuitively speak-
ing, combinatorial interaction testing presents a tradeoff
between testing effectiveness and testing efficiency, because
it only focuses on interaction coverage of fixed strengths
(the levels of interaction among parameters) rather than that
of all strengths.

When an interaction test suite T has been already con-
structed by CIT, traditional CIT would directly run T but
does not consider the execution order of test cases in T .
However, due to limited test resources in practice, only part
of test cases in T could be executed. In such case, the
execution order of test cases in T would be critical for the
whole testing process, because a well-prioritized order of
test case execution may be able to identify failures earlier,
and thus enable fault characterization, diagnosis and revision

*Corresponding author: rbhuang@ujs.edu.cn.

as earlier as possible [1]. The process of determining the
order of test cases in T is generally called test case priori-
tization. A prioritized interaction test suite is also called an
interaction test sequence. As shown in Figure 1, the testing
process involved in the dashed box is the traditional CIT,
and an enhanced testing process adds test case prioritization
between test suite construction and test suite execution in
the traditional CIT [2].

To date, many strategies have been proposed to guide the
prioritization of interaction test suite according to different
evaluation measures, for example interaction coverage based
prioritization [2–8] and incremental interaction coverage
based prioritization [9, 10]. However, most of prioritization
strategies may face a challenge1: During the prioritization
process, there may exist more than one “best” candidate such
that they have the same largest evaluation measure value. In
this case, there is a tie among all “best” candidates. How to
do tie-breaking? In this paper, we investigate different tie-
breaking techniques such as random tie-breaking [5, 7, 10],
first-element tie-breaking, last-element tie-breaking, higher-
strength tie-breaking, and lower-strength tie-breaking, and
also conduct experiments on the ICBP prioritization algorith-
m to analyze the effectiveness of tie-breaking techniques, so
as to present a guideline of choosing tie-breaking techniques
for testers in practical testing. The experimental results
indicate that although there is no best tie-breaking technique,
in many cases random tie-breaking and last-element tie-
breaking have best performance, so that they would be best

1Some prioritization strategies do not face this challenge, for example
random test case prioritization [6], because it only prioritizes an interaction
test suite at a random manner. In this paper, therefore, we assume that our
study focus on the prioritization strategies with such challenge.

Generating T

Prioritizing T

Executing T

Traditional CIT process

Figure 1. Traditional CIT with test case prioritization [2].
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choices for testers in the prioritization of interaction test
suites.

The remaining part of this paper is organized as follows:
Section 2 simply introduces some background information
about CIT and test case prioritization. Section 3 presents
some related work about our study. Section 4 investigates
various methods that can be used to prioritize arbitrary inter-
action test suites. Section 5 conducts some empirical studies
to evaluate different prioritization methods investigated in
Section 4. Section 6 analyzes the application range of each
method. Finally, Section 7 concludes and discusses future
work.

II. BACKGROUND

In this section, some background information will be
described, including CIT, interaction test suite, and test case
prioritization.

A. CIT and Interaction Test Suite

CIT aims at covering some specific combinations of
parametric values by using an interaction test suite with the
small number of test cases, so as to detect failures that are
triggered by parameter interactions.

To clearly describe some notions, we first model the
test object in CIT. Assume the SUT has k parameters that
constitute a parameter set P = {p1, p2, · · · , pk}, and each
parameter pi has some valid values or levels from the
finite set Vi (i = 1, 2, · · · , k). In practice, parameters may
represent any factors that influence the performance of the
SUT, such as components, configuration options, user inputs,
etc. Suppose C be the set of constraints on combinations of
parameter values.

Definition 1 (Test profile). A test profile, denoted as
TP (k, |V1||V2| · · · |Vk|,C ), is the model of the SUT, in-
cluding k parameters, |Vi| parameter values for each i-th
parameter, and value combination constraints C .

Unless specifically stated, the definitions illustrated in this
paper are based on a TP (k, |V1||V2| · · · |Vk|,C ).

Definition 2 (Covering array). A covering array (CA),
denoted CA(N ; τ, k, |V1||V2| · · · |Vk|), is an N × k matrix,
which satisfies the following properties: (1) each column
i (1 ≤ i ≤ k) contains elements only from the set Vi; and
(2) the rows of each N × τ sub-matrix cover all possible
τ -tuples (referred to as τ -wise value combinations or τ -wise
value schemas [1]) from the τ columns at least once.

Here, τ is called strength. Since the strength of a covering
array is fixed, a covering array at strength τ is also usually
called a τ -wise covering array.

In a covering array, each row represents a test case; while
each column represents a parameter. Generally speaking,
in the field of combinatorial interaction testing, a covering
array represents an interaction test suite. In this paper,
therefore, we assume that a covering array is equivalent to
an interaction test suite.

B. Test Case Prioritization

Test case prioritization seeks to schedule test cases so that
those with the highest priority, according to some criterion,
are executed earlier in testing than lower priority test cases.
When testing resources are limited or insufficient to execute
all test cases in a test suite, a well-designed execution order
of test cases seems especially significant. A prioritized test
suite is generally called a test sequence. The problem of test
case prioritization is defined as follows [11].

Definition 5 (Test case prioritization). Given a tuple
(T,Ω, f), where T is a test suite, Ω is the set of all possible
permutations of T , and f is a function from Ω to real
numbers, the test case prioritization problem is to find a
test sequence S ∈ Ω such that:

(∀S′)(S′ ∈ Ω)(S′ ̸= S)[f(S) ≥ f(S′)]. (1)

According to Rothermel’s investigations [11], there are
many possible goals of prioritization (that is, different func-
tions of f ). For example, a well-known function, namely
average percentage of faults detected (APFD), is related to
fault detection, which is widely used in regression testing.
The APFD function needs to obtain the fault-detection
capability of each executed test case.

III. TIE-BREAKING TECHNIQUES IN PRIORITIZATION OF
INTERACTION TEST SUITES

In this section, we investigate different tie-breaking tech-
niques used in the prioritization of interaction test suites. In
order to describe techniques clearly, we apply different tie-
breaking techniques to a well-known prioritization strategy
of interaction test suites, namely interaction coverage based
prioritization (in short ICBP). Figure 2 presents the detailed
algorithm of ICBP, from which the “best” element is chosen
from candidates in T as the next test case in S such that it
covers the largest number of τ -wise value combinations that
have not yet covered by S.

Consider an interaction test suite T (its original test
sequence T ′ is obtained according to its generation order),
the prioritization strength τ for algorithm ICBP, that is,
ICBP uses the τ -wise interaction coverage, or uncovered τ -
wise value combinations distance (in short UVCDτ ) [12] to
guide the prioritization, and an interaction test sequence of T

Input: A τ -wise CA, denoted as T .
Output: An interaction test sequence S of T .

1: Initialize S;
2: while (T is not empty)
3: Select the “best” element e from T .
4: Remove e from T ;
5: Insert e into S;
6: end while
7: return S.

Figure 2. The detailed algorithm description of ICBP.
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prioritized by ICBP. We will describe different tie-breaking
techniques as follows.

A. Random Tie-breaking

Obviously, random tie-breaking is an intuitive technique,
because it randomly breaks the tie among all “best” can-
didates. For example, two combinatorial test cases tc1 and
tc2, in T , have the same UVCDτ value, ICBP will randomly
choose one from tc1 and tc2 as the next test case in S. In
other words, tc1 and tc2 have the same probability to be
selected.

B. First-element Tie-breaking

The first-element tie-breaking technique denotes that a-
mong all “best” candidates, ICBP would select a candidate
as the next test case such that it occurs in the original test
sequence T ′ first.

C. Last-element Tie-breaking

Similar to the first-element tie-breaking technique, Last-
element Tie-breaking chooses the element as the next test
case such that is occurs in the original test sequence T ′

lastly when facing the challenge of more than one “best”
candidate.

As we know, ICBP uses the fixed strength τ to guide the
prioritization of interaction test suites. When there are two
candidates tc1 and tc2 of which have the largest UVCDτ

value, the strength τ is unavailable to distinguish tc1 and
tc2. In this case, it is reasonable to consider other strength
to assist ICBP in choosing the next test case. Therefore,
we consider the following two cases: (1) the tie-breaking
technique using the strength higher than τ , namely Higher-
strength tie-breaking; and (2) the tie-breaking technique
using the strength lower than τ , namely lower-interaction-
coverage tie-breaking. We will describe them in turn.

D. Higher-strength Tie-breaking

When the strength τ is unavailable to assist ICBP in
selecting the next test case from the “best” candidates,
the Higher-strength tie-breaking technique uses the strength
(τ +1) for ICBP to further calculate each “best” candidate,
and then choose one as the next test case in S. It can be noted
that if strength (τ+1) is also unavailable (that is, after using
higher interaction coverage, there still exists more than one
“best” candidate), ICBP will randomly choose an element
from the remaining “best” candidates as the next test case
in S.

E. Lower-strength Tie-breaking

Compared to the Higher-strength tie-breaking technique,
Lower-strength tie-breaking uses the strength (τ −1) to fur-
ther guide the prioritization when strength τ is unavailable.
Similar to Higher-strength tie-breaking, if strength (τ − 1)
is also unavailable, ICBP chooses one element from the

remaining “best” candidates as the next test case at a random
manner.

Among all tie-breaking techniques, first-element tie-
breaking and last-element tie-breaking are deterministic,
which means that given an original interaction test sequence,
each of them could obtain a unique interaction test sequence.
However, other three tie-breaking techniques are nondeter-
ministic, because they may randomly choose an element
from all “best” candidates as the next test case.

IV. EMPIRICAL CASE STUDY

In this section, an empirical case study is presented to
analyze the effectiveness of different tie-breaking techniques
in the prioritization of interaction test suites, according to
fault detection. We have designed the empirical study to
answer the following research questions:

RQ1: Among all tie-breaking techniques, which tech-
nique is best for the prioritization of interaction test suites?

RQ2: How to choose the tie-breaking technique in prac-
tical testing?

A. Setup

We use a medium-sized real-life program from a lexi-
cal analyzer system (flex), which is obtained from the
Software Infrastructure Repository (SIR) [13]. This program
involves five versions, and contains 9,581 sin 11,470 uncom-
mented lines of C language code, which are also augmented
with a seeded fault library. In this paper, we have used 34
seeded faults. According to Petke’s investigation [8], the
test profile of program flex is TP (9, 263251,C ), where
C ̸= ∅.

The original covering arrays were generated by two
widely-used tools: Advanced Combinatorial Testing System
(ACTS) [14]; and Pairwise Independent Combinatorial Test-
ing (PICT) [15], both of which are supported by greedy algo-
rithms, and respectively implemented by the In-Parameter-
Order (IPO) method and the one-test-at-a-time approach. We
focused on covering arrays with strength τ = 2, 3, 4, 5. Since
some tie-breaking techniques involve randomization such as
random tie-breaking, we ran the experiment 100 times for
each interaction test suite and report the average.

In practical testing, testing resources may be limited to
allow only part of interaction test sequence to be executed.
In this study, therefore, we consider different budgets by
considering different percentages (p) of each interaction test
sequence, for instance, p = 5%, 10%, 25%, 50%, 75%, and
100%.

B. Metrics

Generally speaking, APFD has been used to evaluate
different prioritization techniques. However, it has two re-
quirements [2, 6, 9, 10], so as to fail to be used as the
evaluation metric. Therefore, in this study we used an
alternative of APFD, namely Normalized APFD (or NAPFD)
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[6], in order to evaluate the fault detection rate for each tie-
breaking technique.

C. Results and Analysis
Table I presents the NAPFD metric values for ICBP

with different tie-breaking techniques when executing the
certain percentage of each interaction test sequence. It can
be noted that the bold datum in this table is largest in each
sub-column. From this table, we can have the following
observations.

1) Among all tie-breaking techniques, which technique is
best for the prioritization of interaction test suites? Accord-
ing to data shown in Table I, it can be clearly seen that
there is no best tie-breaking technique for the prioritization
of interaction test suites. In other words, each tie-breaking
technique performs best in some cases. For example, random
tie-breaking obtains the best NAPFD metric values for
ACTS covering arrays at strengths τ = 2 and τ = 4 when p
is high; first-element tie-breaking performs best for PICT
covering array at strength τ = 5 regardless of p value;
last-element tie-breaking has the best performance when
prioritizing PICT covering array at strength τ = 3; higher-
strength tie-breaking has the best rates of fault detection
for ACTS covering arrays at strength τ = 3 when p is low;
and lower-strength tie-breaking behaves best NAPFD metric
values for PICT covering array at τ = 2 when p is high.

However, on the whole, first-element tie-breaking per-
forms worst in many cases. Therefore, first-element tie-
breaking is the last choice. Higher-strength tie-breaking
could be a better choice when executing fewer number of
combinatorial test cases in the interaction test sequence. Ad-
ditionally, random tie-breaking and last-element tie-breaking
could be best in many cases.

2) How to choose the tie-breaking technique in practical
testing? According to the definition of each tie-breaking
technique, higher-strength and lower-strength tie-breaking
techniques are more time-consuming than other tie-breaking
techniques, because they need to count information at higher
strength (or lower strength). As discussed before, random
tie-breaking and last-element tie-breaking would be better
choices according to fault detection rates. As a consequence,
in practical testing when testing resources are sufficient,
testers would choose the higher-strength tie-breaking tech-
nique in the prioritization of interaction test suites, because
it needs more prioritization time; when testing resources are
limited, random tie-breaking and last-element tie-breaking
would be better alternatives, because they has less pri-
oritization time. On the other hand, random tie-breaking
and higher-strength tie-breaking are un-deterministic; while
last-element tie-breaking is deterministic. Therefore, when
testers need to compare their methods with deterministic
algorithms, last-element tie-breaking is a better choice; oth-
erwise, random tie-breaking or higher-strength tie-breaking
would be better.

D. Threats to Validity

Despite our best efforts, our experiments may face some
threats to validity.

The first threat is the selection of experimental data – in
this paper only a medium-sized subject program has been
used to investigate the effectiveness of different tie-breaking
techniques. Additionally, two tools used to construct in-
teraction test suites are widely used but both of them are
greedy. Finally, we applied different tie-breaking techniques
to only ICBP algorithm. To address this threat, additional

Table I
THE NAPFD METRIC (%) FOR ICBP WITH DIFFERENT TIE-BREAKING TECHNIQUES FOR SUBJECT PROGRAM FLEX WHEN EXECUTING THE

PERCENTAGE OF INTERACTION TEST SEQUENCE.

Method Strength p of ACTS Interaction Test Sequence Executed p of PICT Interaction Test Sequence Executed
5% 10% 25% 50% 75% 100% 5% 10% 25% 50% 75% 100%

Random Tie-breaking

τ = 2

15.12 31.10 62.96 76.10 80.29 82.35 14.94 29.69 61.31 75.12 79.62 82.66
First-element Tie-breaking 5.88 21.32 59.56 74.66 79.41 81.70 8.83 21.32 57.60 73.98 78.48 81.62
Last-element Tie-breaking 13.24 25.74 55.15 72.86 78.24 80.83 7.35 19.85 56.62 74.32 79.64 82.75

Higher-strength Tie-breaking 15.82 31.29 62.15 75.13 79.37 82.26 14.24 28.96 61.12 75.13 79.55 82.49
Lower-strength Tie-breaking 15.38 31.18 62.83 75.87 80.14 82.24 15.29 30.27 61.68 75.12 79.54 82.57

Random Tie-breaking

τ = 3

43.57 62.09 77.66 83.66 85.97 87.88 41.41 60.42 76.65 82.44 84.65 86.18
First-element Tie-breaking 35.29 57.84 76.84 82.71 84.87 87.25 25.00 47.55 70.96 79.60 82.48 84.32
Last-element Tie-breaking 33.82 57.60 76.47 82.75 85.50 87.70 49.51 65.20 79.60 83.92 86.00 87.35

Higher-strength Tie-breaking 43.60 62.10 77.66 83.66 85.95 87.95 41.74 60.95 77.06 82.64 84.62 85.95
Lower-strength Tie-breaking 41.84 61.06 77.39 83.67 86.10 88.02 41.71 60.71 76.96 82.65 84.78 86.28

Random Tie-breaking

τ = 4

59.98 74.36 83.96 88.33 90.54 92.72 61.04 73.40 82.97 86.72 88.86 90.10
First-element Tie-breaking 54.66 70.81 82.22 88.01 90.54 92.94 61.03 73.16 82.77 86.97 89.31 90.54
Last-element Tie-breaking 59.56 72.40 81.80 86.49 88.04 90.84 62.01 73.04 84.33 87.82 89.92 90.99

Higher-strength Tie-breaking 60.41 74.69 83.95 88.22 90.53 92.79 59.47 72.73 82.86 86.57 88.64 89.89
Lower-strength Tie-breaking 59.96 74.35 83.67 88.07 90.20 92.48 60.63 73.36 83.05 86.80 88.82 90.00

Random Tie-breaking

τ = 5

71.39 80.69 87.50 91.03 93.02 94.67 69.31 79.40 86.58 90.49 92.95 94.71
First-element Tie-breaking 65.37 76.73 86.44 90.31 91.95 93.98 70.00 79.55 87.42 91.41 94.28 95.72
Last-element Tie-breaking 70.05 81.46 89.18 91.67 93.26 94.96 70.00 79.55 86.11 90.15 92.44 94.24

Higher-strength Tie-breaking 70.56 80.14 87.28 90.71 92.53 94.32 69.25 79.25 86.67 90.75 93.16 94.85
Lower-strength Tie-breaking 70.51 80.18 87.40 90.98 92.91 94.63 68.79 78.86 86.34 90.13 92.47 94.33
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studies will be conducted in the future using more real-life
programs, more interaction test suite construction tools, and
more prioritization algorithms of interaction test suites.

Another threat is the evaluation of experimental results –
a metric named APFD or NAPFD was used to evaluate the
rates of fault detection for different tie-breaking techniques.
The NAPFD metric is commonly used in the study of test
case prioritization.

V. CONCLUSIONS AND FUTURE WORK

The prioritization of interaction test suites has been widely
studied in recent years, especially when testing resources are
limited. During the process of prioritization of interaction
test suites, the corresponding algorithm may face a challenge
that there may exist more than one “best” candidate, how to
choose it from them (or do tie-breaking)? In this paper, we
investigate different techniques used to choose the next test
case from “best” candidates, including random tie-breaking,
first-element tie-breaking, last-element tie-breaking, higher-
strength tie-breaking, and lower-strength tie-breaking. An
empirical study shows that random tie-breaking and last-
element tie-breaking would be the better choices than other
tie-breaking techniques for testers.

This study only investigates different tie-breaking tech-
niques on the certain prioritization strategy (that is, interac-
tion coverage based prioritization), it is necessary to apply
these tie-breaking techniques to other prioritization strategies
of interaction test suites. We will study it in the future.
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Abstract—Test case prioritization aims to schedule test cases in a 

certain order such that the effectiveness of regression testing can 

be improved. Prioritization using random sequence is a basic and 

simple technique, and normally acts as a benchmark to evaluate 

other prioritization techniques. Adaptive Random Sequence 

(ARS) makes use of extra information to improve the diversity of 

random sequence. Some researchers have proposed prioritization 

techniques using ARS with white-box code coverage information 

that is normally related to the test execution history of previous 

versions. In this paper, we propose several ARS-based 

prioritization techniques using black-box information. The 

proposed techniques schedule test cases based on the string 

distances of the input data, without referring to the execution 

history. Our experimental studies show that these new techniques 

deliver higher fault-detection effectiveness than random 

prioritization. In addition, as compared with an existing black-

box prioritization technique, the new techniques have similar 

fault-detection effectiveness but much lower computation 

overhead, and thus are more cost-effective. 

Keywords – test case prioritization; adaptive random sequence; 

random sequence; random testing; adaptive random testing  

I.  INTRODUCTION  

Regression testing is used to ensure that changes to the 
program do not negatively impact its correctness. A main task 
in regression testing is the prioritization of test cases, which 
reorders the existing test cases to meet some performance goal, 
such as detecting the faults as early as possible. Previous 
studies on test case prioritization aim at providing earlier 
feedback to testers, and allow them to begin debugging earlier.  

Various test case prioritization techniques have been 
developed, which are designed to achieve different objectives. 
Most of the test case prioritization techniques require white-
box information or test history to facilitate their prioritization 
operations. Essentially, they use the information derived from 
the previous versions, such as program source code coverage or 
fault detection history. However, the white-box information 
and test history are not always available, and sometimes such a 
kind of information is incomplete or inaccurate, or even costly 
or difficult to obtain. 

To address this problem, Ledru et al. [1] propose a 
prioritization technique based on string distances between test 
cases, which does not depend on the availability of white-box 

information or test history. Their technique is based on the 
concept of test case diversity in terms of four classic string 
distance metrics. However, their prioritization technique needs 
to calculate the distances for each pair of test cases in the given 
test suite. As a consequence, the computation overhead is 
considerably expensive.  

Our study aims to reduce the high computation overhead 
while preserving the test case diversity in the prioritized 
sequence. We investigate a more cost-effective test case 
prioritization methodology using the black-box information of 
the program under test. Our prioritization techniques make use 
of the concept of adaptive random sequence to achieve 
diversity of test cases through the notion of evenly spreading 
across the input domain.  

The rest of the paper is organized as follows. Section II 
introduces the background information of test case 
prioritization and adaptive random sequence. The previous 
work related to our study is discussed in Section III. Section IV 
gives the details of our new prioritization techniques. Section V 
reports our empirical study for evaluating the new techniques. 
The paper is finally summarized in Section VI. 

II. BACKGROUND 

A. Test Case Prioritization Strategies 

Test case prioritization schedules test cases so that those 
with the higher priority, according to some criterion, are 
executed earlier in the regression testing process. Given a test 
suite, test case prioritization will find a permutation of the 
original test suite, aiming to maximize the objective function. 
There are various strategies based on different intuitions. For 
example, history-based prioritization techniques use 
information from previous executions to determine test 
priorities; knowledge-based techniques use human knowledge 
to determine test priorities and model-based techniques use a 
model of the system to determine test priorities.  

To measure the performance of different prioritization 
strategies, APFD has been proposed to measure the weighted 
average of the percentage of faults detected during the 
execution of the test suite. Let T be a test suite which contains n 
test cases, and let F be a set of m faults revealed by T. Let T′ be 
the prioritized test sequence for T. Let TFi be the sequence 
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index of the first test case in T′ which reveals fault i. The APFD 
for test suite T′ could be given by the following equation: 

1 2
1

1
2

m
TF TF TF

APFD
nm n

+ + +
= − +

�

            (1) 

Among all prioritization strategies, random sequence is the 
most simple and basic strategy. It is simple in concept and is 
easy to apply even when source code, specification or test 
history is unavailable or incomplete. Therefore, random 
sequence has been used as a benchmark for evaluating other 
prioritization strategies. 

B. Adaptive Random Sequence 

Adaptive Random Sequence (ARS), originated from the 
concept of Adaptive Random Testing (ART) [2], is basically a 
random sequence embedding the notion of diversity. ARS has 
been argued as a possible alternative to random sequence.  

ART is aimed to improve the fault-detection effectiveness 
of random testing through the concept of even spreading of test 
cases in the input domain [2]. It is motivated by the empirical 
observation that failure-causing inputs are frequently clustered 
into contiguous failure regions. In other words, if a test case is 
found to be non-failure-causing, it is very likely that its 
neighbors will not reveal any failures. Thus, preference should 
be given to select the input far away from the non-failure-
causing inputs as the next test case. ART can be implemented 
using various notions of even spread, such as Fixed Size 
Candidate Set ART(FSCS-ART) [2], restricted random testing 
[3], ART by dynamic partitioning [4], lattice-based ART [5], 
and so on. In order to reduce the generation overhead for these 
algorithms, some general reduction techniques have been 
developed, such as clustering [6], mirroring [7], and forgetting 
[8]. Since its inception, ART has been applied into many 
different types of programs [6, 9]. 

There is a close relationship between ARS and ART. In the 
context of test case generation, ART is a test case generator to 
select test cases from the pool of possible inputs. However, if 
ART exhausts the whole pool of possible inputs, the generated 
order can be treated as a prioritized order. It means that ART 
can be used as a test suite “prioritizor” to deliver a prioritized 
sequence. Technically speaking, the test sequence generated by 
ART is an adaptive random sequence (ARS), which embeds 
the concept of even spread across the input domain. Moreover, 
ART is based on random testing with the objective of revealing 
the failures as early as possible, which is consistent with the 
objective of prioritization. As a consequence, ARS can be 
applied in test case prioritization. 

III. RALATED WORK 

Test case prioritization schedules test cases with an 
intention to achieve some performance goal. Various test case 
prioritization techniques have been proposed using different 
intuitions. 

Among these techniques, Rothermel et al. [10] emphasized 
using execution information acquired in previous test runs to 
define test case priority and they defined various techniques. 
Their techniques are shown to be effective at achieving higher 
values for APFD. Furthermore, Li et al. [11] proposed several 

non-greedy algorithms, including hill climbing algorithm and 
genetic algorithm. Evidently, all of these prioritizations require 
the test history information of the previous versions. 

Similar to our investigation of test case prioritization by 
ARS, Jiang et al. [12] and Zhou et al. [13] proposed the family 
of adaptive random test case prioritization using code coverage. 
They used Jaccard distance and Manhattan distance 
respectively, to measure the difference of code coverage. The 
empirical results showed that they are statistically superior to 
the random sequence in detecting faults. Furthermore, Zhou et 
al. [14] applied ART to prioritize test cases based on execution 
frequency profiles using frequency Manhattan distance. 
Recently, Fang et al. [15] proposed a similarity-based test case 
prioritization technique based on farthest-first ordered sequence, 
which is similar to adaptive random sequence. However, these 
white-box methods assume the availability of certain coverage 
information or execution frequency profiles. 

Ledru’s prioritization technique used string distances to 
measure the test case diversity, and hence solely depended on 
the black-box information [1]. However, their algorithm 
computes the distances for each pair of test cases to find the 
first test case with the maximum distance, and then it 
repeatedly chooses a test case which is most distant from the 
set of already ordered test cases. Therefore, their prioritized test 
sequence is deterministic but incurs expensive overhead.  

IV. ARS-BASED TEST CASE PRIORITIZATION 

In this section, we present our offline ARS-based test case 
prioritization algorithm, denoted as ARS-all, and online ARS-
based test case prioritization algorithm, denoted as ARS-pass, 
respectively.  

Before presenting our prioritization algorithms, we first 
give some definitions. Suppose T = {t1, t2,…, tn} is a regression 
test suite with n test cases. A test sequence PT is an ordered list 
of test cases. If t is a test case, and PT = <p1, p2,…, pk>, we 

define PT
∧
t to be < p1, p2, …, pk, t>. 

A. Offline Prioritization Algorithm: ARS-all 

Majority of the existing test case prioritization techniques 
are applied offline. That is, after the prioritization is completed, 
the test case sequence is finalized, and then the regression 
testing is conducted according to the prioritized test cases until 
testing resources exhaust.  

Our offline prioritization algorithm ARS-all can be done in 
a batch-mode as other existing test case prioritization 
techniques. During the prioritization, two sets of test cases are 
maintained. One set is the already prioritized set P, the other 

set is the not-yet-prioritized set NP. Obviously, T =NP ∪ P. 

Our algorithm ARS-all aims at selecting a test case farthest 
away from all already prioritized test cases, which is 
summarized in Fig. 1: Initially, we randomly select a test case 
from T. Then, we use FSCS-ART algorithm to decide the next 
test case. The algorithm constructs the candidate set CS by 
randomly select k test cases from NP, and then a candidate 
from CS will be selected as the next test case if it has the 
longest distance to its nearest neighbor in P. The process is 
repeated until all the test cases are ordered in sequence. In this 
paper, let k=10 according to the previous studies [2]. 
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Figure 1.  The prioritization algorithm: ARS-all 

 

B. Online Prioritization Algorithm: ARS-pass 

Different from most existing prioritization techniques that 
are applied in a batch mode, ARS-pass requires online 
feedback information. Technically speaking, the next 
prioritized test case depends on the previous execution results 
of the current version. Hence, the prioritization must be 
conducted interleaving with program execution.  

Suppose that previously prioritized and executed test cases 
have not revealed any failures. The next prioritized test case 
should be far away from them, aiming at revealing failures 
more quickly. Thus, the prioritized test case sequence is 
generated according to the results of executed test cases. 

Our prioritization algorithm ARS-pass can be easily 
implemented using the concept of forgetting, which is also 
referred to as ART with selective memory [16]. The subset of 
P will only memorize the non-failure-causing test cases using 
the online feedback information of program execution. By 
forgetting the failure-causing test cases and only focusing on 
the passed test cases, ARS-pass not only reduces the distance 
computation overhead, but also ensures that each new test case 
is far away from all already executed but non-failure-causing 
test cases. As a consequence, the probability of failure 
detection will be increased.  

Note that we have proposed ARS-all and ARS-pass to 
reduce the prioritization overhead, and they can be applied in 
different execution modes. Particularly, ARS-pass will further 
reduce the computation overhead and improve the diversity of 
test cases by using the online feedback execution information 
of the program version under test. 

V. EMPIRICAL STUDY 

In this section, empirical evaluations of real-life program 
are presented to assess the performance of our algorithms. 

A. Peer Techniques for Comparison 

Besides random sequence, we compare our prioritization 
techniques with the technique proposed by Ledru et al. [1], 
denoted as Ledru.  

In this study, two classic distance metrics, namely 
Manhattan and Hamming distances, are used to measure the 
diversity of test cases. Given two test cases represented by 
strings A and B, the Manhattan distance between them is 

calculated as ∑ |�� − ��|
�
��	 , where αi and βi denote the ASCII 

code for each character in A and B, respectively, and n is the 
longer length of A and B. When A and B have different lengths, 
the shorter one will be filled with NULL characters, whose 
ASCII code value is 0. For example, given A = “ac” and B = 
“abd”, the Manhattan distance between A and B is |97–97| + 
|99–98| + |0–100| = 101. Manhattan distance was recommended 
as the best choice for the Ledru prioritization technique [1]. 
Hamming distance is the simplest distance metric. Given two 
test cases A and B, the Hamming distance between them is 
calculated as the number of characters different in these strings. 
When A and B have different lengths, the shorter string will be 
completed by a list of NULL characters in order to have the 
same length of the longer string. For the previous example A = 
“ac” and B = “abd”, their Hamming distance is 2. 

Combining different prioritization algorithms and distance 
metrics, we have seven prioritization strategies as follows, 
summarized in Table I. 

 
 

 

B. Research Questions 

We study the following research questions in the empirical 
study. 

RQ1: Do ARS-based techniques perform better than 
prioritization using random sequence? 

RQ2: Are ARS-based techniques more cost-effective than 
Ledru technique?  

C. Subject Program and Test Suites 

 

TABLE I.        PRIORITIZAION TECHNIQUES 

Ref. Name Algorithm Distance 

T1 Random Random -- 

T2 Ledru-M Ledru Manhattan 

T3 Ledru-H Ledru Hamming 

T4 ARS-all-M ARS-all Manhattan 

T5 ARS-all-H ARS-all Hamming 

T6 ARS-pass-M ARS-pass Manhattan 

T7 ARS-pass-H ARS-pass Hamming 

 

Algorithm: ARS-all 

Inputs: T: {t1, t2, …,} is a set of test cases 
k: the number of candidates 

Output: PT: <p1, p2, …,> is a sequence of test cases 

1.  Initialize: PT ← φ, P ← φ, NP ← φ, CS ← φ  

2.  t ← a test case randomly selected from T 

3.  do 

4. Initialize: CS ← φ 

5.    CS ← randomly select k test cases from NP 

6.    for each candidate test cases tj, where j=1,2,…,k 

7.       calculate its distance dj to its nearest neighbor in P 

8.    end for 

9.    find tb∈ CS such that ∀ j=1,2,…, k, db ≥ dj 

10.    t ← tb 

11.    PT ← PT ∧ t 

12.  P ← P ∪ {t}     

13. NP ← T – P    

14.    while ( NP ≠ φ ) 

15.    return PT 

Ref. Name Algorithm Distance 

T1 Random Random -- 

T2 Ledru-M Ledru Manhattan 

T3 Ledru-H Ledru Hamming 

T4 ARS-all-M ARS-all Manhattan 

T5 ARS-all-H ARS-all Hamming 

T6 ARS-pass-M ARS-pass Manhattan 

T7 ARS-pass-H ARS-pass Hamming 
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We use a GUI application Crossword Sage as subject 
program. This subject program is free and open source in 
SourceForge. It presents unambiguous graphical user interfaces 
for testers to design the test cases. This application, written in 
Java, was widely used in some other studies [17-19]. 

Furthermore, this subject program contains real-life faults and 
exceptions.  

Yang et al. [17] conducted an empirical study to compare 
random testing and functional testing in GUI testing. 
Thousands of random and functional test cases, in the form of 
Java scripts, had been created for this GUI application. With 
some necessary transformations, these existing test suites will 
be used for our prioritization. The basic information of our 
subject program and test suites is shown in Table II, and the 
details can be found in [17]. 

D. Experiment Design 

For each prioritization strategy, we prioritize the existing 
two test suites, that is, Crossword Sage Random test suite and 
Crossword Sage Functional test suite, denoted as CSR and 
CSF, respectively. Thus, there are two sets of results for each 
prioritization strategy. The results include the prioritized 
sequence, the APFD value, the prioritization time cost, the 
detected faults report and so on. Since some of the 
prioritization strategies involve random selection, we repeat 
each of the prioritization strategies 100 times to obtain the 
averages. 

TABLE II.        INFORMATION OF SUBJECT PROGRAM AND TEST SUITES 

Application Crossword Sage 

Version 0.3.3 

#Widgets 80 

#Faults 14 

#Test cases 
RT 738 

FT 1278 

#Detected faults 
RT 12 

FT 14 

 

    Note:  RT refers to Random Testing; 

FT refers to Functional Testing. 

 

Figure 3.   APFD values for test suite CSF 

 

Figure 2.   APFD values for test suite CSR 
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E. Analysis of the Results 

In this section, we analyze the experiment results to answer 
the research questions. As shown in Fig. 2 and Fig. 3, we 
calculate the APFD values for each strategy and draw box-and-
whisker plots for the two test suites, respectively. For each box-
and-whisker plot, the x-axis represents prioritization strategies 
and the y-axis represents their APFD values. The horizontal 
lines in the boxes indicate the lower quartile, median and upper 
quartile values. Furthermore, we present the average 
prioritization time cost (in milliseconds) of 100 trials for each 
strategy, summarized in Table III. 

To address RQ1, we compare the APFD values between 
our ARS-based strategies and random sequence. 

From Fig. 2 and Fig. 3, we observe that, for test suites CSR 
and CSF, all of our ARS-based strategies outperform the 
random sequence. We further conduct binomial t-tests for the 
APFD values for our ARS-based strategies and random 
sequence respectively. As shown in Table IV, all p-values are 
smaller than the significant level of 0.05. It means that all the 
null hypotheses (H0: ARS-all-M/ ARS-all-H/ ARS-pass-M/ 
ARS-pass-H does not outperform Random) are rejected.  

As a result, it is statistically significant that all of our ARS-
based techniques perform better than random prioritization 
with respect to the APFD values. 

 

 

To address RQ2, we compare the APFD values and 
prioritization time cost between ARS-based strategies and 
Ledru technique using these two test suites. 

From Fig. 2, for test suite CSR, we observe that, with 
Manhattan distance, both ARS-all and ARS-pass significantly 
outperform Ledru. Whereas, for Hamming distance, Ledru-H 
has the best APFD value. Similar results also exist for CSF, as 
shown in Fig. 3. However, the differences between their APFD 
values are less than 5%. In other words, the performance of 
ARS-all, ARS-pass, and Ledru technique can be said to be 
comparable with respect to the APFD values. 

For prioritization time cost (refer to Table III), it is obvious 
that all of ARS-based strategies use much less time than Ledru 
technique. In the best case, the computation time for ARS-
based technique is about 1.23% of that for Ledru's technique 
(ARS-pass-M: 122.88 vs. Ledru-M: 10014.33 in CSF), while in 

the worst case the computation time for ARS-based technique 
is about 3.72% of that for Ledru's technique (ARS-pass-H: 
58.76 vs. Ledru-H: 1581.33 in CSR). The reason for the 
dramatic cost reduction by our prioritization is that Ledru 
technique has to calculate all the distances of each pair of test 
cases before selecting next test case but not our ARS-based 
strategies. 

Briefly speaking, given that our ARS-based techniques and 
Ledru technique have comparable APFD values, the former’s 
lower overhead suggests that our ARS-based techniques are 
more cost-effective than Ledru technique.  

 

We further compare the APFD values and prioritization 
time cost between ARS-all and ARS-pass. As shown in Fig. 2 
and Fig. 3, ARS-all-M/H and ARS-pass-M/H have the similar 
APFD values. We conduct binomial t-tests of the APFD values 
for ARS-all and ARS-pass respectively, as shown in Table V. 
The online ARS-based algorithm, namely, ARS-pass, has 
comparable performance to the offline ARS-based algorithm, 
namely, ARS-all, in terms of the APFD values.  

Next, we discuss their prioritization time cost. From Table 
III, we observe that, by making use of online feedback 
information of execution results and only focusing on the 
passed test cases, ARS-pass uses much less computation time. 
The computation time for ARS-pass is about 48% and 60% of 
that for ARS-all in CSR and CSF, respectively. Please note that, 
there are 302 passed test cases and 436 failed test cases in CSR 
while 749 passed test cases versus 529 failed test cases in CSF. 
In fact, the ratios of the time cost are consistent with the ratios 
of passed test cases in these two test suites.  

In conclusion, ARS-pass has the comparable APFD values 
with ARS-all while using less computation time.  

As explained in the above discussions, our adaptive random 
sequence outperforms random sequence and furthermore is 
cost-effective to apply in practice. 

TABLE IV.    APFD COMPARISONS BETWEEN RANDOM SEQUENCE AND FOUR 
ARS-BASED TECHNIQUES 

Algorithm(x) Algorithm(y) 

CSR CSF 

Mean 

Diff.(x-y) 
Sig. 

Mean 

Diff.(x-y) 
Sig. 

Random ARS-all-M -0.0611 0.0000 -0.0298 0.0000 

Random ARS-all-H -0.0676 0.0000 -0.0367 0.0000 

Random ARS-pass-M -0.0588 0.0000 -0.0285 0.0000 

Random ARS-pass-H -0.0668 0.0000 -0.0356 0.0000 

 

TABLE V.     APFD COMPARISONS BETWEEN ARS-ALL AND ARS-PASS 

Algorithm(x) Algorithm(y) 

CSR CSF 

Mean 

Diff.(x-y) 
Sig. 

Mean 

Diff.(x-y) 
Sig. 

ARS-all-M ARS-pass-M 0.0016 0.2090 0.0013 0.3805 

ARS-all-H ARS-pass-H 0.0008 0.5531 0.0011 0.4136 

 

TABLE III.    INFORMATION OF PRIORITIZATION TIME 

 (IN MILLISECONDS) 

Technique CSR CSF 

Random 0.20 0.34 

Ledru-M 1632.67 10014.33 

Ledru-H 1581.33 9480.00 

ARS-all-M 56.90 194.51 

ARS-all-H 58.76 194.67 

ARS-pass-M 26.97 122.88 

ARS-pass-H 29.08 120.14 
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F. Threats to Validity 

The major threat to internal validity is the potential faults in 
our tools. We use Java to implement the tools for GUI test case 
transformation, distance calculation, prioritization algorithm, 
and results calculation. Actually, we have carefully tested our 
tools on small examples to assure correctness. 

Threats to external validity correspond to the subject 
programs and test suites. For the space limit, although we have 
carried out some other case studies, we just present the 
empirical study results of one GUI application, which is open 
source and widely used in several research works. Moreover, 
the used two test suites cannot sufficiently represent the real-
life situations. Further experiments on other subject programs 
and test suites in different types and languages may help 
generalize our findings. 

The threat to construct validity involves the measurement. 
In this paper, we just use the most commonly adopted 
effectiveness metric in prioritization, namely, APFD to 
measure the effectiveness of a prioritized test suite. Other 
measures should probably be considered in further work.  

There is little threat to conclusion validity. A large number 
of experimental runs have been executed to get reliable average 
APFD values for the prioritization strategies involving 
(adaptive) random sequences. Statistical tests were conducted 
to validate the statistical significance of our experimental 
results. 

VI. CONCLUSION AND FUTURE WORK 

This paper reported the first attempt to use adaptive random 
sequence and black-box information in test case prioritization. 
It is easy to implement, and it just requires the information 
about inputs. We carried out the experiments on an open source 
GUI application. The results of experiments and statistical 
analyses provided clear evidence that our ARS-based 
techniques are cost-effective in prioritizing test suites. Their 
performances of APFD are better than that of the random 
sequence, which was used as a baseline. Moreover, our 
techniques are much more cost-effective than Ledru technique. 
The ARS-pass algorithm achieves a good balance between 
APFD effectiveness and efficiency by using the online 
feedback information. 

In future, we will conduct more experiments on various 
subject programs and test suites with different types, sizes, 
languages and other attributes. Furthermore, other efficiency 
improvement techniques for ART and other types of distance 
calculation will be considered. Finally, adaptive random 
sequence with different objectives to conduct prioritization is a 
promising research topic. 
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Abstract—Until now, centralized revision control systems such as 
Subversion (SVN) have been widely used in open-source software 
(OSS) development. Commit is a basic and important operation 
for revision control, and it has attracted the attention of a large 
number of researchers. As far as we know, few of prior studies 
investigated the distribution of inter-commit times (known as 
commit intervals), which reveals the development dynamics of an 
OSS project to some extent. To gain a better understanding on 
OSS development processes, we conducted an empirical study on 
two representative projects written in Java, and found that (1) 
the distributions of commit intervals in the two projects in 
question roughly follow power laws, with commit bursts (i.e., the 
revisions in a SVN repository are updated quickly over a period 
of time) and heavy tails, and (2) the working mode of SVN and 
(full-time or volunteer) developers’ work habits contribute to 
commit bursts, while active committer’s individual behavior 
(such as his/her tasks completion and illness) and long vacations 
are the primary factors that result in long inter-commit times. 
The findings could provide a new insight into schedule planning 
for OSS projects based on developers’ historical commit behavior. 

Keywords-subversion; development dynamics; commit interval; 
burst;  heavy tail 

I.  INTRODUCTION 

Over the past two decades, open source as a new model has 
been deemed as a trend of effective software development to 
improve the function and quality of software [1]. In an open 
Internet-based environment, free and open source software 
(OSS) attracts the developers from all over the world to work 
together in a collaborative manner. For an OSS project with 
multiple developers, revision control (also known as version 
control) is an essential ingredient to software code management. 
Revision control systems such as CVS (Concurrent Versions 
System) and SVN (Subversion) are often centralized, with a 
single authoritative code repository, and check-outs and check-
ins done with reference to such a central repository [2]. 

As we know, both centralized and decentralized revision 
control systems can track and provide control over changes to 
source code. Commit, also known as code contribution, is an 
important operation for these systems, since it tells a revision 
control system that a developer wants to make the change(s) 
final and available to all developers. In this sense, the 
development and maintenance process of an OSS project that is 
under centralized revision control could be regarded to be 
composed of a series of commits [3, 4]. The importance of 
mining historical commits of OSS projects is twofold: on one 
hand, it provides a new insight into the evolutionary aspects of 
an OSS project as well as its components [5, 6], which 

contributes to a better understanding of OSS development and 
maintenance process [7]; on the other hand, it offers a feasible 
and reliable way to investigate how the cooperation among 
collective developers promotes OSS development [8, 9, 10], 
which may facilitate the organization of project teams [11]. 

To the best of our knowledge, a majority of prior studies on 
commit focus on commit size distribution as well as commit 
classification. The former describes the probability that a given 
commit is of a particular size in terms of the number of files, 
LOC (Lines of Code), or other measures [3, 7, 8, 12], while the 
latter classifies commits according to their features and relates 
a given commit to certain types of software activities such as 
code management and bug fixing [8, 13, 14, 15]. Until now, 
very little attention has been paid to exploring the impact of 
developers’ collective commit behavior on OSS development 
and maintenance process using statistical methods [4, 10]. 
Actually, this is an important issue within the field of OSS 
research and practice [16].  

In order to gain a deeper understanding of the interplay 
between developers’ collective behavior and OSS development 
process, the main goal of this paper is to conduct an empirical 
study on modeling the development dynamics of OSS projects 
hosted by a SVN server from the perspective of developer’s 
commit behavior. Moreover, we analyzed two representative 
projects written in Java on the Apache.org in an attempt to 
answer the following questions: 1) to what extent can the 
development dynamics of an OSS project be modeled in terms 
of developers’ commit behavior, and 2) if such a model does 
exist, what factors may affect its primary (statistical) features? 
We hope our empirical findings could offer a better 
understanding of OSS development and maintenance process, 
as well as novel ideas for the solution to the above-mention 
issues. 

The remainder of this paper is structured as follows. 
Section II introduces related work. Section III addresses 
research questions, and explains the experimental methods we 
followed. Section IV presents primary results, and discusses the 
implications of our findings. Finally, Section V concludes this 
paper and puts forward future work. 

II. RELATED WORK 

A commit is a basic unit of work performed by a developer. 
Previous studies about commit size distribution found that the 
distributions of commit size in terms of specific measures 
roughly followed power laws [3, 7, 8, 12], implying that large-
sized commits do exist, though they are less likely to occur. 
Meanwhile some of researchers began to categorize commits 
according to their features such as size and comment (also 
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known as log message) [8, 13, 14, 15], and found that the 
category of commit size was able to be a sound indicator for 
the types of maintenance activities being performed [14]. For 
example, Hindle et al. [15] found that large-sized commits 
were more perfective while small-sized commits were more 
corrective. However, none of these studies took the dynamics 
of developer’s commit behavior into account. 

As mentioned before, the development of an OSS project 
could be deemed as a collaborative process of developers’ 
collective commit behavior [4, 10]. Human behavior, as one of 
the significant issues in science, has a history of about one 
century since the time of Watson [17]. Based on the increasing 
evidence from communication to entertainment and work 
patterns, Barabási et al. found that the timing of many human 
activities within these fields followed non-Poisson statistics, 
characterized by bursts of rapidly occurring events separated by 
long periods of inactivity [18]. Interestingly, such heavy-tailed 
distributions of inter-event times have also been demonstrated 
in computer science [19], e.g., email communication, website 
access, instant messaging, and Linux command logs. Recently, 
only a few of researchers began to investigate such a problem 
in terms of mining historical commits in OSS repositories [4, 5, 
10, 11], and their work laid a good foundation for this paper.  

III. RESEARCH QUESTIONS AND EXPERIMENTAL METHODS 

It is worth noting that this paper uses the GQM (Goal, 
Question, Metric) method (http://en.wikipedia.org/wiki/GQM) 
to carry out an empirical investigation. In order to accomplish 
the research goal, research questions, the metrics associated 
with each question, and the experimental methods we used are 
described in detail in this section.  

A. Research Questions 
RQ1: to what extent can the development dynamics of an 

OSS project be modeled? 
For an OSS project that is under centralized revision control, 

its (central) repository is indeed a special kind of file server, 
which can record the history of changes to every file. The 
development and maintenance process of the project is actually 
an overall picture of what has been happening in the repository 
[4]. Thus, the goal of the first research question is to investigate 
how we model the changes in the repository based on the 
metrics for developers’ commit behavior. Moreover, if such a 
model does exist, what are its primary (statistical) features? We 
argue this would provide a better understanding of general laws 
for the development of an OSS project. 

RQ2: what factors may affect the primary features of the 
model, and what are implications for OSS development process? 

Intuitively speaking, statistical features of the model 
obtained from RQ1 may be determined by those factors that 
affect developers’ commit behavior, e.g., work pattern, team 
organizational structure, as well as developer’s social 
properties such as nationality, occupation, hobbies and 
geographical location. For example, Singh found that the small-
world developer collaboration networks positively affected the 
productivity of the member developers of an OSS project [20]. 
So, the goal of the second research question is to explore the 
factors influencing the model and their implications for OSS 
development process. We believe that this may facilitate a 
more reasonable schedule planning based on historical commits. 

B. Metrics associated with the research questions 
Each time the repository of an OSS project accepts a 

commit submitted by a SVN client, a new revision will be 
created to represent a “snapshot” of the entire repository tree 
instead of an individual file, with a unique natural number. The 
initial revision number is 0, and each subsequent commit 
successfully accepted by the repository increases the revision 
number by one [21]. Therefore, the history of revision logs 
sorted by the revision number in ascending order reveals the 
development process of the project in question in essence. To 
answer the above research questions, we make use of the 
following metrics for developer’s commit behavior. 

Definition 1. For a project, commit interval is the time 
difference between two consecutive revisions in the repository 
that hosts the project [4]. 

Definition 2. For a project, commit frequency is the number 
of new revisions created in the repository in a given period of 
time [5, 10]. 

In general, commit frequency measures how often 
developers commit changes to the project they are in charge of, 
while commit interval describes how long a project will receive 
a new commit by a developer. The former is roughly in inverse 
proportion to the latter. That is to say, the smaller an average of 
commit intervals in a given period of time is, the greater the 
corresponding commit frequency becomes, indicating that the 
project under discussion is more active.  

C. Experimental Methods 

 
Figure 1.  The process of our experiment 

The overall process of our experiment is shown in Figure 1. 
Firstly, we extracted all historical revisions of a given project 
from its repository with a SVN client, and sorted them by the 
number in ascending order. Secondly, we calculated each 
commit interval of every pair of two consecutive revisions, and 
modeled the distribution of commit intervals by curve fitting 
methods. Thirdly, we sought the factors that may affect the 
primary (statistical) features of the model obtained in the above 
step, and presented their implications for OSS development. 

In the second step, the distribution of commit intervals 
describes the probability that a given interval between two 
consecutive commits is of a particular length in terms of units 
of time. In probability theory and statistics, such discrete 
(probability) distributions can be represented in terms of 
probability mass functions or cumulative distribution functions 
(CDFs). Because the visual form of the CDF is, generally 
speaking, more robust than that of the probability distribution 
function against fluctuations due to finite sample sizes, 
especially in the tail of the distribution [22], in this paper we 
utilized the CDF and estimated the power-law exponent with 
the method in [22], so as to reduce noise levels. Besides power-
law function, other common functions such as exponential 
function were also used to fit the discrete data in our data set.  
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In the third step, in order to determine the factors that may 
affect the distribution of commit intervals, we conducted an 
experiment to calculate the differences among each day of a 
week, as well as the difference between weekdays and 
weekend, with regard to commit interval and commit frequency. 
As we know, the median can be used as a measure of location 
when a distribution is skewed, when end-values are not known. 
Generally, in order to estimate the difference between two 
populations, a simple way is to compare their medians rather 
than means by using the standardized box plot. Moreover, in 
statistics, the Mann-Whitney U test [23] is a non-parametric 
test of the null hypothesis that two populations are the same. If 
a particular population tends to have larger values than the 
other, the null hypothesis is rejected, suggesting that their 
difference is statistically significant.  

IV. PRIMARY RESULTS AND DISCUSSION 

A. Data Collection 
In this paper, our analysis is based on case studies, and we 

selected two OSS projects written in Java from the Apache.org, 
namely, Apache POI and Tomcat. Apache POI is used to create 
and maintain Java Application Programming Interfaces (APIs) 
for manipulating various file formats. Tomcat is an open source 
web server and servlet container developed by the Apache 
Software Foundation (ASF). These two projects were selected 
in that they are from different application domains, and each 
one is long-lived and active. Table I shows a brief introduction 
to the two representative projects, including the numbers of 
class files, commits and committers. 

TABLE I.  BRIEF INTRODUCTION TO THE PROJECTS ANALYZED 

Project Description Class Commit Committer 
POI APIs for file processing 2655 2147 14 

Tomcat Servlet container 2595 9048 19 

 
Figure 2.  Line chart of commit intervals in Tomcat 

Note that, we mined just a few of the historical revisions 
from their SVN repositories between January 1, 2009 and 
September 20, 2013, and then calculated all intervals between 
every pair of two consecutive commits. For example, the line 
chart of commit intervals in Tomcat is presented in Figure 2, 
characterized by bursts of rapidly occurring commits separated 
by long periods of inactivity (more than 150 hours).  

B. Result for RQ1: modeling the development dynamics of an 
OSS project in terms of commit interval 
The log-log scatter plot of the distributions of commit 

intervals in Tomcat and POI is shown in Figure 3, where X 
axis represents the length of a commit interval in hours and Y 
axis indicates the probability that a given commit interval 

takes on a value less than or equal to x. Actually, the 
probability was calculated as the ratio of the number of 
commit intervals whose values are not greater than x to the 
total number of commit intervals under discussion. It is 
obvious from Figure 3 that the distributions of commit 
intervals in the two projects are heavy-tailed, implying that 
long inter-commit times do exist, though most of intervals are 
short, for example, about 80% of commit intervals in Tomact 
are less than one hour. 

 
Figure 3.  Log-log plot of the distributions of intervals in both projects  

Then, we made a careful analysis of (curve) fitting 
functions for the distributions of commit intervals (see Figure 
3), shown in Table II (where R2 is the goodness of fit). The 
fitting statistics indicate that the distributions in both of the 
two projects are best fitted by power functions, which suggests 
that they roughly follow power-law distributions. What we 
found reveals that a SVN repository often receives commits 
quickly over a period of time (called commit burst) except for 
a small number of ones for special reasons. The occurrence of 
commit bursts is mainly due to the working mode of 
centralized revision control [4] and developers’ work habits. 
That is, a central SVN repository stores only the latest version 
of each file, so that the changes to HEAD of the trunk 
committed by different developers are always completed in a 
short time to ensure that everyone is working on the up-to-date 
files. In the following sub-section, we will discuss the factors 
that contribute to long periods of inactivity. 

TABLE II.  FITTING FUNCTIONS FOR DISTRIBUTION OF INTERVALS 

Projects Fitting functions R2 

Poi 

2

0.000831
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0.0009902 0.8018
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y x
y e
y x
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0.5367 
0.8157 
0.8469 
0.4992 

0.9254 

Tomcat 

2

0.001725

0.07512

0.001712 0.8732
5.202 05 0.006887 0.7865

0.3833 ln( ) 0.806
0.8785
0.7284

x

y x
y e x x
y x
y e
y x

= +
= − − + +
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=
=

 

0.4886 
0.7853 
0.6731 
0.4716 

0.8568 

 

 

C. Result for RQ2: what may cause long periods of inactivity 
and their implications for software development 
Although our prior work [4] conjectured that the delivery of 

a new release leads to a long inter-commit time, there is no 
evidence to support such a hypothesis. Intuitively speaking, this 

Finding: The distributions of commit intervals in the two 
OSS projects in question can be best modeled by power laws, 

with commit bursts and heavy tails. 
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is indeed one of the factors that cause long periods of inactivity. 
Besides the delivery of a new release, we guess weekend, 
holiday and active developer’s behavior also result in the 
occurrence of long commit intervals. Then, we are going to 
examine the influence of these factors on the length of commit 
intervals one after another, and then determine which factors 
are the primary ones. 

 
Figure 4.  Changes of average commit intervals over time 

Firstly, the changes of average commit intervals per time 
unit over time are presented in Figure 4, where each vertical 
dashed line indicate the date that a new version of the project 
was released, extracted from the history of changes (also 
known as changes log) on the homepage of each project under 
discussion. Considering the different level of activity of the two 
projects, we selected month and week for POI and Tomcat 
respectively on purpose. It is obvious that there are several 
abnormal points that represent large average commit intervals 
in Figure 4. Thus, we carefully examined these anomalies. To 
our surprise, a small number of them (in POI) are caused by the 
delivery of a new release, but others are not. 

As shown in Figure 5, for POI there does exist a period of 
inactivity that exceeds 100 hours after a new version was 
released. This implies that, on one hand, the delivery of a new 
release of an active project (such as Tomcat) has little effect on 
developers’ normal commits; on the other hand, it is not the 
primary factor that results in very long inter-commit times. 

Secondly, we tested whether weekends lead to long commit 
intervals. Because the average interval of POI is over 48 hours 
(i.e., the length), we just conducted an experiment on Tomcat. 
The standardized box plots of commit frequency and commit 
interval are presented in Figure 6. According to the comparison 
among the median of commit frequency and commit interval in 
each day of a week, the difference on commit frequency 
between weekend and weekdays is rather obvious, while the 
median of commit intervals on Sunday is the smallest in a week. 
Note that (1) we ignored the days without a commit or with 
only one commit, and (2) we excluded any pair of consecutive 
commits that don’t happen in the same day.   

 
Figure 5.  Inter-commit time over 100 hours caused by a new release 

 
Figure 6.  Standardized box plots for each day in a week  

Moreover, we confirmed the result of Figure 6 by using the 
Mann Whitney U test (under the significance level of 0.05). 
The symbol of M-X in Table III means two groups of data on 
Monday vs. the other day in a week (from Tuesday to Sunday). 
If we make the data of commit frequency or commit interval on 
Monday as a reference, for commit frequency, both M-Ss reject 
the null hypothesis; for commit interval, M-S (Sunday) rejects 
the null hypothesis. The finding indicates that their differences 
are statistically significant. 

TABLE III.  MANN WHITNEY U TEST FOR MON. VS. THE OTHER DAY 

 M-T M-W M-T M-F M-S M-S 
Commit 

frequency 
P 0.144 0.096 0.081 0.395 0.001 < 0.001 
Z 1.461 1.665 1.854 0.851 -3.410 -4.593 

Commit 
interval 

P 0.799 0.159 0.111 0.361 0.135 0.001 
Z 0.254 1.410 1.593 0.914 1.495 -3.323 

POI 

Tomcat 

 

POI 

POI 

Commit frequency 

Commit interval 
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    Because two consecutive commits sometimes do not occur 
in the same day, it may affect the result of our experiment. 
Hence, we re-classified the data into two groups, namely 
Weekdays and Weekend to reduce such a bias. That is, all pairs 
of two consecutive commits that occur on weekdays (from 
Monday to Friday) were categorized into one group. The 
similar results are presented in Figure 7 and Table IV, 
indicating that the commit frequency and commit interval over 
a weekend are different from those on weekdays. 

 
Figure 7.  Standardized box plots for weekdays and a weekend  

TABLE IV.  MANN WHITNEY U TEST FOR A WEEKEND VS. WEEKDAYS 

 P-value Z-value 
Commit frequency < 0.001 -9.068 
Commit interval 0.004 -2.876 

The statistics for the SVN repository of Tomcat show that 
there are only 19.4% of commits completed on weekends, 
which accounts for low commit frequency values shown in the 
above figures. To our surprise, we also found that the group 
Weekend tends to have smaller values of commit interval than 
the other group Weekdays, perhaps due to that developers feel 
inclined to finish the task of committing a small number of 
changes at a certain time, and then have a rest in the remainder 
of the weekend. This may cause periods of inactivity. So, we 
selected the top 5% of long commit intervals in Tomcat (see 
the heavy tail in Figure 3), and found that 31.4% and 27.3% of 
these intervals occur on weekdays and weekends respectively. 
Interestingly, the ratios of the number of long commit intervals 
on weekends and weekdays to the corresponding total number 
of intervals are 5.24% and 1.19%, respectively. This finding 
indicates that for active OSS projects weekends do affect the 
normal development process and would result in large commit 
intervals (less than 48 hours) as a result of weekend breaks. 

Thirdly, since the developers of the two projects are from 
the West, we selected three relatively long holidays, namely 
Christmas, New Year’s Day and Thanksgiving Day, to prove 
our conjecture. As New Year’s Day is too soon after Christmas, 
they could be deemed as one vacation lasting from December 
24 to January 6. For POI and Tomcat, the longest commit 
intervals in hours during the two long vacations (i.e., Christmas 
& New Year’s Day and Thanksgiving Day) are listed in Table 
V, where CN and T represent Christmas & New Year’s Day 
and Thanksgiving Day, respectively. As we expected, these 
intervals fall into the top 5% of long commit intervals, 
implying that long vacations do affect the regular development 
and maintenance processes of OSS projects and result in long 
periods of inactivity. 

TABLE V.  LONGEST COMMIT INTERVALS DURING LONG VACATIONS 

 2009 2010 2011 2012 
POI_CN 97.26 98.58 95.48 191.66 

Tomcat_CN 100.73 190.25 63.51 61.12 
POI_T 59.30 81.31 75.06 84.92 

Tomcat_T 40.02 44.33 48.59 50.21 

Finally, we analyzed the influence of active developer’s 
behavior on commit intervals. Our prior work [4] found that a 
minority of committers contribute to the vast majority of 
commits. Hence, active committers can be defined in terms of 
the number of commits. In this paper, active committers were 
selected as the top three committers who contribute the most 
number of commits. Figure 8 presents a comparison of the 
number of commits per month between active committers and 
all committers. The curve about active committers is roughly in 
coincidence with that of all committers, suggesting that active 
committers play an important role in the development and 
maintenance of the two projects. 

 
Figure 8.  Comparison of commits per month between different committers  

As we know, a commit interval between two consecutive 
commits is related to two committers. Then, according to the 
type of committers, we divided the top 5% of long commit 
intervals into three types of intervals: (1) a commit interval that 
two committers (active or not) are the same person is classified 
into group A, (2) if two committers are active and the same 
person, a commit interval is classified into group B, and (3) a 
commit interval belongs to group C in case two committers are 
both active regardless of whether they are the same person.  

Table VI shows the proportions of the number of a specific 
category of commit intervals to the total number of the top 5% 
of long commit intervals. To our surprise, the proportion of the 
type C is considerable, especially for Tomcat. This indicates 
that active committers’ collective behavior can influence the 
length of commit intervals, though they have different tasks, 
backgrounds, habits and expertise. Interestingly, the top three 
longest intervals in both POI and Tomcat are all included in the 
group C. Very long inter-commit times (e.g., several months) 
between two consecutive commits to the projects in question 
do exist, perhaps because developers lose interest in the 

Commit frequency Commit interval 
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projects, go on vacation, complete their tasks and wait for new 
tasks, and other accidental events. 

TABLE VI.  PROPORTIONS OF DIFFERENT TYPES OF COMMIT INTERVALS  

Projects A B C 
Poi 46.73% 39.25% 71.96% 

Tomcat 49.16% 46.37% 87.59% 

 
 

 

 

D. Threats to Validity 
Because the results of this paper were obtained based on 

two case studies of OSS projects written in Java, they might 
not be generalizable for closed-source projects. Moreover, it is 
possible that we accidentally selected the two projects that 
exhibit such characteristics and regular patterns. Thus, we 
have to validate the generality of our findings based on more 
OSS projects. On the other hand, whether the results are still 
suitable for decentralized control system such as Git or not 
need to be further proved. 

V. CONCLUSION 

This paper conducted an empirical study on two OSS 
projects on the apache.org that are under centralized revision 
control in terms of commit interval, i.e., the time difference 
between two consecutive commits. In summary, our primary 
findings and contributions are described as follows: 

(1) The distributions of commit intervals in both POI and 
Tomcat roughly follow power laws, with commit bursts and 
heavy tails, implying very long inter-commit times do exist, 
though a vast majority of commits are completed in a short 
time. This finding validates Barabási’s conclusion [18] within 
the field of software development, and indicates that the 
development dynamics of an OSS project can be modeled by 
means of developers’ commit behavior;  

(2) We carefully examined the top 5% of long commit 
intervals using statistical methods, and found that active 
committer’s individual behavior (unpredictable factor) and 
long vacations (regular factor) are the primary factors that 
cause very long periods of inactivity. This finding implies that 
the administrator(s) of an OSS project should pay more 
attention to active committers’ accidental events and regular 
holidays, and make a reasonable schedule after their departure.   

Because many OSS projects have become fully or partially 
commercial [11], the future work is to design an algorithm for 
mining anomalies [24] in commit time series, so as to optimize 
software processes and improve development efficiency. 
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Abstract

Companies often develop a set of software variants that
share some features and differ in other ones to meet spe-
cific requirements. To exploit existing software variants and
build a Software Product Line (SPL), a Feature Model (FM)
of this SPL must be built as a first step. To do so, it is nec-
essary to mine optional and mandatory features in addition
to associating the FM with its documentation. In our pre-
vious work, we mined a set of feature implementations as
identified sets of source code elements. In this paper, we
propose a complementary approach, which aims to doc-
ument the mined feature implementations by giving them
names and descriptions, based on the source code elements
that form feature implementations and use-case diagrams
of software variants. The novelty of our approach is that it
exploits commonality and variability across software vari-
ants, at feature implementations and use-cases levels, to
run Information Retrieval methods in an efficient way. To
validate our approach, we applied it on Mobile media and
ArgoUML-SPL case studies. The results of this evaluation
showed that most of the features have been documented cor-
rectly.

Keywords: Software variants, Software Product Line,
Feature documentation, Code comprehension, Formal Con-
cept Analysis, Relational Concept Analysis, Use-case dia-
gram, Latent Semantic Indexing.

1 Introduction

Software variants often evolve from an initial product,
developed for and successfully used by the first customer.
These product variants usually share some common fea-
tures and differ regarding others. As the number of features

and the number of software variants grows, it is worth re-
engineering them into a Software Product Line (SPL) for
systematic reuse [1]. The first step towards re-engineering
software variants into SPL is to mine the Feature Model
(FM) of these variants. To obtain such a FM, common and
optional features for software variants have to be identified.
This consists in identifying among source code elements,
groups of such elements that implement candidate features
and associating them with their documentation (i.e., a fea-
ture name and description). In our previous work [2], we
proposed an approach for feature mining from the object-
oriented source code of software variants (REVPLINE ap-
proach1). REVPLINE allows us mining of functional fea-
tures as a set of Source Code Elements (SCEs) (e.g., pack-
age, class, attribute, method or method body elements).

To assist a human expert to document the mined feature
implementations, we propose an automatic approach which
associates names and descriptions using source code ele-
ments of feature implementations and use-case diagrams
of software variants. Compared with existing work that
documents source code (cf. section 6), the novelty of our
approach is that we exploit commonality and variability
across software variants at feature implementation and use-
case levels, to apply Information Retrieval (IR) methods in
an efficient way. Considering commonality and variability
across software variants enables us to cluster the use-cases
and feature implementations into disjoint and minimal clus-
ters based on Relational Concept Analysis (RCA); where
each cluster is disjoint from the others and consists of a
minimal subset of feature implementations and their cor-
responding use-cases. Then, we use Latent Semantic In-
dexing (LSI) to define a similarity measure that enables us
to identify which use-cases characterize the name and de-

1REVPLINE stands for RE-engineering Software Variants into Soft-
ware Product Line.
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scription of each feature implementation by using Formal
Concept Analysis (FCA).

The remainder of this paper is structured as follows: Sec-
tion 2 briefly presents the background. Section 3 shows
an overview of the feature documentation process. Sec-
tion 4 presents the feature documentation process step by
step. Section 5 describes the experimentation. Section 6 dis-
cusses the related work. Finally, section 7 concludes and
provides perspectives for this work.

2 Background

This section provides a glimpse on FCA, RCA and LSI.
It also shortly describes the example that illustrates the re-
maining sections of the paper.

2.1 Formal and Relational Concept Analysis

FCA [3] is a classification technique that extracts a par-
tially ordered set of concepts (the concept lattice) from a
dataset composed of objects described by attributes (the for-
mal context). A concept is composed of two sets: an object
set called the concept’s extent and an attribute set called
the concept’s intent. The extent is the maximal set of ob-
jects which share the maximal set of attributes of the intent
(cf. Section 4.3). We use the concepts of the AOC-poset,
namely the concepts that introduce at least one object or
one attribute. The interested reader can find more informa-
tion about our use of FCA in [2].

RCA [4] is an iterative version of FCA in which the
objects are classified not only according to the attributes
they share, but also according to the relations between them
(cf. Section 4.1). Data are encoded into a Relational Context
Family (RCF), which is a pair (K,R), where K is a set of
formal (object-attribute) contexts Ki = (Oi, Ai, Ii) and R
is a set of relational (object-object) contexts rij ⊆ Oi×Oj ,
where Oi (domain of rij) and Oj (range of rij) are the ob-
ject sets of the contexts Ki and Kj , respectively (cf. Table
1). A RCF is used in an iterative process to generate, at each
step, a set of concept lattices. Firstly, concept lattices are
built, using the formal contexts only. Then, in the follow-
ing steps, a scaling mechanism translates the links between
objects into conventional FCA attributes and derives a col-
lection of lattices whose concepts are linked by relations
(cf. Figure 2). The interested reader can find more informa-
tion about RCA in [4]. For applying FCA and RCA we used
the Eclipse eRCA platform2.

2.2 Latent Semantic Indexing

LSI is an advanced Information Retrieval (IR) method
[1]. LSI assumes that software artifacts can be regarded

2The eRCA : http://code.google.com/p/erca/

as textual documents. Occurrences of terms are extracted
from the documents in order to calculate similarities be-
tween them and then to classify together a set of similar
documents as related to a common concept (cf. Section 4.2).
The heart of LSI is the singular value decomposition tech-
nique. This technique is used to mitigate noise introduced
by stop words (like ”the”, ”an”, ”above”) and to overcome
two issues arising in natural languages processing: syn-
onymy and polysemy. The effectiveness of IR methods is
usually measured by metrics including recall, precision and
F-measure. In our context, for a given use-case (query),
recall is the percentage of correctly retrieved feature im-
plementations (documents) to the total number of relevant
feature implementations, while precision is the percentage
of correctly retrieved feature implementations to the total
number of retrieved feature implementations. F-Measure
defines a trade-off between precision and recall, so that it
gives a high value only in cases where both recall and pre-
cision are high. All measures have values in [0%, 100%].
If recall equals 100%, all relevant feature implementations
(documents) are retrieved. However, some retrieved fea-
ture implementations might not be relevant. If precision
equals 100%, all retrieved feature implementations are rele-
vant. Nevertheless, relevant feature implementations might
not be retrieved. If F-Measure equals 100%, all relevant
feature implementations are retrieved. However, some re-
trieved feature implementations might not be relevant. The
interested reader can find more information about our use
of LSI in [2].

2.3 The Mobile Tourist Guide Example

We consider in this example four software variants of a
Mobile Tourist Guide (MTG) application. These applica-
tions enable users to inquire about some tourist informa-
tion on mobile devices. MTG 1 supports core MTG func-
tionalities: view map, place marker on a map, view direc-
tion, launch Google map and show street view. MTG 2 has
the core MTG functionalities and a new functionality called
download map from Google. MTG 3 has the core MTG
functionalities and a new functionality called show satel-
lite view. MTG 4 supports search for nearest attraction,
show next attraction and retrieve data functionalities, to-
gether with the core ones.

3 The Feature Documentation Process

Our goal is to document the mined feature implementa-
tions by using the use-case diagrams of these variants. In
our work, we rely on the same assumption as in the work
of [5] stating that each use-case represents a feature. The
feature documentation process aims at identifying which
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use-cases characterize the name and description of each fea-
ture implementation. We rely on lexical similarity to iden-
tify the use-cases that characterize the name and descrip-
tion of feature implementations. The performance and effi-
ciency of the IR technique depends on the size of the search
space. In order to apply LSI, we take advantage of the
commonality and variability between software variants to
group feature implementations and the corresponding use-
cases in the software family into disjoint, minimal clusters
(e.g., Concept 1 of Figure 2). We call each disjoint mini-
mal cluster a Hybrid Block (HB). After reducing the search
space to a set of hybrid blocks, we rely on textual similarity
to identify, from each hybrid block, which use-cases depict
the name and description of each feature implementation.

For a product variant, our approach takes as inputs the set
of use-cases that documents the variant and the set of mined
feature implementations that are produced by REVPLINE.
Each use-case is identified by its name and description. This
information represents domain knowledge that is usually
available from software variants documentation (i.e., re-
quirement model). In our work, the use-case description
consists of a short paragraph in a natural language. Our
approach provides as its output a name and description for
each feature implementation based on a use-case name and
description. Each use-case is mapped into a functional fea-
ture thanks to our assumption. If two or more use-cases
have a relation with the same feature implementation, we
consider them all as the documentation for this feature im-
plementation.

Figure 1 shows an overview of our feature documenta-
tion process. The first step of this process aims at iden-
tifying hybrid blocks based on RCA (cf. Section 4.1). In
the second step, LSI is applied to determine the similarity
between use-cases and feature implementations (cf. Section
4.2). This similarity measure is used to identify use-case
clusters based on FCA. Each cluster identifies the name and
description for feature implementation (cf. Section 4.3).

4 Feature Documentation Step by Step

In this section, we describe the feature documentation
process step by step. According to our approach, we iden-
tify the feature name and its description in three steps as
detailed in the following.

4.1 Identifying Hybrid Blocks of Use-cases and
Feature Implementations via RCA

We use the existing use-case diagrams of software vari-
ants to document the feature implementations mined from
those variants. In order to apply LSI in an efficient way,
we need to reduce the search space for use-cases and fea-
ture implementations. Starting from existing feature im-

plementations and use-cases, these elements are clustered
into disjoint minimal clusters (i.e., hybrid blocks) to apply
LSI. The search space is reduced based on the commonality
and variability of software variants. RCA is used to clus-
ter: the use-cases and feature implementations common to
all software variants; the use-cases and feature implementa-
tions that are shared by a set of software variants, but not all
variants; the use-cases and feature implementations that are
held by a single variant.

A RCF for feature documentation is automatically gen-
erated from use-case diagrams and the mined feature im-
plementations associated with software variants3. The RCF
corresponding to our approach contains two formal contexts
and one relational context, as illustrated in Table 1. The first
formal context represents the use-case diagrams. The sec-
ond formal context represents feature implementations. In
the formal context of use-case diagrams, objects are use-
cases and attributes are software variants. In the formal
context of feature implementations, objects are feature im-
plementations and attributes are software variants. The rela-
tional context (i.e., appears-with) indicates which use-case
appears in the same software variants as feature implemen-
tations.

For the RCF presented in Table 1, a close-up view of two
lattices of the Concept Lattice Family (CLF) is represented
in Figure 2. As an example of hybrid block we can see in
Figure 2 a set of use-cases (in the extent of Concept 1 of
the Use case Diagrams lattice) that always appear with a
set of feature implementations (in the extent of Concept 6
of the Feature Implementations lattice). As shown in Figure
2, RCA allows us to reduce the search space by exploiting

3Source code : https://code.google.com/p/rcafca/

Figure 1: The feature documentation process.
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Table 1: The RCF for features documentation.
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View Map 7 7 7 7

Launch Google Map 7 7 7 7

View Direction 7 7 7 7

Show Street View 7 7 7 7

Place Marker on Map 7 7 7 7

Download Map 7
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Show Next Attraction 7

Search For nearest attraction 7

Retrieve Data 7
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Feature Implementation 1 7 7 7 7

Feature Implementation 2 7 7 7 7
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View Map 7 7 7 7 7

Launch Google Map 7 7 7 7 7

View Direction 7 7 7 7 7

Show Street View 7 7 7 7 7

Place Marker on Map 7 7 7 7 7

Download Map 7

Show Satellite View 7

Show Next Attraction 7 7 7

Search For Nearest Attraction 7 7 7

Retrieve Data 7 7 7

commonality and variability across software variants. In our
work, we are filtering CLF to get a set of hybrid blocks from
bottom to top4. Figure 2 shows an example of hybrid block
(the dashed block).

4.2 Measuring the Lexical Similarity Between
Use-cases and Feature Implementations via
LSI

Based on the previous step, each hybrid block consists of
a set of use-cases and a set of feature implementations. We
need to identify from each hybrid block which use-cases
characterize the name and description of each feature imple-
mentation. To do so, we use textual similarity between use-
cases and feature implementations. This similarity measure
is calculated using LSI. We rely on the fact that a use-case

4Source code : https://code.google.com/p/fecola/

Figure 2: Parts of the CLF deduced from Table 1.

corresponding to the feature implementation is supposed to
be lexically closer to this feature implementation than to
the other feature implementations. Similarity between use-
cases and feature implementations in the hybrid blocks is
computed in three steps as detailed below.

4.2.1 Building the LSI Corpus

In order to apply LSI, we build a corpus that represents a
collection of documents and queries. In our work, each
use-case name and description in the hybrid block repre-
sents a query and each feature implementation represents
a document. This document contains all the segments of
SCE names as a result of splitting words into terms us-
ing the Camel-case technique. Regardless of word location
(first, middle or last) in the SCE name, we store all words
in the document. For example, for the SCE name Manu-
alTestWrapper all words are important: manual, test and
wrapper. We apply the same technique to all feature imple-
mentations. Our approach creates a query for each use-case.
This query contains the use-case name and its description.
We apply the same process to all use-cases. To be pro-
cessed, documents and queries must be normalized as fol-
lows: stop words, articles, punctuation marks, or numbers
are removed; text is tokenized and lower-cased; text is split
into terms; stemming is performed (e.g., removing word
endings); terms are sorted alphabetically. We use Word-
Net5 to do some simple preprocessing (e.g., stemming and
removal of stop words). The most important parameter of
LSI is the number of term-topics (i.e., k-Topics) chosen. A
term-topic is a collection of terms that co-occur often in the
documents of the corpus, for example {user, account, pass-
word, authentication}. In our work, the number of k-Topics
is equal to the number of feature implementations for each
corpus.

4.2.2 Building the Term-document and the Term-
query Matrices for each Hybrid Block

All hybrid blocks are considered and the same processes
are applied to them. The term-document matrix is of size
m×n, where m is the number of terms extracted from fea-
ture implementations and n is the number of feature im-
plementations (i.e., documents) in a corpus. The matrix
values indicate the number of occurrences of a term in a
document, according to a specific weighting scheme. In our
work, terms are weighted with the TF-IDF function (the
most common weighting scheme) [1] . The term-query ma-
trix is of size m×n, where m is the number of terms that are
extracted from use-cases and n is the number of use-cases
(i.e., queries) in a corpus. An entry of term-query matrix
refers to the weight of the ith term in the jth query.

5http://wordnet.princeton.edu/
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4.2.3 Building the Cosine Similarity Matrix

Similarity between use-cases and feature implementations
in each hybrid block is described by a cosine similarity ma-
trix which columns (documents) represent vectors of feature
implementations and rows (queries) vectors of use-cases.
The textual similarity between documents and queries is
measured by the cosine of the angle between their corre-
sponding vectors [2].

4.3 Identifying Feature Name via FCA

Based on the cosine similarity matrix we use FCA to
identify, from each hybrid block of use-cases and feature
implementations, which elements are similar. To transform
the (numerical) cosine similarity matrices into (binary) for-
mal contexts, we use a 0.7 threshold (after having tested
many threshold values). This means that only pairs of use-
cases and feature implementations having a calculated sim-
ilarity greater than or equal to 0.70 are considered similar.

For example, for the hybrid block Concept 1 of Figure 2
the number of term-topics of LSI is equal to 5. In the for-
mal context associated with this hybrid block, the use-case
”Launch Google Map” is linked to the feature implemen-
tation ”Feature Implementation 1” because their similarity
equals 0.86, which is greater than the threshold. However,
the use-case ”View Direction” and the feature implemen-
tation ”Feature Implementation 5” are not linked because
their similarity equals 0.10, which is less than the threshold.
The resulting AOC-poset is composed of concepts which
extent represents the use-case name and intent represents
the feature implementation.

For the MTG example, the AOC-poset of Figure 3 shows
five non comparable concepts (that correspond to five dis-
tinct features) mined from a single hybrid block (Concept 1
from Figure 2). The same feature documentation process is
used for each hybrid block.

5 Experimentation

To validate our approach, we ran experiments on two
Java open-source softwares: Mobile media software vari-
ants (small systems) [6] and ArgoUML-SPL (large systems)
[7]. We used 4 variants for Mobile media, 10 for ArgoUML.

Figure 3: The documented features from Concept 1.

The advantage of having two case studies is that they imple-
ment variability at different levels: class and method lev-
els. In addition, these case studies are well documented and
their feature implementations, use-case diagrams and FMs
are available for comparison of our results and validation of
our proposal6. Table 2 summarizes the obtained results.

Table 2: Features documented from case studies.
Evaluation Metrics
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Mobile Media
1 Delete Album HB 1 4 100% 100% 100%
2 Delete Photo HB 1 4 100% 50% 66%
3 Add Album HB 1 4 100% 100% 100%
4 Add Photo HB 1 4 100% 50% 66%
5 Exception handling HB 2 1 100% 100% 100%
6 Count Photo HB 3 3 100% 50% 66%
7 View Sorted Photos HB 3 3 100% 50% 66%
8 Edit Label HB 3 3 100% 100% 100%
9 Set Favourites HB 4 2 100% 50% 66%
10 View Favourites HB 3 2 100% 50% 66%
ArgoUML-SPL
1 Class diagram HB 1 1 100% 100% 100%
2 Logging HB 2 2 100% 50% 66%
3 Cognitive support HB 2 2 100% 100% 100%
4 Deployment diagram HB 3 1 100% 100% 100%
5 Collaboration diagram HB 4 2 100% 50% 66%
6 Sequence diagram HB 4 2 100% 50% 66%
7 State diagram HB 5 1 100% 100% 100%
8 Activity diagram HB 6 2 100% 100% 100%
9 Use case diagram HB 6 2 100% 100% 100%

For the two case studies presented, we observe that the
recall values are 100% of all the features that are docu-
mented. The recall values are an indicator for the efficiency
of our approach. The values of precision are between [50%
- 100%], which is high. F-Measure values rely on preci-
sion and recall values. The values of F-Measure are high
too, between [66% - 100%] for the documented features.
Results show that recall value in all cases is 100% and
value of precision either 100% or 50% it is because of the
similarity threshold (0.70) in addition, this result is due to
search space reduction. In most cases, the contents of hy-
brid blocks are in the range of [1− 4] use-cases and feature
implementations. Another reason for this good result is that
a common vocabulary is used in the use-case descriptions
and feature implementations, thus lexical similarity was a
suitable tool. In our work we cannot use a fixed number
of topics for LSI because we have hybrid blocks (clusters)
with different sizes.

The column (k-Topics) in Table 2 represents the num-
ber of term-topics. All feature names produced by our ap-
proach, in the column (Feature Name) of Table 2, represent
the names of the use cases. For example, in the FM of Mo-
bile media [6] there is a feature called sorting. The name
proposed by our approach for this feature is view sorted
photos and its description is ”the device sorts the photos
based on the number of times photo has been viewed”.

6Case studies and code : http://www.lirmm.fr/CaseStudy
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As a limitation to our approach, developers might not use
the same vocabularies to name SCEs and use-cases across
software variants. This means that lexical similarity may not
be reliable (or should be improved with other techniques) in
all cases to identify the relationship between use-cases and
feature implementations. Furthermore, using FCA as clus-
tering technique has also limits. FCA deals with binary for-
mal context. This affects the quality of the result, since a
similarity value of 0.99 (resp. 0.69) is treated as a similarity
value of 0.70 (resp. 0). Selecting the appropriate number
of dimensions (K) for the LSI representation is an open re-
search question.

6 Related Work

Most existing approaches are designed to extract labels,
names, topics or identify code to use-case traceability links
in a single software system. In the context of feature doc-
umentation, most existing approaches manually assign fea-
ture names (without any description) to feature implemen-
tations. Conversely our approach is designed to automati-
cally assign a name and a description to each feature im-
plementation in a set of software variants based on several
techniques (FCA, RCA and LSI). Feature documentation is
inferred from use case names and descriptions.

Ziadi et al. [8] propose an approach to identify features
across software variants. In their work, they manually cre-
ate feature names. In our previous work [2], we manually
propose feature names for the mined feature implemen-
tations. Braganca and Machado [5] describe an approach
for automating the process of transforming UML use-cases
into FMs. In their work, each use-case is mapped to a
feature. The identification of relationships (i.e., traceabil-
ity links) between use-case diagrams and source code for
a single software is the subject of the work by Grechanik
et al. [9]. Kuhn et al. [10] present a lexical approach that
uses the log-likelihood ratios of word frequencies to au-
tomatically provide labels for components of single soft-
ware. Xue et al. [1] propose an automatic approach to iden-
tify the code-to-feature traceability link for a collection of
software product variants.

7 Conclusion and Perspectives

In this paper, we proposed an approach for documenting
the mined feature implementations of a set of software vari-
ants. We exploit commonalities and variabilities between
software variants at feature implementation and use-case
levels to apply IR methods in an efficient way in order to
automatically document the mined features. We have imple-
mented our approach and evaluated its results on two case
studies. The results of this evaluation showed that most of

the features were documented correctly. Regarding future
work, we plan to use the mined and documented features to
build automatically the relations between the features of a
FM (i.e., reverse engineering FMs).

Acknowledgments: This work has been supported by
project CUTTER ANR-10-BLAN-0219.
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Abstract—Template is a powerful language feature to develop 

reusable programs, which has long been widely used by C++ 

programmers. Among various templates, library templates play a 

key role, as they provide programmers fault-free generic units. 

But to our surprise, little work has been done to study how these 

templates are adopted in real software. In this paper, we conduct 

an empirical study on the adoption of templates to understand 

how library templates influence programming compared with 

user defined templates. To this end, we use the historical 

revisions of ten open source systems, containing 34 million lines 

of C++ code, to conduct the experiment. The experimental results 

show that: (1) the growth of using library templates does not 

result in a substantial decrease of using user defined templates; (2) 

eight templates account for over 95% of all library template uses; 

and (3) user defined templates tend to be derived more frequently 

than library templates. Based on these results, we make two 

practical suggestions. For C++ novices, we suggest that they focus 

on learning the eight most commonly-used library templates. For 

library developers, we suggest that they develop more library 
templates that can be easily derived. 

Keywords- Programming Language, C++, Generic 

Programming, Templates, Empirical Study 

I.  INTRODUCTION 

C++ template is a representative generic programming 

feature for developing highly reusable and efficient software 

components [1]. In the last decades, C++ experiences a long 

way to enhance the role of templates in generic programming 

by continuously supplementing new template libraries. In C++ 
11 specification, more than one-third contents are devoted to 

standard template libraries [3]. Library designers hope that 

these well-designed library templates could enable common 

programmers to use general components at a higher level of 

abstraction rather than developing all code from scratch [5]. 

Due to the safety of library templates, they are often used as 

the basic elements to create compound data structures in a type 

safe manner. 

Other than allowing directly adopting library templates in 

programming, C++ also supports programmers to create their 

own generic units, namely user defined templates. However, 
with the expansion of C++ libraries, library templates are more 

powerful and can be replacers of elementary user defined 

templates in more and more scenarios. In other word, a lot of 

generic units that were needed to be implemented by common 

programmers are now supported in new C++ libraries. For 

instance, smart pointers, which are frequently used to avoid 

dangling pointers and resource leaks, were always manually 

created by programmers in the past. However, C++ 11 [3] has 

formally introduced two new library templates for smart 

pointers, namely class std::shared_ptr for a pointer that 
implements the concept of shared ownership, and 

std::unique_ptr for a pointer that implements the concept of 

exclusive ownership or strict ownership [3]. Together with 

std::auto_ptr provided in C++ 98, these three kinds of smart 

pointer templates can now satisfy programmers’ requirements 

in using smart pointers in most scenarios. 

Since creating user defined templates brings heavy 

workload and are error-prone, programmers are recommended 

to make more use of library templates when they need [6]. 

Although most C++ programmers know the necessity of using 

library templates, there still exists a great amount of user 
defined templates in C++ programs. In view of this fact, there 

is a strong need to investigate how programmers apply 

templates and why they use or not use library templates. 

Surprisingly, few studies have been done in this area. This 

may lead to two problems. For library designers, they cannot 

know whether libraries they developed really benefit users in 

their programming work and which libraries are most 

welcomed by users. For common programmers, especially the 

novices, they do not understand which libraries are most 

helpful to them and need their attention to be paid on. 

In this paper, we aim to empirically investigate how library 

templates and user defined templates are adopted in real 
software. The purpose of this is to understand how library 

templates influence programming compared with user defined 

templates. More specially, we want to investigate the 

following three questions:  

 Whether more uses of library templates result in a 

decrease of using user defined templates? 

 Whether programmers tend to use a few library/user-

defined templates more frequently? 

 Whether library templates or user defined templates are 

more frequently to be derived? 

To answer these questions, we analyze the historical 
revisions of ten open source systems, containing 34 million 

lines of C++ code. The experimental results show that: (1) the 

growth of using library templates does not result in a 

substantial decrease of using user defined templates; (2) eight 

templates account for over 95% of all library template uses; 

and (3) user defined templates tend to be derived more 

frequently than library templates. Based on these results, we 

make two practical suggestions. For C++ novices, we suggest 

that they focus on learning the eight most commonly-used 

library templates. For library developers, we suggest that they 

develop more library templates that can be easily derived. 

144



The rest of the paper is organized as follows. Section II 

introduces library templates and user defined templates in a 

nutshell. Section III describes the research questions, data sets, 

and analysis methods. Section IV reports the experimental 

results. Section V discusses related work. Section VI 

concludes the paper and outlines the direction for future work. 

II. TEMPLATES AND THEIR USAGES: LIBRARY VERSUS 

USER DEFINED 

Library templates are defined in C++ libraries, which 

include STL [7], Boost [23], Loki [24] and ATL [25], etc. The 

most well-known one, STL, is the standard template library 

recognized by the language specification [3]. It provides a 

large collection of classes that meet all kinds of needs, 

together with several algorithms that operate on them. Since 

all components of the STL are templates, they can be used for 

arbitrary element types. Containers, iterators, and algorithms 

are three key components in STL [5]. By contrast, user defined 

templates are explicitly defined in programs and are utilized 
by programmers themselves. These templates are used to 

implement functionality which is relatively specific to users’ 

requirements. Generally, user defined templates are not as 

universal as library templates. 

Even though library templates and user defined templates 

are defined in different sources, they have same ways of use. 

Both library templates and user defined templates can be 

divided into function templates and class templates. Here, 

class templates also include struct templates [4]. The way to 

use function templates is to invoke them as ordinary functions 

[4], resulting in a function instance called specialized 

function. Compared with function templates, more ways are 

available for using class templates. According to C++ 

language specification [3], class templates can be initialized, 

specialized, or derived. Here we demonstrate these concepts 

by excerpting the real usages of class templates in 

TortoiseSVN: 

 Instantiation means to create a class instance by 

associating template parameters with arguments. The most 

commonly used template arguments are non-template 

types. For example: 

quick_hash<CHashFunction> index; 

This statement denotes to declare an object index with a 

class type CHashFunction, which is an instance of the user 

defined template quick_hash. 

 Specialization, which can be created by a declaration 

introduced by "template<>", denotes to establish a separate 

implementation for a template. For example: 

template <> 
struct ice_not<true> 
{ 
    BOOST_STATIC_CONSTANT(bool, value = false); 
}; 

This is an example to provide the template ice_not with a 

specific implementation through specialization. All type 

instances with argument "true" will be instantiated from this 

special implementation. 

 Derivation indicates to define a child template by explicitly 

extending the parent class template. For example:  

template<class B, STREAM_TYPE_ID type> 
class CInStreamImpl :public  
CInStreamImplBase< CInStreamImpl<B, type> , B , type> 

In the example, CInStreamInmlpBase acts as a parent 

template, and CInStreamImpl derives it in the public manner. 

III. RESEARCH METHOD 

In this section, we first formulate the three research 

questions about the adoption of templates. Then, we introduce 

the data sets used for investigating these research questions. 

Finally, we describe the analysis method.  

A. Research Questions 

We aim to compare the adoption of library templates to 
user defined templates in real software. The three research 
questions (RQ) are hence formulated as follows. 

 RQ 1: Will there be a decrease of adopting user defined 
templates with an increase use of library templates? C++ 
library templates can help programmers get rid of hard 
work in constructing various elementary user defined 
templates. In other word, if library templates are more 
widely used, more user defined templates that have similar 
functionalities with existing library templates are 
unnecessary and thus can be replaced by using these library 
templates. 

 RQ 2: Are library/user-defined templates biasedly used? If 
so, which templates are the most commonly-used ones? 
With so many library templates available, we intuitively 
conjecture that elementary library templates may be used 
more frequently. If this hypothesis is proven to be true, we 
can pick out the libraries containing commonly-used 
templates and give advices to programmers about their 
focus on these library templates. 

 RQ 3: Are library class templates less often derived than 
user defined class templates? Similar to ordinary classes, 
class templates can also be used in the manner of derivation, 
which is an important feature in object oriented 
programming. If the answer of RQ3 is “Yes”, it may 
indicate that user defined templates are more easily to be 
inherited than library templates. Further, there will be 
potential opportunities for library developers to produce 
more extensible templates to improve libraries’ ability in 
supporting object oriented programming. 

B. Data Sets 

To investigate the proposed research questions, we analyze 

10 projects of different categories listed on 

http://sourceforge.net. These projects are well logged and long 

aged, ranging from 4 to 15 years old. Due to the vast historical 
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revisions of the projects, it is too costly to investigate all of 

them. Additionally, some dump versions may also impact the 

result. Therefore, we regularly select the last revisions without 

dump in each season, that is, four revisions for a project each 

year since it started to be released. Finally, 317 historical 

revisions of the 10 projects are chosen. They totally contain 
over 34M lines of C++ code. Source files of these projects are 

obtained from open source repositories by using svn and git 

clone tools. The detailed information about these projects is 

listed in Table I. 

TABLE I.  OPEN SOURCE PROJECTS IN THE STUDY 

Project Age C++ KLOC Category 

TortoiseSVN 11 405.806 Software Development 

FileZilla 10 82.941 Communication 

KeePass 4 56.364 Security & Utilities 

MeshLab 9 247.556 Graphic 

SAGA GIS 10 257.530 Science & Engineering 

Bitcoin 4 66.359 Business & Enterprise 

Console 7 20.959 System Administration 

Cool Reader 7 232.239 Home & Education 

Warzone 2100 9 180.517 Games 

VLC 15 119.801 Audio & Video 

C. Analysis Method 

We analyze source code of the target systems by the 
following steps. At the first step, filter non-C++ source files. 
Our target files are C++ header files and source files. To filter 
out those redundant ones, we use the C++ Strict option in 
Understand and build an udb database for each selected 
revision. At the second step, detect the uses of template in C++ 
source files. To process the udb databases, we write Perl scripts 
invoking Understand APIs to find all program points related to 
templates. If a template definition is found, then the template is 
identified as a user defined template. If the namespaces like 
"std" and "boost" are found, then the template is recognized as 
a library template. At the third step, check the ways of template 
uses. In this step, we run a Perl script to check out different 
usages of all library function/class templates. The uses of user 
defined templates are examined with the same approach. At the 
fourth step, store the data. We write a Java program to 
automatically process the output of running Perl scripts and 
store the final data in xls files. We choose xls as the file format 
because they are easily to do statistical analysis and to plot 
figures. 

IV. EMPRICAL RESULTS 

In this section, we report in detail the experimental results 

and discuss the possible threats to the validity of our study. 

A. RQ1: Will there be a decrease of adopting user defined 

templates with an increase use of library templates? 

Based on the data obtained, we firstly measure the 

correlation between the density of library template uses and 

the density of user defined template uses. Here, density is 

calculated as the number of template uses divided by C++ 

KLOC. We choose the density (instead of the number of 

template uses) as the evaluation indicator because it reflects 

the frequency of template uses by eliminating impacts brought 
by the increase of code size of projects. In our context, one use 

of template is either a call to a function template or an 

instantiation, specialization, and derivation of a class template. 

If an increase use of library templates causes a decrease in 

using user defined templates, a negative relationship will be 

shown by the two groups of data. To see if this is true, we use 

both observational and statistical methods. An observational 
result related to RQ 1 is shown in Figure 1. The figure plots 

the density of library template uses (red lines) versus the 

density of user defined template uses (blue lines). Inspecting 

both sub-figures for function template uses and class template 

uses, we cannot find a clear evidence supporting an increase of 

the density of using library templates results in a decrease of 

the density of adopting user defined templates. By contrast, we 

observe synchronous fluctuations of the two lines. 

To precisely validate the relevance between the two 

densities, we use the Spearman Rank Correlation coefficient. 

Table 2 summarizes for each project the Spearman Rank 

Correlation coefficient between the density of library template 
uses and the density of user defined template uses. More 

specifically, the "Function Templates" column reports the 

correlation between library function templates and user 

defined function templates. The "Class Templates" column 

reports the correlation between library class templates and user 

defined class templates. 

TABLE II.  SPEARMAN RANK CORRELATIONS BETWEEN ADOPTION OF 

LIBRARY TEMPLATES AND ADOPTION USER DEFINED TEMPLATES 

Project 
Coefficient of Adoption of Templates (p-value) 

Function Templates Class Templates 

TortoiseSVN 0.16 (0.31) 0.25 (0.12) 

FileZilla - 0.78 (0.00) 

KeePass -0.60 (0.02) 0.85 (0.00) 

MeshLab 0.71 (0.00) 0.85 (0.00) 

SAGA GIS 0.77 (0.00) -0.33 (0.06) 

Bitcoin 0.72 (0.00) -0.18 (0.45) 

Console 0.31 (0.13) 0.14 (0.50) 

Cool Reader 0.81 (0.00) 0.17 (0.38) 

Warzone 2100 0.49 (0.00) 0.68 (0.00) 

VLC 0.45 (0.00) 0.71 (0.00) 

 

In the function templates group, seven of ten projects show 

significant results (p-value < 0.05). The only outlier is 

FileZilla, whose use number of user defined function 

templates is zero, thus the correlation value fails to be 

produced. Specifically, six of ten projects show positive 

relationships, including four high positive correlations (above 

0.7) and two mild positive relationships (0.4 to 0.7). Only one 
project shows a moderate negative correlation (-0.60). To 

summarize, the data for function template uses generally 

shows that the tendencies of adopting library function 

templates and user defined function templates follow the 

similar pattern, indicating that an increase of library template 

uses does not lead to a corresponding decrease of user 

template uses when the templates are applied to create 

specialized functions. Regarding the adoption of class 

templates, the data basically does not validate strong 

relationships. To be specific, among the ten projects, only five 
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Figure 1.  Density of Adopting User Defined Templates vs. Density of Adopting Library Templates (the case in TortoiseSVN) 

 

(a) Proportion of Adopting Library Function Templates (b)    Proportion of Adopting Library Class Templates 

(d) Proportion of Adopting User Defined Class Templates (TortoiseSVN) 

show a significant correlation (p < 0.05). The five significant 

results, however, all indicate relatively positive relevance, 

with four of them showing high positive relationships (above 

0.7) and one showing mild positive correlation (0.4 to 0.7). 

Due to the low ratio of significances, this group of data cannot 

testify bound relevance between use density of library class 

templates and use density of user defined templates. 

Nevertheless, the consistent positive relationships shown by 

five valid samples can still demonstrate that with number of 

library class template uses rising, the number of adopting user 

template uses does not reduce. 

 

 

 

 

 

 

 

                   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Overall, the function templates data group strongly 
indicates that the increase of library template uses does not 

lead to the reduction of user defined template uses, and the 

class templates data group validates this result slightly weaker. 

We deduce the reason for this fact lies in the effects of some 

irreplaceable user defined templates. That is, even though 

library templates (such as STL, Boost, and ATL) play an 

important role in programming, they are only elementary 

components to construct compound data structures but cannot 

replace user defined templates. Meanwhile, user defined 

templates are always needed in specific scenarios and 

sometimes more frequently used than library templates. 

B. RQ2: Are library/user-defined templates biasedly used? If 
so, which templates are the most commonly-used ones? 

Figure 2 shows the result for RQ 2. In the sub-figures, each 

red dot represents a library template, while each blue dot 

represents a user defined template. For every dot, the x-value 

is its rank among all templates in its group sorted by the 
numbers of their uses in descending order, while its y-value is 

the percentage calculated as the number of its uses divided by 

the total template uses. In our initial inspection, the dots 

basically distribute as a power curve. To precisely test our 

observation, we apply power functions to fit the dots and 

finally obtain good fitness (a large R2 value) for all sub-graphs. 

The fitting result demonstrates the use rates of templates 

appear in power distributions, showing that both library 

templates and user defined templates are high biasedly 

used. 

The result for RQ 2 signifies the adoption of a small 

proportion of templates accounts for a majority of overall 
template uses. Based on this knowledge, we pick out the most 

popularly-used library templates from the experimental data 

and manually query which libraries they belong to. Table III 

lists the names of these libraries and their proportions in use. 

(a) Adoption of Function Templates (b)   Adoption of Class Templates 

(c) Proportion of Adopting User Defined Function Templates (TortoiseSVN) 

Figure 2. Proportion of Adopting Different Templates (Figure c and Figure d reflect adoption of user defined templates in TortoiseSVN)  
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Here, we list eight libraries whose proportions are larger than 

1%. These libraries totally account for over 95% of all library 

template uses. 

TABLE III.  MOST COMMONLY-USED TEMPLATE LIBRARIES 

Library Name Number Proportion 

Standard Container: Vector 1586 54.80% 

Standard Container: List 416 14.37% 

Standard Container: Map 328 11.33% 

Standard Utility: Smart Pointers 152 5.25% 

Standard Container: Set 132 4.56% 

Standard Utility: Pair 58 2.00% 

Language Support Library: 

Numeric Limits 
49 1.69% 

Standard Container: Deque 45 1.55% 

Total 2766 95.58% 

 

On account of this result, we recommend C++ novices to 

focus on learning how to use the template libraries listed in 

Table III. The reason is that these libraries are statistically 

proved to be frequently used by practitioners in developing 

open source projects and maybe helpful in their understanding 
of templates. For library developers, we advise them to pay 

their attention on the safety and compatibility of these 

most frequently-used template libraries when they update 

C++ libraries. The reason is that the changes or defects in 

these libraries may result in severe impacts on programs 

adopting these library templates. 

C. RQ3: Are library class templates less often derived than 

user defined class templates? 

As stated in Section 3, class templates are mainly used in 
three different ways: Instantiation, Specialization, and 
Derivation. Since RQ 3 focuses on derivation, we calculate the 
proportion of derivations in class template uses. Table IV 
reports the proportion of derivations among class template use. 
Among three kinds of usages of class templates, derivations are 
more likely to appear in the uses of user defined class templates. 
This is true for eight of ten projects. The average data also 
support this conclusion, with a proportion of 7.64% 
(derivations of user defined class templates) over 0.54% 
(derivations of library class templates). The result indicates that 
compared with library templates, user defined templates 
are more frequently to be inherited to define child 
templates. 

Due to the poor ratio of derivations of library class 
templates, we recommend library designers to develop more 
library templates that can be easily inherited to declare new 
class templates, especially some elementary components 
which are easily to be used as base classes. In this manner, 
library templates could play more important role in object 
oriented programming and better facilitate programmers. 

D. Threats to Validity 

External Threats. Due to well-known accessibility reasons, 

our study only investigates open source projects. The research 

questions investigated in this paper may not compatible with 

regularities of template uses in industrial software, as different 

ways of managing software development probably make a 

difference in adoption of templates. Moreover, even though 

our study is performed on the historical revisions of 10 

different kinds of projects, all of them are application software. 

Since no system software is included, the results may be 

skewed to some extent. Finally, since covering all historical 
revisions for a project is a hard work, we select representative 

revisions for each project. However, in this way, we probably 

miss several revisions that are milestones in the process of 

project development. 

Internal Threats. The internal threat lies in the inclusion of 

test code in the open source projects. The test code may 

influence the accuracy of code size calculation. However, test 

code only accounts for a small proportion of the total code size. 

Therefore, we believe that our results are reliable. 

TABLE IV.  PROPORTION OF DERIVATIONS AMONG CLASS TEMPLATE USE 

Project Library User Defined 

TortoiseSVN 1.23% 5.46% 

FileZilla 0.27% 0% 

KeePass 0.99% 16.72% 

MeshLab 1.12% 5.16% 

SAGA GIS 0.97% 10.39% 

Bitcoin 0.315% 0% 

Console 0% 0.84% 

Cool Reader 0% 2.74% 

Warzone 2100 0% 0.12% 

VLC 0.53% 35% 

Average 0.54% 7.64% 

V. RELATED WORK 

Existing studies about C++ templates mainly focused on 

STL. For example, Josuttis [5] comprehensively summarized 

the adoption of STL in implementing an amount of useful 
libraries. Austern [6] studied in depth on the design ideas and 

infrastructures of STL and discussed the detailed 

specifications of STL. Other studies on C++ templates include 

how to refine design of built-in templates among the C++ 

standard [13], how to identify idiom usages of generic libraries 

[14], how to effectively compile templates at runtime [15], and 

how to compare C++ templates with the generic features in 

other languages [16]. The only empirical study about adoption 

of C++ template was undertaken by Basit et al. [8]. They 

conducted a case study to observe whether templates can 

reduce clone code in STL. As a result, they found out many 

code duplications that cannot be eliminated by templates. 

With more and more open source codes available through 

the Internet, researchers have been gradually starting to make 

use of empirical techniques such as data mining to access 

useful information about language adoption. These techniques 

can not only help to understand adoption of different 

languages, but also supply objective evidence to evaluate 

features in various languages. Existing studies in this area 

include predicting future trends of language evolution by 

comparative study among languages [17], mining software 

repositories to investigate language features [11] and language 

adoption [18] [19] [20], and understanding language elements 

148



with data mining techniques [21] and artificial experiments 

[22]. 

Among all previous studies, the work done by Parnin et al. 

[9] [10] is most related to our work. They deeply investigated 

the adoption of Java generics in open source projects. The 

papers report that: (1) Use of Java generics sometimes shows 
negative relationship with the number of type casts; (2) Java 

generics can prevent some code duplications; (3) Generics are 

usually adopted by several contributors in a project rather than 

all committers; (4) Developers do not always convert raw 

types to generic types; (5) Different abilities of IDE in 

supporting generics do not influence the adoption of generics. 

Due to distinct characteristics between C++ and Java, it is 

improper to investigate C++ templates by following the same 

way in studying how Java generics are adopted. The reasons 

are two-fold. First, Java has a super-type "Object", which is 

always applied to create generic data structures before 

generics are introduced. However, C++ does not have such a 
super-type. Therefore, we cannot study conversions from 

using such language feature to using templates. Second, since 

most C++ open source projects are not as well logged as Java 

projects, it is difficult to obtain enough information about the 

behaviors of committers. 

VI. CONCLUSION AND FUTURE WORK 

In this paper, we explore how C++ templates are adopted in 

open source projects by comparing library templates to user 

defined templates. The whole study is undertaken by 

investigating the uses of both function templates and class 

templates in open source systems. As a result, we find that an 
increasing use of library templates does not reduce the use of 

user defined templates, both library and user defined templates 

are biasedly adopted, and user defined templates are more 

likely to be derived compared to library templates. Based on 

these results, we give practical suggestions to both library 

developers and common programmers. For example, 

programmers are advised to pay attention on learning those 

commonly-used libraries which we pick out through empirical 

study, and we recommend library developers to develop more 

extensible library templates which may increase libraries’ 

ability to support object oriented programming. 

In the future work, we will replicate the study to validate 
the above-mentioned findings on more systems. Further, an 

investigation is being done by us to uncover factors that 

influence the adoption of templates and practical benefits of 

applying templates. In addition, new features introduced into 

C++ 11 are also our concerns. 
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Abstract— Type systems are mainly aimed at providing the 

absence of erroneous behaviors. Their formalization is commonly 

used to prove specific safety properties, but those formal 

specifications are not usually used to implement the language. 

Once a type system has been proven to be sound, a type checker 

must be developed in the implementation of the language 

processor. In this article we present TyS, a framework to facilitate 

the implementation of type checkers, following widely known 

object-oriented design patterns. TyS processes a type system 

specification file, generating the implementation of the 

corresponding type checker. The generated code relies on an API 

provided by the framework, and it can be reutilized by the rest of 

components and tools used in the language implementation. TyS 

has been used with different lexer and parser tools, developing 

both dynamic and static type systems. 

Keywords— type checker; type system; design patterns; language 

implementation 

I.  INTRODUCTION 

Type is defined as a collection of objects having similar 
structure [1], and the branch of mathematics and logic that 
concerns with classifying objects into types is called type theory. 
With the appearance of computers and programming languages, 
type theory found practical application in the construction of 
type systems. A type system is defined as a tractable syntactic 
method for proving the absence of certain program behaviors, by 
classifying phrases according to the kinds of values they 
compute [2]. Therefore, a type system classifies program values 
into types, considering certain program constructions illegal on 
the basis of its type. For instance, a type system may prohibit 
passing a string value as an argument to a function that receives 
an integer parameter. 

Typechecking is the analysis that detects semantic 
inconsistencies and anomalies, guarantying that entities match 
their declaration and preventing unsafe and ill-behaved 
programs from ever running. The algorithm that performs type 
checking is called type checker [3]. A language processor (e.g., 
compiler or interpreter) typically implements a type checker in 
its semantic (contextual) analysis phase [4]. 

Static (compile-time) type checking provides many benefits 
[2]. The most obvious one is error detection, which allows the 
early detection of programming errors, making possible to fix 
them immediately rather than discovering the type errors at 
runtime. Another common benefit is runtime performance, 

because many type operations are checked by the compiler, 
reducing the number of type checks performed at runtime [5] [6]. 
Types also enforce disciplined programming, defining a kind of 
partial contract between implementers and users. Additionally, 
type systems may involve better safety, as programs accepted by 
a safe type system will behave with the absence of runtime type 
errors [7]. Finally, types also constitute a form of documentation, 
specifying up-to-date information about the behavior of entities 
[2]. 

These are the most common benefits of the traditional use of 
type systems for language design and implementation. However, 
type systems have also been applied in multiple different 
scenarios, such as reverse engineering [8], testing [9], web 
metadata [10], and even security [11]. 

A. Type System Formalization 

Type systems are formalized with precise notations and 
definitions. The detailed proof of formal properties (e.g., type 
safety) give confidence in the appropriateness of their definition 
[7]. Typical landmarks in type system formalization are the 
Russell’s original ramified theory of types [1], Ramsey’s simple 
theory of types [12], Church’s typed lambda-calculus [13], Löf’s 
constructive type theory [14], and Berardi’s pure type systems 
[15]. Type checkers are sometimes specified by means of 
attribute grammars [16]. Based on these formal methods, a range 
of tools have been developed, achieving different goals: 

 Proof assistants or interactive theorem provers are 
software tools to assist with the development of formal 
systems and their proofs, by means of human-machine 
collaboration. A formal system such as the type system and 
the semantics of a programming language can be defined 
with these tools. Theorems such as type safety can then be 
proved. Examples of two powerful proof assistants are 
Isabelle [17] and Coq [18].  

 Lightweight analysis and verification of programs. These 
tools are sometimes referred to as lightweight formal 
methods because they do not prove the correctness of type 
systems. They commonly perform model checking in order 
to detect programming errors that are not ordinarily 
detected until runtime. Different examples of these tools 
are ESC/Java [19], SLAM [20] or SPIN [21]. PLT Redex 
is another lightweight mechanization tool designed for 
specifying, debugging and testing operational semantics 
and type systems of programming languages [22].  
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 Language processor development tools. Most of the 
existing compiler and interpreter construction tools are 
centered in the development of scanners and parsers. 
Others offer the development of type checkers and 
interpreters, employing different mechanisms. For 
instance, the Synthesizer Generator [23] supports attribute 
grammars with incremental attribute evaluation, whereas 
the ASF+SDF Meta-Environment is based on conditional 
term rewriting rules [24]. There are also works based on 
translating to code the inference rules that formalize a type 
system, such as TCG [25] and Tinker-Type [26]. 

B. Implementation of Type Checkers 

The code generated by the tools mentioned above commonly 
follows the execution flow of the formalization used (e.g., a 
deductive system based on a set of inference rules), and it usually 
involves lower runtime performance than an ad hoc 
implementation [27]. Besides, the generated code is frequently 
difficult to debug and trace, because it comes from a general 
translation of mathematical specifications. In occasions, the 
formalizations used by the language designer (and hence the 
generated code) are unknown to the compiler programmer. 

In this paper we present TyS, a framework to facilitate the 
implementation of object-oriented type checkers whose type 
soundness might be previously proven. The generated code 
follows widespread object-oriented design patterns to facilitate 
the integration with the available reusable code, components, 
tools and frameworks. The language independent design 
patterns used are easily understandable and maintainable by the 
language processor developer [28], and they model the reusable 
dynamic and static type checking features of existing type 
systems. Moreover, they offer a straightforward way to extend 
and adapt type checkers from the specific requirements of 
different programming language type systems. 

II. ARCHITECTURE 

Fig. 1 shows the architecture of the TyS framework. A type 
checker specification text file identifies all the types in the type 
system, the subtyping relation, and all the operations (rules) 
supported by each type. This file is processed by TyCC, the type 
checker constructor. TyCC generates a specific implementation 
of the type checker described in the specification file, depending 
on the input parameters passed. These parameters include the 
exception class used to report type errors (e.g., 
SemanticException and ParserException in ANTLR 
[29]), the selected output language used to implement the 
generated type checkers, the class implementing the 
TypeFactory interface (Section IV), and the directory where 
the API is placed. Regardless the parameters passed to TyCC, 
the type checker implementation follows the same object-
oriented design patterns. If there is any error in the specification 
file, TyCC shows the appropriate message and aborts the 
generation of the output type checker implementation. 

The API provides the general services used by any type 
checker generated with TyCC. These services include a 
mechanism to represent type expressions, a type table and a type 
factory to reutilize objects representing the same type, and the 
runtime type exceptions used in the framework. The library has 
one implementation for each different output language 

supported. The functionality provided by the API can be used to 
implement both static and dynamic type checking (e.g., in 
compilers and interpreters). 

Both the API and the generated type checker are used to 
implement the language processor, together with the rest of the 
language implementation. TyS has been designed to be 
independent of the rest of phases and tools used in the language 
implementation. We have used TyS with both yacc/bison and 
ANTLR parser generators, and in single- and multi-pass 
language processors [30]. 

III. SPECIFICATION OF TYPES 

The framework will be described by specifying an example 
type checker of an imperative language, quite similar to the C 
programming language –the source code is available for 
download at [30]. 

A. Type Identification 

As mentioned, the types and its operations are described in a 
text file. We first identify the types and their subtyping relation. 
In our example we specify 9 different types: 

Types = { 
  Char < Int < Real 
  Char < TString 
  Bool < Int 
  Int  < Bool 
  Array 
  Pointer 
  Function 
  Void 
} 
 

All the types must be declared in the Types block, and they 
can appear more than once. The subtyping relation is identified 
with the < symbol, indicating that the type on the left is a subtype 
(promotion, coercion or implicit cast) of the type on the right. In 

our example, Char is a subtype of Int, which in turn is a 

subtype of Real. Notice that the set of types can be partially 
ordered, that is, not every pair of types need be related (e.g., 
Function or Void).  

The subtyping relation generates an 
implicitCast(Type):Type polymorphic method used to 

 

Figure 1. Architecture of the TyS framework. 
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perform the implicit type coercions in the generated type 
checker. If the type represented by the object passed as the 
implicit parameter (this) promotes to the type represented by 

the argument, implicitCast returns the argument; null is 

returned otherwise. The behavior of the implicitCast 
operation can be overridden in particular types. Therefore, it is 
not mandatory to define all the subtyping rules with the < 
symbol. More complex type convention rules, such as covariant, 
invariant, and contravariant subtyping relations (e.g., for Array 

and Function), can be later defined as type operations (rules) –
an example is presented in the following subsection. 

B. Type Operations 

After identifying the types and their basic subtyping 
relations, the specific operations (rules) of each type should be 
defined. The code generated by TyCC follows the Composite 
design pattern (Fig. 2) [31]. Any type is generalized with the 
Type interface, where all the available operations are declared. 
Two kinds of types can be defined: primitive types (leaf nodes 
in the Composite pattern) that represent a type by themselves; 
and composite types (intermediate nodes) that are constructed 
using other (primitive or composite) types. 

The default implementations of the operations declared in 
Type are provided by the BaseType abstract class. These 
default implementations are inherited by all the derived classes. 
The particular behavior for a specific type can be modified by 
implementing the corresponding method in the derived classes, 
using dynamic binding (method overriding). 

A primitive type is simply declared by specifying the type 
identifier and, between curly braces, the list of the operations it 
provides. The following example is an excerpt of the Int type 
specification: 

class Int { 
  Type comparison(Type t) { 
    if ( t.implicitCast(TypeTable.getInstance() 
            .getType("Real")) == null ) 
      throw new TypeException("Int and "+t.getName()+ 
                              " cannot be compared"); 
    return TypeTable.getInstance().getType("Bool"); 
  } 
} 
 

The comparison operation defines the type rule for the six 

comparison operators (==, !=, <, <=, > and >=), defined over 
integers in our example language. If the type of the second 
operand is a subtype of Real (included), the comparison is 

correct and the Bool type is returned. Otherwise, a 

TypeException is thrown holding an error message (getName 
returns the type identifier). Objects representing types in TyS are 
obtained through a TypeTable class (detailed in Section IV), 
included in the framework API. 

When an operation is defined in a type (e.g., comparison), 

it is included in the Type interface. The default implementation 

(in BaseType) throws an exception indicating that the operation 
is not applicable for that type. Therefore, the corresponding 
method could be called over any type, but only those types 
defining that operation will infer the resulting type –as we will 
see later on, the default implementation of the operations can 
also be changed. 

Composite types are constructed using other (primitive or 
composite) types. This recursive composition is modeled in the 
Composite design pattern (Fig. 2) with an association from the 
composite type to the child ones (typeFields). The following 

excerpt defines the Array composite type in TyS: 

class Array(Type) { 
  String getName() { 
    return getChildType().getName() + "[]"; 
  } 
  Type getChildType() { 
    return getTypeField(0); 
  } 
  Type implicitCast(Type t) { 
    if (t instanceof Array && getChildType(). 
              .implicitCast(t.getChildType())!=null ) 
      throw new TypeException(getName()+ 
               "cannot be converted to "+t.getName()); 
    return t; 
  } 
  Type indexing(Type t) { 
    if ( t.implicitCast(TypeTable.getInstance() 
                .getType("Int")) == null ) 
      throw new TypeException(t.getName() + 
                      " cannot be used as an index"); 
    return getChildType(); 
  } 
} 
 

The Array type declaration indicates that another child type 

is required by writing “(Type)” after its type identifier. More 
types can be specified using a separator (comma or blank space); 
and Type+ represents a variable length collection of at least one 

type –scalar values can also be used [32]. In the generated Array 

 
Figure 2. The Composite design, used to represent types. 
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class, a vector of Types (typeFields) is added as a private 
attribute, and so is the corresponding 
getTypeField(int):Type public method. In the Array 

example, getTypeField(0) returns the type of the elements of 
the array (its child type). 

Two methods generated by TyCC are overridden in the 
Array type. The default behavior of getName (returning the 

"Array" string) is overridden; "[]" is added as a suffix to the 
type name of the element. Similarly, the behavior of 
implicitCast is also changed. In the example language, we 
define covariant subtyping for arrays: an array A1 promotes to 
another array A2 when the elements of A1 promote to the 
elements of A2 [2]. 

The indexing operation represents the inference rule of the 

[] operator. Since the first operand (this) is an Array, the only 
condition to be checked is that the second one is a subtype of 

Int. If so, the type of the array element is returned; an exception 
is thrown otherwise. In the example code provided [30], the 
indexing operation is also defined by the Pointer type. As in 

the C programming language, the [] operator can be applied to 
both arrays and pointers [30]. 

A fragment of the Function type specification is [30]: 

class Function(Type+) { 
  Type getReturnType() {  
    return getTypeField(0);  
  } 
  int getNumberOfArguments() { 
    return typeFields.size()-1;  
  } 
  Type checkArgument(int i, Type t) { 
    if (i>getNumberOfArguments()) 
      throw new TypeException("Function " +getName()+ 
            " takes "+getNumberOfArguments()+" args"); 
    if (t.implicitCast(getTypeField(i)) == null) 
      throw new TypeException("The " +i+ "th arg "+ 
            " is not a subtype of the parameter"); 
    return getTypeField(i);  
  } 
} 
 

A function type comprises at least a return type plus a 
possibly empty collection of the types of its arguments (Type+). 

Therefore, we consider the first mandatory type in typeFields 

as the return type (getReturnType). Similarly, the 

numberOfArguments is the number of child types minus one, 
the return type.  

The checkArgument operation checks whether an 

argument of type t can be passed as the ith parameter. First, the 

function is tested to have at least i parameters. Second, the type 

of the argument (t) must be a subtype of the ith parameter. If so, 
the type of the parameter is returned. 

As shown in Fig. 2, BaseType holds the default behavior of 
all the operations defined for any type. The developer of the type 
checker can also use TyS to modify the default implementations 
given for any operation. The following specification defines two 
example default implementations, the assignment and cast 
type operations, for every type: 

class BaseType { 
  Type assignment(Type t) { 
    if (t.implicitCast(this) == null) 
      throw new TypeException(t.getName() +  
               " cannot be assigned to "+getName()); 
    return this; 
  } 
  Type cast (Type t) { 
    String t1 = getName(), t2=t.getName(); 
    if (t1.equals("Void")||t1.equals("Function")|| 
        t2.equals("Void")||t2.equals("Function")) 
      throw new TypeException("Cannot cast from " + 
                   getName() + " to " + t.getName()); 
    return t; 
  } 
} 
 

In an assignment, the type of the expression on the right must 
promote to the operand on the left, and the resulting type is the 
type of the operand on the left. The example default behavior of 
the cast operation is that any type but Void and Function can 
be cast to another type. This default behavior is then modified in 
Array (not shown for the sake of brevity), so that two arrays can 
be cast when the types of their corresponding elements can also 
be cast [30]. 

IV. FRAMEWORK API 

We have seen how types are specified by defining the 
operations they provide. We now describe how TyS can be used 
by the rest of components comprising a compiler 
implementation (Fig. 1). For this purpose, the TyS API provides 
services for building and managing the objects that represent the 
types specified by the programmer. 

A. Obtaining Types 

The TypeTable class in Fig. 3 is in charge of managing the 
objects representing types. A single instance of this class is 
created, following the Singleton design pattern 
(getInstance():TypeTable) [31]. The main method of this 

class is getType(String):Type that receives the type 
identifier as a parameter, and returns the object representing that 
type. 

In our example [30], we have used the ANTLR tool for 
language recognition [29]. The following piece of code shows 
an excerpt of our type checker implementation: 

type returns [Type t] { t= null;} : 
  ( "int"  {t=TypeTable.getInstance().getType("Int");} 
  | "real" {t=TypeTable.getInstance().getType("Real");} 
  | "bool" {t=TypeTable.getInstance().getType("Bool");} 
  | "char" {t=TypeTable.getInstance().getType("Char");} 
  | "string" {t=TypeTable.getInstance() 
                         .getType("TString");}  
  ) 
  ( "[" "]" {t=TypeTable.getInstance() 
               .getType("Array("+t.getName()+")"); } 
  | "*"     {t=TypeTable.getInstance() 
               .getType("Pointer("+t.getName()+")");} 
  )* 
  ; 
 

The previous production defines the syntax of types, 
excluding functions, in our imperative language. The production 
returns the corresponding Type object. The first primitive type 
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(int, real, real, bool, char or string) is retrieved from the 

type table, and stored in the t local variable. Afterwards, a 

repetition of zero o more [] or * symbols may appear, defining 
a composite type. The type identifier is built by concatenating 
the type constructor (Array or Pointer) with the child type (t) 

between brackets. For example, the type int*[] is represented 

with the string "Array(Pointer(Int))". The returned object 

representing that type is an Array whose child type is a 

Pointer whose child type is an Int. 

The design of the type table follows the Flyweight pattern 
[31]. As shown in Fig. 3, a TypeTable instance holds a 

collection of types. If the requested object type (getType) is in 
that collection, it is simply returned; otherwise, a new object 
representing the demanded type is created (calling the 
createType method of TypeFactory), added to the 
collection, and returned. The main objective of this design is the 
reutilization of objects representing the same type, avoiding high 
memory consumption [28]. 

Objects representing types cannot be directly created by the 
programmer. The constructors of all the type classes generated 
by TyCC are declared with the Java default information hiding 
level (package). Therefore, new instances of these classes cannot 
be created from outside their package. Type factories (classes 
derived from TypeFactory in Fig. 3) are in charge of creating 

types with their createType method. They are in the same 
package as the type classes generated by TyCC. Type factories 
are not public, and they are used by the public class 

TypeTable. Therefore, the getType method of TypeTable is 
the only mechanism to create instances of types from outside 
their package, as commanded by the Flyweight pattern [31]. 

The createType method of TypeFactory must parse the 
string representing a type passed as a parameter, and return the 
appropriate Type object. For this purpose, the default 

implementation of this functionality (TypeFactoryImp) obeys 
the Little Language design pattern [33]. The language these 
strings follow has the next syntax: 

 type  compositeType ( type ( , type)* ) 

          |   primitiveType 
 

The primitiveType and compositeType nonterminal symbols 
depend on the language been specified. In our example, 
primitiveTypes are Char, Int, Real, TString, Bool, and 

Void; while compositeTypes are Array, Pointer, and 

Function. For instance, if we pass the 

"Function(Int,Array(Int),Char)" string to the 

createType method of TypeFactory, the object graph shown 

in Fig. 4 is returned. The ft object represents the type of a 

function that returns an integer and receives two parameters: an 
array of int, and a char. 

It is worth noting that TypeTable:getType uses 

TypeFactory:createType and vice versa. The getType 

methods calls createType when the requested object is not in 

the collection of types stored in the TypeTable. Similarly, when 

createType is building a new composite type, it calls getType 
to retrieve its child types. 

B. Invoking Type Operations 

Once we have an object representing the appropriate type, we 

only need to call the required operations to perform type 

checking. Recall that all the operations in all the types are 

included as methods in the Type interface. If the corresponding 

operation is not applicable, a runtime exception is thrown. 

The following fragment of our ANTLR type checker 

example, shows how the [] and * operators are checked: 

rightOperator [Type arg] returns [Type t] 
          { t = arg; 
            Type typeOfIndex = null;  
          } : 
  ( "[" typeOfIndex = expression "]"  
                { t = t.indexing(typeOfIndex); } 
  | "*"        { t = t.getPointedType(); } 
  )* 
  ; 
 

When the rightOperator is an expression between square 
brackets, the inferred type (t) is the result of calling the 

indexing operation against the type received as an argument 

(arg). If that type is an array, its child type is inferred; otherwise, 

an exception is raised. If the rightOperator is *, the 

getPointedType operation is called instead. That operation 

simply returns the child type of Pointers, throwing an 
exception otherwise. This algorithm is executed in a loop, while 
a [] or * operator exists. 

V. IMPLEMENTATION 

The TyS framework has been developed in C++ (TyCC) and 
Java (the framework API). We have implemented different type 
checkers using the flex, bison/yacc and ANTLR compiler 
construction tools. These implementations comprise both single- 
and multi-pass language processors [34]. 

TyS has been used to implement different examples such as 
a simple arithmetical expression interpreter (Calc), an object-
oriented programming language (Drill), a multi-pass imperative 
language compiler (Frog), and the example shown in this article 
(SubC) [30]. It has been used to implement the first prototype of 
the nitrO virtual machine [35], and its design principles have 
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been applied in the development of the StaDyn programming 
language [36] [37]. It has also been used for educational 
purposes, in a compiler construction course [28]. 

The four examples mentioned in the previous paragraph 
(including the one presented in this article), the binaries and 
source code of TyS, and its documentation are available for 
download at http://www.reflection.uniovi.es/tys 

VI. CONCLUSIONS 

The TyS framework proposes a collection of object-oriented 
design patterns, a type system construction tool, and an API to 
facilitate the implementation of imperative object-oriented type 
checkers. TyS has been used in the implementation of different 
kinds of language processors including those developed as 
single- and multi-pass compilers, and processors that support 
both static and dynamic typing [30]. These implementations 
have used TyS in combination with different tools such as 
yacc/bison and ANTLR. The generated code is highly 
understandable, following widespread design patterns instead of 
translating code from a high-level formalization. Memory 
consumption has been considered, implementing a type table in 
the API that reutilizes the existing objects representing types. 

Currently, TyCC only generates Java source code. We plan 
to generate other object-oriented languages such as C++ and C#. 
We also plan to include support for polymorphic types, including 
type variables and the implementation of a unification algorithm 
in the framework API [28]. 
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Abstract—A growing model for software architecture defines it 

as a set of principal design decisions which describe the system. 

These design decisions need to be made by resolving design issues 

in a collaborative environment that helps software architects to 

design the architecture of a system. The architecture design 

decisions are usually made based on experiences since there 

aren’t defined methods and models for architecture design. Each 

design decision yields a set of outcomes which impacts both the 

system architecture and the final product. As software product 

systems tend to be large in size, one need to understand the 

rationale behind decision of each architectural element. This is to  

justify the system’s design and to avoid critical architectural 

problems. Often during these design decision making process the 

rationale is not fully captured. This paper identifies and 

addresses the above mentioned research challenge. It presents a 

method for software stakeholders to use intelligent 

argumentation system for collaborative rationale capture. The 

argumentation will be recorded in an online system to document 

the rationale behind the design decisions resulting in product 

architecture. Finally, the proposed method is evaluated using a 

case study. It demonstrates feasibility of capturing software 

architecture rationale using intelligent on-line argumentation. 

Index Terms— Collaborative Software Architecture Design, 

Collaborative Decision Support, Intelligent Argumentation, 

Collaborative Knowledge Management, Web-Based Knowledge 

Management 

I. INTRODUCTION  

During the design of the architecture for a system, there are 

many design issues that needs to be addressed. The 

stakeholders of an organization have their own rationale from 

various perspectives to resolve design issues. Most of the time 

their views to solve a design issue conflict with each other. In 

order to collaboratively examine and resolve an issue, 

stakeholders must participate in argumentation to exchange 

their rationale with respect to their design choice.  

Argumentation is a process by which stakeholders choose 

from multiple alternatives to resolve a design issue, giving 

arguments explaining their support or lack of support for a 

given design alternative[1]. This provides stakeholders with an 

equal platform for exchanging their knowledge and viewpoints, 

allowing them to select an alternative which best address the 

concerns of the whole.  If properly organized and recorded, 

argumentation provides a format for rationale which gives a 

comprehensive explanation of the motivations behind design 

decisions. 

We developed an argumentation system that allows 

stakeholders to post their arguments in support or attack of an 

alternative that addresses the issue [1]. In order to strengthen 

the arguments, stakeholders can also post evidences along with 

their arguments. During this process, as the number of 

arguments increase, a huge argumentation tree is produced. To 

compute the design alternative that is favored by most of the 

stakeholders, the entire argumentation tree is analyzed using 

argumentation reduction inference engine. The computed result 

helps the decision makers to select an appropriate alternative to 

resolve the architecture design issue. 

As the architecture of the system evolves, there are many 

architectural elements and their respective design decisions. So, 

there must be proper mapping between the elements of the 

architecture and design decisions. This allows the users to trace 

from architectural elements to their associated design issues, 

design alternatives, arguments, evidences, and decisions in an 

argumentation tree. 

This paper is organized as follows. Section II presents a 

review about the related work, Section III briefs about the 

intelligent argumentation system that is used for argumentation 

process, Section IV explains in detail about the framework to 

capture software architecture rationale using intelligent 

argumentation and Section V validates the proposed method 

using a case study. 

II. RELATED WORK 

This section presents the literature review of related 

research. Sub section A presents the work done in field of 

architectural knowledge management and Sub section B 

discusses the related work of other argumentation systems. 

A. Architecture Knowledge Management: 

Much work is done in field of architectural knowledge 

management. In one of the approach proposed by Fabian et al 

[2], design decisions are concrete bindings between 

requirements and from requirements to their manifestations as 

model elements in architectural models. The architectural 

knowledge rationale is maintained as documentation linked to 

architectural significant requirements. Another approach 

PAKME [3] captures design alternatives as cases from 

literature. A design case consists of problem and solution, 

patterns and tactics used, rationale, and related design options. 

ADDSS [4] is another system focused on storing the rationale 

behind design decisions. It captures rationale by linking 
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motivating factor to design decision made, also stores design 

pattern knowledge. 

Cui et al [5] proposed a design centric architectural design 

in which stakeholders determine the architectural issues from 

requirements as well as their solutions. The system explores all 

feasible combinations of the issue solutions and combines the 

feasible combinations to generate architectural solution. The 

rationale is automatically collected from each solution involved 

in the final architecture. While the rationale includes both pros 

and cons of a particular solution, it is not presented in great 

detail. Architecture as design decisions was presented by Lytra 

et al [6]. The system automates component and constraint 

generation based on design decisions. Each design decision has 

a set of outcomes, which are mapped directly to the 

architectural elements they generate in the component model, 

allowing for each component to be traced back to its 

corresponding design decision. Savolainen and Männistö [7] 

proposed a method of creating architectural views that more 

prominently communicate the conflicts from multiple 

perspectives between key stakeholders' concerns. It helps 

capturing architecture rationale based on interactions among 

stakeholders. Bratthall et al [8] experiment to verify the 

importance of design rationale when predicting change impact 

is mostly related to how to document the architectural rationale 

and how important is the availability of architectural 

knowledge to assess the change impact. 

B. Argumentation Systems 

There is large amount of work done in collaborative 

decision making through argumentation. Most of the 

argumentation systems proposed follow Stephen Toulmin’s 

model of argumentation [9]. The first method was gIBIS [10] 

which represents design dialog as graph. The method displays 

arguments, issues and positions in form of graph. HERMES 

[11] is a computer based decision support tool which organizes 

arguments and evidences in hierarchy. Chenn-Junn Huang’s 

argumentation system assesses the quality of the arguments by 

parsing the arguments [12]. 

The above methods related to architectural knowledge 

management are not widely adopted in practice. The 

knowledge management methods discussed above captures 

only static knowledge of the architecture, not the dynamic 

exchange of rationale of stakeholders on design issues. The 

methods fail to capture the knowledge from multiple 

perspectives. The methods related to argumentation systems 

are not specific to architectural knowledge management and are 

difficult to use. 

III. THE INTELLIGENT ARGUMENTATION SYSTEM 

We developed Web based Intelligent Argumentation 

system for collaborative decision support [1]. The stakeholders 

can participate in the argumentation process using web browser 

and the server manages different clients simultaneously along 

with business calculations to determine the stakeholders’ 

favorability for a design issue. Within the argumentation 

system, the design issue is referred to as an Issue and various 

design alternatives that addresses the issues are called 

Positions. The stakeholders can post their views in terms of 

arguments during the argumentation process. The stakeholders 

should enter a degree of strength explicitly for an argument in 

range of -1 to 1. An argument with negative degree signifies 

that it is attacking another argument and argument with 

positive degree signifies that it is supporting another argument. 

An argument with 0 degree strength signifies indecisiveness 

[13]. The priority of the stakeholder is also one of the factors in 

decision making. So, the stakeholders are assigned priorities 

based on their role during software design process [15].  Figure 

1 shows a snapshot of the intelligent argumentation system 

 

Figure 1 Snapshot of The Intelligent Argumentation System 

The entire argumentation tree built during the 

argumentation process is reduced to a single level such that all 

arguments posted refer directly to the position. The overall 

favorability of the design alternative is computed by weighted 

summation of the argument strengths. In order to assess the 

impact of the indirect arguments on a position, we have four 

general argumentation reduction heuristic rules and 25 fuzzy 

rules are derived from these 4 rules. Please refer to references 

[1, 14] for more discussion of the intelligent argumentation 

system. The four heuristic rules are formulated as,  

Argumentation Reduction Rule 1: If argument B supports 

argument A and argument A supports position P, then 

argument B supports position P. 

Argumentation Reduction Rule 2: If argument B attacks 

argument A and argument A supports position P, then 

argument B attacks position P. 

Argumentation Reduction Rule 3: If argument B supports 

argument A and argument A attacks position P, then argument 

B attacks position P. 

Argumentation Reduction Rule 4: If argument attacks 

argument A and argument A attacks position P, then argument 

B supports position P. 

Figure 2 shows a sample argumentation tree which 

represents positions, arguments and their associations .There 

are two design alternatives for a design issue, Position 1 and 

Position 2.  Arguments A1, A2, A3, and A4 are posted under 

position 1. The argument A3 attacks position 1 based on an 

argumentation heuristic rule. 
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Figure 2 Sample Argumentation tree  

IV. FRAMEWORK TO CAPTURE SOFTWARE ARCHITECTURE 

RATIONALE THROUGH ARGUMENTATION 

The proposed method captures the software architecture 

decision rationale through intelligent argumentation. Unlike 

other methods discussed earlier, where they capture static 

knowledge of the architecture, our method is dialog based 

which captures dynamic interactions of the stakeholders who 

are responsible for the architecture design. It is built on an 

existing intelligent argumentation system which has its 

applications in various domains and displayed promising 

results. 

The requirements for a software product are the basis for the 

development of a system. The product needs to be developed 

such that it satisfies the requirements of its customers. The 

software architect design team has to design the architecture of 

the system before implementation can begin. The architecture 

design is mainly dependent on the software requirements 

captured during requirements gathering stage. The problems 

that the system faces to ensure the satisfaction of the 

requirements are termed as design issues. These design issues 

need to be resolved through one or more design decisions. 

Figure 3 shows the architecture of the present method to 

capture software architecture rationale knowledge through 

intelligent argumentation. 

The architecture of the proposed method consists of three 

high level components. The first is the issue based architecture 

design rationale capture, which is responsible for documenting 

the rationale behind the design decisions in terms of arguments 

from various stakeholders for different design alternatives. The 

argumentation based software architecture design rationale 

knowledge base shows the linkage between the software 

architecture, its design issues and their respective rationales. 

Lastly the inference engine determines design decision by 

performing inference process on the argumentation tree. 

The internal structure of one of the components, the 

argumentation based software architecture knowledge base is 

shown in Figure 4. The structure includes software 

architectural elements and rationale elements such as design 

issues, design decision, arguments, evidences and design 

alternatives. It clearly shows the dynamic interactions between 

the stakeholders to determine the design decision. There exists 

a complex relationship among various elements. Some of such 

relationships include: the design issue has its origin from 

requirements and architectural elements, the requirements 

determine the architecture of the system, arguments are posted 

for a design issue and design alternatives, evidences are 

attached to arguments, design alternatives solve a design issue 

and design decision affects the architecture of the system.  

Here, the software architecture is considered to be designed 

using four elements namely components, connectors, 

configuration and constraints. A component is like a service 

that provides some required functionality and is derived from 

functional requirements. A connector is a link between two 

components of the system to depict the interactions among 

them. For example: a broadcast connector that can transmit the 

required information between two components. Constraints 

determine the qualities that the components or connectors 

 

Figure 3 Architecture of Software Architecture Rationale Knowledge 

Management System 

 

Figure 4 Structure of Architecture Knowledge Base 
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should satisfy. They are generally attached along with the 

architectural elements that need to satisfy particular quality 

Configuration is a collection of components and connectors. 

As stated earlier, design issues are derived directly from 

software requirements. The design decision that addresses the 

design issue may have its impact on multiple architectural 

elements. Therefore, once the design decision is taken, the 

architecture of the system needs to be modified accordingly. 

There are potentially multiple design alternatives to solve a 

given design issue. A design alternative consists of a design 

solution along with the set of architectural elements it affects. 

Deciding which alternative should be implemented may be a 

contentious issue. If the conflict among the stakeholders is 

properly managed, the issues can be resolved to achieve a 

design decision that best addresses the concern of the whole 

group and also will have a structured rationale behind the 

decision. Once multiple design alternatives are suggested the 

stakeholders debate the pros and cons of each in terms of their 

ability to satisfy the requirements.  

After entire argumentation tree is built, the inference engine 

determines which design alternative that is favored by most of 

the stakeholders. This favorability factor helps the stakeholders 

to decide which design alternative to implement in the 

architecture design. Each architectural element such as 

component, connector and constraint maintains a link with the 

design decision which resulted in their origin and also to the 

design decision which might have modified afterwards. The 

captured rationale enables the stakeholders to understand the 

architecture of the system from requirements to its design. 

During software architecture design, the functional 

requirements define what the system should do and they 

contribute mainly to the design decisions to be taken. The non-

functional requirements (NFR’s) are equally important as they 

define how the system should be in order to perform desired 

functionality. Each architectural element in system’s 

architecture contributes in some way to the overall satisfaction 

of the systems NFRs [16]. Often, majority of the time is 

allocated to resolve design issues pertaining to functional 

requirements without considering NFR’s quoted. The quality of 

a software system is measured with respect to how well the 

system architecture is designed in order to satisfy the NFR’s. 

For instance, a system that is designed to meet all the 

functional requirements but is inefficient and insecure and 

therefore fails to satisfy the needs of its customers despite 

meeting their functional requirements. Hence, the system’s 

software architecture must be designed in such way that it 

should equally satisfy the system level NFR’s. However, this 

task is complicated by the presence of NFR conflicts, where 

design decisions made to support the resolution of one NFR 

has a detrimental effect on other NFRs. These NFR conflicts 

are analyzed with respect to their impact on each architectural 

element and the conflicts are resolved using the intelligent 

argumentation system Please refer to [16] for in detail 

explanation of NFR conflict analysis and detection in case of 

product lines. Please refer to [17] to understand more about 

NFR decomposition with respect to functional requirements.  

V. CASE STUDY 

In order to demonstrate the effectiveness of proposed 

method, a case study is performed on the architecture of our 

own intelligent argumentation system. This case study is 

performed in a simulated environment where we enacted 

ourselves as having different roles in software organization and 

participated in the design decision making process by posting 

arguments from various perspectives. The purpose of this case 

study is to capture the rationale behind the design decisions 

taken to design the architecture of the intelligent argumentation 

system. During the design of the system’s architecture, there 

were many design decisions made to address various design 

issues related to requirements which affected multiple 

architectural elements. One such issue is related to a 

requirement where users of the system need a tool to draw and 

describe their ideas using their own drawing patterns. This 

design issue can be resolved considering various design 

alternatives. The rationale based on arguments for the 

aforementioned design issue is captured by nine different 

stakeholders, each having various roles in software 

development. A decision is made based on the result provided 

by the intelligent argumentation system after the inference 

process.  

The intelligent argumentation system is built on Client - 

Server architecture with distinction among presentation layer, 

business layer and Data persistence layer. The presentation 

layer handles user interface (UI) of the system that allows 

stakeholders to interact with the system and post their 

arguments. The business logic is handled by business layer 

where the inference process is performed. The data persistence 

layer deals with reading and writing the data into the database. 

This architecture consists of many components which are 

connected and communicating. through connectors. The 

architectural elements have their own rationale with respect to 

the design issues and the system is designed by resolving the 

issues with the help of intelligent argumentation system. 

The stakeholders of the system, each having their own role, 

had provided their arguments to support or attack their choice 

of design alternative to address the design issue. Table I shows 

the various roles of the stakeholders in the organization who 

participated in the decision making process. 

TABLE I.  ROLES OF STAKEHOLDERS 

S.No Role ID Roles Stakeholder 

Priority 

1 D1 Developer 0.8 

2 D2 Developer 0.8 

3 U1 Participants/Users of System 0.5 

4 U2 Participants/Users of System 0.5 

5 U3 Participants/Users of System 0.5 

6 AD1 Architecture Designer 0.9 

7 T1 Maintainer/Tester 0.7 

8 T2 Maintainer/Tester 0.7 

9 S1 Sales Representative 0.8 

 

For the design issue mentioned above, there are three design 

alternatives which can address the issue in their own way, 

canvas integrated in system, standalone drawing tool, and 
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desktop sharing. By integrating the canvas into the system, 

users can draw and share the same with other users without 

leaving the current session. The standalone drawing tool can 

also be used to draw patterns but it is not integrated in the 

current system forces users to toggle between multiple 

applications. Using desktop sharing, users can expose their 

drawings to others and share their ideas. With these three 

design alternatives, the stakeholders participated in the 

argumentation either supporting or attacking the design 

alternative or arguments posted by others. One of the 

components, issue based architecture design rationale capture 

as explained in the above framework is responsible to capture 

the stakeholder’s rationale. Table II shows the arguments 

posted by the stakeholders for one of the winning design 

alternative, Canvas Integrated in the system. Argument Id A1.1 

depicts that this argument is posted under another argument 

having id A1. 

Similarly the stakeholders posted their arguments for the 

other two design alternatives. After the inference process is 

carried out based on the stakeholder’s arguments, the system 

computed that the integrated canvas is the design alternative 

that is most favored by stakeholders. Based on the computed 

decision, a new component canvas is introduced into the 

architecture of the Intelligent Argumentation System. This new 

component also interacts with other components in the system. 

But, there is no direct impact on other architectural elements 

with the introduction of canvas. For this component to interact 

with other dependent components, a connector is introduced.      

Hence, the rationale for the architectural component, Canvas is 

captured and recorded in the knowledge base. In similar 

manner, all other design issues are resolved during architecture 

design and their rationale is recorded within a permanent 

repository of architectural knowledge. The documented 

architectural knowledge consists of the business requirement, 

the design issue, design alternatives, the entire stakeholder’s 

argumentation and the design decision. The component, 

software architecture design rationale knowledge base of the 

framework maintains the link between the architectural 

elements and their respective knowledge. Figure 5 shows the 

resulting architecture of the Intelligent Argumentation System. 

The argumentation system architecture shows three high level 

components: Client, Server and Database system. These high 

level components are further classified into lower level 

components to resolve lower level design issues.  

TABLE II.  DESIGN ALTERNATIVE (POSITION 1): CANVAS INTEGRATED IN THE SYSTEM 

Argument ID Stakeholder Argument Strength of 

the 

Argument 

A1 D1 An implementation of a simple canvas with basic drawing capability involves less 

development and design 

0.6 

A1.1 D2 A simple canvas cannot give users more options to represent their ideas -0.5 

A1.1.1 U2 The users has to draw everything free hand. If we have already developed drawing 

patterns to draw a square, rectangle or cycle will help the user to spend less time on 

drawing 

0.4 

A1.1.1.1 D1 Since, the basis of our system is on argumentation and not on drawing, simple hand 

drawn images will suffice the requirement to represent the ideas pictorially. 

-0.8 

A1.1.1.1.1 D2 The sophisticated drawing tool will enhance the representation of ideas and also 

decreases the human effort to hand draw all the images 

-0.4 

A2 U1 The canvas is simple to use and very easy for a user to understand and use the same 0.5 

A3 D1 Since this canvas can be implemented in line with existing system, there is no extra 
development needed for integration as well as for sharing among the users 

0.9 

A3.1 AD1 This also decreases the complexity of the architecture and also it is a light weight 

application to be implemented 

0.4 

A4 S1 The use of canvas does not involve any licensing issue and also the existing 
computer’s hardware is suffice to meet the new requirement 

0.5 

A5 T2 This can be tested easily as it is part of our existing system and developed from scratch 0.6 

A5.1 T1 This involves lot of test cases to be considered and increases the project duration -0.5 

 

Figure 5 Architecture of Intelligent Argumentation System 
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VI. CONCLUSION AND FUTURE WORK 

In this paper, we presented a method to resolve the 

architectural design issues and capture design rationale in the 

design of software architecture through intelligent 

argumentation. The design issues are resolved with the help 

of dynamic interactions among the stakeholders in terms of 

design issues, design alternatives, arguments, and evidences. 

The collaborative design decisions aid the system architects 

to design and modify the architecture of the system. This 

method captures the rationale in a structured manner and 

maintains the record of the architectural knowledge. The 

system is evaluated using a case study to validate the 

effectiveness of the method. This method is especially 

valuable in collaborative decision making environment 

where stakeholders are located geographically across 

different locations. If multiple products encounter same 

design issues, then the design knowledge captured for similar 

products can be retrieved and reused so that significant effort 

and cost can be saved in software design process. In future, 

we will develop a method to reuse captured architectural 

rationale knowledge across products to resolve similar design 

issues. 
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Abstract—During the design of software architectures of soft-
ware systems, it is widely known the relevance of capturing and
documenting architectural decisions, i.e., reasons, implications,
justification, and trade-offs related to choices made in these
architectures. Therefore, it is possible to achieve a more complete
documentation of software architectures that also contributes
to the success of the software systems. In parallel, reference
architectures have become a quite relevant element to the suc-
cessful construction, evolution, and standardization of software
systems. Although architectural decisions are also important for
reference architectures, they have not been sufficiently addressed
in the context of such architectures. In particular, the use and
dissemination of reference architectures may be jeopardized
due to lack of appropriate architectural decisions. The main
contribution of this study is to present a systematic approach for
capturing and documenting architectural decisions of reference
architectures. In order to assess the feasibility of our proposal, a
case study is presented showing how our approach can be used
for enhancing the architecture description of such architectures.
With this, we intend to bring attention to the importance of
architectural decisions for reference architectures and, as a
consequence, to contribute to a more complete documentation,
dissemination, and effective use of such architectures.

Keywords—Reference Architecture, Architecture Decision, Ar-
chitectural Decision, Architecture Description.

I. INTRODUCTION

Software architectures play a determinant role for software
systems qualities such as maintainability, dependability, and
interoperability, as previously stated by Wasserman [1]. But,
most of the success of software architectures relies on its
architecture description, which encompasses the set of artifacts
expressing the architecture and has several applications, e.g.,
as basis for system design and development activities, as
input to verification and validation automated tools, and as
documentation [2].

The documentation of architectural decisions is an impor-
tant part of architecture descriptions. For example, architecture
decisions support the architectural description by recording
reasons, implications, justifications, and trade-offs for the
most relevant architectural choices. As a result, documenting
architectural decisions can add a great value to the software
architecture in a medium and long term by preventing knowl-
edge vaporization. Different approaches exist for managing
architectural knowledge, e.g., pattern-centric (which aims at
establishing a shared vocabulary of reusable, abstract solu-
tions); dynamism-centric (which uses ADLs to codify explicit

architectural knowledge into models that can be accessed
during runtime); requirements-centric (which intends to bridge
the gap between architecture and requirements); and decision-
centric (which prevents knowledge vaporization by capturing
the reasoning leading to the software architecture) [3].

In the same perspective, we also observe the proposal
of reference architectures, which encompass the knowledge
about how to design software architectures of a given ap-
plication domain. To do so, reference architectures address
business rules, architectural styles, best practices of software
development (e.g., architectural decisions, domain constraints,
legislation, and standards), and software elements that support
the development of software systems in a given domain [4].
From this, we observe that reference architectures integrate
most approaches for architectural knowledge management.
Therefore, the documentation of architectural decisions for
reference architectures is certainly a prerequisite for their
effective role as communication vehicles throughout software
systems life cycle. Good examples of reference architectures
can be found in the literature, such as AUTOSAR (AUTo-
motive Open System ARchitecture) [5] for the automotive
domain, and UniversAAL [6] and Continua [7] for Ambient
Assistent Living (AAL) domain.

Even though AUTOSAR is a very complete architecture
resulting from several years of research and effort, architectural
decisions about the design of the reference architecture are
only partially addressed in its documentation, since it lacks
rationale and considered trade-offs for example [8]. In fact,
to our best knowledge, there is no commonly used approach
addressing architectural decisions in reference architectures. If
at least the most important decisions were reported, it would be
easier to understand why things are as they are in the reference
architecture. Moreover, since reference architectures differ
from concrete software architectures — e.g., they are more
generic and often described at a higher abstraction level, have
no clear stakeholders, involve more architectural qualities, and
have a larger scope — not all approaches used to describe soft-
ware architectures are also adequate for reference architectures.
In this scenario, several approaches have been proposed for
building reference architectures. For example, Muller (2008)
[9] provides guidelines for establishing reference architectures.
Nakagawa et al. (2014) [10] presents a process to establish,
represent, and evaluate reference architectures with focus on
improving the separation of concerns in such architectures.
Angelov et al. (2012) [11] proposed a classification frame-
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work for reference architectures that aims at promoting the
analysis and design of reference architectures by assessing
their adherence to one of these reference architectures types.
Nonetheless, Nakagawa et al. (2012) [12] were the first to
introduce the necessity of documenting architecture decisions
in the development of reference architectures. However, it is
still necessary to determine how this knowledge should be
codified and stored in reference architectures, which must be
defined by specific methods and architecture frameworks.

In this scenario, the main contribution of this paper is to
present an approach for capturing and documenting architec-
tural decisions during the design of reference architectures. We
also present a case study in order to show how our approach
can contribute to the description of such architectures. As a
result, we have observed the importance of capturing architec-
tural decisions during the design of reference architectures as
a means to achieve a more complete documentation of such
architectures that certainly contributes to their dissemination
and effective use. Thus, we also intend this paper motivates fur-
ther investigations on incorporating an architectural decisions
documentation activity throughout reference architectures’ life
cycle.

The remainder of this paper is organized as follows. In
Section II, we introduce the concept of reference architectures
and discuss current approaches for documenting software
architectures. In Section III, we present our approach for inte-
grating architectural decisions in the description of reference
architectures. In Section IV, we discuss the results from a case
study regarding the architectural description of reference archi-
tectures. In Section V, we discuss future research perspectives.
Finally, we present our final remarks in Section VI.

II. BACKGROUND

Several terms are used to designate software architectures
in different abstraction levels. In particular, the term reference
model is frequently misused as a synonym for reference
architecture. A reference model designates a structure that
promotes the understanding on a given domain by sharing a
common vocabulary and the parts and its interrelationships
without considering implementation details [13]. The OASIS
Reference Model for Service Oriented Architectures1 is an ex-
ample of reference model. Conversely, reference architectures
are less abstract than reference models as they provide concrete
guidelines for the design of software architectures, such as
architectural styles, best practices for software development,
and software elements supporting the development of systems.
In particular, reference architectures can be derived from the
combination of reference models and architecture patterns (see
Figure 1). Therefore, different concrete software architectures
can be derived from reference architectures.

The architecture description is the main artifact for ac-
cessing software architectures. One of the main goals of an
architectural description is to present sufficient detail about
the software architecture in order to enable its analysis against
architectural requirements. Given the relevance of architecture
descriptions, the ISO/IEC/IEEE 42010 standard [2] dissemi-
nates best practices for creating such artifact. As proposed by

1https://www.oasis-open.org/committees/download.php/19679/soa-rm-cs.
pdf

Fig. 1. Relationship among reference model, architectural pattern, reference
architecture, and concrete architecture [13]

this standard, the usage of multiple architectural viewpoints is
a common practice for documenting architectures of software
systems. Architectural viewpoints establish the conventions for
the construction, interpretation, and use of architectural views
framing a particular set of concerns from system stakeholders
[2]. As each architectural view conforms to a specific view-
point, each view provides a particular representation for the
system elements and the relationships existing among them [2].
Several viewpoints, such as logical, runtime, data, and physical
viewpoints, have been proposed for the description of software
architectures [14]. In this context, we can also observe the
proposal of architecture frameworks, i.e., a set of viewpoints
which establish a common practice for describing the software
architecture of a particular domain or stakeholder community,
such as “Views and Beyond” [15] and “4+1 Views” [16].
Motivated by the success of architectural viewpoints in the rep-
resentation of software architectures, architectural viewpoints
have also been investigated for the representation of reference
architectures [17], [18].

Architectural Description Languages (ADLs) have been
proposed for describing software architectures, such as Wright
[19] and Rapide [20] which are based on formally defined
syntax and semantics. But, even though formal ADLs pro-
vide automatic mechanisms for validation and verification of
architectural models, they can be difficult for non-technical
stakeholders to understand. Therefore, semi-formal languages
have been frequently used for describing software architec-
tures as they combine the rigor of formal languages to the
understandability of natural languages. For example, UML
(Unified Modeling Language) [21] and SysML (System Mod-
eling Language) [22] are semi-formal languages that can
be used for describing software architectures. In particular,
SysML introduces a Requirements Diagram which captures
the hierarchy among requirements and can be useful for guar-
anteeing traceability among them, and a Parametric Diagram
which describes constraints to system property values, such
as performance, confidence, or weight, and can be useful
for integrating specifications and models of the system into
engineering analysis models.

In another context, the main goal of architectural knowl-
edge management is to prevent knowledge vaporization in
software architectures. To do so, architecture rationale for
significant architectural decisions made in the software archi-
tecture should also be included in the architecture description.
Significant architectural decisions could be for example the
selection of a particular concern or viewpoint, the definition
of the most adequate abstraction level for a particular view-
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point, or the reason for adopting a particular design pattern.
Furthermore, several aspects of an architectural decision can be
relevant, such as their implications to the software architecture
design, constraints and rules imposed by them, and also the
reasoning that lead to them [23]. Therefore, architectural deci-
sions play an important role for education, reuse, and evolution
of software architectures as they are used for sharing expertise
and best practices. In the context of reference architectures,
significant architectural decisions encompass guidelines for
deriving the reference architecture into concrete software ar-
chitectures besides documenting the architectural knowledge
of concrete software architectures of a given domain. Thus,
reference architectures certainly need to address architectural
decisions in their architectural description.

III. INTEGRATING ARCHITECTURAL DECISIONS IN THE
DESCRIPTION OF REFERENCE ARCHITECTURES

We included an activity for documenting architectural deci-
sions into the design process of reference architectures defined
by Nakagawa et al. (2014) [10]. The first step for designing
the reference architecture is to outline its scope which consists
in the identification of relevant stakeholders of the reference
architecture and their concerns. The scope of the reference ar-
chitecture guides the selection of a set of viewpoints that frame
those concerns. The next activity of this process comprises the
creation of selected viewpoints. We propose the documentation
of the most relevant architectural decisions in parallel to all
design activities. In particular, we propose the creation of a
specific repository for architectural decisions which may be di-
rectly mapped to other architectural description artifacts (e.g.,
viewpoints, architecture models). The architecture decisions
repository can also be understood as another viewpoint in
the reference architecture description. We defined these steps
inside a loop to indicate that the reference architecture should
be built iteratively. At the end of each iteration, there is an
evaluation activity for validating the completeness and/or ef-
fectiveness of the architectural description related to the set of
concerns defined in the beginning of the loop. This evaluation
should be developed by relevant stakeholders and developers of
the reference architecture. Moreover, the evaluation approach
used depends on the chosen ADL. If this evaluation is not
successful, all previous activities should be revised in order to
address identified flaws. Finally, a consensus must be reached
among the most important stakeholders regarding the necessity
of more iterations. Subsequent iterations of this process can
include more details, concerns, viewpoints, or stakeholders to
the architectural description. This process is described using
SPEM in Figure 2.

In our approach, we used the architecture framework for
architectural decisions proposed by Heesch et al. (2012) [24].
This framework is composed by four viewpoints, namely: a
Decision Detail viewpoint showing information about individ-
ual decisions; a Decision Relationship viewpoint showing the
relationship between architectural design decisions and their
current state in a particular moment in time (e.g., idea, decided,
rejected, approved); a Decision Chronology viewpoint showing
all versions of an architectural decision, i.e., all states that
it assumes over time; and a Decision Stakeholder Involve-
ment viewpoint showing stakeholders’ responsibilities in the
decision-making process, which is important to personalize
architectural knowledge, i.e., documenting who knows what.

Fig. 2. Approach for documenting reference architectures. In this approach,
architectural decisions are documented in parallel to the creation of architec-
ture views

In their study, the authors use UML for creating most of
these viewpoints: the decision detail viewpoint only presents a
textual representation (detailed in Table I), the design decision
relationship and stakeholders involvement apply the use case
diagram, and the chronology viewpoint shows design decisions
in a state machine diagram using special stereotypes for states
and associations. In our approach, we experimented the use of
SysML techniques as it is an OMG standard which has also
been suggested as an evolution of UML. In particular, SysML
has a requirements diagram that can be useful for describing
architecture decisions. Moreover, SysML has already been
used for describing reference architectures [25]. Therefore, we
propose the use of the requirements diagram for complement-
ing the textual representation in the decision detail viewpoint,
the block definition diagram and the parametric diagram in
the design decisions relationship viewpoint, the state machine
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TABLE I. TEMPLATE FOR THE DECISION DETAIL VIEWPOINT [24]

Name A short name of the decision that serves as key in the
other viewpoints.

Current state Indicates the current state of the decision.
Decisions groups A decision can be associated to one or more groups,

which share specific characteristics. Decisions could for
instance be grouped by subsystem, architecture team
who made the decision, or quality attribute require-
ments.

Problem/issue The circumstances under which the architect felt the
need to make a decision among one or more alter-
natives. In other words, the issue addressed by the
decision.

Decision The outcome of the decision. In other templates this
element is called solution.

Alternatives The alternative solutions considered when making the
decision.

Related decisions All decisions that have a relationship to the decision.
Related systems con-
cerns

List of all related concerns tackled in this decision.

History The history of the described decision. The history
contains all state changes, e.g., when the decision was
proposed, decided, approved, and so on.

diagram in the decision chronology viewpoint, and the use case
diagram in the decision stakeholders involvement viewpoint.

IV. CASE STUDY

A case study was conducted to evaluate an architectural
description for a reference architecture built with our approach.
Our purpose with this study was to access the capability of the
new architectural description in transmitting knowledge about
the reference architecture design. In order to do so, we created
an alternative description for the Situated Multiagent Reference
Architecture proposed by Weyns (2006) [26]. This reference
architecture is composed by:

• one or more Agents, which are autonomous problem
solving entities that can dynamically control their own
behavior (i.e., perceive and actuate in the environ-
ment);

• an Application Environment, which is the medium for
agents interaction, such as sharing information and
coordinating behavior, that has to be designed for each
concrete multiagent system; and

• a Deployment Context, comprised by the hardware,
software, and other external resources with which
the system interacts (e.g., sensors, actuators, printer,
network, database, web service).

In the original architecture description, architecture de-
cisions were presented throughout the reference architecture
documentation. In our new architecture description for this
reference architecture, we centralized this information in a
separate viewpoint, named architecture decisions detail view.
We precisely followed the original architectural description in
order to guarantee that no errand information was introduced
in the new architectural description. As a result, absent infor-
mation in the original description, such as history, decisions
groups, and related decisions, could not be included in the
new architecture description. Table II presents a fragment of
the architecture decisions detail view in the new architectural
description.

Overall, four subjects participated in our case study. The
subjects were separated in two groups and each group an-

TABLE II. EXAMPLE OF AN ARCHITECTURAL DECISION DETAIL IN
OUR CASE STUDY

Name Abstract from Deployment Context
Problem/issue Depending on specific application requirements, dis-

tribution can take different forms. For a distributed
application, the deployment context consists of mul-
tiple processors deployed on different nodes that are
connected through a network.

Decision Abstract from Deployment Context
Alternatives The same instance of the Application Environment

subsystem could be deployed on each node, or specific
instances are designated to different nodes, e.g., when
different types of agents are deployed on different
nodes

Related systems concerns Variability

alyzed one of the versions of the architecture description.
To avoid biasing the evaluation, subjects were not aware of
the existence of a second description. The original version of
the architecture description is referred to as “original” while
the new architecture description created for this case study
is referred to as “new”. All subjects received a link to an
on-line questionnaire about the reference architecture design
including their perception on the architecture description (e.g.
facility for accessing a given information, positive and negative
aspects of the documentation) and their background on the
topics covered in the reference architecture. It is relevant to
mention that none of the subjects had prior knowledge on this
particular reference architecture and they all spent a couple
of hours in their review. In this case study, we focus on the
subjects’ overall comprehension about architectural decisions
in the reference architecture. In particular, we inquired our
subjects about the reasons that motivated the creation of a
current knowledge repository. We also asked our subjects to
grade from 1 (easy) to 4 (difficult) their difficulty level for
answering this question. Table III shows the subjects answers
and their perceived difficulty level. Next, we compare subjects’
performance in both architectural descriptions versions. From
this table, it is possible to observe that both groups experienced
some difficulty in answering this question although there was
a small advantage for the original architecture description.

TABLE III. SUBJECTS PERFORMANCE ON THE TEST

Version New Original
Subject #1 #2 #3 #4
Answer Correct Don’t know Wrong Wrong
Difficulty 2 4 2 1

Subjects that analyzed the new architecture description
also informed their impressions regarding three aspects of
the architecture decision detail view: (i) usefulness, related
to the contribution of the view to understand the reference
architecture design; (ii) effort, related to the amount of time
required to analyze or scan the view for a particular informa-
tion; and (iii) clarity, related to the amount of time required
to understand a particular information in the view. Subjects
could grade each aspect from 1 (low) to 4 (high). Table IV
presents the subjects answers. We observe that the subjects
perception on the usefulness of this view were opposite, but
only Subject 1 answered the question correctly. In addition,
Subject 1 considered the architectural decisions detail view
useful but time consuming, as the whole section needed to
be linearly scanned. Since the clarity of this view was poorly
evaluated by both subjects, we intend to further investigate the
use of SysML and other ADLs in the construction of this view.
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TABLE IV. SUBJECTS PERCEPTION ON THE ARCHITECTURE DECISION
DETAIL VIEW

Subject #1 #2
Usefulness 4 1
Effort 4 3
Clarity 1 2

To better understand the factors that could have played an
important role in this case study, we also asked the subjects
about their personal experience on the topics covered in the ref-
erence architecture description such as UML, SysML, and Em-
bedded Systems. Table V summarizes subject’s background.
We observe that all four subjects present solid knowledge on
Software Engineering as three of them are doctorate students
and one of them is a post-doctorate student in the field. We also
observe that both groups present similar knowledge on most of
the topics. In particular, the lack of a solid SysML did not play
a determinant role in the analysis of the architecture decision
detail view since it presented textual descriptions. However,
this factor should certainly be considered in a future evaluation
of this view that also uses SysML techniques.

TABLE V. SUBJECTS BACKGROUND ON THE COVERED TOPICS IN THE
ARCHITECTURE DESCRIPTION

Version New Original
Subject #1 #2 #3 #4
UML 4 4 4 3
SysML 2 1 3 2
Embedded System 4 4 4 4
Software Architecture 4 2 3 3
Reference Architecture 4 2 3 3

We observed that the group evaluating the new architecture
description was more successful since none of the subjects in
the other group answered this question correctly. The fact that
architecture decisions were scattered in the other views of the
original description might explain why subjects evaluating it
did not find the correct answer. Therefore, our approach of
presenting architecture decisions in a particular repository of
the reference architecture seems interesting. Nonetheless, our
results also point out that more investigation is certainly needed
in order to improve the clarity of architecture decisions. To do
so, we will investigate ways for mapping architecture decisions
to other elements of the description. Finally, it is important to
highlight that this study was supervised by experts who also
validated the conclusions drawn from our results.

V. BRIEF DISCUSSION AND PERSPECTIVES OF RESEARCH

Reference architectures have increasingly importance in the
development of a set of software systems while architectural
decisions provide the necessary information for deriving the
reference architecture. Therefore, architecture decisions should
be addressed in parallel to the reference architectures’ creation,
maintenance, and evolution for effectively documenting and
using the knowledge contained in reference architectures. In
spite of the positive results achieved in this work, it is still nec-
essary to conduct additional case studies and/or experiments
in order to achieve more evidences on the relevance of our
approach. It is also interesting to use our approach in reference
architectures of the industry context.

Motivated by the results of our case study and by previous
experience in the reference architecture research area, we out-

line some important research opportunities involving reference
architectures and architectural decisions, such as:

• Systematizing the documentation of architectural de-
cisions in reference architectures processes. By taking
architecture decisions as an intrinsic part of the de-
velopment of reference architectures, it will be pos-
sible to prevent knowledge vaporization in reference
architectures and to create concrete ways for accessing
this knowledge in the future. Motivated by Jansen and
Bosch (2005) [27] and Kruchten et al. (2009) [28]
current processes for creating reference architectures
should certainly be revised to add specific guidance in
this direction;

• Enabling traceability among architecture decisions and
other viewpoints in the architecture description. Archi-
tecture decisions may crosscut several viewpoints as
they can be related to logical elements (e.g., classes,
packages, systems), physical elements (e.g., machines,
software installed on these machines, network con-
nections), or functional properties of the reference
architecture. In this sense, enabling traceability from
architecture decisions to other artifacts in the archi-
tectural description provides interesting insights about
the reference architecture internals (e.g., dependen-
cies, considered trade-offs, alternatives). To do so,
it is necessary to extend architecture decisions with
dependencies, constraints, and relationships;

• Adapting ADLs for documenting architecture deci-
sions in reference architectures. Currently, most ar-
chitecture decisions have been informally described
as only a textual explanation is presented and the
relationship to other artifacts in the architecture de-
scription is indirect. In this sense, the use of formal
or semi-formal ADLs can standardize and automatize
the documentation of architecture decisions. The au-
tomatic support provided by formal ADLs ultimately
facilitates the recovery of architecture decisions from
knowledge repositories, the reuse of architecture deci-
sions in concrete instances of the reference architec-
ture, and the automatic analysis of their dependencies.
Nonetheless, UML and SysML still do not consider
architectural decisions as first class entities. Although
we used SysML in our case study, it is still necessary
to investigate which are the best techniques for codify-
ing architectural decisions into architecture description
elements;

• Introducing architecture decisions variability in refer-
ence architectures. The variability in reference archi-
tectures concerns the ability of a software artifact built
from such architectures to be adapted for a specific
context in a preplanned manner [30]. In this sense,
adding variability to architecture decisions would help
to create an even larger knowledge repository as
all alternatives, dependencies, and options would be
registered in the reference architecture. Moreover, de-
riving the reference architecture into concrete software
architectures could be resumed to the selection of
architecture decisions. To do so, it is necessary to
investigate in which ways architecture decisions can
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be tailored from reference architectures to concrete
software architectures. In this sense, an approach that
adds variability to architectural decisions in software
architectures, such as the one proposed by Alebrahim
and Heisel (2012) [31], could be adapted for reference
architectures.

Thus, several interesting opportunities exist regarding ar-
chitectural decisions in the context of reference architectures.
However, each aspect of these topics needs to be investigated in
broader and deeper ways; for instance, through qualitative and
quantitative evaluations and experimental studies in industry.

VI. CONCLUSIONS

Only through a careful documentation of architectural
decisions, it will be possible to have well-documented refer-
ence architectures. The main contribution of this study is to
propose an approach for documenting architectural decisions in
reference architectures. We motivated our proposal with results
from a case study. We observed that addressing architectural
decisions in the description of reference architectures increases
their potential for better communicating and disseminating
knowledge contained in these architectures. It is important
to say that since reference architectures differ from concrete
software architectures, it is still necessary to continue the
investigation on this topic. As several research lines need to
be addressed yet, we intend to collaborate to the reference
architecture community, as well as to the software engineering
community, by providing means for better capturing and
documenting architecture decisions in reference architectures.
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Abstract— nowadays, several non-automatic or semi-automatic 

software architecture evaluation methods have been proposed to 

evaluate their quality attributes as availability. In spite of their 

applicability, they are not effective in self-adaptive software 

architectures due to their off-line properties; e.g., scenario-based 

methods. Since the architectural tactics provide a bridge between 

architectural designs and quality attributes, they have sufficient 

potential to resolve this problem. In this paper, we assume that the 

software architecture is completely composed of some architectural 

patterns. Then we propose an automated evaluation method which 

composes the architectural tactics and the patterns to measure the 

availability of software architectures. In this method, the 

composition of a few availability tactics and patterns are simulated 

with appropriate probability distribution functions. To predict the 

availability of patterns, a data mining approach is applied to these 

simulated models to generate training models for each combination 

of tactics and patterns. Furthermore, a utility function is defined to 

compute the availability of systems by these models in O(n) where n 

is the number of patterns of systems. This method improves the data 

gathering and analysis activities of the SASSY (Self-Architecting 

Software SYstems) framework. To validate our method, we have 

applied it to the Rapidminer case study. 

Keywords- Availability, Self-Adaptive Architecture, 

Architectural Tactic, Architectural Pattern, Data Mining. 

I.  INTRODUCTION 

Quality attributes are the best criteria for evaluating the 

quality of software architectures [1]. Even though quality 

management is an umbrella activity in the software 

development process, its cost is different from one level of 

modeling to another. In other words, the cost of the quality 

management activity will be increased whenever the models 

become more detailed (e.g., moving from architectural models 

to design models). Therefore, architectural models enable us to 

evaluate quality attributes with lower costs [2]. 

The architecture evaluation methods are categorized as 

early or late methods to measure the quality of systems at the 

architectural level. In early methods, architectures are 

evaluated before the implementation step in the software 

development process, whereas in late methods, this process is 

postponed to test or execution times [3]. Architectural tactic 

composition is a useful evaluation method as it provides a 

bridge between the architectural design and quality attributes 

to predict, control, and satisfy the quality of software 

architectures [4]. This method has sufficient capability to 

provide an early or late method when it is merged with 

scenario-based, experience-based, or simulation-based 

methods; e.g., ATAM (Architecture Tradeoff Analysis Method) 

is a scenario-based evaluation method which is improved by 

architectural tactics [2]. 

The best advantage of the tactic composition methods is 

highlighted in self-adaptive software architectures due to their 

dynamic and automatic properties. These systems are usually 

mapped to a composition of architectural patterns; e.g., SASSY 

(Self-Architecting Software SYstems) is a self-architecting 

framework which applies an appropriate pattern composition 

to the software architecture in order to maintain the quality of 

SOA (Service Oriented Architecture) [5, 6]. Hence, the pattern 

and tactic composition methods are appropriate methods for 

evaluating the quality of self-adaptive software architectures. 

Although various architecture evaluation methods have 

been proposed recently [3], no tactic-based automated 

methods have been presented to predict the availability of self-

adaptive architectures. In this paper, the composition of 

architectural tactics and patterns is simulated by taking 

advantage of Probability Distribution Functions (PDFs) and 

the queuing theory [7] to resolve the aforementioned problem. 

Due to the complexity of these simulations, there is no 

mathematical formula to compute its availability. Thus, 

numerous scenarios are applied to these simulations to create 

a dataset. This dataset is then used to predict the availability of 

patterns by employing a data mining technique. 

It is supposed that components send or respond messages 

with the Gaussian Probability Distribution Function (GPDF); 

e.g., while clients send requests to a server, it responds them 

with a GPDF rate. Results show that the relation between 

PDFs of components of patterns and the availability metrics 

can be modeled as declared previously by Kazman [8]. 

Therefore, this paper provides a utility function to represent the 

relation between the availability of patterns and their 

components. This utility function evaluates the quality of self-

adaptive software architectures when their structures are 

imagined as a hierarchy of architectural patterns. 

Our previous works [9, 10, 29] have proposed Fuzzy logic, 

AHP (Analytic Hierarchy Process) and Genetic algorithms to 

select the best composition of architectural patterns and a 

prototype have implemented. As they improve the planning 

activity of the SASSY framework, this paper enhances its data 

gathering and analysis activities. The remainder of this paper 

is organized as follows. Section 2 provides a more detailed 

explanation of architectural patterns, availability tactics, and 

their compositions. Section 3 describes related work. Section 4 
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presents our proposed approach. Section 5 provides our 

evaluations. Finally, Section 6 concludes the paper.  

II. ARCHITECTURAL PATTERNS AND TACTICS 

A. Architectural Patterns 

Architectural patterns are practical solutions for a specific 

problem in a certain context [11]. The quality measurement is 

one of these problems which addressed in self-adaptive 

software architectures when they monitor the context of 

systems to analyze their quality in run time [12]. To this aim, 

pattern composition methods have been proposed recently to 

quantify the quality attributes. More specially, patterns 

influence certain quality attributes according to some criteria 

such as cohesion or coupling of interactions [13, 14, 15]. 

B. Availability Tactics 

Tactics are design decisions which control the quality of the 

architecture. They generally support the following three 

activities: 1) measuring certain quality attributes, 2) preventing 

systems from quality damages, and 3) recovering quality 

attributes [2]. Although they support several activities, this 

paper focuses on the quality measurement activity. Moreover, 

specific tactics are proposed for certain quality attributes. As 

mentioned in some literatures like [2] and [4], the availability 

attribute involves prevention, recovery and fault detection 

tactics. Fault detection tactics, such as Ping-Echo, Heartbeat, 

Exception and Voting [16, 2, 4], are just measurement tactics 

to quantify the availability of the software architecture. The 

functionality of both components and connectors are affected 

when tactics are applied to the software architecture [17]. 

RBML is a UML-based modeling language to describe these 

manipulations [18]. More specifically, RBML describes tactics 

as components and connectors with a specific functionality. 

Hence, availability tactics have been modeled in the RBML-PI 

add-in component by Kim [19]. 

C. Composing Architectural Tactics and Patterns 

The combination of tactics and patterns provides a basis for 

assessing the quality of self-adaptive software architectures. 

Various approaches have been offered recently to formalize 

this combination. For example, formal architectural map has 

been introduced in [20, 21] to transparently exhibit 

collaborations among tactics and patterns. 

Some methods have been proposed to customize the 

architectural patterns with availability tactics due to their 

component-based structures. Moreover, the relationship among 

tactics, patterns, and quality attributes has been diagnosed in 

[17, 22]. They show the major operations to customize patterns 

according to the tactics. In this regard, six operations for 

implementing, replicating, adding (out of pattern), adding (in 

the pattern), modifying, and deleting are introduced for 

components or connectors. Moreover, they measure the 

difficulty of implementing tactics in architectural patterns. 

III. RELATED WORK 

Although researchers are proposing many software 

architecture evaluation methods, they are not usable for a few 

software architecture domains such as real-time applications. 

Therefore, a self-adaptive evaluation method is required to 

measure the quality of applications in these domains. This 

section overviews the related works and compares their 

benefits and defects against our method. 

The early evaluation methods such as scenario-based 

methods cannot support self-adaptive systems due to their 

offline process. Shanmugapriya and Suresh [23] have surveyed 

various early evaluation methods. Although, various methods 

evaluate different aspects of self-adaptive systems, none of 

them quantify the availability of these systems. Zhu et al. [24] 

have presented a mining approach which extracts the 

architectural tactics from the architectural patterns for each 

quality attribute. Although it measures the quality attributes of 

patterns, it does not present any prediction methods. Moreover, 

pattern comparison is a big challenge due to the dependency of 

tactics to patterns. Paakki et al [25] have proposed a pattern 

mining approach to detect the architecture patterns from the 

software architecture. Then, they collect some metrics, such as 

number of messages, to predict the quality of an architecture. 

Immonen [26] has provided a reliability and availability 

approach to predict these quality attributes. This approach 

maps the reliability and availability requirements into 

architectural models. Even though, it uses architectural 

patterns, and provides analytical models such as state-based 

models to predict the availability and reliability of 

architectures, it is a case base method. Moreover, it requires 

more time to predict the availability of software architectures.  

IV. PROPOSED AVAILABILITY EVALUATION APPROACH 

In this section, a tactic-based method is introduced to 

evaluate the availability of self-adaptive software 

architectures. The proposed approach takes advantage of 

RBML modeling language to describe the composition of 

tactics and patterns. While RBML explains the major 

operations of tactics, numerous scenarios are applied to tactics 

to generate a huge dataset of availability samples. The 

generated results are enough to make a training model for 

predicting the availability of patterns.  

 

Figure 1.  High level structure of tactic based evaluation method 
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Fig.1 depicts a high level structure of the tactic-based 

evaluation method. While software engineers are constructing 

the availability models with a repetitive mining process, the 

SASSY starts the evaluation process to measure the availability 

of a software architecture by using training models. SASSY 

follows the MAPE (Monitor, Analyze, Plan and Execute) 

automation model to re-architect the software architecture 

based on quality attributes. It can start the proposed method to 

measure the availability of a self-adaptive architecture before 

re-architecting. In the following, the proposed method is 

explained in more details. 

A. Modeling the Composition of Tactics and Patterns 

The corresponding relationships among the components of 

patterns and the tactics are recognized by software engineers. 

The patterns are customized with appropriate operations 

before their combination with architectural tactics. Then, the 

customized patterns are specifically described with the RBML 

modeling language. In this paper, the RBML models for 

composing the patterns of Pipes-and-Filters and Microkernel 

with the tactics of Ping-Echo and Heartbeat are provided. 

Moreover, these tactics and patterns are simulated according 

to the proposed approach in literatures [2, 4, 16, 19, 22]. 

Pipes-and-Filters is a distributed pattern which basically 

has at least three components involving two filters and one pipe 

where filters process  the flow of data and the pipe links filters 

together. Since all Pipes-and-Filters patterns can be produced 

from a basic one, the Ping-Echo and Heartbeat tactics have 

been composed with basic Pipes-and-Filters pattern. 

Reliability::Availability::Ping/Echo

|checks►

|notifies►
|Filter1

|maxWatingTime
|timeInterval
|elapsedTime

|echo()

|Filter2

|ping()

|FaultMonitor|Pipe

|DelayTime

|Divert()
|checks►

 

Figure 2.  RBML model of composing Pipes-and-Filters and Ping-Echo  

The RBML model of composing Pipes-and-Filters and 

Ping-Echo is represented in Fig.2. Filter1 sends packets in 

timeinterval periods and waits to receive the corresponding 

response from the Pipe component. Pipe buffers the packets 

and diverts them to Filter2. Finally, Pipe routes answers from 

Filter2 to Filter1. The packet will be dropped whenever this 

process takes more than the defined threshold.  

Tf=Uf(c,d)
Queue

Fi
lt

er
1
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ip
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Tp=Up(a,d)

Ts=Ns(µ,σ)

 

Figure 3.  Simulation of composing Pipes-and-Filters and Ping-Echo 

To simulate this composition, it is supposed that Filter1 

generates asynchronous packets with a uniform distribution 

rate while the Pipe component makes some delays and 

forwards packets to Filter2. Since systems imitate the queuing 

theory, packets are buffered in a finite queue as Fig.3 displays. 

In other words, Filter2 returns packets in periods with a GPDF 

rate due to the normal behavior of real systems. The Pseudo 

code of this simulation is given below. This algorithm 

generates numerous automated scenarios to collect an 

appropriate dataset for the data mining activity. In order to 

normalize the simulation results and cover all possible 

scenarios, scenarios have been limited to distinct ranges. 

Compose Pipe-and-Filter and Ping-Echo (CPFPE)

1:    Set Iteration number and appropriate ranges for Threshold, Queue size, Uf, Up, 

       Ns’s parameters.

2:    For i=1 to Iteration

3:    Initialization: generate random parameters for Uf, Up, Ns and random number

        for Queue size and Threshold with uniform distribution.

4:    Tf←Uf, Tp←Up

5:    while {stable dropped and received packet curves} do

6:    Ts←Ns

       execute one of the following statements with minimum time

7:    Drop arrived packets to the full Queue.

8:    Drop timed out packets from the Queue.

9:    Filter1 sends a packet with Tf  time interval.

10:  Pipe inserts a packet to the Queue with Tp time interval.

11:  Filter2 responds to arrived packets with Ts time period.

12:  For each packet If Tf+Tp+Ts<Threshold

13:  Pipe increases received packet numbers.

14:  else

15:  Pipe increases dropped packet numbers.

16:  End Program
 

Let packets be produced with Tf and Tp constant delay times 

in each iteration. Filter2 services queued packets by different 

Tss while the buffer is receiving packets in a Tf+Tp time period. 

In fact, Filter2 frequently services packets by a GPDF with 

constant mean and variance till the simulation result is stabled. 

Reliability :: Availability :: Heartbeat

|ChekingTime
|LastUpdatedTime
|ChekingInterval
|ExpireTime

|Pitapat()
|CheckAlive()
|UpdateTime()|FaultMonitor

|Filter1

|SendingInterval

|notifies►
|Pipe

|TimeDelay

|Divert()

|Filter2

|notifies►

|UpdateTime()

◄|notifies

 

Figure 4.  RBML model of composing Pipes-and-Filters and Heartbeat  

Fig.4 depicts the RBML model of composing Pipes-and-

Filters and Heartbeat. Filter1 sends packets toward the Pipe 

component periodically in durations of SendingInterval. Before 

the Pipe routes packets to Filter2, it updates the heartbeat time 

by the operation UpdateTime. Based on the Heartbeat 

definition, Filter2 compares the received time of packet with 

the previous one to check whether it is alive or not. 

This composition has been simulated with the uniform and 

Gaussian probability distributions. Although it provides the 

same structure of Pipes-and-Filters and Ping-Echo 

compositions, it refuses to use the queuing theory due to the 

Heartbeat behavior. In fact, as Filter2 takes advantage of a 

single entry buffer to service packets with a GPDF rate, when 

it receives two packets simultaneously, it just services one 

packet and drops other. 

As the below pseudo code demonstrates, packets are 

received when the absolute difference between the total delay 

and the previous receive time is less than the defined threshold. 

To model the composition of the microkernel pattern and the 

Ping-Echo tactics, it has been supposed that both client and 

adapter components are integrated in the adapter component 

as Fig.5 depicts. 
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Compose Pipe-and-Filter and Heartbeat

1:    Set Iteration number appropriate ranges for Threshold, Uf, Up, Ns’s parameters.        

2:    For i=1 to Iteration

3:    Initialization: generate random parameters for Uf, Up, Ns and random number 

       for Threshold with uniform distribution.

4:   Tf←Uf, Tp←Up

5:   while {stable dropped and received packet curves} do

6:   Ts←Ns

      Execute one of the following statements with minimum time

7:   Filter1 sends a packet with Tf time interval.

8:   Pipe forwards a packet to Filter2 with Tp time interval.

9:   For each packet If |Tf+Tp+Ts-previous received time|<Threshold

10: Filter2 increases received packet numbers.

11: else

12: Filter2 increases dropped packet numbers.

13: End Program
 

Adapter sends packets to External Server and Microkernel 

components directly while Internal Server receives packets 

indirectly. Microkernel spends some time to divert packets to 

Internal Sever from the Microkernel. 

Reliability :: Availability :: Ping/Echo

|checks►

|Adapter

|maxWatingTime
|timeInterval
|elapsedTime

|echo()

|Microkernel

|DelayTime

|Divert()

|ping()

|External Server

|ping()

|checks►

|Internal Server

|ping()
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Figure 5.  RBML model of composing microkernel and Ping-Echo 

In addition, as depicted in Fig.6, Microkernel and Ping-

Echo composition is simulated with three queues. This model 

utilizes the queuing theory while queues work independently. In 

other words, while the Adapter is sending packets, router 

decides to dispatch packets among queues with specific 

probabilities. Then, Microkernel, Internal, and External Server 

will respond to packets by a GPDF rate. Although Microkernel 

answers packets rapidly, it takes a little time for Internal and 

External Servers to respond packets due to their physical 

distance in real networks. 
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TM=NM(µ1,σ1)

Internal Queue

External Queue
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Figure 6.  Simulation of composing microkernel and Ping-Echo 

To predict the availability of the Microkernel pattern, the 

received and dropped packets are computed for Microkernel, 

Internal, and External Services separately as depicted in Fig.6. 

Finally, they are integrated to measure the availability of the 

Microkernel pattern. 

Moreover, the composition of Heartbeat and Microkernel 

has been simulated with two independent scenarios. As 

represented in Fig.7, Adapter sends packets with the uniform 

distribution where Microkernel either responds to packets with 

a GPDF rate as previous simulations, or forwards them to the 

Internal Server.  

TM=NM(µ,σ)

DA=UM(a,b)

TM=NM(µ1,σ1)DA=UM(a,b)

TI=NI(µ2,σ2)

Scenario1:

Scenario2:
Internal 
ServerMicrokernelAdapter

Adapter
Microkernel or 
External Server

 
Figure 7.  Simulation of composing microkernel and Heartbeat 

B. Data Mining Process 

Data mining process is a repetitive activity which gathers 

datasets, prepares them, generates training models, and 

reanalyzes results. Accuracy of learning relies on several 

conditions such as the way datasets have been prepared, and 

the learning algorithms applied to training datasets. Therefore, 

this process improves training models based on the previous 

learning experiences. In the following, we describe how the 

data mining process has made highly accurate models for the 

aforementioned compositions of patterns and tactics. The 

following steps are followed in this process: 

  Scenario Execution. This activity applies different 

simulation scenarios to generate training data. The input 

and output simulation parameters, including Threshold, 

Queue Size, UA, UI, UE, NM, NE, NI, Received Time, and 

Drop Time make up the dataset features. We have divided 

input parameters into inner (which are set in the nested 

loop) and outer (other inputs) parameters in the 

aforementioned algorithms. Number of dropped and 

received packets will be stabilized when numerous 

scenarios with fixed inner parameters are applied to 

simulation models. As Table1 shows, the maximum 

fluctuation of received and dropped packets is less than 10
-6 

when they are stable.  

 Preprocessing the Availability of Tactics & Patterns. To 

predict future events, the data mining process analyzes 

datasets to learn models. Besides, anomalies, null values, 

correlations, and outliers are common events in datasets 

which reduce the training accuracy. We have cleaned the 

simulation datasets by some preprocessing methods, like 

duplicate removal, anomaly reduction and type conversion 

methods. Moreover, we have labeled RecievedPacket 

feature to make a classification model in the next step. 

Thus, we have converted this feature to polynomial values. 

 Learning Model. This activity learns a training model 

when it provides a learning algorithm to analyze data 

relationships. Since the data mining process has been 

implemented in the Rapidminer (http://rapidminer.com) 

application, we have chosen the classification algorithm of 

this application to learn the simulation models. Although 

different classification models have been examined in next 

iterations, we explored that Neural Network algorithms 

have highest accuracy in comparison with other algorithms 

as table1 shows. Moreover, recall, precision, and f-measure 

are other criteria that we use in our evaluations of models. 

 Post Processing. The results of the evaluation show that both 

Ping-Echo on Microkernel and Heartbeat on Microkernel 

(Internal Component) have the lowest precisions against 

other simulations. By analyzing results with visualization 

methods, some classes consisting of a few records were 
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found. Although these classes could be removed by 

sampling, we would like to propose an appropriate 

algorithm to handle this challenge without dropping scarce 

scenarios in the future work. 

TABLE 1. EVALUATING SIMULATIONS 
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Ping-Echo on Pipe-Filter 1.72 4.06 Neural Network 0.85 0.8 0.82 

Ping-Echo on 

Microkernel 
16.26 18.20 

Bagging Neural 

Network 
0.72 0.73 0.72 

Heartbeat on Pipe-Filter 5.00 3.85 
Auto 

MLP 
0.75 0.74 0.74 

Heartbeat on Microkernel 

(External Component) 
2.38 2.63 Neural Network 0.91 0.92 0.91 

Heartbeat on Microkernel 

(Internal Component) 
3.53 5.14 Neural Network 0.81 0.72 0.76 

V. EVALUATION OF THE SYSTEM AVAILABILITY 

As supposed that architects take advantage of pattern-

based designing approaches, each subsystem will be designed 

by a distinct pattern where its components completely develop 

functionalities of the corresponding subsystems. While 

architects are thinking about system of systems, architectures 

will be produced by a hierarchical structure of patterns.  

As Fig.1 depicts, SASSY analyzes the base architecture to 

map its components into appropriate patterns. By the previous 

assumption, software architectures are designed by a 

hierarchical structure of patterns where the root pattern 

distributes subsystems among its components. 

As Fig.8 depicts, patterns are decomposed into several 

patterns except those that occur in the leaves. In fact, the 

decomposition of leaf patterns generates design patterns 

whereas the design models are out of the scope of architectural 

models. 
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Figure 8.  Hierarchical structure of patterns 
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  (1) 

Let CMi and AVi represent the i
th
 component and its 

availability value respectively. Also, Tß determines the 

availability of pattern ß which is earned by running 

architectural tactics. By this assumption, equation (1) 

formulates the availability of pattern ß. 

While availability is defined as the probability of access to 

services whenever authorized users request them, AVi and Ti 

variables are stochastic variables. Moreover, when patterns 

and their components have independent distributions, the 

probability of access to all components is equal to the 

production of probability of access to each component 

separately. The below algorithm represents evaluation steps: 

Availability Evaluation Alghorithm

1:  Explore PDF parameters of components

2:  Post order search hierarchical structure of patterns

3:  For each pattern do

4:  Fetch corresponding model from Model Library

5:  Set model parameters

6:  Predict availability of pattern(T variable) from the model

7:  Measure total availability of pattern(AV) from components and patterns availability.

8:  End Program
 

While we have supposed that components send requests or 

respond them by specific PDFs, the self-adaptive systems 

analyze components to explore basic parameters of their PDFs. 

In fact, they recognize the average and variance of components 

where they imitate the GPDF. Besides, they explore the 

uniform distribution function value where components either 

send or respond to packets with this function. 

To measure the total availability, the hierarchical structure 

of patterns is traced with a post order search. Therefore, the 

availability of subsystems is measured before their parent. 

While supposed that each subsystem is designed by an 

architectural pattern, its corresponding training model is 

fetched from the library model. To predict the availability of a 

pattern, the PDF of that pattern and its parameters are 

required. The PDF of aforementioned patterns is GPDF 

because the Ping-Echo and Heartbeat messages go through the 

independent components of patterns. Therefore, if Ni(µi,σi) is 

the GPDF of i
th

 component then N (µ,σ) is the GPDF of pattern 

with the following parameters [27]: 

   










patternofComponentsi
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patternofComponentsi
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Finally, self-adaptive systems make use of (1) to measure 

the total quality of patterns with regard to their components. 

This process continues to compute the availability of the root 

pattern which represents the quality of the system. 

A. Case Study 

Rapidminer is a platform that provides an environment for 

data mining [28]. In this study, we reverse engineered this 

application with the Enterprise Architect to extract its class 

diagram. Then, we selected the main operator classes. As 

Fig.9 depicts, this subsystem is produced with the Microkernel 

and Pipes-Filters patterns. To explore the GPDF parameters 

of these components, we ran sample data mining projects on a 

five-core system with 2.66 GHz CPU and 4.00 GB of RAM and 

stored the execution time of components. The average results 

are summarized in Table2. Moreover, we enhanced the 

components with 3 threads to implement a queue with 3 

entries. To explore the values of DI, DE, DA, TP and TF we 

have computed the delay between components. In addition, we 

have supposed that ping request must be receive lower than 

50000µs time. The comparison between the results of the 

Ping-Echo tactic on the entire subsystem and our method 

illustrated that our method can predict the availability of this 

case study with a precision of more than 67%. 
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Figure 9.  The main frame class diagram of Rapidminer 

TABLE2. GPDF PARAMETERS OF MAIN COMPONENTS BASED ON MILISECOND(µS) 

 Operator OperatorChain OperatorDescription ExecutionUnit 

µ 20000 25320 32010 45040 

σ 123 102 89 141 

Uniform Distribution Values 

DI DE DA TP+ TF 

50 48 65 59 

VI. CONCLUSIONS 

Self-adaptive architectures demand on evaluating the 

quality of the system in a short period of time. According to the 

SASSY framework, software architecture can be completely 

designed by a collection of patterns. This paper introduced an 

automated quality evaluation method that composes 

availability tactics and patterns with the RBML modeling 

language. Simulating RBML models with PDFs will result in 

useful datasets that can be applied in a data mining process to 

create a library of training models. The results illustrate that 

composing Ping-Echo and Heartbeat tactics with Microkernel 

and Pipes-and-Filters patterns make highly accurate models. 

Moreover, a mathematical formula to estimate the availability 

of an architecture by using training models was suggested. 

Applying the proposed method on a subsystem of the 

Rapidminer application shows that it can predict its 

availability with a permissible precision. In the future work, we 

want to expand the aforementioned method for other 

availability tactic and pattern compositions, quality attributes, 

and PDFs. Moreover, our future work purpose is development 

of a self-adaptive tool that endures the proposed method. 
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Abstract—In software architecting process, architects use 

architectural patterns as reusable architectural knowledge for 

architectural synthesis. However, it has been observed that the 

resulting architecture does not always conform to the initial 

architectural patterns employed. Architectural synthesis using 

architectural patterns is also recognized as a challenging task, 

especially for novice architects due to lack of experience. In this 

paper, we propose a cooperative coevolution approach to 

automate architectural synthesis using architectural patterns. We 

first analyze several common architectural patterns and the 

constraints when using them. We then extend existing 

architectural synthesis with patterns based on the results of this 

analysis. We also describe the definition process for pattern 

metrics, which are used for automated architectural synthesis, 

from pattern constraints. Finally, we map the extended 

architectural synthesis to a cooperative coevolution model, which 

can optimize the resulting architectural solutions and avoid the 

violations to the pattern constraints automatically. Myx 

architectural pattern is used as an example to illustrate our 

approach. 

Keywords—automated architectural synthesis; architectural 

patterns; cooperative coevolution 

I.  INTRODUCTION 

Large software systems are composed of lots of 
components, and the interactions between them are very 
complex. To reduce the complexity when designing software 
architectures, architects rely on a set of idiomatic architectural 
patterns, which are packages of architectural design decisions 
and are identified and used repeatedly in practice [1], such as 
MVC, pipe and filter, blackboard, and layer patterns. 

Using architectural patterns for architectural synthesis gets 
lots of benefits, and the software architecture of large systems 
is increasingly designed by composing architectural patterns 
[1][2]. Therefore, many existing work focuses on how to select 
appropriate patterns from a pattern repository in specific 
design context by considering quality requirements in 
architectural synthesis [3][4]. However, many researchers 
observed that the resulting architecture of a system does not 
always conform to the initial patterns employed which guide 
the design at the beginning [5]. It is mainly due to the reasons 
that (1) existing work focuses on pattern recommendation and 
selection, but pays less attention to the conceptual gap 
between the abstract elements and the implementation units in 
the employed patterns; (2) each pattern has a set of design 

constraints when using it, and architects may use the pattern 
being unaware of the constraints or misinterpreting the 
constraints due to lack of experience (especially for novice 
architects). If the pattern constraints are not satisfied, 
architects may have to redesign the architecture in order to 
avoid negative impact to the quality of the system. In summary, 
most existing work focuses on “architectural patterns 
recommendation and selection” instead of “architectural 
patterns implementation” which is part of architectural 
synthesis [6], and they did not address how to arrange 
components and connectors elegantly in a pattern to avoid the 
violations to the pattern constraints. 

On the other hand, architectural synthesis heavily depends 
on the experience of architects, especially when the design 
space is increased exponentially with increasing system scale. 
Many approaches have been proposed to support exploring 
and exploiting architecture design space automatically [7]. 
Most of them use the Search-Based Software Engineering 
(SBSE) or Search-Based Software Design (SBSD) techniques 
[8]. However, as mentioned in [8], although many aspects of 
Software Engineering problems lend themselves to a 
coevolution model of optimization, surprisingly, there is little 
work that has been done on using this coevolution model to 
address Software Engineering problems. Automated 
architectural synthesis is one of these problems. 

To this end, we propose a cooperative coevolution 
approach that aims at synthesizing pattern-based architecture 
solutions automatically. This approach tries to avoid the 
violations to the pattern constraints while considering the 
responsibility assignment in the resulting architecture 
solutions. In our approach, we first extend the classical 
architectural synthesis activity which essentially links the 
problem space to the solution space of architecture design with 
two parts: manual steps by architects and automated steps by 
tools. We then investigate on the constraints of existing 
architectural patterns, and define pattern metrics based on 
these constraints to construct the fitness function for 
automated architectural synthesis by tools. As we mentioned 
before, when the candidate architecture solutions are 
synthesized, there are two main objectives (i.e., avoid 
violations to pattern constraints and assign responsibility to 
architectural elements). Each objective may correspond to one 
population (a set of solutions). When the two objectives are 
not strongly correlated, their two populations can be coevolved 
to work better together, which offers great potential for 
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architectural synthesis [8]. Hence the problem of automated 
architectural synthesis using patterns is translated into a 
cooperative coevolution optimization problem. We 
demonstrate how the proposed approach can help architects 
arrange components and connectors with minimum constraint 
violations to implement architectural patterns in specific 
design context. The contributions of this work are: (1) defining 
and using pattern metrics to measure the violations to pattern 
constraints in architecture design; and (2) translating the 
pattern-based architectural synthesis to a cooperative 
coevolution problem, which can be automated. 

The rest of this paper is organized as follows. Section II 
introduces the automated architectural synthesis approach in 
detail. Section III uses Myx architectural pattern, which is 
used in ArchStudio [9], as an example, to explain the use of 
our approach. Related work is discussed in Section IV and we 
conclude and outline future directions in Section V. 

II. APPROACH 

In this section, we first analyze several common 
architectural patterns and the constraints when using them. We 
then extend classical architectural synthesis activity presented 
in [10] to a pattern-based architectural synthesis. We also 
describe the definition process for pattern metrics in detail in 
order to improve the applicability of our approach when 
architects use their own patterns, which are not covered in this 
paper. With the definition process, architects can define the 
pattern metrics from pattern constraints. Finally, we map the 
extended architectural synthesis to a cooperative coevolution 
optimization model, which tries to avoid the violations to the 
pattern constraints while considering the responsibility 
assignment of architectural elements automatically. The 
proposed approach makes the resulting architecture conform to 
the initial patterns employed at the beginning, while allocating 
responsibility for architectural elements in architectural 
synthesis. 
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Figure 1. Extended architectural synthesis activity 

A. Extended Architectural Synthesis 

General architecting process is composed of three 
activities: architectural analysis, synthesis, and evaluation [10], 
in which classical architectural synthesis (AS) activity 

proposes a collection of candidate architectural solutions (e.g., 
architectural patterns) to address the architecturally significant 
requirements (ASRs) identified during architectural analysis. 
Architectural synthesis essentially links the problem to the 
solution space of architecture design. However, how to 
propose architecture solutions to a set of ASRs largely 
depends on the experience of architects in classical AS, and to 
make the matter worse, there is no available guidelines and 
steps to perform this activity for architects. In order to reduce 
the probability of making mistakes in AS (e.g., due to the lack 
of experience), we introduce the extended AS for architects. 

As shown in Figure 1, the steps in the extended AS are 
divided into two parts: manual steps by architects and 
automated steps by tools. The output of architectural analysis 
(AA) is a set of function requirements and ASRs, and 
architects need to choose or create appropriate patterns to 
address them in architectural synthesis. Distinguished from 
other ways of using architectural patterns, our approach 
focuses on pattern constraints in pattern implementation. 
Architects can use pattern constraints which have been defined 
for common patterns or define the constraints for their own 
specific patterns. The next step of our approach is to define 
pattern metrics from pattern constraints by architects. In this 
paper, we provide the pattern metrics for an example 
architectural pattern - MVC, and we describe the definition 
process of pattern metrics from pattern constraints for 
architects who want to use other patterns. As shown in Figure 
1, when the pattern metrics are defined, the automated part of 
the extended AS starts. The automated part is composed of 
two sub-processes: responsibility synthesis (RS) and pattern 
synthesis (PS), in which responsibility means functional 
requirements that should be implemented. In RS, the 
functional requirements are used as input, and this sub-
process only considers the responsibility of the system by 
focusing on what the system should do. Unlike RS, PS sub-
process is independent of business context and it only focuses 
on pattern implementation. It takes pattern metrics as input, 
and uses them to construct a fitness function which tries to 
minimize violations to the pattern constraints. PS and RS are 
automated and executed simultaneously, and they form the 
cooperative coevolution optimization model. The benefit of 
this partition between RS and PS is that PS is independent of 
business context, while RS focuses on the functional aspect of 
a system. Hence, in our approach, we follow the design 
concept of “divide-and-conquer” for architectural synthesis to 
implement the principle of “separation of concerns” [2]. 

B. Constraints and Metrics of Architectural Patterns 

An architectural pattern is composed of a triple {context, 
problem, solution}. In [1], Bass et al. further refine the 
solution of a pattern to five parts including overview, elements, 
relations, constraints, and weaknesses. The constraints of a 
pattern play an important role in limiting the possible pattern 
implementations. However, in practice, architects may choose 
to violate the constraints of the selected pattern in order to 
make a tradeoff among different factors, such as system 
quality attributes, implementation cost. This is the major 
reason why the resulting architecture of a system does not 
always conform to the initial patterns which guide the 
architecture design at the beginning [5]. 
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The importance of design constraints in design has been 
recognized in [11] and design constraints are represented as a 
first-class entity in architecture design reasoning [12]. Hence 
we represent pattern constraints, a type of design constraint, as 
a first-class entity when using patterns in architectural 
synthesis, and we need to answer “how to represent the 
pattern constraints when using architectural patterns?” We 
choose several widely-used architectural patterns, and analyze 
their constraints based on the pattern descriptions in [1][2]. 
We summarize the constraints of several common architectural 
patterns in Table 1. 

Table 1. Constraints of common architectural patterns 

In order to evaluate the quality of candidate architectural 
solutions generated in automated architectural synthesis, we 
need to define pattern metrics, which are used to measure the 
quality attributes of solutions, from pattern constraints. Due to 
space limitations, we only describe the pattern metrics from 

the pattern constraints for one pattern: MVC, as an example, 
since this pattern is one of the most well-known patterns in 
architecture design. We will further introduce the definition 
process for pattern metrics in the next subsection. 

In an interactive application, it is important to keep 
modifications to the user interface separate from the rest of the 
system. To address this design issue, MVC separates 
application‟s functionality into three types of components: 

model, view, and controller, which are essential for an 
application of using MVC pattern. Hence, we define 
LegalMVC metric to judge whether the solution satisfies 
Constraint (1) of MVC pattern (as shown in Table 1). For 
Constraint (2), we define ControllerUse(m), in which m is a 
given model, to count the number of relations that an element 
in model m depends on the element in the controller element. 
For Constraint (3), we define CorrespondingViewUse(m) to 
count the number of change notifications from m to all the 
views that correspond to it. Note that, for Constraint (2), if 
model elements depend on controller elements, it has an 
apparently negative impact on modifiability, portability, and 
reuse of architecture elements. Hence for some metrics like 
ControllerUse(m), which have a great impact on quality 
attributes, we give them a high weight generally (i.e., the 
higher weight, the more the influence on the calculation of 

constraint violations). In Formula (1), we define model cost 
(MC) for a model element i to calculate pattern constraint 
violation cost for element i, where i belongs to model type in 
MVC.  and   are the value of weight. Since 

ControllerUse has a higher weight than 
CorrespondingViewUse, we set   . From Formula (1), 

the model cost for a given model element depends on the 
number of relations between this model element and its related 
view and controller elements. 

  whereiUseControlleriingViewUseCorrespondiMC ),()()( (1) 

Similar to the pattern metrics definition of model element, 
for a given view v, there are also two metrics: for Constraint 
(4), we define CorrespondingModelUse(v), in which v is a 
given view, to count the number of all the state-query relations 
from v to its corresponding models, while we define 
ControllerUse(v) to count the number of relations from v to its 
controllers. For Constraint (5), we define 
CorrespondingControllerNumber(v) for a given view v to 
check whether there is a one-to-one relationship between v and 
its controllers. For a view element i, we define view cost (VC) 
that is similar to model cost. 









,),(
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whereilerNumberingControlCorrespond

iUseControllerieingModelUsCorrespondiVC

 (2) 

In addition, for controller element c, we define 
CorrespondingModelUse(c) to count the state-change 
messages from c to its corresponding models. Similarly, two 
metrics CorrespondingViewNumber(c) and ViewUse(c) are 
defined for controller elements. Similar to MC and VC, we 
define controller cost (CC) for a given individual controller 
element i in MVC pattern: 
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)()()(
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         (3) 

Pattern Name Pattern Constraints 

Model-View-
Controller 
(MVC) 

1. There should be at least one instance of each 
pattern elements, i.e., model, view, and 
controller. 

2. The model element should not interact directly 
with the controller. 

3. There should be at least one view 
corresponding to an instance of model. 

4. Every view should be associated with at least 
one model. 

5. There is a one-to-one relationship between 
views and controllers. 

Blackboard 1. There should be at least one instance of each 
pattern elements, i.e., blackboard, knowledge 
source, and controller. 

2. Control data and partial solutions are stored in 
blackboard, and knowledge sources access data 
through blackboard‟s interfaces. 

3. Every knowledge source should not depend on 
other knowledge sources. 

4. Besides itself, every knowledge source should 
only access blackboard. 

Pipe-and-
Filter 

1. Both pipe and filter can only connect the other 
type (i.e., filter and pipe) directly. 

2. In order to reduce the complexity, it restricts the 
association of components to an acyclic graph 
or in a linear sequence. 

3. The type of filter is either passive or active. 

Reflection 1. There are at least two levels, including a meta 
level and a base level. 

2. Base level components may only communicate 
with each other via a metaobject at meta level. 

3. System aspects that are expected to stay stable 
should not be at meta-level. 

4. A metaobject does not allow the base level 
components to modify its internal state. 

Layer 1. Every piece of a system is allocated to exactly 
one layer. 

2. There are at least two layers. 
3. The allowed-to-use relations should not be 

circular. 
4. The number of relations between components 

that travel through a subset of the layers should 
be insignificant compared to the number of 
adjacent dependencies between adjacent layers. 
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In order to evaluate the quality of different candidate 
solutions in automated pattern synthesis, we need to calculate 
the fitness score for a given MVC solution. If LegalMVC is 
false for one solution, it means that the solution is not a 
reasonable MVC solution, and we simply set the fitness score 
as  ; or if LegalMVC is true, the fitness score is calculated 
by summing the individual cost for every model, view, and 
controller elements (Here, we suppose that the solution is 
composed of r models, s views, and t controllers). 
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As we can see from the MVC example, the evaluation for 
pattern constraint violations depends on the defined pattern 
metrics from pattern constraints. Since the quality of pattern 
metrics has a great impact on pattern synthesis, we describe 
the definition process for pattern metrics in detail in the next 
subsection so that architects can define the pattern metrics of 
specific architectural patterns of their own. 

C. Definition Process for Pattern Metrics 

The definition process for pattern metrics is composed of 
three steps (discover the roles of a pattern, discover the 
relations within a pattern, and discover the domain related 
metrics), which are detailed below: 

1) Discover the roles of a pattern. As a pattern provides 
a generic solution for a recurring problem: a solution that can 
be implemented in many ways without necessarily being 
„twice the same‟ [13], and there is no configurable generic 
implementations for patterns that cover their whole design 
space. However, every pattern has its invariable roles, such as 
model, view, and controller in MVC pattern. Therefore, we 
can identify some metrics from pattern roles. This step may 
include the following sub-steps: 

a) Define the metric of upper and lower limit about each 
role from pattern constraints. For example, in Layer pattern, 
we define LegalLayers to ensure that the number of layers is 

more than one. 

b) Define the metric about the quantity relationship 
between different roles from pattern constraints. For example, 
in MVC pattern, we define the metrics 
CorrespondingControllerNumber(v) and 
CorrespondingViewNumber(c). 

c) Define the metric about type of roles from pattern 
constraints. For example, there is a passive filter or active 
filter in Pipe-and-Filter pattern, and different types of filter 
may influence the quality attributes of a system (e.g., 
performance). We define PassiveFilterNumber and 
ActiveFilterNumber for the two filter types in Pipe-and-Filter 
pattern. 

d) Define the metric about responsibility of roles from 
pattern constraints. For example, according to the description 
of Constraint (2) in Blackboard pattern, the partial solutions 
acquired from each knowledge source and the control data 
should be stored in the role of blackboard. We define 
ImproperDataNumber to count the number of data which are 
improperly stored outside blackboard. 

e) Define the metric about the mapping relations for 
components and pattern roles. In some patterns, one 
component may play multiple roles, or vice versa. For 
example, one component in Blackboard may play the role of 
blackboard and controller simultaneously, which leads to 
coupling between data and control logic. Hence we define 
PureBlackboard for every blackboard in Blackboard pattern. 

2) Discover the relations within a pattern. Every pattern 
contains a set of interactions between the roles in the pattern. 
In this step, we identify the metrics from the interactions. It 
includes the following sub-steps: 

a) Define the metric for direction of interaction. The 
interaction between different roles in a pattern is usually 
unidirectional, such as the lower layer should not access the 
higher layer in Layer pattern, and model elements cannot 
depend on controller elements in MVC pattern. 

b) Define the metric for cycle interaction. This sub-step is 
similar to the previous sub-step, but it is more complex, since 
cycle interaction ofter includes more than two role elements. 

c) Define the metrics about constraints of relations 
between different roles. For example, for Constraint (1) of 
Pipe-and-Filter (as shown in Table 1), the relations between 
different roles are often limited in pattern constraints, which 
should be defined in pattern metrics. 

d) Define the metrics of relation types. There are many 
relation types between two elements in a pattern, such as 
inheritance, implementation, association, and so on. As 
different relation types may have different influence on quality 
attributes, we define specific metrics for the relation types. 

e) Define the metrics for interaction mechanisms. A set 

of interaction mechanisms exist between elements in a pattern 
(e.g., events or messages), we should consider the interaction 
mechanisms in patterns, and define metrics for them. 

3) Discover the domain related metrics. Every domain 
has its specific knowledge e.g., documented in literature and 
standards. Similarly, every software has its own application 
principles. In this step, architects define the metrics according 
to the domain and application principles. 

The results of this definition process form a starting point 
for automated architectural synthesis. When this process 
finishes, the manual work by architects is completed as shown 
in Figure 1. The pattern metrics, which are acquired through 
this definition process, are used to construct the fitness 
function for automated pattern synthesis. 

D. Automated Architectural Synthesis 

As discussed in Section II.A, with the extended pattern-
based AS, architects can propose architectural solutions using 
patterns either by themselves (e.g., based on their experiences) 
or through pattern recommendation [14]. However, how to 
assign responsibilities to architecture design elements in RS 
sub-process and how to group elements to implement the 
architectural pattern in PS sub-process are challenging tasks in 
practice. Addressing both of them heavily depends on the 
experience of architects. Automation of AS activity is 
beneficial in that (1) it can evaluate the rationality of 
responsibility assignment to architectural elements; and (2) 
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avoid the violation to pattern constraints to a certain extent 
automatically. In addition, in the architecture design of large 
and complex systems, most of design problems may have a 
massive number of possible solutions, which is impossible to 
manually explore. To this end, we choose to employ a scalable 
meta-heuristic search technique to assist automated AS using 
patterns. 

In our recent work [15], we formally defined the problem 
of automated pattern-based architectural synthesis. In our 
approach, the outcome of RS and PS sub-processes are 
regarded as two populations of solutions that evolve 
simultaneously, and the fitness of each individual in one 
population depends on the status of individuals in another 
population, i.e., the two populations have a cooperative 
coevolution relationship [8]. Therefore, it is feasible and 
reasonable to model the pattern-based AS as a cooperative co-
evolution optimization problem, which can be executed 
automatically to synthesize candidate architecture solutions. 

The choice of the representations for collaboration 
problems and the definitions of the fitness functions for 
individuals in different populations are two ingredients for 
cooperative co-evolution. In RS (responsibility synthesis) sub-
process, on one hand, the main decision is whether an 
architectural element should take certain responsibility. We 
use a binary string encoding scheme from the SBSE 
representation techniques [16] to represent a responsibility that 
is assigned to certain architectural elements. On the other hand, 
as there have been some mature metrics associated with the 
responsibility assignment problem that form good initial 
candidates for the RS fitness function (e.g., cohesion and 
coupling metrics), we directly use these metrics for RS in the 
cooperative coevolution. In PS sub-process, we consider what 
specific role an architectural element plays in that pattern, and 
we use one digit (0~9) to represent the role type. Then, we use 
the pattern metrics defined for each pattern constraint as the 
PS fitness function in the cooperative coevolution. Due to 
space limitation, the representations for RS and PS populations 
and the fitness functions for evaluating these two populations 
are detailed in [14]. 

III. EXAMPLE 

In this section, we use Myx architectural pattern, which is 
employed in ArchStudio [9], as an example, to explain the use 
of our proposed approach. 

A. Architectural Pattern Constraints 

We omit the details of Myx pattern, which can be found in 
[17], due to space limitations. We only describe the major 
constraints of this pattern: (1) Each component has two zones 
(i.e., top and bottom), and all interfaces belonging to a 
component should be assigned to either of these two zones. In 
any invocation or dependency relationships, if one interface is 
assigned to the top zone of one component, the other interface 
in the same relationship should be assigned to the bottom zone 
of another component, or the other way round (hence, in Myx 
pattern, the top and bottom zones of each component is the 
pattern roles); (2) Cycle invocations (i.e., one invocation from 
the top zone of a component to the bottom zone of same 
component) are not permitted (whether a cycle invocation 

exists is determined by the grouping of architectural elements; 
(3) Only upward synchronous invocations, in which the 
invocation direction is from the top zone of one component to 
the bottom zone of another component, are permitted, while 
asynchronous invocations have no any limitations, i.e., either 
upward or downward asynchronous invocations are permitted 
(an invocation direction also depends on the grouping of 
architectural elements). 

B. Metrics from Pattern Constraints 

Existing cohesion and coupling metrics (e.g., [18][19]) 
provide initial candidates for fitness function in RS sub-
process, and we focus on the metrics from pattern constraints 
for fitness function in PS sub-process in this subsection. To 
use these metrics, we should specify above or below 
relationships between two components. We propose a heuristic 
approach to decide which component between two 
components is an “above” component. A “counter” property is 
introduced for each component. When there is an invocation 
from the top zone of component A to the bottom zone of 
another component B, we increase the B‟s counter with 1. 
Otherwise, if the invocation comes from the bottom zone of 
component A to the top zone of component B, A‟s counter is 
increased by 1. Finally, we compare the value of the counters 
in two components, and the component that has a bigger 
counter value is regarded as the “above” component. For 
example, the counter values of component A and B are 1 and 3 
respectively as shown in Figure 2, and then component B is 
“above” component A. 

According to the definition process described in Section 
II.C, we define a set of metrics specified below based on the 
constraints of Myx pattern presented in Section III.A: 

(1) IntraUse(i): Since cycle invocations are not permitted, 
a component may never be above or below itself in invocation 
relationships. This metric measures the number of invocation 
relationships whose two connected interfaces are in the same 
component i, that violate Constraint (2). 

(2) IllegalUse(i,j): This metric denotes the number of 
invocation relationships between components i and j that 
violate Constraint (1). 

(3) Intra&IllegalUse(i): This metric is similar to 
IntraUse(i). The difference between the two metrics is that this 
metric counts the invocation relationships that the two 
connected interfaces are not only in the same component i, but 
also in the same zone. It measures the number of invocation 
relationships that violate both Constraint (1) and Constraint (2). 

(4) ComplexUse(i,j): According to Constraint (3), 
downward invocation is only permitted for asynchronous 
invocations. In component-based software design, 
asynchronous invocations may complicate the system design, 
which is difficult to understand. The metric ComplexUse(i,j) 
denotes the number of asynchronous calls between component 
i and j. It indirectly measures the complexity of the design. 

(5) CycleUse(i,j): When component i is above component j 
in invocation relationships, the invocations from i‟s top zone 
to j‟s bottom zone lead to cycle invocations between the two 
components. Thus, we introduce this metric to count the 
number of calls that violate Constraint (2). 
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Figure 2. Example of different types of invocations in Myx Pattern 

In Figure 2, there are 7 invocations between different 
interfaces (from I1 to I7), and we distinguish different kinds of 
invocations with different colors and lines. Invocation I1 and I2 
are from component A to its above component B. These 
invocations satisfy all of the pattern constraints to be 
considered when using Myx pattern, since the two interfaces 
are in different components and only one of them is in top (or 
bottom) zone. According to the metrics definition in Section 
III.B, Invocation I3 can be counted in metric IllegalUse(A,B); 
I4 can be counted in metric CycleUse(A,B); I5 is a typical 
asynchronous invocation that can be counted in metric 
ComplexUse(A,B); I6 and I7 can be counted in metric 
IntraUse(A) and Intra&IllegalUse(B) respectively. 

We further define component violation cost (CVC) for 
each component in the architecture design. In our definition, 
CVC accumulates the numbers of metrics for all the violated 
constraints to one component, while it can set weight for 
different types of constraint violations. Hence, we calculate 
CVC for a given component i using Formula (5): 
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Then, we define an objective function that calculates the 
total violation cost (TVC) of a given architecture design 
solution using Formula (6). We try to acquire a candidate 
architecture solution with minimized TVC, which means the 
pattern constraint violations in the architecture design solution 
are minimized as well. 

 
n
i iCVCTVC 1 )(                           (6) 

C. Evaluation of Synthesis Results 

The TVC metric defined in previous subsection can be 
used as an evaluation criterion for the PS sub-process. In the 
RS sub-process, most existing work focuses on the evaluation 
for the distribution of the responsibilities among components 
in the architecture design, such as the cohesion and coupling 
metrics [19]. In our proposed cooperative coevolution 
approach, one population evaluated by the cohesion and 
coupling metrics is used for RS, and another population 
evaluated by the TVC metric is used for PS. In every 
generation, the best individuals (i.e., the solutions that have 
high cohesion and low coupling) in RS population are 
combined with the individuals in population used by PS, and 
these hybrid individuals are used as input for the next 
generation in PS. Similarly, the best individuals (i.e., the 
solutions that have less pattern constraint violations) in PS are 
combined with the individuals in RS population as input for 
the next generation in RS. In each round of generation by PS 
and RS, we use a single fitness function for both populations 

to evaluate the overall quality of the resulting architecture 
solutions. Therefore, we define the quality of a given solution 
s in Formula (7): 

)()(&)( sTVCsCouplingCohesionsQuality        (7) 

We use this formula to evaluate the candidate architecture 
solutions generated by the proposed approach using 
cooperative coevolution, and select and recommend the 
solution with highest (best) quality. It provides optimized 
architecture design solutions for architects. 

IV. RELATED WORK 

We summarize and discuss relevant work on automated 
architectural synthesis and pattern constraints in this section. 

Cui et al. [20] presented an automated decision-centric 
architectural synthesis approach, which transits from 
requirements to architectures through a solution exploiting and 
synthesizing process. In their approach, solution exploiting is 
accomplished by architects. For each elicited design issue, 
architects proposed solutions mainly based on their expertise 
and experience. Solution synthesizing in their approach is 
automated, which combines and evaluates all the feasible 
solutions from the solution exploiting results. Therefore, the 
quality of resulting solutions still heavily depends on the 
experience of architects. 

Räihä [21] proposed to synthesize architecture using 
Genetic Algorithms (GA). In her approach, architectural styles 
and design patterns are used to transform the initial high-level 
architecture model to a detailed design. The architectural 
synthesis is based on an analysis model which contains 
information on functional requirements only. The differences 
between her approach and our proposed approach are that (1) 
design patterns and architectural styles are used as mutator for 
GA in Räihä‟s approach, and these patterns are inserted or 
deleted randomly in GA mutation. In our approach, we focus 
on the constraints of patterns, and which patterns are used is 
determined; (2) the criteria for evaluating candidate 
architecture solutions are different. Our approach considers the 
design quality (e.g., cohesion and coupling metrics) which is 
similar to Räihä‟s approach, while we also take pattern 
constraint violations into account. 

Belle et al. [5] revisited the layer pattern to extract a 
minimum set of fundamental principles for using layer pattern, 
which are used to specify a series of constraints that a layered 
architecture should conform. They further made use of these 
constraints to guide the recovery of the layered architecture in 
a system, and model the architectural recovery as an 
optimization problem using automated heuristic search 
algorithm. However, their approach focuses on architecture 
recovery instead of architecture design, and their approach 
didn‟t consider the responsibility assignment of architectural 
elements in recovering layer pattern. 

Bagheri and Sullivan [22] showed that it is possible to 
separate and combine formal representations of application 
properties (e.g., domain knowledge) and architectural styles. 
The key idea of their approach is to map the application which 
is independent of architecture styles to models (i.e., Platform 
Independent Model, PIM) in model-based development, and 
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map the architectural styles to platforms (i.e., Platform 
Definition Model, PDM). Similar to our proposed approach, 
their approach seperates the application synthesis and 
architectural style synthesis during architectural synthesis, 
which also followed the design concept of “divide-and-
conquer”. However, their approach is different from our 
approach in that (1) they used ADLs to formally define the 
specifications about application models and architectural 
styles, then a mapping engine is used to translate these 
specifications to architectural models in given architectural 
styles during architectural synthesis, while our approach uses a 
search-based technique which is more flexible to explore the 
whole design space for candidate architectural solutions; (2) 
the treatment of pattern constraints is different. They used a 
constraint solver to support incremental analysis and 
construction of models (solutions), but we use pattern 
constraints to define pattern metrics which are used to evaluate 
different solutions. 

Maoz et al. [23] used component and connector views 
(C&C views) to investigate the architectural synthesis problem, 
and further extended this basic problem with support for 
architectural styles-based architectural synthesis. Similar to 
[22], they also used ADLs to formally define the C&C models 
and the architectural styles. Architectural synthesis with 
formal specifications using ADLs may end up with many 
satisfied solutions, and these satisfied solutions may have 
different qualities (e.g., both solutions A and B satisfy the 
performance requirements of an application, but the 
performance of solution A is better than solution B). It is 
difficult to recommend better solutions in candidate solutions 
with formal ADL techniques, which is the issue that our 
approach tried to addresses using cooperative coevolution. 

V. CONCLUSIONS AND FUTURE WORK 

Architectural synthesis essentially links the problem to the 
solution space, and it plays a key role in architecting process 
from requirements to initial architecture design. However, due 
to its essential complexity, this architecting activity heavily 
depends on the experience of architects. In this paper, we 
extend the existing AS to a pattern-based AS, and propose a 
cooperative coevolution approach that synthesizes architecture 
automatically using architectural patterns. We first analyze 
several common architectural patterns, identify the pattern 
constraints, and represent them as a first-class entity for 
pattern implementation. We then present a process to define 
pattern metrics from pattern constraints, and acquire the 
pattern metrics to construct the fitness function for automated 
synthesis. The automated synthesis process is composed of 
two sub-processes: pattern synthesis (PS) and responsibility 
synthesis (RS). We further model these two sub-processes as a 
cooperative coevolution problem, which can be executed 
automatically to synthesize candidate architecture solutions. 
We use Myx architectural pattern as a concrete example to 
explain the use of the proposed approach. 

We outline the future work in two points: (1) to conduct 
controlled experiments that compare the architecture design 
quality between the generated pattern-based AS solutions 
using our approach and the solutions by architects based on 
the same design problems in industry projects; (2) to develop a 

tool that support the pattern-based automated AS using 
cooperative coevolution. 

REFERENCES 

[1] L. Bass, P. Clements, R. Kazman, Software Architecture in Practise, 3rd 

ed. Addison-Wesley Professional, 2012. 

[2] F. Buschmann, R. Meunier, H. Rohnert, P. Sommerlad, M. Stal, Pattern-

Oriented Software Architecture: A System of Patterns, 1st ed. Wiley, 

1996. 

[3] K. D. Babu, P. Govindarajulu, A. R. Reddy, “ANP-GP approach for 

selection of software architecture styles,” Int. J. Softw. Eng., 1(5):91-104, 

2011. 

[4] M. Galster, A. Eberlein, M. Moussavi, “Systematic selection of software 

architecture styles,” IET Softw., 4(5):349-360, 2010. 

[5] A. Belle, G. El Boussaidi, C. Desrosiers, H. Mili, “The layered 

architecture revisited: Is it an optimization problem?,” in SEKE, 2013, 

pp. 344-349. 

[6] A. Tang, P. Avgeriou, A. Jansen, R. Capilla, M. A. Babar, “A 

comparative study of architecture knowledge management tools,” J. Syst. 

Softw., 83(3):352–370, 2010. 

[7] A. Aleti, B. Buhnova, L. Grunske, A. Koziolek, I. Meedeniya, “Software 

architecture optimization methods: A systematic literature review,” IEEE 

Trans. Softw. Eng., 39(5):658-683, 2013. 

[8] M. Harman, S. A. Mansouri, Y. Zhang, “Search-based software 

engineering: Trends, techniques and applications,” ACM Comput. Surv., 

45(1):1-61, 2012. 

[9] J. Garcia, I. Krka, C. Mattmann, N. Medvidovic, “Obtaining ground-

truth software architectures,” in ICSE, 2013, pp. 901-910. 

[10] C. Hofmeister, P. Kruchten, R. L. Nord, H. Obbink, A. Ran, P. America, 

“A general model of software architecture design derived from five 

industrial approaches,” J. Syst. Softw., 80(1):106-126, 2007. 

[11] F. P. Brooks, The Design of Design: Essays from a Computer Scientist, 

1st ed. Pearson Education, 2010. 

[12] A. Tang, H. van Vliet, “Modeling constraints improves software 

architecture design reasoning,” in WICSA, 2009, pp. 253-256. 

[13] F. Buschmann, K. Henney, D. C. Schmidt, Pattern-Oriented Software 

Architecture: On Patterns and Pattern Languages, 1st ed. Wiley, 2007. 

[14] M. Kassab, G. El-Boussaidi, H. Mili, “A quantitative evaluation of the 

impact of architectural patterns on quality requirements,” in SERA, 2011, 

pp. 173-184. 

[15] Y. Xu, P. Liang, “Co-evolving pattern synthesis and class responsibility 

assignment in architectural synthesis”, in ECSA, 2014. (under review). 

[16] M. Harman, P. Mcminn, J. T. De Souza, S. Yoo, “Search Based Software 

Engineering: Techniques, Taxonomy, Tutorial,” in Empirical Software 

Engineering and Verification, 2012, pp. 1–59. 

[17] “The Myx Architectural Style.” Available at: 

http://isr.uci.edu/projects/archstudio/myx.html, accessed on 2013-11-22. 

[18] M. Bowman, L. C. Briand, Y. Labiche, “Solving the class responsibility 

assignment problem in object-oriented analysis with multi-objective 

genetic algorithms,” IEEE Trans. Softw. Eng., 36(6):817-837, 2010. 

[19] C. L. Simons, I. C. Parmee, R. Gwynllyw, “Interactive, evolutionary 

search in upstream object-oriented class design,” IEEE Trans. Softw. 

Eng., 36(6):798-816, 2010. 

[20] X. Cui, Y. Sun, H. Mei, “Towards automated solution synthesis and 

rationale capture in decision-centric architecture design,” in WICSA, 

2008, pp. 221-230. 

[21] O. Räihä, “Genetic Algorithms in Software Architecture Synthesis,” 

Ph.D Thesis, School of Information Sciences, Tampere University, 2011. 

[22] H. Bagheri and K. Sullivan, “Monarch: Model-based development of 

software architectures,” in MODELS, 2010, pp. 376–390. 

[23] S. Maoz, J. O. Ringert, and B. Rumpe, “Synthesis of component and 

connector models from crosscutting structural views,” in ESEC/FSE, 

2013, pp. 444–454. 

180

http://isr.uci.edu/projects/archstudio/myx.html


Towards Reusing Architectural Knowledge as  
Design Guides 

Functional Requirements, Tool Analysis and Research Roadmap 

Mohsen Anvaari 
Department of Computer and Information Science 
Norwegian University of Science and Technology 

(NTNU) 
Trondheim, Norway 

mohsena@idi.ntnu.no 

Olaf Zimmermann 
Institute for Software 

University of Applied Sciences of Eastern Switzerland  
(HSR FHO) 

Rapperswil, Switzerland 
ozimmerm@hsr.ch

 
 

Abstract— In recent years, architectural knowledge 
management has demonstrated its potential to improve software 
development and evolution practices; various tools and research 
prototypes now exist for documenting architectural knowledge. 
However, capturing such knowledge is not enough: according to 
practitioners’ feedback, a certain amount of knowledge post-
processing is required to make the captured knowledge 
consumable and stimulate reuse. In our previous work, we 
created a method for enhancing knowledge about the past 
(decisions made) into architectural guidance for the future 
(decisions required). However, additional concepts are required 
to let our method benefits from recent advances in architectural 
knowledge management tool engineering. In this paper we 
establish requirements for post-processing architectural 
knowledge captured on projects and enhancing the knowledge 
into architectural guidance. The requirements are derived from 
literature and industrial experiences. Next, we analyze existing 
tools with respect to these requirements. Finally, we establish a 
vision for an integrated method and tooling for architectural 
guidance modeling and outline a roadmap for future research 
and tool development towards this vision. 

Keywords— Architectural knowledge; decision reuse; 
architectural synthesis; design guide; knowledge management tool 

I. INTRODUCTION 
Architectural decisions are considered a first class entity in 

software engineering now [7]; researchers define software 
architecture as a set of architectural design decisions [1]. 
Various tools and research prototypes exist (or are under 
development) for documenting the architectural knowledge. 
Although most practitioners are still reluctant to use formal 
templates and tools that academic researchers have developed 
[9], our observations show that many organizations have 
started to capture their architectural decisions [13]. This is 
often done in light and pragmatic ways, e.g., using simple 
wikis or chronological meeting minutes [13].  

According to studies on inhibitors for knowledge reuse, 
documenting the knowledge is not enough; post-processing is 
required to stimulate the reuse and make the knowledge 
consumable [20]. Hence, we created a method for enhancing 
knowledge about the past (decisions made) into architectural 

guidance for the future (decisions required) [19]. However, 
additional concepts are required to let our method benefits 
from recent advances in architectural knowledge management 
tool engineering. Therefore, the goals of this paper are:  

1. To specify the requirements for tools that facilitate the 
post-processing of captured architectural knowledge 
from projects and enhancing such raw knowledge into 
design guides for future decision making activities.  

2. To analyze existing tools and research prototypes with 
respect to the proposed requirements.  

3. To establish a vision for an integrated method and 
tooling for architectural guidance modeling. 

The rest of the paper is organized as follows: In Section 2, 
we present related work. Section 3 describes our research 
method. Section 4 specifies the functional requirements for 
tools that support enhancing architectural raw knowledge into  
reusable design guided. These requirements are derived from 
the authors’ industrial experience as well as a review of 
research prototypes and tools. Section 5 reports on the results 
of our analysis of existing tools and research prototypes with 
respect to the functional requirements from Section 4. Section 
6 analyzes our results and establishes an architectural vision for 
a tool that supports architectural knowledge reuse. Section 7 
summarizes the paper with conclusions. 

II. RELATED WORK 
The concept of architectural knowledge – defined as the 

integrated representation of the software architecture, the 
architectural decisions, and the external context/environment 
[23] – has been investigated by researchers since they started to 
consider the architectural decisions as important entities of a 
software system just like the architecture itself. In the last 
decade, the research community has elaborated the concept, 
clarified its definitions, terminologies and boundaries, 
established the ways of presenting the knowledge, and 
developed the approaches to manage the knowledge [12].  

Applying general knowledge management principles [11] 
to the software engineering domain, two activities become 
essential for architectural knowledge management: creating (or 
capturing or documenting) knowledge and consuming (or 
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reusing or applying) knowledge. However, as we have shown 
in our previous work, the main focus of the software 
architecture community so far has been on knowledge 
capturing, not on knowledge reuse [20]. One may argue that 
when the knowledge is captured and made available to the 
others it is reusable; therefore any approach and tool that 
supports knowledge capturing also supports knowledge sharing 
and reusing automatically. But, according to practitioners’ 
feedback, capturing the knowledge is not enough: a certain 
amount of knowledge post-processing is required to make the 
captured knowledge consumable [20]. Examples of knowledge 
post-processing are anonymizing the knowledge (e.g., remove 
sensitive personal information such as names of actual people, 
or replace them with role definitions such as “application 
architect” or “integration architect”), connecting the related 
knowledge entities (e.g., a decision about a message exchange 
pattern with a decision about a messaging provider software 
product), and removing the project-specific knowledge (chosen 
alternative) to make the knowledge reusable for other projects. 

While the method we have created in our previous work for 
reusing architectural knowledge and enhancing the captured 
architectural knowledge into design guides1 has demonstrated 
to be useful in the industry [19], better tool support is required 
to make the application of the method more efficient. As the 
first step, this paper explores the available architectural 
knowledge management tools and research prototypes to 
analyze how much they provide the required functionalities for 
architectural knowledge reuse and guidance development. 

 This paper is not the first survey in the software 
architecture domain to analyze and evaluate the architectural 
knowledge management tools. At least four preceding research 
papers have been published [2][14][16][25]. Although some 
papers have considered knowledge sharing as a functional 
requirement in their evaluation framework, their focus is not on 
knowledge post-processing and enhancing the knowledge into 
design guidance, which is the focus of our work. Furthermore, 
the last survey has been published in 2010 while in the last 
three years more tools and research prototypes have been 
developed or are under development. This paper covers these 
new tools as well. The mentioned research papers are valuable 
for our work; for instance, we have reused some of their 
functional requirements to establish the functional 
requirements in the section 4. In the next section, the method of 
the research will be explained.  

III. RESEARCH METHOD 
As Fig. 1 shows, we started the research by creating 

functional requirements. To do so we explored three sources: 
1) industrial experiences that originate in the authors’ 
contribution in industrial projects and also their observations 
from various industrial domains (software development 
projects for Smart Grid, financial applications, etc.) 2) the tools 
and research prototypes that are not accessible but are specified 
in the literature 3) the tools that are accessible publicly on the 

                                                             
1 A design guide is a reusable asset containing knowledge about architectural 
decisions required in a particular domain [19]. As a reusable asset [22], a 
design guide has been curated, edited and quality assured for readability and 
reuse. We refer to this curation and editing as knowledge post-processing. 

internet. The main way to reach to the second source was 
exploring the literature that has reviewed and compared the 
architectural knowledge management tools. As we mentioned 
earlier, the last comparative study of the architectural 
knowledge management tools was conducted in 2010 [2]. It 
still is a valuable source to explore the tools that had been 
developed until then. We discovered the newer tools either 
through the literature that tool developers have published or by 
contacting the researchers that we were informed are 
developing a tool. 

Functional requirements 

Industrial 
experiences 

Publicly accessible 
tools 

1- create 

1- create 

2-
 an

al
yz

e 

Inaccessible tools
(specified in the 

literature) 

1- cr
eate 

Vision for improvement 

3- conclude 

Nominated tools 
for analysis 

 

Figure. 1 Research activites and contributions 

The second step of the research was to analyze the tools 
and research prototypes with respect to the functional 
requirements we proposed in the first step. The tools that are 
publicly accessible (the third source) were a more valuable 
source for us, because we could actually use them and test their 
functionalities against the list of requirements. Some of the 
inaccessible tools were also valid for analysis since their 
functionalities have been described concretely in the literature. 
We finalized the list of tools for analysis using the following 
criteria: 

• The tool should be publicly accessible. For example, 
ADkwik [18] that is covered by previous tool 
evaluation studies [25] would be a candidate for our 
analysis, but it is not accessible anymore. However, 
there are some tools that are under development and 
therefore are not released yet, but their functional 
requirements are concretely described in literature; 
such tools do meet the criterion. One such tool is 
analyzed in Section 5. 

• The installation and usage of the tools should be 
straightforward. 

• The tool should be representative for its domain. For 
example if tool A and B exist for capturing the 
decisions, and tool B covers all features of tool A, we 
just choose tool B. 

The third and last step was to summarize the tool analysis 
results. Based on the analysis results, we establish a vision for 
developing a tool that supports post-processing the captured 
architectural knowledge and developing a design guide. 
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IV. FUNCTIONAL REQUIREMENTS 
This section describes functional requirements for 

developing an architecture guidance modeling tool. We will 
use the functional requirements to analyze the existing tools 
later (in Section 5). In the following, we will define some terms 
that are essential for describing the functional requirements 
first. Next, we will describe the actual functional requirements. 

A. Definitions 
The required tool for supporting architecture guidance 

modeling should create and maintain a knowledge base (KB) 
that contains architectural entities. The tool should be able to 
post-process the entities (see Section 2 for examples) and 
enhance them into a design guide. Inspired by our previous 
work [19], we define the following entities that can be added to 
a KB:  

• Issue: Any design issue that may occur in a software 
development project. It includes different properties 
mainly name, problem description, decision drivers and 
solution alternatives. Each alternative includes pros and 
cons, known uses and related background. For example 
in an enterprise architecture, an issue can be “enterprise 
integration pattern for designing the message channel 
between system A and system B”. The alternatives of 
the issue are “point-to-point-channel” and “publish-
subscribe-channel”. 

• Decision: A decision inherits its properties from an 
issue, but adds the outcome of the decision (chosen 
alternative and the rationale behind that). Therefore an 
issue can be converted to a decision by adding the 
outcome and vice versa. In the example we provided, 
the outcome may include “the publish-subscribe-
channel” as the chosen alternative and “high number 
and change rate of the data sinks” as the rationale of the 
decision. 

• Group: A group entity is an aggregation (or assembly) 
of other entities. An example for the usage of this 
container concept is a software project that includes 
some sub-projects and each sub-project includes issues 
and decisions. 

This structure is not the only way of modeling the architectural 
entities. Tools can apply other metamodels such as those 
presented in [24] or [27]. 

B. Functional Requirements 
We categorize the functional requirements in two groups: 

1) create and maintain knowledge and 2) consume knowledge. 
However, these categories have some overlaps and some 
requirements can belong to more than one category. 

1) Create and Maintain Knowledge 

• AddE – Add an entity [6][17][25]: Insert an entity to 
KB. The following features are required: 

o Rich text editor 
o A tag field (or a semantic-based approach) 

to make search easier 

o Entity identification 
o Entity name 
o Entity description 
o Entity stakeholders 
o Entity version 
o Entity confidentiality 
o Issue level (e.g. conceptual, technology, 

vendor asset [21]) 

Before the tool inserts an entity to KB, it should first 
search for available related entities and if there are 
some, it should suggest them to the user. If the user 
finds that the entity is already available in KB, (s)he 
can decide to cancel the procedure. This helps to 
reduce the redundancy. Sometimes the entity is not 
already available, but the search brings some related 
entities and the user can connect the new entity to the 
related ones (CnctE). 

• UpdE – Update an entity [17][25]: Update an 
available entity. The features that are required for 
AddE apply here as well. 

• RmvE – Remove an entity [17]: Remove an entity 
from KB. It should clean up all of the relations of the 
entity to the other entities. 

• MovE – Move an entity [17]: Move an entity from 
one group to another group. 

• CnctE – Connect (Relate) to an entity: Connect an 
entity to other entities (examples are issue to issue, 
issue to decision, issue to group). 

• UlnkE – Unlink an entity: Unlink an entity from its 
parent or from its related entities without deleting the 
entity. 

• RevE – Review an entity [6][25]: If an entity is 
supposed to be reviewed before inserting to KB, it 
should be sent to the reviewers. The reviewers should 
validate the entity before a specific time. Then based 
on the rates or opinions the reviewers give to the 
entity, the entity can be rejected, inserted (or edited 
and inserted) to KB.  

• ImpE –  Import an entity [17]: Import an entity from a 
file (for example a XML or JSON file) or a URL. 

• AnmE – Anonymize an entity [17]: Sometimes an 
entity can be reused or shared or exported, but the 
project-specific information should not be shared with 
the others. This feature replaces the project-specific 
terms with a pseudonym.  

• MkeD – Make a decision (convert an issue to a 
decision) [17]: When a decision on an issue is made, 
the decision should be inserted to KB. This 
functionality adds an outcome part to the issue and 
converts it into a decision. 

• GnrI – Generate an issue from a decision: Sometimes 
a decision is made, but the related issue is not in KB. 
This functionality generates an issue from a decision 
by removing the outcome part of the decision entity 
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(and adding a possible recommendation). This feature 
is essential for upgrading decisions to guides (UpgG). 

• UplD – Upload documents [17]: An entity may 
include background information either as a link or as 
a document. This feature uploads a document to the 
entity.  

• NtfS – Notify stakeholders [25]: Sometimes an entity 
would have more than one owner (stakeholder). This 
feature reports any changes to the entity to all 
stakeholders. Stakeholders should be able to 
disable/enable this feature. The implementation 
examples of this requirement are RSS (Rich Site 
Summary) and Atom [4]. 

• Conf – Configure the tool: The metamodel (default 
profile) that are required to insert an entity (such as 
entity version, entity stakeholders, entity 
confidentiality, issue level and so on; check AddE for 
more details), should not be fixed and unchangeable. 
This functionality customizes the attributes based on 
the project or organization needs. 

2) Consume Knowledge 

• SrhE – Search an entity [17][25]: Search KB for a 
group, an issue or a decision. The search can be done 
based on an entered text or by choosing an entity to 
find the relevant entities. Advanced search to limit the 
search results based on level, confidentiality, project, 
etc. should be supported. 

• LstE – List entities: Make a list of all entities of a 
group. 

• NKB – Navigate the knowledge base [17]: The user 
should be able to navigate between the groups, their 
sub-groups and their issues and decisions. 

• ViwE – View an entity [6][17][25]: When the user 
finds the list of entities by searching them, or 
navigating KB, (s)he should be able to view each 
entity and its properties. 

• RuseE – Reuse an entity [6][25]: Choose an entity in 
group A and copy it into group B. The confidentiality 
(access permission) of the entity should be checked 
first. The owner of group B might be able to view the 
entity of group A, but not to reuse it. 

• ExpE – Export an entity [17]: Export an entity to a 
file. The confidentiality of the entity should be 
checked first: if export is not allowed by the owner of 
the entity, the export procedure should be rejected. If 
anonymized export is allowed, the entity should be 
anonymized first and then be exported. If export is 
allowed unconditionally, the entity can be exported 
without any pre-processing. 

• ShrE [6][25] – Share an entity: Send the link of an 
entity to other stakeholders by email notification. First 
the confidentiality of the entity should be checked. 
Sharing is possible only if the entity is public or other 
stakeholders have access to the group. 

• UpgG – Upgrade to guide: Convert past architectural 
knowledge into guidance for the future. First, the tool 
will ask about anonymization. If the user requests 
anonymization, the feature will anonymize all entities 
of the group (AnmE), otherwise leave them 
unchanged. The next step is to look up each decision 
and its related issue. If both a decision and its related 
issue are available, the feature will remove the 
decision (RmvE). If only the decision is available, it 
will generate an issue from the decision (GnrI) and 
remove the decision (RmvE) afterwards. The final 
result is a group and all of its sub-groups and each 
sub-group includes a list of design issues and each 
issue has some alternatives. This can be shared (ShrE) 
or exported (ExpE) as a design guide. Assume that a 
software developing firm has a project for developing 
a system for customer A. They have captured the 
decisions in a group called project A. The group 
includes various sub-groups (A1, A2, A3, etc.). Now 
by using this feature, they will have a list of issues 
and alternatives for each of the sub-groups and they 
can use it as a guide for making decisions in a similar 
project for developing a system for customer B. The 
architects and designers involved in the new project 
could be different, but the knowledge from previous 
project is reused in a structured manner. 

• DAPI – Documented application programming 
interface: The tool should provide a public 
documented API to make it possible to be integrated 
with other architectural knowledge management or 
design modeling tools.  

In the next section, we present the results of analysis of 
existing tools with respect to the mentioned functional 
requirements. 

V. ANALYSIS RESULTS 
This section reports on the results of our analysis of 

existing tools and research prototypes with respect to the 
functional requirements from Section 4. First, we briefly 
introduce the five tools that are nominated for the analysis, and 
then we present the functional requirements that are satisfied 
by these tools.  

1) SAW. Software Architecture Warehouse (SAW) is a 
Web-based tool to capture, manage and analyze architectural 
knowledge. It is implemented to help the entire software 
architecture design team achieve situational awareness about 
architectural decisions [15]. 

2) Decision Viewpoints. Decision Viewpoints is a 
documentation framework for architecture decisions. It uses 
the conventions of ISO/IEC/IEEE 42010 [26]. A tool is 
developed supporting the framework as an add-in for Sparx 
Systems’ Enterprise Architect [5]. 

3) AREL. Architecture Rationale and Elements Linkage 
(AREL) is a Sparx Systems’ Enterprise Architect plug-in that 
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creates architectural design with a focus on design rationale 
[3]. 

4) SEURAT. Software Engineering Using RATionale 
system (SEURAT) is an Eclipse plug-in that aims to manage 
architectural knowledge from requirements to source code [8]. 

5) Eclipse Process Framework (EPF)2. EPF is an Eclipse-
based method creation tool. In EPF, knowledge creation takes 
place in the tool; knowledge consumption, on the other hand, 
can be done in a Web browser.  

Table I. shows which functional requirements are supported 
and which are not supported or partially supported by the 
introduced tools. 

TABLE I.  ANALYSIS OF TOOLS IN A NUTSHELL3 

FR SAW Decision 
VP AREL SEURAT EPF 

AddE Partially Partially Partially Partially Partially 

UpdE Yes Yes Yes Yes Yes 

RemE Yes Yes Yes Yes Yes 

MovE No Yes No Yes Yes 

UlnkE Yes Yes Partially No Yes 

CnctE Yes Yes Yes No Yes 

RevE No No No No Partially 

ImpE Partially Partially No No Yes 

AnmE No No No No No 

MkeD Yes Yes Yes Yes No 

GenI No No No No No 

UplD No Yes Yes No Yes 

NtfS Partially No No No No 

Conf No No No Partially No 

SrhE No Yes Yes No Yes 

LstE Yes No No No Yes 

NKB Yes Yes Yes Yes Yes 

ViwE Yes Yes Yes Yes Yes 

RuseE Partially Yes Yes No Yes 

ExpE Partially Partially No No Yes 

ShrE Partially No No No Yes 

UpgG Partially No No No No 

DAPI No No No No Yes 

 

                                                             
2 http://projects.eclipse.org/projects/technology.epf 
3 Detailed evaluation results omitted due to space constraints, but are 
available upon request. 

VI. VISION FOR FUTURE RESEARCH 
In the previous section, we presented the results of our 

analysis. It showed the functional requirements that are 
supported by the available tools and research prototypes. Based 
on the data Table I. provides (the functionalities that are not 
focused by the available tools), we establish some directions 
for the next steps towards tool developing for architectural 
knowledge reuse and architecture guidance modeling: 

1) Separating issue (decision required) from decision 
(decision made): A design guide is mainly a list of design 
issues (decisions required) and their possible solutions 
(alternatives). To create a guide from captured decisions 
(decisions made), issue and decision should be separated and 
the tool should provide the possibility to generate an issue from 
a decision (GnrI). This will also make organizations less 
reluctant to share their knowledge with a community; because 
it guarantees that only the issue and its alternatives will be 
shared with the community and others will not be informed 
about their decision (chosen alternative). 

2) Providing default profile: One of the main reasons 
architects state for their unwillingness to use architectural 
capturing tools is the time limitations [9]. To overcome this, 
tools should make capturing knowledge less time consuming. 
One of the solutions is providing a default profile for adding 
entities to the knowledge base. 

3) Providing knowledge confidentiality: As we 
mentioned earlier, organizations are not eager to share all of 
their architectural knowledge with the community. There can 
be even a situation that in one organization, the knowledge of 
one project should not be shared with other projects. Therefore 
the confidentiality level of an entity should be defined for 
adding the entity to the knowledge base. The tool should 
always consider the confidentiality and intellectual property 
rights level of an entity before sharing, reusing or exporting the 
entity or creating architecture guidance (e.g., “open”, 
“copyright protected”, “company-internal”, and 
“confidential”). 

4) Configuring metadata: Users should be able to 
customize the metadata (attributes profile) based on their 
organizational policies and concerns. IEC/IEEE/ISO 42010 is 
one, but not the only template to be supported (many more 
have been defined, e.g. [10]). 

5) Considering semantic tags: The architectural 
knowledge base can grow very fast. Navigating a large 
knowledge base can be painful, e.g. if it takes a long time to 
find a knowledge entity. Providing semantic tags will make 
searching the knowledge base easier and more precise. 

6) Searching the knowledge base before inserting new 
knowledge: To create a useful yet concise architecture 
guidance it is essential to reduce the redundancy of knowledge. 
To reach that, the tool should search the knowledge base in 
advance to inserting any new knowledge. It is also useful for 
finding relevant knowledge and connecting them together. 

7) Being consistent with real world situation: In reality, 
large organizations develop software within various projects 
and sub-projects. The design guide would be more usable if it 
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was categorized into projects and sub-projects. Therefore 
grouping the entities of knowledge base to projects and sub-
projects should be provided. 

8) Anonymizing the knowledge: Rather than separating 
issues from decisions, anonymizing the knowledge also makes 
organizations more eager to share their knowledge with the 
community (see Section 2 for an example of a required 
anonymization). 

9) Providing programming interface: The activities 
related to architectural knowledge management are very wide 
and it is not possible to have a holistic tool that supports all 
activities. The focus of the proposed tool in this research is on 
reusing architectural knowledge and enhancing a design guide. 
The tool should therefore provide an interface (API) to make it 
possible to be integrated with other architectural knowledge 
management or design modeling tools such as general-purpose 
wiki engines and Unified Modeling Language (UML) tools. 

VII. CONCLUSIONS 
Reusing architectural decisions as design guides gives these 

decisions a more proactive role and therefore makes decision 
management more appealing and relevant to practitioners. In 
this paper, we leveraged our industrial experiences, our 
previous research work and also the current literature in the 
architectural knowledge community to establish functional 
requirements for future knowledge management tools that 
enhance architectural decisions to design guides. With respect 
to the functional requirements, we analyze representative tools 
and research prototypes. We reported that the available tools 
and research prototypes have made significant contributions in 
the area of architectural knowledge capturing, but still require a 
number of extensions so that the captured decision can serve as 
design guides in practice. We finalized the paper with a vision 
for method integration and tool improvement. 

In the next step, we are going to evolve our design 
guidance enhancing framework to decrease the time and effort 
of design guidance generating by applying automatic 
information extraction approaches. The extracted architectural 
entities will feed the knowledge base (KB) in a more efficient 
way. We also intend to extend and integrate our method into 
existing and emerging tools (our own tools and those 
developed in the research community) – applying the vision we 
established in this paper. 
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Abstract - This paper describes aspect-oriented secure connectors 

for implementing secure software architecture for distributed 

business applications. A secure connector for secure software 

architecture can be designed separately from application business 

components by considering different communication patterns 

between the components as well as security services required by 

application components. In this paper, the secure connector is 

implemented as an aspect-oriented secure connector separately 

from application business components. The aspect-oriented secure 

connector is structured with both a security service aspect and a 

communication pattern aspect that are separated from each other. 

Once aspect-oriented secure connectors are implemented, they can 

be reused for different applications with the security service and 

communication pattern aspects required between application 

components. In this paper, aspect-oriented secure connectors are 

used to implement an electronic commerce application.  

Keywords – aspect-oriented secure connector;  security service 

aspect; communication pattern aspect; separation of concerns; 

aspect oriented programming 

I.  INTRODUCTION 

Software solutions for distributed business applications are 
becoming increasingly complex in nature, due to the inclusion 
of various crosscutting concerns such as security, 
synchronization, and logging.  These concerns are necessary for 
implementation in such applications because of the 
progressively more significant concerns that may be required for 
their intended uses.  As a result, it is vital that these software 
solutions be implemented in such a manner that their 
implementation is as untangled as possible in order to reduce 
complexity and increase reusability. One way to avoid tangling 
requirements is to design and implement the software such that 
there is a clear separation of crosscutting concerns from 
application concerns.   

Crosscutting security concerns can be designed as secure 
connectors [15] separately from application components. 
Security mechanisms are encapsulated in secure connectors that 
provide security services as well as communication patterns for 
the applications. These secure connectors are modular and more 
maintainable and reusable than tangled security and application 
logic in design found in systems without a clear separation.   

To achieve this clear separation of concerns in 
implementation, secure connectors need to be implemented 
separately from application logic. Aspect-Oriented 
Programming (AOP) provides a powerful way to implement 

such crosscutting concerns in implementation. Crosscutting 
security concerns can be implemented as security aspects in 
AOP, which are completely separated from the application logic 
of applications.  Secure aspects are only executed when the 
services they provide are needed by the application. 

This paper describes the mapping and implementation of 
aspect-oriented secure connectors from secure connectors 
designed for secure software architectures in distributed 
business applications. A mapping scheme is described to 
demonstrate how aspect-oriented secure connectors are 
implemented from secure connectors in design. The secure 
connector is implemented as an aspect-oriented secure connector 
separately from application business components. In particular, 
the aspect-oriented secure connector is structured with both a 
security service aspect and a communication pattern aspect that 
are separated each other. The aspect-oriented secure connectors 
are validated with the implementation of an electronic 
commerce application. 

This paper is organized as follows.  Section II covers related 
works to the current research.  Section III describes the mapping 
of secure connectors in design to aspect-oriented secure 
connectors in implementation.  Section IV contains the 
validation of our approach with a case study.  Finally, section V 
serves as a conclusion to the paper and outlines future work. 

II. RELATED WORK 

Separation of concerns is one of the major topics in software 
engineering today.  Past research has proven there is a need to 
clearly separate concerns in complex systems in order to 
promote modularity, reusability, and maintainability [1]. The 
work provided an approach to modeling complex systems by 
ensuring that security and core business logic was separated in 
the requirements and design models during early stages of 
software development.  Other work has begun the discussion on 
how to model complex systems with clear crosscutting concerns 
[2].  One of the proposed methods of modeling such systems 
includes utilizing aspect-oriented techniques to ensure a 
separation of crosscutting concerns.  However, the work stresses 
the difficulty of finding a standard design model because of 
UML's informal nature.  The benefits of an aspect-oriented 
approach have been studied extensively, mainly focusing on the 
maintainability and modularity of such systems [3].  The results 
of the research discovered that an aspect-oriented approach 
results in smaller, less complex, and far more modular 
implementation as well as shortened maintenance cycles.  For 
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Java specifically, the AspectJ extension has been developed to 
provide Java support for modular designs to handling 
crosscutting concerns throughout a system with aspect-oriented 
methodologies [4]. 

However, there currently is no standard for representing 
systems with an aspect-oriented notation, and work has been 
done to prove the need for formal modeling of such systems to 
ensure the accuracy of the designs [5].  Extensions to the current 
UML framework with aspect-oriented concepts have been 
proposed, specifically with crosscutting concerns being 
considered early in design and then mapped to programming 
models with automatic techniques [6].  These extensions require 
aspects to be explicitly defined early in the design process in 
order to avoid a divergence during later mapping.  Other 
approaches have been proposed, including aspect-oriented 
approaches to model-driven development [7] and even for 
larger, more general extensions to UML such as the Aspect 
Modeling Language [8].  The Aspect Modeling Language offers 
approaches for modeling aspect-oriented concepts in early 
design, requirements, and architecture models through code 
generation. 

Other work has been done to propose aspect-oriented 
modeling notation at specific points during the software 
engineering process including early design [9], the requirements 
level [10], and even for general activity modeling [11]. 

While there exist proposals for modeling aspect-oriented 
systems in design, there is still a lack of thorough mapping 
schemes to evolve designs into implementation.  Research has 
been done to stress the need for new mapping schemes for 
extending these early design models into implementation [12].  

Developing such mapping schemes is not a trivial task, and work 
has been done to address the challenges one may face when 
mapping design models to implementation code [13]. 

Previous work directly related to the research in this paper 
has proposed a method for separating security concerns in design 
to security aspects in code [14].  This work provides an approach 
to map security components in design to secure aspects in 
implementation to promote reuse, reduced complexity, and 
increased maintainability during the implementation phase.  
Work has also been done to separate crosscutting concerns in the 
design phase using secure connectors while developing secure 
software architectures [15]. Such an approach promotes the 
separation of crosscutting concerns from core business logic by 
keeping the crosscutting concerns isolated in secure connectors.  
The work done in this paper focuses on an extension of that idea, 
specifically when secure connectors encapsulate multiple 
perspectives, such as security service and communication 
pattern perspectives, and there is a need to map such 
perspectives into separate aspects in implementation. 

III. FROM SECURE CONNECTORS TO ASPECT-ORIENTED 

SECURE CONNECTORS 

Aspect oriented programming provides developers with a 
tool to separate various crosscutting concerns in their systems 
from core application functionality.  It does this by promoting 
the separation of each crosscutting concern into its own aspect.  
An aspect in AOP can be broken down into four parts:  the aspect 
itself, a join point(s), a pointcut(s), and advice. 

An aspect can be viewed as a feature of a system that might 
be used at various points throughout a system’s implementation.  
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Figure 1.  Applying Secure Synchronous Connector with Confidentiality Security Service in the Business to Business (B2B) Electronic Commerce Application 
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For instance, confidentiality is used at multiple points in systems 
that require encryption and decryption of data to keep 
information secure.  In this case, confidentiality would be a 
crosscutting concern of the system, as it deals more with security 
logic than the application logic of whatever the system might be. 

An aspect has two important components that provide it with 
its functionality, namely the pointcut(s) and advice.  Pointcuts 
refer to well-defined moments of execution in a system, 
commonly referred to as join points.  These join points can be 
object initializations, method calls, or method executions for 
instance. A pointcut clearly defines the collection of join points 
at which an aspect should be injected for use.  The advice of an 
aspect provides the additional code or methods required to give 
the aspect the functionality desired.  In the confidentiality aspect 
example, the advice would include the algorithms and methods 
needed to apply encryption and decryption to the necessary data. 

Now that our definition of an aspect is defined, we can 
determine how to map secure connectors in software 
architecture into aspect-oriented secure connectors in 
implementation.  Consider a use case in a business to business 
(B2B) electronic commerce application that is responsible for 
placing a requisition order.  This use case may require that the 
requisition order be encrypted before it is packaged and then sent 
to the server for storage via some communication pattern, such 
as synchronous communication with reply.   

Fig. 1 depicts the UML communication diagram for placing 
a requisition order. An application component, 
aCustomerComponent, calls the Place Requisition method to 
send its order to a location on the network.  It then passes through 
a secure connector that determines the requisition order requires 
confidentiality.  The system then applies encryption to the 
requisition order.  Upon receiving encryption, the Place 
Requisition method resumes and the secure connector 

determines the requisition order requires a communication 
pattern be applied to it.  The system prepares the requisition 
order for a synchronous communication with reply protocol and 
then sends the requisition order to the network where it can be 
taken to the server. 

The mapping scheme of secure connectors to aspect-oriented 
secure connectors can now be considered.  Notice that the 
security service is applied when the security coordinator in the 
secure connector has determined that the requisition order 
requires encryption or decryption.  The responsibility of the 
security coordinator is identical to the behavior of an aspect’s 
pointcut, which simply is used to determine when an aspect is 
required during runtime. Also, the security service, 
aSecurityService for example, is the implementation for 
carrying out that security service. This is identical to the contents 
of an aspect’s advice. Similarly, the second perspective of the 
secure connector, a communication pattern, can be divided into 
two parts to represent it in a form of an aspect.  The 
communication pattern concern has to decide if it is necessary to 
apply the pattern (pointcut) and if so, it should apply the 
communication pattern (advice).  Thus we can notice that the 
contents of a secure connector, aSecureSenderConnector, are 
mapped to multiple aspects such as a security service aspect and 
a communication pattern aspect. 

Taking what we just discussed, we can now construct a 
mapping scheme from secure connectors in software 
architecture to aspect-oriented secure connectors in 
implementation. Fig. 2 depicts the mapping scheme for this 
approach.  Step one consists of mapping the secure connector's 
security perspective into an aspect object.  Step two maps the 
security coordinator from the security perspective to security 
pointcuts in the aspect.  Step three maps the security service from 
the security perspective to security advice in the aspect.  Finally, 

 
 

Figure 2.  Mapping of Secure Connector with Security and Communication Perspectives to Security and Communication Aspects 
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step four divides the communication perspective into a 
communication pointcut to determine when to apply the 
communication pattern in the newly created communication 
advice.   

With the mapping scheme developed, we can focus on 
mapping the secure connector from Fig. 1 to an aspect-oriented 
secure connector.  In this model, we can see a number of 
crosscutting concerns that are represented by secure connectors 
with multiple perspectives. Within the customer-side connector, 
we have identified both security and communication 
perspectives.  Within the server-side, we can identify the same 
security and communication perspectives.  Therefore in this 
model, we have identified two crosscutting concerns that are 
candidates for evolving into aspects:  security (confidentiality) 
and communication (synchronous with reply). 

Looking closer at security, we can notice two different 
security services it offers: encryption and decryption.  Therefore 
we will need to have two different advice blocks with their 
respective pointcuts featured in the mapped model.  Encryption 
will be applied when an encryption pointcut determines the 
information requires encryption, and similarly decryption will 
be applied if a decryption pointcut determines the information 
requires decryption.  This is applicable for both the sender and 
receiver sides of the routine. 

For communication on the customer side, notice there exists 
a communication pattern object, 
aSynchronousMCWithReplySender.  It is important to 
investigate what this component is trying to do.  Looking at our 
diagram in Fig. 1, the communication pattern object will take the 
encrypted order and package it according to a predefined 
communication style (here being synchronous message 
communication with reply).  Therefore, we can split this 
component into two parts during mapping:  a pointcut to 
determine when to apply a specific communication style and a 

block of advice containing the methods necessary to apply the 
communication style to the order.  Similarly on the receiver side, 
aSynchronousMCWithReplyReceiver will be broken down into 
the same two objects, a pointcut to determine when a 
communication style is needed and advice to determine how to 
handle data that is being received. 

Fig. 3 depicts the communication diagram with aspects 
mapped from the communication diagram with secure 
connectors in Fig. 1.  The secure connector is broken down into 
two secure aspects, as we determined there were two separate 
crosscutting concerns contained within the connector.  For each 
side of the system, we end up with a security aspect 
(cSecurityAspect, rSecurityAspect) and a communication aspect 
(cCommunicationAspect, rCommunicationAspect).  For the 
security aspects, we have a pointcut to determine if decryption 
is required by the information being received 
(decryptionPointcut) and also a pointcut to determine if 
encryption is required by the information being sent 
(encryptionPointcut).  Similarly in the communication aspects, 
we have two pointcuts to determine how to handle specific data 
types, orders (orderPointcut) and statuses (statusPointcut).   

Immediately one can see the multiple benefits to this 
approach. The model now has all crosscutting concerns 
completely separated from any core application logic in the 
system.  The modeled aspects can be easily removed and reused 
in other parts of the application or even in entirely new 
applications with very little modification required. This structure 
also allows the reader to clearly see the various crosscutting 
concerns contained in the system without much effort.  This 
greatly reduces the effort required to comprehend more complex 
architectures. 

IV. VALIDATION WITH CASE STUDY 

It is important that the separation of concerns be prevalent in 
both the design and the implementation of the system, otherwise 

 
Figure 3. Secure Synchronous Message Communication with Reply featuring Security and Communication Aspects 
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C14 [Status requires 
communcation style]:
Pack(in EncryptedStatus, 
out PackedEncryptedStatus)

C7 [Order requires 
communication style]: Unpack(in
PackedEncryptedRequisitionOrder,
out EncryptedRequisitionOrder)

C3: Place Requisition(in EncryptedRequisitionOrder)

C5:  Packed Encrypted Requisition Order C6:  Packed Encrypted Requisition Order

C8: RequestService 
(in EncryptedMessage)

C10: Place Requisition(in
RequisitionOrder)

C11:  Status

C13:  Encrypted Status

C15:  Packed Encrypted StatusC16:  Packed Encrypted Status

C18:  Encrypted  Status

C20:  Status
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the benefits of the approach would be lost.  With that in mind, a 
case study with a distributed business to business (B2B) 
electronic commerce application is implemented using the Java 
programming language and AspectJ, an aspect-oriented 
extension to assist in the separation of crosscutting concerns. 

We will focus on the previous scenario of a customer 
component contacting a requisition server in order to send a 
requisition order in the following example.  Specifically, we will 
be implementing the scenario that we previously mapped in Fig. 
3, which is the synchronous message communication with reply 
and confidentiality security service.  

This scenario makes use of a secure connector with two 
perspectives on both the sender and receiver sides.  The 
perspectives are communication (synchronous message 
communication with reply) and security (confidentiality).  We 
previously discussed the process used to map the perspectives 
from the secure connectors in Fig. 1 to the aspect-oriented secure 
connectors in Fig. 3.  Using the mapping concepts, we can 
develop aspect-oriented secure connector code implementing 
our design. 

Fig. 4 depicts the mapped implementation for the security 
aspect on the customer side, specifically the objects pertaining 
to the encryption of the order.  In code, we have the security 
aspect, cSecurityAspect.  This aspect will contain pointcuts and 
advice for both encryption and decryption.  First, we define the 
pointcut for encryption.  This representation of the pointcut reads 
"at the execution of the PlaceRequisition() method from the 
aCustomerComponent class with the parameter Order of 
RequisitionOrder type, run the advice for the 
encryptionPointcut."  

The advice is contained within the block of code.  In this 
example, around-type advice is used.  Around-type advice is 
powerful in AspectJ, as it allows the passing of objects between 
aspects and other java packages.  In this example, we have a 
proceed() statement that allows the PlaceRequisition() method 
to finish processing before we apply our advice.  Once the 
PlaceRequisition() method has prepared the order, our advice 
then retrieves it from aCustomerComponent for use within the 
aspect. When it has been retrieved, our advice applies encryption 
to the order using an Encrypt() method we define elsewhere 
within our aspect. When encryption has been completed, we then 

 
 

Figure 4. Security Aspect Implementation with Confidentiality Mapped From Security Perspective in Secure Connector Design 

 
 

Figure 5. Communication Aspect Implementation Mapped From Communication Perspective in Secure Connector Design 
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return the EncryptedRequisitionOrder back into the flow of the 
system where we retrieved it from. This same process is used to 
map the decryption pointcut within the aspect. 

Similarly, we map the implementation for the 
communication aspect on the customer side, specifically the 
objects pertaining to the packing and sending of a service request.  
The mapped implementation for the communication aspect on 
the customer side is shown in Fig. 5.  In code, we have the 
communication aspect, cCommunicationAspect.  Let's focus on 
the pointcut/advice combination required for packing a 
requisition order with a certain communication style before it is 
sent to the network (here it is synchronous message 
communication with reply).  The representation of the pointcut 
reads "at the execution of the PlaceRequisition() method from 
the aCustomerComponent class with the parameter 
EncryptedRequisitionOrder of RequisitionOrder type, run the 
advice for the orderPointcut."  Similar to the customer side, the 
server side in Fig. 3 can be implemented based on the mapping 
scheme described in Section III. 

V. CONCLUSION 

The mapping scheme proposed shows that it is possible to 
map secure software architectures, specifically those using 
secure connectors as a way to separate crosscutting concerns 
from application logic, to an implementation that features 
aspect-oriented concepts.  The various perspectives found in the 
secure connectors are mapped to individual aspects in code, 
while maintaining the intended separation of concerns in design 
with added benefits in implementation. 

The results of the case study using the proposed approach 
show that mapping the various perspectives in secure connectors 
to aspect-oriented secure connectors in code results in a higher 
degree of the separation of crosscutting concerns. This approach 
achieves a much greater degree of modularity and reusability 
from the separation of crosscutting concerns.  The new aspects 
can also be applied to other applications that require the same 
crosscutting concerns, requiring only minor changes for use in 
such applications.  The resulting implementation is also far 
easier to maintain, as all crosscutting concerns are isolated to 
their own individual aspects.   

Future work could include an automated or semi-automated 
mapping from design models to skeleton aspects in 
implementation. The mapping scheme described in section 3 can 
be implemented as a tool. For this, the mapping scheme 
described in this may need to be refined. The automated or semi-
automated mapping tool can be helpful for large-scale 
applications. 
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Abstract—This paper discusses interaction testing using ran-
dom testing. Random testing can generate test cases very fast;
but directly applying this method to interaction testing may
result in insufficient interaction coverage if constraints exist over
parameter values. We propose a random testing approach that is
tailored to constrained interaction testing to solve this problem. In
this approach, if a test case that was randomly generated violates
the constraints, then new test cases are systematically generated
to compensate the loss in interaction coverage that would be
caused by simply discarding that constraint-violating test case.
The technical challenge here is how to reduce the number of
those newly generated test cases. We propose a novel algorithm
for this purpose and two methods that can be incorporated
in the algorithm. Experimental results show that the proposed
approach can generate test suites very fast and that the proposed
two methods work very effectively in reducing the number of
additional test cases.

Keywords—Random testing, combinatorial interaction testing,
constraints

I. INTRODUCTION

Recently, software systems have increasingly become
highly configurable, making testing all combinations of pa-
rameters unrealistic. Combinatorial Interaction Testing (CIT)
is known as an effective testing technique that can be used to
tackle this combination explosion problem [1], [2], [3], [4],
[5]. A common CIT approach is t-way testing which requires
covering all interactions involving t parameters, where t is
an integer chosen by the tester, typically two or three. The
effectiveness of this technique is backed by the belief and fact
that many faults can be triggered by interactions involving a
small number of parameters [6], [7]. On the other hand, CIT
has a drawback of large execution time required to create a
test suite. Especially when the system under test (SUT) has
many parameters, current test case generation algorithms may
take long time to produce a test suite.

Random testing has started gaining attention as an alter-
native to combinatorial interaction testing, as it can overcome
this CIT’s drawback. Because of its simplicity, random testing
can generate test cases very fast. Recently, Arcuri and Briand
showed that when using random testing, any t-way interaction
is tested with at least probability 63% even if the test suite
size is the same as the size of the smallest test suite for t-way
testing [8].

However, when there are constraints over the input space of
the SUT, naively using random testing can result in insufficient
interaction coverage. This occurs because constraints may
make some particular interactions hard to kill and simply
discarding constraint-violating test cases may leave these die-
hard interactions untested. An illustrative example will be
shown in the next section.

Our work addresses this problem, aiming at making use
of the efficiency in test case generation in the presence of
constraints while maintaining the probabilistic guarantee of
interaction coverage. In our approach, if a randomly generated
test case violates the constraints, then the test case is replaced
with a collection of test cases that are systematically generated
to compensate the loss in interaction coverage that would be
caused by simply discarding that constraint-violating test case.
The challenge here is how to reduce the number of those
newly generated test cases. We devise a novel algorithm for
this purpose as well as two methods that can be incorporated
with the proposed algorithm. We conduct an experiment to
evaluate the performance of the proposed approach.

The remainder of this paper is organized as follows. Sec-
tion II describes interaction testing, t-way testing, a common
strategy of CIT, and random testing. Section III describes
the overview of the proposed approach. Section IV describes
the algorithm that generates a collection of test cases from a
constraint-violating test case. Two methods are also presented
that can be incorporated into the algorithm. Section V shows
the results of an experiment. Section VI describes the threats
to validity of the results. Section VII concludes this paper.

II. BACKGROUND

A. Model of SUT

Here we describe the model of an SUT. This model is
commonly used in the literature on CIT. The SUT consists
of a finite set of parameters and a finite set of constraints.
We let k denote the number of parameters. The ith parameter
has a finite domain Mi of possible values. We assume that
parameters are arranged in descending order of the size of the
domains. A test case is a value assignment to the parameters.
In other words, a test case is an element of M1×M2×...×Mk;
that is, a vector (v1, v2, ..., vk) such that vi ∈ Mi. A test suite
is a collection of test cases.
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We often need to discuss incomplete test cases where
values are not specified for some parameters. Following the
terminology of [4], we call such an incomplete test case a
value schema. We use symbol ‘*’ to represent that a value is
not specified for a parameter and call this symbol a wildcard.
Hence a value schema is formally defined as an element of
M1 ∪ {∗} × ...×Mk ∪ {∗}.

TABLE I. MODEL OF AN SUT

Parameters and domains

OS Browser Protocol DBMS
Windows 7 IE IPv4 MySQL
Windows 8 Firefox IPv6 Sybase

Linux Oracle

Constraints

If OS is Linux, then Browser is not IE.

For example, consider the SUT described in Table I. This
example is adopted from [9]. Here there are four parameters,
i.e., OS, Browser, Protocol and DBMS. As shown in this table,
these parameters take either three or two values. The vector
of these values, each for one parameter, is a test case. For
example, (Windows 7, Firefox, IPv4, Oracle) is a test case. A
value schema can have a wild card. For example, (Windows 7,
*, IPv4, *) is a value schema. Note that any test case is also
a value schema.

Each test case must satisfy all given constraints to be
executed. A test case is said to be valid if it satisfies all
the constraints; it is invalid, otherwise. Formally a set of
constraints is represented as a mapping c : M1 ×M2 × ... ×
Mk → {true, false} such that c(v) = true if and only if
test case v is valid. This notion can be naturally generalized
to value schemas. A value schema is valid if and only if it can
be extended to a valid test case by setting specific values to
parameters that have a wildcard.

The example shown in Table I has a simple constraint:

If OS is Linux, then Browser is not IE.

Hence (Windows 7, IE, IPv4, Oracle) is a valid test case,
whereas test case (Linux, IE, IPv4, Oracle) is invalid. On
the other hand, (Linux, *, IPv4, *) is a valid value schema
because it can be extended to, for example, (Linux, Firefox,
IPv4, Oracle) which is a valid test case.

An interaction is a combination of values, each for a differ-
ent parameter. An interaction is said to be a t-way interaction if
it involves exactly t parameters. A t-way interaction is identical
to a value schema that has exactly t parameters on which a
value is specified. Hence we say an interaction is valid if its
corresponding value schema is valid. An interaction is said to
be covered by a test case or by a test suite if it occurs in the
test case or at least one of the test cases in the test suite.

B. Combinatorial Interaction Testing

Combinatorial interaction testing (CIT) is a testing tech-
nique that requires covering all interactions of interest. A
common strategy is t-way testing, which requires covering all
interactions involving t parameters. In this paper we focus on
the problem of covering t-way interactions.

TABLE II. TEST SUITE THAT COVERS ALL 2-WAY INTERACTIONS

Test OS Browser Protocol DBMS
1 Windows 7 IE IPv4 MySQL
2 Windows 8 Firefox IPv6 MySQL
3 Linux Firefox IPv4 Sybase
4 Windows 8 IE IPv6 Sybase
5 Windows 7 Firefox IPv6 Oracle
6 Windows 8 IE IPv4 Oracle
7 Linux Firefox IPv6 MySQL
8 Windows 7 Firefox IPv6 Sybase
9 Linux Firefox IPv4 Oracle

Table II shows a test suite that meets the requirement of
2-way testing for the above example. As shown in this table,
only nine test cases suffice to cover all 2-way interactions,
whereas there are a total of 3 ∗ 2 ∗ 2 ∗ 3 = 36 test cases.

C. Applying Random Testing to Interaction Testing

A drawback with CIT is that time taken for the test
case generation becomes long when the size of the SUT
increases. Applying random testing to covering interactions is
one possible way to overcome this drawback. Although there
are many variants of random testing, we limit our attention to
the simplest one where a test case is generated by sampling
an element from the input space M1 × ... × Mk uniformly
randomly. This can be performed by simply picking up one
value from Mi for each parameter pi; thus test cases can be
generated very fast.

In [8], Arcuri and Briand provided some fundamental
results which formally show the fault detection capability of
random testing in interaction testing.

Theorem 1: Suppose that there are no constraints. Any t-
way interaction is covered with at least probability 63% by
executing a test suite if random testing is used to construct the
test suite and the size of the test suite is at least |M1| ∗ |M2| ∗
... ∗ |Mt|.

Proof. Directly follows from Theorems 1 and 2 in [8].

However this probabilistic guarantee does not hold if
there are constraints over the input space. The authors of
[8] presented an extreme example as follows. Suppose that
the SUT consists of k binary parameters {p1, p2, ..., pk} with
Mi = {0, 1} and the following constraint:

p1 = 1 ∧ p2 = 1 ⇒ p3 = 1 ∧ ... ∧ pk = 1

In this case, the 2-way interaction (1, 1, ∗, ..., ∗) occurs only in
one valid test case, i.e., (1, 1, ..., 1). Therefore the probability
that this interaction occurs in a randomly generated test case
is only 1/2k. This probability decreases by half as k increases
by one. Hence when k is large, there is almost no chance to
test this particular interaction in random testing.

III. OVERVIEW OF THE PROPOSED APPROACH

This section describes our proposed test case generation
approach. The idea of the approach is as follows: Each test
case is randomly created. If the test case is valid, then it is
added to the pool of test cases. Otherwise, a set of valid test
cases are created from that invalid test case and added to the
test case pool. The algorithm that creates the set of valid test
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cases needs to guarantee that all interactions in the invalid test
case occur in at least one of these new valid test cases.

The overview of the algorithm is shown below. In the
algorithm, an iteration consists of two steps and is repeated
n times.

Step 0: Let V be the test suite, which is initially empty.

Step 1: Generate a test case v by uniformly randomly drawing
an element from the whole test case space.

Step 2: If v is valid, then add v to V . Otherwise, call
the function createTestcases(v, t) which generates a
collection of valid test cases from v. Add the returned
valid test cases to V .

Step 3: If Steps 1 and 2 have been iterated n times, then stop;
otherwise repeat from Step 1.

The collection of test cases returned by
createTestcases(v, t) must satisfy the following two
properties:

Property 1 All test cases are valid.
Property 2 For each valid t-way interaction that occurs

in v, the interaction occurs in at least one of the
test cases.

In the next section, we propose a design of this function.

Now suppose that createTestcases(v, t) works correctly.
Then the following theorem holds.

Theorem 2: Suppose that n ≥ |M1| ∗ |M2| ∗ ... ∗ |Mt|.
Then, by executing the test suite generated by the above
algorithm, every valid t-way interaction is covered with at least
probability 0.63.

Proof. By the properties of createTestcases(v, t), the prob-
ability of a valid interaction being covered is at least equal
to the probability that the interaction would be covered if the
constraints did not exist. From Theorem 1 the probability is at
least 0.63.

The technical challenge here is the design of
createTestcases(v, t). If the number of test cases created by
this function is large, then the benefit of using the proposed
approach may be canceled out, because in that case the test
suite becomes large, resulting in large cost of executing it.
We address the issue of the design of this function in the next
section.

IV. ALGORITHM FOR GENERATING NEW TEST CASES

This section describes the design of createTestcases(v, t),
the function that generates a collection of valid test cases that
cover all t-way interactions that occur in v. A naive algorithm
could for example work as follows. For every interaction that
occurs in v, check whether it is valid or not. If it is valid, then
a valid test case is generated by extending the interaction. This
algorithm would generate k ∗ (k−1)∗ ...∗ (k− t)/t! test cases
from a single invalid test case in the worst case. On the other
hand, our proposed algorithm outputs only t + 1 test case in
the best case.

A. Basic Algorithm

The basic algorithm is described as follows. We assume
that t < k, since the case t = k is not interesting.

Input: invalid test case v

Output: collection of test cases C

Step 0 Set v to value schema v′. Initialize C to empty.

Step 1 Let S be the set of parameters that have values in
v′. Split S into A1, A2, ..., At+1 such that Ai ∩Aj =
∅ (i ̸= j), A1 ∪A2 ∪ ...At+1 = S, and |Ai| > 0.

Step 2 Create a value schema from v′ by replacing the values
on the parameters in Ai with a wildcard. A total of
t+ 1 value schemas are generated.

Step 3 For each of the t+1 value schemas, determine whether
it is valid or not and perform the following process.

1) If it is valid, then extend it to a valid test
case by replacing wildcards in it with specific
values and add the test case to C.

2) If it is invalid and has exactly t values, then
simply terminate this step.

3) If it is invalid and has more than t values,
recursively perform the process from Step 1
with v′ set to this value schema.

Once all steps have terminated, the resulting C becomes the
output.

Here we explain this algorithm using a concrete example.
Suppose that the SUT has six binary parameters p1, ..., p6
which take either 0 or 1 and a constraint such that

p1 = 1 ⇒ p2 = ... = p6 = 1

Now suppose that test case v = (1, 1, 1, 0, 0, 0) has been ran-
domly generated and that createTestcases(v, 2) is executed
since this test case is invalid. Figure 1 schematically describes
how the execution of createTestcases(v, 2) progresses.

In Step 0, v′ is set to (1, 1, 1, 0, 0, 0). In Step 1 in the first
iteration of the algorithm, S is set to {p1, ..., p6}, since all
the parameters have an assigned value in v′. S is partitioned
into three mutually disjoint sets: A1, A2, A3. Here suppose that
A1 = {p1}, A2 = {p2, p3}, A3 = {p4, p5, p6}. In Step 2, the
three value schemas shown below are derived from A1, A2, A3:
(∗, 1, 1, 0, 0, 0), (1, ∗, ∗, 0, 0, 0), and (1, 1, 1, ∗, ∗, ∗). Step 3 is
executed for each of the three value schemas. Value schema
(∗, 1, 1, 0, 0, 0) is valid, that is, it can be extended to a valid test
case. The only valid test case obtained by extending this value
schema is (0, 1, 1, 0, 0, 0); thus this test case is generated and
added to collection C (Step 3-1). Value schema (1, 1, 1, ∗, ∗, ∗)
is also valid; thus a test case obtained by extending it is
generated and added to C. Test case (1, 1, 1, 1, 1, 1) is the only
valid test case that can be obtained from the value schema.

In contrast, value schema (1, ∗, ∗, 0, 0, 0) is invalid, and
thus the algorithm is repeated from Step 1 with v′ set
to (1, ∗, ∗, 0, 0, 0) (Step 3-3). In the new iteration, S be-
comes {p1, p4, p5, p6}. Suppose that S were partitioned into
A1 = {p1}, A2 = {p4, p5} and A3 = {p6} (Step 1),
resulting in value schemas (∗, ∗, ∗, 0, 0, 0), (1, ∗, ∗, ∗, ∗, 0) and
(1, ∗, ∗, 0, 0, ∗) (Step 2). Step 3 is executed for each of the
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Fig. 1. Execution of createTestcases((1, 1, 1, 0, 0, 0), 2)

value schemas. Value schema (∗, ∗, ∗, 0, 0, 0) is valid; thus it
is extended to a valid test case and added to C. There are a
few possible test cases that can be extended from this value
schema (e.g., (0, 0, 1, 0, 0, 0)). In such a case, one of them is
randomly selected. Value schema (1, ∗, ∗, ∗, ∗, 0) is invalid and
it has only two parameters that have an assigned value; thus
this value schema is simply discarded (Step 3-2). Note that
this value schema can be considered as a two-way interaction
and this interaction can never be covered by any test case.
Value schema (1, ∗, ∗, 0, 0, ∗) is invalid and thus the algorithm
is repeated from Step 1 with v′ = (1, ∗, ∗, 0, 0, ∗).

One can show that output C satisfies Properties 1 and 2 as
follows. Property 1 trivially holds because any test case in C
is added to C in Step 3-1 and the test case is always a valid
test case that is generated by extending a valid value schema.

The reason why Property 2 holds is as follows. If a value
schema v′ is invalid and has more than t values (Steps 1 and 3-
3), then every valid t-way interaction occurs in at least one of
the t+1 value schemas generated from v′ in Steps 1 and 2. If
a value schema is valid (Step 3-1), then it can be extended to a
valid test case and the test case contains all t-way interactions
that occur in the value schema. If a value schema is invalid and
has exactly t values (Step 3-2), then the only t-way interaction
that occurs in the value schema is trivially invalid.

This algorithm leaves some room for detailed design. In
the rest of this section, we show two methods that can be
incorporated into the basic algorithm.

B. Avoiding Generating Redundant Test Cases

This method is to use an additional termination condition
for recursion of the algorithm of computeTestsets(v, t). This
condition is that in Step 3 of the algorithm the value schema
processed in the current step is identical to or “part of” a value

schema that has already occurred in the current execution of
the algorithm. We say that a value schema v1 is part of another
value schema v2 if every parameter that is assigned a value in
v1 has the same value in v2.

For example, in our running example illustrated in Figure 1,
value schema (∗, ∗, ∗, 0, 0, 0) is part of (∗, 1, 1, 0, 0, 0) which
has already occurred. Thus (∗, ∗, ∗, 0, 0, 0) is not processed
and Step 3 handling (∗, ∗, ∗, 0, 0, 0) simply terminates. The
correctness of the algorithm is maintained because all valid
interactions in v1 are covered by the test cases derived from
v2.

C. Strategic Parameter Set Splitting

In the basic algorithm of createTestcases(v, t), Step 1
divides S into t+ 1 mutually disjoint sets, where S is the set
of parameters that have already been assigned a specific value
in value schema v. However, Step 1 of the basic algorithm
does not specify how to partition the parameter set S into
t+1 disjoint sets. A simple design choice is to uniformly split
the set into into t+ 1 sets of almost the same size.

The heuristic proposed here splits S in a different manner,
aiming to reduce the number of test cases generated. The
heuristic is based on two ideas. The first idea is the belief
that if many of the t + 1 value schemas derived from the
invalid test case are valid, then the number of newly generated
test cases becomes small, because the number of recursions
becomes small. The second idea is that when a value schema
is valid, if it has many parameters that have an assigned value,
then the resulting test cases become few in number, because
many interactions are covered by the single valid test case
derived by extending the value schema.

Based on the ideas, we devise a greedy-type heuristic for
parameter set splitting. Here we describe the heuristic using
the running example. First, the first group of parameters, A1

is determined. Staring from (∗, ∗, ∗, ∗, ∗, ∗), parameters that
have a value are gradually increased, while keeping the value
schema is valid as follows.

(∗, ∗, ∗, ∗, ∗, 0) → valid

(∗, ∗, ∗, ∗, 0, 0) → valid

(∗, ∗, ∗, 0, 0, 0) → valid

(∗, ∗, 1, 0, 0, 0) → valid

(∗, 1, 1, 0, 0, 0) → valid

(1, 1, 1, 0, 0, 0) → invalid

As a result, (∗, 1, 1, 0, 0, 0) is derived and A1 is set to {p1}.
The second parameter group A2 is determined the same way,
starting from (1, ∗, ∗, ∗, ∗, ∗). However, this time this is not
possible, because:

(1, ∗, ∗, ∗, ∗, 0) → invalid

In such a case, the remaining parameter set {p2, p3, p4, p5, p6}
is divided into subsets of the same size. Since A2 and A3 are
yet to be determined, the parameter set is split into two halves
{p2, p3} and {p4, p5, p6} and A2 is set to {p2, p3}. Finally A3

is determined as {p4, p5, p6}, as A3 must be S\(A1 ∪A2).
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TABLE III. RESULTS OF THE EXPERIMENT

Problem Parameters Constraints n Setting Coverage (%) Test suite size Execution time (ms)
Min Ave Max

Apache 215838445161 23314251 30 H1 100.0 1,532 2,323 2,990 8,774
H2 100.0 1,683 2,490 3,294 7,167
H3 99.9 50 88 106 882
H4 99.9 41 75 123 767

GCC 2189310 23733 9 H1 100.0 5,665 7,317 8,366 29,026
H2 100.0 7,104 8,539 10,482 21,288
H3 100.0 224 268 351 1,564
H4 100.0 125 221 318 1,409

Bugzilla 2493142 2431 16 H1 100.0 368 742 1,328 599
H2 100.0 241 557 980 450
H3 99.9 24 53 98 90
H4 99.9 23 49 80 79

SPIN-S 21345 213 16 H1 100.0 296 461 570 276
H2 100.0 139 342 521 115
H3 99.9 52 81 132 131
H4 99.9 25 55 90 41

SPIN-V 24232411 24732 16 H1 100.0 5,785 6,415 7,195 4,864
H2 100.0 3,893 4,903 5,994 3,571
H3 100.0 641 795 1,023 928
H4 99.9 496 763 1,058 991

V. EXPERIMENT

We performed an experiment in order to evaluate the
performance of the approach and to clarify the effects of the
proposed methods. In this experiment, we consider the problem
of testing two-way interactions (t = 2). The experiment was
performed on a PC with Windows 8 Professional 64 bits
OS, Intel Core i7-3537U 2GHz CPU and 8Gbyte memory.
The algorithm was implemented using the Java language. Our
implementations use binary decision diagrams (BDDs) [10] to
perform tests whether a value schema is valid or not. This
could be done by using other constraint solvers. For BDD
manipulations, we use JBDD libraries.1

We applied the proposed approach to five SUT models
which represent well-known real-life applications. These ap-
plications and models are explained in [11] in details. The
parameters of these models are explained in the Parameters
column of Table III in the form lm1

1 lm2
2 ... which means that

the model has mi parameters that have a domain of size li. The
Constraints column shows the number of constraints and the
number of parameters involved in each of the constraints. If the
SUT model has z constraints that involves w parameters, then
the fact is represented as wz . For example, the SPIN-S model
consists of 18 parameters, including 13 binary parameters and
five parameters whose domain size is four, and 13 constraints
that involve two parameters.

For each SUT model, we set n, the number of iterations
of the main algorithm, to |M1| ∗ |M2| where M1 and M2

are the two largest parameter domains (see Section II-A). By
Theorem 2, this number guarantees that the test suite generated
by the algorithm can cover any two-way interaction with at
least probability 63%.

The previous section proposed an additional termination
condition for recursion and described two different design
options for splitting parameter set S. As a result, we have
four different settings in using the proposed approach.

• H1: Uniformly random parameter set splitting.

1http://javaddlib.sourceforge.net/jdd/

• H2: Uniformly random parameter set splitting and the
additional termination condition for recursion.

• H3: Strategic parameter set splitting.

• H4: Strategic parameter set splitting. and the addi-
tional termination condition for recursion.

Our interest is how many test cases are added to provide the
probabilistic guarantee. We measure the size of the resulting
test suite to evaluate the algorithm with the four different
settings. We also measured the execution time of the algorithm
and the ratio of the covered interactions to all valid interac-
tions. We executed 100 runs for each given SUT model. The
minimum, the maximum and average of test suite size over
the 100 runs are shown in Table III.

The theoretical result (Theorem 2) guarantees that every
interaction can be covered with 63%; but the experimental
results show that the coverage actually achieved was much
higher than this lower bound and reached nearly 100%. This
can be accounted for the fact that the size of the resulting test
suite constructed by the algorithm was larger than n.

One can see from Table III that significant reduction in test
suite size was achieved with strategic parameter set splitting
(the cases of H3 and H4). The reduction achieved by using the
additional recursion termination condition was not as drastic
as in the case of strategic parameter set splitting but still
substantial (the cases of H2 and H4).

The effects of these methods vary for different problems.
The problems of Apache, GCC, and Bugzilla have less severe
constraints than the other problems and exhibited greater
reduction in test suite size. Roughly speaking, using both
methods (the case of H4) test suite size was reduced by
90% or more compared to the case of H1. The two methods
also achieved significant reduction in test suite size for the
remaining two problems, SPIN-S and SPIN-V; but the degree
of reduction was less than the other problems. This result
is counter-intuitive because severer constraints require adding
more test cases and thus the two methods should have more
tangible effects, though this was not the case in the experiment.
We plan to further investigate how constraints affect the
performance of the proposed approach in future.
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TABLE IV. PERFORMANCE OF CASA

Problem Average Execution time (s) Average Test suite size
Apache 150.97 31.4
GCC 551.39 19.0

Bugzilla 21.78 16.0
SPIN-S 16.49 19.4
SPIN-V 103.03 34.6

As the reduction in test suite size directly led to the reduc-
tion of execution time, execution time was also significantly
decreased using strategic parameter set splitting, although this
method required an increased execution time per test case.

For comparison purposes, we measured the execution time
of a CIT test suite generation tool. We chose CASA [12].
CASA uses a simulated annealing-based algorithm and has
proven to be very effective in minimizing CIT test suites [12].
Note that CIT tools guarantee to cover every valid interaction.
We executed 10 runs for each given SUT model and measured
the size of the resulting test suites and the execution time.
Table IV shows the average size of test suites and the average
execution time over the 10 runs.

Comparing Tables III and IV, one can see that the execution
time of the proposed random testing algorithm is much smaller
by some order of magnitude than that of CASA. Table IV also
shows the size of the test suites obtained by CASA. The size
is much smaller than the proposed random testing approach;
but the ratio between the two approaches significantly varies
for different problems.

These results seem to show that there is no clear winner.
The proposed random testing approach is superior in execution
time for test case generation and can achieve high interaction
coverage. CIT tools guarantee perfect interaction coverage and
is very effective in minimizing test suite size. Hence the best
approach depends on testing scenarios. A thorough discussion
on this topic can be found in [8].

VI. THREATS TO VALIDITY

In the experiment we examined only five models of SUTs.
Although these models were derived from real-world appli-
cations, it is unclear whether or not they can be regarded as
representatives of typical real-world software systems. Hence
the observations made from the experimental results may not
necessarily hold in general.

Because of the nature of random testing, we executed 100
runs of the test suit generation process for each different setting
in the experiment. This number of runs may not be sufficient
to draw solid statistical conclusions. We plan to apply some
statistical test on the results obtained.

VII. CONCLUSION

This paper addressed the problem of applying random
testing to the constrained interaction testing problem. The pro-
posed approach compensates the loss in interaction coverage
by generating new test cases if a randomly generated test case
violates the given constraints. We devised an algorithm for
generating these test cases with two methods that can be in-
corporated into the algorithm. The experimental results showed
that using both methods can significantly reduce the number
of test cases that are added. Possible directions of future work

include conducting more comprehensive experimental studies
and improving the proposed algorithms.
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Abstract—Test oracles evaluate the execution of SUTs (Systems
Under Test) supporting testers to decide about correct outputs and
behaviors. “Non-testable” systems are cases in which the testers
must spend extraordinary efforts to judge SUT’s outputs. Cur-
rently, some contemporary non-testable programs are represented
by systems with complex outputs such as GUIs (Graphical User
Interface), Web applications, and Text-to-speech (TTS) systems.
Currently, there is a lack of knowledge associated with automated
test oracles and SUTs with complex outputs. Extensible testing
frameworks are necessary to provide the reuse of components
and the sharing of knowledge in this field. This paper presents
an extensible framework to support the development of test
oracles for non-testable programs with complex outputs. In
addition, we present an alternative to reuse software engineering
components through plug-ins-based frameworks. The framework
adapts CBIR (Content-Based Image Retrieval) concepts to enable
testers to specify test oracles. The framework matches concepts
of signal feature extraction, similarity functions, and object
comparisons to obtain a Java program that compares two objects,
responding how similar they are, according to a threshold. We
performed proofs of concept using two empirical studies and the
results showed our framework is useful to alleviate human-oracle
efforts supporting human decisions. In addition, the plug-ins-
based framework we present is a contribution toward a reusing
of components on test oracles for systems with complex outputs.

Keywords—test oracle; software testing; knowledge engineering.

I. INTRODUCTION

Test oracles are instruments to examine particular execu-
tions of an SUT (Systems Under Test), supporting software
testing designers to decide about correct outputs [1]. In testing
environments, test oracles must deal with SUT’s outputs or
behaviors after a determined input. Test oracles may assume
several forms: programs, functions, sets of data, tables of
values or even the tester’s knowledge about the SUT [2].
Regarding complex testing scenarios, including strategies for
test case generation and coverage reports, a test oracle is a
requisite to insure the testing productiveness. Automated test
oracles can increase the test productivity and decrease testing
costs [3].

“Non-testable” programs are SUTs in which an oracle
does not exist or the tester must expend some exceptional

amount of time to determine whether the current output is
correct [4]. Despite being a well-known concept, non-testable
programs and systems hard to test are still common. For
instance, software systems whose outputs represent complex
data for test automation. In this context, some examples of
contemporary non-testable programs are: (1) systems with
complex GUIs (Graphical User Interface) whose visual infor-
mation is reflected in different screen resolution, sizes, and
orientations; (2) Text-To-Speech (TTS) systems that convert
written text in audio files; (3) some Web applications whose
result quality depends on the browsers; (4) Virtual Reality (VR)
environments, and others. Systems with complex outputs are
becoming standard and the software industry is developing
more attractive and exquisite applications. In addition, con-
temporary software has a vast array of technologies including
the hardware platforms, Operating Systems (OS), and program-
ming languages to support complex scenarios.

In the context of software testing, complex outputs make
oracle verification difficult. Existent studies on test oracles
for systems with complex outputs use manual (human-oracle),
semi-automated or ad-hoc techniques [5]. Due to their com-
plexity, test oracle analysis of complex output commonly
requires sensory and perceptual aspects of a human being:
(1) vision and (2) hearing. For instance, vision is required
for checking orientations and visibility of components in
GUIs, Web applications, and VR environments. Hearing is
needed for checking naturalness, intonations, and pauses in
TTS systems, in which audio files are the output. However,
manual approaches are unproductive and inappropriate to
support the large demand for the software. A vast array of
technologies including mobile devices, hardware platforms,
OS, and programming languages are in favor of the complex
output’s systems.

To supply the test industry with supporting strategies
to systematize and automate testing techniques for systems
with complex outputs, contributions from Software Engineer-
ing (SE) and Knowledge Engineering (KE) are necessary.
Flexible and reusable approaches may represent a way to
alleviate efforts on testing those systems. Every advancement
or increase in knowledge of testing systems with complex
outputs have to be adequately reported to enable its reuse.
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In this context, knowledge-based approaches enhance the ef-
fectiveness of components and procedures reuse. Regarding
testing approaches for contemporary non-testable systems, the
knowledge has to be shared in order to follow satisfactorily
new technologies.

In this paper we present an extensible open-source frame-
work to support the development of flexible test oracles
for systems with complex outputs. O-FIm/CO (Oracle For
Images and Complex Outputs)1 adapts CBIR (Content-Based
Image Retrieval) concepts to allow tester defining flexible
and adaptable test oracles, as well as reusing plug-ins’ im-
plementations. To provide an environment of automated test
oracles, the framework matches concepts of signal feature
extraction, similarity functions, and object comparisons. CBIR
is the application of computer vision and Image Processing
(IP) techniques to help in organizing digital images using their
visual content [6]. Regarding an image database, according to
one or more extracted features, CBIR systems locate images
that are similar to a query image. Through its reusable plug-
ins, O-FIm/CO allows the generalization of these concepts for
complex outputs such as GUI screenshots and audio files. The
O-FIm/CO flexibility allows testers to obtain a Java program
that compares two objects, responding if they are similar or
not, according to a threshold.

Besides some reusable testing plug-ins by themselves, these
paper’s contributions rely on the step-by-step feasible strategy
to implement flexible test oracles for systems hard to test. We
evaluate our technique using two practical examples of real-
world systems with complex outputs: one for graphical outputs
(GUIs), and one for audio outputs (TTS). We developed test
oracles that use features from outputs as sources of information
for comparison between model outputs and current SUT’s out-
puts. In this context, the goals of this paper are: (1) Presenting
an extensible framework for testing systems with complex
output, using reusable plug-ins; (2) Describing a feasible way
to write flexible test oracles for complex output domains;
and (3) Presenting two practical examples of the framework’s
practical effectiveness on evaluating complex outputs.

II. O-FIM/CO

Besides technical and structural details of O-FIm/CO, this
section presents overall concepts of the “oracle problem” and
CBIR.

A. The Oracle Problem

When it is impossible or too difficult to decide about the
correctness of test outputs, the result is a scenario called the
oracle problem [4], [7]. Further, the oracle problem is the
absence of an accurate test oracle or cases in which it is too
expensive to apply the oracle. The oracle problem may occur
depending on the SUT. In such cases, the test oracle is not able
to support the right decisions. Due to the oracle problem, the
tester often classifies the design of the test oracle as a complex
and cognitive activity rather than being a routine activity [1].
Approaches to alleviate the oracle problem, in general, must
deal with two problems: “false positives” (when a test result
incorrectly rejects a true null hypothesis) and “false negatives”
(the failure to reject a false null hypothesis).

1see: http://ccsl.icmc.usp.br/pt-br/projects/o-fim-oracle-images

Among several contemporary examples of testing scenarios
associated with the oracle problem, our scope in this paper are
SUT with graphical (GUIs, processed images, maps, routes) or
audio (voice synthesis) outputs. Regarding testing strategies
for these systems, often the tester has to play the role of the
oracle, making the test activity unproductive and error-prone.
However, the complex output domains lead the tester to decide
about the correctness of the SUT manually.

Figure 1 presents different testing scenarios relying on
the complexity of the SUT’s outputs. In the Figure 1b, the
SUT represents a TTS system, in which the tester (human-
oracle) has to listen to the result that represents an under-
standable speech representing a written text. Similarly, Figure
1c represents a testing work-flow for an SUT with a graphical
output, where the tester has to check several graphical aspects.
For instance, regarding GUIs, the visual aspects must work
properly independently of platform, screen resolutions, screen
orientation, color systems, monitor settings, and Look and
Feels (L&Fs). In both cases (Fig. 1b and 1c), the complexity of
the SUT’s output are considered. On the other hand, Figure 1a
presents a testing scenario where the SUT has trivial outputs
and automated testing procedures can be implemented without
extraordinary efforts.

(a) Trivial-output Scenario.

(b) Audio Scenario. (c) Graphical Scenario.

Fig. 1: Testing Scenarios Depending on the SUT’s Output.

B. Content-Based Image Retrieval

CBIR is any technology which helps organize digital image
files using its visual content [6]. CBIR systems allow retrieving
a finite set of images similar to a reference image. The
similarity criteria are obtained by features extraction from the
image related to shape, color, and texture. Feature extraction
is the method used to obtain some information or particular
data from the image. A set of extracted features composes
a feature vector that will be considered in its retrieval. The
feature vector is not sufficient to determine the result. It is

200



necessary to measure how similar two feature vectors are
by using some sort of distance measure called a similarity
function. Then, image comparisons are performed using values
of features extracted and a similarity function. This process
results in numeric values that represent the distance between
the images.

C. O-FIm/CO: Oracle For Images and Complex Outputs

O-FIm/CO enables testers to apply test oracle strategies
in SUTs with complex outputs. O-FIm/CO extends concepts
presented in previous works [8] regarding specific domains,
CAD (Computer-Aided Diagnosis), and Web applications as
SUTs with graphical outputs. In the scope of this paper, O-
FIm/CO represents an alternative of testing verification for
cases in which the complex outputs limit testers to applying
traditional oracle strategies.

A precondition in using O-FIm/CO is the need for a
reliable and representative output from which it is possible
to establish a baseline for comparing objects under testing.
For example, when it is desired to evaluate the appearance of
a GUI in a particular L&F, it requires an environment from
which it is possible to establish a standard image (screenshot)
for comparison during the test. This standard screenshot may
represent, for example, a GUI in a default screen resolution
and orientation. On the other hand, regarding TTS systems,
two empirical strategies are possible: (1) use two different
systems and compare their outputs; and (2) compare the output
produced by a TTS system with the audio of a person who
reproduces the text input.

Figure 2 presents, in detail, the generic structure of O-
FIm/CO. Regarding the structure presented, O-FIm/CO has an
organization that matches different modules and resources in a
common environment. These modules play fundamental rules
to provide an oracle setting. These modules are: (1) “core”; (2)
“parser”; (3) “wizard”; (4) “plug-ins”; (5) “API” (Application
Program Interface); and (6) “oracle application”.

Fig. 2: O-FIm/CO General Structure.

“Plug-ins” may represent feature extractors for complex
outputs or similarity functions. In the O-FIm/CO context, plug-
ins are the main contribution from testers and they represent
a reusable package of Java classes. In these plug-ins, testers
must implement algorithms able to quantify features (feature
extractors) or to figure out the difference between objects
in accordance with their features (similarity functions). The
framework is extensible due to its acceptance of plug-ins,
providing the apportion of knowledge. In order to associate

these plug-ins and O-FIm/CO, testers must implement some
specific Java interfaces. Then, the requirement is that when
developing an extractor, the tester creates a Java class that im-
plements one of these interfaces. There are different interfaces
for audio outputs, graphical outputs, and similarity functions.
After that, “testers” are able to install/uninstall plug-ins in O-
FIm/CO in two different ways: (1) using line commands that
are interpreted by the O-FIm/CO “core”; (2) using a friendly
“wizard”. Exploring ClassLoaders, O-FIm/CO loads plug-in
packages that are able to act over an SUT (audio or graphical
output) extracting relevant information to compose test oracles.

Once the setup described above is made, testers may
specify their test oracles using the O-FIm/CO “wizard”. To
do so, feature extractors, extractor parameters, and similarity
functions must be specified. The final specification is saved
in a text file that represents an “oracle description”. Figure
3 presents an example of an oracle description including
a similarity function, two extractors, and their parameters.
During a test execution, a “parser” analyzes oracle descriptions
and sets up the test. Finally, using an intuitive “API”, testers
must write an “oracle application” that matches framework,
oracle descriptions, SUT’s outputs, and models. The oracle
application is a Java program that analyzes a set of complex
SUT outputs, extracting features specified by testers, returning
if they are similar to a model or not, according to a threshold
(precision).

-------------------------------------------------------
similarity Euclidean
extractor Color {rectangle = [100 100 30 40] sc = 1.33}
extractor Connectedcomponent {rectangle = [0 0 128 64]}
precision = 0.87
-------------------------------------------------------

Fig. 3: Generic Instance of an Oracle Description.

III. PROOFS OF CONCEPT

In this section we present empirical analysis whose goals
are determining whether test oracles for SUT with complex
outputs can benefit from our technique, enabling the reuse of
componentss and the knowledge sharing among researchers.
Then, the study is designed to answer the following Research
Questions (RQ):

RQ1: What is the feasibility of knowledge sharing through
reusable plug-ins when automating test oracles for
SUTs with different complex outputs?

RQ2: Is this approach (adapting CBIR concepts) flexible
enough to support oracle automation for different
complex SUTs?

To answer the above questions, we have used real system
applications for two critical complex scenarios: (1) graphical
outputs and (2) audio outputs. Regarding graphical outputs we
use O-FIm/CO to verify test results of a system with GUIs,
exploring the framework resources on verifying acceptable
behaviors of a TTS system.

A. Complex Scenario 1: Complex GUIs

In the first scenario we use the O-FIm/CO approach to
support the automated testing of GUI-based programs. This
example of usage aims to evaluate the framework resources
on alleviating manual verification of GUI visual requirements.
These visual requirements include loading the SUT in different
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L&Fs, different screen resolutions, and OSs. Then, our strategy
implements an oracle application able to evaluate screenshots
exposing GUIs from different aspects and to support decisions
about their correctness regarding a model.

1) Subject Application: The subject application empirically
evaluated is the text editor jEdit2. This application is released
as free software with open source code. jEdit is a programmer’s
text editor written in Java and its main GUI has a huge
panel for text editing, a tool-bar, and a side including a
package explorer. Figure 4a presents the main jEdit GUI and
its components. Figure 4b represents this same GUI under a
different L&F. jEdit has a mean of 8000 downloads weekly
and its development team is always fixing bugs reported by
users.

2) Experimental Setup: In order to verify jEdit GUI ap-
pearance under critical situations, we have changed the default
parameters of its appearance. Further, this proof of concept
was designed to access the effectiveness of our technique in
detecting possible failures related to visual aspects of GUIs
derived from visual settings by users. Using a 20” monitor,
we have exposed jEdit’s main GUI to the following situations:

• Execution on six different screen resolutions
(800x600, 1024x768, 1152x864, 1280x1024,
1366x768, and 1600x900);

• Execution on three different L&Fs (CDE-Motif,
Metal, and Nimbus);;

• Execution on two different OS. (Linux and Microsoft
Windows R©); and

• Execution on two different GUI sizes (Maximized and
Regular).

Regarding all possible combinations of visual aspects, we
manually took 72 (36 for each OS) screenshots representing
the visual information provided by the jEdit GUI. To perform
this analysis, we have regarded the jEdit GUI with a resolution
of 1366x768 and the Metal L&F as a model. Then depending
on the OS, and the GUI size, different models were consid-
ered. We assured in advance that each model contained the
appropriate requirements for the proper use of the application.

jEdit may have vision problems that can negatively affect
its functions. Depending on the screen resolution, toolbar
buttons can disappear and, then, become inaccessible for final
users, so this constitutes a sort of visual bug. Indeed, this
is a common problem for several GUI-based applications.
Then, in this empirical evaluation we seek to automate test
oracles for identifying this and similar situations. We have
adopted a strategy that considers applying feature extractors in
different points of jEdit’s GUI. In Figure 4a we highlight the
four main spots of interest in jEdit’s GUI. Additional visual
errors are supposed to be detected by this oracle: distorted
components, and inoperable or invisible buttons. Then, based
on comparisons with model features, our test oracles judge the
test as fail when these conditions are identified.

To implement test oracles able to check the situations
described above, we have developed five O-FIm/CO plug-
ins: (1) Color count, (2) Sobel vertical, (3) Sobel horizontal,
(4) Connected component, and (5) Euclidean Distance (ED).
Along the framework website, all of these plug-ins (including
scenario 2) are available as open source code software for
possible experiments.

2see: http://www.jedit.org/

Color count is an extractor that, after pre-processing that
converts the SUT screenshot into a gray scale image, counts
the number of different gray levels in the region set by the
parameter area. The number of different colors is normalized
by 256 (number of levels). This extractor is useful in complex
toolbars and informative panels to quantify their diversity of
color.

Sobel vertical and Sobel horizontal are two edge detection
algorithms for highlighting image patterns. After binarizing the
GUI screenshot and applying the Sobel operator, this extractor
counts the number of vertical or horizontal edge pixels. Then,
the algorithm normalizes the number of pixels by the perimeter
of the GUI. This plug-in quantifies visual patterns in some GUI
components, such as combo boxes, toolbars, and information
panels.

Connected component is able to count the number of
different components in a determined region of the GUI. Using
a gray scale image, this extractor identifies components by
counting the number of similar pixels using an IP technique
known as area-point transformation. This number is normal-
ized by image width. This extractor can be used mainly to
identify missing components after changing L&Fs and screen
resolutions.

Euclidean Distance is a similarity function that corresponds
to the function that measures the distance between two vectors
of length n. The result 0.0 represents the maximum similarity.

After installing these plug-ins using the framework’s wiz-
ard, we developed two different oracles. The first oracle
(Oracle 1) rule is: to apply color count extractor in Rectangles
1, 3, and 4 of Figure 4a; Sobel vertical and Sobel horizontal
are applied in Rectangle 2; Finally, the ED function checks
the difference between the vectors (SUT versus Model). The
second test oracle (Oracle 2) rule is: to apply the connect
components extractor in Rectangles 1 and 4; in addition, the
color count extractor acts in Rectangle 3; the ED function is
used to obtain the final difference between the SUT and model.

For both oracles, the threshold is set using the distance of
the model and the screenshot of the SUT on a 1280x1024-
Nimbus GUI. This threshold (precision) is due to a visual
analysis that reveals most of the screenshots on resolutions
1280x1024, 1600x900, and 1366x768 always maintaining the
necessary functional requirements to be considered as ap-
proved (“pass”). In the same line, Nimbus is the L&F that
remains the minimal visual conditions of the GUI.

3) Experimental Results: After the test conduction, a man-
ual detailed analysis of false (positive or negatives) results
was carried out. Table I presents the false alarms noticed by
our automated oracle regarding the whole proof of concept,
including oracles, false positives, false negatives, and error
rate. Each row represents one oracle in a specific OS under 36
different visual conditions. The error rate represents the sum
of false positives and false negatives for each row. Broadly,
for the Linux OS, considering the Maximized screenshots, the
1280x1024, 1366x768 e 1600x900 resolutions did not present
any visual problem of loss of components or inactivity of
buttons. However, the 800x600, 1024x760 e 1152x864 have
presented some loss or distortion of components and therefore
it was expected that the oracles fail their tests. For regular sizes
GUIs, model images were considered in regular sizes and thus,
it was expected that none of the screenshots presented prob-
lems. Analyzing of the screenshots of the Windows operating
system, we note that the only difference to be considered in
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(a) Default jEdit GUI (b) jEdit GUI: Motif L&F

Fig. 4: jEdit GUIs.

comparison to previous analyzes is that the Maximized size
screenshots with 1152x864 did not present visual problems.

TABLE I: Error Summary for Complex Scenario 1.

# Oracle OS False positives False Negatives Error rate
1 Linux 3 0 8.3% (3/36)
1 Windows 1 2 8.3% (3/36)
2 Linux 2 0 5.5% (2/36)
2 Windows 1 0 2.8% (1/36)

Total 7 2 6.25% (9/144)

B. Complex Scenario 2: TTS Systems

This second scenario aims to demonstrate how to explore
the framework O-FIm/CO to develop automated test oracles
for SUTs with complex outputs given in audio format. This
scenario’s scope is limited to TTS systems. Many embedded
systems use TTS applications to read e-mails or social network
updates, to read books or headlines for blind people, to
read traveling directions, news, weather forecasts, and other
written materials. However, the mainstream adoption of TTS
is severely limited by its quality. Pronunciation and intona-
tion problems make the speech synthesized highly unnatural.
Despite their importance, TTS systems have their quality as-
sessed by manual and unproductive processes. Informal human
interpretations and different manual approaches are the most
common procedures to evaluate the output of TTS systems [5].
In this empirical evaluation, using audio files in Wave format
as the source of information for verifications, we automate test
oracles to support testers’ decisions about the correctness of
TTS’s outputs through comparison of two TTS systems.

1) Subject Application: Outputs from two real TTS sys-
tems are considered in this empirical analysis: (1) TTS CPqD
(version 3.3)3; and (2) Google R©Translate Text-to-Speech4.
CPqD is the major Brazilian provider of telecommunications
and solutions. TTS CPqD is a system able to synthesize texts
written in Portuguese in speech signals near human speech.
Then, Portuguese is the idiom considered in this evaluation.

3see: http://www.cpqd.com.br/
4see: https://code.google.com/p/java-google-translate-text-to-speech/

2) Experimental Setup: The aim of this analysis is to
check two different TTS systems and compare their outputs.
Typically, outputs from one TTS have to be regarded as
model. TTS CPqD is a commercial application, then we have
considered it as our model. Consequently, Google Translate
TTS represents our SUT. In this context, in order to generate
a data set, 100 Portuguese words were selected. These words
were generated by the CPqD system loaded with three different
texts from random popular news website. The choice of words
did not follow any restriction, and it was obtained following
the order of their occurrence. At the end of the process, 100
audio files were generated. Finally, the same words were used
as input to our SUT.

We have implemented an automated test oracle exploring
two test oracles: (1) Vowel extractor; and (2) Phoneme ex-
tractor. “Vowel extractor” is able to analyze an audio signal
identifying the presence and the instant in which a Portuguese
phoneme (A [/a/, /5/], E [/e/, /E/], I [/i/], O [/o/, /O/], and U
[/u/]) is identified. Then, from a file representing a voice signal,
the algorithm is able to return useful testing information. This
information is specified through an XML (eXtensible Markup
Language) file. “Phoneme Extractor” analyzes an audio signal,
reporting the occurrences of three most common Portuguese
phonemes (K [/t/], T [/t/], and M [/m/]). Similar to the vowel
extractor, testers are able to set parameters for the phoneme
extractor using an XML file. Then, the extractor identifies the
presence and the moment of specified phonemes in an audio
file.

Both extractors went through a process of parameter cal-
ibration to work properly in the context of our TTS system
using our data set including more than 100 words. After
installing the plug-ins into the framework, we designed a test
oracle using the extractors aforementioned to evaluate in order
to assess the accuracy of the identification of the phonemes.
This experience also aims to estimate the possibility of using
oracle mechanisms for TTS systems test.

3) Experimental Results: We manually analyzed the results
regarding the oracle acting in the set of data. This analysis
aimed to measure the hits achieved in the identification of

203



phonemes of interest. Table II and Table III present a summary
of errors and hits of the vowel extractor and the phoneme
extractor, respectively. The tables reveal the hits regarding the
number of occurrences of the feature extracted. Through a
detailed evaluation of the results, we identify the differences
between speed and voices of both systems as the main cause
of errors.

TABLE II: Summary for the Vowel Feature Extractor.

Vowel
Number of occurrences

CPqD system Google TTS
0 1 > 1 0 1 >1

A /a/, /5/ 71% 85% 57% 60% 68% 64%
E /e/, /E/ 65% 76% 60% 73% 61% 50%
I /i/ 89% 72% 50% 74% 59% 25%
O /o/, /O/ 75% 69% 40% 61% 72% 40%
U /u/ 68% 68% 100% 93% 40% 100%

hits 74% 74% 61% 72% 60% 56%

TABLE III: Summary for the Phoneme Feature Extractor.

Phoneme
Number of occurrences

CPqD system Google TTS
0 1 0 1

K /k/ 74% 53% 81% 63%
T /t/ 85% 48% 68% 52%
M /m/ 73% 47% 52% 20%

hits 77% 49% 67% 45%

IV. RESULT DISCUSSIONS

Regarding the research questions aforementioned (Sec. IV),
our results contributed to clarify some points. We consider
our approach to check SUT’s outputs of distinct non-testable
programs feasible. Some efforts from testers are necessary to
assimilate the entire technique, however elementary concepts
of programming and IP are enough to adopt our strategy
and automate test oracles, as well as answer RQ1. Then, we
consider O-FIm/CO an extensible framework, which enables
testers to use pre-implemented plug-ins, as a potential form of
knowledge sharing on automating test oracles for SUTs with
complex outputs.

Regarding RQ2, as in most SE studies, we cannot be
sure that the subject programs and the empirical analysis we
adopted are representative to answer this question completely.
Two scenarios are not enough to generalize our results for
another complex scenario such as Web applications and RV
environments. We need further analyses and more research
focused on getting shared knowledge from other studies.

In addition to the pre-defined RQs, through the conduction
of this study, we noticed that several research investments are
necessary from testers. We consider these non-experimental
findings as trade-offs on using O-FIm/CO. Among these trade-
offs we highlight: (1) implementing or finding plug-ins; (2)
seeking reliable output models; and (3) using the API to
implement oracle applications. However, once the testers are
done with investments 1 and 2, the technique is useful to
alleviate oracle efforts on different contexts. In this context, all
these investments address the usage of O-FIm/CO to a concept
known as “amortization cost”. Generally this concept refers to
cases in which the testers spend an amount of time and effort
to set a favorable scenario to be explored again and again.

Among the limitations associated with the wide usage of O-
FIm/CO, we highlight that the correctness and precision of its

oracles actually depend on the quality of the oracle programs
(threshold and plug-ins), which are manually developed by do-
main engineers. Then, testers must to select adequate plug-ins
to achieve accurate results. In addition, the approach as whole
needs an assumption – some reliable expected output must be
given. In practice, testers and developers have to decide, based
on system specifications, about reliable sources of information
to be considered in testing. This decision evolves important
features that have to remain apart of environments variations.

V. CONCLUSION

This paper proposes an extensible and reusable framework
to support test oracle automation for non-testable programs,
alleviating human-oracle efforts through reusable testing plug-
ins and enabling the sharing of knowledge in this field. Based
on two research questions, we conducted empirical analysis on
two different complex scenarios: graphical and audio outputs.
Our findings showed the feasibility of our approach and the
possibility of reuse of plug-ins. In addition, we highlight
that complementary experiments are necessary to consider
this approach in wider scenarios such as, the usage of the
framework to evaluate visual aspects of more than five GUI-
based systems. A trade-off analysis reveals that tester has
to dedicate extra effort in the very beginning of the testing
project to achieve a favorable automated scenario. We believe
extensible frameworks set possible solutions to the lack of
knowledge associated with automated test oracles and SUT
with complex outputs. The framework and all plug-ins devel-
oped and explored to collect our results are available as free
software along with its documentation. This opens channels
for technology transfer and reveals a solid contribution of the
research reported in this paper.

ACKNOWLEDGMENT

FAPESP – Grant Numbers 2012/06474-1 and 2013/01775-
6. Much of this work was conducted at the University of
Maryland at College Park, MD, USA, during an one-year visit
by the first author.

REFERENCES

[1] W. Chan and T. Tse, “Oracles are hardly attain’d, and hardly understood:
Confessions of software testing researchers,” in Proceedings of the 13th
International Conference on Quality Software (QSIC 2013), Boston,
USA, 2013, pp. 245–252.

[2] P. Mateo and P. Usaola, “Bacterio oracle: An oracle suggester tool,” in
Proceedings of the 25th International Conference on Software Engineer-
ing and Knowledge Engineering (SEKE 2013), Boston, USA, 2013, pp.
300–305.

[3] M. Staats, G. Gay, and M. Heimdahl, “Automated oracle creation support,
or: How I learned to stop worrying about fault propagation and love
mutation testing,” in Proceedings of the 34th International Conference
on Software Engineering (ICSE 2012), Zurich, Switzerland, 2012, pp.
870–880.

[4] E. J. Weyuker, “On Testing Non-Testable Programs,” The Computer
Journal, vol. 25, no. 4, pp. 465–470, Nov. 1982.

[5] P. Taylor, Text-to-Speech Synthesis, 1st ed. Cambridge University Press,
2009.

[6] R. Datta, D. Joshi, J. Li, and J. Z. Wang, “Image Retrieval: Ideas,
Influences, and Trends of the New Age,” ACM Computing Surveys,
vol. 40, no. 2, pp. 1–60, Apr. 2008.

[7] M. D. Davis and E. J. Weyuker, “Pseudo-oracles for non-testable pro-
grams,” in Proceedings of the ACM ’81 Conference, ser. ACM ’81. New
York, NY, USA: ACM, 1981, pp. 254–257.

[8] M. E. Delamaro, F. L. S. Nunes, and R. A. P. Oliveira, “Using concepts
of content-based image retrieval to implement graphical testing oracles,”
Software Testing, Verification and Reliability, vol. 23, no. 3, pp. 171–198,
2013.

204



Empirical Comparison of Intermediate 
Representations for Android Applications 

 
Yauhen Leanidavich Arnatovich, Hee Beng Kuan Tan, 

Sun Ding, Kaping Liu 
INFINITUS, Infocomm Centre of Excellence, 

School of Electrical and Electronic Engineering, 
Nanyang Technological University, 

50 Nanyang Avenue, Singapore 639798 
{yauhen001, ibktan, ding0037, kpliu}@ntu.edu.sg

Lwin Khin Shar 
Interdisciplinary Centre for Security, Reliability and Trust,  

University of Luxembourg, Luxembourg 
lwinkhin.shar@uni.lu 

 

 
Abstract—In Android-based mobile computing, since the original 
Java source code is irretrievable from Dalvik bytecode, 
intermediate representations (IRs) were developed to represent 
Dalvik bytecode in readable form. To date, SMALI, JASMIN, and 
JIMPLE are all used as Android application IRs by mobile 
developers, testers and researchers. Here, we compare these three 
IRs via randomized event-based testing (Monkey testing) to 
determine that which most accurately preserves the original 
program behaviors in terms of the number of successfully injected 
events. As such program behaviors are critical to mobile security, 
the choice of IR is crucial during software security testing. In our 
experiment, we developed an event-based comparative scheme, 
and conducted a comprehensive empirical study. Statistical 
comparison of the three IRs’ program behaviors shows that 
SMALI behaves closest to the original applications and hence is 
the most suitable for software security testing as the most accurate 
alternative to the original Java source code (which is usually not 
publicly available). 

Keywords-intermediate representation; program behaviors; 
event-based testing; Android computing; SMALI; JASMIN; 
JIMPLE 

I.  INTRODUCTION 
Android operating system usage is widespread, and many 

Android applications are being developed every day. All these 
applications are originally written in the Java programming 
language. To be executed on an Android-powered mobile 
device, Java source code must be compiled to Java bytecode, 
and then, transformed into Dalvik bytecode. 

It is a fact that the Dalvik Virtual Machine (DVM) was 
especially developed for the Android mobile platform 
considering the limitations of mobile devices. In sharp contrast, 
the DVM is a register-based environment whereas the Java 
Virtual Machine (JVM) is stack-based. As the JVM and the 
DVM have different internals, there is no way to retrieve an 
original Java source code from Dalvik bytecode. Therefore, 
third-party tools can be used to obtain appropriate intermediate 
representations (IRs) such as SMALI [1], JASMIN [2], and 
JIMPLE [3] from Dalvik bytecode. 

The latest Android research suggests that SMALI 
[4][5][6][7][8][9], JASMIN [10], and JIMPLE 
[11][12][13][14][15] can be used for Android software security 
testing purposes. But, the point at issue is that it is still unknown 
which IR most accurately preserves the original program 
behaviors. For example, carrying out software security testing 

on the least accurate IR could mislead test results by reflecting 
the original program behaviors mistakenly, i.e. it could change 
the original program internals and consequently generate new, 
change or eliminate existing vulnerabilities of the original 
application. In sharp contrast, if we used the most accurate IR 
for software security testing, such an IR could mostly retain the 
number of existing security risks of the original application, and 
provide the most accurate testing results so that the IR would be 
the most suitable for testing purposes. Consequently, the most 
accurate IR could guarantee an ability to detect a similar number 
of security risks to that of an original Java source code. 
Therefore, it is necessary to investigate which IR is the most 
accurate and loses the least of the original program behaviors 
during disassembling. 

Inspired by this interest, our motivation, in this paper, is to 
find which IR most accurately preserves the original program 
behaviors in terms of the number of successfully injected events. 
This research is intended to help developers, testers and 
researchers to most accurately detect mobile security risks of 
Android applications without having an original Java source 
code. 

Our main contributions of this study are the following: 
• We developed an event-based comparative scheme to 

find which IR most accurately preserves the original 
program behaviors in terms of the number of 
successfully injected events. We run 520 applications 
from Google Play on our scheme and find that SMALI 
behaves closest to the original applications. 

• Using an automated event-injected testing approach and 
statistics, we compare program behaviors of SMALI, 
JASMIN, and JIMPLE to original ones. Our results 
represent the benefits of the use of SMALI against 
JASMIN and JIMPLE for software security testing. 

These research results can guide mobile developers, testers 
and researchers to use an appropriate IR in order to most 
accurately carry out software security testing of Android 
applications without having an original Java source code. 

The rest of the paper is organized as follows: Section II 
covers the Dalvik Virtual Machine and the Java Virtual Machine 
features, and shows the differences between them. Section III 
describes our experiment design in detail. Section IV represents 
our experimental results. Section V discusses related work. 
Section VI concludes our paper. 
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II. FEATURES OF THE DALVIK VIRTUAL MACHINE AND 
THE DALVIK EXECUTABLE FILE FORMAT 

In this section, we describe the special features of the DVM 
as a virtual machine especially developed for Android-based 
mobile computing, and stress the differences between the DVM 
and the JVM. Our goal, in this section, is to show that the Java 
bytecode structure has nothing similar to Dalvik bytecode, and 
consequently it would not be true to directly apply existing 
software security testing techniques to Dalvik bytecode. 

A. The Dalvik VM Design Overview 
The Dalvik VM is not a Java VM. Dalvik is the name of the 

Virtual Machine in which Android applications are to run. The 
Dalvik VM is a register-based environment, and it runs classes 
compiled by a Java compiler javac that have been further 
transformed into a single class (classes.dex) by the Android SDK 
default dx tool. After applying dx tool, the Dalvik Executable 
(.dex) has only a distant relationship with Java bytecode (.class). 
The Dalvik VM executes the Dalvik Executable (.dex) file, 
which is optimized for minimal memory consumption. 

As both applications and system services of the Android OS 
are developed in the Java language, the Dalvik VM has been 
written so that a device can run multiple VMs efficiently. Every 
Android application runs in its own process, with its own 
instance of the Dalvik VM, and it is referred to as sandboxing 
applications. When an Android-powered device is started, a 
single virtual machine process called Zygote is created, which 
preloads and pre-initializes core library classes. Once the Zygote 
has been initialized, it will reside and listen for socket requests 
coming from the runtime process, which indicates that it should 
generate new VM instances based on the Zygote VM instance. 
Thus, by spawning new VM processes from the Zygote, the 
startup time of another VM is highly minimized. All other Java 
programs or services are originated from this process, and run as 
their own process or threads in their own address space. Since 
every application runs in its own process within its own virtual 
machine, it takes advantage of not only efficient running of 
multiple VMs, but also fast creation of new VMs. The Dalvik 
VM relies on the Linux kernel for underlying functionality such 
as threading and low-level memory management. 

The core library classes (.libc) that are shared across the 
Dalvik VM instances are commonly only read by applications. 
When the (.libc) classes are needed, the memory from the 
shared Zygote VM process is simply copied to the forked child 
process of the application’s Dalvik VM. Such behavior allows 
it to maximize the total amount of shared memory while still 
restricting applications from overlapping with each other and 
providing security across application and sandboxing individual 
processes [16][17][18]. 

B. The Dalvik Executable File Format (.dex) 
The Dalvik Executable (.dex) format is designed to meet the 

requirements of systems that are constrained in terms of memory 
and processor speed. The .dex design is primarily driven by the 
sharing of data between running processes. The main difference 
between Java bytecode (.class) and Dalvik bytecode (.dex) is 
that all the classes of the Android application are packed into one 
file. This is not simply packing, all the classes in the same Dalvik 
bytecode (.dex) file share the same field, method, tables and 

other resources. In the Dalvik VM, classes from the same Dalvik 
Executable (.dex) file are loaded by the same class loader 
instance. 

The .dex file format uses mechanisms for conserving the 
RAM of mobile device running Android OS. A Constant Pool 
stores all literal constant values used within the class such as 
string constants used in code as well as field, variable, class, 
interface, and method names. Instead of storing these values in 
the class, they always can be found by their indices in the 
Constant Pool. In the case of the .class file, each class has its 
own Constant Pool. But, the .dex file contains many classes in 
one file named classes.dex. All of these classes share the same 
type-specific Constant Pool in order to avoid the duplication of 
constants in the .dex file [16][18]. 

III. EXPERIMENT DESIGN 
For our experiment, we use an Android-powered physical 

device running Android 4.1.2, android-apktool and dex2jar 
assembler/disassembler tools, Soot Java optimization 
framework, the Dumb Monkey test, and a 1-Sample Sign test 
statistic. Our experiment was conducted on a Core i5-2400 @ 
3.10GHz with 8GB of RAM machine running Windows 8. 

A. Experimental Design and Scheme 
In our experiment, we identify which reassembled Android 

applications (SMALI, JASMIN, or JIMPLE) most accurately 
preserves the original program behaviors in terms of the number 
of successfully injected events. For that purpose, we 
downloaded 520 top free applications from Google Play (by 20 
top free applications from 26 different categories). All 
downloaded applications are compatible with our testing 
Android-powered physical device. Since we have a data set of 
applications from Google Play, we consider them to be benign 
applications (not malware), and consequently not obfuscated or 
encrypted. Hence, we processed the 520 Android applications as 
follows: disassemble, assemble, sign, align, install, and run the 
Dumb Monkey test. Next, we reassembled applications with the 
aid of android-apktool, dex2jar, and Soot tools in order to obtain 
SMALI, JASMIN, and JIMPLE IRs, respectively. Also, we did 
not modify any IR code during reassembling. We applied the 
Dumb Monkey test to 520 Android applications. Every Dumb 
Monkey test generates a sequence of pseudo-random events 
based on a specified seed value. In our experiment, every Dumb 
Monkey test contains 30 trials for every category. Every trial 
contains the same set of 20 applications (from a particular 
category) assembled from SMALI, JASMIN, JIMPLE, and 
original applications. We use the constant seed value within a 
trial (to test the same set of 20 SMALI, JASMIN, JIMPLE, and 
original applications) to generate the same sequence of pseudo-
random events, and be able to statistically compare the program 
behaviors of the IRs to the original ones in terms of the number 
of successfully injected events. Every trial has a unique seed 
value (unique sequence of pseudo-random events), which 
changes 30 times (since we have 30 trials) within a category. 

The Dumb Monkey test has been chosen as our aim is to find 
which IR most accurately preserves the original program 
behaviors in terms of the number of successfully injected events. 
When the Dumb Monkey test has been done for every category, 
we apply a non-parametric 1-Sample Sign test statistic to be able 
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to conclude how close a particular IR reflects the behaviors of 
the original applications. 

For our experiment, we designed and applied the following 
event-based comparative scheme:  

• Disassemble Android applications by using android-
apktool, dex2jar, and Soot tools. Android-apktool, 
dex2jar, and Soot disassemble Android package (.apk) 
into SMALI (Dalvik Assembler), JASMIN (Java 
Assembler), and JIMPLE code (Java Simplified), 
respectively (see Section III C). 

• Assemble Android applications by using android-
apktool, dex2jar, and Soot tools. All Android 
applications were assembled without any code 
modifications. 

• Sign Android applications with private keys. This is a 
mandatory requirement for any Android application if a 
particular application should be installed whether on an 
Android emulator or an Android-powered physical 
device. We applied a standard Java package to run the 
signing process. 

• Align Android packages by using default Android 
zipalign tool. The archive alignment tool provides 
important optimization of Android packages (.apk). 
This tool aligns the Android packages on 4-byte 
boundaries and reduces the amount of RAM consumed 
when running the application. Notwithstanding, this tool 
is not a mandatory requirement to install applications, 
but highly recommended by Android developers. 

• Install applications on an Android-powered physical 
device. We use a testing physical device running 
Android 4.1.2. 

• Apply the Dumb Monkey test to all installed applications 
(to every 20 top free applications from 26 different 
categories). The Dumb Monkey test meets our 
requirements, and is sufficient to reveal the difference in 
behaviors between the IRs and the original applications. 
We run the Dumb Monkey test with the same sequence 
of pseudo-random events for SMALI, JASMIN, 
JIMPLE, and original applications. After every Dumb 
Monkey test, we stop all running applications to return 
them to the initial state and repeat the Monkey test again. 

• Apply non-parametric statistical test. To identify 
whether a particular application failed the Dumb 
Monkey test, we use a 1-Sample Sign test, and 
consequently we are able to reveal the difference in 
behaviors between applications assembled from 
SMALI, JASMIN, JIMPLE, and the original 
applications. In particular, we statistically compare 
program behaviors of the IRs to the original ones. 

B. Android Experimental Environment 
In our experiment, we use the Android Debug Bridge (adb), 

and an Android-powered physical device. The Android Debug 
Bridge is a versatile Command Line tool that permits 
communication with an Android emulator instance or an 
Android-powered physical device [19][20]. 

To install and run the Dumb Monkey test on the Android-
powered physical device, we use the cmd tool. Specifications of 
the Android-powered physical device on which we conducted 
our experiment are indicated below in Table I. 

We configured the Android-powered physical device as 
follows: 

• We install applications on the Android-powered 
physical device with the aid of adb tool. 

• At the first time, we manually run the applications to 
provide the required information (login/password, 
phone number, and other normal means of access), for 
example, applications with a sign-in screen (Skype, 
OneDrive (formerly SkyDrive), Facebook, Facebook 
Messenger, Spotify, and others), and applications with a 
required phone number (Viber, WhatsApp, WeChat, 
and others). However, we could not provide the 
information for two-step authentication (one-time 
password, verification code), which requires human 
interaction. Also, we keep all applications running and 
they can be seen as “running services” or “cached 
background services” on the Android-powered physical 
device to allow the Monkey test to carry out testing. 

• We have a gallery of the most popular audio/video files 
(.mp3, .mp4, .avi), pictures (.jpeg), and office 
documents (.doc, .xls, .ppt, .pdf) for the applications in 
case they use the gallery during the testing. 

The Android-powered physical device was connected to the 
Internet, Bluetooth was turned on, and the device was on a 
mobile carrier service during the experiment.  

C. Android Tools 
In our experiment, we use some well-known existing 

reverse engineering tools for Android applications. 

1) Android-apktool: Dalvik Disassembler 
To conduct the experiment on SMALI, we chose the 

disassembler/assembler named android-apktool. Android 
applications typically use resources provided by the Android 
OS. The android-apktool needs these framework files to decode 
and build Android applications correctly. To install the 
framework, we run the following cmd code: 

1. apktool if <framework_name> 
The parameter <framework_name> specifies the path to the 
framework apk-file. Next, two commands are used to 
disassemble and assemble Android packages, respectively: 

1. apktool d <apk_name> 
2. apktool b <directory_with_decompiled_apk_name> 

When an Android application is assembled, this tool 
automatically creates build/ and dist/ directories. The dist/ 
directory contains the fully assembled Android package (.apk). 

TABLE I.     ANDROID-POWERED PHYSICAL DEVICE SPECIFICATIONS 

Android version 4.1.2 
RAM 2GB 

Internal storage 32GB 
External storage Not available 

Camera Front/Main 
Display 4.7 inch 
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2) Dex2jar: Java Disassembler 
The dex2jar is another tool that provides another IR named 

JASMIN. To run the disassembling/assembling process, the 
following cmd code can be used: 

1. d2j-dex2jar -f -o <jar_name1> <apk_name> 
2. d2j-jar2jasmin -f -o <directory1> <jar_name1> 
3. d2j-jasmin2jar -f -o <jar_name2> <directory1> 
4. d2j-jar2dex -f -o classes.dex <jar_name2> 

For all 4 above-mentioned commands, the first parameter is an 
output and the second one is an input file or folder. The 
classes.dex file, which is assembled from JASMIN, should be 
directly replaced in the Android package (.apk). 

3) Soot: Java Optimization Framework 
Soot is a language manipulation and optimization framework 

consisting of intermediate languages for the Java programming 
language. The Soot tool requires Android APIs to 
disassemble/assemble Android packages correctly. Soot 
automatically checks the appropriate API level according to the 
application requirements and uses those APIs for disassembly 
and assembly. In our experiment, we used the Soot project 
downloaded from the Soot repository [21]. To run Soot, we use 
Eclipse IDE with specific arguments to Soot:  

-src-prec, <[jimple|apk]> 
-process-dir, <apk_folder> 
-android-jars, <android_api_jar_folder> 

The classes.dex file, which is assembled from JIMPLE, should 
be directly replaced in the Android package (.apk). 

D. The Dumb Monkey Test 
To process the large number of Android applications, we use 

an automated Monkey test tool [22][23]. We applied the Dumb 
Monkey [24] bundled with the standard Android SDK. We 
created a batch script file to launch the Dumb Monkey test 
automatically. Our batch script contains the following 
command: 

1. adb shell monkey -p <package_name> -v 
<pseudo_event_count> 

We specified two parameters <package_name> with a 
particular Android (.apk) package. In our experiment, this 
parameter is used to identify a single package accessible to 
Monkey without any dependencies on other packages. The 
<pseudo_event_count> parameter is set to 2000 pseudo-random 
events. 

IV. STATISTICAL ANALYSIS RESULTS 
We applied the event-based comparative scheme, discussed 

in Section III, to 520 Android applications to find which IR 
most accurately preserves the original program behaviors in 
terms of the number of successfully injected events. We applied 
a non-parametric 1-Sample Sign [25][26] test statistic to the 
Dumb Monkey test results to conclude if a particular application 
failed the Monkey test. From the 1-Sample Sign test results, we 
count the number of applications failing the Dumb Monkey test 
for every category, and, based on the obtained numbers, 
graphically show the difference in program behaviors between 
SMALI, JASMIN, JIMPLE, and the original applications. We 
perform statistical analysis with the aid of MINITAB statistical 
software. To be able to apply the 1-Sample Sign test, we have 
performed a normality test on the data (Monkey test results) and 
found that the data are non-normally distributed and non-

symmetric. 

We run 30 trials for 20 Android applications from every 
category. After the Dumb Monkey test, the result contains 600 
values (each value represents the number of successfully 
injected events) for a particular category. To compare the IRs to 
the original applications appropriately, the same sequence of 
pseudo-random events was applied to the applications 
assembled from SMALI, JASMIN, JIMPLE, and original 
applications. 

We chose the following hypotheses testing criteria to verify 
whether the Dumb Monkey test was passed: 

0 0

1 0

:
:

H
H

µ µ
µ µ
=
<

 

where 0H  is null hypothesis and 1H is an alternative 
hypothesis. If 0H is true, a particular application passed the 
Dumb Monkey test. If 0H  is not true, we accept an alternative 
hypothesis 1H . To carry out the 1-Sample Sign test, we set 0µ to 
2000 pseudo-random events (the maximum number of pseudo-
random events to be injected). To interpret the 1-Sample Sign 
test results, we use a P-value approach with a 0.05 level of 
significance. After performing the 1-Sample Sign test, we 
graphically show the final results to find the most accurate IR. 

Figs. 1-3 clearly show the difference between SMALI, 
JASMIN, JIMPLE, and original applications, and help visually 
identify the IR, which most accurately preserves the original 
program behaviors. The dashed lines in Figs. 1-3 plot the number 
of applications which failed the Dumb Monkey test for SMALI, 
JIMPLE, and JASMIN applications, respectively, against the 
application categories on the horizontal x-axis. The dotted lines 
represent the number of the original applications which failed 
the Dumb Monkey test. 

Comparing Figs. 1-3, it can be seen that the lines in Fig. 1 
are the closest to each other, from which it is concluded that 
SMALI most accurately preserves the original program 
behaviors in terms of the number of successfully injected events. 
Thus, the applications, assembled from SMALI, behave closest 
to their respective original applications. 
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Figure 1. Number of SMALI vs. Original applications failing Monkey test. 
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Figure 2. Number of JIMPLE vs. Original applications failing Monkey test. 
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Figure 3. Number of JASMIN vs. Original applications failing Monkey test. 

As JASMIN and JIMPLE both perform very similarly to 
each other and it is difficult to identify the difference in 
behaviors between them, we provide statistics in Table II to 
show the difference in accuracy of program behaviors between 
the IRs and the original applications. 

V. RELATED WORK 
Previous studies were based on source code semantic 

analysis applying static or dynamic tools. The previous 
approaches were connected with extracting duplicated parts of 
the code, finding dependencies within the code written in 
different languages, identifying functionality from executable 
source which is poorly documented, or detecting merging and 
splitting of files and functions in procedural code. 

Marcus and Maletic [27] propose an approach to scan the 
original code and try to identify the parts of the source code of 
similar high-level implementations. This approach uses an 
information retrieval technique to carry out a static analysis, and 
determine semantic similarities between source code documents 
and executable source code. 

Ying et al. [28] propose a technique to predict source code 
changes by mining change history because it is difficult to find 
the entity dependency between source codes written in different 
languages. The new approach is to help developers identify 
relevant source code during a modification task. The proposed 
solution applies data mining techniques to determine change 
patterns from the change history of the code. 

 

 

TABLE II.     PROGRAM BEHAVIORS PRESERVATION 

Intermediate 
Representation 

Preserved Program Behaviors of Original 
Applications (%) 

SMALI 97.69 
JIMPLE 85.58 
JASMIN 81.92 

 
Eisenbarth et al. [29] present a semiautomatic technique that 

reconstructs the mapping for features triggered by the user and 
exhibits observable behaviors. This technique allows for the 
distinction between general and specific computational units 
with respect to a given set of features. This technique combines 
dynamic and static analyses. 

Godfrey and Zou [30] propose an extended detection of 
merging and splitting of files and functions in procedural code. 
The improved approach shows how reasoning about how call 
relationships have changed and where merges and splits have 
occurred. Thus, it helps to recover some information about the 
context of the design change. 

We have proposed another approach based on statistical 
comparison of the program behaviors. In sharp contrast to 
existing approaches, we are focusing on the program behaviors, 
but not any changes of source code. We identify the differences 
in the program behaviors between the IRs and the original 
applications based on the injection of the same sequences of 
pseudo-random events. 

VI. CONCLUSION 
In this work, we examined three different IRs on 520 

Android applications. We compared SMALI, JASMIN, and 
JIMPLE IRs to the original Android applications in terms of the 
number of successfully injected events via an event-based 
comparative scheme to determine the difference in their 
behaviors. We found that SMALI most accurately preserves and 
provides the closest reflection of the original program behaviors. 
We suggest that SMALI can be used by developers, testers and 
researchers as the most accurate alternative to an original Java 
source code for software security testing. 
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Abstract— Existing work has developed techniques for 

automated generation of function tests from high-level Petri nets. 

Yet there is no empirical evidence that demonstrates the cost-

effectiveness of this approach. This paper presents a series of 

controlled experiments to evaluate the fault detection capabilities 

of various strategies for test generation from high-level Petri 

nets. We built test models and generated executable test code for 

three subject programs. Then we executed the test code against 

more than 300 mutants of the subject programs. Each mutant is 

a variation of the original subject program with one injected 

fault. The experiment results show that (a) the reachability 

coverage-based tests are more effective than the tests for state 

coverage and for transition coverage, (b) postcondition-based test 

oracles are more effective than state-based oracles, (c) robustness 

tests with invalid inputs are critical to improving fault detection 

capability. In particular, the reachability coverage-based tests 

together with robustness tests killed 99.7% of the mutants.  

Keywords— Software testing, model-based testing, Petri nets, 

fault injection, test coverage, test oracle 

I. INTRODUCTION 

Model-based testing makes use of explicit models of a 
system under test (SUT) for generating test cases and verifying 
conformance between the SUT and the models [16]. It is an 
appealing method for function testing of software because of 
several benefits [14]. First, the modeling activity helps clarify 
test requirements, which are critical to effective testing. 
Second, generation of test cases can be automated or partially 
automated. Automation enables more test cycles and assures 
the required coverage of test models. Third, model-based 
testing can help improve fault detection capability due to the 
increased number and diversity of test cases. 

Among the various modeling formalisms for model-based 
testing, UML state machines are the most popular. Empirical 
studies have shown that testing with state machines can detect 
many faults [1][14]. Nevertheless, the expressiveness of UML 
state machines is limited because all states need to be 
enumerated explicitly and it is difficult to specify and reason 
about test data. To address these issues, we have demonstrated 
that high-level Petri nets can be an expressive formalism for 
model-based testing because they can represent both control 
flows and data flows. Specifically, we have developed a tool, 

MISTA (Model-based Integration and System Test 
Automation)1 , for generating executable tests from function 
nets, which are lightweight high-level Petri nets [12][13]. It can 
generate tests to meet a given coverage criterion, such as state 
coverage, transition coverage, and reachability coverage. It also 
provides an expressive way for describing the relations 
between the model-level elements and the implementation-
level constructs in the target language or test environment so as 
to automatically transform model-level tests into executable 
code. MISTA supports not only various programming and 
scripting languages (Java, C#, C, C++, HTML, Python, and 
VB), but also a number of test execution frameworks, such as 
xUnit for testing Java and C# programs, Robotium for testing 
Android mobile applications, Selenium IDE for testing web 
applications, and Robot Framework for keyword-based testing.  

Our prior work has also applied MISTA to function testing 
of real-world systems [12]. However, cost-effectiveness of the 
automated testing remains an open issue. This paper presents a 
series of controlled experiments to evaluate the cost-
effectiveness of various strategies for test generation from 
function nets. These strategies involve different types of test 
inputs (normal tests and robustness tests), different coverage 
criteria of test models (state coverage, transition coverage, and 
reachability coverage), and different methods for defining test 
oracles (states as oracles and postconditions as oracles). To the 
best of our knowledge, this is the first empirical study that 
evaluates the cost-effectiveness of automated model-based 
testing with high-level Petri nets. 

The remainder of this paper is organized as follows. 
Section II gives an introduction to function nets and test 
generation. Section III describes the research questions and 
experiment setup. Section IV presents the results; Section V 
reviews related work. Section VI concludes this paper. 

II. FUNCTION NETS AND TEST GENERATION 

A. Function Nets 

Function nets in MISTA are a lightweight version of high-
level Petri nets: predicate/transition nets [3] and colored Petri 

                                                           
1 MISTA 1.0, together with examples and links to Youtube demonstrations, 

can be downloaded at http://cs.boisestate.edu/~dxu/research/MBT.html.  
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nets [4]. It improves usability yet maintains the expressiveness 
of high-level Petri nets. A function net N is a tuple <P, T, F, I, 

L, , M0>, where: 

(1)  P is a set of places (i.e., predicates), T is a set of 
transitions, F is a set of normal arcs, and I is a set of 
inhibitor arcs.  

(2)  L is a labeling function on arcs FI. L(f) is a label for 
arc f. Each label is a tuple of constants and variables.  

(3)  is a guard function on T. (t) is a guard condition for 
transition t.  

(4) M0 is a set of one or more initial markings.  

In this paper, multiple initial markings (i.e., states) can be 
associated with the same net structure. Suppose M0

k is an initial 
marking and M0

k (p) is the set of tokens residing in place p. A 
token in p is a tuple of constants <X>, denoted as p(X). The 
zero-argument tuple is denoted as <¢>. For token <¢> in p, 
we simply denote it as p. We also associate a transition with a 
list of variables as formal parameters, if any.  

 

Figure 1. Function net for blocks. 

Figure 1 shows an example, where holding, clear, on, 
handempty, and ontable are places (circles), stack, unstack, 
pickup, and putdown are transitions (rectangles). The guard 
condition of stack(x,y) is x!=y (enclosed in brackets). An arrow 
(e.g., from holding to stack) represents a normal arc; a line 
segment with a small solid diamond on both ends (e.g., 
between stack and handempty) represents an inhibitor arc. Each 
arc can be labeled by a tuple of variables and/or constants. If an 
arc is not labeled (i.e., the arc from handempty to pickup), the 
default label is the zero-argument tuple <¢>.  

Let p and t be a place and transition, respectively. p is 
called an input (or output) place of t if there is a normal arc 
from p to t (or from t to p). p is called an inhibitor place if there 
is an inhibitor arc between p and t. Let x/V be a variable 
binding, meaning that variable x is bound to value V. A 
variable substitution is a set of variable bindings. For example, 
{x/1, y/2} is a substitution where x and y are bound to 1 and 2, 

respectively. Let   be a variable substitution and l be an arc 

label. l/ denotes the tuple (or token) obtained by substituting 

each variable in l for its bound value in . For instance, l/ = 

<1, 2> if l = <x, y> and  = {x/1, y/2}. 

Transition t is said to be enabled by  under a marking if:  

(1)  each input place p of t has a token that matches l/, 
where l is the label of the normal arc from p to t;  

(2)  each inhibitor place p of t has no token that matches 

l/, where l is the label of the inhibitor arc between p 
and t; and  

(3) the guard condition of t evaluates true according to .  

Suppose an initial marking for the function net in Figure 1 

is {holding(1), clear(2)}. stack is enabled by  ={x/1, y/2} 

because token <1> in the input place holding matches <x>/ , 

token <2> in the input place clear matches <y>/ , there is no 
token in the inhibitor place handempty that matches <¢>, and 

the guard condition x!=y is true according to .  

 Enabled transitions can be fired. Firing t with  under M0
k 

leads to a new marking M1
k as follows:  

(1)  For each input place p of t with input arc label l, the 

unified token l/ is removed from p, i.e., M1
k(p) = M0

k 

(p) –{p(l/)}.  
(2)  For each output place p of t with output arc label l, a 

new token l/ is added to p, i.e., M1
k(p) = M0

k(p) 

{p(l/)}. 

Again, consider an initial marking {holding(1), clear(2)} in 

Figure 1. It enables stack(x,y) by  ={x/1, y/2}. Firing stack 

with  ={x/1, y/2}, i.e., stack(1,2), removes token <1> from 
holding, removes token <2> from clear, add new token <1,2> 
to on, add new token <> to handempty, and add new token 
<1> to clear. Thus the firing leads to a new marking {on(1,2), 
handempty, clear(1)}.  

We denote a sequence of transition firings as M0
k [t11> 

M1
k … [tn-1n-1>Mn-1

k[tnn>Mn
k, or simply t11 … tn-1n-1tnn, 

where M0
k is an initial marking, i (1in) is the substitution 

for firing transition ti under Mi-1
k, and Mi

k is the resultant 

marking. A marking Mn
k
 is said to be reachable from M0

k if 

there is such a firing sequence that transforms M0
k to Mn

k. 

B. Test Generation 

A test case consists of test input and test oracle. The test 

input of a (normal) test is a valid firing sequence t11 … tn-1n-1 

tnn. For each transition ti(x1,…,xm) and substitution i={x1/a1, 

…, xm/am}, tii (1in), also denoted as ti(a1,…,am), is a test 

input to the SUT. The input of a robustness test is an invalid 

firing sequence t11 … tn-1n-1tnn, where t11 … tn-1n-1 is a 

valid firing sequence but tnn is not a valid firing.  Robustness 

tests aim at exercising the SUT with invalid inputs so as to 

verify whether or not the SUT responds correctly. In principle, 

invalid events can be modeled in function nets by using 

additional transitions. However, representing various invalid 

events explicitly in function nets tends to make it difficult to 

manage test models. Thus, MISTA provides a technique for 

generating robustness tests automatically.  
 MISTA provides various methods for automated generation 
of test inputs from function nets. In this paper, we focus on 
coverage-based test generation, including the following: 

 State coverage: A test suite for state coverage covers 
all markings reachable from the initial markings. 

 Transition coverage: A test suite for transition 
coverage covers all transitions reachable from the 
initial markings. 
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 Reachability coverage: A test suite for reachability 
coverage covers all state-transitions reachable from 
the initial markings. 

 Reachability coverage with robustness tests. A test 
suite for reachability coverage with robustness tests 
enhances the test suite for reachability coverage with 
a robustness test at each reachable marking, if exists. 

 Coverage-based test suites generated by MISTA are 
minimized in that: (a) MISTA terminates test generation once 
the coverage goal is achieved, and (b) MISTA never produces 
duplicate tests as it organizes all tests in a state transition tree 
that starts from the initial markings. The reachability coverage 
test suite subsumes both state coverage test suite and transition 
coverage test suite. It is subsumed by the suite for reachability 
coverage with robustness tests.  

When generating a normal test input t11 … tn-1n-1tnn, 

MISTA allows the oracles to be created in the following ways:  

 States as test oracles: The test oracles are the resultant 
markings (states) of respective transition firings, 

M1
k…Mn-1

kMn
k. For each place pP and each token 

<b1,…,bm>Mi
k(P), p(b1,…,bm) is expected to evaluate 

true in the SUT. So MISTA converts p(b1,…,bm) to an 

assertion after test input tii.  

 Postconditions as test oracles: The test oracles are the 

effects of respectively transition firings. As mentioned 

before, the effects of firing tii include: (a) removing 

tokens from its input places under Mi-1
k. Each of these 

tokens should not appear in the resultant state. So 

MISTA converts it to a negative assertion after test 

input tii. (b) adding new tokens to its output places. 

We convert each of the new tokens it to an assertion 

after test input tii. 

 States and postconditions as test oracles: It is a 

combination of the above two methods. The test 

oracles include both resultant markings and 

postconditions of respective transition firings.   

For the invalid firing tnn of a robustness test t11 … tn-1n-1 

tnn,  the test oracle is the marking before tnn, meaning that 

tnn should not change the system state. The generation of 
executable code for test inputs and test oracles is beyond the 
scope of this paper. The details can be found in [12][15]. 

III. EXPERIMENT SETUP 

Our experiments aim to answer the following questions:  

Q1: What are the fault detection capabilities of coverage-
based test suites?  

Q2: How do robustness tests improve fault detection 
capability?  

Q3: How do state-based oracles and postcondition-based 
oracles contribute differently to fault detection?  

Our experiments are based on three Java programs: cruise 
control, vending machine, and blocks game. Cruise control and 

vending machine are two popular examples for demonstrating 
model-based testing. In this paper, the cruise control code 
originated from [9], and the vending machine code was written 
by the authors. As shown in Figure 2, the cruise control model 
is essentially a low-level Petri net. It has no variables, similar 
to a traditional state machine. The vending machine model is 
shown in Figure 3. It sells three types of drinks: coffee, soda, 
and juice. The blocks program originates from the classical 
planning program in the field of artificial intelligence [10]. In 
MISTA, it is used as an example for demonstrating the 
expressive power of function nets. As shown in Figure 1, the 
blocks model captures both control-related and data-related 
interactions between four software components: pickup, 
putdown, stack and unstack. These interactions can be 
interpreted in first-order logic and the state transitions depend 
on various initial states. We believe that it is difficult to specify 
the behaviors with proposition-level UML state machines.   

 

Figure 2. Function net for cruise control  

 

Figure 3. Function net for vending machine 

TABLE I.  METRICS OF SUBJECT PROGRAMS 

Subjects 
Metric  

Cruise 
Control 

Vending 
Machine 

Blocks 
Game 

Lines of code  854 430 166 

Number of classes 12 5 2 

Number of classes for mutation 2 3 2 

Mutants generated by MuJava  122 102 55 

Mutants created manually 0 11 34 

Total mutants 122 113 89 
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Table I presents the main metrics of the subject programs. 
Although they are very small in terms of lines of code, they 
allow us to build systematic test models for the thorough 
evaluation of testing effectiveness. Our prior work has used 
MISTA to test large-scale real world applications [12], but 
focused on system components, rather than entire systems.   

For each subject, we conducted the experiment as follows: 

(1) Build the function net (test model) and MIM (model-
implementation mapping for test code generation);  

(2) Generate test code for each testing strategy under 
evaluation (i.e., each combination of coverage choices 
and oracle choices as described in Section II.B); 

(3) Execute all the test code against the subject program. If 
there is a failure, then either the subject program or the 
test code has a problem. In this case, fix the problem in 
the subject program or repeat steps (1) and (2); 

(4) Create mutants of the subject program using MuJava 
[8]. MuJava is a tool for generating Java mutants, 
executing test code against the mutants, and reporting 
execution results. Each mutant is a modified version of 
the subject program with one fault injected. We also 
created additional mutants by manually injecting the 
types of faults not covered by MuJava. For example, 
faults that do not achieve the desired postconditions 
may be due to missing statements. MuJava does not 
generate such mutants because removing an arbitrary 
statement may lead to a syntax error. Table I shows the 
number of mutants created for each subject program.  

(5) Execute all the test code in (2) against each mutant 
using MuJava. A mutant is said to be killed by a test 
suite if the execution of the test suite reports a failure.  

IV. EXPERIMENT RESULTS 

A. Coverage-based Tests 

 We use mutant-killing ratio (i.e., number of killed mutants 
divided by the total number of mutants) as an indicator of fault 
detection capability. Figure 4, Figure 5, and Figure 6 show the 
number of killed mutants and the mutant-killing ratio of each 
coverage-based test suite in cruise control, vending machine, 
and blocks. “State”, “Transition”, “Reachability”, and 
“Reachability+robustness” refer to test suites for state 
coverage, transition coverage, reachability coverage, and 
reachability coverage with robustness tests, respectively.  

 In cruise control and vending machine, the three test oracle 
methods happen to be identical. Thus, there is only one test 
suite for each of the coverage criteria in Figure 4 and Figure 5. 
The overall mutant-killing ratios for all subject programs in 
Figure 7 indicate that the test suites of state coverage are less 
capable than the test suites of transition coverage, which are 
less capable than the test suites of reachability coverage. The 
state coverage test suite and the transition coverage test suite 
are both a subset of the reachability coverage test suite. The 
test suites of reachability coverage with robustness tests are the 
most powerful – they killed 99.7% of all mutants. They killed 
all mutants of cruise control and vending machine. The only 

live mutant of blocks has an endless loop created by MuJava. 
In this case, MuJava terminated the execution without failure 
because it used a timeout.  

 

Figure 4. Effectiveness of coverage-based tests for cruise control 

 

Figure 5. Effectiveness of coverage tests for vending machine 

 

Figure 6. Effectiveness of coverage-based tests for blocks 

 

Figure 7. Overall effectiveness of coverage-based tests 

 Note that the comparison of test suites for state coverage 
and transition coverage varies from application to application. 
In cruise control, transition coverage is more capable (Figure 
4). In vending machine, however, state coverage is more 
capable (Figure 5). They are the same in blocks (Figure 6).   
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Figure 8. Number of mutants killed per test 

 Figure 8 shows the average number of mutants killed by 
each test in coverage-based test suites. Although the test suites 
for state coverage and transition coverage are less capable than 
those for reachability coverage and reachability coverage with 
robustness tests, their individual tests are more effective. In 
particular, each test in the transition coverage suite killed 15.6 
mutants.  This has two implications: (1) when testing resource 
(e.g., time and budget) is very limited, transition and state 
coverage are better choices. These tests should be conducted 
first. (2) When the testing process progresses, it gets more and 
more expensive to find additional faults because more and 
more tests need to be created and executed.  

 
Figure 9. Lines of test code / mutants killed 

Figure 9 shows the average lines of test code for killing 

mutants. The executable test code is generated automatically. 

Before test code generation, helper code (e.g., package 

statement) needs to be provided. In cruise control and blocks, 

the helper code has only two lines (i.e., package and import 

statements). In vending machine, the helper code has 16 lines 

(package and import statements and a method for verifying 

actual results). These numbers are insignificant compared to 

the total lines of test code. Table II below shows the lines of 

test code for reachability coverage and reachability coverage 

with robustness tests. Figure 9 shows the transition coverage 

tests used 1.3 lines to kill one mutant, whereas the reachability 

coverage with robustness tests used 35.7 lines to kill one 

mutant. Fig. 9 demonstrates the same phenomenon as Fig. 8. 

B. Robustness Tests 

 In MISTA, robustness tests are generated only for 
reachability coverage. So we evaluate their effectiveness by 
comparing the test suites for reachability coverage and for 
reachability coverage with robustness tests, as shown in Table 
II. Reachability+R denotes reachability coverage with 
robustness tests and LOC refers to lines of test code. Generally 
there are more robustness tests than normal tests (in terms of 
both number of tests and lines of code). The robustness tests 
contributed to the killing of 37 additional mutants – the test 
suites for reachability coverage killed none of these mutants.  

TABLE II.  EVALUATION OF ROBUSTNESS TESTS 

 
Category 

Cruise 
Control 

Vending 
Machine 

Blocks 
Game 

Total 

Tests Reachability 9 204  21 234 

Reachability+R 25 648  72 745 

Increased 16 444  51 511 

LOC Reachability 100 4,022 520 4,642 

Reachability+R 217 10,076 1,230 11,523 

Increased 117 6,054 710 6,881 

Mutan
ts 

Reachability 102 101 83 286 

Reachability+R 122 113 88 323 

Increased 20 12 5 37 

 Figure 10 shows the consequences of using robustness tests 
– the total number of tests increased by more than 200%, the 
total lines of code increased by 150%, and the mutant-killing 
ratio increased by only 13%. This indicates that, when the 
testing process progresses, much more tests would be required 
in order to find additional faults. While robustness tests are 
critical to fault detection, they are also costly because there are 
often numerous invalid inputs.  

 

Figure 10. Cost effectiveness of robustness tests 

C. Test Oracles 

In cruise control and vending machine, the three test oracle 

methods have no difference. In blocks, using the combination 

of states and postconditions as oracles is the same as using 

postconditions as oracles (refer to Figure 6) because all 

mutants killed by the state oracles are also killed by the 

postcondition oracles. Figure 11 shows the number of killed 

mutants and the percentage of killed mutants increased by 

using the postcondition oracles for each of the coverage-based 

test suites in blocks. The postcondition oracles are more 

capable than the state oracles because the state oracles do not 

check negative effects of test actions (i.e., token removal). 

 

Figure 11. Effectiveness of postcondition oracles 
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D. Threats to Validity 

 The above experiment results have demonstrated that 
function testing with Petri nets can be highly effective in fault 
detection. The main threats to validity are discussed below.  

First, the three subjects are very small programs in terms of 
lines of source code.  The benefit is that we can build 
systematic test models and generate comprehensive tests suites. 
For complex applications, however, it can be difficult to build 
systematic test models with function nets. In addition, the 
methods for generating coverage-based tests may not scale up. 

Second, the test oracles in the subject programs can all be 
represented formally and thus converted into executable 
assertions. For real-world applications, it is often a challenge to 
define precise test oracles.    

Third, the three subjects are all Java programs. Although 
Java is a representative object-oriented language, the fault 
detection capability of a test generation method can depend on 
particular programming constructs and paradigms. 

Finally, the evaluation of fault detection capability is based 
on fault injection, which is a common approach to the 
evaluation of testing effectiveness [5]. The mutants were either 
generated by MuJava or created manually. Although they have 
covered many types of bugs, they do not necessarily represent 
all possible faults in real-world software.  

V. RELATED WORK 

Zhu and He [17] have proposed a methodology for testing 
high-level Petri nets. The methodology consists of four testing 
strategies: transition-oriented testing, state-oriented testing, 
data flow-oriented testing, and specification-oriented testing. 
Each strategy is defined in terms of an adequacy criterion for 
selecting test cases and an observation scheme for observing a 
system’s dynamic behavior during test execution. It is not 
concerned with how tests can be generated to meet the 
adequacy criteria. Lucio et al. [7] proposed a semi-automatic 
approach to test case generation from CO-OPN specifications. 
CO-OPN is a formal object-oriented specification language 
based on abstract data types and Petri nets. This approach 
transforms a CO-OPN specification into a Prolog program for 
test generation purposes. Lucio developed SATEL [6], a 
language for expressing test intentions of object-oriented CO-
OPN specifications of reactive systems. Test intentions can be 
used to produce a reasonable or practicable number of test 
cases, including negative tests (i.e., robustness tests in this 
paper). Desel et al. [1] have proposed a technique to generate 
test inputs (initial states) for the simulation of high-level Petri 
nets. The above work targets the testing and simulation of Petri 
nets. Wang et al. [11] have proposed class Petri net machines 
for specifying inter-method interactions within a class and 
generating method sequences for unit testing. Manual work is 
needed to make the sequences executable. 

VI. CONCLUSIONS 

We have presented three controlled experiments for 
evaluating the cost-effectiveness of model-based testing with 

high-level Petri nets. To the best of our knowledge, this paper 
is the first empirical study of its kind. The experiment results 
show that testing with high-level Petri nets can be highly 
effective in fault detection and that robustness tests and 
postcondition oracles are both critical to finding faults.  

 Appling model-based testing to large-scale real-world 
software may result in very complex test models which yield a 
large number of test cases. It may be infeasible to generate test 
suite for reachability coverage with robustness tests, although it 
is more capable than state and transition coverage test suites. 
Our future work aims to evaluate the scalability of various test 
generation strategies in MISTA.  
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Abstract—XACML has become increasingly popular for spec-
ifying access control policies in mission critical domains to protect
sensitive resources. However, manually crafted XACML policies
may contain errors which can only be identified with manual
policies review. Recent progress in policy testing still requires
tedious and inefficient manual efforts to compose access requests.
In this paper, we propose an automatic XACML requests gen-
eration for testing access control policies by employing symbolic
execution techniques. Firstly, the access control policy under test
is converted into semantically equivalent C Code Representation
(CCR). Secondly, the CCR is symbolically executed to generate
test inputs. Finally, the test inputs are used to compose access
control requests, which can be automatically evaluated with exist-
ing tools. We also implemented a prototype tool called XPTester
(Xacml Policy Tester) and conducted extensive experiments upon
real-world policies to demonstrate the scalability, efficiency and
effectiveness.

Keywords—Access control policy; XACML; test generation;
symbolic execution

I. INTRODUCTION

Strong access control is necessary to protect the sensitive
resources for security and privacy, and XACML [1] has be-
come popular for access control specification and enforcement
for protecting sensitive resources. XACML is also increas-
ingly being adopted in mobile systems, especially in mission
critical domains [2], [3], [4], [5], [6], [7]. The effectiveness
of an access control system in protecting sensitive resources,
however, relies on the correctness of access control policies.
On the other hand, manually created access control policies,
e.g., written in XACML, may be faulty and is prone to severe
security consequences. According to the Internet Security
Threat Report of 2013 by Symantec, the volume of web-based
attack in 2012 has increased almost one-third of that in 20111.
An early study by University of Pennsylvania ranks Broken
Access Control in the second place of top 10 web application
security vulnerabilities.2 Faulty access control configuration or
specification that imports errors into access control policies is
one of the most common vulnerabilities that lead to web-based
attacks.

Therefore, XACML policies should be tested to ensure that
they were specified as expected before they are implemented.

1http://www.symantec.com/content/en/us/enterprise/other resources/b-istr
main report v18 2012 21291018.en-us.pdf

2http://www.upenn.edu/computing/security/swat/SWAT Top Ten.php

For testing an XACML policy, the testers need to send access
requests to the policy and observe the access decisions. Every
unexpected decision indicates that errors exist in the XACML
policy. Test requests that cover the policy sufficiently are
more effective to discover errors in the policy. However, it is
tedious and inefficient to compose XACML requests manually.
Therefore, it is attractive to apply automated testing approaches
to test the XACML policies. There are several research work
on testing XACML policies that are proposed recently [8],
[9], [10], [11]. However, they are either not scalable or not
effective enough. For example, Cirg [10] is based on change-
impact analysis, which is a high time-consuming process and
its efficiency is related to the size of the policy. So Cirg suffers
from scalability issues and its application to real-world policies
is limited. X-CREATE simply takes all possible combinations
of the attribute values in the policy to generate test requests.
This will lead to a lot of redundant test requests thus reducing
the test efficiency.

In this paper, we propose an automatic, scalable and
effective approach that employs symbolic execution techniques
to generate access requests to test XACML access control
policies. Because symbolic execution is able to generate high
coverage tests for programs, we consider leveraging it to
compose adequate test requests for access control policies.
Firstly, the access control policy under test is converted
into semantically equivalent C Code Representation (CCR).
Secondly, the CCR is symbolically executed to generate test
inputs. Finally, the test inputs are used to compose access
control requests for testing. The results of the experiments on
real-world XACML policies demonstrated that our approach
is efficient and effective in aiding the testers to detect faults
in the policies.

The contributions of this paper are as follows:

• We propose an automatic access request generation
approach for testing access control policies by lever-
age existing symbolic execution technique.

• We bridge non-executable XACML and executable
code by using a code generation approach based on
code schemas.

• We have implemented a supporting prototype tool,
XPTester, and conducted controlled experiments using
real-world access control policies.

The rest of the paper is organized as follows. Section II
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introduces the background and provides a motivation example.
Section III details the proposed approach. In Section IV we
present the evaluation of our approach. In Section V we discuss
the most related work, and we conclude and discuss the future
work in Section VI.

II. BACKGROUND

A. XACML

XACML is an attribute based access control system and
was proposed by OASIS3 in 2003. In XACML, attributes
are associated with four elements, that is, Subject, Action,
Resource and Environment. An XACML policy is composed
of three elements: PolicySet, Policy and Rule. A PolicySet
may contain a sequence of Policies or PolicySets and a Policy
consists of a sequence of Rules. Each of the three elements
consists of at most one Target, which specifies the constraints
on Subject, Action, Resource and Environment to restrict the
type of requests to which the PolicySet, Policy or Rule can be
applied. The authorization decision to the access requests is
defined and stored in every Rule as Effect, the possible value
of which is Permit or Deny. In systems that adopt XACML, a
component named PEP (Policy Enforcement Point) composes
access requests in XACML format and sends them to another
component called PDP (Policy Decision Point) for requests
evaluation. The PDP makes authorization decision based on
the XACML policy. Sometimes there will be more than one
Policies or Rules can be applied to an access request, but only
one authorization decision is allowed for every single request.
Then in XACML, Combining Algorithm is designed to handle
such a situation. There are Policy Combining Algorithm and
Rule Combining Algorithm dealing with conflict of Policies
and Rules, respectively. In this paper, we deal with the most
common four of the twelve types of Combining Algorithm:
First-Applicable, Permit-Overrides, Deny-Overrides and Only-
One-Applicable.

B. Symbolic Execution

The concept of Symbolic Execution[12] was first put
forward by JC King in 1976. It is proposed to facilitate
the automated generation of high code coverage test cases.
In symbolic execution, instead of supplying normal inputs
to the program, the inputs are made symbolic to represent
any values. Symbolic execution process is same as normal
execution except that the values obtained during execution may
be formulas on symbolic values. During symbolic execution,
the executing path will fork at condition statement like if-
else. Both branches will be executed and the corresponding
constraints will be added to the current path constraint. At
the end of an execution path, the path constraint on symbolic
variables will be solved for concrete values. Thus a concrete
input that can make this path be executed is obtained. After
all paths are executed and the corresponding path constraints
are solved (if solvable), a test suite is obtained, containing
test inputs that is capable of covering the executed paths
during symbolic execution. There are several tools supporting
symbolic execution, i.e., KLEE [13]. KLEE is able to generate
tests that achieve high coverage on a diverse set of complex
and environmentally-intensive programs, specifically for C

3https://www.oasis-open.org/

language. For efficiency purpose, we chose KLEE in our
framework for test case generation.

C. A Motivating Example

Here we use a motivating example concerning mobile
security to further demonstrate the importance of testing the
access control policies applied to the mobile devices. In recent
years, in order to improve working efficiency of the employees
as well as cutting costs, more and more companies allow their
employees to bring their personal devices into the workplace
and use them to do daily work. This practice is called Bring
Your Own Device (BYOD) [14]. Thus the employees can
use their personal devices to access the company’s privileged
applications and information networks. At the same time the
devices may also be connected to the Internet or have installed
many other applications that may include malwares. On one
hand, strong access control policies must be applied to protect
the private resources of the company, i.e., to specify who can
access what resources. On the other hand, before implementing
the access control policy, testers should test the potentially
complex policy thoroughly to prevent faulty policy causing
severe security consequences (e.g confidential information
leakage). This motivates us to investigate effective and efficient
approaches to automatically test XACML policies.

III. APPROACH

In this section, we describe the proposed approach in
details. The framework of our approach is illustrated in Figure
1. There are three steps in the framework for a complete
testing process, each of which is represented by a rectangle in
the figure. Firstly, the XACML policy under test is converted
into semantically equivalent C Code Representation (CCR).
Secondly, test inputs of the CCR are generated via symbolic
execution and afterwards are used to compose XACML test
requests. Finally, the test requests are evaluated against the
XACML policy under test to generate a testing report.

Fig. 1: Framework of our approach

A. Generate C Code Representation

1) Attribute Numeralization: Symbolic execution is more
capable of dealing with variables of integer type. However,
the attribute values in XACML policies are in various types
including string, URL, boolean and so on. Therefore, in order
to take advantage of symbolic execution, XACML policy needs
to be preprocessed by numeralizing the attributes appeared in
the policy. Each attribute is assigned with a unique integer
value to represent the attribute value [15]. We put each pair
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of mapping between an attribute value and its corresponding
integer value into an AIM (Attribute Integer Mapping) set. One
example of AIM is listed in TABLE I.

TABLE I: Example of AIM sets

Attribute value Attribute type Integer value
Technician string 1
Manager string 2

View string 3

2) Code Schema: Real-world XACML policies may be
complex and large, which makes it challenging to effectively
converting them to code representations. The core of CCR
generation is the Code Schema, which is shown in Figure 2.
It is designed to facilitate systematic and scalable CCR gen-
eration from XACML policies. The Code Schema specifies
the structure of the CCR for a XACML policy. Precisely,
PolicySets, Policies and Rules are represented as functions in
CCR according to the Code Schema. A CCR is composed of
a sequence of the function definitions. The functions typically
contain an if statement representing the evaluation of Target.
Code in the if statement is called Evaluation code block, which
may contain calls to other functions for XACML elements.
Based on the Code Schema, we are able to systematically gen-
erate CCR from XACML policies in any size or complexity.

Fig. 2: Code Schema of C Code Representation (CCR)

3) Mapping Rules from Combining Algorithms to Code:
While it is easy to represent the policy with if-else statements,
the greatest challenge to convert an XACML policy into CCR
is the complex semantics of Combining Algorithms. There
are four Combining Algorithms defined in XACML: First-
Applicable, Deny-Overrides, Permit-Overrides and Only-One-
Applicable. The different semantics of Combining Algorithms
are reflected in CCR by the distinctions between Evaluation
code blocks. Table II shows the mapping rules from Com-
bining Algorithms to specific Evaluation code blocks. When
converting the XACML policies, the specific Evaluation code
block will be selected from the mapping rules according to the
type of Combining Algorithm to compose the CCR.

4) Algorithm for CCR Generation: The CCR generation al-
gorithm, which is shown in Algorithm 1, converts an XACML
policy into its CCR. The algorithm traverses the XACML
policy in DFS (Depth First Search) manner starting from
the root (PolicySet or Policy). BuildPolicySet, BuildPolicy
and BuildRule are functions that convert PolicySet, Policy
and Rule into corresponding functions. In BuildPolicySet
or BuildPolicy, it checks the type of Combining Algorithm

TABLE II: Mapping rules from Combining Algorithm to
Evaluation code blocks

Combining Algorithm Evaluation code block

First-Applicable if((effect = Policy x(Sub, Act, Res, Env)) != -1
return effect;

Deny-Overrides if((effect = Policy x(Sub, Act, Res, Env)) != -1)
if(effect == 1)return 1;

Permit-Overrides if((effect = Policy x(Sub, Act, Res, Env)) != -1)
if(effect == 0)return 0;

Only-One-Applicable

if((effect = Policy x(Sub, Act, Res, Env)) != -1)
applicable = 1;
if((effect = Policy y(Sub, Act, Res, Env)) != -1){
if(applicable == 1)
return -1;
applicable = 1;
}
if(applicable == 0)return -1;
return effect;

defined in the PolicySet (Policy). Based on the type of Com-
bining Algorithm detected, the algorithm chooses the proper
Evaluation code block by referring to the mapping rules from
XACML policy to Evaluation code blocks. It then fills the
Evaluation code blocks with the integer values for the attribute
values found in Target. Subsequently, the algorithm recursively
converts the PolicySets, Policies or Rules contained in the
PolicySet or Policy until arriving at the end of the policy.

B. Generate Test Requests via Symbolic Execution

For test generation, automation, adequacy, non-redundancy,
and efficiency are mutually constraint factors. Symbolic exe-
cution techniques satisfy all above mentioned factors simulta-
neously. In our approach, we use a state-of-the-art symbolic
execution tool KLEE [13] to explore every possible path
of CCR to generate test inputs to cover adequate paths in
an efficient manner. In the generated CCR, there are four
integer variables (Sub, Act, Res, Env) defined at the start of
the main function, representing Subject, Action, Resource and
Environment, respectively. They should be made symbolic
by using klee make symbolic. The CCR will be compiled
into executable program using LLVM [16], and symbolically
executed by KLEE to obtain test inputs for the CCR.

Symbolic execution generates a set of test cases containing
inputs for CCR. Each test case contains values of four CCR
inputs, which are Sub, Act, Res and Env. For each of these val-
ues, our framework queries the AIM sets for the corresponding
attribute values. Once the attribute values of Subject, Action,
Resource and Environment are obtained, an XACML request
can be constructed.

C. Evaluate the Test Requests

Our framework composes a set of test requests based on
the test inputs generated from CCR, each of which is an
access request. We use PDP to evaluate each test request to
produce an authorization decision. We instrumented the PDP
to record the evaluation trace (i.e., sequence of policy elements
that are applicable to the request) into a testing report. Each
decision will be compared with what is specified in the access
control requirement specification (supplied by the tester). If
the decision is inconsistent with the corresponding expected
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Algorithm 1 Converting a XACML policy into CCR
Require:
• XP, the XACML policy to convert.
• AS, the AIM sets

Ensure:The CCR for the XACML policy.
1: CCR ccr = NULL;
2: Function func = NULL;
3: for each PolicySet PS in XP do
4: func = BuildPolicySet(PS, ccr);
5: ccr.addFunction(func);
6: end for
7: for each Policy P in XP do
8: func = BuildPolicy(P, ccr);
9: ccr.addFunction(func);

10: end for
11: ccr.buildMainFunction();
12: return ccr;
13: function BUILDPOLICYSET(PolicySet PS, CCR ccr)
14: query into AS to find integer values for the attributes;
15: create if statement according to the Target of PS;
16: CombiningAlgorithm CA
17: = PS.CombiningAlgorithm;
18: create Evaluation code block according to CA;
19: for each PolicySet ps in PS do
20: Function func = BuildPolicySet(ps, ccr);
21: ccr.addFunction(func);
22: end for
23: for each Policy p in PS do
24: Function func = BuildPolicy(p, ccr);
25: ccr.addFunction(func);
26: end for
27: return function for PS;
28: end function
29: function BUILDPOLICY(Policy P, CCR ccr)
30: query into AS to find integer values for the attributes;
31: create if statement according to the Target of P;
32: CombiningAlgorithm CA
33: = P.CombiningAlgorithm;
34: create Evaluation code block according to CA;
35: for each Rule r in P do
36: Function func = BuildRule(r);
37: ccr.addFunction(func);
38: end for
39: return function for P;
40: end function
41: function BUILDRULE(Rule R)
42: query into AS to find integer values for the attributes;
43: create if statement according to the Target of R;
44: return function for P;
45: end function

decision, there must exist a fault in the XACML policy. The
request will be highlighted as a failed test in the generated
report. By observing the evaluation trace of the test request, it
is easy for the tester to locate the fault in the policy.

IV. IMPLEMENTATION AND EVALUATION

Based on the proposed approach, we implemented a pro-
totype tool, XPTester, using Java version 1.7 under Linux
(Ubuntu 12.10) with LLVM (version 2.9) and llvm-gcc (we
used binary version for LLVM 2.9) [16], with KLEE [13]
as the symbolic execution engine. In this section, we present
the results of empirical experiments and give a comprehensive
evaluation analysis.

Generally, there are two effectiveness measurements in
evaluating an access control testing approach: the policy
coverage ratios and the defect detection capabilities of the
generated requests. There are also two other important aspects
of efficiency that are often overlooked, number of test requests
and time spent in generating them. The goal of this evaluation
is to evaluate both the efficiency and effectiveness of our
approach.

TABLE III: Experiment subjects

Policy Under Test LOC # CA # PolicySet # Policy # Rule
continue-a 7138 2 111 266 298

SyntheticPolicy-1 12185 3 5 40 400
SyntheticPolicy-2 23785 3 5 40 800

WSO2 90 1 0 1 4
demo-5 86 1 1 1 3
demo-11 126 1 0 1 3
demo-26 100 1 0 1 2

Policy-EMC 125 1 6 3 3
IIIC003Policy 105 1 0 1 2

In the experiments, XPTester was compared with the lat-
est XACML policy testing tool X-CREATE [8]. X-CREATE
generates XACML requests by assigning attribute values to
the intermediate-request obtained by exploring the XACML
Context Schema. For each XACML policy, the number of
requests X-CREATE can generate is variable, and it is the
testers’ responsibility to decide how many requests to generate.

All our experiments were executed on a quad-core machine
with an Intel Core (TM) i5-2400M 3.10GHz processor and
4GB memory size.

1) Experiment Subjects: TABLE III lists the subjects we
tested in our experiment, including names of the policies,
line of code (LOC) in the XACML file, numbers of type of
Combining Algorithm(CA) appearing in the policies, Policy-
Set, Policy and Rule. continue-a is used as experiment subject
to evaluate Cirg [10], collected from a real-world conference
management system. SyntheticPolicy-1 and SyntheticPolicy-2
are synthetic policies obtained from the benchmarks used by
Xengine [15]. These two policies are huge in size and we
used them to evaluate the effectiveness of XPTester to deal
with large-scale policies. WSO2 is a sample policy composed
by WSO2, which is a leading company in service-oriented
architecture solutions providers. demo-5, demo-11 and demo-
26 are example policies used to illustrate Fedoras’ usage of
XACML policy. Policy-EMC is an example policy presented
by EMC4. IIIC003Policy is one of the test cases for XACML
2.0 conformance tests5.

2) Evaluation Results: We report the experiment results
in Table IV. X-CREATE allows users to decide how many
requests to generate [8] while XPTester generates fixed amount
of requests. For each of the experimental subjects, we used
XPTester to generate one set of requests and X-CREATE
to generate two, one of which has the same number of the
requests generated by XPTester while the other contains all the
requests X-CREATE can generate. We found that the number
of requests generated by X-CREATE could be far more than
that generated by XPTester, especially when the size of the
policy is big. We summarize the evaluation results as follows.

Result 1: XPTester is more time efficient to generate even
a large number of test requests than X-CREATE.

We define Time Consumed in Obtaining Requests
(TCOR) of an access control testing framework as the to-
tal time spent in obtaining a certain number of requests.
Intuitively, the smaller the TCOR is, the more efficient the

4https://community.emc.com/docs/DOC-7410
5https://www.oasis-open.org/committees/download.php/14877/

ConformanceTests.html
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TABLE IV: Policy coverage and mutant killing ratios achieved by requests generated by XPTester and X-CREATE as well as
the time spent in generating requests (TCOR). While evaluating the TCORs, we used the two sets of requests from XPTester
and X-CREATE that have the same size.

Policy Under Test
XPTester X-CREATE(Less Requests) X-CREATE(Full Requests)

# Req TCOR Rule cov Mut killing # Req TCOR Rule cov Mut killing # Req Rule cov Mut killing
continue-a 229 9.33s 46.31% 37.18% 229 402.47s 22.48% 21.02% 870 46.31% 37.18%

SyntheticPolicy-1 440 17.64s 83.00% 80.07% 440 64.36s 27.00% 57.50% 1134 83.00% 80.07%

SyntheticPolicy-2 756 31.15s 87.75% 90.37% 756 114.10s 28.13% 67.91% 2142 87.75% 90.37%

WSO2 8 8.61s 100.00% 93.33% 8 17.55s 75.00% 83.33% 32 100.00% 93.33%

demo-5 6 10.54s 100.00% 78.57% 6 17.85s 100.00% 64.27% 42 100.00% 78.57%

demo-11 5 8.58s 100.00% 90.91% 5 15.92s 66.67% 86.11% 20 100.00% 90.91%

demo-26 4 9.10s 100.00% 87.50% 4 15.69s 100.00% 50.00% 8 100.00% 87.50%

Policy-EMC 8 9.68s 100.00% 52.63% 8 16.66s 66.67% 18.42% 24 100.00% 52.63%

IIIC003Policy 5 10.61s 100.00% 77.78% 5 15.50s 100.00% 77.78% 48 100.00% 77.78%

framework is in generating test requests. We found that the
time of XPTester consumed in generating test requests is
almost one tenth of that of X-CREATE on average. This
is because X-CREATE generates test requests by exploring
the XACML Context Schema and taking the attribute value
combinations, both of which are time consuming processes.
Especially, for policies with large number of attribute values,
such as continue-a, the time X-CREATE spends in generating
test requests exploded.

Result 2: XPTester is able to generate less test requests
while achieving the same policy coverage as X-CREATE.

Regarding the policy coverage of requests generated by
XPTester and X-CREATE, the results show that X-CREATE
achieves less Rule coverage than XPTester when generating
the same number of requests. For an unbiased comparison, we
also experimented to have X-CREATE achieve the same rule
coverage as XPTester did by generating a larger set of requests.
It is worth noting that XPTester generated far less number
of requests than X-CREATE. X-CREATE achieves certain
degree of policy coverage by simply taking combinations of
all attribute values that may lead to redundant requests.

Result 3: XPTester is more capable of detecting faults in
XACML policies than X-CREATE with less test requests.

We carried out mutant testing to evaluate the fault detection
capability of test requests. We referred to the mutation op-
eration proposed by Martin [17] and automatically generated
mutant policies for each subject. We observed that the mutation
killing ratios of requests from XPTester and X-CREATE are
the same when using X-CREATE to generate the maximum
number of requests it could. However, if we utilized X-
CREATE to generate the same number of requests as XPTester,
its mutant killing ratios declined signicantly compared to
XPTester. This is intuitively understandable as fault detection
capability associates with policy coverage ratio.

Our experiment results confirmed that XPTester is efficient
in generating test requests that have high fault detection ability
for XACML policies. The efficiency and effectiveness of
XPTester are due to following facts. First, XPTester is useful
in reducing the time spent in requests generation. Second, the
generated requests cover the policy adequately and have strong
fault detection capability. In addition, XPTester generates

relatively small number of requests while achieving the same
policy coverage and fault detection capability comparing to the
state-of-the-art tools, such as X-CREATE.

V. RELATED WORK

There are many research projects on deploying and testing
access control for mobile devices. El-Aziz and Kannan propose
a framework that uses XACML to support access control over
the data access of handheld devices [2]. Ulltveit-Moe and
Oleshchuk study mobile security with location-aware role-
based access control by implementing access control policy
using XACML [3]. Abdunabi et al. propose a new spatio-
temporal role-based access control model that considers time
of access and location of the mobile device users [4]. To avoid
modifying the operating system, Android specifically, while
enhancing a security policy, Xu et al. propose a method that is
able to repackage applications to enclose the policy to facilitate
runtime monitoring of application behaviors [6]. An Android
runtime security policy enforcement framework is proposed
by Banuri et al. that validates the behavior of an application
through its permission exercising patterns [18]. In terms of
securing the scenario of Bring Your Own Device (BYDO),
Rmando et al. propose a security framework for mobile de-
vices to restrict the installation of applications to assure the
security of the resources under protection [19]. These research
demonstrates the need of access control for mobile security
and XACML is becoming an important deployment candidate
for policy specification and enforcement.

For security policy testing, Mouelhi et al. and Le Traon
et al. propose a technique that transforms the test cases for
functional testing into test cases for security policy testing [20],
[21]. There are several techniques proposed and tools devel-
oped for XACML policy testing. Bertolino et al. propose a
test strategy to generate XACML requests from the XACML
Context Schema that leads to X-CREATE [8]. Martin and
Xie develop Targen [9], in which the policy under test is
converted into a tree structure representation. It generates
XACML requests by combining all the possible combinations
of attributes values satisfying the constraint along the tree’s
paths. X-CREATE and Targen, however, generate too many
redundant test requests due to the randomness nature of their
request generation approaches. Another tool called Cirg is
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also developed by Martin and Xie [10]. Cirg utilizes the
change-impact analysis capability of Margrave [22] to gen-
erate XACML requests. However, change-impact’s efficiency
depends on the size of the policy [10].

The work most similar to ours is proposed by Yu et al. [11],
in which they also propose a security policy testing approach
based on code generation. They utilize concolic testing [23] to
generate test inputs for program module by first converting the
policy under test into program module like JAVA code. The
concolic testing tool they use is JCUTE [24]. After obtaining
test inputs from JCUTE, the inputs are translated into access
requests for testing purpose. While both leverages code gen-
eration, Yu’s work has several limitations. First, the program
module generation process fails to take into comprehensive
consideration of the complex semantics of the policy language
like various Functions defined in XACML. Second, as far as
we know, JCUTE does not offer any programming interfaces
thus the test inputs generation and translation must be done
with manual effort, thus it cannot be completely automated.
Finally, the tester has to audit the evaluation results of the test
requests manually, which is a tedious and error-prone exercise.

VI. CONCLUSION AND FUTURE WORK

This paper proposes an automatic approach to system-
atically test access control policies specified in XACML
by employing symbolic execution techniques. First, XACML
policy is converted into runnable code. Second, the code is
symbolically executed to generate highly adequate and non-
redundant test inputs. Final, the test inputs are then used to
compose access requests which can be automatically evaluated
to report defects with existing tools. We have implemented
a supporting tool and conducted extensive experiments upon
real-world policies. The experiments demonstrate the applica-
bility, scalability, efficiency and effectiveness of our approach.

In the future, we will continue our work in three directions.
First, we plan to extend our approach to support more access
control policy languages. Second, the approaches for testing
PEP or obligations are yet to be developed. Third, we will work
on mobile security, for example, to test mobile apps running
on mobile devices, whose access control policies are specified
with XACML.
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Abstract—Automatic test case generation using symbolic 

execution suffers from the problem of path explosion: the number 

of paths to be explored may grow exponentially with the scale of 

a program. We believe that different paths may exhibit some 

similar program behaviors, thus it is unnecessary to explore all of 

the paths to generate test cases. In this paper, a novel model of 

program causality is proposed to extract all kinds of influences 

among statements of a program, which consists of four types of 

program dependencies. Then, a heuristic approach based on 

program causality is developed to selectively explore program 

paths in symbolic execution. We have implemented a prototype of 

our approach within the symbolic execution engine of Java 

Pathfinder. Experiments on six public benchmarks show that our 

approach can significantly reduce the number of explored paths 

and the symbolic execution time so that to improve the 

performance of test case generation. 

Keywords-Symbolic Execution; Causality Partition; Test Case 

Generation;  

I.  INTRODUCTION 

Automatic

 test case generation using symbolic execution 

[1-3] has recently regained prominence as a technique for 

systematically exploring the paths of a program. In practice 

though, symbolic execution suffers from the inherent problem 

of path explosion where the number of paths to be explored 

can increase exponentially with the scale of a program. While 

there are techniques for mitigating path explosion, e.g. by 

using compositionality [4], abstraction refinement [5], and 

parallelization [6], systematically exploring program paths 

remains a daunting task even for medium-sized programs. 

In this paper, we propose a novel test case generation 

technique that selectively explores program paths based on 

program causality. The intuition is that the path with the same 

causal relationship with already explored paths does not reveal 

additional program behavior. Figure 1 shows a program that 

may raise division-by-zero exceptions at Lines 11 and 13. 

Table I gives all eight possible paths of the program. For 

brevity we only list branch statements of a path. As indicated 

by Column 3, paths π5 and π7 can raise the exception at Line  

                                                           
* The corresponding author is Ting Liu (tliu@sei.xjtu.edu.cn)  
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under Grant (2012AA011003), Key Projects in the National Science and 

Technology Pillar Program of China (2012BAH16F02) and the Fundamental 

Research Funds for the Central Universities. 

void Test(int x, int y, int m) {

1:   int a=1;

2:   int b=1;

3:   int c=2;

4:   int d=3;

5:   int first_out, second_out;

6:   if(x+y < 0)

7:      a=3;

8:   if(m > 2)

9:      d=4;

10: if(x-y > 1)

11:    c=1/(a-b);

12: first_out=c;

13: second_out=1/(a-d);

 }
 

Figure 1.  A Running Program. 

11, and paths π3 and π4 can raise the exception at Line 13. 
Columns 4-8 mark the necessary paths for kinds of coverage 
criteria, respectively. For statement coverage TStatement, path π1 is 
sufficient. For branch coverage TBranch, two paths π1 and π8 are 
satisfiable. In order to achieve the path coverage TPath, all eight 
paths have to be executed. As expected, statement and branch 
coverage require much fewer test cases than path coverage, at 
the cost of missing both exceptions at Lines 11 and 13. Column 
7 lists the paths that are covered by our approach. Note that 
with half of the paths to be explored, our approach can still 
catch both exceptions. Comparing π5 and π7, we can observe 
that the decision at Line 8 makes no difference on the potential 
exception at Line 11. Therefore a testing that covers either π5 or 
π7 can report the exception at Line 11. Similarly, it is not 
necessary to explore both π3 and π4 for detecting the exception 
at Line 13. This paper addresses a more general question: 
without considering any particular type of fault, is it possible to 
achieve the same testing effect as path coverage without 
exploring all paths? By exploring four instead of eight paths, 
Table I shows the answer is positive. In our approach we 
exploit causal relationship to achieve the path reduction. 
However, the existing program dependence definitions are not 
sufficient for causal relationship. Therefore in this paper we 
introduce a new type of program dependence called 
Correlation Dependence. The last column in Table I shows 
why correlation dependence is indispensable, as without it the 
exception at Line 13 cannot be detected. 

As illustrated by the example, the key insight of our 

approach is to prevent some irrelevant statements combination 

from generating redundant paths. We first extract causal 

dependencies of a program, which consist of control, data, 

potential dependence and newly proposed correlation 

dependence. Then, we conduct symbolic execution to 

selectively explore program paths through exploiting the 
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TABLE I.  TEST CASES FOR KINDS OF COVERAGE CRITERIA 

No Execution Error TStatement TBranch TPath TCausal Tw/o  

π1 <6T,8T,10T>  √ √ √ √ √ 

π2 <6T,8T,10F>    √   

π3 <6T,8F,10T> 13   √ √  

π4 <6T,8F,10F> 13   √   

π5 <6F,8T,10T> 11   √ √ √ 

π6 <6F,8T,10F>    √   

π7 <6F,8F,10T> 11   √   

π8 <6F,8F,10F>   √ √ √ √ 

causal dependencies. We have implemented a prototype of our 

approach within the framework of JPF-SE [1] and conducted 

experiments on six public benchmarks. The results validate the 

effectiveness of our approach. Compared with the original 

JPF-SE, our approach can reduce the number of explored 

paths by 46.28% to 98.84%, and achieve a speedup of 2.47X 

to 49.12X. We also compare our approach with FlowTest [8], 

where our approach can reduce the number of explored paths 

by 49.37% to 98.86%, and achieve a speedup of 1.05X to 

61.40X. Additional experiments on the growth rates of the 

number of explored paths and usage time indicate that our 

approach can achieve orders of magnitude improvement. 

Our main contributions are summarized as follows. 

 We propose a novel approach to reduce test cases through 
exploiting the causality exhibited in program paths. Such 
reduction is sound. 

 We extract causality in terms of control dependence, data 
dependence, potential dependence and newly proposed 
correlation dependence. This can help to comprehensively 
and systematically understand the causal dependencies 
among program statements. 

 We have implemented a prototype of our approach within 
the framework of JPF-SE and conducted experiments on six 
public benchmarks. The results show that our approach can 
dramatically reduce the number of explored paths and the 
symbolic execution time. Additional experiments on growth 
rates of the explored path size and usage time indicate that 
our approach can offer orders of magnitude improvement. 

II. REDUCING TEST CASES WITH CAUSALITY PARTITIONS 

A. Relevant Definitions 

Control flow graph (CFG) of a procedure is a directed 

graph that can be represented by CFG=<N, E>, where N is the 

set of nodes and E N×N represents possible execution flow 

between the nodes. Br N is the set of branches. Also, we use 

n Br to represent the opposite branch of n Br . 

Definition 1 Control Dependence is a map controlD: Br×N

→{T, F} that returns true for a pair of nodes (ni, nj) if node ni 

has more than one exit paths, and one of the exit paths must 

result in nj being executed but the other exit path may result in 

nj not being executed; Otherwise it returns false. 

Definition 2 Data Dependence is a map dataD: N×N→{T, F} 

that returns true for a pair of nodes (ni, nj) if there exists a 

path π from ni to nj where ni defines a variable v, nj uses the 

variable v and any nk (i<k<j) on π does not redefine the 

variable v; Otherwise it returns false. 

Definition 3 Potential Dependence [9] is a map potentialD: 

Br×N→{T, F} that returns true for a pair of nodes (ni, nj), if (1) 

there exists a path π from ni to nj where nj uses a variable v 

and the definition of v occurs before ni; (2) nj is not control 

dependent on ni; (3) a different definition of v could potentially 

reach nj if ni is evaluated differently; Otherwise it returns false. 

We define Traditional Dependence as a map traditionalD: 

N×N→{T, F} that returns true for a pair of nodes (ni, nj) if 

controlD(ni, nj)∨dataD(ni, nj)∨potentialD(ni, nj); Otherwise it 

returns false. 

Definition 4 Correlation Dependence is a map correlationD: 

N×N→{T, F} that returns true for a pair of nodes (ni, nj) if 

there exists a path π=<…ni…nj…nk…>, and ni, nj, nk satisfy (1)  

traditionalD(ni, nk)∧ (traditionalD(nj, nk) ∨ correlationD(nj, 

nk)); or (2) (traditionalD(ni, nk) ∨ correlationD(ni, nk)) ∧

traditionalD(nj, nk); Otherwise it returns false. 

We define Causal Dependence as a map causalD: N×N→
{T, F} that returns true for a pair of nodes (ni, nj) if 

traditionalD(ni, nj)∨correlationD(ni, nj); Otherwise it returns 

false. Table II lists all causal dependencies of the example. 

TABLE II.  DEPENDENCIES OF THE PROGRAM IN FIGURE 1 

Type Dependent Pairs 

ControlD (6T,7) (8T,9) (10T,11) 

DataD 
(1,11) (1,13) (2,11) (3,12) (4,13) 

(7,11) (7,13) (9,13) (11,12) 

PotentialD (6F,11) (6F,13) (8F,13) (10F,12) 

CorrelationD 

(1,2) (1,4) (1,6F) (1,8T) (1,8F) 
(1,9) (1,10T) (2,6T) (2,6F) (2,7) 

(2,10T) (3,10F) (4,6T) (4,6F) (4,7) 

(4,8F) (6F,8T) (6F,8F) (6F,9) (6F,10T)  
(7,8T) (7,8F) (7,9) (7,10T) 

Definition 5 A covered causal chain cπ of path π is a sequence 

V=[n1,…,nm] such that 

  niπ, causalD(ni, n1), and 

  njV, traditionalD(ni, nj)→niV, and 

  nj, nj+1V, causalD(nj, nj+1). 

Definition 6 A discovered causal chain dπ of path π is a 

sequence V=[n1 ,…, mn ] that is a covered causal chain of path 

π' generated by flipping the branch nm to mn in path π. 

B. Computation of Causal Dependence 

Since control, data and potential dependence are widely 

applied in the software engineering and can be obtained by the 

existing tools [8, 9], in this paper we focus on the computation 

of newly proposed correlation dependence.  

We first compute the reachability of node pair (ni, nj) using 

Equations (1), (2) and (3). Similar to the data flow analysis via 

graph reachability [11], we use the node pair in the 

computation. Note that n0 represents start node of CFG, which 

has no incoming node pair. The outgoing node pairs of nj 
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consist of two parts: the node pairs generated at nj, and the 

subtraction of the incoming node pairs by the node pairs killed 

at nj. Given the incoming nodes Nj at nj, obtained through data 

flow analysis [11], the node pair (n'j, nj) is generated at nj 

through pairing every n'jNj with nj. A node pair (np, nq) is 

killed at nj if either np or nq is redefined by nj. We consider np 

or nq is redefined by nj, if np or nq is the definition statement 

and the variable they define is the same with the variable 

defined at nj, or np or nq is the conditional statement and they 

no longer directly or indirectly control nj. Assuming Npre is the 

set of nodes that are immediate predecessors of nj in CFG, the 

incoming node pairs of nj are the union of the outgoing node 

pairs of the nodes in Npre. 

 

We then compute the correlation dependence. For each 

node nj with an incoming node pair (np, nq), if either 

traditionalD(np, nj)∧causalD(nq, nj)  or causalD(np, nj) ∧ 

traditionalD(nq, nj), it is considered that nq is correlation 

dependent on np.  

C. Reducing Test Cases with Causality Partitions 

Overview. Algorithm 1 gives a high level overview of our 

approach. It maintains two global data structures C and D. C is 

the set of covered causal chains and D is the set of discovered 

causal chains that are yet to be covered. The algorithm first 

starts symbolic execution with a random input (Line 2). Each 

subsequent path exploration is directed by a discovered causal 

chain d removed from D (Line 5). At Line 6, if d is satisfiable, 

we will obtain a new input such that d can be covered by the 

execution under the newly acquired input. When we obtain an 

input, we use the procedure reducedPathExploration to handle 

the sets C and D (Line 8), which are used to drive the future 

path explorations. The algorithm terminates when D becomes 

empty. The computation of the input based on a discovered 

causal chain d (Line 6) and the algorithm for procedure 

reducedPathExploration (Line 8) will be discussed later. 

Table III gives a complete procedure of our approach in 

the example program. Column 1 shows the discovered causal 

chains that are yet not covered and then used to guide further 

path explorations. The generated inputs and corresponding 

paths are given in Columns 2 and 3, respectively. Columns 4 

and 5 list the set of covered causal chains and discovered 

causal chains. Note that although we pick only one discovered 

causal chain in each iteration, the newly explored path may 

cover many previously discovered causal chains that are still 

not covered. Therefore it may reduce the size of D 

significantly. As illustrated in Table III, four paths can cover 

all possible causal chains instead of eight paths in standard 

symbolic execution. 

Table IV explains why neither π3 nor π4 is explored without 

considering correlation dependence and hence the exception at 

Line 13 is missed. The exception at Line 13 can only be raised 

by the path that executes both 6T and 8F. Since there does not 

 

exist any control, data or potential dependence between 6T 

and 8F, symbolic execution without correlation dependence 

will not combine 6T and 8F to generate a new path after 

exploring π=<6T,8T,10T>, which leads to incompleteness. 

Causal Chain Computation during Path Exploration. 
Algorithm 2 focuses on computing the covered and discovered 

causal chains once a path π is obtained. We will explain the 

algorithm through Table V, which illustrates the procedures 

under the path π=<1,2,3,4,6T,7,8T,9,10T,11,12,13>. Let Cπ 

and Dπ be the set of covered and discovered causal chains of π, 

respectively. Initially, as shown in row 1, Cπ={[1], [3]} and 

Dπ={}. Both nodes 1 and 3 appear in π and they are not causal 

dependent on any other nodes in π (Line 2). Dπ is empty as 

there is no node in π whose negated node is not causal 

dependent on any other nodes in π (Line 3). We illustrate 

Lines 5-15 in Algorithm 2 using rows 6 and 13 in Table V. 

cπ.branch at Line 6 represents the sub sequence of cπ that 

consists of all its branches. In fact, the longer causal chain is 

generated by extending a node into the previous shorter causal 

chain. In row 6, the previous shorter covered causal chain cπ is 

[1,2,6T,7,10T] that is generated at row 5 and EXT is {11}. 

EXT represents the set of extensible nodes. If a node nj is 

causal dependent on the last node of previous shorter covered 

causal chain cπ and the set of nodes that are traditional 

dependent by nj are all included in cπ, nj can be an extensible  

TABLE III.  SYMBOLIC EXECUTION WITH CAUSALITY 

Causal Chain Input Path C D 

None (0,-2,3) <6T,8T,10T> 

[6T] 
[6T,8T] 

[6T,10T] 

[8T] 
[10T] 

[6F] 
[6T,8F] 

 

[8F] 
[10F] 

[6F] (2,0,3) <6F,8T,10T> 

[6F] 

[6F,8T] 

[6F,10T] 

 

[6F,8F] 

 

[6T, 8F] (0,-2,0) <6T,8F,10T> 
[6T,8F] 

[8F] 
 

[10F] (1,0,0) <6F,8F,10F> 
[6F,8F] 

[10F] 
 

TABLE IV.  SYMBOLIC EXECUTION WITHOUT CORRELATION DEPENDENCE 

Causal Chain Input Path C D 

None (0,-2,3) <6T,8T,10T> 

[6T] 

[6T,10T] 

[8T] 

[10T] 

[6F] 

 

[8F] 

[10F] 

[6F] (2,0,3) <6F,8T,10T> 
[6F] 

[6F,10T] 

 

 

[10F] (1,0,0) <6F,8F,10F> 
[8F] 
[10F] 

 

225



 

node of cπ (Line 7). Note that cπ.lastNode at Line 7 refers to 

the last node of cπ. Since node 11 is causal dependent on 

branch 10T and the set of nodes {2,7,10T} that are traditional 

dependent by node 11 are all included in cπ, node 11 is an 

extensible node. Obviously, ext  and finally cπ' is added 

into Cπ. In row 13, the previous shorter covered causal chain cπ 

is [3] and EXT is {10F}. cπ is appended as cπ'=[3,10F] and cπ' 

is added into Dπ because ext  . 

From Discovered Causal Chain to Input. Given a 

discovered causal chain d, we will compute an input so that the 
execution under the newly acquired input can cover d. In this 
section we use an example to illustrate the computation. 

Assume d = [10F] and we would like to obtain a path π of 

the program in Figure 1 such that π can cover d. Treating 

inputs as symbolic variables we start a symbolic execution. At 

the first conditional statement (Line 6) we allow symbolic 

execution to choose any branch because d does not specify a 

particular branch at Line 6. The fact that d does not specify 

Line 6 means that there is no statement in d that is causal 

dependent on Line 6. Therefore symbolic execution can take 

any branch at Line 6. Next symbolic execution encounters the 

conditional statement Line 8. Since the branch at Line 8 is also 

not specified by d, symbolic execution still executes randomly. 

Finally symbolic execution reaches the conditional statement 

Line 10. Since 10F is specified in d, symbolic execution takes 

the false branch and adds term x–y≤1 into the path constraints 

ξ to match the requirement of 10F in d. If ξ is unsatisfiable, the 

procedure terminates and no input can be found to match d, 

otherwise symbolic execution continues. As there is no more 

conditional constraint in d, we pass ξ to SMT solver. If ξ is 

satisfiable, the solution forms an input that can cover d; 

otherwise there is no valid path to cover d. 

Theorem 1. Given a program P, our approach can cover all 

feasible causal chains of P. 

Example. Assume a causal chain V=[1,4,6T,7,8F,13] of the  

program in Figure 1 is required to be covered, which can 

detect the exception at Line 13. As shown in rows 9 and 10 of 

Table V, the initial path π=<1,2,3,4,6T,7,8T,9,10T,11,12,13> 

is able to cover the causal chain V'=[1,4,6T,7] and discover the 

TABLE V.  CAUSAL CHAINS OF Π = <1,2,3,4,6T,7,8T,9,10T,11,12,13> 

No. cπ ext Cπ Dπ 

1  
1 [1]  

3 [3]  

2 [1] 

2 [1,2]  

4 [1,4]  

6F  [1,6F] 

8T [1,8T]  

8F  [1,8F] 

10T [1,10T]  

3 [1,2] 

6T [1,2,6T]  

6F  [1,2,6F] 

10T [1,2,10T]  

4 [1,2,6T] 7 [1,2,6T,7]  

5 [1,2,6T,7] 10T [1,2,6T,7,10T]  

6 [1,2,6T,7,10T] 11 [1,2,6T,7,10T,11]  

7 [1,2,6T,7,10T,11] 12 [1,2,6T,7,10T,11,12]  

8 [1,4] 

6T [1,4,6T]  

6F  [1,4,6F] 

8F  [1,4,8F] 

9 [1,4,6T] 7 [1,4,6T,7]  

10 [1,4,6T,7] 

8T [1,4,6T,7,8T]  

8F  [1,4,6T,7,8F] 

10T [1,4,6T,7,10T]  

11 [1,4,6T,7,8T] 9 [1,4,6T,7,8T,9]  

12 [1,4,6T,7,8T,9] 13 [1,4,6T,7,8T,9,13]  

13 [3] 10F  [3,10F] 

causal chain V''=[1,4,6T,7,8F] through extending the node 8F 

to V'. As stated in our algorithm, the discovered causal chain 

V'' then is used to direct symbolic execution to generate an 

input input=<x=0, y=-2, m=0> which can cover V'', as shown 

in Table III. Simultaneously, input can cover the required 

causal chain V. 

III. RELATED WORK 

Symbolic execution [1-3] has emerged as a popular 

technique for testing real-world software applications. 

However, symbolic execution suffers from the inherent path 

explosion problem. Many techniques have been proposed to 

alleviate this problem, and they can be roughly divided into 

four categories. The first category addresses the path 

explosion problem, e.g., [5], through integrating abstraction to 

reduce the search space. In the second category (e.g. [4]), 

researchers generate method summaries to enable more 

efficient constraint solving. The approaches of the third 

category, e.g., [8, 9, 12, 13], adopt the notion of the path 

equivalence to avoid full path exploration. Finally the 

techniques in the fourth category, e.g., [14, 15], limit the 

analysis scope to avoid irrelevant path exploration. 

Our approach shares similarities with the third category. 

The technique in [9] partitions the paths based on the program 

symbolic output. Two paths are placed in the same partition if 

the symbolic expressions connecting the input of a program 

with the output are the same. During symbolic execution only 

one path from each partition is explored. The main difference 

from our approach is that [9] ignores program crashes that do 

not come from the unexpected outputs, while our approach can 

avoid such situation. In work [13], a program is statically 

decomposed into some path families, where each path family 

contains several paths that share similar program behaviors. 
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TABLE VI.  SYMBOLIC EXECUTION WITH AND WITHOUT CAUSALITY REDUCTION 

Subject LoC 
Time(s) #Explored Paths #Infeasible Paths #Avg. PC 

Causal Flow JPF Causal Flow JPF Causal Flow JPF Causal Flow JPF 

WBS 231 196 539 519 4123 13840 13824 0 0 0 28.8 56.0 56.1 

Jtcas 236 734 1906 1813 101 216 188 214 1169 1138 20.2 23.9 24.4 

Totinfo 375 7946 36224 34998 37 225 204 306 3536 3151 54.2 93.8 93.7 

Siena 1529 39 41 596 40 79 1728 104 104 471 7.2 6.7 20.2 

Wc 1557 25 1535 1228 163 2626 2596 130 2630 2590 4.3 23.2 23.5 

Sum 1257 37 720 696 17 1490 1464 23 1460 1458 6.5 17.8 18.0 

Authors argue that a program can be analyzed at the granularity 
of path family instead of individual path. A significant 
difference from our approach is that [13] does not consider the 
interaction of statements that are correlation dependent. The 
technique in [12] partitions paths based on program states. Two 
program paths are equivalent if symbolic states of all live 
variables are the same. 

The work closest to our approach is FlowTest [8], where 
the inputs of a program are partitioned into non-interfering 
blocks such that symbolically solving an input block while 
keeping other blocks assigned with concrete values can find the 
same set of assertion violations as symbolically solving for the 
entire inputs. Two inputs are considered of interfering, if they 
are jointly relevant to the same statement or they are relevant to 
the statements that have dependent relationship in some 
program path. By partitioning the program inputs, FlowTest 
can avoid full path exploration as our approach. In this paper, 
we have re-implemented FlowTest within the framework of 
JPF-SE and empirically compared it with our approach in 
Section IV. The main difference between two techniques is the 
different partition criteria. The technique FlowTest partitions 
the paths based on the dependencies of the program inputs, 
while our approach partitions the paths based on the 
dependencies of the program statements. Our approach enjoys 
finer granularity as if two statements are dependent, the inputs 
that are relevant to these two statements must be dependent; it 
may be not true for the opposite situation. 

IV. EMPIRICAL STUDY 

We implemented a prototype of our approach within the 

framework of JPF-SE [1] and used the constraint solver Z3 [16] 

to check the satisfiability of path conditions. To compute the 

causal dependence we used Indus [10], an inter-procedural 

analysis tool based on Soot for Java byte code. Our benchmark 

suite consists of six programs with lines of code ranging from 

200 to 2000(Column LoC in Table VI). WBS is a synchronous 

reactive component from the automotive domain. Its Java 

implementation is based on a Simulink model derived from 

the WBS case example presented in ARP 4761 [15]. Jtcas, 

Totinfo and Siena are obtained from the SIR repository [17, 

18]. Jtcas is an aircraft collision avoidance system. Totinfo is 

used to compute the statistics of the given input data. Siena 

implements partial event notification architecture. WC and 

SUM are obtained from the GNU Coreutils suite [2]. WC 

calculates the number of bytes, words, and lines in a file. SUM 

checksums and counts the number of blocks in a file. Totinfo, 

WC and SUM are written in C and we manually translated 

them to Java. 

We conducted two groups of experiments. In the first 

group, we compared our approach against standard symbolic 

execution JPF-SE and FlowTest proposed in [8]. We reported 

the symbolic execution time, the number of explored paths and 

other data on six benchmark programs. In the second group, 

we examined the growth rates of the explored path size and 

usage time with respect to the number of input parameters, 

through using our approach and other two peer techniques. 

The benchmark programs used in the second group are WC 

and SUM, because both programs can take different numbers 

of input parameters and produce different numbers of explored 

paths. 

A. Reducing Test Cases with Causality Partitions 

Table VI gives the experiment results of our approach and 

other two peer techniques. We set the number of input 

parameters of WC and SUM to be 5 and 7, respectively. The 

columns labeled with Causal, Flow and JPF denote the results 

obtained from our approach, FlowTest and standard symbolic 

execution JPF-SE, respectively. The column Time(s) gives the 

usage time of three approaches in second. 

It can be observed that the speedup achieved by our 
approach is significant, ranging from 2.47X to 49.12X 
compared with JPF-SE, and from 1.05X to 61.40X compared 
with FlowTest. These results indicate the effectiveness of our 
approach. It is well known that the cost of symbolic execution 
is dominated by SMT solver callings. From this perspective, 
there are three main reasons that can explain the speedup 
achieved by our approach. The first reason is due to the 
reduction in the number of explored paths. This can be 
confirmed by the column labeled with #Explored Paths. The 
number of #Explored Paths is proportional to the number of 
SMT solver callings that are satisfiable, and our approach 
reduces the number of explored paths by 46.28% to 98.84% 
and by 49.37% to 98.86% compared with JPF-SE and 
FlowTest, respectively. The second reason is due to fewer 
numbers of SMT solver callings that are unsatisfiable. This can 
be confirmed by the column #Infeasible Paths. Our approach 
reduces the number of #Infeasible Paths by 0 to 98.42% and by 
0 to 98.43% compared with JPF-SE and FlowTest, respectively. 
In this paper, if the path conditions ξi are unsatisfiable, any path 
conditions ξj prefixed by ξi are not counted in #Infeasible Paths 
because ξj cannot be generated by our approach and other two 
peer techniques. The third reason is that the average number of 
constraints in the path conditions is fewer in our approach. 
Although not guaranteed, in general SMT solver is more 
efficient with fewer numbers of constraints. This can be 
explained by the fact that the path conditions in our approach 
must have causal relationships,  while in JPF-SE and FlowTest  
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(a) WC 

 
(b) SUM 

Figure 2.  Growth of the explored paths and usage time on WC and SUM. 

all path conditions encountered during a path exploration have 

to be considered. This can be confirmed by the data presented 

in the column labeled with #Avg.PC that shows the average 

number of constraints in the path conditions. 

B. Growth Rates of Explored Path Size and Usage Time 

Figure 2 depicts the number of explored paths and usage 

time over different numbers of input parameters that range 

from 2 to 6 for WC and from 2 to 9 for SUM. 

It can be observed that in JPF-SE both the number of 

explored paths and usage time grow exponentially with the 

number of input parameters, and there is no observable 

improvement in FlowTest. In both programs, FlowTest 

explores the paths without reduction because the input 

parameters of two programs are mutually dependent. On the 

other hand, the growth rates are much slower in our approach. 

In Figure 2(a), we can see that the number of explored paths 

and usage time in our approach still grow exponentially with 

the number of input parameters, but the exponents in our 

approach are smaller than other two peer techniques. In Figure 

2(b), the number of explored paths and usage time in our 

approach become to grow in the order of polynomial 

magnitude and it greatly slows the growth rates. In program 

SUM, the program statements that handle input parameters are 

independent. Therefore, with additional input parameters our 

approach only additionally explores the program paths that are 

relevant to the added input parameters, without considering 

the program paths that are relevant to the previous input 

parameters. In addition, it can also be observed that when the 

number of explored paths is trivial, our approach uses a little 

longer time than JPF-SE. This is due to the overhead of the 

causal chain computation. Based on the growth rates of the 

explored path size and usage time, our approach has potential 

to offer orders of magnitude improvement over standard 

symbolic execution. 

V. CONCLUSION AND FUTURE WORK 

In this paper, we present a novel test case generation 

technique that selectively explores program paths based on 

program causality, which can generally alleviate the path 

explosion problem of symbolic execution. In addition, our 

reduction is sound, which means our approach can cover all 

feasible causal chains of a program. This enables us to obtain a 

concise test suite. We also empirically compare the efficiency 

of our approach with standard symbolic execution JPF-SE and 

another improved symbolic execution FlowTest. 

Moreover, our approach can be extended for regression 

testing if we only focus on the program dependencies relevant 

to the changed statements. We will address this problem in the 

future work. 
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Abstract—Success during software development depends on the 

creativity of software engineers. Knowledge plays a very 

important role in enhancing the creativity of software developers. 

Knowledge is available in different forms like repository 

knowledge (experiences of past projects) and community 

knowledge (gained through communication among software 

engineers). To help software engineers be more creative and 

successful, a systematic literature review was undertaken to find 

how knowledge influences creativity. The systematic literature 

review reports the various knowledge sources and how these can 

be accessed by developers to be more creative, and the methods 

used to access the knowledge sources. 

I.  INTRODUCTION 

Knowledge plays a significant role in the creativity of 
software engineers and creativity of software engineers defines 
the success of projects. Creativity refers to “the ability to 
produce new and original ideas and things” [1]. Graham 
Wallas described the stages of the creative process as, the 
preparation stage; where data is collected to solve a problem, 
the incubation stage; where the brain works unconsciously on 
the problem with existing knowledge, the illumination stage; 
where ideas start emerging and links are established between 
known facts, and the verification stage; where ideas are worked 
on so that it can be communicated to others [8]. The creative 
process is described as rapid idea generation phase followed by 
periods of incubation and reflection before these ideas are 
refined or new ideas are created [16]. 

Software development is conceptually a complex, 
knowledge intensive and cognitive activity. Effective software 
development relies on the knowledge collaboration and on the 
creativity of software developers [9]. Creative thinking requires 
the ability to integrate internal (stored in head) and external 
knowledge (stored across different artifacts and developers) for 
performing a task. Creative thinkers search for new ideas by 
manipulating existing knowledge to see different problems, 
opportunities and solutions [4]. On that, previous researchers 
have conducted studies to analyze the role of various forms of 
knowledge (prior knowledge, analogies etc.) on the creativity 
during software development. This includes case studies [6, 
13], experiments [12, 7], surveys and interviews [10] with 
students and professionals from various domains (not just 
limited to SE field). Their research found that knowledge plays 
a positive role and can help professionals to be more creative in 
their work. Knowledge in different forms helps software 
engineers to come up with as many ideas as possible to solve a 
problem. The results also show that prior knowledge helps 
engineers get new ideas/inspiration for the current problem [5].  

Further, knowledge in the form of examples helps engineers 
improve their understanding of the problem, and to add 
innovation to their solution or to already exist ones [10]. 
Similarly, knowledge in the form of analogies helps engineers 
see the problem from different viewpoints and generate more 
ideas to solve their problem. The results from an empirical 
study showed that designers came up with more ideas with the 
help of analogies (as compared to without analogies) [7]. 
Similarly, sharing of knowledge among peer engineers makes 
the engineers see a problem in a different perspective which 
triggers creative ideas. In an experiment, software engineering 
and social workers were provided an existing object and tools 
to share their ideas and connect with other peers. The results 
showed that subjects who shared their knowledge generated 
more ideas and developed an innovative product [17].  

While the above results provide some evidence that using 
“knowledge” can improve creativity, a subset of previous 
research [5,7,10,17] narrowed down the focus on different 
forms of knowledge (e.g., prior knowledge or analogies) that 
had an impact on the creativity of software engineers. It was 
found that information was scattered among different papers 
and each provided information on only one form of knowledge, 
how that knowledge type can be accessed to enhance creativity, 
and what problems are faced [5]. Hence, it was imperative to 
collect this scattered information and organize them in a single 
study to be able to better understand the effect of knowledge 
(in different forms) on creativity of software engineers. To 
realize this, a systematic literature review was conducted. 

A systematic literature review is a formalized, repeatable 
process in which researchers systematically search a body of 
literature to document the state of knowledge on a particular 
subject. This approach is more commonly used in medical field 
to document high-level conclusions drawn from a series of 
detailed studies [3]. To be effective, a systematic review was 
driven by an overall goal : Identify all the sources and forms of 
knowledge that helps improve creativity of software engineers, 
the ways that the knowledge is accessed, and their limitations.  

II. MOTIVATION  

Our software companies (like Microsoft) want employees 
to be creative and come up with new innovations. Creativity 
among software engineers has become very important for the 
long-term success of the company. In order to understand what 
triggers or enhances creativity among software engineers, an ad 
hoc literature review identified that among several factors (i.e., 
intellectual abilities, knowledge, thinking, personality, 
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motivation and environment) knowledge has the most impact 
on the creativity among software engineers [13].  

Software engineering is knowledge intensive and 
collaborative task. Its success depends on the collaborative 
knowledge and skills of the software engineers involved in the 
process [9]. Software engineering knowledge is scattered 
across different resources (e.g., artifacts, code, documents, 
peers, lessons learned etc.) and continually flows through the 
entire software development ecosystem. From this perspective, 
knowledge plays an important role in triggering the creativity 
of software engineers. The main motivation is to help software 
engineers understand the importance of knowledge and 
properly utilize the knowledge to have a creative edge. This 
work aims to help software engineers understand the benefits 
of different forms of knowledge (e.g., prior knowledge, 
examples and analogies) and include them in their day to day 
software development activities, and to help motivate the 
software developers to store and share their experiences with 
their peers and generate creative ideas to solve their problems. 

III. SYSTEMATIC LITERATURE REVIEW 

This section describes the process used for performing a 
systematic literature review of, role played by knowledge in 
enhancing the creativity of software professionals. This section 
provides a high-level description of the review protocol. More 
details of the review protocol can be referred in [19].  

The systematic review is based on guidelines established by 
Kitchenham et al. [2, 3]. The purpose of performing a 
systematic literature review is similar to that of performing any 
scientific experiment. Procedures are established, followed, and 
reported on so that other researchers are capable of replicating 
the work. Following a systematic review process also provides 
a high degree of control over the type and quality of reference 
works that will be included in the review and helps to provide 
support for the conclusions of the literature review. In 
accordance with the guidelines established by Kitchenham [2-
3], the review protocol specified the research questions to be 
addressed, established a list of databases, conference 
proceedings, journals, etc. from which primary sources were 
selected, and established criteria for including sources, 
extracting data from the included studies, and evaluating their 
quality. The subsequent steps closely mirror those of any other 
experiment in that the protocol is executed; the results are 
analyzed to address the research questions, and are discussed. 

Research Questions: A high-level research question (What 
is the role played by knowledge in creativity of professionals in 
software development organization?) was decomposed into 
three more specific RQ’s and related sub-questions. A list of 
these RQ’s is available in Table I. RQ#1 gathers and analyzes 
the evidence from the literature to investigate the extent to 
which the knowledge has an effect on creativity. RQ#2 gathers 
and analyzes different ways in which knowledge is accessed 

and utilized to be creative. It also gathers all the shortcomings 
of the knowledge access methods. RQ#3, a meta-question 
gathers additional evidence along with the information from 
RQ’s 1 and 2 to suggest improvements of the knowledge 
access methods to support creativity in software development. 

 Source Selection and Search: Initially, an ad hoc review 

was performed in order to assist with the development of 

search strings and to provide a list of potential conference 

proceedings and journals to be manually searched. Selection 

criteria were developed to establish a list of initial databases to 

be searched and conference proceedings or journals to be 

searched manually. References from primary sources were 

also included if they were relevant. The source list which was 

searched included these Databases: ACM Digital Library, 

IEEE Explorer, APA PsycINFO, ScienceDirect.   

Study Execution: After executing search strings on all 
databases and manually searching through selected sources, 
6696 papers were found, that were initially screen for inclusion 
based on their title and abstract. After this, 43 papers remained 
and were read in their entirety to evaluate their quality and 
applicability. After reading all of these papers, 16 remained.  

Study Inclusion and Exclusion Criteria: The papers 
chosen for inclusion in the literature review are all based on 
empirical research in order to provide greater confidence that 
the results are not anecdotal. A set of inclusion /exclusion rules 
were created so that only the most relevant studies were 
considered for the systematic review (as shown in Table II). 

Quality Assessment: Quality assessment was performed to 
assess the study design, bias, validity, and generalizability of 
results for the final list of papers. Each paper was evaluated 
using a quality assessment checklist in accordance with the 
guidelines published by Kitchenham et al. The results of the 
quality assessment were good and can be found in [19]. 

Data Extraction and Synthesis: Once all of the papers had 
undergone quality assessment, data extraction was performed 
on all papers. A data extraction form (see Table III) was 
developed to ensure consistent extraction across all papers. 
This data \was synthesized to answer the RQ’s (in Table I). 

Validity Threats: Most of the sources found during the 
review focused on the relationship between knowledge and 
creativity in the requirements and design stages of software 

TABLE I.  RESEARCH QUESTIONS AND MOTIVATION 

Research Question # and Description 

RQ1. Is there any evidence that knowledge influences creativity in 

Software Engineering?              

RQ2. Is there any evidence that the Knowledge access methods identified 

in literature enhances the creativity of software professionals?             

RQ3. What are the ways to improve the current knowledge access 

methods so that it can support the creative thinking process of software 
professional? 

 

 

TABLE II.  INCLUSION AND EXCLUSION CRITERIA 

Inclusion Criteria Exclusion Criteria 

Publications that are related to Knowledge and creativity in software engineering. 
Publications that reported the results on creativity in Software Engineering. 

Publications that contained empirical results. 

Publications that are related to creativity and knowledge which were non software 
engineering, but could be applied to software engineering.   

Publications that are not in English. 
Publications that were short or mini reports. 

Publications that were not related to any of our research questions.  

Publications that contain unclear or ambiguous results. 
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engineering. There was no literature that focused on the 
creativity during the testing stage of software development. We 
anticipate that this relationship (Knowledge vs. Creativity) 
would hold true for other stages of software development, due 
to the nature of testing as a knowledge intensive activity as 
well. However, there is no empirical evidence to underscore 
this claim. Also, the sources which reported the effect of 
knowledge on the creativity during the design included 
designers that were not limited to SE background. However, 
the results were consistent across SE and non-SE studies. 

IV. REPORTING THE REVIEW 

This section reports the results organized by each RQ using 
the information extracted and synthesized from all the papers. 

A. Question 1: Does knowledge influences creativity? 

A review of the literature indicates that knowledge impacts 
creativity during software construction. Knowledge (available 
in various forms) helps software engineers come up with a 
larger number of solutions to their problems (some of which 
may be original). While most of the empirical studies focused 
on the relationship between design knowledge and the 
creativity, the relationship and the resulting effects can be 
applied to any development stage since each stage involves 
knowledge transfer of some sort. The review also uncovered 
studies from the Psychology and Human Cognition whose 
findings and results were generalized to the SE domain.  

The review identified many forms of knowledge that can 
influence the creativity of software professionals. These 
include: a) Prior knowledge– useful information (ideas that 
could be extracted from design documents, magazines, 
sketches, notes, lessons learnt etc.) from previous projects. The 
previous projects could be one’s own projects or other’s 
projects; b) Analogies– are the entities which look similar to 
the entity under construction. This could belong from the same 
domain or other domains; c) Dynamic knowledge in tools – 
pertains to the knowledge that is embedded into the tool and is 
available to the engineers at any time or when user demands. 
Details of these knowledge forms and the empirical results on 
their effect on an individual developers’ creativity follows: 

Cognitive Psychology has often cited the use of the prior 
knowledge as an important ingredient to create novel solutions. 
Humans are able to use the prior information (e.g., examples of 
other’s work) to learn produce new ideas and solutions. Similar 

to the psychology field, prior knowledge helps software 
engineers to generate more (and new) ideas or be creative. 
Specifically, software engineers during the early phase of 
design heavily depend on the prior knowledge (form their own 
and their peer’s prior work) in order to produce new ideas. 
Prior knowledge represents conceptual ideas, lessons and 
representations captured or collected when solving a problem 
Bailey et al., reported the results from interview with 14 design 
engineers and an online survey with 28 additional participants 
that showed that the reuse of prior knowledge is highly valued 
and an important step during early phases of design [5]. In 
early phases, people are still looking for directions rather than 
actual solutions. They provide inspiration to new and creative 
ideas. Prior knowledge can be well defined solutions to 
recurring problems, case based solutions, design decisions and 
reasons behind those decisions, design history for a particular 
item. The results showed that designers tended to access 
previous work or project to get inspiration. Results showed that 
designers stored artifacts like notes and sketches from their 
current project as they were sure that they will need them in 
their future projects; however designers mostly prefer to 
analyze other designer’s work more than their own past work 
to gain new ideas and inspiring solutions [5]. 

Examples (of prior knowledge) are helpful in enhancing the 
creativity of software engineers. Examples are any kind of 
material, product, prototype or digital artifact that contributes 
directly or indirectly to the design. Examples can come from 
the designer’s own work or external sources like other 
designer’s work, web, blogs, magazines etc. Herring et al. 
conducted an interview with designers to understand the use of 
examples in creative design. The results showed that examples 
helped designers in idea generation phase. Examples also 
helped the designers to understand the problem better and 
helped them compare similar products to see the novelty in 
their idea. During the evaluation phase, examples were used as 
references to see how their design has evolved from where they 
started [10]. Therefore, prior knowledge plays an important 
role in providing a starting point and inspiration for new ideas. 

Analogies are another form of knowledge which helped 
designers to come up with creative and innovative solutions by 
analyzing the design solution from a different domain. 
Analogies help compare two similar entities, find similar 
feature and integrate them. This can lead to creative solutions. 
As pointed out by Johan Hoorn, people come up with creative 
solutions when they combine similar entities together, compare 
them and look closely to their intersecting features and 
integrate them. He explains creative process as entities being 
associated, selected, integrated and adapted until optimal 
solution is found [11].  

Nathalie Bonnard reported the results from a series of 
experiments to show that creativity during the design phase can 
be improved with the help of analogies [7]. In one of the 
experiments, subjects were asked to design a chair for cyber 
café and were provided with sources to make analogies. Two 
analogies provided belonged to the same domain and were 
nomadic stool and rocking chair. The other two were from 
different domain and were canoe and logotype. The results 
showed that the group that used analogies was able to draw 
features from many more analogies than the unguided group, 

TABLE III.  DATA EXTRACTION FORM 

Identifier Description 

Main RQ’s The research question(s) that the paper answers. 

Motivating study The previous study from which the study was 

inspired if any. 

Type of study The type of study (e.g., survey, experiment etc).  

Findings The main findings of the paper 

Validity threats Threats in the findings or study techniques. 

Why paper is 

interesting? 

Highlights of the paper/most interesting finding 
or technique.  

Knowledge 

management  

The knowledge management or access technique 

discussed in the paper. 

Improvement Improvements for the current study if applicable.  

Empirical evidence The empirical evidence for the question(s).  

Relation with 

creativity  

Any information that indicates that knowledge 

improves or influences creativity. 
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who did not have sources to make analogies. The guided group 
came up with significantly more number of sources and more 
ideas to generate [7]. In another experiment, professional 
designers and students were asked to design a renewed torch. 
They were asked to find a new gesture to use the torch and 
move away from the traditional switch. Very minimal 
information about the problem was given to the participants, 
but additional information or analogies were provided upon 
request. The results showed that professional designers asked 
more questions to understand the problem better and visualize 
the problem from various perspectives. Professional designers 
applied these various viewpoints into their problem solving at 
an early stage. Overall, these results showed that analogies help 
designers to extract more details about the problem in hand and 
in coming up with more ideas to solve the given problem [7]. 

The engineer’s knowledge base consists mainly of scientific 
principles, formulae and rules. The scientific principles are 
linked to the real world, where creative products will be used. 
This linking or applying the principles to the real world is done 
by the engineer. If we want to enhance the creativity and 
creative output of an engineer, we should be able to build the 
capability of applying the scientific principles to the real 
problems. The information technology (IT) tools can gather 
this knowledge and devise rules and make it available to the 
engineers during their work of solving problems. This is called 
the dynamic knowledge, which is available in the tool and can 
help designers. Example of tools like CAD helps designers 
analyze and design solutions. It helps in rapid prototyping. 
Simulation tools help engineers run their design in its 
environment and predict how it behaves, identify any 
shortcomings and fix them. This helps the engineer in trying 
different things and be creative. Tools with knowledge built 
into them can help engineers be creative [14].  

B. Question 2: Knowledge access methods vs. Creativity 

The review identified two major categories of knowledge 
access that can influence creativity and are listed below. 

Repository – Repository is a centralized place where all 
prior knowledge is stored. This knowledge can be pulled by 
users as needed or can be provided to the users dynamically 
with the help of tools, as they work on problems. In this 
category, searching relevant information is very challenging as 
there is huge amount of data. The search mechanism used in 
the repository is not efficient at finding the relevant 
information inhibiting the creativity of software engineers.  

Collaboration – Software engineers exchange and share 
their ideas and information with other engineers. Knowledge 
and idea sharing helps software engineers to explore areas 
which they are otherwise unaware of, and helps them to see 
different viewpoints, opens a new channel of thought, and 
provides feedback to improve on one’s idea and knowledge. 
The main problem during the collaboration is finding the right 
people and tools to collaborate and share knowledge with. 

Knowledge sharing through collaboration was the most 
commonly reported method that software engineers used to 
access the knowledge which in turn triggers creative ideas and 
their development. Ardiaz et al. performed a study with 
subjects using the tools named Wiki ideas and Creativity 

Connector for knowledge sharing and collaboration. These 
tools allow large number of users to participate in 
brainstorming sessions to share their knowledge which can 
enhance creativity. Fifty participating subjects in the study 
were divided into two equal groups, one composed of people 
from similar background and the other group had people from 
different backgrounds based on their degrees. The goal for the 
groups was to create an innovative product or service from an 
existing object. The results showed that these tools helped users 
to generate a large number of ideas by sharing knowledge and 
through the feedback provided by other users. It also provided 
user interface to enable users to see the ideas online and 
provide feedback to them. The results showed that the 
heterogeneous group produced greater number of ideas as 
compared to homogeneous group [17]. Collaboration between 
peers (irrespective of the peers’ background) can help software 
engineers to be more creative and generate a larger number of 
ideas. Therefore, it is important for software engineers to 
collaborate with other knowledgeable peers and exchange 
feedback and suggestions.  

YunWen Ye [9] explains that knowledge collaboration in 
software development happens in two axes. In technological 
axis, tools like books, manuals and repositories are used to 
enhance the insufficient knowledge in the heads of software 
developers. In social axis, collaboration happens with other 
knowledgeable peers to share their proposed ideas and improve 
their solutions. Engineers collaborate to solve a problem by 
filling in the missing knowledge in each other’s head. When 
other knowledgeable peers review the ideas from different 
perspectives, creativity (multiple ideas) can emerge or evolve.  

Computers play two roles to support knowledge 
collaboration: a) they act like repositories and provide useful 
information to the developers on their work, and b) they 
provide a platform for software developers to share new ideas 
and solutions [9]. Kao et al. conducted an experiment to show 
that people came up with new ideas and understood concepts 
better when they share their ideas and concepts with others, as 
opposed to working alone. The experiment was conducted with 
thirty two subjects who initially formed their concept maps 
(which consisted of the concepts and links between different 
concepts that they had learnt in the class). The concept map 
represented how well they understood the concepts in the class. 
Subjects exchanged these maps with other students, reviewed 
them and noted down any information (or creative cross links) 
that was missing in their maps. Next, the subjects reworked 
their concept maps by incorporating the information gained 
from other concept maps. The results showed that the revised 
maps were better than the original ones. More importantly, 
when individuals share their concepts and ideas with others, it 
gives them a new perception to concepts and helps them 
discover ideas which they could not find on their own [12]. 
Based on these results, during collaboration software engineers 
generate more creative ideas compared to working alone.  

Tarik Baykara also reports that among several factors that 
can drive creativity among the people in a software 
organization (e.g., intellectual abilities, knowledge, thinking 
styles, personality, and motivation), the ability to provide a 
dynamic work environment for the engineers to share their 
ideas and knowledge is most relevant factor. This was 
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concluded by performing qualitative evaluation and through 
assessment of creativity observed during all the project phases 
on ten completed research and development projects in 
Turkish’s scientific and technological council. The results from 
the case study showed that there is a strong correlation between 
knowledge sharing and the creativity in all project types. It is 
important for an organization to promote knowledge sharing 
between their employees to allow them be more creative [13]. 
Similarly, Edmonds et. al., reports the results from a 
retrospective study on bicycle design which showed that for a 
designer to be creative, he should have access to diverse and 
dynamic knowledge. Based on the results from the study, it 
was concluded that dynamic knowledge should be made 
available to the designer depending on the problem.  

A system like KSS (Knowledge support system) has been 
proposed by several authors that can provide the knowledge or 
information to the designers during the design process. The 
KSS includes the design history in the form of predecessor 
designs, design rules and knowledge editors and provides 
access to all the information and expertise. This system was 
proposed after concluding that embedding knowledge into the 
tools can provide knowledge dynamically to the user [6].  

Similar to the above study, Bales et al. conducted an 
observational study to see how designers organize tangible 
information in their work space and how they utilize this 
information in their work. The results from the study showed 
that the prior knowledge and the domain knowledge are keys 
to creative and successful design. They also observed the 
designers individual and collaborative work spaces and showed 
that the tangible information is moved between these 
workspaces as design evolves and refines. Based on these 
results, the authors concluded that, for any tool to support 
creativity, it has to provide multiple workspaces and ability to 
move the information between these work spaces to share their 
ideas with others and get feedback to refine their solutions [15].  

On similar lines Joshua et al., conducted a study to see how 
software tools can help the designers in being creative. The tool 
used in the study provided personal and collaborative 
workspaces for sharing ideas and work. People were asked to 
work on individual ideas, and then move it to the collaboration 
space and work collaboratively on the idea. The results of the 
study showed that the tool helped design multiple solutions for 
the problem and also work on them in parallel. The tool also 
helped the teams share their ideas with others, get feedback and 
work in collaboration which led to creative solutions [16]. 

Limitations: Based on these results, there is ample evidence 
to show that the knowledge access and sharing methods help 
improve the creativity of software engineers, especially during 
the software design. However, there were few limitations with 
the knowledge access method that inhibits the creative power 
of software engineers. For example, when using the 
repositories, searching for prior knowledge is cumbersome due 
to plethora of information stored in them. It is challenging to 
finding the right information efficiently. Software engineers 
also expect to have a visual search to help them locate the right 
information easily. Knowledge users also felt that the 
information was stored in an inconsistent manner and wanted 
some kind of consistency so that they can easily make their 

way to the right information they are looking for [5]. Similarly, 
during the knowledge collaboration, the most difficult problem 
is to find the right people to collaborate with. It is reported that 
people are not always aware of whom to contact to get help 
when they are in problem or get feedback from. At times when 
people find the right people to collaborate with, others may be 
busy with their work and would not completely participate in 
collaboration or they might deny participating [9]. Therefore, it 
is important for an organization to create work environment for 
the engineers to be able to share their ideas and knowledge and 
collaborate in order to support creative software development.   

C. Question 3:  Improving the creative thinking process 

Multiple studies suggest that the knowledge access methods 
need to be improved for supporting creativity [5, 4, 9, and 18]. 
Multiple studies reported knowledge stored in repositories as 
one of the main sources of knowledge used by software 
engineers to solve problems. While prior knowledge gained 
from repositories is very useful, it is not being used effectively 
as searching is very difficult and in few occasions important 
information from the data is missing from these repositories. 
The search mechanisms used in existing repositories are not 
very powerful thereby making searching for the right things 
extremely difficult. This is the reason why software engineers 
seldom use prior knowledge stored in repositories.  

One way to improve this could be to make search more 
powerful with introducing visual search. In this kind of search, 
a person can visually see the data through which he is 
searching, the user can modify the search based on their needs, 
and the user can see how the data is organized so that he/she 
can search the data in an effective way. Once the search 
provides the right information in an efficient manner, software 
engineers will start using the repositories to enhance their 
creative thought process. Regarding the incompleteness of the 
information stored in the repositories, it is important to collect 
the story behind the knowledge being stored. For example 
when a design was chosen over alternate designs, storing the 
reason as to why it was chosen over others is a good approach. 
This would help the person looking at this knowledge better 
understand the original thought behind the decision and help 
relate it to his or her current problem [5].  

Based on the results reported in IV.A, analogies are an 
important form of knowledge which triggered creativity among 
software engineers. Maiden et al., [4] conducted a workshop to 
show that though using analogies during the requirements 
engineering generated more creative ideas, it had inherent 
limitations. The workshop targeted collecting requirements for 
a future air traffic management system for managing departures 
from major European airports. Twenty one professionals from 
the departure management and scheduling departments in the 
UK and France attended the workshop. One of the main lessons 
learned from this workshop was the realization that in order to 
support the use of analogies during requirement stage, people 
need to be trained on how to use analogies and to be able to 
extract useful information from analogies to transfer 
knowledge from one domain to generate new ideas and use it in 
the targeted domain. Therefore, usage of analogies should be 
supported by providing relevant trainings so that people know 
how to extract knowledge from analogies and generate creative 
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ideas. While this workshop was focused on the requirements 
phase, the results are applicable at other phases.   

Based on the results reported in IV.B, sharing knowledge or 
collaboration is one of the common ways to promotes 
creativity. Andrawina [18], reports the results from a survey 
that organizational factors like top management’s support to 
knowledge sharing and technology factors like computer 
network and electronic bulletin boards, discussion groups to 
collaborate and share knowledge influence positively and 
encourage people to share knowledge and apply them to be 
innovative. The survey recommended that organizations should 
have management who appreciates and rewards knowledge 
sharing behaviors among their employees and provide help 
required for knowledge collaboration. This would help 
organization and its people be innovative and creative [18]. 

Additionally, the results reported that the two major 
knowledge access methods were repository and collaboration. 
The data in the repository does not contain dynamic contextual 
data whereas the collaboration gives access to dynamic and 
contextual knowledge. The best approach would be to integrate 
both types of access methods by providing access to both the 
repository knowledge and the contextual knowledge. Software 
tools that can combine both these approaches would act as 
single point of contact for a software developer to search for 
information when he/she wants feedback or help with his or her 
problem. Such tools would increase the knowledge access and 
in turn help software engineers be more creative [9].  

V. DISCUSSION OF FINDINGS AND FUTURE WORK 

The knowledge types reported in literature that impacts the 
creativity of software engineers were broadly classified as: 
prior knowledge, analogies, and dynamic knowledge. Prior 
knowledge provided useful information about previous projects 
and helped software engineers in the initial stages of idea 
generation. They provided a starting point or motivation to start 
with ideas to solve the problem. Analogies helped software 
engineers link two objects from same or different domain and 
create new ideas. Tools provided knowledge when required by 
the software engineer and help software engineers concentrate 
on the original problem. Knowledge is accessed using different 
ways. The most common knowledge access techniques found 
during the review was searching for prior knowledge in 
repositories, internet, wikis, books and magazines. Another 
technique was collaboration, where software engineers shared 
theirs ideas and thoughts with others. They build on each 
other’s ideas and provide constructive feedback. They covered 
each other’s knowledge gap as a group.  

Knowledge is very useful for software engineers and it 
makes them more creative and but not all software engineers 
were utilizing the available knowledge. The reasons for this 
were that searching for the right information in large 
repositories was cumbersome and when the information was 
found relevant information but would be missing in the 
repositories. Searching huge database and finding the right 
information was difficult as the search techniques were not 
very powerful.  Gaining new knowledge via collaboration was 
difficult too as finding the right experts to share the ideas and 
get inputs was difficult and when right people were found they 
were busy in their work and had minimal or no time to 

collaborate. To improve searching and make it easier the 
knowledge should be stored in a consistent way, searching 
techniques should be improved and powerful visual techniques 
should be added. We should try to combine repository 
knowledge with collaboration tools so that software engineers 
can find all the knowledge in one location. Software engineers 
should be trained on analogy making and utilizing analogies to 
extract useful information and come up with new ideas. 
Management of software industries should support and enhance 
knowledge sharing behavior among employees. 
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Abstract— Software development is a knowledge intensive 
activity. Software engineers need to gather domain knowledge to 
be able to successfully deliver a software system. In particular, 
novice software engineers need to acquire enough knowledge to 
perform their tasks. This means that knowledge transfer to 
novice software engineers must be quickly and effectively 
performed to facilitate the onboarding process. One way to 
understand the knowledge transfer process is by analyzing the 
software development context and the involved team members. 
Such analysis enables the development team to determine key 
aspects that can influence knowledge acquisition by novice 
software engineers. This can also allow the identification of 
possible strategies that minimize the effort employed by the team 
members during this process. This paper presents a qualitative 
study about knowledge transfer in a small software organization 
from the point of view of software practitioners. Our results 
suggest that software developers have several knowledge sources 
and novice engineers learn when they observe organizational 
procedures and when the tasks have detailed guidelines. In 
addition, we identified that developers carry out most steps of the 
knowledge creation process defined by Nonaka and Takeuchi. 
We believe our results can support other software organizations 
to improve the sharing of knowledge and learning practices. 

Keywords-component: Onboarding, Knowledge Transfer, 
novice software engineers, qualitative analysis. 

I.  INTRODUCTION 
In software development activities, dealing with knowledge 

can be particularly critical, since these activities depend heavily 
on knowledge and individuals [1, 2, 3]. Novice software 
engineers must have knowledge about: (1) technologies; (2) 
software engineering (SE) methods; and, (3) the organization’s 
internal processes [4]. Nevertheless, carrying out activities that 
involve such amount of knowledge is not trivial [5]. In order to 
act according to the market's demands, knowledge must be 
analyzed and shared among all employees [2, 6].  

Nonaka et al. [7] classify knowledge into two types: tacit 
and explicit. Tacit knowledge is based on the person's 
experience and is hard to formalize. On the other hand, explicit 
knowledge, also called codified knowledge, is considered to be 
transferable using a formal and semantic language. Nonaka et 
al. [7] also state that explicit knowledge can be represented in 
documents and databases. Furthermore, explicit knowledge 
must be adequately structured so that other team members are 
able to use it. Despite the type of knowledge, tacit or explicit, it 
is necessary to manage this knowledge since knowledge is 

considered to be the main competitive asset of a software 
organization [3].  

According to Wang et al. [8], traditional training models 
often draw on limited resources that are insufficient to support 
current training efforts. This question can be more severe when 
organizations need to train and transfer basic organizational 
knowledge to novice software engineers. Therefore, it is 
important to understand how novice software development 
practitioners learn the relevant knowledge on their 
organizations. Knowledge creation and transfer are inseparable 
from learning in an organization; both knowledge activities are 
in fact the consequence of learning [9]. 

The goal of this paper is to analyze, through a qualitative 
empirical study, how novice software engineers gain 
knowledge during the initial activities they perform in a 
software organization. We also analyze which factors influence 
such knowledge transfer.  

In order to better understand such factors, we performed a 
qualitative study based on interviews. Such study was 
performed in a software development organization that 
encourages knowledge sharing in the work environment. Such 
sharing was important because some of the senior engineers 
were going to leave the organization. When talking about 
novice practitioners we refer to beginners who are learning 
how to perform assignments in a team. The lack of defined 
software processes makes knowledge transfer and sharing more 
complex in the studied organization. Thus, the observation of 
knowledge transfer practices in this organization is important 
because we can use our findings to verify the nature of such 
practices in a real context. 

Our results show that software developers in this 
organization have several knowledge sources including the 
web, the intranet, training material, the source code, expert 
team members and the software documentation. However, 
novice practitioners usually prefer to use informal 
conversations, which are allowed in the organization’s 
environment. In other words, our results illustrate a real process 
of knowledge transfer and learning software development 
activities. The understanding of how software knowledge 
transfer occurs can support the creation of new strategies for 
improving novice engineers’ capabilities (e.g. stimulus for 
using the knowledge sources). 

The rest of this paper is structured as follows: Section 2 
presents related work regarding knowledge transfer in SE. 
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Section 3 describes the defined research method, the study 
settings and study context. Then, in Section 4 we discuss our 
findings, a comparison between our results and findings from 
literature, and a discussion of our results and the knowledge 
creation theory defined by Nonaka and Takeuchi [10]. Finally, 
Section 5 presents our conclusions and future work. 

II. RELATED WORK 
Software development is a knowledge intensive activity. 

For instance, software engineers need to gather domain 
knowledge to be able to successfully deliver the software 
system. In addition, novice software engineers need to acquire 
enough knowledge in order to perform their assignments. 
Furthermore, not all team members have enough knowledge for 
performing their role [11]. In this sense, it is necessary to 
stimulate the transfer of knowledge among software 
development members. According Joshi et al. [12], knowledge 
transfer occurs when knowledge is broadcasted from one entity 
(e.g., an individual) to others.  

Many researchers aim to propose and analyze strategies for 
transfer the all necessary knowledge in a software organization. 
Aurum et al. [13] performed a qualitative study in two 
Australian organizations and concluded that team members 
believe in the utility of sharing knowledge. However, the 
teams' ability of using Knowledge Management (KM) 
mechanisms was limited. Furthermore, the authors observed 
that team members created informal networks, and when 
supporting such networks with KM, it was necessary to 
formalize the practices of knowledge sharing. Finally, they 
identified that the tools, techniques and methodologies used in 
the organizations were inadequate for an effective knowledge 
management and transfer.  

In order to analyze novice practitioners, Begel and Simon 
[4] performed a case study at Microsoft. The authors analyzed 
all aspects of novice practitioners’ jobs: coding, debugging, 
designing, and engaging with their team; and analyzed the 
types of tasks in which they engaged. In that research, novice 
practitioners showed high capability in the functional and 
technical job aspects, but lack of preparation and training in the 
social and communication aspects they faced at a daily basis 
[4]. The authors believe that novice practitioners’ naivety 
caused stress and poor productivity during their first months.  

Regarding tools for sharing and transferring software 
knowledge, Amescua et al [14] describes the usage of wikis for 
storing software engineering best practices. Such research 
demonstrated that wikis facilitate an effective learning 
environment. They help users learn an agile process through 
mechanisms for knowledge sharing, and provide a repository 
with useful artefacts. Moreover, the authors concluded that 
novice software engineers could develop software products 
more independently. 

One way to integrate both tacit and explicit knowledge is 
presented by Sandhawalia and Dalcher [15]. They propose a 
framework to integrate both types of knowledge and to 
facilitate the flow of knowledge to address unstructured 
situations in software projects. They verified that knowledge 
flow depends on the organizational area.  

Although the literature presents numerous researches on 
knowledge sharing in software engineering, it is important to 
observe and to analyze how knowledge transfer occurs during 
project execution with undefined software processes. Such 
analysis can provide insights to support a successful knowledge 
transfer and learning by novice software engineers. 

III. RESEARCH METHOD AND STUDY SETTING 
One way to investigate the software developers’ point of 

view is to use qualitative methods. According to Seaman [16], 
the use of qualitative methods allows the researcher to consider 
human behavior and thoroughly understand the studied object. 
Therefore, by performing a qualitative study, we hope to obtain 
a more adequate understanding of the process of knowledge 
transfer when performed by novice practitioners.  

We collected data for this qualitative study using three 
interviews with a semi-structured questionnaire. First of all, we 
prepared a questionnaire with open questions about knowledge 
sharing and the organizational environment. Such questionnaire 
was applied in the first interview with an expert software 
engineer. After that, we transcribed and analyze the interview 
using grounded theory techniques [17]. This analysis helped us 
adapt the questionnaire to the organizational context and 
according to the novice software engineers' perspective. 
Finally, we conducted and analyzed two additional interviews 
with novice engineers and drew our conclusions. More details 
about the organization, data collection and analysis methods 
are presented below. 

A. Study Context 
The interviews took place in a software organization called 

Beta located in Manaus, a city in the North of Brazil. Such 
organization needs to share knowledge in its different projects 
in order to increase the new employees’ abilities. Beta is a 
small (10 employees) software development company within 
the customs control agency and develops software for 
supporting such agency in the management of goods flow in 
the Free Economic Zone of Manaus. 

Beta adopted agile method in the past. However, it 
currently has an undefined software process. Team members 
receive the assignments according to the customs agency 
needs. Due to the lack of a defined software process, the 
observation of knowledge transfer practices in this organization 
is important because we can verify the nature of such practices. 

B. Data Collection 

For the interviews, semi-structured questionnaires with 
open questions were prepared. We prepared two types of 
questionnaires: one for the expert and another one for novices. 
Table I shows some of the questions asked to novices. 

TABLE I.  EXTRACT OF QUESTIONNAIRE FOR NOVICE ENGINEERS. 

Knowledge 
transfer 

activities 
identification 

How do you identify important knowledge to share in 
your project? 
How do team members share knowledge in your 
organization? 

Knowledge 
characterization 

When you identify important project knowledge, 
which information do you try to get? 
How can this knowledge help you during the 
software project?  
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Our interviews took place in the interviewees' offices at the 
Beta organization and the researcher did not rush the interview 
so that the interviewee could express his/her opinion 
effectively. 

C. Data Analysis 
To analyze the data obtained through the interviews, we 

used Grounded Theory (GT) techniques [17]. GT is a 
qualitative research method that uses a set of systematic data 
collection and analysis procedures to generate, prepare, and 
validate substantive theories on essentially social phenomena, 
or on wide social processes. The essence of the GT Method is 
that the substantive theory emerges from the data, that is, it 
produces a theory derived from systematically collected and 
analyzed data. Although the purpose of the GT Method is the 
construction of substantive theories, its use does not necessarily 
need to remain restricted only to researchers who have this 
research goal. According to Strauss and Corbin [17], the 
researcher may use only some of its procedures to meet his/her 
research goals. That is our case: we did not use all the process 
suggested by GT, but focused on the coding stages because 
those were the relevant ones for our study. 

The coding process can be split into three stages: open, 
axial, and selective coding [17]. Open coding involves the 
breakdown, analysis, comparison, conceptualization, and the 
categorization of the data. In the early stages of open coding 
the researcher explores the data with a detailed examination of 
what one deems as relevant due to the intensive reading of the 
texts. In the open coding stage the incidents or events are 
grouped in codes via the incident-incident comparison. In the 
next step, axial coding, the codes are grouped according to their 
properties forming concepts that represent categories. These 
categories are analyzed and subcategories are identified aiming 
to provide more clarification and specification. Finally, the 
categories and subcategories are related to each other, and the 
causal relationships between the categories were determined.  

We conducted two periods of data collection and analysis. 
Each analysis was held after each data collection phase. After 
each analysis, another researcher verified the identified codes 
and the created categories in order to audit the coding process. 
Our informants (i.e., the practitioners within the analyzed 
organization that we interviewed) are representative since they 
were: (a) practitioners in charge of the organization’s 
knowledge activities (e.g, sending relevant knowledge through 
e-mail) and (b) novice engineers within the organization. 
Therefore, we have confidence in the accuracy and validity of 
the data we collected, and as a consequence of our results. 

IV. STUDY RESULTS 
In this section we discuss the results from our empirical 

study. Furthermore, we compare the findings from the 
qualitative analysis with the ones found in literature. 

A. Knowledge transfer at the Beta Organization 
As mentioned before, Beta develops software within a 

customs control agency. Besides the lack of defined software 
process, there is not a formal way to transfer knowledge within 
the organization. Thus, the main way to analyze how 
knowledge transfer happens in practice is by verifying this 

process among senior and novice developers. In fact, 
practitioners have a commitment to transfer the organizational 
knowledge to novice practitioners because they believe such 
people will be the future expert members.  

Developers at the Beta organization have several 
knowledge sources available: the Web, the intranet, training 
material, the source code, expert members and the software 
documentation. However, novice practitioners usually ignore 
the software documentation as a knowledge source and prefer 
informal conversations, which are allowed in the organization’s 
environment. Novice engineers learn when they observe 
organizational procedures and when the assignments they are 
supposed to perform have detailed guidelines. Expert team 
members create such detailed guidelines due the lack of 
novices' expertise. Thus, both types of knowledge (tacit and 
explicit) are emphasized at the Beta organization. 

Before beginning their assignments, novice practitioners 
had to participate in diverse trainings focusing on programming 
languages, database and business context. Such trainings are 
important for the onboarding process of novice engineers in the 
organization by providing basic required skills for novice’s 
assignments.  

After trainings, when novices start working, they receive 
new assignments every day. These assignments contain 
guidelines that they have to follow in order to successfully 
carry them out. A senior team member sends these assignments 
and guidelines by e-mail. 

“We do not have a well-defined schedule, (…) I provide 
novices with what they need to do [their assignments]. Also, I 
give guidelines about what their tasks are. In the afternoon, 
after lunch, I talk to them again and I verify if they have any 
doubts and so on [until they finish the assignment]” – Senior 
Team Member Interviewee. 

“I arrive and check my e-mail, because the senior member 
sends my assignments. So, if there is something I have to do, I 
start doing it. I am doing the assignments according to the 
instructions from the guidelines. If I have any doubts, I talk to 
the senior team member. – Novice Interviewee 2 

During our study, we noticed that e-mails contained a lot of 
information (knowledge) regarding organizational assignments, 
such as programming functions that support the custom 
agencies’ routines. Additionally, we noticed that the most 
detailed knowledge is shared face to face according to the 
organization’s needs. 

“-  How do you share relevant knowledge among the project 
team? 

- I think that when demands are appearing. For example, 
when there is a new function that has to be developed, the senior 
member says: ‘we do this in a certain way, because the 
framework was defined a long time ago.’ The senior member 
explains how the framework works. So it is more a tacit 
knowledge.” -  Novice Interviewee 1 

Another way to obtain knowledge is through observations. 
Novice developers observe how other team members perform 
their assignments. When doing so, they perceive how the 
business process occurs. In this way, they acquire tacit 
knowledge. 

“- How do you obtain this knowledge? 
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- I obtain knowledge through the observation of the 
organizational process and by analyzing what each part of the 
software does. Regarding programming, I observed the source 
code too.” - Novice Interviewee 2 

We noticed that the senior developer provided a complete 
assignment guideline because he did not have high confidence 
regarding the novice engineer's performance and expertise. 
Additionally, we noticed that novice engineers acquired more 
knowledge (about programming techniques and the business 
domain) when they performed the assignments by themselves. 
Although initial information had been provided, in most cases, 
it was necessary to search for additional knowledge sources 
that helped the assignments’ success.  

Novice practitioners pointed out the following knowledge 
sources: (a) the web; (b) the intranet; (c) books; (d) training 
material; (c) expert team members; and (d) software source 
code. The following quotations present examples of such 
sources: 

 “Before asking someone, I try to solve my problem. If I do 
not know how to solve it, I consult some software program that I 
implemented. Most of the time, we develop, however we do not 
keep all in mind. Then, if I haven’t solved my problem yet, I 
search the web. Lastly, I ask for help from expert team 
members.” -  Novice Interviewee 1 

 
“(…) The software has some similar functions that I can use 

as examples. So, I develop based on such examples (…) If I have 
any doubts, I ask him [senior member] too (…). We have C# 
books that show some examples” - Novice Interviewee 2 

Our informants told us about another knowledge source, the 
software documentation (e.g., requirements specification, UML 
diagrams, and software plans). The senior member stated that 
novice engineers are aware of this documentation. However, it 
is out of date and novice engineers did not mention its 
utilization.  

“...The software documentation started, if I am not 
mistaken, in 2008. Then, it is probably out of date…” - Senior 
Team Member Interviewee.  

During the execution of the assignments, novice engineers 
ask expert team members for help. We verified that all team 
members are in the same office. Thus, we concluded that the 
office configuration facilitates face to face interaction. 
Nevertheless, there are not knowledge transfer records. Then, 
the senior managers cannot know what knowledge was 
transferred. 

The usage of the source code as a knowledge source is 

possible due to the organizational code standard. Such standard 
recommends the creation of relevant comments in the source 
code. We notice that code standard is very important, because it 
helps maintain the knowledge about the software when some 
team member stops working in Beta, for example. 

“Usually, we create comments in the source code. We 
explain the code step-by-step. The organization has a standard 
for software development.  Anyone who knows such standard 
can read the source code. This standard facilitates a lot.” – 
Senior Team Member Interviewee 

One novice practitioner stated that some knowledge sources 
(e.g., books and the Web) are less used as the days pass. The 
most common source of knowledge is the expert team 
members. Fig. 1 shows the relations between the codes about 
knowledge transfer that we identified regarding the results 
presented above. In order to perform the open and axial coding 
of the interviews, we used the ATLAS.ti software. 

We can see that the “knowledge transfer to novice 
engineers” category has three main associations: knowledge 
sources; observations of organizational procedures; detailing of 
assignments’ descriptions for novice practitioners. Each one 
contributes for the knowledge sharing process. 

Regarding evaluation of the knowledge acquired by novice 
software engineers, the senior member evaluates this 
informally through the observation of the quality of the 
releases. This evaluation helps the senior team member 
increase the complexity of the activities assigned to the novice 
developers. Such increase will ensure that the novice 
practitioners acquire new knowledge and gain additional 
experience regarding the software and the organizational 
business model. While analyzing these results, we noted some 
aspects that can influence the sharing of knowledge. Table II 
presents such aspects and their description.  

B. Comparison Findings  
In this section, we discuss our current results compared to 
previous literature results and prior results described in our 
own previous work [18]. Some aspects reported by such 
publications are important and contribute for a better 
comprehension of our findings. The comparison of our results 
with these publications aims to verify how literature in the 
field relates to our emerging data [19]. Regarding our prior 
investigation, we performed another qualitative study about 
the life cycle of lessons learned in a software organization 
[18]. 

 

Figure 1. Associations related to Knowledge Transfer. 
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We consider lessons learned as a kind of knowledge 
artifact, i.e., an artifact that stores knowledge. In this study we 
observed some similar knowledge sources and practices. To 
avoid possible misunderstanding, we call "Alpha" the 
organization in our prior study [18]. Such comparisons give us 
more confidence on our results. 

At Beta, senior members have a great commitment for 
improving the novice engineers' skills in order to integrate 
novice practitioners into the software team. Furthermore, we 
identified that knowledge is mainly transferred by face-to-face 
interaction. Knowledge transfer occurs during project 
development and in an informal way. This shows that the 
knowledge is handled more tacitly. Joshi et al. [12] stated that 
communication is a primary mechanism for transferring 
knowledge. The authors state that face to face communication 
is more significant than virtual communication. 

In our previous research, we detected that, at Alpha, the 
knowledge is handled explicitly. Alpha adopted agile 
development methods and had an organizational culture to 
explicit its lessons learned. Nontheless, they did not mention 
the use of code as knowledge source. Also, the software 
documentation in these projects is constantly updated [18]. At 
Beta, the software documentation was not updated. Yet, the 
source code had been standardized and it was used as a 
knowledge source. In future investigations, we plan to verify to 
what extent the source code and software documentation assist 
the activities related to knowledge acquisition. 

Training is important because they allow one to access 
important knowledge [20]. Such trainings are important to 
address some issues, as lack of soft and technical novices' skills 
[21]. In our findings, novices and senior team members 
emphasize the importance of training because it presented an 
overview about the used technologies and the organizational 
business process. However, training does not cover complete 
knowledge about all the aspects of the organization. 

At Beta, all team members are allocated in the same office. 
This environment facilitates tacit knowledge sharing. However, 
team members do not record this knowledge. Tsai and Cheng 
[22] stated that organizational climate (as the feeling conveyed 
in a group by the physical layout and the way in which 
members of the organization interact with each other) 
contributes positively to sharing both types of knowledge. 

The interaction between tacit and explicit knowledge 
creates the SECI model (Socialization, Externalization, 
Combination, and Internalization) [10]. Such model supports 
the creation, exploration and maintenance knowledge. The 
Socialization is the process of sharing experiences, in which the 
person shares tacit knowledge directly with others through 
observations and collaboration. The Externalization converts 
tacit knowledge into explicit knowledge, thus allowing it to be 
shared with the project team. In the Combination process new 
explicit knowledge is created based on a combination of 
different explicit knowledge. The internalization process makes 
the conversion of explicit knowledge into implicit and finally 
maybe tacit knowledge. We compared the knowledge treatment 
practices in Beta regarding the SECI model [10], we noticed 
some activities related to each process, according to Figure 2. 

The socialization process is highlighted due to the 
organizations' characteristics presented before, they are in the 
same office and novices can always talk to senior members. 
We can point out that an organization that converts tacit 
knowledge in explicit knowledge through detailed e-mails 
about work activities and commented source code can help 
explicit relevant knowledge about the software. Regarding the 
internalization process, novice practitioners receive the 
explanation of assignments by e-mail, they can consult similar 
software source code, intranet, books and Web. Nonaka and 
Takeuchi [10] state that explicit knowledge is shared in all 
organization and it is converted into tacit knowledge by 
individuals. This knowledge conversion is related to "learning 

 Item Observations 

Po
si

tiv
e 

A
sp

ec
ts 

The usage of code 
patterns 

The code pattern facilitates the understanding regarding software functionalities. The code pattern includes code comments. 
When practitioners need to know about software, they can consult the source code. 

Initial training Trainings help novice practitioners gain knowledge regarding business process and technologies used within the organization. 
Learning proactivity The novice practitioners’ behavior helps the experts not to lose time in performing their assignments. 

Organizational 
Environment 

The work office allows the knowledge transfer because all team members are in the same place and the experts are always 
available for helping novice practitioners. 

Learning by doing The organization motivates novice practitioners to do the assignments, even if they perform them wrong. It is important for 
them to perform the assignments by themselves without any prior help. 

N
eg

at
iv

e 

Lack of time to update 
software documentation 

Expert engineers do not have time to update the documentation and this can be a reason for the lack of consulting of such 
knowledge source by novice practitioners. 

Lack of information 
transfer among experts 

team members 

This aspect can make some important information or knowledge be missed during the knowledge transfer for novice software 
engineers. 

Figure 2. Our findings and SECI Model. 

TABLE II. KNOWLEDGE TRANSFER INFLUENCE ASPECTS 
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by doing". Thus, we verified that when novice practitioners 
have finished their assignments, they are learning something 
new. Finally, our results do not allow us to identify any 
activities related to Combination process. 
 
 

V. FINAL REMARKS AND FUTURE WORK 
In this paper, we discussed knowledge transfer in a small 

software organization. The lack of usage of a defined software 
process allowed us to analyze knowledge sharing in the field, 
i.e, in the context of the Beta organization. A qualitative study 
was conducted seeking to understand knowledge transfer 
among senior and novice software engineers. In addition, it was 
possible to observe tacit and explicit knowledge dissemination. 

We noticed that novice practitioners had an initial contact 
with the necessary knowledge to perform their assignments 
through training provided by senior engineers. However, our 
results suggest that they gained more knowledge during the 
actual software development activities. Also, as mentioned 
above, a successful knowledge sharing was important for the 
organization because some of its senior engineers were leaving. 
The informal development process contributed to an informal 
way of knowledge transfer. In addition, we observed that Beta 
adopted parts of the SECI model proposed by Nonaka and 
Takeuchi [10]. Our results can be used by other software 
organizations as recommendations for improving their 
knowledge sharing activities. Additionally, it is necessary to 
encourage the complete usage of tacit and explicit knowledge 
in order to create benefits for organizations. 

This study has some limitations regarding its organizational 
context. We carried out interviews with novice and senior team 
members. We covered knowledge transfer among novices as a 
whole. However, we know that as a qualitative study, we 
cannot generalize our results to other companies. Despite that, 
we believe our study is important because each qualitative 
study contributes to advancing the state of art in a research 
area, providing evidence and hypothesis that can be later tested 
using quantitative methods. In short, each study helps to build a 
body of knowledge about the sharing of knowledge. Many 
studies have been performed in academic settings, while little 
studies have been conducted with novices on corporate 
contexts. It is important to observe what happens in a real 
software development context in order to contribute for 
improving the organizational practices. 

We plan to perform additional qualitative data collections 
aiming to understand more organizations and other contexts. 
This will allow us to gain a better understanding about 
knowledge transfer and identify support strategies to 
organizational learning in software companies. 
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Abstract—By their very nature, software projects require 

someone to coordinate and direct the efforts of the development 

team – the software project manager.  Although this role has 

traditionally been viewed as a technical one, there is growing 

evidence from many sectors that technical skills are only part of 

what a software project manager needs to be effective.  This 

paper delineates these knowledge areas and notes how they 

impact the software project. 
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I.  INTRODUCTION 

For several decades, the software engineering community 
has attempted to improve its ability to deliver quality results on 
time and within budget.  To that end, several dozen 
programming methods and techniques have been developed, 
published and put into use [1] with disappointing results 
showing only a one source line per programmer per month 
improvement in productivity over a 30 year period [2].  Given 
such a poor return on investment, it appears that the “software 
problem” does not lend itself to technical solutions.  Turning 
our attention away from the knowledge needed to write 
software leads us to conclude that perhaps the management of 
software projects may be a beneficial adjunct to the technical 
activities involved in software development.  There is growing 
evidence the knowledge of how to manage software 
development may enhance our success rate.   

II.  SUCCESSFUL SOFTWARE PROJECTS 

A study of successful software projects was recently 
published [3].  It sought to help software project managers’ 
chances of success by identifying the characteristics that 
successful software projects had in common.  This was 
accomplished by analyzing published papers that reported on 
successful software projects.  The research found a common set 
of factors were present at the start of these projects and other 
factors were present when the projects had completed.  None of 
these factors were technical in nature but one, “competent 
software project manager,” lends credence to the proposition 
that the software project manager plays a critical role in the 
conduct of successful software projects [4, 5].  This raises the 
question of just what knowledge and skills must a software 
project manager possess to be competent thereby increasing 
their chances of success?  While it can be argued that 
perceptions of “success” vary from stakeholder to stakeholder, 

project to project and often changes during the conduct of a 
project, the authors of the nearly 600 published reports studied 
felt they had been successful and reported on it in various 
journals [3].  Keep in mind that today, success goes beyond 
meeting requirements, schedule and costs. 

III. EFFECTIVE SOFTWARE PROJECT MANAGERS 

Some years ago, researchers noted that people from a broad 

range of backgrounds chose software engineering as their 

profession [6].  One of their findings was there was something 

about developing software that their personality was 

compatible with.  In other words, to some extent, they were 

born to it.  Such is not the case for software project managers.  

Although many have been selected from the ranks of high 

performing software engineers to lead software projects, this 

may not be a cost effective practice.  Table 1 lists the five 

primary functions needed to manage software projects [7, 8, 9, 

10].  Note the strong presence of interpersonal and 

communication skills.  These five primary functions comprise 

the “traditional” (control) focused view of project 

management.  While these skills are necessary, they are not 

sufficient to successfully conduct a software project. 

TABLE I.  THE FIVE FUNCTIONS OF PROJECT MANAGEMENT 

Category Description 

Plan 

-Tasks and subtasks  

-Synchronized with the project schedule 

-Shows how each  event will be achieved 

-Done in collaboration with the team 

 

Schedule 

-List of dates of project events 

-Supported by the Project Plan 

-Done in collaboration with all involved 

 

Control 

-Continuous monitoring and analysis 

(e.g. using Earned Value Management) 

-Apply corrective action to achieve plan 

 

Staff 

-Acquire skilled, knowledgeable team 

with compatible personalities and 

complementary skills 

-Resolve intra-team conflicts 

 

Motivate 

-Review/evaluate team and individuals 

-Help develop individuals’ career goals 

-Engage team to perform well on project 
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IV. SO WHAT KNOWLEDGE AND COMPETENCIES DO 

SOFTWARE PROJECT MANAGERS NEED TO BE SUCCESSFUL? 

The five basic functions (Table I) represent the foundation 
for software project managers upon which to develop the 
competencies they need to be successful.  The fact that 
perceptions of success vary during the course of a software 
project is only one aspect of the complexities a software project 
manager must deal with.  To better understand the 
competencies needed to complement the basic five functions, it 
may be useful to identify what knowledge and skills a 
prospective software project manager must possess in order to, 
potentially, bring a software project to a successful conclusion.  
In a recent study related to this issue [11], thousands of 
advertisements worldwide for project managers were analyzed 
to identify what knowledge and skills industry sought in project 
managers.  The companies placing the advertisements ranged 
from multinational conglomerates to specialized contracting 
firms.  In order to determine if there were differences between 
industries, the advertisements were separated into six industry 
categories.  Significantly, the software industry was the only 
one that required significant domain specific skills.  All the 
advertisements required communication skills, management 
skills and other, non-technical knowledge and competencies.  
From a recently published work [3] which analyzed what 
factors successful software projects had in common, we know 
what factors improve the chances a software project will be 
classified as successful.  One significant one was a 
“competent” software project manager.  Some of the 
knowledge categories critical to being a “competent” software 
project manager are listed in Table II.  Notice that these 
knowledge areas are “soft” in that they are not related to 
strongly technical topics.  This often presents a problem to 
strongly technical people who are put into leadership roles 
when their previous success had been dependent upon solving 
problems by obtaining the “correct” answer.  Once they are in 
project management, “correct” answers are neither obvious nor 
readily identifiable and there may be several.  This causes 
many to leave the ranks of management after a relatively short 
time [12].  Adding to the difficulties software project managers 
experience is the fact that the path into software project 
management is rarely clearly spelled out and new managers are 
rarely trained prior to assuming their new position [12, 13]. 

V. WHAT MAKES A SOFTWARE PROJECT MANAGER 

COMPETENT? 

The space available here is not sufficient to completely answer 

this question but a few key points can be made: 

 First and foremost, the person must want to be a 

software project manager for the “right” reasons.  The 

fact that the pay may be better, the benefits better and 

other attractive perquisites come with being a 

software project manager can cause some people to 

make the transition into software project 

management.  These represent the “wrong” reasons 

often resulting in frustration, disillusionment, and a 

succession of failed projects.  Stated simply, the 

“right” reasons include the acquisition and use of 

authority to benefit the company, stakeholders and 

advance the profession. 

 Mastery of the functions in Table I. 

 Being prepared for the transition from technician to 

manager.  This includes realizing that the software 

project manager is more of a coach than a technical 

contributor.  Not realizing this often drives people 

who make the transition to head back into the 

technical realm [12]. 

 Receiving adequate training in not only the five 

functions of software project management (see Table 

I) but the other, complementary subjects as well 

(Table II). 

VI. CLOSING COMMENTS 

Software Engineering has had a relatively short existence as 

compared with other engineering fields.  During the 50+ years 

it has existed, it has accomplished a great deal.  However, the 

profession is still plagued by a lack of certainty with respect to 

project costs, delivery dates and the quality of what is 

delivered.  Today, there is a growing recognition that our 

predisposition with technology as being the remedy for 

software project uncertainties and failures may be misplaced.  

We are beginning to recognize the importance of the software 

project manager’s role as a major determinant of project 

“success.”  Increasing the “soft” knowledge and competencies 

that software project managers bring to bear on a software 

project can only improve software engineering’s performance 

with respect to certainty of delivery dates, content and cost 

control.  Software project management is, primarily, about 

dealing with people, their idiosyncrasies, cultural preferences, 

value systems differences, age, work ethic, individual value 

systems and lifestyles.  This makes software project 

management more like conducting an orchestra than 

commanding troops 

TABLE II.   KNOWLEDGE AND COMPETENCIES  CRITICAL TO SOFTWARE 

PROJECT MANAGEMENT SUCCESS [8,9,10,11,12] 

Category Description 

Estimating 

-Use of various  estimation methods  

-Use of Reference Class Forecasting 

 

Communications 

-Written expression (e.g. status 

reports. Proposals) 

-Presentation skills 

 

Personnel Management 

-Ability to evaluate and direct the 

actions of individuals and teams 

-Labor law 

 

Negotiation 

Collaboration 

-Obtain consensus among 

stakeholders 

 

Cultural Sensitivity 

-Awareness &  response to  the 

effects of culture(s) represented on 

the development team  

-Sensitivity and response to value 

system differences 

 

Accounting 

-Cost allocation, general and 

administrative and overhead expenses 
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Abstract—Context: “Code smell” is commonly presented as
indicative of problems in design of object-oriented systems.
However, some empirical studies have presented findings refuting
this idea. One of the reasons of the misunderstanding is the
low number of studies focused on the role of human on code
smell detection. Objective: Our aim is to build empirical support
to exploration of the human role on code smell detection.
Specifically, we investigated strategies adopted by developers on
god class detection. God class is one of the most known code smell.
Method: We performed a controlled experiment and replicated
it. We explored the strategies from the participant’s actions
logged during the detection of god classes. Result: One of our
findings was that the observation of coupling is more relevant
than the observation of attributes like LOC or complexity and
the hierarchical relation among these. We also noted that reading
source code is important, even with visual resources enhancing the
general comprehension of the software. Conclusion: This study
contributes to expand the comprehension of the human role on
code smell detection through the use of automatic logging. We
suggest that this approach brings a complementary perspective
of analysis in discussions about the topic.

Keywords: Code smell, god class, controlled experiment

I. INTRODUCTION

Object-Oriented (OO) design challenges are a key aspect in
Software Engineering (SE). A poor design can lead to future
problems when evolving the code. Important works address
the problem from different perspectives. Fowler [1] presented
several scenarios where the code may indicate a bad design.
They refer to these cases as “code smells”. A code smell could
be a sign that one should refactor the code to improve it. Lanza
and Marinescu [2] focused on OO metrics to characterize bad
design. They refer to bad design as “disharmonies”. These
terms are used to define potential design problems. In this
paper, we adopt the term code smell, or simply smell, to refer
to those design problems.

Despite the conception of code smell be widely accepted
as indicative of bad design, some empirical studies have
presented findings in other directions. Sjøberg et al. [3], for
example, investigated the relationship between code smell and
maintenance effort. They noted that none of the investigated
code smells were significantly associated with increased main-
tenance effort. Macia et al. [4] investigated the relationship
between code smells and problems that occur with an evolving
system’s architecture. In their study, they noted that many
of the detected code smells were not related to architectural

problems. Zhang et al. [5] performed a systematic mapping
study on the subject and declared that “...we do not know
whether using Code Bad Smells to target code improvement
is effective”. In general, the authors agree that more empirical
studies are necessary to better understanding the smell effect
[3], [5], [6]. Specifically, the role of humans has been little
studied [7]. The studies focused on human aspects commonly
address agreement and decision drivers (ex. [6], [8], [9]).

The evaluation of the human aspects is not a simple task
because of the extensive number of context variables that
affect the human perception of code smell. In this work,
our general aim is to build more empirical studies evaluating
human aspects and code smells. Specifically, we have focus on
the strategies adopted on god class detection, one of the most
known code smell. Evidence of the relevance on the topic are
other studies with similar aim [9], [10], [11], [6]. We explored
the strategies of god class detection based on actions logged in
a non-intrusive way in two controlled experiments (an original
experiment and a replication).

The rest of the paper is structured as follows. Section II
address some concepts and summarizes prior empirical studies
that address the subject. Section III presents the planning and
execution of the experiments. Section IV and V contains the
results and a discussion about them. Section VI discusses the
threats to the validity of the study. Lastly, Section VII presents
our conclusions and proposed future works.

II. CONTEXT AND RELATED WORKS

God class is a central concept in our study. The term was
coined by Lanza and Marinescu [2] to refer classes that tend to
centralize the intelligence of the system. Lanza and Marinescu
presented an heuristic for god class identification based on
metrics. The authors also presented the code smell brain class,
in a similar way: complex classes that tend to accumulate an
excessive amount of intelligence. The main difference is that a
god class accesses directly many attributes from other classes.
Another code smell with similar characteristics was presented
by Folwer [1], but in this case subjectively. He defined the
code smell large class, which is a class that try to do too
much. These three code smells have a similar concept.

We presented to participants of our experiments a set of
support questions to guide them. The questions were extracted
from another empirical study [6] and concentrate the general
idea of the three code smells. Some examples are: “Does the
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class have more than one responsibility ?” and “Does the class
have functionality that would fit better into other classes ?”
We did not define formally the god class concept in this paper
because we focused on the strategies, not in the correctness on
detection. From now we will adopt only the term God Class.

A. Studies with similar aim of ours

Schumacher et al. [6] investigated the way developers
detect god class, then compared these results to automatic clas-
sification. They built on and extended Mäntylä and Lassenius’s
[9] work. Schumacher et al. study was done in a professional
environment, with two real projects and two participants of
each project. The participants were introduced to the god class
smell in a short presentation and were them asked to detect
them in specific code pieces. During this task, they received
the list of questions (the same we adopted) to help with the
identification of god classes.

Schumacher et al. used a “think-aloud” protocol (recorded
as audio) and data collection forms. Coding was carried out
to identify drivers and answers from the data collection form
were used to evaluate time and agreement. Their main findings
were: (1) there was a low agreement between the participants;
and, (2) “misplaced method” was the stronger driver for
god class detection. Related to the evaluation of automatic
detection, their main findings were: (1) an automated metric-
based pre-selection decreases the effort needed for manual
code inspections; and, (2) automatic detection followed by
manual review increases the overall confidence.

A study with aims similar to Schumacher’s was presented
by Mäntylä et al. in [11] and [10]. Through a survey, they
asked participants about 23 smells and used a scale from 1
(lack) to 7 (large presence) to evaluate the presence of smells
in a piece of code. They received 12 completed questionnaires
from 18 sent to developers in a small software company. In
one of the findings the authors declare: “the use of smells for
code evaluation purposes is hard due to conflicting perceptions
of different evaluators”.

B. Studies with similar strategy of analysis of ours

We found only one work where the researchers used log
of actions to try identify strategies of detection. Carneiro et
al. [12] presented a software visualization tool with support to
concerns. They investigated how the tool, named SourceMiner,
helped developers on code smell detection. We will detail the
SourceMiner thereafter because it is the tool that we adopt in
this paper. Carneiro et al. also logged the participant’s actions,
but how they had focus on the presentation of the tool and
the support to concern, their observations on this topic were
restricted.

Another empirical study that adopted log to understand
performing of a Software Engineering task was presented by
Wang et al. [13]. In this case the authors investigated how
developers perform feature location tasks. Their analysis was
based on 76 hours of full-screen videos of 38 developers work-
ing on 12 feature-location tasks. They adopted log to analyze
the videos: they developed a tool to create and maintain a log
of each developer’s work while they watched the videos. They
also detached that there are few works evaluating strategies
adopted by developers performing Software Engineering tasks.

III. THE FINDING GOD CLASS EXPERIMENT

In this section we present settings of two controlled exper-
iments: we named Finding God Class (FinG). FinG aimed to
address a set of context-aspects on god class detection, such
as agreement, effort, strategies, and others. We had already
partial results in [14]. In this paper we focused only on the
investigation of the strategies adopted by the participants. We
will call FinG 1 the original experiment, and FinG 2 the second
experiment, which is a replication of FinG 1. In the following
sections, the only difference among the FinG 1 and FinG 2
settings is the experimental unit.

A. The Experimental Planning

1) Experimental Unit: FinG 1 involved 11 undergraduate
Computer Science students from the Federal University of
Bahia (UFBA), in Brazil. All students were enrolled on the
Software Quality course offered in the first semester in 2012.
The participation in the experiment was voluntary. FinG 2
involved 23 graduate Computer Science students also from
the Federal University of Bahia. All students were enrolled in
the Experimental Software Engineering course offered in the
second semester in 2012. Due to the special circumstances, all
students of the course were (or had been) professionals. In this
case, the participants received grades for their participation.

2) Tools: We adopted four software tools in the experi-
ment1: (i) The Eclipse Indigo IDE; (ii) Usage Data Collector
(UDC), an Eclipse plug-in for collecting IDE usage data
information (interactions between participants and Eclipse can
be accessed by the log of UDC). This tool is embedded in
the Eclipse Indigo IDE; (iii) Task Register plug-in, a tool we
developed to enable participants to indicate what task was
being done at a given moment. This information was also
registered in the UDC log. What all the participants had to
do was to click on an item of the “Task Register” view to
indicate when they were starting or finishing a task. The Figure
1-F shows the “Task Register” view; and (iv) SourceMiner,
an Eclipse plug-in that provides visual resources to enhance
software comprehension activities [12], [15].

We detach the SourceMiner tool because our analysis of the
strategies on god class detection was based on it. The tool has
visual resources that make easier the design comprehension
of the programs. The SourceMiner has five visual metaphors,
divided in two groups. The first group is formed by three
coupling views. These views show the different types of
coupling, as direct access to attributes or method calling, for
instance. Moreover, they show the direction of the coupling.
The coupling views are based on radial graphs, matrix of
relationships, and tabular view (Figures 1 B, D and E). The
second group is formed by two hierarchical views. These views
associate LOC, complexity and number of methods of classes
to area, width and length of rectangles. The treemap view
(Figure 1 A) shows the hierarchy of package-class-method.
The more internal rectangles represent methods. The area and
color are used to highlight the attributes of LOC or cyclomatic
complexity. The red boards represent classes and the yellow
boards represent packages. The Polimetric view (Figure 1 C)

1Eclipse IDE - http://www.eclipse.org/downloads/; UDC -
http://www.eclipse.org/epp/usagedata/; Task Register - private; SourceMiner
- http://www.sourceminer.org/
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Fig. 1. Views of the SourceMiner and the Task Register plug-in

shows the hierarchy between classes and interfaces. The wider
rectangles represent classes with more number of methods.
Rectangles of greater length represent classes with larger LOC.

3) Software Artifacts: Six programs were used in the exper-
iment. All of them implement familiar applications or games
in Java. Chess, Tic Tac Toe, Monopoly and Tetris implement
known games. Solitaire-Freecell (Solitaire) is a framework for
card games with Solitaire and Freecell. Jackut implements a
simple social network application, in the line of Facebook or
Orkut. Table I characterizes the used programs in terms of
the number of packages, number of classes and NLOC. It is
possible to note that Monopoly is the software with higher
NLOC: 2682. Due this, we consider all them simple programs.
We chose simple programs to make easy their comprehension
by participants because we were interested in the strategies,
not in the evaluation of the difficulties on god class detection.

TABLE I. SOFTWARES USED AS STUDY OBJECTS

Software Chess Jackut Tic Monopoly Solitaire Tetris
Packages 5 8 2 3 6 4
Classes 15 19 5 10 23 16
NLOC 1426 978 616 2682 1758 993

4) Design: The both FinG 1 and FinG 2 experiments were
run in a laboratory at UFBA. Participants had about 2 hours
to carry out the task. Each participant worked at a separate
workstation. At each workstation, we set up the Eclipse IDE
fitted with the SourceMiner, the Task Register and UDC plug-
ins. Each Eclipse with SourceMiner had three of the six
programs in their workspace. The workstations were divided
into two groups. In FinG 1 there were six participants in the
group 1 and five participants in the group 2. In FinG 2 there
were 13 participants in the group 1 and 11 participants in the
group 2. We present the distribution in the Table II.

TABLE II. DISTRIBUTION OF THE PARTICIPANTS BY GROUP

Group Programs Participants Participants
of FinG 1 (ID) of FinG 2 (ID)

Chess, 14, 21, 1, 3, 4, 7, 9,
1 Jackut and 32, 35 13, 15, 17, 19

Solitaire 42 and 44 21, 23, 25 and 27
Monopoly, 13, 15, 5, 6, 8, 10

2 Tetris and 25, 31 and 12, 14, 16, 18
Tic Tac Toe 41 20, 22 and 26

B. Execution

1) Preparation: Participants of the both FinG 1 and FinG
2 experiments were trained on the god class concept and
on the SourceMiner tool. We performed the two training in
different weeks. In order to guarantee some expertise using
the SourceMiner to detect god class, we performed, as part
of the training, a practical exercise in the lab asking them to
search god class using the SourceMiner. All participants of
both experiments performed the exercise.

2) Data: We used the UDC plugin to log participant’s ac-
tions while the experiment was running. UDC is a framework
for collecting usage data on various aspects of the Eclipse
workbench. It gathers information about the kinds of activities
that the user is doing in the IDE (i.e. activating views, editors,
etc.). The Task Register (Figure 1-F) was used to enrich the
UDC log with higher level information. Figure 2 shows a
clipping of the UDC log annotated by the Task Register plug-
in. The first column (“task”) does not exist in the original
UDC log. It was added by the Task Register. We highlighted
columns that we were interested in. The first column (“task”)
indicates the program for which the participant was doing
the god class detection task. Columns “what”, “kind” and
“description” describe the actions. For example, the first line
represents: user activated the Package Explorer view. As a
result, we have sequences of actions for each participant and
for each program.

IV. RESULTS

To investigate the strategies adopted by the participants
we explored their preferences for the views of SourceMiner
during the detection of god classes. We used the UDC log of
actions to do this. Some participants read more and used fewer
views, others did the opposite. To evaluate these aspects we
calculated the ratio between the number of classes investigated
for each program and the use of views and reading. We
counted the number of actions related to reading (activation of
the Compilation Unit Editor), activation of hierarchical views
(Polimetric or Tree Map), and activation of coupling views
(Dependency, GridCoupling or CouplingMatrix). For example,
the participant 14 of FinG 1 did not activate the Compilation
Unit Editor (i.e. read the code), activated some of the coupling
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Fig. 2. Clipping of the user UDC log

views 41 times and activated some of the hierarchical views
39 times. He/she did this for the programs Chess, Jackut and
Solitaire. The total number of classes for these three programs
is 57. We defined the ratios for the participant 14 as 0/57,
41/57 and 39/57 for reading, use of coupling views and use of
hierarchical views, respectively.

The Figure 3 (shown on next page) shows in a bar graph
the ratio using views for all participants of FinG 1. The ratio
for the use of reading is in red. In green we show the ratio
for the use of coupling views. In blue the ratio for the use
of hierarchical views. We grouped participants with similar
strategy. The lines above the bars group name them. In the
Figure 4 we show the results for FinG 2.

From the Figures 3 and 4 we identified a set of strategies.
For example, in the Figure 3 we noted that the first three
participants (id’s 14, 21 and 42) had similar focus on the use
of hierarchical and coupling views and they did not read the
source code or used very few reading. The first participant
of FinG 2, in the Figure 4, adopted the same strategy. We
called it Strategy 1. In the Table III we show all strategies
identified. All them were identified according to high focus or
none/few use on the views or reading. For example, for the
Strategy 3, the participants had focus on coupling views, and
none or few use of reading. It is important to note that we
did not define a threshold for high or none focus because we
compared preferences between views considering participants
individually. We disregarded the number of clicks on the views
because we did not analyze the effort.

After identifying the strategies we counted the number of
participants with focus on each type of views or reading. We
also counted the number of participants with few or none use
of each type of view or reading. We show the result in the
Table IV. For the Strategy 1, there were three participants of
the FinG 1 (id’s 13, 21 and 42) and one participant of the
FinG 2 (id 4). Then in the Table IV we registered that there
were four participants with focus on coupling and hierarchical
views, and four participants with few or none use of reading.
The two last lines in the table show the total of participants
with focus or with few or none use of views or reading and the
percentage considering the total of participants of both FinG
1 and FinG 2 experiments (35).

V. DISCUSSION

From the Table IV we noted that the god class detec-
tion was mainly focused on coupling views. Almost 63% of
the participants adopted strategies based on coupling views.
Once coupling was preferred instead hierarchical attributes,
we suggest that on god class detection to observe coupling
is more relevant. As the essence of the god class concept
is related to classes with many roles, we linked the idea of
participants on identifying many roles with the coupling among

TABLE III. STRATEGIES ADOPTED

N Strategy Participants Participants
of FinG 1 (ID) of FinG 2 (ID)

1 Similar focus on coupling 14, 21, 42 4
and hierarchical/

few or no reading
2 Similar focus on coupling 12, 18, 19

and hierarchical
3 Focus on coupling/ 31, 41 5, 10, 20

few or no reading
4 Focus on reading/ 15, 25 7, 8, 16

few hierarchical
5 Focus on coupling 3, 15, 17, 22
6 Similar focus on reading 13, 27

and coupling
7 Focus on reading/ 14, 25

few coupling
8 Focus on hierarchical/ 26, 23

few reading
9 Similar focus on coupling, 44 9, 21

hierarchical and reading
10 Focus on coupling/ 6

few or no hierarchical
11 Focus on reading 1
12 Focus on hierarchical/ 35

few coupling
13 Only reading/no views 32
14 Focus on hierarchical 13

TABLE IV. NUMBER OF PARTICIPANTS FOCUSING ON VIEWS

Strategy Reading Coupling Hierarchical
High Few/ High Few/ High Few/
focus none focus none focus none

1 4 4 4
2 3 3
3 5 5
4 5 5
5 4
6 2 2
7 2 2
8 2 2
9 3 3 3

10 1 1
11 1
12 1 1
13 1 1 1
14 1

Total 14 11 22 4 14 7
% (out of 35) 40.0 31.4 62.9 11.4 40.0 20.0

classes. Hierarchical attributes, as LOC or complexity, were
less adopted.

Another interesting finding is that, even with visualization
resources, 40% of the participants had focus on reading in
their strategies. For us, this is an evidence that some reading
is necessary on god class detection. Our conjecture is that the
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Fig. 3. Ratio of using reading, coupling and hierarchical views for FinG 1

Fig. 4. Ratio of using reading, coupling and hierarchical views for FinG 2

reading is used to identify context aspects about the classes.
For example, in some cases, to identify if a method is in
according with the role of the class, reading source code is
important. On the other hand, the few or none use of reading
had highest percentage among the few use of views, 31.4%.
We consider that the value is not high, but it can be an evidence
that visual resources are important because make possible for
developers filter specific classes to read.

An interesting observation is that our analysis presents a
non usual perspective investigating code smell empirically. Pa-
pers addressing how developers detect code smell usually de-
pends on the human answers, in interviews [6], questionnaires
[9] or surveys [11], [10]. We adopt a non usual technique. The
main benefits of the use of log are the high volume of data

and the absence of disparity between the participants responses
and the “reality” [16], [17]. We highlight the importance of the
use of complementary strategies of data collection to analyze
similar problems from different perspectives. Due to this focus
and the space constraints, we did not present analysis of other
variables (such as the impact of the experience) in this paper,
which is possible by the setting of FinG.

VI. THREATS TO VALIDITY

Our analysis of threats was based on Wohlin et al. [18].

External validity. Our first threat fits in the “interaction
of selection and treatment” subcategory and is related to fact
that the participants in FinG 1 were undergraduate students.
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Although this aspect can be considered a problem for gen-
eralization, we found similar strategies in both FinG 1 and
FinG 2 experiments, which make this threat weaker. Other
threat to external validity fits in the “interaction of setting and
treatment” subcategory. In this case, the threat is the type of
programs. We adopted simple softwares. However, we argue
the impact of this threat is small because we consider that
the strategy is more dependent of the participant than of the
complexity of the software.

Internal validity. A subcategory of the internal validity is
“maturation”. Participants could be affected because they do
the same task over three programs so they may learn as they
go and work faster. On the other hand they could be affected
negatively because of boredom. We consider maturation a
weak threat because the experiment was performed in 1 hour,
on average. We consider this a reasonable period of time to
do a task in a balanced way.

Conclusion validity. In the “reliability of measures” cate-
gory we should report that the logged information represents
the actions of the participants only indirectly. They represents
actions of the Eclipse IDE. For example, if a developer changes
the perspective in the Eclipse, some views are activated by the
tool and these actions are registered in the log. To mitigate
this aspect, we investigated the logging to evaluate actions in
detail and eliminated lines clearly related to Eclipse actions.
Moreover, these registers occurred for all participants and
did not affect the general conclusion. In the “reliability of
treatment implementation” we have to consider if that the
visualization tool was appropriated for the identification of
useful attributes on god class detection. We are confident that
this threat did not have impact on our results because of
the discussion occurred during the training based on exercise.
Lastly, our findings were based on the analysis of he log, and
we did not present inferential testing.

VII. CONCLUSION AND FUTURE WORKS

In this work was investigated how developers detect god
class. More specifically, we explored strategies adopted by
developers detecting god class. To do this we performed two
controlled experiments. The setup of the experiments was
based on the use of a software visualization tool fitted in
the IDE Eclipse. We logged actions performed by participants
using the visual resources grouped in three categories: use of
Compilation Editor of the Eclipse (or reading code); use of hi-
erarchical views (focused in attributes as LOC or complexity);
or use of coupling views.

Our first finding was that coupling attributes are more
relevant than LOC or complexity on god class detection. We
also noted that, even with visual resources, that make possible
to enhance the general comprehension of the design, reading of
the source code remains important. We suggest that the reading
is important for developers to evaluate if the methods are in
accordance with the role of the classes. We also noted that
the visual resources helped participants to filter candidate god
classes to read. We consider our empirical results as an initial
and complementary approach to investigate the real impact of
code smell on software development.

To evolve our study in this topic, we will explore other
context aspects of the experiments, as effort and decision

drivers. We also intent replicate the experiments focusing in
other types of code smell. To mitigate some limitations we
will replicate the experiments with similar setting addressing
more complex software. To support replication we provide the
experimental package, available in the site of FinG 12 and
FinG 23. The packages contain forms, data and software.
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Abstract—The research about the formalization and conduction of 

controlled experiments in software engineering has reported 

important insights and guidelines for conducting an experiment. 

However, the computational support to formalize and execute 

controlled experiments still requires deeper investigation. In this 

context, this paper presents an empirical study that evaluates a 

domain-specific language proposed to formalize controlled 

experiments in software engineering. The language is part of an 

approach that allows the generation of executable workflows for 

the experiment participants, according to the statistical design of 

the experiment. Our study involves the modeling of eight software 

engineering experiments to analyze the completeness and 

expressiveness of our domain-specific language when specifying 

different controlled experiments. The results highlighted several 

limitations that affect the formalization and execution of 

experiments. These outcomes were used to extend the evaluated 

domain-specific language. Finally, the improved version of the 

language was used to model the same experiments to show the 

benefits of the improvements.  

I. INTRODUCTION 

The conduction of controlled experiments in software 
engineering has increased over the last years [1] [2]. 
Experiments and their replication are considered essential to 
produce scientific evidences and to enable causal effect analysis, 
improving the knowledge about the benefits and limitations of 
new and existing software engineering (SE) methods, theories 
and technologies. In addition, it also promotes the sharing of this 
knowledge inside the SE community. Consequently, controlled 
experiments can accelerate the development and evaluation of 
effective scientific innovations produced by the academy or the 
industry. 

Over the last decade, the community discussed how to better 
support the application of controlled experiments in the SE 
research area.  These studies have proposed guidelines to report 
controlled experiments [3], conceptual frameworks to guide the 
replication of controlled experiments [4], and 
environments/tools to support their conduction and replication 

[5] [6] [7]. Although these studies brought important insights 
and outcomes related to the conduction of controlled 
experiments, few of them [7][8] [9] [10] [11] have proposed to 
formalize the planning, execution and analysis of controlled 
experiments. In addition, the existing approaches that aim at 
formalizing the specification of controlled experiments – such as 
ontologies or domain-specific languages – and/or at providing 
support for their execution and analysis have not been evaluated. 
Therefore, this subject still requires deeper investigation. 

In this context, this paper describes an empirical study 
conducted to evaluate a domain specific language that provides 
support to the modeling and execution of SE controlled 
experiments proposed by our research group [8] [12]. In our 
study, we have modeled several controlled experiments with the 
objective of analyzing the completeness and expressivity of the 
domain-specific language (DSL) and supporting environment of 
our approach. These criteria were analyzed based on the 
specification of eight different experiments and considering 
fundamental experimental aspects documented by the 
experimental software engineering community [1] [2] [3]. We 
present the results of our analysis and illustrate how they have 
been used to improve the evaluated domain-specific language. 

This article is organized as follows. Section II describes the 
study settings. Section III discusses the evaluation results, as 
well as the new extensions proposed for the evaluated DSL. 
Sections IV and V present, respectively, the threats to validity 
and related work. Finally, Section VI presents conclusions and 
directions for future work. 

II. STUDY SETTINGS 

This section presents the study settings in terms of: its main 
goal and research questions (Section II.A), the approach being 
evaluated (Section II.B), the study methodology (Section II.C), 
and the evaluation criteria (Section II.4). 

A. Study Goal and Research Question 
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The main goal of this study is to validate the experimental 
domain specific language with respect to the modeling of SE 
controlled experiments from the perspective of the 
experimenters. To achieve this goal, a research question (RQ) 
was defined: Are the DSL abstractions of the approach adequate 
to model the different aspects of SE controlled experiments? 

In order to answer this question, our study investigated how the 
different specification aspects of controlled experiments could 
be addressed by our DSL. Different and complementary criteria 
were adopted to analyze the completeness and expressiveness of 
the domain-specific language during the modeling of a set of 
existing experiments. 

B. Evaluated Domain Specific Language 

Our study focuses on the assessment of a DSL that is part of 
a model-driven approach for supporting the formalization and 
execution of experiments in software engineering [8] [12]. The 
approach consist of: (i) a DSL, called ExpDSL, used to describe 
the process and statistical design of controlled experiments; (ii) 
model transformations that allow the generation of workflow 
models that are specific for each experiment participant and 
according to the experiment’s design; and (iii) a workflow 
execution environment that guides and monitors the participant 
activities during the experiment execution, including the 
gathering of participants feedback during this process. 

ExpDSL is a textual DSL that is composed of four main 
parts/views: process view, metrics views, experimental plan 
view, and questionnaire view. Each view allows defining the 
experiment aspects as follows: (i) Process View – allows 
defining the activities of data collection from the experiment 
participants. It is similar to a software process language, where 
we can define the activities, tasks, artifacts, and roles involved in 
the process; (ii) Metric View – defines the metrics that have to 
be collected during the experiment execution. Each metric 
intercepts process activities or tasks in order to quantify 
observations of interest (dependent variables, etc.) in the study; 
(iii) Experimental Plan View – defines the experimental plan by 
identifying the factors to be controlled (treatments, noise 
variables, etc.) and the statistical design to be used (treatments, 
participants and experimental material allocation); and (iv) 
Questionnaire View – defines questionnaires to collect 
quantitative and qualitative data from participants of the 

experiment. These questionnaires can be applied before or after 
all the activities of the experiment process. 

Fig. 1 shows the fragments of the “Testing” experiment 
specification [13] using the original version of our DSL 
(ExpDSLv1). It is a controlled experiment that compares two 
different black-box manual test design techniques: a generic 
technique and a product specific technique. The study evaluates 
those techniques from the point of view of the test execution 
process. In the specification, we can see an Experimental Plan 
View (Fig. 1- A,B,C,D,E), a Process View fragment (Fig. 1 – F), 
a Metric View fragment (Fig. 1 - G) and a Questionnaire View 
fragment (Fig. 1 – H). Section III presents and discusses those 
fragments in the context of our study. 

z  

 

Table 1: Experiments modeled in our study. 

Experiment  Institution-Country 

Testing [17] UFPE-Brazil 

Human Factors [14] UAM-Spain 

Requirements [15] UPM-Spain 

SPrL [20] UFRN-Brazil 

MDD  UPV-Spain 

SPL [21] PUC-Rio-Brazil 

CFT [18] Fraunhofer-IESE-Germany 

PBR [19] 
University of Maryland-

USA 

 

Figure 1: ExpDSL fragment before extensions 
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The experiment modeled in ExpDSL is submitted in our 
approach to a set of transformations (model to model and model 
to text) to generate workflow models for the participants 
according to the statistical design of experiment (DoE). Finally, 
these workflow models can be executed in a workflow engine 
(web application), guiding and monitoring the participants 
during the experiment. For additional details of our approach, 
please refer to [12]. 

C. Study Methodology  

Our study was organized in three main phases: (i) the 
selection and specification of different experiments using the 
evaluated version of ExpDSL herein called ExpDSLv1; (ii) the 
evaluation of each modeled experiment through the study 
criteria (Section II.D); (iii) the analysis, discussion, and proposal 
of improvements for the ExpDSL and the approach considering 
the study results.  

We selected 2 quasi-experiments and 6 controlled 
experiments with different statistical designs, executed and 
documented by the software engineering community. We have 
also considered experiments from different research groups and 
software development areas (requirements, model-driven, 
software product lines, testing, human factors). Finally, the 
selection also took into consideration the availability of 

information about the experiment planning and conduction.  
Table 1 lists the experiments used in our study. The 
specification of the experiments in ExpDSL is available at: 
http://migre.me/hqP6N. Our team – the authors of this paper –  
modeled different aspects of the experiments using the 
ExpDSLv1 based on their available documentation. For most of 
the experiments, we have also interacted with the researchers 
that conducted them.  

In the last phase of our study, we analyzed the collected 
results for each specified experiment, and evaluated how the 
completeness and expressiveness criteria were tackled by the 
approach. During this analysis, we investigated for each 
criterion: (i) the reasons for the (non)adequate specification of 
each specific aspect of the experiment; and (ii) which 
improvements can be applied to the DSL to address a better 
modeling of the identified aspects. Finally, we implemented 
these new improvements and re-modeled the same experiments 
using the improved version of ExpDSL (herein called 
ExpDSLv2) to highlight the achieved results. Fig. 2 shows 
fragments of new or modified elements in ExpDSLv2. 

D. Adopted Criteria  

Our study adopted three main assessment criteria used for 
evaluating DSLs [13]:  

Completeness: All concepts of the domain can be expressed in 
the DSL. 

Expressiveness: The degree to which a problem solving 
strategy can be mapped into a program naturally. In particular in 
this study, we evaluated the orthogonality aspect of 
expressiveness [13] that states that each DSL construct is used to 
represent exactly one distinct concept in the domain. 

For the completeness analysis, we investigated how the 
different chosen experiments can be properly specified using the 
ExpDSLv1. The following aspects were assessed during the 
specification: Goals, Hypotheses, Subhypotheses, Design of 
experiment (DoE), Independent variables (controlled variable), 
Dependent Variables, Metrics, Measurement Instruments, 
Characterization/ Contextualization, Data Collection Procedure, 
Experimental roles, Statistical Analysis Technique, and 
Questionnaires. Our analysis considered three levels regarding 
the completeness of the specification: (i) supported– it was 
possible to specify the aspect; (ii) partially supported –the 
specification required adjustments to the modeling of the 
experiment aspect; and (iii) not supported – the DSL cannot 
specify that specific experiment aspect.  

The expressiveness analysis involved verifying if each 
ExpDSLv1 construct was used to specify exactly one concept 
during the specification of the chosen experiments. Thus, if 
there are constructs being used to specify different abstractions 
of the experiments, our analysis consisted on the identification 
of such scenarios, which indicate a lack of expressiveness of the 
DSL.  

III. ANALYSIS OF THE RESULTS 

A. General Results 

The modeling of controlled experiments in the study 
revealed that the investigated DSL successfully addressed most 

 

 

Figure 2: ExpDSLfragment after extensions 
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of the evaluated criteria. The completeness analysis showed that 
60% of experimental aspects of the modeled experiments were 
supported, 15% partially supported, and 25% not supported. On 
the other hand, the expressiveness criteria revealed that there 
was only one ExpDSLv1 construct, the Metric element, which 
was used to specify three different concepts of the specified 
experiments.  

Regarding the completeness of modeled experimental 
aspects – about 60% – were successfully satisfied. On the other 
hand, the results also show that a high percentage of 
experimental aspects was only partially supported (15%) or not 
supported (25%) by our approach. This demanded the 
investigation of how we could improve the ExpDSLv1 and our 
approach to allow their adequate specification. There were a few 
cases where the experiment aspect was not specified because it 
was not part of the experiment (n/a – not applicable).  

Only three concepts were not supported for all modeled 
experiments, which are the dependent variable, measurement 
instruments, and the statistical analysis technique. These results 
motivated to propose ExpDSLv1 extensions to include: (i) a 
DependentVariable element that relates this concept with 
hypotheses and metrics, allowing the traceability among them 
and facilitating the conduction of meta-analysis in the future; 
and (ii) a statistical analysis element that allows documenting 
the statistical test which can be used for each experiment 
hypotheses.  

There were also some scenarios where experimental aspects 
(such as metrics and experimental roles) have been only 
partially satisfied during the DSL completeness assessment. The 
metric element, for example, only allows specifying metrics 
regarding execution time for activity/task, and metrics that are 
quantified based on the produced artifacts. This result has also 
motivated the extension of ExpDSL to specify a new kind of 
metric related to any collected data informed by the user during 
an activity/task execution of the experiment process. Section 
III.C shows how we have improved the expressiveness of the 
language by extending the metric concept. It also discusses the 
lack of expressiveness of ExpDSLv1 to specify the design of 
experiment (DoE) and statistical analysis technique, and how 
language users can deal with that. 

Next sections detail the results of the study regarding the 
modeling of different experimental aspects by presenting 
limitations of our approach and proposing new improvements. 

B. Completeness Results and DSL Improvement. 

This section describes the main results of our completeness 
study considering the different experimental aspects that were 
modeled in ExpDSLv1. For the more affected elements, we 
show and discuss the obtained results when modeling the 
experiments. In addition, we also describe how those results 
have been used to propose improvements and new extensions 
for the ExpDSL (ExpDSLv2).  

1) Hypotheses 
ExpDSLv1 allows the definition of statistical hypotheses for 

the experiment through the Hypothesis element. In our study, it 
was possible to model all hypotheses of the experiments using 
such language element. Fig. 1 – (B) shows the hypothesis 
specification for the “Testing” experiment.  

To enable automatic analysis of hypotheses after that 
experiment execution, we propose a more formal hypotheses 
definition. This allows specifying an expression that defines the 
hypothesis relating the factor/levels with a dependent variable. 
Fig. 2 - (A) shows the new formalization of hypotheses after the 
language extension. Each textual hypothesis can be decomposed 
in one or more formal hypotheses, which associate the Factor or 
Treatment with the dependent variable.  

There are two additional benefits provided by this DSL 
extension: (i) it contributes to the automation of the statistical 
hypotheses analysis; and (ii) it supports the analysis of variables 
used in different experiments (meta-analysis). Besides, it allows 
the hypotheses specification in a more formal way, associating 
dependents variables and treatments.  

2) Design of Experiment 
ExpDSLv1 supports three experimental DoE: (i) completely 

randomized design (CRD); (ii) randomized complete block 
design (RCBD); and (iii) Latin square (LS). For this reason, it 
was not possible to model the designs used in the Human 
Factors and Requirements experiments, because both 
experiments used a simple prospective ex post facto quasi-
experimental design [14] [15]. The same issue happens to the 
PBR experiment, which adopts a factorial design in blocks of 
size 2. The wrong choice of one of the existing supported DoE 
of our DSL could cause a problem during the model 
transformation, because the distribution of treatments will not 
correspond to the real design of these experiments. 

For allowing the modeling of experiments that do not follow 
any of the supported DoE in ExpDSLv2, we extend the language 
to include the “Other” option. This change has a direct impact in 
the experiment configuration. Without knowledge about the 
experimental design, transformations of models specified in 
ExpDSLv2 are not able to automatically randomize and allocate 
treatments to participants and experimental materials. Therefore, 
the experimenter has to configure this information manually 
using the execution environment using the ExpDSLv2. Only 
after this manual configuration, the execution environment 
instantiates the workflow correctly to start the experiment 
execution. 

The choice of the “Other” DoE also makes difficult 
automatic validations of ExpDSLv2 specification based on 
statistical design rules and assumptions. Our DSL editor can 
check, for example, if the requirement of the Latin Square DoE 
is satisfied: existence of two variables to block. Therefore, the 
“Other” option increases language flexibility but limits 
specification validations. 

3) Dependent Variable 
In ExpDSLv1, we can define metrics related to dependent 

variables but there is no explicit ways to specify them. Because 
of that, we have extended the ExpDSLv1 to include the 
modeling of dependent variable that can be mapped to: (i) 
metrics that are associated to the execution time of specific 
activities or tasks of the experiments; or (ii) metrics that are 
associated to fields (of process activities/tasks) and that will be 
informed by the participants or researchers (number of defects 
found, etc.) during the experiment execution.  
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Fig 2 – (B) shows the dependent variable specified for the 
“Testing” experiment. There are two response variables in this 
experiment: the number of valid terminated CR (NumberofCR), 
and the time to execute the tests (TestExecutionTime). The 
TestExecutionTime, for example, has a description and is 
associated to the metrics TimeExecution1, TimeExecution2, 
TimeExecution3, and TimeExecution4. These metrics are 
defined in the experiment specification in the Metrics View. 

4) Metrics 
All metrics of the experiments were modeled by using one of 

the two kind of existing metrics in ExpDSLv1: those related to 
activities/tasks execution time and those associated to an 
artifact. Participants inform the value of a metric by using a text 
box provided in a web form related to the participant workflow. 
Another option is to define an ArtifactMetric element, forcing 
the participant to send a file whose content was only a value 
(text or number), for example. All these options represent 
workarounds that do not allow associating the informed metric 
value with the experiment hypotheses or other specific element. 
Fig. 1- (G) shows the definition of the metric Reported CRs 
used in the “Testing” experiment. In this experiment, the 
participant will be asked to upload a file whose content 
represents the collected CRs for each reported task. The 
specification shows the metric defined to the process related to 
the Specific Technique and Feature 1 
(SpecificTecFeature1_Tests). The metric name is 
“ReportedCR1”. The output artifacts related to the CR reporting 
are listed in the artifacts attribute of this metric (artifacts “CR 
SP1_F1_1”, “CR SP1_F1_2, etc.). 

In our study, the specification of different experiments using 
such strategy indicated the need to provide support to inform the 
metric value associated to an activity/task in the experiment. 
Such support contributes to not only explicitly identify the 
metric, but also associate it with the experiment hypotheses thus 
contributing to the analysis phase. Therefore, we extended the 
ExpDSLv1 creating a new Metric type named DataMetric that 
can be used to specify metrics associated to artifacts and that can 
be collected by the experiment subjects and/or researchers. This 
adaptation also provides an association between a metric and a 
text or number variable – the collectedData attribute. It has to be 
defined during the metric definition, and it is also used and 
collected in the correspondent activity/task of the experiment 
process. 

Fig. 2 - (G) shows the specification of the “ReportedCR1” 
metric in ExpDSLv2. It has a description and a collectedData 
text attribute named “CR”. This “CR” collectedData represents a 
data that will be gathered during the experiment execution, 
according to the process specification. Fig. 2 – (G) also 
illustrates that this “ReportedCR1” metric is associated to the 
“Number of CR” dependent variable. This will improve the 
traceability between dependent variable, metric and associated 
activity/tasks fields, facilitating their collection during the 
experiment execution and their usage during the experiment 
analysis. 

5)  Data collection procedure 
In ExpDSLv1, data collection procedures are specified as a 

process in the Process View, containing activities, tasks, roles 
and artifacts. Our DSL does not currently support loops and 

conditionals paths but almost all the experiment could be 
modeled as sequential procedures. The semantic related to link 
the process to the correspondent treatment combination, Link 
element in ExpDSLv1 (Fig. 1 – E), was moved to the process 
definition (Fig. 2 – E), so the Link element was removed from 
the DSL. This element was not used in the quasi-experiment 
definitions  (Human Factors and Requirements). 

6) Statistical Analysis Technique 
There was no support for defining analysis techniques in the 

experimental DSL. As the choice of the statistical test depends 
on the experiment design (DoE), we extended ExpDSLv1 to 
allow the selection of the statistical analysis technique from a 
list. Although this information is currently used only to 
document the experiment, our workflow engine is being 
extended to support the automatic application and analysis of the 
statistical tests of the experiments after the collection of the data 
of interest during the analysis phase. Fig. 2 – (D) shows the 
statistical analysis techniques chosen for the “CFT” experiment: 
McNemar to test hypothesis H1, and Wilconox to test 
hypotheses H2 e H3. The current list of possible techniques for 
testing hypotheses is: Chi-2, Binomial Test, t-test, F-test, 
McNemar Test, Mann-Whitney, Paired t-test, Wilcoxon, Sign 
test, ANOVA, Kruskal-Wallis and, for any other test, “Others”. 
More than one type can be specified for each hypothesis. 

C. Expressiveness Results 

This section describes the analysis of the expressiveness 
criterion. We have mapped each ExpDSLv1 
element/construction regarding the domain concept in order to 
evaluate if each language construction is associated to only one 
distinct concept in the domain.  

For ExpDSLv1 we observed that the ArtifactMetric element 
was used to model metrics related to artifacts, questionnaires, 
and user data (data collected during the task/activity execution). 
This means that distinct concepts in the domain were expressed 
using the same abstraction of the DSL. In order to overcome this 
limitation, we created the DataMetric element in ExpDSLv2, 
which provides different ways to specify these three domain 
concepts: metric related to artifacts, questionnaires, and 
collected data. Fig. 2 - (G) shows a metric modeled as a 
collectedData element in ExpDSLv2. This defectNumber 
variable is referenced in each activity where the data have to be 
collected. It means that during the experiment process execution 
the user will be asked to inform this value during that specific 
activity. 

We also observed an expressiveness limitation in ExpDSLv2 
related to the language extension that defines the “Other” type to 
refer any other type of Design of Experiment (DoE) besides 
CRD, CRBD, and Latin Square. It has improved the 
completeness of the language (Section III.B), but on the other 
hand, it affects the expressiveness of the DSL, because this 
element can be used to express different concepts of the domain 
(factorial design, quasi-experimental designs, within subjects 
design, and so on). In order to improve the language coverage, 
we opted to accept this expressiveness decreasing because it 
allows the specification and guided execution of a higher 
number of experiments. The same problem of expressiveness 
happens to the AnalysisTechniqueType element of ExpDSLv2, 
which also has the option to the “Other” type. 
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IV. THREATS TO VALIDITY 

One threat to the validity of this study is related to the choice 
of the experiments to be modeled. This choice defines for which 
types of experiments the conclusions are valid, restricting the 
extent to which the results can be generalized. We control this 
threat by selecting real experiments from different areas and 
with different DoE. 

Another threat to validity of this study is called Reliability 
[1], which is concerned with to what extent the data and the 
analysis are dependent on the specific researchers. We control 
this threat by modeling and validating the experiments models 
with experimental software engineering researchers from 
Fraunhofer IESE and Universidad Politecnica de Madrid 
(UPM), which were not involved in the DSL development.  

V. RELATED WORK 

Whereas some existing research work explores the 
development of automated environments to support the 
conduction of controlled experiments [16], most of them do not 
describe in details how the specification of the different 
experimental aspects is addressed. Only a few research works 
have presented ways to formalize experiments in software 
engineering. Garcia et al. [10] present an ontology to describe 
experiments that have predicates to generate a plan for the 
experiment. Siy and Wu [11] present an ontology that allows 
defining an experiment and checking some constraints regarding 
validity threats to the experimental design, which are extracted 
from a set of experiments. Cartaxo et al. [9] present a graphic 
domain specific language to model experiments and generate a 
textual plan of it.  However, all these research works do not 
provide an environment or tool support that allow interpreting 
and executing the controlled experiments based on their 
specifications. In addition, they have not conducted empirical 
studies to evaluate the completeness and expressivity of their 
specification mechanism – ontology or DSLs – through the 
modeling of different experiments, as we have presented in this 
paper. 

VI. CONCLUSIONS AND FUTURE WORK 

This paper presents an empirical study of evaluation and 
improvement of a DSL that supports the formalization of 
controlled experiments. In our study, several experiments 
reported by the software engineering community were specified 
using the DSL. These specifications were evaluated against the 
completeness and expressiveness criteria. The results of our 
study demonstrated the value of the approach, but on the other 
hand exposed a series of improvement opportunities. These 
improvements were discussed and addressed in a new version of 
the domain-specific language also evaluated in this paper.  

As part of future work of this research, we are preparing two 
new studies to be conducted: (i) the first one is a survey that will 
be performed and applied to experts from the experimental 
software engineering community to collect feedback about the 
DSL; and (ii) the other one involves the usage of the improved 
version of the experimental DSL to conduct controlled 
experiments by other research groups in order to assessing the 
usability and performance of the approach. Finally, we also plan 
to extend the study presented in this paper to consider other 
existing criteria adopted in DSL evaluations [13]. 
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Abstract—During the planning phase of an experiment, we must 
identify threats to validity in order to assess their impact over the 
analyzed data. Furthermore, actions to address these threats 
must be defined, if possible, so that we can minimize their impact 
over the experiment’s results. In this paper, we propose the 
Threats to Validity Assistant (TVA), which is a tool to assist 
novice researchers in identifying and addressing threats to 
validity of controlled experiments in Software Engineering. The 
TVA was evaluated through a controlled experiment which 
aimed at measuring the effectiveness and efficiency in identifying 
threats to validity and actions to address them. Sixteen subjects 
were asked to identify threats to validity and control actions 
related to an empirical study reported in literature. Our results 
indicate that the subjects who used TVA were significantly more 
effective and efficient than the subjects who did not use it.  

Keywords – validity, controlled experiment, empirical study 

I.  INTRODUCTION 
Empirical studies have long been applied to provide 

confidence in assertions about what is true or not true in the 
Software Engineering (SE) domain [12]. According to Wohlin 
et al. [14], empirical research is responsible for the maturation 
of SE. 

There are growing numbers of empirical studies to evaluate 
different SE practices and techniques [9]. New technologies 
should be compared with existing technologies through 
experimentation. Thus, we can collect evidence related to the 
performance of a technology (e.g., benefits, limitations, costs, 
risks). However, conducting experiments is a complex task [8] 
because researchers can cause changes in the experiment 
environment which could influence its outcomes and introduce 
threats that may compromise its validity. 

According to Biffl and Halling [4], every empirical study 
presents threats to validity (TTVs). These TTVs must be 
identified and addressed [11]. The identification and mitigation 
of TTVs are critical activities that require a lot of effort from 
researchers. TTVs are potential risks that may arise during the 
planning and execution of empirical studies [14]. Thus, 
experiments must be carefully planned and executed. 

Researchers in Empirical Software Engineering (ESE) have 
proposed guidelines, checklists, and summaries to support the 
identification and mitigation of TTVs [7]. However, none of 
these present relationships between TTVs and control actions 
(CAs). 

Novice researchers have difficulty in identifying and 
addressing TTVs during the experiment planning. Thus, such 
problem motivated us to build a conceptual model presenting 
relationships between TTVs and CAs [1]. The proposed 
conceptual model shows which CAs can be applied to address 
a TTV. In addition, it also shows the new TTV that may occur 
when applying a CA to address a certain TTV. 

As a way to facilitate the use of the conceptual model, we 
developed a tool, the Threats to Validity Assistant (TVA). The 
main idea is to assist novice researchers in identifying and 
mitigating TTVs. Therefore, we aim at enabling researchers to: 
(a) reduce the effect of the TTVs that can compromise the 
results of empirical studies; and (b) increase the degree of 
confidence in the obtained conclusions by enhancing the 
quality of the empirical studies. 

The scope of this work focused only in TTVs of controlled 
experiments. Kampenes [8] defines controlled experiment as “a 
randomized experiment or a quasi-experiment in which 
individuals or teams (the experimental units) conduct one or 
more software engineering tasks for the sake of comparing 
different populations, processes, methods, techniques, 
languages, or tools (the treatments)”. 

In this paper, we present a controlled experiment which 
evaluated the TVA. This experiment was conducted in order to 
measure the effectiveness and efficiency in identifying TTVs 
and CAs. The quantitative results indicated that the 
experimental group had better performance than the control 
group. 

This paper is organized as follows. Our approach to assist 
the identification and mitigation of TTVs is described in 
Section II, while its evaluation follows in Section III. Then, we 
present the experiment’s results in Section IV and, in Section 
V, we explore its TTVs. Finally, Section VI concludes the 
paper and describes future work. 

II. THE APPROACH TO IDENTIFY AND ADDRESS TTVS 
We followed a few stages to develop our approach which 

assists the identification and mitigation of TTVs. In the 
following subsections, we describe the conceptual model and 
the TVA tool. 

A. The Conceptual Model 
The conceptual model shows TTVs and CAs which were 

described in experiments reported in literature. We selected 
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these TTVs and CAs through a Systematic Literature Review 
(SLR). The steps for performing the SLR are described in [1]. 

We organized the conceptual model as follows. First, we 
grouped the TTVs with their respective CAs. After that, we 
grouped only TTVs and CAs which present trade-off. The 
trade-off is characterized when a CA is applied in order to 
control a TTV and, by applying such CA, new TTVs may arise. 

Figure 1 shows part of the conceptual model. The codes 
presented in each entity correspond to the ID of the TTV or 
CAs. These codes follow the structure: ValidityType-
TypeOfEntity-Number. For instance, EXT-T01 means the 
entity is the first (01) TTV (T) to external validity (EXT) 
identified within the results from the SLR. This TTVs can be 
controlled by CA EXT-C21 (in which C means control). 
However, this CA may cause TTV COS-T03 (in which COS 
means conclusion validity). In order to address this TTV, COS-
C04 can be applied. Nevertheless, CA COS-C04 may cause 
TTV EXT-T01. 

 
Figure 1.  Trade-off between threats to external and conclusion validities. 

As shown in Figure 1, there is a trade-off between validity 
types [3]. When increasing one type, another type may be 
decreased [14]. The researchers are responsible for prioritizing 
the validity types according to their needs. Depending on the 
experiment, some TTVs are more critical than others [2]. 

The conceptual model allows a visualization of the ways to 
mitigate TTVs and consequences that may occur when the 
researcher chooses a CA, since relationships (trade-offs) 
between TTVs and CAs are mapped. As way to facilitate the 
use of the conceptual model, we have developed a tool, which 
is described below. 

 
Figure 2.  (a) Part of the checklist page in the TVA; (b) Example of the threat list in the TVA.

B. The Threats to Validity Assistant 
The Threats to Validity Assistant (TVA) was developed in 

order to facilitate the use of the conceptual model. We used the 
Grails1 framework and the MySQL database to develop the 
tool. All relationships presented in the conceptual model were 
mapped to the database within the TVA. 

From the list of TTVs obtained from SLR, we derived a 
checklist. The checklist contains 65 items which aim to capture 
the experiment context and identify TTVs that may occur. Such 
items are related to one or more TTVs. Likewise, the TTVs are 
related to one or more items. Thus, there are relationships 
between items and TTVs. 

Besides the relationships between items and TTVs, there 
are two relationships between TTVs and CAs. The first one is a 
relationship in which a CA can be applied to address a TTV. 
Each TTV can has none, one or more CAs. Otherwise, a CA 
can control one or more TTVs. The second relationship 
characterize the trade-offs. A new TTV may arise when a 
specific CA is applied to control a TTV. Thus, one CA can 
cause none, one or more TTVs. 

Figure 2a shows part of the checklist page where we have 
selected the items “The data collected can be inaccurate” and 
“There is the possibility of communication between the 
subjects during the experiment”. Once the researchers fill in 

                                                        
1 http://www.grails.org/ 

the checklist, the next screen of the TVA shows the list of 
possible TTVs. For example, Figure 2b shows a list of TTVs 
which was produced according to the selected items in the 
previous page (Figure 2a). 

Researchers may select one or more CAs to address a TTV, 
or even none, according to the purpose of the experiment. For 
instance, Figure 3a shows the CAs to address the TTV 
“Communication among subjects during the experiment”. 
When saving the selected CAs, if a CA may cause a new TTV, 
a warning message appears for the researcher. If the researcher 
confirms the use of the CA, the new TTV will be included in 
the list of TTVs on the previous screen (Figure 2b). In our 
example, we selected “Introduce observers in experimental 
environment” to address the TTV “Communication among 
subjects during the experiment”. However, this CA can cause 
the TTVs “Experimental environment representativeness” and 
“Subjects act differently when being observed”. Thus, these 
TTVs will be included in the TTVs list as shown in Figure 3b. 

III. EXPERIMENT DESCRIPTION 
We have designed and executed a controlled experiment to 

answer the following research question: “Is the identification of 
TTVs and CAs more efficient and effective when the TVA is 
used”? To address this question, we have conducted a 
controlled experiment in order to measure the effectiveness and 
efficiency in identifying TTVs and CAs, with or without the 
use of the TVA. 
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Figure 3.  (a) Example of the control actions list in the TVA; (b) Example of the new threats list after being modified by the researcher’s actions. 

The definition, the planning (context, variables, hypotheses, 
selection of subjects, design, and instrumentation) and the 
operation of the experiment are explained in the following 
subsections. 

A. Experiment Definition 
The experiment was defined based on the template 

proposed in previous work [14] as: 

Analyze Threat to Validity Assistant (TVA) 
For the purpose of characterize 
With respect to  its effectiveness and efficiency 
From the point of view of the researchers 
In the context of  the identification of TTVs and CAs 

by students from an Empirical 
Software Engineering course. 

B. Context Selection 
The experiment context was an Empirical Software 

Engineering (ESE) course offered at UFAM (Federal 
University of Amazonas) at the north of Brazil. Although 
participating in the experiment is a mandatory part of the 
course, the subjects could request that their data were removed 
from the analysis. The subjects who agreed in participating in 
the experiment were 10 senior-level (fourth-year) 
undergraduate Computer Science students, and 6 graduated 
Computer Science students. The senior-level graduated 
students enrolled in the course aiming to be prepared at a 
masters or doctorate degree (more details about the subjects are 
presented in Subsection E). 

The controlled experiment used in this study was selected 
from the SLR and was based on the following criteria: (1) to 
describe more than 10 TTVs; (2) to contain TTVs of the four 
validity types; (3) to present different context used in the 
pretest activity; and, (4) to follow the experiment process 
described by Wohlin et al. [14]. 

Using these criteria, we selected the controlled experiment 
described by Madeyski [10] (hereafter referred to as 
Madeyski’s experiment), which contains 23 TTVs and 12 CAs. 
The context of Madeyski’s experiment was related to testing in 
software systems. 

C. Variables Selection 
The independent variable is the treatment applied by the 

groups in order to identify and address TTVs. Thus, the 

experimental group used the TVA while the control group 
used the bibliographical material of the Empirical Software 
Engineering course, mainly the guidelines described by 
Wohlin et al. [14]. We chose this book since it was the most 
cited reference (with about 49 citations within the SLR 
presented in [1]) in empirical studies to identify and address 
TTVs. 

The dependent variables are the effectiveness and 
efficiency in identifying TTVs and CAs. Effectiveness and 
efficiency are based on Conte et al. [5], and are defined as 
follows. 

 Effectiveness in identifying threats to validity: 

Effectiveness = the ratio between the number of real threats 
found and the total number of threats known. 

 Effectiveness in identifying control actions: 

Effectiveness = the ratio between the number of real actions 
found and total number of actions known. 

 Efficiency in identifying threats to validity: 

Efficiency = the ratio between the number of real threats 
found and time spent. 

 Efficiency in identifying control actions: 

Efficiency = the ratio between the number of real actions 
found and time spent. 

D. Hypotheses 
Using the variables described above, we defined the 

following null hypotheses: 

 H01 – there is no difference in the effectiveness 
indicator when identifying TTVs with or without 
using the TVA; 

 H02 – there is no difference in the effectiveness 
indicator when identifying CAs with or without using 
the TVA; 

 H03 – there is no difference in the efficiency indicator 
when identifying TTVs with or without using the 
TVA; 

 H04 – there is no difference in the efficiency indicator 
when identifying CAs with or without using the TVA. 
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E. Selection of Subjects 
The selected subjects were 16 students taking the ESE 

course. All subjects had lessons about the experiment process 
described by Wohlin et al. [14]. In addition, all subjects made 
presentations about validity evaluation in SE experiments and 
validity types. All subjects signed a consent form and filled 
out a characterization form that measured their expertise with 
controlled experiments. 

We also applied a pretest activity to measure more directly 
the subjects’ expertise. The pretest activity consisted in the 
identification of TTVs and CAs from a paper reporting a 
controlled experiment. In this activity, the subjects did not use 
any support. We selected the controlled experiment described 
by Thelin et al. [13]. This paper was retrieved by the SLR [1], 
which described a controlled experiment in the context of 
software inspection. 

The pretest activity was conducted simultaneously with all 
subjects in a classroom. The pretest activity consisted in 
identifying and addressing TTVs without any support. The 
subjects had 90 minutes to perform the task. At the end, a 
researcher had analyzed the answers and assigned a grade to 
the results of the pretest activity. 

Based on the results of the characterization form and the 
pretest activity, the subjects were divided into groups of: low 
(L), medium-low (ML), and medium (M) knowledge. Low 
knowledge means that a person identified one to four real 
TTVs and CAs, and does not have experience. Medium-low 
knowledge means that a person identified five to eight real 
TTVs and CAs, and has little experience (i. e., participated in 
an experiment as subject). Finally, medium knowledge means 
that a person identified more than eight real TTVs and CAs, 
and has little experience. In order to reduce the bias of having 
more experienced subjects in one or another treatment (with or 
without using the TVA), we equally and randomly distributed 
the subjects, balancing both groups. 

F. Design of the experiment 
The design is one factor, with two treatments. The 

assignment of the treatments was randomized. Each group 
consisted of 8 subjects and each used only one treatment, either 
the TVA or the guidelines proposed by Wohlin et al. [14]. 

G. Instrumentation 
The instruments used in this experiment were: 

characterization and consent forms, guidelines described by 
Wohlin et al. [14], data collection form (control group, since 
the TVA automates such process), TVA, instructions to use 
TVA (presented on the initial screen of the tool), follow-up 
questionnaire (experimental group, since it was used to gather 
improvement opportunities), excerpts from Madeyski’s 
experiment in the original language (English) and a translated 
version (Portuguese). These excerpts were: the experiment 
context, treatments details, metrics details, and experiment 
planning. The translation was carried out by a researcher and 
reviewed by another researcher with an advanced English level. 
All instruments were validated by the authors. 

H. Experiment Operation 
The subjects were divided into two classrooms, one for the 

experimental group and another for the control group. All 
subjects had up to 90 minutes to carry out the experiment. 
During the experiment, the control group had to fill out the 
data collection form as they found TTVs or CAs. In addition, 
the control group used the checklist presented in [14]. On the 
other hand, the experimental group used the TVA. When the 
subjects from the experimental group finished the task, they 
had to fill out the follow-up questionnaire. 

After finishing the experiment, we created a list containing 
all different TTVs without duplicated ones. Likewise, we 
created a unique CAs list. Both lists were based on TTVs and 
CAs described in the validity section of Madeyski’s 
experiment. A total of 23 TTVs and 12 CAs were found in the 
TTVs section of the paper. However, there were TTVs that 
were not described in the validity section. Thus, an independent 
experienced researcher evaluated Madeyski’s experiment and 
found 23 new TTVs and 29 new CAs. Therefore, a total of 46 
TTVs and 41 CAs were identified. Other TTVs and CAs that 
were found by the subjects and that were not already included 
in the lists, were classified as false positives (in order words, 
they were not present in Madeyski’s experiment). In the next 
section, we present the results of the controlled experiment. 

IV. RESULTS 
We obtained the quantitative data from the data collection 

form resulting from the experimental task. After creating the 
list of TTVs and the list of CAs, we counted the number of 
TTVs and CAs. We also considered the time used by each 
subject to carry out the experimental task. Table I presents 
both the results per subject and per treatment. 

We have performed a statistical analysis using the statistical 
tool SPSS v 20.0.0 and α = 0.05. This choice of statistical 
significance was motivated by the small sample size used in 
this experiment [6]. In order to compare the effectiveness and 
efficiency of both samples, we used the Mann-Whitney non-
parametrical statistic method. This test is equivalent of the t-
Student parametrical test (for further information, please see 
[14]). It was used because we had two groups to compare, 
different subjects in each condition, and no assumption about 
the data distribution. We also used the boxplots graph to 
facilitate the visualization of results. 

The boxplot graph which compares the effectiveness 
indicator for the identification of TTVs and CAs is shown in 
Figure 4.  When analyzing the graph, we can see that the mean 
from the experimental group is higher than the mean from the 
control group for both indicators. Thus, the group that used the 
TVA was more effective than the group that did not use it. 
Also, the comparison using the Mann-Whitney statistic 
method showed that there was significant difference between 
the groups (p = 0.001 – for TTVs; and, p = 0.005 for CAs). 
These results suggest that the use of the TVA provided 
different effectiveness related to the identification of TTVs 
and CAs in controlled experiments; and that this difference is 
significant from a statistical point of view. These results reject 
the null hypothesis H01 and H02. 
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TABLE I. QUANTITATIVE RESULTS PER SUBJECT AND TREATMENT. 

 Control group (guidelines) Experimental group (TVA) 
 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Expertise Level M ML M L ML ML ML ML L ML M M ML ML ML ML 
Time (min) 90 88 75 45 87 87 80 82 70 60 47 62 53 63 52 40 

Total TTVs Found 6 4 7 12 14 8 4 6 18 42 33 50 28 15 35 14 
Real TTVs Found 3 3 7 6 8 8 3 4 13 35 22 37 20 12 25 13 

False Positive TTVs 3 1 0 6 6 0 1 2 5 7 11 13 8 3 10 1 
Effectiveness in Identifying TTVs % 6.52 6.52 15.22 13.04 17.39 17.39 6.52 8.70 28.26 76.09 47.83 80.43 43.48 26.09 54.35 28.26 

Efficiency in Identifying TTVs 2.00 2.05 5.60 8.00 5.52 5.52 2.25 2.93 11.14 35.00 28.09 35.81 22.64 11.43 28.85 19.50 
Total CAs Found 6 4 7 12 10 8 4 5 10 32 17 49 18 6 20 8 
Real CAs Found 1 3 5 3 6 8 1 2 5 26 12 29 12 5 18 6 

False Positive CAs 5 1 2 9 4 0 3 3 5 6 5 20 6 1 2 2 
Effectiveness in Identifying CAs % 2.44 7.32 12.20 7.32 14.63 19.51 2.44 4.88 12.20 63.41 29.27 70.73 29.27 12.20 43.90 14.63 

Efficiency in Identifying CAs 0.67 2.05 4.00 4.00 4.14 5.52 0.75 1.46 4.29 26.00 15.32 28.06 13.58 4.76 20.77 9.00 

 
Figure 4.  Effectiveness indicator for identification of threats and actions. 

 
Figure 5.  Efficiency indicator for identification of threats and actions. 

The boxplot graph which compares the efficiency indicator 
for the identification of TTVs and CAs is shown in Figure 5. 
According to the graph, the experimental group was more 
efficient than the control group, finding more TTVs and CAs in 
lesser time. Also, the Mann-Whitney statistical test shows that 
the difference between the groups is statistically significant (p 
= 0.001 – for both indicators). Thus, the use of the TVA 
provides better efficiency regarding the identification of TTVs 
and CAs. These results reject the null hypothesis H03 and H04. 

V. THREATS TO VALIDITY 
The following subsections present the TTVs considered in 

this controlled experiment. These TTVs have been grouped in 
four main categories: internal, external, conclusion and 
construct. 

A. Internal Validity 
 Individual differences among the subjects. In order to 

address this TTV, we divided the subjects in balanced 
groups, according to the results from the 
characterization form and the pretest activity. 

 Language of the study object was different from the 
native language of the subjects. In order to address 
this TTV, we translated the study object to the native 
language of the subjects. The translation was done by 
a researcher and reviewed by another researcher with 
high proficiency in English. Both documents (original 
and translated) were given to the subjects.  

B. External Validity 
 Representativeness of subjects. The students are 

representative of the target population (novice 
researchers), but the results cannot be generalized. 
This experiment should be replicated for other 
samples and contexts. 

 Representativeness of artifact. In order to avoid this 
TTV, we selected an experiment reported in literature. 
However, new experiments should be conducted with 
study objects from other contexts. 
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C. Conclusion Validity 
 The small number of data points. However, small 

sample sizes are a known problem in Software 
Engineering which is difficult to overcome [5]. Thus, 
the data extracted from this controlled experiment can 
only be considered indicators and not conclusive. 

 Heterogeneous characteristic of the subjects. This 
TTV was not considered because all students do not 
have experience in the planning of controlled 
experiments. Thus, the sample was homogeneous. 

D. Construct Validity 
 Biased judgment of real TTVs and CAs. In order to 

mitigate this TTV, an independent researcher 
evaluated Madeyski’s experiment and judged which 
were real TTVs or CAs. However, only one 
independent researcher might not be enough to 
classify TTVs and CAs. 

 Only one study object was used. Therefore, the results 
may depend on the study object used. In order to 
mitigate this TTV, we plan to conduct new controlled 
experiments with different study objects, to enhance 
the validity of our results. 

 Subjects may behave differently, because they were 
observed during the experiment execution. In order to 
avoid this TTV, subjects were observed during the 
pretest activity. Thus, it is expected that the subjects 
adapted to the environment. However, the observation 
impacts cannot be measured. 

In summary, we conclude that the existing TTVs were not 
considered large in this study. Also, we carried out CAs in 
order to reduce their impact.  

VI. CONCLUSION AND FUTURE WORK 
This paper has presented a controlled experiment to answer 

the following research question: “Is the identification of TTVs 
and CAs more efficient and effective when the TVA is used?” 
In order to answer this question we have measured the results 
of the TVA in terms of effectiveness and efficiency.  

Results showed that the use of the TVA provided better 
effectiveness and efficiency related to the identification of 
TTVs and CAs. The quantitative analysis using the Mann-
Whitney statistic method showed that the effectiveness and 
efficiency indicators are better, when using the TVA, and that 
there is significant statistical difference. Due to the small 
sample used and the number of carried out experiments (only 
one), these results are not conclusive but indicate that the use 
of the TVA enhance the effectiveness and efficiency of the 
identification of TTVs and their CAs. 

We intend to perform new empirical studies to validate the 
results, including subjects with high experience in planning 
controlled experiments. Thus, we will obtain evidence if the 

TVA is useful for experienced researchers, while evaluating if 
experienced researchers agree with our categorization and 
relationships of TTVs and CAs. 

We hope that our findings will be useful in the promotion 
and improvement of the current practice of experiments 
planning. We also hope that the proposed tool aids researchers 
in the validity evaluation of their empirical studies, improving 
the confidence in their results and reducing the effort during 
planning stages. 
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Abstract - In a collaborative risk management scenario, project 
stakeholders often need natural forms of recording and reusing 
past risk management experiences so that they could better assess 
whether there are threats to the goals of new projects. The con-
tribution of this paper is to propose an enhanced case-based 
reasoning (CBR) approach to support project participants to 
exploit such experiences which are here expressed as collabora-
tive risk management discussion cases. The paper shows how 
these debates are structured through the exploitation of a dia-
logue game protocol for risk management. Then, it discusses how 
users can utilize queries based on facts and arguments so that 
past risk discussion cases could be retrieved from a case base. 
Attention is also given to case-based explanation templates, which 
are relevant for the understanding of key moves of argumenta-
tion in debate trees recorded in such enhanced cases retrieved. To 
demonstrate the practical utility of this approach, a case study 
involving the collaborative experience-based risk management of 
a software project is discussed. 

Keywords-component: Case-Based Reasoning; Collaborative 
Risk Management Tool; Dialogue Game; Argumentation. 

I.  INTRODUCTION 
Management of risks in new software projects is most ef-

fective if one can draw on concrete instances of dealing with 
risks in past projects. Once such experiences are collected and 
represented systematically in a reusable memory, project 
stakeholders involved in collaborative risk discussion tasks 
have the means of constructing a better assessment of the risks 
to their project’ goals, considering consequences in case these 
risks occur and, in general, taking actions to guarantee that the 
associated threats could be controlled more effectively. The 
overall goal is to fully exploit these past experiences in order 
to not only learn relevant lessons from past risk management 
episodes but also to avoid the repetition of past risk manage-
ment mistakes in current projects.  

Some degree of experience-based risk management is 
achieved through the exploitation of different Artificial Intel-
ligence (AI) techniques (e.g. [1, 2]). These kinds of approach 
allow one to learn from data of past software projects so as to 
better understand the relevance of risks in new projects. More-
over, security risk management methodologies, such as 
Magerit [3] (in step 2: threads), for instance, discuss that past 
experiences should be exploited in the identification of threads 
to the assets of a project. In this context, Case-Based Reason-

ing (CBR) [4, 5] is an AI problem-solving paradigm which 
emphasizes the role of past experiences in the solution of fu-
ture problems. By its nature, CBR is well adapted to the cap-
ture and reuse of factual and/or prescriptive information along 
with a solution for a risk management problem. Moreover, if 
stakeholders debate or argue about aspects of their project, 
CBR can easily accommodate any knowledge that these argu-
ments express explicitly.  

The initial claim of our approach for risk management is 
that collaborative debates can be expressed as an argumenta-
tion process [6]. Argumentation is understood as a process of 
dialogue in which different project participants are able to 
present different kinds of arguments when stating or justifying 
the assessment of risk management issues in a collaborative 
risk management discussion. In this dialectical context, we 
capture and organize such risk discussions in the body of en-
hanced cases for CBR according to a dialogue protocol, or 
“dialogue game” [7, 8]. This dialogue game is expressed as a 
set of moves of argumentation (e.g. locution acts such as pro-
pose, ask, inform, etc) that occur when multiple agents (human 
and/or computational agents) are engaged in a debate. As 
presented in our initial paper [9], a dialogue game for risk 
management was designed to mediate the interaction of pro-
ject stakeholders when these agents develop collaborative risk 
management tasks. Our approach captures and makes use of a 
dialogue form (the dialogue, or set of locution acts) which 
people working on risk management etc. use naturally in their 
own discussions and debates among themselves, i.e. it respects 
the kind of knowledge representation that is informally closest 
to what they actually use in practice.  

In this paper, we discuss a CBR extension which ap-
proaches not only factual project characteristics but also struc-
tural and type details of the arguments observed in past stake-
holders’ discussions about how to construct solutions (e.g. risk 
management plans). We also discuss how project stakeholders 
can obtain personalized views of the results obtained when 
different kinds of queries are executed. In particular, the per-
sonalization resources proposed here rely on the exploitation 
of a set of case-based explanation templates, in a scenario in 
which CBR becomes a form of explanation-based reasoning 
[10]. In our project, these templates capture meaningful com-
binations of moves of dialogue, or locution acts, that are ex-
ploited in risk management discussions recorded in enhanced 
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cases. Such explanation templates are relevant for project 
stakeholders when inspecting and, consequently, forming an 
understanding of key risk management steps of argumentation 
advanced in risk debates. We also describe how these case-
based query and explanation resources can be exploited by 
different project stakeholders when a web-based Risk Discus-
sion System (RD System) is used. To illustrate our approach, 
we describe a case study in which a risk management project 
is analyzed by different project participants. 

This paper is organized as follows: Section II presents 
some background information about risk management, argu-
mentation and CBR. Section III discusses a) the formation of 
enhanced cases through facts and arguments, b) the alternative 
query forms utilized to find past cases so as to support users 
when deliberating solutions for new risk management prob-
lems and c) the exploitation of explanation templates for im-
proving the users’ understanding of risk management discus-
sion cases. Section IV presents a study case to illustrate the 
utility of our approach. Section V shortly reviews the paper 
proposals and presents some future steps in our project. 

II.  CBR, ARGUMENTATION AND EXPLANATION IN THE CON-
TEXT OF COLLABORATIVE RISK MANAGEMENT 

Risk management requires the development of activities 
for the identification of possible problems and their causes, the 
analysis of risk probability and impact resulting in the prioriti-
zation of more critical risks, the construction of plans for the 
mitigation or even elimination of prioritized risks and the 
execution and monitoring of risk management plans [11]. In 
this context, the CBR paradigm for problem-solving supports 
the solution of new problems through the systematic collection 
and representation of cases in a case base, the retrieval of 
similar cases to a given problem situation, the reuse of past 
case solutions retrieved in the solution of new problems, the 
adjustment of these solutions to the context of these new prob-
lems when necessary and the retention of experiences of prob-
lem-solving in the case base so that the associated software 
system can improve its problem-solving capabilities [4, 5]. 

According to Kolodner [5], a case captures a contextual-
ized piece of knowledge representing an experience that 
teaches a lesson fundamental to achieving the goals of the 
reasoner. Intuitively, it is possible to observe that “lessons” are 
likely to be offered by domain users in terms of different kinds 
of arguments, although such arguments still do not have places 
in traditional frameworks for CBR. Traditionally, only the key 
factual characteristics of a problem situation are utilized to 
index the information content of cases for typical CBR appli-
cations. As in other machine learning contexts, these case 
properties are usually encoded as a vector of attributes and 
values. Then, when users want to retrieve such cases from a 
case base, they make use of similarity-based forms of compu-
ting the distance between current and past cases [4, 5]. Alt-
hough similarity could be computationally evaluated in differ-
ent forms, the weighted Euclidian distance computation is the 
simplest forms of distance assessment in different CBR appli-
cations (see [12] for other forms of encoding case features and 
computing distances between case-like entities). In a CBR 
application, the overall idea is to retrieve the most similar 
cases to a given problem situation by stating a query which 

represents the current problem, or target case, to be solved. 
That is because CBR is built on the hypothesis that “similar 
problems have similar solutions”, which is a hypothesis that 
can be exploited in different application problems. 

In addition to standard factual attributes, cases can also 
capture arguments and argumentation processes. These kinds 
of augmented cases are usually found in studies of the nature 
of argumentation in legal applications of CBR (e.g. [13]), 
although frameworks involving the use of cases in assisting 
the generation and evaluation of arguments have been reported 
in other application scenarios (e.g. [14]). Alternative argumen-
tation models [8] have also been exploited in the development 
of intelligent systems for supporting the solution of problems 
in these argumentation applications. In this context, as de-
scribed in [9], an argumentation process in which a debate is 
developed among different agents can be organized in the 
body of a case through the exploitation of a dialogue game 
model [7, 8]. These dialogue protocols are mainly defined by a 
set of locution acts, which are typical moves of speech used by 
these agents. In addition to such set of locution acts, these 
protocols are described by rules expressing how these locu-
tions can be combined (e.g. which locutions can be used as 
responses to certain locutions). The interaction of two or more 
project participants involved in a debate can be mediated by 
such communication protocols. 

According to [6], argumentation and explanation are inter-
linked activities when one is deliberating a solution for a prob-
lem. Among other reasons, they are often combined because 
certain users lack relevant knowledge to understand arguments 
being posed in a problem-solving situation, as well as because 
users are likely to pose arguments which express different 
considerations and explanations with respect to a decision. In 
effect, when pro and con arguments of a solution for a case-
based problem are presented to users, they can review these 
arguments in order to form an understanding of the rationale 
behind certain decisions, as exploited in design problems [15], 
for instance. In practice, just the exploitation of cases that are 
similar to a current problem situation is the most effective 
form of explaining a solution in different application domains. 
It is also relevant to observe that explanations that are con-
structed on the grounds of past experiences are likely to be 
more convincing that standard rule-based explanation, as ex-
perimental results described in [16] show. In summary, the 
overall idea is to collect and record users’ arguments systemat-
ically in augmented cases for CBR so that one can exploit the 
content of these cases to provide additional layers of explana-
tion on top of these argumentative structures. 

III. A ENHANCED CBR APPROACH FOR COLLABORATIVE 
RISK MANAGEMENT 

The exploitation of a dialogue game for the development 
of risk management tasks permits project stakeholders to dis-
cuss collaboratively the risks of a software project. In such a 
debate, project participants can express their opinion about 
causes and effects of risks, in addition to designing plans so 
that risks identified can be minimized. Through the exploita-
tion of this dialogue protocol, participants in risk debates can 
reach a consensus while deciding which actions shall be taken 
in each risk situation. In this context, the CBR resources of our 
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RD System permit that these users examine and reuse concrete 
problem-solving experiences of risk management in the de-
termination of risks in current projects.  

A. How enhanced cases are formed when collaborative risk 
management tasks are developed 

Concrete cases of collaborative risk management are rec-
orded in a reusable risk management memory, which takes the 
form of a case base in the RD System. As it is usual in CBR, 
we represent the cases of this case base through a list of factu-
al properties. To identify which properties we needed to uti-
lize, we started with the observation that recent software pro-
jects are been characterized in the agile and planned scenarios. 
Depending of the context that a project is developed, each one 
of these methodologies has their strong and weak points, 
which allows one to realize that contextual factors have a 
crucial role in the characterization of a project. Authors as 
Boehm and Turner [17] describe an approach which is based 
on risks for balancing the utilization of agile methods and 
planned methods in a project. Among others, attributes such as 
size, criticality, dynamism, skills of the team and culture are 
utilized in the characterization of a project. Additional attrib-
utes can be utilized so as to distinguish risk management cases 
obtained when different kinds of companies are considered. 

 
Figure 1. An example of a risk management discussion case 

In the work of Krutchen [18], a model called Octopus is 
proposed to characterize projects, where the key factors are: 
Team Size, Team Distribution, Criticality and Rate of Change. 
As these contextual factors are important in the area of soft-
ware processes, they are also relevant for the indexing of en-
hanced cases. In practice, the risks of a project are dependent 
of such contextual factors, and the efficacy of actions to pre-

vent them is also influenced by the project context. In addition 
to factual properties, we make it possible to enhance the body 
of each risk management case by exploiting argumentation-
based characteristics. Integrating CBR and argumentation 
techniques, these novel case representation characteristics are 
grounded on the set of arguments that are collected and repre-
sented when our dialogue protocol for collaborative risk man-
agement [9] is exploited by project stakeholders. To present 
key locution acts of this dialogue protocol, we can examine a 
risk discussion case (see Fig. 1) in which different users delib-
erate risks of a software project. In this argumentation model 
for capturing arguments in cases, the general format of a sin-
gle argument is: i) an identification of a locution act from our 
dialogue protocol, ii) a textual risk management statement (i.e. 
informal statements of the type that most users in this applica-
tion domain are able to naturally offer) and iii) an identifica-
tion of the discussion participant that is advancing such argu-
ment. These kinds of argument can be advanced by any dis-
cussion participant of a risk management debate which is 
started with “Propose risk” locutions. These argumentation 
moves are the root indexing concepts in the risk management 
discussion tree which is recorded in the body of an enhanced 
case. To gather information about such risks, a project partici-
pant can present question-like statements by using “Ask” locu-
tion acts, which can be answered via “Inform” locutions. The-
se inform-like arguments can also be exploited in the presenta-
tion of any other contextual information for the development 
of the debate. Consequences related to the occurrence of risks 
in a project can also be examined explicitly when our dialogue 
protocol is used. In doing so, these consequence-like state-
ments are advanced by discussion participants via “Propose 
consequence” locution acts. At any point of a debate, partici-
pants can also pose pro and con arguments in relation to dif-
ferent risk management issues. To promote the critical analy-
sis of a risk management problem situation, our protocol per-
mits participant to advance such arguments through “Argu-
ment pro” and “Argument con” locutions. Debate participants 
can also analyze the probability of a risk occurrence, as well as 
the impact that a risk is likely to have in a project. When this 
happens, “Propose probability” and “Propose impact” locution 
acts can be exploited by project participants. In practice, prob-
ability and impact estimates can be presented qualitatively or 
quantitatively, or both. Once initial steps of risks identification 
and analysis are completed, risk management plans should be 
constructed for the most relevant risks, or prioritized risks. In 
the protocol, risk mitigation, reduction, etc statements, for 
instance, can be advanced by discussion participants through 
“Propose plan” locutions. A participant can also summarize 
different aspects of a risk management discussion, through 
“Summarize” locutions. In summary, the set of locution acts 
available in our dialogue protocol for collaborative risk man-
agement expedites the debate of different risks in a project and 
the consequent recording of this discussion as a semi-formal 
argumentation model in the body of enhanced cases for use in 
CBR. As described here, this protocol is fully implemented in 
the RD System. 

B. How risk discussion cases are retrieved from the case base 
so as to support the solution of new problems 

The systematic recording of collaborative risk management 
experiences in a reusable memory is a fundamental issue for 
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an approach which promotes the exploitation of these experi-
ences in the solution of new problems. However, it is also 
essential to make available to users alternative forms of con-
sultation for this memory. We make it possible though similar-
ity-based queries which can be formed and executed by dis-
cussion participants at any moment of a collaborative risk 
management debate. Such similarity estimates are determined 
when properties of the current risk management project, or 
query, are compared with properties recorded on past cases. 
Based on the enhanced case characteristics proposed, which 
are i) facts expressing the context of a risk management pro-
ject and ii) argumentation moves from the discussion of typi-
cal risk management issues, our CBR framework allows users 
to retrieve the K most similar risk discussion cases to a given 
query. We utilize a standard “K nearest neighbor” algorithm 
[4, 5], and a weighted Euclidian distance function in the com-
parison of cases. So far in our project, an equal weighting 
scheme has been used despite the fact that the RD System 
permits the adjustment of such weights by users. For the com-
parison of argumentation information, our similarity algorithm 
matches textual statements expressed in a query with sentenc-
es recorded in past cases. In the PostgreSQL database [19], 
which is integrated with the RD System, this similarity as-
sessment permits the identification of natural language argu-
ments matching arguments recorded in past cases. In this con-
text, two types of query methods are relevant for the retrieval 
of past risk management experiences. 

The first query method is standard in CBR applications. In 
it, a user should input the factual properties of the current 
project (see Fig. 2 – A). An example of such query statement 
can involve a project which is very large (“Project Size = Very 
Large”), with many participants (“Team Size = Large”) that 
are scattered in different locations (“Team Distribution = Geo-
graphic Distribution”). In this project, a problem is that the 
project participants are uncertain about what risks should be 
considered (i.e. identified in a relevant list for future analysis) 
in the project and, consequently, what sort of things could fail 
in the project development. To solve this problem, discussion 
participants utilize the project properties mentioned as query 
parameters. When this query is executed, experiences of col-
laborative risk management involving projects with similar set 
of properties are likely to be retrieved from the case base. It 
means that the most similar collaborative risk management 
cases retrieved will be shaped by risk proposals (i.e. risk 
statements advanced by means of “Propose Risk”) that can be 
examine and, if useful, reused in different forms in the risk 
management discussion of a current project. 

The second query method allows project stakeholders to 
construct queries that are formed by both factual and argumen-
tation characteristics. In doing so, these users can utilize the 
list of factual project properties, as described in our first query 
method, and a set of keywords/sentences along with the corre-
sponding locution acts that were advanced in a discussion. A 
typical example of such query involves the discussion of a 
current project that aims to develop a new feature in an exist-
ing system. So, the “Business Model” attribute of this project 
is “System Component”. This system also has a “high rate of 
changes in its requirements”. Because of this problem, the 
company responsible for the system maintenance is often 

losing money (i.e. the “Criticality” attribute of this project is 
“Money Loss”). In this project, a participant needs to analyze 
risks regarding “software requirements that are not clearly 
described”. To reuse past collaborative risk management expe-
riences in the solution of this problem, such participant con-
structs a query involving both the “Propose risk” and “Propose 
plan” locution acts. Along with the locution “Propose risk”, 
this user inputs the sentence: “unclear specification of soft-
ware requirements”, expressing the kind of risk that this par-
ticipant wants to review in similar risk management experi-
ences retrieved from the case base (see Fig. 2 – C). This user 
also inputs the following keyword in the query statement: 
“software requirements”. This keyword is described along 
with the “Propose plan” locution act, expressing that the par-
ticipant wants to review past risk management plans involving 
this subject. When this query is executed, previous cases of 
collaborative risk management are retrieved from the case 
base. In particular, these cases may contain “Propose risk” and 
“Propose plan” moves of dialogue in which those key-
words/sentences mentioned were advanced by discussion 
participants. As a result, information regarding risk proposals 
and risk management plans can be reused in different forms 
as, for instance, in the construction of new arguments to be 
advanced in the current debate. 

C. How explanation templates can be utilized by users in the 
understanding of a case retrieved for a given query 

In our project, project stakeholders are able to exploit a 
new form of case-based explanation with the purpose of locat-
ing and highlighting relevant argumentation information in 
past risk management cases retrieved for a given query. 
Among other reasons, these explanatory views of a query 
result were designed after the fact that argumentation trees 
representing collaborative risk management discussions might 
contain a large number of speech moves, which might hinder a 
user comparison between current and past cases when analyz-
ing a query result. Therefore, we give users access to alterna-
tive template forms in order to supplement their retrieval re-
sults and, consequently, make easier the steps of reuse of past 
arguments in the discussion of new risk management prob-
lems. In doing so, such a template format provides a standard 
for the presentation of selected risk management locution 
moves available in an enhanced case. This explanation is pos-
sible since the argumentative structure of enhanced cases al-
ready provides an explicit history, or a sort of narrative expla-
nation [10], for the risk management decision-making process. 
What a template does, in this case, is to offer users ways of 
highlighting relevant argumentation steps available in these 
narratives (see Fig. 2 – B). 

An explanation template has a name, a textual description of 
what the template aims to emphasize in a discussion tree (e.g. 
what needs to be explained, what interests a user), and how it 
is done through the selection of a set of locution acts belong-
ing to the dialogue protocol used. A template can be created, 
recorded and adjusted by a knowledge engineer user of the RD 
System. In a scenario of a template utilization, for instance, 
the most similar case for a given query is shown to a user. 
However, it is presented only through the template contents of 
certain locution acts, e.g. as selected for its relevance to the 
user in a suitably personalized consultation with the system. 
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Figure 2. A print screen of the CBR resources of the RD System

The template “key risk management tasks”, for instance, 
locates and highlights the project participants’ arguments 
advanced for the solution of risk identification, risk analysis 
and risk response planning problems, while other arguments in 
a debate are temporarily hidden when a retrieved case is pre-
sented to a user. To achieve the template goal, this template 
structure should be described in terms of locution acts: “Pro-
pose risk”, “Propose impact”, “Propose probability” and “Pro-
pose plan”, which are the key risk management locutions 
available in the protocol. As this example shows, the template 
representation relies on a pre-defined mapping between the 
description of the template’s goal and the specific set of locu-
tion acts that are able to present a solution for such an explana-
tion goal (see Fig. 2 – D). However, if users desire more in-
formation about any argument in a retrieved case, independent 
of whatever personalization has been performed, they can scan 
through the entire content of the selected case, seeing the 
complete tree of the discussion that is recorded there. To help 
with the search for relevant risk management information in 
this tree, the RD System permits users to filter or expand the 
nodes or tree branches of these debates. 

IV. A CASE STUDY OF COLLABORATIVE EXPERIENCE-
BASED RISK MANAGEMENT 

This illustrative case study involves a software project 
aiming to develop a web-based system for supporting a select-
ed set of company managers to obtain the geographic location 
of certain employees of a company. The main problem of this 
project is that the software requirements are not described 
comprehensively since the project’ clients are not sure about 
the resources that this system would need to have for the pri-
vacy of the company employees not to be violated in particular 
situations. No experience with such a system was available 
there either among the project’s clients or the development 

team involved in the construction of this system. It means that 
the reuse of past risk management experiences amounts to a 
form of identifying risks that these participants would not be 
aware in such a new kind of project for this team. This is one 
of the reasons that we choose to discuss this case study. The 
contextual properties of this project are: “c1: Team Size = 
Very Small”, “c2: Team Distribution = In House”, “c3: Criti-
cality = Comfort Loss” and “c4: Rate of Change = High”. 

In our work, we describe clear and intuitive resources for 
participants of a collaborative risk discussion (e.g. a project 
manager, a technical leader) to exploit past experiences in the 
enhancement of risk management tasks of a new project. In 
this case study, we show how our extended CBR approach can 
support the development of identification, analysis and plan-
ning tasks of risk management. We show how both queries 
based on facts and queries based on facts and arguments can 
be utilized by project stakeholders. With cases retrieved from 
the case base as a result of such queries, explanation templates 
are utilized to facilitate the comparison between the target 
problem and the most similar cases retrieved and, consequent-
ly, to improve the reuse of past experiences. 

A first task in the risk management of the target project is 
the identification and analysis of threats that are likely to oc-
cur. By using our approach, a project manager can analyze 
what kind of risks can occur in past projects that contain fac-
tual characteristics (c1 – c4) that are similar to the ones de-
scribed in the target project. To assess the most similar cases 
retrieved, the “key risk management tasks” explanation tem-
plate can be utilized due to the fact that this template high-
lights essential risk management arguments in a debate. Two 
substantially relevant past cases, with similarity measures 90.1 
% (‘p1’) and 79.5% (‘p2’), are retrieved. Considering only p1 

(B) 

(A) 

(C) 

(D) 
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because of its high rating, the risks thus identified are: “p1.r1: 
The final product will not correspond to client expectations”, 
“p1.r2: The algorithms that were defined may not be adequate 
to the functional requirements of the system”, “p1.r3: There is 
a difficulty which is the construction of realistic scenarios and 
collection of testing data” and “p1.r4: The client of the project 
and the members of the development team have different 
views about the same requirements”. Of the four risks, the 
project manager determined that only r2 did not apply to the 
new project under consideration. The effectiveness of plans 
for the resolution of risks is a central topic in risk manage-
ment. In this case, it is important to observe that management 
plans that were successful in past projects can be reused in 
new projects. To construct new plans, project participants can 
make a new kind of CBR query in the RD System. In it, both 
contextual project characteristics represented as factual prop-
erties and keywords or sentences occurring in the argumenta-
tive analysis of prioritized risks can be utilized. In this case 
study, the technical leader of the project stated such query by 
using both i) the characteristics c1-c4 and ii) the locution act 
“Propose risk” along with the keywords “s1: requirements” 
and “s2: client expectations”, as well as the locution act “Pro-
pose plan” with “s3: testing and experience”. The explanation 
template that was selected by this user was the “Risk and plan 
proposals” since it emphasizes risks and treatment plans, 
which is the information that the technical leader is looking 
for. The retrieval that followed brings up a most similar 
(86.3%) case p3. Its associated management plan proposals 
are: “p3.mp1: We need to record the changes of requirements 
more formally”, “p3.mp2: The requirements should be docu-
mented properly”; “p3.mp3: To use small examples in order to 
guide the test of the system”; “p3.mp4: We can have some 
training before the project starts” and “p3.mp5: We should get 
support from the technical leader of this project”. The tech-
nical leader accepted the immediate relevance of items 1, 2 
and 4. In addition, mp3 suggested a consideration specially 
adapted to the conditions of the new project under analysis: 
“small examples could be developed and linked to the use 
cases of the project, as well as the test cases of the system.” 

V. CONCLUDING REMARKS 
Collaboration and the reuse of experiences from past pro-

jects are crucial needs for users which aim to achieve effective 
risk management. Project stakeholders’ experience is naturally 
offered when these users advance different arguments in the 
collaborative debate of a project’s risks. Experience is also 
systematically captured when concrete risk management cases 
of problem-solving are shaped by not only factual information 
but also by such argumentation information. In this context, 
different extensions for CBR are proposed so that one could 
find and reuse these experiences in the solution of new risk 
management problems.  

The contributions of this paper are the description of how 
to build a risk management memory, or case base, containing 
enhanced cases of collaborative risk management debates. 
Moreover, we discuss how debate participants can exploit 
different forms of querying so that they could have alternative 
ways of retrieving and reusing argument-based knowledge 
recorded inside similar cases for a given problem situation. 
We also propose case-based explanation template resources 

for helping project stakeholders to inspect particular problems, 
proposals or solutions, which are expressed in the body of 
such past debate cases. In practice, this form of highlighting 
argumentation moves of collaborative risk management ena-
bles these users to achieve an understanding of reusable risk 
management information posed in a debate. 

Future work involves giving the world access to (examples 
of) the RD System via the web, in addition to the development 
of evaluation experiments in collaborative risk management 
scenarios so that one could investigate forms of applying our 
approach in practice. We also plan to develop new explanation 
techniques for CBR and Argumentation in other to further 
improve the explanation capabilities of our CBR approach for 
experience-based collaborative risk management. 
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Abstract— Merge conflicts, which are rather common throughout 

the process of software development, are more frequent and 

complex to resolve when using the distributed software 

development approach, where developers are geographically 

dispersed. Normally, in the case of workspace merge, the last 

developer to merge code is responsible of conciliating the changes 

made in parallel and resolving conflicts. However, the last 

developer is not always the best team member to complete this 

task because he or she may not be familiar with the other parts of 

the code. With this in mind, the goal of this work is to analyze 

merge profiles of eight software projects and check if the 

development log is an appropriate source of information for 

identifying the key participants for collaborative merge. The 

obtained results are promising in this direction. 

Keywords- Collaborative merge; distributed software 

development; version control 

I.  INTRODUCTION 

According to Bendix et al. [1], Configuration Management 
can assist either co-located or distributed software 
development. Besides the existence of similarities between 
both approaches, there are some important differences. One of 
them is how each approach handles conflicts. When a conflict 
arises in a co-located project, developers can gather together 
and work over it. Distributed projects, which aside from the 
geographic dispersion of the team may involve time and 
sociocultural differences, require a deeper effort to bypass this 
kind of impasse. 

Merge conflicts are common, especially in massive and 
distributed software projects [2]. Identifying and resolving 
these conflicts are not trivial tasks. While two simple 
concurrently changes might be individually correct, their 
combination may raise conflicts. These conflicts demand 
conciliating choices and, consequently, this whole scenario 
usually introduces rework [3]. 

Most contemporary version control systems adopt 
optimistic version control and are based on the premise that the 
workspace merge is done by the last developer to commit. For 
this reason, the developer’s knowledge regarding the changes 
performed in parallel is not taken into consideration. 

Consequently, the last developer might not be the most suitable 
developer to fulfill the conciliation of decisions during merge. 

Some state-of-the-practice tools, such as KDiff
1

, 
WinMerge

2
, Diffuse

3
, and SourceGear DiffMerge

4
, feature 

automated solutions for merge conflicts, but they not able to 
resolve conflicts that occur in the same region of the files. In 
contrast, state-of-the-practice tools, such as CASI [4], 
CloudStudio [5], CoDesign [6], Palantír [3], and Syde [7], try 
to avoid conflicts through awareness. Their main goal is to alert 
developers in a proactive way of situations that may lead to 
conflicts [5], [8]. However, these approaches require certain 
conditions, such as developers working in sync in terms of time 
and over the same branch, which is not always the case for 
distributed software development. All in all, even adopting the 
aforementioned tools, conflicts may still exist. Finding the 
appropriate developers to solve them is an important challenge. 

The use of the existing shared knowledge of software 
projects is a missing element for conflict resolution in 
distributed software development [2]. The configuration 
management repositories have a trail of who changed the 
software and can help on identifying the most appropriate 
developers for solving conflicts. This information could be 
extracted, for instance, from the project development progress 
history until the point where the merge takes place. 

This work aims at providing a deeper analysis of how 
parallel development occurs and who could participate in 
collaborative merge sessions. To do so, we analyzed the merge 
profiles of eight software projects versioned using the Git

5
. The 

analysis was guided by the following five research questions, 
whose objective is the identification of the developers that 
worked in parallel before a merge and that should take part in 
the merge process.  

Q1: What is the average number of developers per branch? 

                                                           
1
 http://kdiff3.sourceforge.net/ 

2
 http://winmerge.org/ 

3
 http://diffuse.sourceforge.net/ 

4
 http://www.sourcegear.com/diffmerge/ 

5
 http://git-scm.com

 

268



Q2: What is the average number of commits per developer 
in each project?  

Q3: What is the maximum number of developers in each 
branch? 

Q4: How many merges have the same developers in both 
branches? 

Q5: Who should participate in collaborative merge 
sessions? 

These answers can provide important insights on how much 
the project development log can assist in the designation of key 
participants to resolve merge conflicts. This information can 
help on defining new methods for assign developers to 
participate in merge sessions, known as collaborative merge. 

This work is organized in six sections, including this 
introductory section. Section II presents the concepts involved 
in the research. Section III features the related works. Section 
IV presents the research method. Section V contains the 
analysis results and some insights on how the development log 
could help on the identification of merge participants. Finally, 
the conclusions of this study are presented in Section VI. 

II. BACKGROUND 

According to Mens [9], three types of conflicts may arise 
during merge: textual, syntactic, and semantic. Textual 
conflicts, also known as physical conflicts, occur when 
concurrent operations (e.g., addition, removal, or edition) take 
place over the same physical parts of a file (e.g., same line). 
Syntactic conflicts occur when concurrent operations break the 
syntactic structure of the file when combined. The syntactic 
structure of a file is usually defined in terms of a schema or 
grammar. Finally, semantic conflicts occur when concurrent 
operations break the semantics of the file when combined. The 
semantics of the file can be expressed both in terms of the 
programming language semantics or expected program 
behavior (usually verified by test cases).  

The existing version control systems are limited to textual 
conflicts. This way, a conflict arises when two or more 
developers make inconsistent changes in the same part of the 
code. When this happens, the changes cannot be incorporated 
into the repository until the conflict is resolved by some 
developer [10]. Fig. 1 shows an example of merge, where four 
developers work in two branches, being d1, d2, and d3 in the 
first branch, and d2, d1, and d4 in the second branch. In a given 
moment, d4 decides to merge the second branch into the first 
branch. In this case, in most version control systems, d4 must 
conciliate the choices and possibly edit some parts of the code 
written by the other developers. 

 

Figure 1.  A software merge scenario. 

This example evidences that, disregarding the content 
contribution of each developer, d1 and d2 probably know the 
part they are working with better than d3 and d4 for that merge. 
This occurs because they worked in both branches and, 
consequently, understand better the changes performed in both 
branches. The developer d4 could be at least assisted by d1 
and/or d2 to more effectively conciliate the decisions. 

III. RELATED WORK 

The majority of the works in the literature on merge 
conflicts focus on the prevention of conflicts through 
awareness. By monitoring workspaces, awareness tools, such 
as Palantír [3] and CloudStudio [5], notify the developers every 
time an change that may lead to a conflict is being made. Other 
approaches, such as Crystal [10] and WeCode [11], work by 
continuously trying to merge the local copies of the various 
users. Although the works might have distinct solutions, 
conflict prevention is the goal of these approaches.  

All approaches presented here require developers to be 
constantly synced in time throughout the development of the 
software, but this is not always possible in distributed software 
development. As mentioned before, the related work also 
expects that developers are working over the same branch. 
However, for different reasons [12] sub-teams work in parallel 
over different branches. Thus, conflicts would not be 
preemptively detected, which would imply solving them during 
merge anyway. 

Nieminen’s work [2] proposes a web-based tool (CoRED) 
that allows multiple users to resolve merge conflicts in a 
collaborative way. When facing a conflict, developers can 
invite a workmate to take part in a conflict resolution session, 
aiming at reaching a consensus. In this work, the authors focus 
on conflict resolution with the assistance of a web tool, and the 
developer select the resolution session participant of their 
choice. Although relevant, this work can be seen as 
complementary to our work, as they do not mention how 
participants could be selected.  

In other work, based in collaborative merge of models [13], 
the authors present a model merging approach that shows 
conflicts as open questions. To do so, the approach allows to 
represent conflicts explicitly as parts of the model and thereby 
to postpone them. This facilitates discussion on conflicts and 
collaborative conflict resolution. The study shows that 
developers like to discuss conflicts in a considerable percentage 
of conflicts. The authors defend that the resolution of a conflict 
must not be assigned to only one developer, becoming a 
collaborative task. 

The last two works discussed in this section contributed 
with interesting insights for this paper. Our work differs from 
them because we aim at analyzing merge profiles and check if 
the development log is an appropriate source of information for 
identifying the key participants for collaborative merge. 
Besides, these works do not foresee the physical distance of the 
people involved in the project, which makes it harder to 
identify the developer that has to be contacted when a conflict 
arises.  
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IV. MATERIALS AND METHODS 

Our research followed the process depicted in Fig. 2 for 
comprehending how merge happens in practice. This process 
comprises project selection, merge profile analysis, and 
consolidation of results. 

  

Figure 2.  Research Steps. 

In the project selection step, eight projects were chosen: 
Django, Git, JQuery, MaNGOS, Perl5, Rails, Voldemort, and 
Zotero. These projects were selected because they have 
different sizes, are popular, are coded in different programming 
languages, have different goals, and are very active. This 
contributes for a more embracing analysis. After select these 
projects, they were cloned from Github

6
 making it possible to 

perform the next step of our research process. 

In the Merge Analysis Step, the log of each selected 
project was analyzed to extract information about developers, 
commits, and merges. To do so, we implemented an automated 
infrastructure that parses the log provided by Git and extracts 
all merge commits. Moreover, it is able to identify the parent 
commits that were merged and navigate until the common 
ancestor just before forking the history.  

 

Figure 3.  A simple merge example 

Fig. 3 shows an example of merge commit (C6), two parent 
commits that were merged (C3 and C5), and the common 
ancestor (C2). From these commits, it is possible to identify the 
commits within each branch. These commits are comprised 
between the common ancestor and each one of the parent 
commits that were merged (including the parent commits). The 
first branch has two commits (C4 and C5) and the second 
branch has only one commit (C3). 

After identifying each commit that was merged, we extract 
the author information (name and e-mail). Next, we extract 
multiple information, such as: who committed in each branch, 

                                                           
6
 https://github.com/ 

how many commits they did, who committed in both branches, 
and others.  

The most complex merges were prioritized by inverse 
sorting the merges by the harmonic mean of the number of 
developers in each branch. An in-depth analysis was carried out 
for some of the most complex merge scenarios of these projects 
in order to investigate and indicate the developer to participate 
in the collaborative merge. 

Finally, the consolidation step comprises the answers of 
the questions presented in Section I. The results were organized 
in a way that shows the merge profiles and information on the 
most suitable developers to take part in conflict resolution, 
answering the research questions. 

V. RESULTS AND DISCUSSION 

This section presents the answers to the research questions 
posed on Section I, according to the research process described 
in Section IV. Besides getting merge behavior patterns, 
information such as the average number of commits by 
developer and the number of developers working in branches, 
amongst other, are shown. Table I describes the analyzed 
projects with their total number of merges and developers. This 
data was extracted from projects between the end of 2013 and 
beginning of 2014. 

TABLE I.  PROJECT’S GENERAL DESCRIPTION 

Project 
General Information 

Purpose # Merges # Developers 

Django Python web framework 404 396 

Git 
Distributed revision control 

system 
7434 1103 

JQuery JavaScript Library 250 133 

MaNGOS 
A full-featured MMO 

server suite 
255 266 

Perl5 Programming language 1607 789 

Rails Ruby web framework 6147 2528 

Voldemort Distributed database 406 59 

Zotero Citation manager 223 16 

 

By analyzing the information shown on Table I, it is 
noticeable that the projects range from just few merges (Zotero, 
JQuery, and MaNGOS) to a large number of merges (Git and 
Rails). It is also observable that the projects have varied 
numbers of participants, ranging from 16 in Zotero to 2528 in 
the Rails project. This diversity is important to allow us 
exploring different situations, enabling a wider observation 
over the development projects. 

In the following, we answer each research question 
presented in Section I. 

A. Q1: What is the average number of developers per 

branch? 

The first question observes the quantity of developers 
involved in each branch of the merges, for each project.  

Project 
Selection 

Merge 
Analysis 

Consolidation 
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The branches of all the merges, which comprise commits 
between each parent of the merge and the common ancestor, 
were processed and the results are shown in Table II. It is 
important to notice that there is a reasoning to number the 
branches: “the first parent is the branch you were on when you 
merged, and the second is the commit on the branch that you 
merged in” [14]. 

TABLE II.  AVERAGE NUMBER OF DEVELOPERS PER BRANCH 

Project 

Developers per Branch 

Average 

Branch 1 

Standard 

Deviation 

Average 

Branch 2 

Standard 

Deviation 

Django 7.05 20.60 2.64 8.88 

Git 24.00 53.63 1.99 14.01 

JQuery 4.56 7.26 1.57 2.07 

MaNGOS 1.58 1.86 5.00 4.88 

Perl5 2.02 7.01 3.46 6.51 

Rails 10.95 43.77 2.41 8.58 

Voldemort 1.47 1.67 1.73 1.45 

Zotero 1.38 1.16 1.56 0.94 

 

It is observable that, for example, Git has an average of 24 
developers per merge on branch 1 and only 1.99 developers on 
branch 2. The same occurs in other three projects, having high 
values on branch 1: Django, JQuery, and Rails. In contrast, 
MaNGOS, Perl5, Voldemort, and Zotero have a higher average 
of developers on branch 2. However, with a clear exception of 
MaNGOS, the difference is not significant.  

B. Q2: What is the average number of commits per developer 

in each project? 

The second question observes the average number of 
commits per developer. To get the numbers in Table III, the 
totality of commits was divided by the totality of project 
participants.  

TABLE III.  AVERAGE COMMITS PER DEVELOPER 

Projects 

Name 

Commits per Developer 

Average Standard Deviation 

Django 10.88 17.49 

Git 176.26 418.56 

JQuery 12.52 24.08 

MaNGOS 7.31 21.37 

Perl5 12.17 50.25 

Rails 33.51 100.31 

Voldemort 23.08 43.12 

Zotero 42.06 74.08 

 

The average number of commits per developer evidences 
the average participation of the developers in the project. 
Furthermore, it allows for the identification of the developers 

that participate the most and, therefore, being the most suitable 
to resolve merge conflicts. 

C. Q3: What is the maximum number of developers in each 

branch? 

The third research question observes the maximum number 
of developers in each of the merging branches. Table IV shows 
the merges with the highest harmonic mean of branches 1 and 
2. The harmonic mean is a plausible metric because it allows 
for finding scenarios with high values in both branches. 

TABLE IV.  MAXIMUM NUMBER OF DEVELOPERS PER BRANCH 

Projects 

Name 

Maximum Number of Developers 

Merge Commit 

Hash 

Branch 

1 

Branch 

2 

Harmonic 

Mean 

Django 9cc6cfc4057e… 8 12 9.60 

Git a8816e7bab03… 158 10 18.80 

JQuery 63aaff590ccc… 20 3 5.22 

MaNGOS 404785091845… 11 17 13.35 

Perl5 fed34a19f844… 10 6 7.50 

Rails bf2b9d2de3f8… 47 164 49.37 

Voldemort 2a5c69145fb6… 4 8 5.33 

Zotero d456117ebe9c 3 5 3.75 

 

Consider, for example, the merge with most developers in 
the Rails project, with harmonic mean of 49.37, having 47 
developers that performed commits on branch 1 and 164 
developers that performed commits on branch 2. For this case, 
the complexity of identifying the key participant(s) to solve a 
certain merge conflict can be rather high. The possibilities of 
communication exceed 7,000 channels between the involved 
developers. On the other hand, the Zotero project has harmonic 
mean of 3.75, leading to 15 different channels of 
communication amongst developers.  

The amount of developers that performed commits in a 
given branch can help identify which participant is more 
suitable to participate in the collaborative merge. That is, who 
is a potential knower of the changes made in such merge. 

D. Q4: How many merges have the same developers in both 

branches? 

The fourth question observes the number of merges having 
the same developers in both branches. Table V displays 
information on the intersections of developers in merging 
branches. The first column presents the project names. The 
remaining columns show the quantity and proportion of:  

a) Merges that have all the developers in common in the 

branches;  

b) Merges that have some developers in common; and  

c) Merges that have different developers in both 

branches. 

As seen in the Django project, only 1 merge (0.25%) has 
exactly the same developers in both branches and 8.66% have 
some intersection. In the Git project, for instance, the 
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intersection reaches more than 50% of the merges, and the 
same developers participate in both branches in about 5% of 
the merges. In the JQuery, MaNGOS, Voldemort, and Zotero 
projects, the number of people in both branches is also 
expressive, with more than 30% of the merges having some 
intersection. The Django, Perl, and Rails projects feature small 
intersections of developers in the branches. 

TABLE V.  INTERSECTION OF DEVELOPERS IN MERGING BRANCHES 

Projects 

Name 

Intersection of Developers 

Exactly the same 

(a) 

Some intersection 

(b) 

Without 

intersections (c) 

Django 1  0.25% 35  8.66% 368  91.09% 

Git 435 5.85% 3926 52.82% 3073  41.33% 

JQuery 19  7.60% 72 28.80% 159   63.60% 

MaNGOS 7 2.74% 71 27.85% 177 69.41% 

Perl5 15 0.93% 95  5.91% 1497 93.16% 

Rails 56 0.91% 886 14.41% 5205 84.68% 

Voldemort 64  15.76% 83 20.44% 259  63.80% 

Zotero 34 15.25% 94 42.15% 95 42.60% 

 

Given the merge example presented on Fig. 1 on Section II, 
the information that there are developers that know each of the 
merging branches can aid in the designation of key participants 
to take part in the collaborative merge. It is believed that, as the 
developer participating on the merge knows parts of the work 
that is being completed in both branches, the chances of 
performing a more coherent choice during conciliation 
increases.  

E. Q5: Who should participate in collaborative merge 

sessions? 

In the fifth and last question we analyze some complex 
merge scenarios enlisted in Table IV and propose the most 
suitable participants to perform collaborative merge, should a 
conflict arise. 

1) Git: the merge with the most complex setting of 

developers, by harmonic mean, has 158 developers in branch 

1, and 10 developers in branch 2. Besides, 5 developers 

committed in both branches. Table VI shows the amount of 

commits made by each one of these 5 developers. 

TABLE VI.  DEVELOPERS IN BOTH BRANCHES FOR GIT 

Merge 

Developers in Both Branches – Git Project 

Developers 
Commits in 

Branch 1 

Commits in 

Branch 2 

a8816e7bab03
… 

Markus 23 5 

Alex 7 1 

Shawn 2 4 

Jens 1 4 

Ferry 1 1 

 

For this merge, the average number of commits per 
developer is 8.9 in branch 1 and 2.3 in branch 2. In this case, 
although Markus was not the last developer to commit, should 
a conflict arise, he would be a strong candidate to participate in 
the collaborative merge.  

In a collaborative merge based on logs, aside from the 
verification of the developer in both branches (Table VI), it is 
possible to verify the participants that performed most commits 
(Table VII). Table VII shows the six developers that 
committed the most, three in the first branch and three in the 
second branch. Besides possibly knowing a lot about the work 
being completed, if there is an intersection between the two 
analyses, the weight of the indication of the participant must be 
higher. For this merge, there are some intersections between 
developers in both analyses. Therefore, Junio, Markus, Shawn, 
and Jens would be candidates to be part of the collaborative 
merge. 

TABLE VII.  DEVELOPERS WITH MOST COMMITS 

Merge 

Developers with the Most Commits – Git Project 

Developers 
Commits in 

Branch 1 

Commits in 

Branch 2 

a8816e7bab03

… 

Junio 512 0 

Schindelin 69 0 

Jeff 58 0 

Markus 23 5 

Shawn 2 4 

Jens 1 4 

 

2) Perl5: the merge with the most complex scenario of 

developers, by harmonic mean, has 10 developers in branch 1 

and 6 developers in branch 2. Only 1 developer participated 

in both branches, as seen on Table VIII. 

TABLE VIII.  DEVELOPERS IN BOTH BRANCHES FOR PERL5 

Merge 

Developers in Both Branches – Perl5 Project 

Developers 
Commits in 

Branch 1 

Commits in 

Branch 2 

fed34a19f844… Hans 2 1 

 

For this merge, only Hans has committed in both branches 
and so he is a strong candidate to participate in the 
collaborative merge. In addition, he was also one of the six 
developers that committed the most (Table IX).  

TABLE IX.  DEVELOPERS WITH MOST COMMITS 

Merge 

Developers with the Most Commits – Perl5 Project 

Developers 
Commits in 

Branch 1 

Commits in 

Branch 2 

fed34a19f844… 

Gurusamy 17 0 

Hugo 2 0 

 Tom 2 0 

Jarkko 0 16 

Hans 2 1 

Kurt 0 1 
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Table IX shows the six developers that committed the most, 
three in the first branch and three in the second branch. Two 
other strong candidates to participate in the merge are 
Gurusamy and Jarkko, who were responsible for a large 
number of commits on branches 1 and 2, respectively, as 
shown on Table IX. 

3) Voldemort: the merge with the most complex setting of 

developers, by harmonic mean, has 4 developers in branch 1 

and 8 developers in branch 2. In this case, 4 developers 

participated in both branches, as shown in Table X.  

TABLE X.  DEVELOPERS IN BOTH BRANCHES FOR VOLDEMORT 

Merge 

Developers with the Most Commits – Voldemort 

Project 

Developers 
Commits in 

Branch 1 

Commits in 

Branch 2 

2a5c69145fb6

… 

Bhusesh 33 11 

Kirktrue 29 10 

Alex 20 13 

Bbansal 4 2 

 
The developers who committed the most on branch 1 also 

committed on branch 2, which makes all of them (especially 
Bhusesh, Kirktrue, and Alex) strong candidates to perform the 
collaborative merge. In this case, the developers that participate 
in both branches were also the ones that performed the most 
commits, reinforcing the evidence that they should participate 
in the collaborative merge.  

VI. CONCLUSION 

As shown in the previous sections, it is possible to use the 
history log to identify the potentially best developers to take 
part in the collaborative merge session. This can be done both 
through the identification of developers who committed in both 
branches or the ones that committed the most in one of the 
branches. 

As a contribution, this study presented answers to some 
research questions regarding repository logs. Besides, some 
merge analyses were displayed, showing that it is possible to 
identify potential developers to perform collaborative merges. 

As a threat to validity, the analyses were based on the 
committers’ names and/or email addresses, which can generate 
inconsistency in the numbers presented. Furthermore, the 
analyses were carried out in merges that had already occurred. 
For this reason, it was impossible to effectively measure the 
effects of including the suggested developers in the merge 
session. Moreover, this study does not take under consideration 
developers’ previous knowledge of libraries or programming 
languages being used, but solely the commit logs, that is, the 
participation of the developers in the specific project under 
analysis. 

As a future work, we hope to apply this research in pending 
merges, in order to observe the advantages of indicating who is 
the most suitable developer. Moreover, we intend to conceive a 
method for indicating the most suitable developers and 

automated such method. Finally, we want to add additional 
analysis related to the expertise over changed artifacts and the 
knowledge proximity amongst developers.  
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Abstract - Most software design involves multiple stakeholders 

and group decision making activities. To reach an agreement in 

such activities, negotiation is the key task. Our work synthesizes 

Toulmin’s argument structure and a value-focused objective 

hierarchy to develop a new negotiation approach for the software 

design. This approach structures negotiation arguments in order 

to establish a common ground for a more effective negotiation. In 

this paper, we introduce this approach, discuss its foundations 

and main process, and present a case study in which we applied 

this approach for a real-life software system design project. 

Keywords: Software Design, Group Decision, Collaborative 

Negotiation, Argument Structure 

I.  INTRODUCTION 

Software design always involves multiple stakeholders and 
group decision making activities. While designing the software, 
stakeholders from various departments bring their information 
and expertise to determine major function or to lay out the 
architecture. However, making this group decision is never 
easy because their information is overwhelming, decision 
objectives and criteria are manifold, alternatives may not be 
clear, and preferences are subjective and often conflicting.  

Collaboration, by its definition, means that every member 
in a team, through social interactions, can seek for useful 
information together, share objectives and criteria, and make 
mutually-agreed decisions based on various alternatives and 
preferences. Collaborative negotiation is one type of 
collaboration in which stakeholders communicate their 
opinions, negotiate the alternatives, influence each other’s 
preferences, and try to resolve conflicts by finding an 
agreement. However, most past research focused on either 
individual decision making (e.g. [1, 2]) or a generic negotiation 
process (e.g. [3, 4]); and in authors’ knowledge very few of 
them combine both aspects, i.e. identify and organize 
stakeholders’ objectives and preferences, and then provide a 
systematic negotiation process to reconcile the conflicts in 
these organized objectives and preferences. 

In this research, we propose a new research approach to 
identify stakeholders’ objectives and preferences using the 
framework of Keeney’s value-focus thinking [8] and describe a 
systematic negotiation process, which generates negotiation 
arguments based on identified objectives and preferences and 
then evaluates the arguments by calculating the objectives and 
preferences to find the most preferred one by the negotiation 
team. In this paper, we will introduce this approach in section 

II. In section III we present a case study that is conducted to 
validate the approach. Section IV concludes this paper and 
outlines the future work.  

II. ARGUMENT-BASED COLLABORATIVE NEGOTIATION 

APPROACH 

There are two foundations in our approach. One is the 
argument structure that is based on Toulmin’s generic 
argument structure [9]; the other is an objective hierarchy that 
is built based on Keeney’s value-focus thinking framework [8]. 
Argument is developed to persuade or convince others that 
one’s reasoning is more valid or appropriate in negotiation. 
Objective hierarchy is used to organize stakeholders’ objectives 
and preferences, which will be used to generate the arguments. 
The key step of our negotiation approach is to generate and 
evaluate arguments by synthesizing the two research 
foundations. In this section, we will first present the details of 
these two foundations, and then discuss our approach which is 
based on the synthesis of these two foundations. 

A. Objective hierarchy 

Because “values, as the driving force to our decision 
making, are fundamental to all that we do”, every stakeholder 
has his own value when he makes any decision. For example, 
when selecting a platform for developing web service in 
software system design, an individual contractor who favors 
open source may always choose Java based frameworks since 
most of those are open-source to the public and everything is 
free to use, however, a manager who has more concern with 
platform and development support may choose .Net as the 
main platform since using that it is more convenient for him to 
directly contact Microsoft for customer service instead of 
asking a question in the public community and desperately 
waiting for someone to kindly give an answer. Keeney 
emphasizes that each decision maker pursues his own values in 
a group decision-making process and the goal for which they 
participate in this process is to maximize his value.  

In our framework, values are classified into fundamental 
objectives and means objectives. Fundamental objectives 
concern the ends in a specific decision context and the means 
objectives are the ways to achieve those ends. In this objective 
hierarchy, we also define attributes for evaluating how well 
these objectives are achieved. These attributes describe the 
objectives and have common interpretation to every 
stakeholder. They can be used as the common scales to 
evaluate the negotiation arguments for the degree to which they 
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achieve the objective (that the attributes belong to) and thus 
yield independent measurement values for each argument. 
Then the arguments can be ranked for how well they achieve 
the objectives. The evaluation results can be either a 
quantitative value within a pre-defined range, or a qualitative 
value, e.g. support, neutrality (indifferent or uninterested), 
opposition, controversy (not support but match the interest for 
the group). 

B. Argument structure 

Practicing collaborative design and negotiation dialogue 
have been found to be positively linked with argument 
development and critical thinking skills. The work of 
Buckingham and his colleagues argue that standardizing an 
argument's structure facilitates its subsequent communication 
since important meta-information and relationships can be 
more easily perceived and analyzed by others [1]. Stephen E. 
Toulmin’s 1958 work [10] has become commonplace in 
structuring arguments - Toulmin acknowledges as much in the 
preface to his 1984 text [11]. For example, Houp, Pearsall and 
Teheaux’s textbook, Reporting Technical Information, 
introduces Toulmin logic as providing “a way of checking your 
own arguments for those overlooked flaws. It can also help you 
arrange your argument” [6]. The goal of developing arguments 
in negotiation is to persuade or convince others that one's 
reasoning is more valid or appropriate. Toulmin's structure of 
argument provides the language symbols and data structures 
that support the argumentation process. Toulmin’s structure is 
procedural and the layout of this structure focuses on the 
movement of accepted data to the claim through a warrant. 
Toulmin also recognizes three secondary elements that may be 
present in an argument: backing, qualifier, and rebuttal. 
Backing is the authority for a warrant, provides credibility for 
the warrant, and may be introduced when the audience is 
unwilling to accept the warrant. A qualifier indicates the degree 
of force or certainty that a claim possesses. Finally, rebuttal 
represents certain condition or exception under which the claim 
will fail and hence anticipates objections that might be 
advanced against the argument to refute the claim [10]. As such, 
Toulmin’s argument structure becomes a popular mechanism 
for structuring arguments between negotiating stakeholders. It 
aims to clarify the reasoning process by encouraging parties to 
make explicit important assumptions, distinctions, and 
relationships as they construct and rationalize ideas [1]. 

C. Synthesis between the Objective Hierarchy and the 

Generic Argument Structure 

Using the Toulmin’s argument structure, which is generally 
more objective than implicit arguments, it is hard for 
stakeholders to hide bias because the grounds and backing of 
an argument are clearly listed and described to support the 
claims. Therefore, all stakeholders’ perspectives are relatively 
easy to be fully observed by others through examination of the 
ground and warrants that the stakeholder expresses [7]. 
However, there are remaining unresolved issues in most of the 
above work, such as a clear guide to systematically generate 
the arguments and evaluating them for the best in an 
operational negotiation process. Our research try to resolve this 
challenge by synthesizing the argument structure with the 
value-focused objective hierarchy, developing practical 

methods of generating and evaluating structured arguments  
(see Figure 1). 

 
Figure 1 Synthesis between Objective Hierarchy and Argument Structure 

In Fig. 1, the claim is proposed by the stakeholder and 
consists of a sequence of actions/objects to implement the task. 
The data specifies the state of team agreement about the design 
process (e.g., tasks, objectives) together with any applicable 
information to support the claim. The state of team agreement 
can be accomplished by previous design tasks and arguments, 
such as the results of the previous tasks, the common 
understanding of the team for these tasks, and the objectives 
jointly proposed by the team. The applicable information 
includes stakeholder’s understanding and expectation for the 
current task and any facts that can be used to justify the 
proposal. This data describes the initial state of the current task, 
presents the applicable information, and therefore provides 
background support for the claim. Stakeholders’ objectives are 
in the place of warrant, identifying the value that stakeholders 
want to achieve along with clarification of the relationship 
between the value and the current state of agreement. These 
objectives, as warrants, justify that the proposal can achieve the 
value based on the state of agreement (i.e. data). The attributes 
of each objective, corresponding to the ‘backing’ component, 
further explain the objectives by describing their measurement 
criteria and then validate the relationship amongst the 
objectives, the proposal and the current state of agreement. 
Based on these objectives and attributes, the measurement 
result regarding the achievement of the aforementioned 
objectives by stakeholder’s own proposal work as a ‘qualifier’ 
to indicate the degree of desire of the stakeholders for the 
proposal. Similar results regarding the achievement of the 
objectives by others’ proposals work as ‘rebuttal’ and describe 
possible conditions that could fail the claim or suspend the 
warrant. 

Based on the concrete meanings (of proposals, objectives, 
attributes, measurement results) given to the argument 
components from the objective hierarchy, when the 
stakeholders cannot agree upon on one task proposal, argument 
evaluation is taken based on the level of the objectives 
achievement to get the best choice.  

Data Warrant Claim
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D. Argument Generation and Evaluation  

The main strength of our approach is to use the structured 
arguments that are synthesized with the objective hierarchy to 
guide the stakeholders to generate and evaluate their arguments 
in collaborative negotiation. The stakeholders jointly propose 
an objective hierarchy and declare their perspectives (e.g., 
preferences) based on the objectives. Then based on the 
identified objectives and declared perspectives, the 
stakeholders are guided to systematically generate and 
exchange their negotiation arguments. If no argument is 
commonly accepted at the end of collaborative negotiation, all 
the arguments will be evaluated by aggregating stakeholders’ 
preferences and ranked to recommend an optimal choice or a 
well-informed team leader will make the choice based on the 
evaluation results.  

As such, there are four steps in this process. The first two 
steps guide the stakeholders to building the objective hierarchy 
and declare stakeholders’ perspectives. The next two steps 
discuss how the arguments are utilized based on the objectives 
and perspectives collected in the first two steps.  

1) Propose an “objective hierarchy” for the identified 

conflicting design task 

 
Negotiating conflicting implementation proposals of a design 
task in its baseline design process indicates some differences in 
the stakeholders’ objectives and perspectives (i.e., preferences 
for arguments and objectives). These objectives include the 
“fundamental objectives” (as the values) for which the task is 
undertaken, and the “means objectives” that helps achieve the 
fundamental ones. The objective’s attributes for measuring the 
proposal about the degree to which the objective are achieved if 
the proposal is accepted. These attributes describe the 
objectives and should have a common interpretation to every 
stakeholder. If an objective does not have any means objectives 
or any attributes that are naturally used to interpret the 
objective (e.g., “network bandwidth of integrated system” is a 
so-called natural attribute of the objective “increase the 
throughput after the systems integration”), an attribute “support 
vs. opposition” will be added, based on which stakeholder in 
later steps can declare their perspective as either support or 
opposition. According to the goals defined at the beginning of 
the design process, the stakeholders should be able to identify 
objectives and attributes in this step. 

Since our approach uses an objective hierarchy to organize 
the objectives and capture their differences, the hierarchy is 
jointly built by the stakeholders based on their understanding 
and expectations (“values”) of the design tasks. And the 
objectives in this hierarchy will be dynamically changed by the 
social interactions among the stakeholders. In reference to the 
information in an objective hierarchy, the stakeholders can 
declare their preferences regarding how important the 
objectives (i.e. the weights of the objectives) are and how much 
each proposal is supported or opposed. The latter will be 
obtained in the next step from the values assigned by the 
stakeholders for the objectives’ attributes. The weights of the 
objective are collected in this step after these objectives are 
declared in the structure. The relative importance of each 
objective is defined in one-to-ten scale as follows:  

10: Very important;  

8: Somewhat more important; 

6: Important; 

4: Somewhat less important; 

2: Very less important; 

1: Lowest important. 

2) Each stakeholder declares ‘perspective’ based on the 

above objective hierarchy 
 

Once an objective hierarchy is established by the team, 
each attribute of each objective should be assigned a value 
before the arguments are evaluated. In the case of the added 
attribute ‘support vs. opposition’, each stakeholder can express 
their own preferences based on their expertise and 
understanding and this opinion should describe their position of 
either supporting or opposing the argument according to how 
much the objective (to which the attribute belongs) can be 
accomplished if the argument is accepted.  

Since there is no practical way that a complete analytical 
modeling of negotiation can be fully developed and 
incorporated for a group of decision makers, our approach 
takes a rather simplified view by focusing on modeling the 
dynamic impacts of negotiation, i.e. on the evolving 
“perspectives” of the stakeholders, as they express their 
opinions toward the objective hierarchy. These dynamically 
evolving perspectives are declared for the proposed objectives 
of which the stakeholders that have common interests or some 
expertise. In other words, the perspective dynamically depicts a 
stakeholder’s perceptions of his/her or others’ objectives. These 
perceptions could include the stakeholders’ intention for their 
ideas to succeed and their support for or disagreement with 
how well their own or others’ argument can achieve the 
objectives, either proposed by themselves or others. Therefore, 
the perspectives indicate the difference in the stakeholders’ 
perceptions that cause the conflict in the technical proposals of 
the tasks and put the negotiation into necessity. Moreover, 
these perspectives will be further analyzed in order to 
systematically evaluate the arguments in our negotiation 
approach.  

TABLE I.  SCALE OF SUPPORT VS. OPPOSITION 

10 Strong Support: the proposal will most likely help 

achieve the objective 

8 Support: the proposal will likely help achieve the 

objective 

6 (1) Neutrality (fair, unknown or uninterested): the 

proposal may not either contribute to or harm the 

achievement of the objective. (2) Controversy: the 

proposal may have some effect in achieving the 

objective, but the decision maker is not clear the 

effect. 

4 Opposition: the proposal will likely bring negative 

effects in achieving the objective. 

2 Strong Opposition: the proposal will most likely 

bring detrimental effects in achieving the objective. 

1 Strongest Opposition: the proposal will definitely 
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bring detrimental effects in achieving the objective. 

 

Although stakeholder’s perspectives are often highly 
subjective in nature, a quantitative method is needed to define 
the measurement scales of the perspectives and further analyze 
these perspectives for argument evaluation. We define a one-to 
-ten scale (see Table I) to measure the stakeholder’s 
perspectives of either supporting or opposing the arguments. 
When the task proposals were being evaluated, for the ‘support 
vs. opposition’ attribute, stakeholders declared their 
perspectives about the proposal’s value based on their expertise 
and understanding. 

3) Argument generation  
 

While generating the negotiation arguments, claims and 
data are collected from the baseline design process representing 
technical decisions. Warrant, backing, qualifiers and rebuttals 
are obtained from the objective hierarchy and stakeholders’ 
perspective models.  

By using our approach, stakeholders will have a better 
understanding of each other because they share not only their 
claims, but also their underlining reasons and desires (e.g., 
perspectives). For example, Figure 2 shows the details of an 
argument of an engineer, whose claim for the task “define 
quality requirements” is to define the attributes of performance 
and security for the integrated system. The data describes the 
initial state (of this task) which includes design requirements, 
application constraints and architecture style. To justify the use 
of the data, the warrant has his fundamental and means 
objectives that state why the claim is proposed based on the 
data. The backing of this argument is the attributes of his 
objectives that further explain the warrant by providing its 
measurement scales. The measurement result given by the 
engineer for his own objectives is included in qualifier while 
the measurement result for the team’s objectives is the rebuttal 
that describes his perspective regarding the performance 
regarding how well his argument may achieve the objectives 
proposed by the entire team.  

 

Figure 2 Argument Example 

4) Argument Evaluation 
 

As the stakeholders’ arguments are generated and 
exchanged, their objectives and perspective models may evolve 
due to deepened understanding of each other. If all the 
stakeholders can jointly agree on a particular argument claim, 
they can take that claim as the final resolution. The evaluation 
method analyzes the stakeholder perspectives of the objectives 
within the arguments and compares the argument claims based 
on the result. In this work, a simple additive weighting function 
(a.k.a. weighted average) is used to build the evaluation method 
which ranks the arguments from most desired to least desired 
assuming stakeholders can characterize the consequences of 
each argument with certainty. Furthermore, “weighted average” 
is also applied when evaluating the arguments based on their 
value for the objective attributes with varying importance. 
Weighted average, by its definition, means an average that 
takes into account the proportional relevance and strength of 
each component, rather than treating each component equally.  

The argument evaluation in our work includes three steps: 
(1) assign objective weights, (2) score the arguments and (3) 
aggregate the preferences. In these three steps, the objective 
weights and the score of attribute value (either natural 
attributes’ or stakeholders’ preferences) of arguments have 
been defined in previous steps. Therefore, in this step, the 
preferences and weights are aggregated to derive final 
argument evaluation results which are used to rank the 
arguments and select the one that is most preferred by the team. 
The calculation of final score for an argument defined as 
follows: 

Definition 1: for a given argument Aj 

      (1) 

Where fj is the final score for alternative Aj, m is the number of 
criteria, ci is the normalize weight of attribute ci, gij is the 
performance grade (score) for argument Aj with respect to 
attribute ci. 

Based on the evaluation results, a most preferred argument (i.e. 
the one with highest evaluation score) will be recommended as 
the final agreement of the negotiation for the design task. They 
will move back to check for further decision conflicts with 
other tasks. These iterations continue until no more conflict is 
found (i.e. no more negotiation is necessary), and the team 
moves to the next phases of the software development lifecycle. 

III. CASE STUDY 

To ensure that our framework can help software 
engineering team to reach an agreement more efficiently, a 
real-life software project was used for case studies. The team 
first used their existing way to collaborate and then applied our 
approach. Based on both results, we compared the time to 
reach the agreement. To assist the team to use our approach, a 
prototype of the argument-based collaborative negotiation 
(ACN) system, was implemented for stakeholder to follow. In 
this section, we will first introduce the ACN system and then 
demonstrate the comparison result. 

A. Argument-based collaborative negotiation system 

The goal of our ACN system is to help users more 
effectively apply our negotiation approach. It was implemented 
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as a web-based application that uses Java Servlet Page (JSP). 
The system provides the link to each step of the negotiation 
process (i.e. the process indicator) and also reminds users what 
to do, such as the explanation of claim or warrant during the 
negotiation phase. Each stakeholder can view each other’s 
proposed argument and the reason behind it. When 
stakeholders realize that there are different implementations in 
their software design tasks, they can activate the negotiation 
process. In addition, the system also provides tracking function 
for the evolving concepts and stakeholder perspective. Once 
the stakeholders start to choose a claim, the ACN system can 
automatically give the evaluation result from their proposed 
options. Therefore, the team can take the claim with the best 
score and continues their design work.  

B. The case study in real-life software design 

We have applied our approach in a real-life team which was 
developing a consume software product on mobile devices. In 
this section, we will demonstrate one design task ‘build the 
communication protocol’ to show the application.  

Their existing method for resolving the conflicts was to 
explore and discuss each other’s arguments through the 
communication tools (e.g. email) or face to face meeting. In 
this way, the argument does not contain any specific structure; 
thus, one stakeholder just proposes his opinions and tries to get 
other’s agreement. Therefore, the argument could be passed 
back and forth between team members and be revised based on 
the interaction iteratively until everyone in the team agrees. 
Below it is a dialog sample between an engineering manager 
and an engineer for determining an architecture design style. 

Engineering manager: We need a database-centered 
architecture and here is why: because the database can help all 
the modules communicate with integral data. 

Engineer: I see. But I still prefer a client-server application with 
Java Messaging Services. The messaging service can also 
enable all the modules to send or receive data.  

Engineering manager: With database-centered design, we do 
not have to use Java Messaging Service. 

Engineer: Sure, but why we choose the database-centered if the 
same advantage can be achieved by the other way? 

Engineering manager: Let me think about it. 

The team used the ACN system to conduct their negotiation 
in the development. In the beginning, the tool asked the team to 
assign a moderator to coordinate the negotiation. Then, through 
the aid of the tool, the baseline process was defined, the role of 
the stakeholder was identified, and the claim of the task was 
written. Figure 3 shows four different claims proposed by 
various stakeholders (e.g. product manager, engineering 
manager, engineer, and engineering director) regarding the task 
– build communication protocol.  

 

 

 

 

 Figure 3 Claim of Building Communication Protocol 

Each stakeholder can fill in their objective hierarchy for 
others to refer. For example, Figure 4 shows the objective 
hierarchy of the product manager according his claim. With the 
support of the hierarchy, the manager added his fundamental 
objectives and the means objectives. 

Figure 4 Objective Hierarchy of The Product Manager 

C. Comparison 

Our goal of the case study was to compare the time that the 
team spent for negotiation and the number of rounds for 
generating/revising arguments, before the team reaches the 
agreement using the existing and proposed approaches 
respectively. We measured the time for the entire collaborative 
negotiation process, i.e., it included all the development tasks 
that need to be discussed and started with an agreement plan by 
the team. From the aforementioned case studies that were 
conducted in real-life software projects, it shows that this new 
approach has shortened the negotiation time and used fewer 
rounds to reach the design agreement. From the post-
experiment survey and onsite observation, the negotiation 
procedure, arguments, and objective hierarchy helped 
stakeholder to use less time to understand each other’s point 
and their concerns. The weight values and attributes also 
assisted the stakeholder to prioritize the importance of each 
claim. Although the value was subjective, it helped the team 

278



 6

members to review themselves’ and others’ opinions and was 
an aid to reach a more objective result. 

IV. CONCLUSION AND FUTURE WORK 

This paper describes a research approach to structure 
arguments with organized objectives and preferences of 
multiple stakeholders to support their group decision making in 
collaborative engineering design. It is established based on a 
synthesis between the generic argument structure and a value-
focused objective hierarchy. This synthesis explains how 
stakeholders can generate the structured arguments according 
to their objectives and preferences. It helps us to better resolve 
the challenges in existing practices of generic argument 
structure by developing feasible ways of evaluating the 
arguments for the most preferred one by the team. As such, our 
work has developed a collaborative negotiation approach that 
utilizes these structured arguments including argument 
generation from stakeholders’ objectives and preferences and 
argument evaluation to choose a most preferred argument 
based on how well the objectives have been achieved. In 
addition, this paper described a prototype system that we have 
developed to conduct case studies in real-life software 
development projects to validate the proposed approach.  

Our future research work will develop more objective 
hierarchy templates in the software design domain and build 
more accurate and comprehensive models to quantify 
stakeholders’ perspectives. Furthermore, we plan to thoroughly 
validate this research framework by conducting more case 
studies in software industry. When richer application results are 
gathered, the approach and system will be continuously 
improved to hopefully leading to the establishment of a 
scientific foundation for collaboration-based software 
engineering. 

REFERENCES 

[1] S. Buckingham, A. MacLean, V. Bellotti, and N. Hammond (1997), 
“Graphical Argumentation and Design Cognition.”, Human-Computer 
Interaction, 12(3), pp. 267-300. 

[2] M. R. Danesh and Y. Jin (1999), AND: An agent-based decision 
network for concurrent design and manufacturing. Proc. of 1999 ASME 
Design Engineering Technical Conferences. 1999, Las Vegas, Nevada. 

[3] S. Fatima, M. Wooldridge and N. R. Jennings (2002), Multi-issue 
negotiation under time constraints. Proc. of the 1st International Joint 
Conference on Autonomous Agents and Multi-agent Systems (AAMAS-
2002), ACM Press, 143–150. 

[4] P. Faratin (2000), Automated Service Negotiation Between Autonomous 
Computational Agents, Queen Mary and Westfield College, University 
of London. 

[5] X. Y. Gu (2002), Decision-Based Collaborative Optimization. Journal of 
Mechanical Design, 2002. 

[6] K. W. Houp, T. E. Pearsall, and E. Tebeaux (1998), “Reporting 
Technical Information”, 9th Edition. Oxford UP New York. 1998. 

[7] T. Janssen and A. P. Sage (1996), Group decision support using Toulmin 
argument structures. IEEE International Conference on Systems, Man, 
and Cybernetics, Volume: 4, On page(s): 2704-2709 Vol.4, Oct. 1996. 

[8] R. L. Keeney (1992), Value-focused Thinking. Harvard University Press, 
Cambridge, 1992 

[9] R. Kowalczyk and V. Bui (2003), On constraint-based reasoning in e-
negotiation agents, In Dighum, F. & Cortes U. (eds.), Agent-Mediated 
Electronic Commerce III (Lecture Notes in Computer Science, Vol. 
2003), Berlin: Springer-Verlag, pp. 31-46 

[10] S. Toulmin (1958), The uses of argument. Cambridge University Press, 
London, 1958 

[11] S. Toulmin, R. Rieke and A. Janik (1984), An Introduction to Reasoning, 
Macmillan Publishing, New York, 1984. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

279



Comparing Two Approaches for Adding Feature Ranking to
Sampled Ensemble Learning for Software Quality Estimation

Kehan Gao
Eastern Connecticut State University

gaok@easternct.edu

Taghi M. Khoshgoftaar & Amri Napolitano
Florida Atlantic University

khoshgof@fau.edu, amrifau@gmail.com

Abstract—High dimensionality and class imbalance are two main
problems that affect the quality of training datasets in software defect
prediction, resulting in inefficient classification models. Feature selection
and data sampling are often used to overcome these problems. Feature
selection is a process of choosing the most important attributes from the
original data set. Data sampling alters the data set to change its balance
level. Another technique, called boosting (building multiple models, with
each model tuned to work better on instances misclassified by previous
models), is found also effective for resolving the class imbalance problem.
In particular, RUSBoost, which integrates random undersampling with
AdaBoost, has been shown to improve classification performance for
imbalanced training data sets. In this study, we investigated an approach
for combining feature selection with this ensemble learning (boosting)
process. We focused on two different scenarios: feature selection per-
formed prior to the boosting process and feature selection performed
inside the boosting process. Ten base feature ranking techniques and an
ensemble ranker based on the ten were examined and compared over the
two scenarios. The experimental results demonstrate that the ensemble
feature ranking method generally had better or similar performance than
the average of the base ranking techniques, and more importantly, the
ensemble method exhibited better robustness than any other base ranking
technique. As for the two scenarios, the results show that applying feature
selection inside boosting performed better than using feature selection
prior to boosting.

Index Terms—software defect prediction, feature selection, data sam-
pling, boosting, base ranker, ensemble ranker

I. INTRODUCTION

Software defect prediction is a process of utilizing classification
models to classify program modules into quality-based classes, e.g.,
fault-prone (fp) or not-fault-prone (nfp) [1]. This kind of estimation
can help practitioners effectively allocate limited project resources,
making them focus on program modules that are of poor quality
or likely to have a high number of faults. Classification models are
usually built using software metrics such as code-level measurements
and defect data, along with data mining techniques. A considerable
amount of research has shown that prediction accuracy of a clas-
sification model is affected by the quality of the input (training)
data. We are interested in investigating two common problems, high
dimensionality and class imbalance, that exist in many software
measurement data sets.

High dimensionality occurs when a large number of variables
(features or software metrics) are available for building classification
models. Several problems may arise due to high dimensionality,
including longer learning time, a decline in prediction performance,
and difficulty of understanding and interpreting the model. The
purpose of feature selection is to choose the most important attributes
from the original data set so that prediction performance will be
improved, or at least maintained, while learning time is significantly
reduced. Recent research [2] has shown that filter-based feature
ranking techniques are simple, fast, and effective methods for dealing
with this problem. In this study, we examined ten filter-based feature
ranking techniques and an ensemble ranker based on the ten.

Class imbalance is a separate problem, wherein the class ratio is
especially skewed. In a two-class classification problem, class imbal-
ance manifests as one class (minority) having far fewer instances than
the other class (majority). The main disadvantage of such imbalanced
training data is that a traditional classification algorithm would tend
to classify minority class instances (usually a class of interest, e.g.,
fp modules) as majority class (e.g., nfp modules) in order to increase
overall prediction accuracy. In software quality engineering, this may
result in buggy software in deployment and operation, thereby causing
serious consequences and high repair cost.

Many solutions have been proposed to address the class imbalance
problem. A simple but effective method is random undersampling
(RUS), where instances from the majority class are randomly dis-
carded until a certain balance (ratio) between the majority and the
minority classes is achieved. Another technique, called boosting, is
also effective to cope with the class imbalance problem. Boosting
is a meta-learning technique designed to improve the classification
performance of weak learners by building multiple models, with each
model tuned to work better on instances misclassified by previous
models. Although boosting is not specifically developed to handle the
class imbalance problem, it has been shown to be very effective in this
regard [3]. In this study, we use an ensemble learning approach, called
RUSBoost, in which random undersampling (RUS) is integrated into
AdaBoost [4].

To deal with both high dimensionality and class imbalance, we
studied an approach which combines feature selection with an en-
semble learning method (RUSBoost). We investigated two different
scenarios: feature selection performed right before RUSBoost and
feature selection performed inside RUSBoost. In this study, we are
interested in learning the impact of feature selection on the final
classification results. More specifically, we would like to investigate
ten base feature ranking techniques and the ensemble ranker based
on the ten, and compare their behaviors, including prediction per-
formance and stability with respect to different learners and data
sets. The experiment was conducted over the two different scenarios
discussed. We used two groups of data sets from a real-world software
system, all of which exhibit significant class imbalance between
the two classes (fp and nfp). Five different learners were used to
build classification models. The experimental results demonstrate
that the ensemble ranker resulted in better or similar prediction
performance than the average of the ten base rankers. In addition,
the ensemble method displayed more stable behavior than most base
rankers including the best base ranking technique. As to the two
different scenarios of the approach, the result shows that feature
selection performed inside RUSBoost provided better classification
performance than when it was applied prior to RUSBoost.

The rest of the paper is organized as follows. Section II dis-
cusses related work. Section III provides methodology, including
more detailed information about the feature selection, ensemble-

280



based boosting technique, learners, and performance metric applied
in this study. The data sets used in the experiments are described in
Section IV. Section V presents the experimental results. Finally, the
conclusion and future work are summarized in Section VI.

II. RELATED WORK

Significant research has been dedicated towards feature selec-
tion [5], and applied to a range of fields. Van Hulse et al. [2]
proposed 11 new threshold-based feature selection techniques and
applied them to 17 different bioinformatics datasets. Yu et al. applied
feature selection to gene expression microarray data and studied the
stability of feature selection via sample weighting [6].

In addition to excess number of features, many datasets are plagued
with the class imbalance problem. Two techniques that have been
discussed for addressing this problem are data sampling and boosting.
The simplest form of sampling is random sampling. In addition, a
few more intelligent algorithms for sampling data have been proposed
[7]. The most commonly used boosting algorithm is AdaBoost [4].
Several variations have been proposed to improve AdaBoost’s perfor-
mance on imbalanced data. One promising technique is RUSBoost
[3], which is a highly effective hybrid approach to learning from
imbalanced data.

While a great deal of effort has been dedicated toward feature
selection and data sampling separately for many years, research
working on both together is starting to receive more attention [8].
Yang et al. [9] proposed an ensemble-based wrapper approach for
feature selection from data with highly imbalanced class distribution.
In this work, we create an approach that combines feature selection
with RUSBoost and study two different combination scenarios. We
also compare different base feature ranking techniques and the
ensemble ranker over the two scenarios.

III. METHODOLOGY

A. Filter-Based Feature Ranking Techniques

The goal of feature ranking is to score each feature according to a
particular method, allowing the selection of the best features. In this
study, we investigated ten individual feature ranking techniques from
three different categories: three standard methods, six threshold-based
feature selection techniques, and the signal to noise ratio approach.
In addition, we studied the use of an ensemble of feature ranking
techniques.

1) Standard Techniques: The three standard filter-based feature
ranking techniques used in this work include: chi-squared, informa-
tion gain, and ReliefF. All three use the implementation found in
the WEKA tool1 [10] with default parameters. The chi-squared (CS)
test evaluates the worth of a feature by computing the value of the
chi-squared statistic with respect to the class. The null hypothesis is
the assumption that the two features are unrelated, and it is tested by
the chi-squared (χ2) formula: χ2 =

∑r
i=1

∑c
j=1

(Oij−Eij)
2

Eij
, where

Oij is the observed frequency and Eij is the expected (theoretical)
frequency, asserted by the null hypothesis. The greater the value of
χ2, the greater the evidence against the null hypothesis. Information
gain (IG) is a measure based on the concept of entropy from
information theory. IG is the information provided about the target
class attribute Y , given the value of another attribute X . IG measures
the decrease of the weighted average impurity of the partitions,

1Waikato Environment for Knowledge Analysis (WEKA) is a popular suite
of machine learning software written in Java, developed at the University of
Waikato. WEKA is free software available under the GNU General Public
License.

Algorithm 1: Threshold-Based Feature Selection

input :
1. Dataset S = {(xi, yi)|i = 1, . . . , n and yi ∈ {P,N}} with
features F j , j = 1, . . . ,m, where P = fp and N = nfp;
2. The value of attribute F j for instance xi is denoted F j(xi);
3. Metric ω ∈ {CS, IG, RF, MI, KS, Dev, GM, ROC, PRC, S2N}.
output: Ranking R = {r1, . . . , rm} where rj represents the rank for

attribute F j , i.e., the rj -th most significant attribute as
determined by metric ω.

for F j , j = 1, . . . ,m do
Normalize F j 7→ F̂ j =

F j−min(F j)

max(F j)−min(F j)
;

Calculate metric ω using attribute F̂ j and class attribute
{yi| yi ∈ {P,N}, i = 1, . . . , n}, ω(F̂ j) ; (The detailed formula
of each metric ω is provided in Section III-A2.)

Create attribute ranking R using ω(F̂ j) ∀j

compared with the impurity of the complete set of data. Relief is
an instance-based feature ranking technique. ReliefF is an extension
of the relief algorithm that can handle noise and multiclass data sets.

2) Threshold-Based Feature Selection: The threshold-based fea-
ture selection (TBFS) technique was proposed by our research team
and implemented within WEKA [2]. The procedure is shown in
Algorithm 1. Each independent attribute works individually with
the class attribute, and this two-attribute data set is evaluated using
different classification performance metrics. More specifically, the
TBFS procedure includes two steps: (1) normalizing the attribute
values so that they fall between 0 and 1; and (2) treating those values
as the posterior probabilities from which to calculate performance
metrics. The feature rankers we propose utilize four rates2. The value
is computed in both directions: first treating instances above the
threshold (t) as positive and below as negative, then treating instances
above the threshold as negative and below as positive. The better
result is used. In this manner, the attributes can be ranked from most
to least predictive based on each metric. Six metrics used in this
study are presented as follows:

a. Mutual Information (MI). Let c(x) ∈ {P,N} denote the actual
class of instance x, and let ĉt(x) denote the predicted class
based on the value of the attribute F j and a given threshold
t. MI computes the mutual information criterion with respect
to the number of times a feature value and a class co-occur,
the feature value occurs without the class, and the class occurs
without the feature value. The MI metric is defined as:

MI = max
t∈[0,1]

∑
ĉt∈{P,N}

∑
c∈{P,N}

p(ĉt, c) log
p(ĉt, c)

p(ĉt)p(c)

where

p(ĉt = α, c = β) =
| {x | (ĉt(x) = α) ∩ (c(x) = β)} |

| P | + | N | ,

p(ĉt = α) =
| {x | ĉt(x) = α} |

| P | + | N | ,

p(c = α) =
| {x | c(x) = α} |

| P | + | N | ,

α, β ∈ {P,N}.

2Analogous to the procedure for calculating rates in a classification setting
with a posterior probability, the true positive rate, TPR(t), true negative rate,
TNR(t), and false positive rate, FPR(t) can be calculated at each threshold
t ∈ [0, 1] relative to the normalized attribute F̂ j . Precision, PRE(t) is defined
as the fraction of the predicted-positive examples which are actually positive.
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b. Kolmogorov-Smirnov statistic (KS). KS is a measurement of
separability. The goal of KS is to measure the maximum
difference between the distributions of the members of each
class. The formula for the KS statistic is:

KS = max
t∈[0,1]

|TPR(t)− FPR(t)|

c. Deviance (Dev). Dev, like GI, is a metric in which it is the
minimum value over all the thresholds that is the chosen value
for the attribute. Deviance measures the sum of the squared
errors from the mean class based on a threshold t.

d. Geometric Mean (GM). GM is a quick and useful metric for
feature selection. The equation for the geometric mean is

GM = max
t∈[0,1]

√
TPR(t)× TNR(t)

A geometric mean of 1 would mean that the attribute is perfectly
correlated. The maximum geometric mean across the thresholds
is the score of the attribute.

e. Area Under the ROC Curve (ROC). Receiver Operating Char-
acteristic, or ROC, curves graph true positive rate on the y-
axis versus the false positive rate on the x-axis. The resulting
curve illustrates the trade-off between true positive rate and
false positive rate. In this study, ROC curves are generated by
varying the decision threshold t used to transform the normalized
attribute values into a predicted class. The area under the ROC
ranges from 0 to 1, and an attribute with more predictive power
results in an area under the ROC closer to 1.

f. Area Under the Precision-Recall Curve (PRC). PRC is a single-
value measure that originated from the area of information
retrieval. A precision-recall curve is generated by varying the
decision threshold t from 0 to 1 and plotting the recall (equiv-
alent to true positive rate) on the y-axis and precision on the
x-axis at each point in a similar manner to the ROC curve. The
area under the PRC ranges from 0 to 1, and an attribute with
more predictive power results in an area under the PRC closer
to 1.

3) Signal to Noise Ratio: Signal to noise ratio (S2N) [11] is a
simple univariate ranking technique which defines how well a feature
discriminates between two classes in a two class problem. S2N, for
a given feature, separates the means of the two classes relative to
the sum of their standard deviation. The formula to calculate S2N
is S2N = (µP−µN )

σP+σN
, where µP and µN are the mean values of a

particular attribute for the samples from class P and class N , and
σP and σN are the corresponding standard deviations. The larger the
S2N value, the more relevant the feature is to the class attribute.

4) Ensemble Filter Technique: This approach combines different
ranking techniques to yield more stable and robust results. The
procedure of the ensemble technique includes two essential steps.
First, a set of different ranking lists is created using corresponding
filter-based rankers and input to the next combining step; second,
these ranking lists are integrated using an aggregation technique.
Diversity can be achieved by using various rankers [12]. In this
study, we use the ten filters discussed above to form the ensemble
filter. The aggregation method used is arithmetic mean, where each
feature’s score is determined by the average of the ranking scores of
the feature in each ranking list. Finally, the highest ranked attributes
are selected to be used.

B. The RUSBoost Technique

RUSBoost combines random undersampling (RUS) and boosting
for improving classification performance. Boosting is a meta-learning

technique designed to improve the classification performance of weak
learners by iteratively creating an ensemble of weak hypotheses
which are combined to predict the class of unlabeled examples. This
study uses AdaBoost [4], a well-known boosting algorithm shown to
improve the classification performance of weak classifiers. Initially,
all examples in the training data set are assigned equal weights.
During each iteration of AdaBoost, a weak hypothesis is formed by
the base learner. The error associated with the hypothesis is calculated
and the weight of each example is adjusted such that misclassified
examples have their weights increased while correctly classified ex-
amples have their weights decreased. Therefore, subsequent iterations
of boosting will generate hypotheses that are more likely to correctly
classify the previously mislabeled examples. After all iterations are
completed a weighted vote of all hypotheses are used to assign a
class to unlabeled examples. In this study, the boosting algorithm is
performed using 10 iterations. RUSBoost applies the same steps as
the regular boosting, but prior to constructing the weak hypothesis
during each round of boosting, random undersampling is applied to
the training data to achieve a more balanced class distribution. The
base learners used in this work are NB, MLP, KNN, SVM, and LR,
and these will be discussed in the next section. The procedure of
RUSBoost is described in part of Figure 1. More details about the
algorithm can be found in [3].

C. Learners

The software defect prediction models in this study are built
using five different classification algorithms, including Naı̈ve Bayes
(NB) [10], MultiLayer Perceptron (MLP) [13], K Nearest Neighbors
(KNN) [10], Support Vector Machine (SVM) [14], and Logistic
Regression (LR) [10]. Due to space limitations, we refer interested
readers to these references to understand how these commonly-used
learners function. The WEKA tool is used to instantiate the different
classifiers. Generally, the default parameter settings for the different
learners are used (for NB and LR), except for the below-mentioned
changes. A preliminary investigation in the context of this study
indicated that the modified parameter settings are appropriate.

In the case of MLP, the hiddenLayers parameter was changed
to ‘3’ to define a network with one hidden layer containing three
nodes, and the validationSetSize parameter was changed to
‘10’ to cause the classifier to leave 10% of the training data aside
for use as a validation set to determine when to stop the iterative
training process. For the KNN learner, the distanceWeighting
parameter was set to ‘Weight by 1/distance’, the kNN parameter
was set to ‘5’, and the crossValidate parameter was turned
on (set to ‘true’). In the case of SVM, two changes were made:
the complexity constant c was set to ‘5.0’, and build
Logistic Models was set to ‘true’. A linear kernel was used
by default.

D. Performance Metric

One of the most popular methods for evaluating the performance of
learners built using imbalanced data is receiver operating character-
istic, or ROC, curves. The ROC curve illustrates the performance of
a classifier across the complete range of possible decision thresholds,
and accordingly does not assume any particular misclassification costs
or class prior probabilities. The area under the ROC curve (AUC)
is used to provide a single numerical metric for comparing model
performances. The AUC value ranges from 0 to 1.

IV. DATASETS

In our experiments, we used publicly available data, namely the
Eclipse defect counts and complexity metrics data set obtained from
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TABLE I
DATA CHARACTERISTICS

Dataset Rel. thd #Attr. #Inst. #fp %fp #nfp %nfp
2.0 10 209 377 23 6.1 354 93.9

Eclipse 1 2.1 5 209 434 34 7.8 400 92.2
3.0 10 209 661 41 6.2 620 93.8
2.0 5 209 377 52 13.8 325 86.2

Eclipse 2 2.1 4 209 434 50 11.5 384 88.5
3.0 5 209 661 98 14.8 563 85.2

the PROMISE data repository (http://promisedata.org). In particular,
we used the metrics and defects data at the software packages level.
The original data for the Eclipse packages consists of three releases
denoted 2.0, 2.1, and 3.0, each release reported by Zimmerman et
al. [15]. Membership in each class is determined by a post-release
defects threshold thd, which separates fp from nfp packages by
classifying packages with thd or more post-release defects as fp and
the remaining as nfp. In our study, we used thd = {10, 5} for releases
2.0 and 3.0 and thd = {5, 4} for release 2.1. This resulted in two
groups. Each group contains three data sets, one for each release.
The reason why a different set of thresholds was chosen for release
2.1 is that we would like to keep similar class distributions for the
data sets in the same group. All data sets contain 209 attributes (208
independent attributes and 1 dependent attribute). Table I shows the
characteristics of the data sets after transformation for each group.

V. EXPERIMENTS

A. Design

The main objective of this study is to evaluate the individual
filters and the ensemble filter. More specifically, we would like to
investigate the ten individual filters (as discussed in Section III-A)
with the ensemble filter based on those ten. This comparison was
carried out in two different scenarios of feature selection combined
with the ensemble learning (boosting) approach. The process of
the ensemble learning approach is presented in Figure 1. The two
different scenarios are highlighted at top.

• Scenario 1: External Feature Selection (EFS), i.e., feature
selection performed prior to the ensemble learning process.

• Scenario 2: Internal Feature Selection (IFS), i.e., feature selec-
tion performed inside the ensemble learning process.

In the experiment, 11 feature selection methods, including ten base
rankers (CS, IG, RF, MI, KS, Dev, GM, ROC, PRC and S2N) and
an ensemble ranker based on the ten, were applied. The sampling
technique used was the random undersampling (RUS) approach. The
post-sampling class ratio (between fp and nfp modules) was set to
50:50 throughout the experiment. In addition, five base learners (NB,
MLP, KNN, SVM, and LR) were used in the boosting process.
The number of features selected in the feature subsets was set to
⌈log2 n⌉ = 8, where n is the number of independent attributes in the
original data set (n = 208 in this experiment). For all experiments,
we employed ten runs of five-fold cross-validation. That is, for each
run the data was randomly divided into five folds, one of which was
used as the test data while the other four folds were used as training
data. All the preprocessing steps (feature selection and data sampling)
were done on the training data set. The processed training data was
then used to build the classification model and the resulting model
was applied to the test fold. This cross-validation was repeated five
times (the folds), with each fold used exactly once as the test data.
The five results from the five folds then was averaged to produce a
single estimation.

TABLE II
CLASSIFICATION PERFORMANCE FOR EXTERNAL FEATURE SELECTION

(a) Eclipse 1
Ranker NB MLP KNN SVM LR
Ensemble 0.83994 0.89083 0.88465 0.90456 0.87296

CS 0.800011 0.88478 0.87688 0.89808 0.859811

IG 0.84093 0.88737 0.88913 0.90774 0.88503

RF 0.820410 0.863611 0.810011 0.872511 0.87237

MI 0.82467 0.89005 0.88217 0.90457 0.88532

KS 0.82945 0.87459 0.86749 0.89539 0.861310

Dev 0.82229 0.88816 0.88396 0.90545 0.87108

GM 0.82476 0.872110 0.867310 0.892710 0.86559

ROC 0.85321 0.89832 0.89851 0.91061 0.87594

PRC 0.82398 0.89084 0.89222 0.90853 0.87325

S2N 0.84492 0.90051 0.88874 0.90892 0.89551

(b) Eclipse 2
Ranker NB MLP KNN SVM LR
Ensemble 0.83647 0.90845 0.89626 0.91837 0.91082

CS 0.823611 0.90766 0.89427 0.91838 0.90479

IG 0.827510 0.90904 0.89713 0.92102 0.90617

RF 0.83199 0.858711 0.805611 0.875211 0.874711

MI 0.84243 0.90588 0.89635 0.92101 0.90904

KS 0.83468 0.90409 0.89259 0.91856 0.90696

Dev 0.83955 0.91012 0.89862 0.91935 0.90895

GM 0.84144 0.901510 0.890510 0.91699 0.904410

ROC 0.84272 0.91251 0.89711 0.92093 0.91201

PRC 0.83906 0.90913 0.89704 0.91944 0.90608

S2N 0.85331 0.90667 0.89278 0.913610 0.90983

B. Results and Analysis

The results of the two scenarios (EFS and IFS) averaged over
the respective group of data sets (in terms of AUC) are reported in
Tables II and III, each containing the results for all five learners.
The tables show the classification performance of the ten individual
filters as well as the ensemble filter based on the ten. Each value
has a superscript that represents the rank of the filter among the 11
techniques. For instance, the ensemble filter ranks #4 among all the
11 ranking techniques when NB was employed on Eclipse 1 for the
EFS scenario. From the results, we can see that the performance of
the rankers were related to learners, training data set, and working
scenarios. There was no method that always performed the best in
all circumstances. For example, ROC performed relatively better than
other rankers for the EFS scenario, while it performed averagely for
the IFS scenario. IG performed best for Eclipse 1 in IFS when the
MLP and SVM learners were employed, however showed the worst
prediction among the 11 rankers when NB was used. The ensemble
filter generally performed better than average of the individual base
rankers and also displayed more stable performance than most base
rankers (as the rank deviation of the ensemble filter is the second
smallest among 11, GM had the smallest rank deviation, however,
GM performed below the average). Figure 2 provides the comparison
between the ensemble filter and the average of the ten base rankers
for a given scenario and a data set across all five learners. The charts
intuitively demonstrate that the ensemble method performed better
than or similarly to the average.

We further carried out a three-way analysis of variance (ANOVA)
F-test on the classification performance to examine if the perfor-
mance difference (better/worse) is statistically significant or not. The
three factors include: A representing two different scenarios of the
approach, B representing the five learners, and C representing the ten
base rankers and the ensemble method. The null hypothesis for the
ANOVA test is that all the group population means are the same,
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Fig. 1. Two scenarios of feature selection combined with the ensemble learning approach

TABLE III
CLASSIFICATION PERFORMANCE FOR INTERNAL FEATURE SELECTION

(a) Eclipse 1
Ranker NB MLP KNN SVM LR
Ensemble 0.85613 0.89855 0.90332 0.91052 0.88035

CS 0.839810 0.89319 0.893510 0.90963 0.874611

IG 0.838511 0.90421 0.90313 0.91591 0.88402

RF 0.85632 0.887411 0.891911 0.897511 0.87848

MI 0.84698 0.89358 0.89539 0.90786 0.88343

KS 0.85087 0.89667 0.89667 0.90875 0.88026

Dev 0.85514 0.89884 0.89886 0.90944 0.87987

GM 0.85116 0.892210 0.89568 0.90548 0.875510

ROC 0.85435 0.90063 0.89985 0.90767 0.87629

PRC 0.86691 0.89676 0.90351 0.90449 0.88561

S2N 0.84529 0.90182 0.90124 0.904410 0.88034

(b) Eclipse 2
Ranker NB MLP KNN SVM LR
Ensemble 0.85652 0.90558 0.90654 0.91478 0.91181

CS 0.820411 0.90854 0.90527 0.91751 0.91102

IG 0.827410 0.91031 0.90546 0.91692 0.90996

RF 0.85851 0.892311 0.893611 0.903211 0.901411

MI 0.84915 0.90597 0.90653 0.91643 0.91025

KS 0.84866 0.90952 0.90555 0.91624 0.90959

Dev 0.84208 0.90735 0.90439 0.91615 0.91054

GM 0.85194 0.90686 0.90478 0.91536 0.90977

ROC 0.84837 0.90903 0.90762 0.91399 0.90958

PRC 0.85433 0.90439 0.90791 0.91517 0.91083

S2N 0.83859 0.903010 0.904010 0.910310 0.906110

TABLE IV
ANOVA FOR THE ECLIPSE DATA SETS

Source Sum Sq. d.f. Mean Sq. F p-value
Scenario 0.1591 1 0.1591 133.27 0.000
Learner 3.6895 4 0.9224 772.49 0.000
Ranker 0.2963 10 0.0296 24.82 0.000
Error 7.8616 6584 0.0012
Total 12.0065 6599
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Fig. 2. Comparison between the ensemble and average of the ten individual
filters in EFS and IFS scenarios

284



0.88 0.885 0.89 0.895

IFS

EFS

(a) Factor A: Scenario
0.82 0.84 0.86 0.88 0.9 0.92

LR

SVM

KNN

MLP

NB

(b) Factor B: Learner

0.86 0.865 0.87 0.875 0.88 0.885 0.89 0.895 0.9 0.905

S2N

PRC

ROC

GM

Dev

KS

MI

RF

IG

CS

Ensemble

(c) Factor C: Ranker

Fig. 3. Multiple comparison for Eclipse 1 and 2 data sets

while the alternate hypothesis is that at least one pair of means
is different. Note that the two groups of data sets were analyzed
together. Table IV shows the ANOVA results. The p-value is less
than the cutoff 0.05 for all factors, meaning that for each main factor
the alternate hypothesis is accepted, namely, at least two group means
are significantly different from each other.

We further conducted a multiple comparison test on each main
factor with Tukey’s honestly significant difference (HSD) criterion.
Note that for all the ANOVA and multiple comparison tests, the
significance level was set to 0.05. Figure 3 shows the multiple
comparisons for Factors A, B, and C. The figures display graphs with
each group mean represented by a symbol (◦) and 95% confidence
interval as a line around the symbol. Two means are significantly
different if their intervals are disjoint, and are not significantly
different if their intervals overlap. The assumptions for constructing
ANOVA and Tukey’s HSD models were validated. From these figures
we can see the following points:

• Feature selection performed inside RUSBoost (IFS) resulted in
better classification performance than when it is applied prior to
RUSBoost (EFS).

• For the five learners, SVM presented the best performance,
followed by MLP, then KNN and LR; NB performed the worst.

• Among the 11 feature ranking techniques, the ensemble method
demonstrated competitive performance, ranking right behind the
best performer, ROC, and had the same performance as PRC and
S2N; IG, MI, and Dev were in the following group, then KS
and GM, although the ensemble ranker did not show statistical
difference between itself and those methods; CS and RF had the
worst performance.

VI. CONCLUSION

In this study, we proposed feature selection combined with an
ensemble learning (boosting) technique to overcome the high dimen-
sionality and class imbalance problems that often affect software
quality classification. Two different scenarios (IFS and EFS) of
the technique that combines feature selection with boosting were
investigated. IFS (internal feature selection) refers to when feature
selection is applied inside the boosting process, while EFS (exter-
nal feature selection) refers to when feature selection takes place

prior to the boosting process. In this research, we were interested
in investigating ten individual feature ranking techniques and the
ensemble ranker based on the ten, and comparing them for the two
scenarios. In the experiment, we applied these techniques to two
groups of data sets from a real-world software system. We built
classification models using five learners. The results demonstrate
that the ensemble technique performed better than or similarly to
the average of the ten base rankers, and more importantly, the
ensemble ranker yielded more stable and robust performance than
any other competing base rankers. In addition, the results show that
performing feature selection inside of boosting generally performed
better than using feature selection prior to boosting. Of the five
learners, support vector machine performed the best, followed by
multilayer perceptron, k nearest neighbors, and logistic regression;
naı̈ve Bayes had the worst prediction performance. Future work
will involve conducting additional empirical studies with software
measurement and defect data from other software projects.

REFERENCES

[1] Q. Song, Z. Jia, M. Shepperd, S. Ying, and J. Liu, “A general software
defect-proneness prediction framework,” IEEE Transactions on Software
Engineering, vol. 37, no. 3, pp. 356–370, May/June 2011.

[2] J. Van Hulse, T. M. Khoshgoftaar, A. Napolitano, and R. Wald,
“Threshold-based feature selection techniques for high-dimensional
bioinformatics data,” Network Modeling Analysis in Health Informatics
and Bioinformatics, vol. 1, no. 1-2, pp. 47–61, June 2012.

[3] C. Seiffert, T. M. Khoshgoftaar, J. Van Hulse, and A. Napolitano,
“Rusboost: A hybrid approach to alleviating class imbalance,” IEEE
Transactions on Systems, Man and Cybernetics, Part A: Systems and
Humans, vol. 40, no. 1, pp. 185–197, Jan. 2010.

[4] Y. Freund and R. E. Schapire, “Experiments with a new boosting
algorithm,” in Proceedings of the 13th International Conference on
Machine Learning, 1996, pp. 148–156.

[5] H. Liu, H. Motoda, R. Setiono, and Z. Zhao, “Feature selection: An
ever evolving frontier in data mining,” in Proceedings of the Fourth In-
ternational Workshop on Feature Selection in Data Mining, Hyderabad,
India, 2010, pp. 4–13.

[6] L. Yu, Y. Han, and M. E. Berens, “Stable gene selection from microarray
data via sample weighting,” IEEE/ACM Transactions On Computational
Biology and Bioinformatics, vol. 9, no. 1, pp. 262–272, Jan/Feb 2012.

[7] N. V. Chawla, K. W. Bowyer, L. O. Hall, and P. W. Kegelmeyer,
“SMOTE: Synthetic minority over-sampling technique,” Journal of Ar-
tificial Intelligence Research, vol. 16, pp. 321–357, 2002.

[8] T. M. Khoshgoftaar, K. Gao, A. Napolitano, and R. Wald, “A compara-
tive study of iterative and non-iterative feature selection techniques for
software defect prediction,” Information Systems Frontiers, pp. 1–22,
April 2013.

[9] P. Yang, W. Liu, B. B. Zhou, S. Chawla, and A. Y. Zomaya, “Ensemble-
based wrapper methods for feature selection and class imbalance learn-
ing,” in Proceedings of the 17th Pacific-Asia Conference, PAKDD 2013,
Gold Coast, Australia, Part I, Lecture Notes in Computer Science 7818.
Springer-Verlag, April 14-17 2013, pp. 544–555.

[10] I. H. Witten and E. Frank, Data Mining: Practical Machine Learning
Tools and Techniques, 2nd ed. Morgan Kaufmann, 2005.

[11] L. Goh, Q. Song, and N. Kasabov, “A novel feature selection method
to improve classification of gene expression data,” in Proceedings of
the Second Conference on Asia-Pacific Bioinformatics, Dunedin, New
Zealand, 2004, pp. 161–166.

[12] J. S. Olsson and D. W. Oard, “Combining feature selectors for text
classification,” in Proceedings of the 15th ACM international conference
on Information and knowledge management, 2006, pp. 798–799.

[13] S. Haykin, Neural Networks: A Comprehensive Foundation, 2nd ed.
Prentice-Hall, 1998.

[14] J. Shawe-Taylor and N. Cristianini, Support Vector Machines, 2nd ed.
Cambridge University Press, 2000.

[15] T. Zimmermann, R. Premraj, and A. Zeller, “Predicting defects for
eclipse,” in Proceedings of the 29th International Conference on Soft-
ware Engineering Workshops. Washington, DC, USA: IEEE Computer
Society, 2007, p. 76.

285



CoMoVi: a Framework for Data Transformation in
Credit Behavioral Scoring Applications Using Model

Driven Architecture

Rosalvo Neto ∗ †, Paulo Jorge Adeodato∗, Ana Carolina Salgado∗
∗Department of Computer Science

Federal University of Pernambuco (UFPE)
Recife-PE, Brazil

{rfon2, pjla, acs}@cin.ufpe.br

Dailton Filho†, Genival Machado†
†Department of Engineering Computer

Federal University of Sao Francisco Valley (Univasf)
Juazeiro-BA, Brazil

{dailton, genival}@univasf.edu.br

Abstract—The stage of transforming data in knowledge dis-
covery projects is costly, in general, it takes between 50 and 80%
of total project time. This step is a complex task that demands
from database designers a strong interaction with experts that
have a broad knowledge of the application domain, making
the task prone to error. The activities of that border region
require a conjugation of database, statistics and system analysis
competences. These competences are not ordinarily found in
the same project team, whether in academia or in professional
environment. The frameworks that aim to systemize this stage
have significant limitations when applied to Credit Behavioral
Scoring solutions. This paper proposes CoMoVi, a framework
inspired in the Model Driven Architecture to systemize this stage
in Credit Behavioral Scoring solutions. CoMoVi is composed by a
meta-model which maps the domain concepts and a set of trans-
formation rules. In order to validate the proposed framework, a
comparative study of performance between frameworks found in
literature and the proposed framework applied to a database of a
known benchmark was performed. Student’s one-tailed paired t-
test showed that CoMoVi gives better performance to a Multilayer
Perceptron Neural Network with a confidence level of 95%.

Keywords—Meta-Modeling; Model Driven Architecture; Credit
Behavioural Scoring; Knowledge Discovery

I. INTRODUCTION

The stage of transforming data is costly, generally con-
suming between 50 and 80% of the total project time [1].
In this stage data stored in a relational database are prepared
and transformed for the application of data mining techniques.
Although this stage consumes more than half of a Knowledge
Discovery in Databases (KDD) project time, researches in the
area are focused mainly on the principal stage of the process,
data mining algorithms, and proportionally few works are
found in literature concerning the phase of data transformation.
There are two general objectives in transformation: data must
be transformed in the format that allows the data mining
algorithm to be applied, and also enable the analysis necessary
to evaluate the results after applying the mining technique
[2]. The specific objectives of this stage are: construction of
features, features selection and aggregation.

Conventional techniques of data mining like decision tree,
artificial neural networks and logistic regression, applied in

This work was supported in part by the FAPESB under grant 1047/2013
and by the CAPES under grant 25001019004P6

KDD process require as input a table containing a row for
each object of interest, and a set of columns that describe
the characteristics of these objects. The existing frameworks
to systemize this stage follow the propositional approach or
the multidimensional data mining. The propositional approach
transform the multidimensional data representation inside a
simple organized relation into a denormalized table in the
granularity in which the decision is to be taken, which serves as
input to conventional data mining algorithms. The multidimen-
sional data mining approach [3] proposes that knowledge is
extracted from each list separately, and later combined, instead
of joining the various relationships. Frameworks existing in
literature show significant limitations when applied to solutions
of Credit Behavioral Scoring.

This work proposes CoMoVi (the name is acronym of
Conceptual Modeling Visions), a new framework inspired by
Model Driven Architecture (MDA) to systematize the data
transformation stage, which takes into account all peculiarities
of Credit Behavioral Scoring solutions, embedding automatic
knowledge in data view by automatically generating new vari-
ables increasing the discriminatory power of the data mining
technique. The framework is composed by a meta-model and
a set of transformation rules. To validate the proposed frame-
work efficiency a comparative study with the main existing
frameworks and CoMoVi was carried out. This comparative
study verifies which one provides more discriminatory power
to the Multilayer Perceptron Neural Network when applied
in solutions of Credit Behavioral Scoring. The comparative
study uses an experimental methodology with rigorous statis-
tical base applied to the database from a known benchmark
of an international competition organized by PKDD 1999,
for a binary classification problem, in order to perform the
comparison.

The remainder of this paper is organized as follows. Section
2 presents the problem definition of Credit Behavioral Scoring
in relational databases. Section 3 provides a brief presentation
of MDA. Section 4 presents the related work to systematize
the stage of data transformation. Section 5 details the proposed
framework. Section 6 shows the experimental methodology.
Section 7 presents the experimental results and their interpre-
tation. Finally, Section 8 concludes this paper and proposes
future works.
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II. PROBLEM DEFINITION

Credit Scoring and Behavioral Scoring are data mining
solutions that help financial institutions to decide whether
to grant credit to consumers based on the credit risk of
their requests [4]. The goal of these solutions is to assign
a “score” which identifies how closely the consumer is to
one of two groups: “good” which will eventually meet its
financial obligations, or a group of “bad”, whose application
should be denied because of their high probability of failing
in its commitments with the financial institution. Researches
in this area have grown in recent years as a result of the recent
financial crisis on a global scale.

Credit scoring is used when a new consumer makes a
credit application. Only demographic information such as age,
gender, income and other variables are taken into account
in assigning the score. Behavioral Credit Scoring is used
when a consumer who already has a history of transactions
in the database of the institution is requesting credit [5]. In
this case, in addition to demographic information, behavioral
information is also taken into account, such as timely payment
history, arrears, amount of loans, among others. The aim of
the solution is to find in the database a profile that separates
the good from the bad clients. The output of a solution of
Credit Behavioral Scoring is interpreted as the probability of
the customer to honor its debt with the institution, in order
words, being a good customer.

In a recent study [6], the authors highlight the opportunities
for Credit and Behavioral Scoring solutions and describe the
processes involved. The first step of the process corresponds
to the selection of a sample of clients, ensuring that data
regarding their products and consumptions are available at a
given point of observation. The period before the observation
point is called the performance window. Data contained in the
performance window are structured attributes that will be used
as input for the solution of Behavioral Credit Scoring. Figure
1 illustrates how data are partitioned according to temporality.

Fig. 1: Temporal Segmentation [6]

The period after the observation point is called the Out-
comes Window. Data contained in Outcomes Window are
structured attributes that will be used to assess the accuracy
of the model, in this window the answering variable (“good”
and “bad”) is constructed.

Behavioral Credit Scoring can be described as an instance
of a relational classification problem in the domain of credit
risk analysis. In a relational classification problem, the data
available for the construction of a solution are in a database
R containing a given target table, Ta and a set of background
tables Tb1...Tbn. The background tables have relevant infor-
mation to the decision problem, however they are not in target
table. Each line belonging to Ta includes a single attribute
called primary key (row identifier) and a categorical variable
y, which represents the concept to be learned or “response
variable”. The task of relational classification is finding a F
(x) function which maps each x line of the target table for Y

category. Figure 2 illustrates the problem of binary relational
classification in the domain of credit risk analysis. The target
table is represented by the Loan table on which the status
column is the categorical variable that function F (x) has to
learn. This variable has two values: good, if the loan was
paid on time or bad, otherwise. The background tables are
represented by tables that have a relationship with the target
table, which is the case in the example of Figure 2 of tables
instalment and client.

Fig. 2: Example of Relational Schema

III. BASIC CONCEPTS IN MDA TECHNOLOGY

The major step in building an application is the conceptual
modeling of the business domain. In this step the mapping
of the real world to the model is done by specifying all
details involved, including the relationships between entities
and restrictions pertaining to the business. The Model Driven
Engineering (MDE) is an approach especially focused on
modeling techniques. The MDE proposes that conceptual mod-
els are used both for documentation as well as for software
artifacts. One of the best known initiatives in this context is
the Model-Driven Architecture (MDA) proposed by the Object
Management Group (OMG) [7].

MDA is a way to develop software transforming an input
model in an output artifact that may be another model or source
code. These models can be Platform Independent Models
(PIM) and Platform Specific Models (PSM). The transforma-
tion process is performed by a processing device following
transformations rules. The rules of transformations specify how
to generate a target model from a source model. To transform
a given model to another model, the transformation rules map
the source model using the target meta-model. The MDA
provides the Meta Object Framework (MOF) for specifying
meta-models and the Model Transformation Language (MTL)
for specifying the rules that will be used to transform an input
model into an output model. Output models are often source
code.

IV. RELATED WORKS

Research involving MDA and automatic code generation
has been growing in recent years. Many tools and frameworks
have been proposed and developed for different applications.
However, according to our literature survey no proposal auto-
mates the data transformation stage in KDD projects. Among
the closest researches it is possible to highlight: [8] and [9].
In [8], the authors proposed a framework based on MDA for
mapping conceptual models of operational databases for Data
Warehouses (DW). The framework consists in a meta-model
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for specifying the conceptual model of the operational database
and a set of rules for automatically generating the SQL script
used in the construction of DW. In [9], the authors propose
the construction of a software component based on MDA to
systematize the analysis and visualization of academic infor-
mation from management information systems. The authors’
proposal is the semi-automatic construction of a DW in the
field of higher education, thus facilitating the decision making
of managers in the area. The component is based on three
stages: multidimensional data modeling, data extraction and
data visualization.

The two approaches found in literature applied in the stage
of data transformation in a project of knowledge discovery
are: propositionalization and multidimensional data mining.
The approach of propositionalization transforms the multi-
dimensional representation of data within a simple interface
organized in a denormalized table in the granularity at which
the decision is intended to be made. A distinct approach called
multidimensional mining data [3] suggests that knowledge is
extracted from each list separately, and later combined.

Relational Aggregations (RelAggs) [10] is the main frame-
work for data transformation which follows the propositional
line. In their approach the idea of aggregation, commonly used
in the area of Data Warehouse is applied. Aggregation is an
operation that replaces a set of values for a single value that
summarizes the properties of these sets. For numerical val-
ues, simple descriptive statistics are used, such as maximum,
medium and minimum value, for categorical values mode
(most frequent value) can be used. RelAggs was adopted as a
mechanism for transforming the Weka [1] platform, one of the
main free tools for data mining. In [10] the performance of the
main frameworks of transformation which follow the line of
propositionalization was evaluated, and the authors concluded
that RelAggs provides better performance when compared to
the initial frameworks based in Inductive Logic Programming
(ILP).

The Correlation-based Multiple View Validation (CbMVV)
[11] is the main framework for data transformation which
follows the multidimensional data mining approach. This ap-
proach is divided into three steps: firstly the relationships
between tables are represented in the form of a graph, paths
through this graph are combinations of visions between the
target table and the background tables. In order to ensure
the generation of non-cyclical paths, repeating paths are not
allowed, and every path always starts from the target relation.
The second step is to select the views which are relevant
to the problem. For this, the authors propose an algorithm
that calculates the relevance of visions by index calculation,
taking into account the correlation between the attributes of
vision, and also the correlation between attributes and the
target concept “response variable”. Views that have the lowest
correlation with each other, and the highest correlation with
the target, are selected. After selecting the relevant views, the
algorithm enters the third and last stage in which a classifier is
built for each view, and finally, a last classifier is constructed by
using as input the responses from the individual classifiers of
each vision. In [11], the authors demonstrated that this frame-
work provides a higher predictive power for the data mining
algorithm, when compared with ILP-based frameworks.

Based on frameworks found in literature, important charac-

teristics to the processing stage of data transformation in KDD
projects applied in behavioral databases, like Credit Behavioral
Scoring were identified:

• Independence of mining technique (IMT): This fea-
ture identifies whether the framework can be applied to
any technique of data mining, since some frameworks
mix the stages of data processing with the stage of data
mining and, so, are specific to a certain technique.

• Support the temporal segmentation (STS): This fea-
ture identifies whether the framework addresses how
to perform temporal segmentation during construction
of behavioral variables, in other words, taking into
consideration the partitioning in performance window
and outcome window. This partitioning of data is
essential to the success of the project using historical
data as Credit Behavioral Scoring, since the use of
available data on the performance window as input
variables for the data mining technique makes all the
project invalid.

• Knowledge Acquisition (KA): This feature identifies
whether the framework addresses how to embed expert
knowledge in the construction of variables during
the stage of transforming the data to improve the
discriminatory power of the data mining technique.

In Table 1, the “N” concept was attributed to frameworks
that do not address the identified characteristic. And the “Y”
concept for those addressing it in detail.

TABLE I: Comparison of Frameworks

Features Frameworks
CbMVV RelAggs Based in ILP

IMT Y Y N
STS N N N
KA N N N

V. PROPOSED FRAMEWORK

Following the MDA approach this paper proposes CoMoVi,
a framework for systematizing the stage of data transformation
in KDD projects on the domain of Credit Behavioral Scoring.
The framework takes into consideration the temporal peculiar-
ities of the domain and embeds knowledge in the data vision
building new variables to be used as input to a data mining
technique. Figure 3 shows the architecture of CoMoVi.

Fig. 3: Architecture of Proposed Framework
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CoMoVi’s architecture consists of three layers: in the first
layer, called Knowledge Representation, the Behavior meta-
model was defined using the MOF specification of MDA, and
serves as the basis for the construction of specific models,
which are adapted to the peculiarities of each database, how-
ever always following the concepts and rules defined by the
meta-model. In the second layer, called the Model Transforma-
tion, the models generated by the Knowledge Representation
layer are used as input to the module Transformation Behavior,
which is responsible for automating the creation of SQL code
for generating databases in propositional form. This module
was written in MOF Model To Text (M2T) [12] which is an
OMG approach to transform models into text artifacts. The
third and last layer, called Database Generation, receives as
input SQL codes generated by the Model Transformation layer
and produces the database in propositional format that will be
used as input to the data mining algorithm.

In order to embed expert knowledge and to support the tem-
poral segmentation of data required by the Credit Behavioral
Scoring the concept of behavioral Recency, Frequency and
Monetary (RFM) analysis was introduced to CoMoVi meta-
model [13]. The objective of the analysis is to distinguish
clients based on three behavioral variables:

• Recency (R): Period of time since last purchase. It is
the interval between the last transaction and present
reference time. The lower this value is the more
valuable the customer is;

• Frequency (F): Number of transactions in a given
period until a present reference time. The higher this
frequency is, the more valuable the customer is;

• Monetary (M): Total amount of money paid by the
customer over a given period of time. The higher this
value is, the more valuable the customer is.

In literature it is common to find studies using RFM
variables as input for data mining techniques. In [14], the
authors showed the importance of using RFM variables in
building intelligent systems for e-commerce applications. The
authors used the RFM variables as input to identify profiles
of ecommerce users in a case study with one of the largest
retail stores in Taiwan. In [15], the authors proposed a system
of Customer Relationship Management (CRM) using RFM
variables as input to clustering algorithms. The aim of the
study was to identify niches with levels of customer loyalty to
the institution.

The meta-model proposed in this paper was defined taking
into account the peculiarities of the temporal segmentation
and also creating new variables based on RFM analysis to
embed expert knowledge. The meta-model proposed can be
seen in Figure 4. The first element of the meta-model is
Granularity, which represents the decision granularity of the
project. This element has the “date” attribute, that represents
the concept of Observation Point, used to divide the variables
in a priori and a posteriori. The a priori variables represent the
knowledge that happened before the Observation Point, so that
they can be used as input for the data mining algorithm. The
a posteriori variables represent the knowledge that happened
after the Observation Point, so that they cannot be used as
input, however they will be used as performance evaluation

variables such as, for instance, the response variable. The
Entity element represents the background tables. This element
is composed by a set of Fields elements which represent
the characteristics of entities. The Relationship element is
the relationship between the project granularity and another
Entity. This type of relationship has one to one cardinality.
The RelationShipTemp element represents the temporal rela-
tionship between the project granularity and another Entity.
This type of relationship has cardinality one to many. The
RelationShipTemp element has an attribute of type “date”,
which represents the date field of the Entity with greater
cardinality in the relationship. This date field is mandatory,
because it is from it that the temporal segmentation will be
performed. The RelationShipTemp element has an attribute of
type “fResume”. This fResume attribute represents the field of
the Entity from RelationShipTemp that will to be used for
building new RFM variables and descriptive statistics. The
elements PerformanceWindow and OutcomeWindow represent
the concepts of temporal segmentation defined in Section II.
Each “Window” element has an attribute of type “Month”.
The Month attribute is an array that represents the interval of
months for which RFM variables will be built, for example:
if the instanced model from this meta-model uses a Perfor-
manceWindows with two values for month, for example 6 and
12, variables will be built of type: frequency of transaction
performed in the last 6 months and frequency of transaction
performed in the last 12 months.

Fig. 4: Proposed Metamodel

After instantiating a model using the proposed meta-model,
a set of model to text transformations is run in order to provide
the SQL code that will generate the view to be used as input
for a data mining algorithm. Three templates are executed.
The first template RegisterData builds views with information
of the backgrounds relations who have one to one relationship
with the entity of granularity.
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Listing 1: Code of template RegisterData
[ t e m p l a t e p u b l i c R e g i s t e r D a t a ( r s : R e l a t i o n s h i p ) ]
CREATE VIEW [ r s . name / ] AS SELECT
[ r s . g r t y . name / ] . [ r s . g r t y . pk . name / ]
[ f o r ( s : S t r i n g | r s . e n t i t y . f i e l d s . name ) ] [ r s . e n t i t y .

name / ] . [ s / ] [ / f o r ]
FROM [ r s . e n t i t y . name / ] , [ r s . g r t y . name / ]
WHERE [ r s . g r t y . name / ] . [ r s . g r t y . pk . name / ] =
[ r s . e n t i t y . name / ] . [ r s . e n t i t y . pk . name / ] [ / t e m p l a t e ]

The second template, Behavior, constructs behavioral views
from one to many relationships between background relation-
ships and the granularity entity, the resulting View has two
special attributes: APRIORI indicating whether the information
may be used as input data for a data mining technique, and the
DAYS field that tells how many days has that information from
the Observation Point. This field will be used to calculate the
Recency variable, as well as the partitioning of RFM variables
in periods of months. The third and final template Windows
constructs a set of new views containing the expert’s knowl-
edge by calculating RFM variables and descriptive statistics
from the behavioral information generated by the template
Behavior. The codes of templates are shown below.

Listing 2: Code of template Behavior

[ t e m p l a t e p u b l i c B e h a v i o r ( r s t : Re la t ionSh ipTemp ) ]
CREATE VIEW BEHAVIOR [ r s t . name / ] AS SELECT
[ r s t . g r t y . name / ] . [ r s t . g r t y . pk . name / ] ,
( [ r s t . f D a t e . name / ] < [ r s t . g r t y . f D a t e . name / ] ) AS
APRIORI ,
( [ r s t . f D a t e . name / ] − [ r s t . g r t y . f D a t e . name / ] ) AS
DAYS,
[ f o r ( s : S t r i n g | r s t . e n t i t y . f i e l d s . name ) ] [ r s t .

e n t i t y . name / ] . [ s / ] [ / f o r ]
FROM [ r s t . e n t i t y . name / ] , [ r s t . g r t y . name / ]
WHERE [ r s t . g r t y . name / ] . [ r s t . g r t y . pk . name / ] =
[ r s t . e n t i t y . name / ] . [ r s t . e n t i t y . fk . name / ] [ / t e m p l a t e ]

Listing 3: Code of template Windows

[ t e m p l a t e p u b l i c Windows ( pw : PerformanceWindows ) ]
[ f o r ( a : S t r i n g | pw . months . f i r s t ( 2 ) ) ]
CREATE VIEW RFM [ pw . r s t . name / ] [ a . tr im ( ) / ] AS
SELECT [ pw . r s t . e n t i t y . fk . name / ] ,
max ( days ) AS Recency [ a . tr im ( ) / ] ,
count (∗ ) AS Freq [ pw . r s t . fResume . name / ] [ a . tr im ( ) / ] ,
sum ( [ pw . r s t . fResume . name / ] ) AS
Monetary [ a . tr im ( ) / ] ,
max ( [ pw . r s t . fResume . name / ] ) AS
[ pw . r s t . fResume . name / ] max [ a . tr im ( ) / ] ,
min ( [ pw . r s t . fResume . name / ] ) AS
[ pw . r s t . fResume . name / ] min [ a . tr im ( ) / ] ,
avg ( [ pw . r s t . fResume . name / ] ) AS
[ pw . r s t . fResume . name / ] avg [ a . tr im ( ) / ]

FROM BEHAVIOR [ pw . r s t . name / ]
WHERE APRIORI IS TRUE AND
(DAYS > 0 AND DAYS < [ a . tr im ( ) / ]∗3 0 )
GROUP BY [ pw . r s t . e n t i t y . fk . name / ] [ / f o r ] [ / t e m p l a t e ]

VI. EXPERIMENTAL METHODOLOGY

In order to validate the effectiveness of the proposed frame-
work, an experimental study comparing the main proposed and
existing frameworks in literature was performed. The RelAggs
framework was chosen as representative of the propositional
approach and the CbMVV framework as representative of the

multidimensional approach. The same data mining technique
was applied to the databases generated by the frameworks to
verify which data transformation framework provides greater
discriminatory power for the data mining technique. The
technique chosen was one of the most popular in the area
of artificial intelligence and very used for Credit Behavioral
Scoring solutions, the Artificial Neural Networks (ANN) Multi
Layer Perceptron (MLP) [16]. The study was conducted over a
public database of known benchmarks used in an international
competition organized by PKDD [17]. The data describe the
customers of a Czech bank with their bills, credit cards, loans,
transactions on their accounts and aspects of the regions where
customers and bank branches are located. Figure 5 shows the
relational schema of the database.

Fig. 5: Relational Schema of PKDD

The comparison was performed using the cross validation
stratified k-fold framework (k = 10), repeated 10 times to set
the confidence intervals as recommended by the authors [1].
The performance evaluation metric used was the statistical
maximum value of the Kolmogorov-Smirnov’s curve (KS2)
using MLP as a technique for data mining. The KS2 is a
non-parametric statistical method used to measure the adhe-
sion between functions of accumulated distributions [18]. In
binary classification problems the KS2 curve is the difference
between two cumulative distribution functions of each class
having score as the independent variable. The one-tailed paired
Student’s t-test was applied to verify if there is statistically
significant difference between the neural networks using the
three frameworks. The test setup used in this study is detailed
below.

• Null Hypothesis: µd = µ1 − µ2

• Alternative Hypothesis: µ1 > µ2

where

• µ1 is the average maximum KS2 for a neural network
using CoMoVi;

• µ2 is the average maximum KS2 for a neural network
using an existing framework.

VII. EXPERIMENTAL RESULTS

The simulations were performed according to the exper-
imental setup described in Section VI for each one of the
three frameworks, resulting in 10 testing sets, all statistically
independent. CoMoVi provided greater predictive power for
the neural network in 8 of the 10 sets of tests as shown in
Figure 6, which shows the results obtained in the experiment.
Table 2 shows the summary of results obtained in the one-
tailed paired t-test. Since p-value is less than 0.05, we conclude
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that all three frameworks provide different processing results.
Specifically, data indicate that CoMoVi produces, on average,
higher discriminatory power for the MLP network than Re-
lAggs and CbMVV frameworks with a confidence level of
95%.

The results show that frameworks following the propo-
sitional approach (RelAggs and CoMoVi) outperform the
CbMVV framework, which follows the approach of multi-
dimensional data mining, in performance. The performance
difference can be justified by appropriate choices of the metric
for evaluating the performance and the artificial intelligence
technique used in the stage of data mining, which in this work
are more suitable for the domain of credit risk analysis. How-
ever, the most plausible explanation is the reduced functional
capacity of the data mining algorithm caused by the input space
sampling inherent to the approach of multidimensional data
mining. This approach creates many local solutions with partial
views of the problem, while the propositional approach builds
a view with all variables using the whole functional capacity
of the neural network, that is an universal approximator of
functions.

Fig. 6: Dispersion Graph

TABLE II: Summary of Results
µ1 µ2 Lower Limit µd Upper Limit p-value

CoMoVi RelAggs 0,0169 0,0554 ∞ 0,0133
CoMoVi CbMVV 0,0427 0,1054 ∞ 0,0065

VIII. CONCLUSION

This paper presented a new framework inspired by MDA to
systematize the stage of data transformation in KDD projects
in the domain of Credit Behavioral Scoring. The framework
is composed by a meta-model that maps key concepts of
the domain and a set of transformation rules, which generate
SQL code from models instantiated by the proposed meta-
model. In comparison with the main existing frameworks,
the experimental study showed that CoMoVi produces better
performance to the technique of ANN when applied to a
benchmark. The difference in performance can be explained
by the construction of new variables generated by CoMoVi,
based on RFM analysis within slide windows, which embeds
new knowledge for the technique of data mining in the form
of input variables.

Among the main contributions of the proposed framework
the highlights are: 1) providing greater discriminatory power
for the technique of data mining to build new variables based
on RFM analysis, 2) minimizing errors in the calculation

of behavioral variables by automating temporal segmentation
within the meta-model; 3) easing the use by using models for
specifying data views, 4) Platform independence and technical
data mining. As a future work, this study will be expanded
to check the power of CoMoVi generalization in databases of
different domains of credit risk analysis.
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Abstract—A goal of reusing source code is to lower development 
costs; however, reuse techniques usually require additional costs 
in creating generic source code and retrieving the appropriate 
source code from a code repository.  In this paper, we present 
Domain Data Concept (DDC) Tracer, a novel traceability 
technique that facilitates reuse in layered applications in a cost-
effective way.  While current traceability techniques focus on 
establishing links between software artifacts, DDC Tracer is 
focused on tracing concepts between software and data, across 
different layers of an application, and across heterogeneous 
implementation files.  We present a feature comparison which 
highlights the uniqueness of our approach.  In addition, we 
conducted an industry case study where we analyzed software 
artifacts and solicited feedback from software engineers.  Our 
case study indicates that our approach is a lightweight alternative 
to source code reuse techniques and is feasible to use in practice. 

Keywords-Software traceability, reuse, structured query 
language, layered architecture style 

I.  INTRODUCTION  

Literature has shown that code reuse lowers costs by 
lowering the amount of software that needs to be developed 
[25].  The ability to reuse code remains challenging in practice 
because a key criteria for success is its economic benefit to the 
organization (i.e., whether there is a good return on investment 
on the upfront costs for reuse) [25].  Current techniques for 
reuse include: creating a reusable library of components, using 
domain engineering (e.g., model-driven development, product 
line engineering), or using software architecture [25].  Code 
search tools have also been used to facilitate code reuse by 
enabling developers to search by textual similarity, program 
structure, or code semantics [13, 43].  These techniques do not 
support reuse for applications that access and manipulate data 
itself.  Moreover, while identifying related source code has 
traditionally fallen within the purview of software dependency 
analysis [27], contemporary development of layered 
applications often use third-party technologies that combine 
source code with configuration files and scripts, resulting in a 
heterogeneous mix of implementation files (e.g., [4, 6, 24].  
Thus, traditional static and dependency analysis tools are 
unable to trace through these implementation files. 

This paper aims to address this gap in supporting code 
reuse in data-centric applications.  More specifically, we 
support reuse for software applications that connect to 
databases by tracing concepts from the database layer to the 

user interface layer.  Conceptually, these domain data concepts 
(DDCs) map to elements in the schema, such as table and 
column names.  Our technique, Domain Data Concept Tracer 
(or DDC Tracer), connects data concepts with implementation 
files in a layered architecture to create a searchable traceability 
link chain.  By centering traceability links on DDCs and 
leveraging the knowledge of how DDCs are related to each 
other (via a database schema) and how source code is 
structured (e.g., communications within a framework, caller 
graph, etc.), we can create a traceability link chain from DDCs 
to implementation files, regardless of the textual similarity of 
DDCs to source code, and regardless of the implementation file 
(e.g., configuration files, structured query language (SQL) 
statements).  This approach also enables software developers to 
search for highly relevant implementation files for reuse.   

The contributions of this paper include: (1) a data-centric 
approach to tracing DDCs in a layered architecture, (2) 
automatic mapper generators, and (3) evaluations based on an 
industrial case study and feature comparison. 

The paper is organized as follows.  The next section details 
the motivation behind our technique.  Section 3 covers related 
work and background information.  Section 4 presents our 
technique, DDC Tracer, and Section 5 presents our tool 
support.  Our evaluation methods are discussed in Section 6.  
We conclude the paper with future work. 

II. MOTIVATION 

In large corporations, software development is often 
distributed among different teams and explicit collaboration 
among these independent teams is usually difficult [22].  Such 
is the case with Saudi Aramco, a Saudi Arabian national oil and 
gas company [7].  The company is one of the largest oil 
companies in the world, managing proven conventional 
reserves of 260.2 billion barrels of oil and gas reserves of 284.8 
trillion cubic feet and has the largest daily oil production.    

Because development is distributed along different business 
units, explicit collaboration among these independent teams is 
usually difficult in a large company setting like Aramco [22].  
Teams are not aware of source code they can reuse from other 
teams, resulting in redevelopment of software from scratch 
with similar functions.  Developers try to reuse code by  
manually searching for existing code that was developed by 
that developer, a developer’s colleague, or by the developer’s 
team. This time consuming task does not always result in a 

This material is based upon work supported in part by the US NSF under 
Grant No. 1218266 and Aramco Advanced Degree Program Scholarship.  Any 
opinions, findings, and conclusions or recommendations expressed in this 
material are those of the author(s) and do not necessarily reflect the views of 
the NSF. 
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successful retrieval of reusable code, since the search is limited 
to the developer’s memory or communication channels with 
other developers.  In addition, a text search or a dependency 
analysis does not yield all the files that operate on a specified 
DDC because of the various technologies used.  Thus, current 
techniques are inadequate to determine the connections 
between related files in an implemented system.  

Additionally, software development projects in the context 
of large corporations operate on data that is often stored in 
back-end databases [31].  Usually, a common thread among 
these independent projects is its access to a centralized 
database, which contains information that is a core business 
asset to the company.  (For example, these databases may 
contain data about a company’s customers.)   

III. RELATED WORK AND BACKGROUND 

A. Software Traceability 

Software traceability has traditionally focused on 
requirements traceability, with the main goal of demonstrating 
that a delivered system meets the requirements [30].  Other 
approaches have also suggested centering links on the code 
[21] or on the architecture of the software [12]. Our approach 
centers traceability links on DDCs to connect together 
heterogeneous files that manipulate specified DDCs.   

There are varying levels of tool support for capturing 
traceability links.  One class of techniques, information 
retrieval (IR) techniques [17], uses textual similarities between 
source code and various documentations to automatically 
recover traceability links.  These techniques fail to recover 
traceability links that cross layer or language boundaries. 

The challenges of tracing across one type of software 
artifact (e.g., implementation files), referred to as vertical 
traceability, have also been examined in industry [35].  Our 
technique, meanwhile, focuses on the challenges encountered 
in tracing DDCs in a contemporary layered application. 

B. Software Reuse 

There are techniques for reuse, including using reusable 
libraries and reusable components [25, 41], but an existing 
challenge is the upfront costs for reuse before any cost savings 
can be realized [25].  Recent reuse techniques aim to address  
this challenge, such as using variant analysis between different 
source code to determine the commonality and variability [20], 
using a flexible code generator that allows developers to weave 
in their manual modifications [34], and connecting use cases to 
their implementations [45].  Our approach enables developers 
to find reusable implementation files based on specified DDCs. 

C. Concept or Feature Location 

Concept or feature location is a closely-related area of 
research that aims to find human concepts within a software 
implementation [26, 36, 40].   Concepts may take on different 
definitions, depending on the context of its usage [26].  For 
example, concepts may be related to software change [26], 
functions [9, 36, 40], or domain concepts [11].   These 
techniques generally use static and dynamic analyses [23, 42], 
IR techniques [36], or IR techniques with formal concept 
analysis [37, 40] or user feedback [26].  A challenge with these 

techniques is determining the appropriate search term to obtain 
the desired implementation files. Our work, meanwhile, 
focuses on DDCs which are at a lower level of abstraction than 
features.  This data focus allows us to connect concepts that are 
familiar to domain practitioners with the implementation files, 
enabling us to traverse the problem space to the solution space, 
through the use of concrete terms.   

D. Recommender Systems 

Recommender systems for software engineering (RSSEs) 
have been developed to assist developers locate relevant 
examples, guide software changes, or find reuse opportunities 
[32, 44].  RSSEs, based on recommender systems for online 
shopping applications, also have the challenge of determining 
the context of the query [44].  Our focus is on tracing DDCs 
across the various layers of a layered application, and not on 
determining the context of a query to provide source code 
recommendations.  QueRIE is an SQL recommender system 
that aims to assist non-expert users of scientific databases to 
recommend queries that may be useful to a particular user [38].  
Our technique is similar to QueRIE, but extends the connection 
beyond SQL queries to other implementation files. 

E. Code Search and Code Clone Tools 

Code search and code clone tools are often used to aid 
developers find code examples, find code that can be reused, or 
find similar code [13, 14, 43].  Code search tools use various 
techniques, such as text analysis [2], regular expression [3], 
code structure with vector space model [13], IR techniques 
with program analysis [29], or static and dynamic 
specifications with program analysis [43].  Some tools also 
include support for searching through SQL statements [5].  
Meanwhile, code clone tools assist developers in locating 
similar source code [14].  Our approach supports searching for 
implementation files found in a traceability link chain and 
searching for a similar code based on similarly accessed DDCs. 

F. Analysis of Data Intensive Applications 

There are also techniques that leverage information found 
in SQL statements or data access code.  These include database 
schema recovery using SQLs [15], identification of features 
using data access code [18], and static analysis of both SQL 
and source code to uncover SQL errors to avoid runtime errors 
[28].  Our tool, meanwhile, focuses on establishing traceability 
to support reuse. 

G. Background on Databases and SQL 

A database is a collection of interrelated data which 
represents concepts from the real world [19].    The definitions 
of these concepts are provided by a data model and the most 
popularly used data models are relational, object-oriented, and 
object-relational.  The relationship between real-world 
concepts are represented in a schema [24]. 

In a relational database, a data concept is stored in a table 
(e.g., Employee table) and the attributes of this concept are 
stored as columns in the table (e.g., EmployeeName, StartDate, 
EmployeeClassification) [16]. Related DDCs are specified 
through table relationships.  One way this is achieved is 
through the use of primary and foreign keys.   A primary key is 
used to uniquely identify each row in a table.  In our example, 
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Figure 1.  Client-Server application (left diagram) and DDC traceability 

link chain across the different layers (right diagram) 

EmployeeID may be used to uniquely identify each tuple or 
row in the Employee table.   A foreign key is used to refer to a 
primary key in another table.  For example, employees may 
work in any department.  This relationship between the 
Department concept and the Employee concept may be 
expressed through the use of DepartmentID as a foreign key 
within the Employee table. 

IV. DOMAIN DATA CONCEPT TRACER 

This section discusses key steps in our approach while the 
next section discusses how these steps can be automated. 
Before we discuss our technique, we first provide a general 
overview of software systems that can use our approach.   

Software that follows the layered architectural style has 
source code organized in different layers [46].  Each layer uses 
the services provided by an adjacent layer.  A client-server 
style is a special case of the layered style where the number of 
layers is either two or three.  We use a three-tiered client-server 
application using current technologies (see Figure 1) as an 
exemplar.  A client-server style is popularly used in business 
applications, where the logic and data model are centralized 
[46].  As shown in the figure, the system consists of a 
heterogeneous mix of technologies: data manipulation or 
extraction (e.g., query statements), business logic (e.g., Java, 
C++), and client-side logic (e.g., Javascript, HTML).  On top of 
these, companies may use frameworks (e.g., [4]) to lower 
development and maintenance costs and to standardize the 
code base. 

A. Determine the Starting Point for Tracing 

A starting point for tracing may be a data model (e.g., 
schema) or data access code.  A data model may be a starting 
point if developers are provided with a set of DDCs and they 
wish to reuse existing code that access this set of DDCs.  With 
this starting point, some DDCs may not be used within a 
project and, thus, have no traceability links to the code.   

An alternative is to start from a given project and extract 
the data access code from there.  This option is more feasible in 

cases where developers know they wish to reuse code from a 
given software project or in cases where a data model is not 
accessible.  Note that DDC extraction must occur in the data 
access code (e.g., where database access occurs or where file 
access is performed) because data used in non-data access code 
may not semantically represent domain concepts, even if the 
same terms are used.   

B. Create Mappers at the Layer Boundaries 

Layer boundary mappers are crucial to bridge the syntactic 
gap that exists between layers of implementation files.  We 
now discuss how mappers can be created between data and 
software (e.g., data and business logic layers) and between 
software layers (e.g., business logic and user interface layers). 

1) Data to business logic layer boundary:   
Once we have a list of DDCs we wish to trace, we can 

create a mapper between data and software boundary by 
performing DDC name tracing at the data access code.  Since 
the data access code is the first layer where data is either 
extracted or manipulated (often through the use of SQL 
statements), this guarantees that a data concept embedded 
within the data access code is semantically the same as the data 
concept in a data source (e.g., database schema).  Thus, a 
mapping can be created between each DDC and all data access 
code that contains the DDC. 

It is also possible that configuration files are used to store 
data access code instead of embedding them within a 
programming language (e.g., [4]).  In this case, DDC name 
tracing can still be used between DDCs and configuration files.  
Then, mapping between the configuration file and a 
programming language can be created by resolving the data 
access identifiers (e.g., SQL IDs) in the configuration file and 
the programming language.  Thus, a mapper can be created 
from the DDCs to configuration files via DDC name tracing 
and from configuration files to the programming language via 
data access identifiers.  

2) Business logic to user interface layer boundary:   
The programming language used for business logic, which 

resides on a server, is often different from the programming 
language used for user interfaces, which resides on a client 
machine.  It is also often the case that user interfaces are not 
necessarily implemented with a programming language, but 
with scripts (e.g., Javascript) or frameworks (e.g., [33]).  To 
cross these language boundaries, one can create a mapper using 
the following steps.  First, create a list of all the exposed 
services (i.e., provided interfaces) on the business logic layer 
that are related to at least one of the DDCs selected in the 
previous section.  Then, find client-side implementation files 
that directly call these exposed services in the business layer.  
Among these client-side implementation files, one can perform 
a service name tracing for each of the exposed services.  Thus, 
a mapping from the exposed services (on the business logic) to 
the user interface files that call those services can be created 
using service name mapping.    

C. Create Mappers within Layer Boundaries 

1) Within business layer:   
Generally, the business logic is implemented using one  

programming language.  In such cases, creating a mapping 
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between implementation files is straightforward with a static 
analysis tool.  One can start with data access code that is 
related to one of the DDCs.  From this data access code, a static 
analysis can produce a call graph at the file-method level until 
it reaches the files with exposed services at the business layer.  
This call graph can act as a mapper among source files in the 
business layer. 

There are cases where the business logic itself is 
implemented with multiple programming languages.  In this 
case, one must identify which files reside at the language 
boundary, henceforth referred to as the language boundary file 
(LBF).  The caller LBFs can be identified with reserved words 
that call on external files.  For example, in Java, ProcessBuilder 
or Runtime [39] allows Java files to call executable files, which 
are created using other languages (e.g., C++, Visual Basic, C#).  
Java Native Interface (JNI) may also be used to call source 
code in another language [39].  After LBFs are identified for 
one programming language, one can locate the calls to the 
other programming language.  A mapper can then be created 
between caller LBFs in one language and callee LBFs in 
another language using class-method name tracing. 

2) Within user interface layer 
Within the user interface layer, if only one language is used, 

then it is possible to perform a static analysis and create 
mappers from call graphs as previously discussed.  User 
interfaces are often implemented with a heterogeneous mix of 
files (e.g., stylesheets, scripts, HTML).  In addition, user 
interface frameworks may be used to handle events (e.g., 
button clicks) or to dispatch events.  If an event framework is 
used, traces between user interface files can be created based 
on the event name.  In this case, a mapper among user interface 
files can be created by using event-name tracing.  

D. Connect Mappers to Create a Traceability Link Chain 

Once the mappers are created between boundaries (e.g., 
layer boundary, programming language boundary) and within 
boundaries, a complete traceability link chain can be composed 
from DDCs to the user interface layer.  In addition, if a data 
model exists (e.g., schema), connections among DDCs can be 
obtained from the data model. This can be accomplished by 
searching for specified DDCs in the schema and examining 
how the DDCs may be related (e.g., usage of foreign and 
primary keys).   These connections can provide additional 
indirect traceability links between source code and DDCs. 

Because the mappers can be automatically generated, the 
traceability link chain can be regenerated any time a change 
occurs within a software project.  As we will show later in the 
paper, our approach also yields reusable implementation files.   

E. Provide Search Capability 

Once we have a traceability link chain, we can search for 
any files along the chain.  For example, we can search for 
DDCs and obtain related implementation files or search for 
source code and obtain related DDCs.  We can display search 
results by complete traceability link chains, to aid reuse, or by  
specific type of implementation file (e.g., user interface code or 
business logic code). 

V. TOOL SUPPORT 

Most of the features of the DDC Tracer have been 
implemented: DDC extractors, boundary mappers, call graph 
mappers, and search tool.  The DDC extractor from data access 
code requires a parser.  For this, we used the ZQL parser [8] to 
parse SQL statements.   To support various types of name 
tracing, we used the Lucene search library [10].  To implement 
boundary mappers, we used Python scripts and Java to pre-
process configuration and source code files.  To implement our 
call graph mappers, we used DependencyFinder [1]. We used 
MySQL to store the traceability links between DDCs, SQL 
statements, and various implementation files. To increase the 
accessibility of the tool to software engineers within a 
company, we developed a web user interface. 

Some of the usage scenarios we envision include the 
following.  Junior and/or new developers to the project can find 
examples on how to access and manipulate the various 
database concepts.  In this scenario, it would be useful for 
developers to have a list of reusable code ranked by 
complexity, where the easiest to reuse code is listed first.  
Developers who wish to refactor similar code can search for 
similar code based on their relationships with DDCs.    When 
the database model changes (e.g., database concepts are added 
or deleted), maintenance engineers can also search for software 
that operate on related concepts or specific database concepts 
and modify those pieces of code.  Finally, technical leads and 
project managers can use the tool to find DDCs that are most 
frequently accessed by the software to optimize the database. 

VI. EVALUATION 

In this section, we provide a case study on industry 
projects, feedback from industry software engineers, and a 
feature comparison. 

A. Case Study on Aramco Software Projects 

In our case study, we selected software projects that are 
implemented in various technologies, such as iBatis/myBatis 
mapper framework [4], Java Remote Method Invocation [39], 
Spring Framework [6], and Adobe Flex [33]. While these 
technologies use Java as a programming language, these 
technologies also use configuration files and SQL statements as 
part of its implementation.  The baselines are selected because 
they are an appropriate alternative for the given tasks.  As 
previously mentioned, traceability techniques do not currently 
support connecting DDCs and implementation files. Mapping 
DDCs to features is also not straightforward, making it difficult 
to use a feature location technique as a baseline.  We performed 
the following tasks: 

1) Given a set of DDCs, find the relevant Java files 
In this task, we compared the results of our tool with a 

proprietary tool called “Find it EZ,” which performs string and 
regular expression matching on a directory of files specified by 
a user [3].  We ran single DDC queries five times and multiple 
DDC queries five times.  We ran the query on two projects, 
which consist of 763 SQL statements, 687 configuration files, 
984 Java files.  With regards to accuracy, both DDC Tracer and 
Find it EZ retrieved correct SQL statements that contain the 
DDCs that were queried.   Find it EZ was not able to find 
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TABLE I.  FEATURE COMPARISON 

 DDC Tracer 
(our tool) 

Code Search [3, 5, 
27] 

Database Search 
[17] 

Recommender 
Systems [30, 42] 

Dependency Analysis [11,26]

Trace DDC to SQL 
statements 

Yes Yes Only search within 
a database 

Possible Possible with [26] 

Trace DDC to source code Yes Possible No Possible Possible, if DDC is traced to a 
method or  a file 

Trace DDC to various 
configuration files 

Yes Possible No Possible No 

Create traceability link 
chain from DDC to UI 

Yes No No No Traceability link chain within 
programming language only 

related source code because they do not contain the exact DDC 
text. This limitation is similar to other text search tools.  

2) Given a Java source code, return the relevant DDCs 
In this task, our baseline is a similarity metric based on 

similar words between Java source code and a SQL statement.  
We created a word-document matrix where each Java source 
code file is associated with DDCs that are present within the 
file.  We then compared the results of our baseline with our 
tool.  We analyzed 32 business logic Java source code from 
three software projects, with each file averaging 209 lines of 
code.  Among these files, the baseline technique was not able 
to detect related DDCs for 19 files, but our technique was able 
to return at least one correct DDC for each of the 32 files. 

3) Find closely related Java code  
In this task, our baseline is a similarity metric based on 

similar words between Java source code (with stop words 
removed).  DDC Tracer, meanwhile, identified closely related 
Java code based on the number of similar DDCs that the files 
accessed.  In this task, our technique is able to detect more 
semantically-related code than textual similarity techniques.  
For example, our baseline detected that there is a close 
similarity between File3 and File2, whereas DDC Tracer 
detected a close relationship between File3 and File9.   

File3 has the following functionalities: getERigs,  
getERigsByDates, getDrillActivities, getEActivitiesByDates.   

File2 has the following functionalities: getReportByDates, 
getWellList, getReportList, getTasksList, getTaskByPK, 
updateAllTasks, updateTasks, deleteTasks, 
getTaskTrackingList, updateAll, addWell, getAPLList, 
getUAPList, sendMail. 

File9 has the following functionalities:getEWellSiteRigs, 
getWellSiteActivities. 

Based on these method names, we see that File3 is indeed 
semantically closer to File9 than File2. 

B. Feedback from Aramco Software Engineers 

We also solicited the feedback of eight system analysts 
from the company.  The range of experience of these engineers 
is from 2 months to 15 years and six out of the eight analysts 
stated that they performed SQL and code search many times in 
the past.  We presented the technique to the engineers and spent 
10-15 minutes to demonstrate the tool to each of them.   We 
then asked their feedback regarding our research questions: 

Q1:  Does DDC Tracer facilitate finding SQL statements 
and source code that could be reused for another project? 

Q2: How does DDC tracer compare to the current process 
of searching for SQL statements and source code to reuse? 

Q3: Are software engineers willing to use DDC Tracer? 

1) Results 
Q1: Seven out of the eight software engineers stated that 

the DDC tool can help them find SQL statements and source 
code that they can reuse for their project.   

Q2: Five out of the eight software engineers state that using 
the DDC Tracer is much easier than their current process for 
searching for reusable code.  Two of these engineers pointed 
out that compared to their current process of searching for 
reusable SQL statements and source code, the tool can provide 
them significant time savings.  Another engineer prefers to use 
the tool over his current process because of its capability—the 
ability to search for multiple key words and the ranking of 
search results.  In addition to the five engineers, one engineer 
stated that the tool will enable him to find all the possible 
solutions that he can use for any of his projects. 

Q3: Seven out of the eight software engineers say that they 
are willing to use the DDC Tracer for their future software 
projects.  On a scale of 1-5, where 1 is most useful and 5 is not 
useful at all, three of the five engineers rated the tool as 1, three 
engineers rated the tool as 2, and one engineer rated the tool as 
3 (somewhat useful).  The rating of 3 came from an engineer 
who has not searched SQL statements or source code before.  

2) Discussion 
A majority of the subjects who participated in the study 

provided positive feedback regarding our tool, especially those 
who regularly search for SQL statements or source code.  Some 
of the subjects provided suggestions for improvement, such as 
integrating the tool with software repositories.  One of the 
subjects who stated that ranking the search results was most 
useful would like to be able to customize the ranking feature. 

A possible threat to external validity may be present in our 
study.  While the feedback was based on responses from 
software engineers who chose to participate in the study and 
may be specific to their particular application domain, these 
preliminary results indicate that using DDC to trace related 
heterogeneous implementation files is a viable reuse technique 
in industry where layered applications are developed.   

C. Feature Comparison 

Table 1 shows a feature comparison between our approach 
and existing techniques in the literature.   The “possible” 
notation in the table indicates additional steps or information 
may be required by the technique to support the feature.  
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VII. CONCLUSION 

In this paper, we presented DDC Tracer, a data-centric 
traceability approach that facilitates code reuse in a fairly 
straightforward manner.  By focusing on DDCs, we can find 
similar data concepts at the database layer, identify code that 
accesses and renders specified data concepts, and trace across 
the various layers of software regardless of the programming 
language or technology used.  We evaluated our approach 
using an industrial case study that includes feedback from 
software engineers.  We also compared DDC Tracer with 
existing techniques in the literature.  The results of these 
evaluations indicate that DDC Tracer is effective in facilitating 
reuse and is feasible to use in practice. 

Future avenues of work include analyzing the SQL 
statement structure, ranking the relevant traceability link 
chains, and creating visualization tools.  We also plan to 
conduct further user evaluations to improve our technique. 
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Abstract

Despite the importance of the agile methods and the ac-
knowledgement that they do contribute to the software qual-
ity and client satisfaction, little is known about what fac-
tors, habits or tools usage have high impact on the prod-
uct quality. It has been observed that agile practitioners
have a different posture towards the development process
they use. This paper goal is to report an analysis of ag-
ile practitioner’s opinion and behavior on agile develop-
ment methods and what’s the impact of those issues on the
product quality. To construct the analysis an online survey
was planned and executed with agile methods practition-
ers. The results shows that agile practitioners have a very
good knowledge of the method they use, they know the ben-
efits, and pledge to be committed to the development pro-
cess. The subjects showed a great interest in test activities
and quality assurance activities. It’s possible to grasp an
insight on the commitment of agile practitioners with their
development method. The relation between agile practice
and software quality may lie on the agile culture. The agile
methods make their participants more engaged to the devel-
opment process.

Keywords: Agile Quality, Agile Culture, Quality Assur-
ance, Agile Survey

I INTRODUCTION

Agile methods are arousing interest both in academy
and industry [1]. They have gained acceptance in the
commercial area because they embrace non-stable require-
ments, focusing on collaboration between developers and
customers [2]. The great variety of tools and methods,
and its capability to adapt, change and meet the customer
need doesn’t comply with the existing quality models. The
agility imposed by the very same methods is a barrier be-
tween agile and enshrined quality models.

Agile practitioners have been claiming since the agile
methods appearance that the use of its techniques greatly
improves the quality of software products. However, a
closer look into such claims reveals that there is a lack of
a comprehensive technique to evaluate how agile processes
meet software quality requirements [3].

This survey is part of a wider research about agile meth-
ods and software quality.

After planning and executing a case study to determine
which activities agile teams run to do software quality assur-
ance, the authors perceived a different posture from the de-
velopers towards quality assurance and control when com-
pared with more developers who work with non-agile soft-
ware development.

This factor motivated two news studies. The first one is a
case study to compare how the developers on non-agile soft-
ware companies and agile based software companies per-
ceive quality. The second study is a survey where we try to
identify why agile practitioners have the feeling of higher
product quality as result of their work.

In this paper we report the results a survey on agile prac-
tices focused on quality assurance and test activities. We
identify most often used practices and the perception of
teams about product quality and costumer relationship.

The body of this paper is organized into five sections.
The second section describes the research method applied
on the research, along with the questions used on the survey.
Section 3 presents the related work. Section 4 presents the
results of the survey itself and last section makes conclusion
on the results and addresses suggestions for futures work.

II. RELATED WORK

Reference [3] brought an innovative technique for evalu-
ating agile methodologies in order to determine which fac-
tors of software quality they improve. The technique used a
set of adapted software quality factors as defined by [4, 5].
The authors broke down two agile methods, XP and Lean
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Development, into process activities. Then for each process
activity of the agile method, an evaluation of what software
quality factors are met was done [3].

They concluded that agility introduces a paradigm shift
in project management in the sense that every part of the
software development process is reviewed with the aim of
reducing the activities and number of deliverables to the
minimum needed in any given situation. The move is in fact
from a command oriented management structure to a facil-
itator oriented management system. As seen from the way
software quality factors are defined in agile processes, the
central players in the development process are the customer
and developer and not the manager [3].

Reference [6] presented a new Agile Quality Assur-
ance Model (AQAM), with the purpose of being a flexi-
ble method to incorporate new changes in the software in-
dustry and provides detailed guidelines and templates for
real world implementation and customization focused on
medium and small companies. The researchers concludes
that customizability and evolution of software processes
and their models are acquiring a growing importance in the
software process community [6].

Considering that traditional quality assurance techniques
are reporting based and rely on heavy weight inspection
methods whereas Agile Quality Assurance techniques are
built-in daily activities by teams, on the paper [7] the author
aims to study various challenges faced in terms of assuring
quality in Agile , what are the key drivers or indicators of
Quality in agile and proposing the framework to evaluate
what aspects of Agile improve the quality of the product in
terms of bug rates, development time and costs. The ob-
tained conclusions are that agile methods require changes
in way we do quality assurance. In waterfall development
process, quality and stability are usually addressed in the
later phases of the release, when changes are more costly to
fix. However, in agile development, smaller builds that pro-
vide incremental functionality are presented to customers
early and often in a fast-paced, iterative process. Therefore,
quality assurance has to bring quality and stability to each
of these iterations to be effective [7]. It is belief that the
research will help in empirically proving that agile meth-
ods have build in quality management system and aims to
provide software organizations deeper understanding about
what factors are important to ensure quality in agile. When
agile methods have good impact on quality they also has
good impact on productivity and cost that in turn results in
increased business value, could be a potential research find-
ing.

Continuous integration is an agile practice for the con-
tinuous integration of new Source Code into the code base
including the automated compile, build and running of tests.
From traditional quality assurance we know software met-
rics as a very good approach to measure software quality.

Combining both there is a promising approach to control
and ensure the internal software quality. The proposed ap-
proach adds continuous measurement and continuous im-
provement as subsequent activities to continuous integra-
tion and establishes metric-based quality-gates for an ag-
ile quality assurance [8]. The authors concluded that ag-
ile practices for continuous integration offer new oppor-
tunities for traditional software measurement. It provides
a measurement infrastructure for the continuous measure-
ment, which measures both traditional and agile metrics. It
also shows the shift of metrics and quality attributes over
time and leads to proper and also continuous improvement
activities selected via the GQM-Approach. The improve-
ment process does not only lead to selective improvements
but to automated quality gates to preserve the improvements
enduringly [8].

III. RESEARCH METHOD

A survey is a strategy or design for an empirical study to
provide a quantitative or numeric description of some frac-
tion of a population through the data collection process of
asking questions of people [9, 10].

The strategy for this survey was the one described
at [11]. It is an instantiation of a general process for con-
ducting empirical studies in software engineering.

The survey was conducted according to the following
steps:

1. Study Definition - Determine the goal of the study.
2. Study Design - Operationalize the study goals into a

set of questions and select the subjects.
3. Implementation - Operationalize the design.
4. Execution - Collect and process data obtained from an-

swered questionnaires.
5. Analysis - Interpret the data.
6. Packaging - Create and publish a report about the sur-

vey results.

In this section, we describe the questions used in our sur-
vey and the steps conducted in our research. They are pre-
sented in Sections A, B and C. The Analysis is presented in
Section IV.

A. Definition

We have found several surveys that mentioned the im-
portance of people commitment in agile methods, but most
research had no background to confirm this statement. Four
articles were found that do not address people behavior as it
main objective, but consider it as an important factor to the
success of agile methods utilization [1, 12, 13, 14].

This survey tries to identify why agile practitioners have
a different posture towards software development process
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and what’s the impact of this behavior on the product qual-
ity.

B. Design

The time of performance of the survey was set to one
month by convenience. The questionnaire was sent to four
previous known companies that work with agile develop-
ment. Also the survey was published on agile communities
in the social network LinkedIn1.

The questions for the survey were elaborated based on
the objectives of the study. In order to adjust and improve
the questionnaire, the survey was applied on two selected
individuals. As result some survey questions had to be
transformed into essay questions. The complexity of some
topics cannot be assessed in multiple-choice questions.

The questionnaire was formulated in five parts. The first
part is related to basic information and it’s only used for ba-
sic classification of the subjects. The second part is about
the development process and tries to identify adaptations
and how the person interacts with the process and people
on agile development. The third and fourth part assesses
quality assurance activities and tests respectively. The last
part assess about agile methods and the perception of qual-
ity of the agile developer.

The questions created for the survey were, in it’s major-
ity opened with a exploratory character with some partially
structured items as described in [15, 11].

To represent a possible set of statements as a product of
this work with quality and credibility, the possible threats
to its validity are listed in this subsection as are the possible
workarounds or mitigation actions to reduce the risk of each
threat to occur.

• High levels of dropouts - To avoid incomplete fill of the
questions on the questionnaire, the first questions as-
sessed basic information on quality and tests, to make
the subject more confortable, giving him the context of
what’s was next.

• Assure that subjects have skills agile methods - To as-
sure that a significant part of the subjects have knowl-
edge on the matter, we invited companies that are
known to use agile practices, so answers would be sig-
nificantly more trustable.

• Answers are shallow - To mitigate the risk of having
shallow answers, the opened questions were arranged
in some classifications and hints about the questions
theme were given. When the answer was not clear, on
not possible to arrange into the classification, it was
not considered.

• The information sample given on a questionnaire is
not trustworthy - If the information gathered does not

1http://www.linkedin.com/

represent an agile practice or, did not corresponded to
what was asked, the answered questionnaire was not
included.

• Survey procedures or questions are not clear - A pilot
with two subjects was run to identify possible misun-
derstandings or misinterpretation of the questions.

C. Implementation and execution

The survey was taken online, in order to facilitate the
process of gathering information, allowing that the subjects
to answer the survey in their own time [11]. Based on the
questions the environment for the web survey was created
using the Google Forms 2 and sent to the subjects.

Teams of four companies were invited to fill the ques-
tionnaire in. Also it was released on social networks fo-
cused on agile practices. Within a month the survey was
closed, and the data exported to a spreadsheet file for pro-
cessing the data.

Twenty-five people answered the questionnaire. The re-
sult of the data analysis is described on Section IV.

D. Packing

The survey report containing the questionnaire, spread-
sheets and survey plan used to create and analyze the data
on this survey is available at http://brunohen.com/
agile_survey.

IV. RESULTS

Figure 1 shows that the most used agile method among
the survey subjects was Scrum, followed by Extreme Pro-
gramming and Lean Software Development. The Scrum
approach focuses on the management of development pro-
cess and therefore it’s one of the more flexible methods.
Considering the process descriptions given on the question-
naires, the answers shows that most of the subjects knows
the method theyre using. More than 90% of the process
descriptions had a high compliance to the agile methods de-
scriptions on the literature.

Figure 1 also shows that most of the subjects do not work
with a dedicated team for tests or quality assurance. Four-
teen subjects stated that the quality of the final product is
everyone’s responsibility and activities such as code review
and testing, should be done by the whole team, with few
exceptions. Five of the subjects also believe that testers are
better developers, despite the confirmation bias that can be
brought by this scenario. Confirmation bias is defined as the
tendency of people to verify their hypotheses rather than re-
futing them and thus it has an effect on all software testing.

2https://docs.google.com/templates?type=forms
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(a) (b)

(c) (d)

Figure 1: Quantitative data extracted from the questionnaire answers. Figure 1a show the distribution of agile methods among
the subjects. The most used agile method was SCRUM followed by XP. Figure 1b shows that more than 90% of the subjects
know the method they use as they are described on the literature. Figure 1c most of the subject’s teams do not have a test
dedicated team and even fewer have quality assurance dedicated team as show in Figure 1d.

It has been empirically proven that people have more ten-
dencies to make positive tests rather than negative tests due
to confirmation bias. However, it is highly probable that
confirmation bias can be circumvented by factors like com-
pany culture [16].

An interesting information on this evaluation is regard-
ing quality assurance activities, as show on Figure 2. More
than 90% of the subjects claim that they do Code Review
frequently, 64% claim that they do test activities and more
than 50% participate on planning review. Further investi-
gation is necessary to make any assumption, but this index
seems elevated. Also some subjects claimed that they run
these activities with an elevated frequency, this might be an-
other issue to investigate.

Also for testing, subjects show a high level of usage
on Unit Tools (such as phpUnit and JUnit). Most of the
subjects use proprietary solutions or Selenium 3 to execute
front-end validation. To create the tests most subjects rely
on the user history, which we can classify as functional

3http://docs.seleniumhq.org/

Figure 2: Quality assurance activities identified on the sur-
vey

tests. More than 20% of the subjects use Emma 4 for assess
the code coverage. Emma can show coverage for stronger
test criteria than Unit tools can provide.

4http://emma.sourceforge.net/
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Analyzing the essay questions we could identify some
convergence of opinions around the usage of agile methods.

About client satisfaction, the answers were divided into
few or none contact with the client and excellent communi-
cation with the client. The low or none contact with the
client came from agile projects that built SaaS, or shelf
products. Instead of a client, they had a business ana-
lyst on the team. The analyst knows the business rules of
the project, but he also knows technology and programing,
which was pointed out as the main factor of success.

In the other hand, teams that had contact with the client
have reported a good experience. In some cases the client
was trained on agile methods in order to participate as much
as possible on the project execution. Subjects also reported
that once the client understood the agile method dynamic,
they got more involved and participative, being this one of
the most important keys to the project success. About 50%
of the subjects that had contact with the client reported a
communication improve or a desire to improve their com-
munication with the client.

Few subjects had experience developing software with
non-agile approaches. We asked about differences on non-
agile and agile methods. The answers pointed out by those
subjects addressed:

• Using agile methods makes easier to keep track of the
project. They also reported they feel better knowing
where the project is going and what are their part on it.

• Easier communication with client, being the fast feed-
back one of the most important contribution to the
project.

• Focus on small features made the development process
easier, helping to fix software bugs whenever they ap-
peared.

• Client involvement helps to make the final scope closer
to the one that was expected. Also, in the subject’s per-
ception, the client understood the importance of some
definitions better, and by the end of the project, they
were more worried about defining rules earlier to fa-
cilitate the developer’s work.

Nine of the subjects reported that they do not imagine
themselves in the future working with a development ap-
proach other than agile methods (even tough this was not a
question of the survey).

On the project challenges, subjects reported that the agile
method have a great impact on their posture towards the
projects. More than 50% stated that they feel thrilled when
facing project complications. The most pointed out reasons
were:

• Perspective of the whole project make it more exciting
and challenging.

• Dynamic work make developers more motivated.

• It facilitates the team work in a lot of aspects such as
communication, performance and quality assurance.

• Motivates better communication.

V. CONCLUSIONS AND FUTURE RESEARCH

There’s a need on software development for developers
to know more about quality and to be engaged on making
better software. It’s important that development teams know
how to assess the quality of a software product. From the
results of the survey we can conclude that agile methods do
have quality assurance activities. The frequency of these ac-
tivities is high, considering that they occur during the short
iterations.

Considering qualitative and quantitative data is possible
to identify that agile developers knows the importance of
quality assurance activities and testing. Despite the low us-
age of documentation, teams have structured a process for
testing, evaluation, user test acceptance, and communica-
tion tools for propagating the project scope and it’s evolu-
tion.

What can be extracted from the essay questions is that
agile practitioners are always trying to show the results of
agile methods. They know the process and they believe it’s
the best way to develop software. Results pointed on Sec-
tion IV lead us to believe that the agile practices is a cul-
ture among the agile practitioners and this might be one of
the most important reasons agile development shows good
quality results, as already mentioned in the literature in
[12, 17, 2].

This survey was used as part of an action research, as
it’s limited by its sample size and distribution. The sample
may not be significant for conclusion about the agile de-
velopers community, but it indicates that there is more to
investigate on this matter. Some of the subjects worked on
same company, affecting the results according to a company
agile culture and method.

As future work we intend to re-run this survey to increase
the number of subjects and separating questions by agile
method so it’s possible to make a deeper analysis on the
relation between development process and software qual-
ity. Some developers reported that the participation of the
client a crucial factor for project’s success. We also intend
to deepen the study on software team engagement and how
can developers engage customers to the agile culture.
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Abstract—Agile software development process represents a
major departure from traditional, plan-based approaches to soft-
ware engineering. Estimating effort of agile software accurately
in early stage of software development life cycle is a major
challenge in the software industry. For improving the estimation
accuracy, various optimization techniques are used. The Support
Vector Regression (SVR) is one of these techniques that helps
in getting optimal estimated values. The main objective of the
research work carried out in this paper is to estimate the effort
of agile softwares using story point approach. An attempt has
been made to optimize the results obtained from story point
approach using various SVR kernel methods to achieve better
prediction accuracy. A performance comparison of the models
obtained using various SVR kernel methods is also presented in
order to highlight performance achieved by each method.

Keywords—Agile Software Development; Software Effort Esti-
mation; Story Point Approach; Support Vector Regression.

I. I NTRODUCTION

Agile methods are a reaction to the traditional ways
of developing software and acknowledge the “need for an
alternative to documentation driven, heavyweight software
development processes” [1]. Now-a-days effort estimation of
softwares developed using agile methods are creating a buzz
in the software development community, drawing their fair
share of advocates and opponents. Agile software development
emphasizes on good communication between the developers,
rapid delivery of software and change on demand [2]. Due
to the increasing use of agile methods in industry in the last
few years, the effort estimation of software developed by agile
methods has become an important issue [3].

Accurate effort estimation of an agile software project
is always important for performing cost-benefit analysis and
determining the feasibility of the project [4]. Agile method-
ologies use user stories as requirement artifacts. In the case
of agile projects, story point is used to measure the effort
required to implement an user story. And by adding up the
estimates of user stories that were finished during an iteration
(story point iteration), the project velocity is obtained. Hence
in this paper, total number of story points are used along
with project velocity to calculate the effort required for agile
software development. In order to achieve better prediction ac-
curacy, various kernel methods-based support vector regression
techniques are introduced. In case of SVR, a linear regression
function is computed in a high dimensional feature space.
The input data are mapped via a nonlinear function. Further,
the SVR kernel methods can be applied in transforming the

input data and then based on these transformations, an optimal
boundary between the possible outputs can be obtained. The
results of all these SVR kernel-based techniques are compared
and their performance is accessed.

II. RELATED WORK

Keaveney et al. [5] investigated the applicability of con-
ventional estimation techniques towards agile development
approaches by focusing on four case studies of agile method
used across different organizations. Coelho et al. [6] described
the steps followed in story point-based method for effort esti-
mation of agile software and highlighted the areas which need
to be looked into further research. Andreas Schmietendorf et
al. [2] provided an investigation about estimation possibilities,
especially for the extreme programming paradigm. Ziauddin et
al. [7] developed an effort estimation model for agile software
projects. The model was calibrated using the empirical data
collected from 21 software projects. The experimental results
show that model has good estimation accuracy in terms of
MMRE and PRED (n). Hearty et al. [8] proposed a bayesian
network model of an Extreme Programming environment and
showed how it can learn from project data in order to make
quantitative effort predictions and risk assessments without
requiring any additional metrics.

Adriano L.I. Oliveira [9] provided a comparative study
on SVR, radial basis function neural networks (RBFNs) and
linear regression for estimation of software project effort. The
experiment was carried out using NASA project data sets
and the result showed that SVR performs better than RBFN
and linear regression. Kocaguneli et al. [10] investigated non-
uniform weighting through kernel density estimation and found
that nonuniform weighting through kernel methods cannot out-
perform uniform weighting Analogy Based Estimation (ABE).
Braga et al. [11] proposed and investigated the use of a genetic
algorithm approach for selecting an optimal feature subset and
optimizing SVR parameters simultaneously aiming to improve
the precision of the software effort estimates.

III. E VALUATION CRITERIA

The performance of the various models generated using
SVR kernel methods can be evaluated by using the following
evaluation criteria.

• The Mean Magnitude of Relative Error (MMRE)
can be achieved through the summation of MRE over
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N observations

MMRE =
N∑

1

|ActualEfforti − PredictedEfforti|

ActualEfforti
(1)

• The Prediction Accuracy (PRED) can be calculated
as:

PRED = (1− (

∑N

i=1
|actuali − predictedi|

N
))∗100

(2)
where

N = Total number of data in the test set.

IV. PROPOSEDAPPROACH

The proposed approach is based on twenty one project data
set [7]. The data set is used to evaluate software development
effort and to validate the improvement. The results obtained
in the validation process have provided initial experimental
evidence of the effectiveness of story point approach. The
block diagram, shown in Figure 1, displays the proposed steps
used to determine the predicted effort using various kernel-
based SVR techniques. To calculate the effort of a given

Calculation of Total Number of
Story Points and Project Velocity

Scaling of Data Set

Division of Data Set

Selection of Parameters

Performing Model Selection

Performance Evaluation

Fig. 1: Proposed Steps Used for Effort Estimation using
Various SVR Kernel Methods

software project, basically the following steps have been used.

Steps in Effort Estimation

1) Calculation of Total Number of Story Points
and Project Velocity: After collecting the data from
other developed projects, the number of story point
and their corresponding project velocity is calculated
from the user stories using the steps provided in
section 3.

2) Scaling of Data Set: In this step, the generated
number of story points and project velocity values
are used as input arguments and are scaled within
the range [0,1]. Let X be the data set and x is an
element of the data set, then the scaled value of x
can be calculated as :

x′ =
x−min(X)

max(X)−min(X)
(3)

where
x′ = Scaled value of x within the range [0,1].
min(X) = the minimum value for the data set X.

max(X) = the maximum value for the data set X.
If max(X) is equal tomin(X), then Normalized(x)
is set to 0.5.

3) Division of Data Set: In this step, the data set is di-
vided into three parts using five-fold cross validation
approach. These are learning set, validation set and
test set.

4) Selection of Parameters: The tunable parameters
have been selected to find the best parameter C and
γ using a five-fold cross validation procedure .

5) Performing Model Selection: In this step, a five-
fold cross validation approach is implemented for
model selection. The model that provides lowest
MeanMagnitude of Relative Error (MMRE) value and
highest Prediction Accuracy (PRED) value is selected
as the best model for each fold.

6) Performance Evaluation: The performance of the
model is evaluated using final MMRE and PRED
values obtained from test samples. The performance
of the model is evaluated using final MMRE and
PRED values obtained from test samples. The average
of MMRE and PRED accuracy(from each fold) are
found out for this.

The SVR kernel-based methods are implemented using
the above steps. Finally, a comparison of results obtained
using various kernels-based SVR effort estimation model is
presented to assess their performances.

V. EXPERIMENTAL DETAILS

In this paper to implement the proposed approaches, data
set given in [7] is used. The detailed description about the
data set has already been provided in the proposed approach
section. The inputs of the model are total number of story
points and project final velocity and the output is the effort
i.e., time required to complete the project. Initially,three sets
of data are extracted from the available data set i.e., training
data, testing data and validation data.First of all, every fifth
data out of those two data sets, is extracted for testing purpose
and rest data will be used for training purpose. Then the
training data is partitioned into the learning and validation sets.
After partitioning data into learning set and validation set, the
model selection forε andγ is performed using five fold cross
validation process. In this paper, to perform model selection,
the ε and γ values are varied over a particular range. Theγ
value ranges from2−7 to 27 and ε value ranges from 0 to 5.
Hence, ninety number of models are generated to perform the
model selection operation.

Table I and II show the validation error of the ninety models
generated using SVR linear kernel and SVR polynomial kernel
respectively based on the value ofε andγ. For SVR Linear ker-
nel, 0.0132value has been chosen as the minimum validation
error. Hence based on the minimum validation error, the best
model is C = 0.78121,γ = 0.0078125 and ε = 0. Similarly
for SVR Polynomial kernel,0.0536value has been chosen as
the minimum validation error. Hence based on the minimum
validation error, the best model is C = 0.78121,γ = 8 and
ε = 0.

Similarly, Table III and IV show the validation error of
ninety models generated using SVR RBF kernel and SVR
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TABLE I: Validation Errors Obtained Using SVR Linear
Kernel

ε = 0 1 2 3 4 5
γ = 2

−7 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712
2
−6 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
−5 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
−4 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
−3 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
−2 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
−1 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712
2
0 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
1 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
2 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
3 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
4 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
5 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
6 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

2
7 0.0132 0.0712 0.0712 0.0712 0.0712 0.0712

TABLE II: Validation Errors Obtained Using SVR Polynomial
Kernel

ε = 0 1 2 3 4 5
γ = 2

−7 0.0916 0.0712 0.0712 0.0712 0.0712 0.0712
2
−6 0.0916 0.0712 0.0712 0.0712 0.0712 0.0712

2
−5 0.0916 0.0712 0.0712 0.0712 0.0712 0.0712

2
−4 0.0916 0.0712 0.0712 0.0712 0.0712 0.0712

2
−3 0.0914 0.0712 0.0712 0.0712 0.0712 0.0712

2
−2 0.0896 0.0712 0.0712 0.0712 0.0712 0.0712

2
−1 0.0746 0.0712 0.0712 0.0712 0.0712 0.0712
2
0 0.0764 0.0712 0.0712 0.0712 0.0712 0.0712

2
1 0.2870 0.0712 0.0712 0.0712 0.0712 0.0712

2
2 0.1987 0.0712 0.0712 0.0712 0.0712 0.0712

2
3 0.0536 0.0712 0.0712 0.0712 0.0712 0.0712

2
4 0.0646 0.0712 0.0712 0.0712 0.0712 0.0712

2
5 0.0646 0.0712 0.0712 0.0712 0.0712 0.0712

2
6 0.0643 0.0712 0.0712 0.0712 0.0712 0.0712

2
7 0.0619 0.0712 0.0712 0.0712 0.0712 0.0712

TABLE III: Validation Errors Obtained Using SVR RBF
Kernel

ε = 0 1 2 3 4 5
γ = 2

−7 0.0874 0.0712 0.0712 0.0712 0.0712 0.0712
2
−6 0.0833 0.0712 0.0712 0.0712 0.0712 0.0712

2
−5 0.0756 0.0897 0.0897 0.0897 0.0897 0.0712

2
−4 0.0601 0.0712 0.0712 0.0712 0.0712 0.0712

2
−3 0.0364 0.0712 0.0712 0.0712 0.0712 0.0712

2
−2 0.0139 0.0712 0.0712 0.0712 0.0712 0.0712

2
−1 0.0113 0.0712 0.0712 0.0712 0.0712 0.0712
2
0 0.0088 0.0712 0.0712 0.0712 0.0712 0.0712

2
1 0.0115 0.0712 0.0712 0.0712 0.0712 0.0712

2
2 0.0158 0.0712 0.0712 0.0712 0.0712 0.0712

2
3 0.0222 0.0712 0.0712 0.0712 0.0712 0.0712

2
4 0.0315 0.0712 0.0712 0.0712 0.0712 0.0712

2
5 0.0370 0.0712 0.0712 0.0712 0.0712 0.0712

2
6 0.0453 0.0712 0.0712 0.0712 0.0712 0.0712

2
7 0.0525 0.0712 0.0712 0.0712 0.0712 0.0712

Sigmoid kernel respectively based on the value ofε and
γ. For SVR RBF kernel,0.0088 value has been chosen as
the minimum validation error. Hence based on the minimum
validation error, the best model is C = 0.78121,γ = 1 and
ε = 0. Similarly for SVR Sigmoid kernel,0.0169value has
been chosen as the minimum validation error. Hence based on
the minimum validation error, the best model is C = 0.78121,
γ = 1 andε = 0.

Finally, based on the model’s parameter values, the model
is again trained and tested using training and testing data

TABLE IV: Validation Errors Obtained Using SVR Sigmoid
Kernel

ε = 0 1 2 3 4 5
γ = 2

−7 0.0895 0.0712 0.0712 0.0712 0.0712 0.0712
2
−6 0.0874 0.0712 0.0712 0.0712 0.0712 0.0712

2
−5 0.0833 0.0712 0.0712 0.0712 0.0712 0.0712

2
−4 0.0754 0.0712 0.0712 0.0712 0.0712 0.0712

2
−3 0.0593 0.0712 0.0712 0.0712 0.0712 0.0712

2
−2 0.0348 0.0712 0.0712 0.0712 0.0712 0.0712

2
−1 0.0115 0.0712 0.0712 0.0712 0.0712 0.0712
2
0 0.0080 0.0712 0.0712 0.0712 0.0712 0.0712

2
1 0.0169 0.0712 0.0712 0.0712 0.0712 0.0712

2
2 0.1693 0.0712 0.0712 0.0712 0.0712 0.0712

2
3 0.4131 0.0712 0.0712 0.0712 0.0712 0.0712

2
4 0.4285 0.0712 0.0712 0.0712 0.0712 0.0712

2
5 0.4503 0.0712 0.0712 0.0712 0.0712 0.0712

2
6 0.2520 0.0712 0.0712 0.0712 0.0712 0.0712

2
7 0.1211 0.0712 0.0712 0.0712 0.0712 0.0712

set respectively to estimate the effort. After implementing
the SVR-based model using four different kernel methods for
software effort estimation, the following results are generated.
SVR Linear Kernel Result:
Param: -s 3 -t 0 -c 0.78121 -g 0.0078125 -p 0
* Mean Squared Error (MSETEST) = 0.2068
* Squared correlation coefficient = 0.8936
SVR Polynomial Kernel Result:
Param: -s 3 -t 1 -c 0.78121 -g 8 -p 0
* Mean Squared Error (MSETEST) = 0.2057
* Squared correlation coefficient = 0.9006
SVR RBF Kernel Result:
Param: -s 3 -t 2 -c 0.78121 -g 1 -p 0
* Mean Squared Error (MSETEST) = 0.0030
* Squared correlation coefficient = 0.9843
SVR Sigmoid Kernel Result:
Param: -s 3 -t 3 -c 0.78121 -g 1 -p 0
* Mean Squared Error (MSETEST) = 0.0194
* Squared correlation coefficient = 0.8734
The squared correlation coefficient(r2) is also known as the
coefficient of determination. It is the proportion of variance in
actual effort that can be accounted for by knowing story point
value for test set. In the output generated, it is quite clearly
observed that thesquared correlation coefficientvalue for RBF
kernel is very high (greater than 0.95). Thus it can be observed
that a strong positive correlation exists between the story
point, velocity and the predicted effort required to develop the
software, and minor changes in one lead to significant changes
in another. The proposed model generated using the SVR
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Fig. 2: SVR Linear Kernel based Effort Estimation Model

linear, polynomial, RBF and sigmoid kernel have been plotted
based on the training and testing sample data set as shown
in Figure 2, 3, 4 and 5. The graphs show the variation of
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Fig. 3: SVR Polynomial Kernel based Effort Estimation Model
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Fig. 4: SVR RBF Kernel based Effort Estimation Model
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Fig. 5: SVR Sigmoid Kernel based Effort Estimation Model

predicted effort value with respect to its corresponding class
point value. In these graphs, it is clearly shown that the data
points are very little dispersed than the regression line. Hence
the correlation is higher. While comparing the dispersion of
data points from the predicted model in the above graphs, it is
clearly visible that the data points are less dispersed for SVR
RBF kernel-based model than other models. Hence, SVR RBF
kernel-based effort estimation model exhibits lower error value
and higher prediction accuracy value.

VI. COMPARISON

On the basis of results obtained, the estimated effort using
various SVR kernel methods are compared. While using the
MMRE and PRED in evaluation, good results are implied by
lower value of the MMRE and higher value of the PRED.

TABLE V: Comparison of Efforts obatined using various SVR
kernel methods

Actual Effort SVR Linear Effort SVR Polynomial Effort SVR RBF Effort SVR Sigmoid Effort
1 0.4615 0.3436 0.2332 0.4194 0.3567
2 0.7692 0.7698 1.1027 0.7865 0.8067
3 0.2637 0.2295 0.2059 0.2325 0.2090
4 1.0000 0.7030 1.9282 0.8908 0.7156
5 0.1538 0.1635 0.1691 0.1489 0.1841

Table. V shows the comparison of actual effort with an
estimated effort by various SVR kernel methods for agile
software on the five data taken for testing out of a data set

of twenty one data.

TABLE VI: Comparison of errors and prediction accuracy
values obtained using various SVR kernel methods

Various SVR Kernel Methods MMRE PRED
1 SVR Linear Kernel 0.1492 90.8112%
2 SVR Polynomial Kernel 0.4350 68.7382%
3 SVR RBF Kernel 0.0747 95.9052%
4 SVR Sigmoid Kernel 0.1929 89.7646%

The Table VI displays the final comparison of MMRE
and PRED values for different SVR kernel methods. The
result shows that effort estimation using SVR RBF kernel-
based model gives lower MMRE value and higher prediction
accuracy value than those obtained using other SVR kernel
methods.

VII. C ONCLUSION

The story point approach is one of the effort estimation
models that can be used for agile software’s effort estimation.
In this paper, first the total number of story points and project
velocity are used to estimate the effort involved in developing
an agile software product. The results obtained are optimized
using four different support vector regression kernel methods.
At the end of the study, the results generated are compared in
order to access their accuracy. While comparing the results ob-
tained using various SVR kernel methods, it can be concluded
that RBF kernel-based support vector regression technique
outperformed other three kernel methods. The computations
for above procedure have been implemented, and outputs were
generated using MATLAB. This approach can also be extended
by applying other machine learning techniques such as SGB,
Random Forest etc. on the story point approach.
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Abstract—Architects and involved stakeholders constantly 

make Architectural Assumptions (AAs) in architecture design. 

These assumptions, as an important part of architectural 

knowledge, need to be well managed in the whole architecting 

lifecycle. However, they are always retained in the heads of 

various stakeholders and left undocumented, which results in 

architectural knowledge vaporization, especially in agile 

development when documentation is not a must and priority. In 

this paper, we propose a novel method that is composed of two 

parts – Architectural Assumption Library (AAL) to help 

architects identify AAs and Architectural Assumption Card 

(AAC) to record them based on a simplified conceptual model of 

AA. An architect from an industry project of Embedded Systems 

that using agile development was invited to employ this method 

in the project to identify and record AAs. It shows that the 

proposed method can help architects to easily identify and record 

AAs, which is promising to facilitate architecture design, 

maintenance, and evolution in agile development. 

Keywords—software architecture; architectural assumption; 

agile development 

I.  INTRODUCTION  

Software architecture (SA) presents a high-level design of a 

system, which has an important role to manage complicated 

interactions between stakeholders of software-intensive 

systems in order to balance all kinds of constraints [1]. There 

are many definitions of SA. Bass et al. define SA as the set of 

structures needed to reason about the system, which comprise 

software elements, relations among them, and properties of 

both [1]. In a design decision perspective, a software 

architecture is composed of a set of architectural design 

decisions (ADDs), which lead to the resulting design artifacts 

[2]. Traditional architecting process tends to employ big 

design up-front (BDUF) leading to massive documentation 

and implementation of YAGNI (you ain’t gonna need it) 

features, which introduces redundancy in architecting as well 

as development effort [3].  

Agility means to strip away as much of the effort-intensive 

activities in software development, commonly associated with 

the traditional software development methodologies, as 

possible to promote quick response to changing environments, 

changes in user requirements, accelerated project deadlines 

and the like [4]. Augustine notes that the common 

characteristics of agile development methods are iterative and 

incremental lifecycle, which focus on small releases, 

collocated teams, and a planning strategy based on two levels: 

release plan driven by a feature or product backlog, and an 

iteration plan handling a task backlog [5]. These common 

characteristics adhere to the values of the agile manifesto [6]. 

It is challenging to apply SA in agile development. 

Proponents of agile approaches usually see little value for 

system’s customers in the up-front design and evaluation of 

architecture [3]. Agile development on the contrary focuses on 

enough design till the last responsible moment which can lead 

to simplicity in development and a rapid and iterative process 

of producing artifacts [8]. To combine the benefits from both 

approaches (agility and architecture), a transformation from 

traditional SA to agile SA is emerging [8]. In an architecting 

process, numerous implicit and undocumented ADDs are 

more or less arbitrarily made on the fly based on personal 

experience, domain knowledge, budget constraints, available 

expertise, and the like [9]. Some researchers called these 

decisions as architectural assumptions (AAs) [9][10], which 

are an important part of architectural knowledge to be 

managed during the entire software lifecycle [11]. Therefore, 

how to identify and record AAs in agile development with a 

lightweight approach is a challenging issue to align 

architecture and agile development [8]. 

It worth noting that ISO 42010 standard [12] provides a 

conceptual model for architecture description, but this 

standard is too heavyweight to document SA in an agile 

environment and considers AA as an implicit component of 

certain standard elements, such as Concern, rather than an 

explicit element that should be documented. We tried to 

address this limitation by proposing a simplified model for 

recording AAs in this work. 

In agile development, AAs are usually made implicitly. For 

example, a system needs high security, and we asked the 

architect of the system why not consider the external security 

(such as broken access control, cross-site scripting, etc.) of the 

system (we didn’t find any information about the external 

security of the system in the SA documents) when he designed 

the architecture. He explained that: “the system will be 

deployed in an internal environment which is secure enough, 

so we do not need any other mechanisms to achieve security. 
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This decision can avoid some redundant development work.” 

This is a typical example of AA in software development 

without any documentation but stored in stakeholders’ (e.g., 

architect) mind. Does this AA fit the requirement of customers? 

What are the pros and cons of making this AA? It is difficult 

to answer such questions, since the AA was implicit and only a 

few stakeholders knew it, especially when the knowledge 

about the AA was vaporized gradually. 

Implicit and undocumented AAs can lead to some 

problems such as misunderstanding of architecture, design 

violation, etc. It may be difficult to decide whether an 

assumption is an appropriate one for the current development 

context, but it is beneficial to make AAs explicit. Therefore, 

we need to manage AAs in an explicit and lightweight way, 

which can make AAs play an active and important role in 

agile development lifecycle. 
The rest of this paper is organized as follows. Section II 

summarizes related work. In Section III, we introduce AA and 
propose a simplified conceptual model of AA. In Section IV, 
we propose a novel method – Architectural Assumption 
Library and Architectural Assumption Card which is based on 
the simplified conceptual model in Section III – to identify and 
record AAs. Section V presents a case study of using the 
proposed method in an industry agile project. Section VI 
concludes this work with future work directions. 

II. RELATED WORK 

A. Assumption in Software Development 

The concept of assumption is not new. There are many type 

of assumptions in software development, such as requirement 

assumption, architectural assumption, etc., which focus on 

different aspects of software development [10]. Related work 

on assumptions in software development covers the areas of 

their classification, impact, and the methods of processing 

them (such as recovering, identifying, and documenting 

assumptions). 

In [10], a prototype Assumptions Management System in 

software development was developed by Lewis et al., which 

can extract assumptions from Java source code and record 

them into a repository for management. They provided a 

taxonomy of general assumptions in software development, 

including control assumptions (expected control flow), 

environment assumptions (expected environmental factors), 

data assumptions (expected input or output data), usage 

assumptions (expected use of applications), convention 

assumptions (followed standards or conventions in 

development). 

B. Architectural Assumption 

In [13], Garlan et al. identified four general categories for 

architectural assumptions that are implicit and undocumented 

and consequently lead to architectural mismatch: nature of 

components, nature of connectors, global architectural 

structure, and software construction process. This 

categorization of architectural assumptions is based on a 

structural view of architecture, which considers SA as a set of 

structures, including components and connectors.  

In [11], Ireo and Michel proposed a lightweight method to 

manage architectural assumptions in agile development. They 

summarized four main tasks of architectural assumptions 

management from existing literature: recording new 

assumptions, monitoring assumptions on a regular basis, 

searching for assumptions, and recovering past assumptions. 

They use the taxonomy of assumptions proposed in [14]. Our 

method focuses on identifying and recording AAs based on a 

simplified conceptual model in agile development, which 

covers the task “recording new assumptions” in [11]. 

In [9], Roeller et al. classified architectural assumptions 

into four groups as: implicit and undocumented (the architect 

is unaware of the assumption, or it concerns of course 

knowledge), explicit but undocumented (the architect takes a 

decision for a very specific reason), explicit and explicitly 

undocumented (the reasoning is hidden), explicit and 

documented (this is the preferred, but often exceptional, 

situation). They also developed a method (Recovering 

Architectural Assumptions Method, RAAM) to recover 

assumptions in architecture design. 
In [14], Patricia and Hans distinguish architectural 

assumptions from requirements and constraints. An assumption 
meta-model was provided to document these assumptions in an 
explicit way. They classified architectural assumptions into 
three groups: managerial, organizational, and technical 
assumptions. However, it is complicated and might not be 
appropriate to use this meta-model and classification of 
assumptions in agile development. Our method of identifying 
and recording assumptions is lightweight to accommodate agile 
development and focuses on architectural assumptions. 

C. Knowledge Management in Software Development 

In [15], Rus and Lindvall described the knowledge 

evolution cycle in software development, which is composed 

of five phases: (1) Originate/create knowledge (members of an 

organization develop knowledge through learning, problem 

solving, innovation, creativity, and importation from outside 

sources); (2) Capture/acquire knowledge (members acquire 

and capture information about knowledge in explicit forms); 

(3) Transform/organize knowledge (organizations organize, 

transform, or include knowledge in written material and 

knowledge bases); (4) Deploy/access knowledge 

(organizations distribute knowledge through education, 

training programs, automated knowledge-based systems, or 

expert networks); (5) Apply knowledge (organizations apply 

the knowledge - which is the ultimate goal of knowledge 

management and aims to make knowledge available whenever 

it is needed). Our proposed method covers all these five 

phases of architectural knowledge management through 

identifying and recording architectural assumptions (a type of 

architectural knowledge) [7]. 

III. ARCHITECTURAL ASSUMPTION 

We follow the definition of architectural assumption by 

Roeller et al. which regards AA as a kind of architectural 

design decision [9]. These decisions, as well as the reasons for 

making the decisions, are often not explicit and usually remain 

undocumented. 
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AAs are a kind of assumptions which focus on architecture 

design and they are an important type of architectural 

knowledge to be managed during the entire software 

development lifecycle [7]. AAs are always ignored and 

violated if they are not appropriately identified and recorded 

since these assumptions can fail at any time with serious 

consequences (e.g., misunderstanding of architecture, design 

violation, project delay, and low quality) if not being managed 

(identified and explicitly recorded) appropriately [11]. 

According to the four groups of AAs identified in [9]: 

implicit and undocumented, explicit but undocumented, 

explicit and explicitly undocumented, explicit and documented. 

We argue that most AAs in agile development are implicit and 

undocumented since documentation is not a must and priority 

[6]. Managing all the AAs in software lifecycle would cost a 

huge amount of resources which is not advocated and suitable 

in agile development. Therefore, AAs need to be managed in a 

lightweight manner. In this paper, we propose to identify and 

record AAs in agile development with a simplified conceptual 

model of AA as shown in Fig. 1. 

This conceptual model is originated from the template for 

recoding ADDs in [16]. The template has 14 elements: Issue, 

Decision, Status, Group, Assumptions, Constraints, Positions, 

Argument, Implications, Related decisions, Related 

requirements, Related artifacts, Related principles, and Notes. 

Compared to the ADD template, our simplified AA conceptual 

model only contains 5 elements: “Stakeholder” element can 

improve the traceability of AAs to related stakeholders, who 

are the source of this AA. “Description” element provides 

basic information about what the AA is. “Pros” and “Cons” 

support stakeholders to understand the positive and negative 

impact when considering the AA. “Relationship” between 

AAs provides traceability information between AAs which is 

needed in architecture impact analysis [17]. We argue that 

these five AA elements are the core and fundamental elements 

for identifying and recording AAs in agile development, which 

is also largely identified as the major elements (assumptions, 

arguments) in ADD conceptual models [18]. 

 

Fig. 1. A simplified conceptual model of Architectural Assumption 

IV. METHOD 

We propose a novel method, which is composed of two 
parts – Architectural Assumption Library (AAL) and 
Architectural Assumption Card (AAC) – for identifying and 
recording AAs in agile development. These two parts are both 
lightweight and based on the simplified conceptual model of 
AA proposed in Section III. A process of identifying and 

recording AAs is specified to connect these two parts, which is 
described in detail in this section. 

A. Architectural Assumption Library 

Identifying AAs usually cause extra effort in development. 

Roeller et al. proposed to use interviews to identify AAs [9]. 

However, it is overcomplicated for agile development. For 

example, architects and developers may spend several days to 

discuss with stakeholders and identify AAs in several 

iterations in one release [9].  

An Architectural Assumption Library acts as a repository 

of AAs, and helps architects to reduce the effort of identifying 

AAs in agile development by providing existing and reusable 

AAs as a reference and starting point, which can also reduce 

the time and identification effort on the discussion of AAs 

among stakeholders. There are two activities in the AAL 

management: creation and maintenance of AAL. The creation 

activity includes initializing an AAL and adding AAs into the 

AAL, for example, the new AAs can be identified, recorded, 

and added during project development. The maintenance 

activity of AAL includes checking and removing duplicated 

AAs in an AAL, clarifying AAs description and their 

relationships, etc. In an agile development, time and human 

resources are precious and it may not be appropriate to 

maintain the AAL during the development, because for 

example, checking and removing duplicated AAs should be 

performed by architects, which would cost additional effort 

but has little value to the current development. We propose 

that architects can work with stakeholders to maintain AAL at 

the end of a project which is time wise and when they still 

have a clear memory about the AAs of the project. 

We use the simplified conceptual model of AA in Fig. 1 as 

a basic template to record and add AAs into AAL. The core 

items of the template are described in TABLE I. 

TABLE I.  TEMPLATE FOR RECORDING AND ADDING AAS INTO 

AAL 

Item Description 

Assumption 

Name 

This element describes the name of the AA. It 

should be meaningful to stakeholders, which 

means that it should not be named as “1”, “A”, 

etc. A meaningful name provides hint for users 

to quickly identify the AA. 

Stakeholders This element describes the stakeholders who are 

concerned about the AA. It provides the 

possibility to discuss the AA with the involved 

stakeholders to get a better understanding of the 

AA or modify this AA. 

Description This element provides more detailed 

information about the AA which helps 

stakeholders to understand the assumption. 

Pros This element helps stakeholders to get a clear 

understanding of the positive impact when 

considering the AA.  

Cons This element helps stakeholders to get a clear 

understanding of the negative impact when 

considering the AA. 

Relationship(s) This element specifies the relationship between 

AAs. Kruchten provided a taxonomy for ADD 

in [19]. We adapt this taxonomy for AA with 
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minor change. TABLE II presents the five 

relationships between AAs. 

TABLE II.  RELATIONSHIPS BETWEEN ARCHITECTURAL 

ASSUMPTIONS 

Relationship Description 

A Constrains B Architectural assumption B is tied to assumption 

A. If A is removed, then B should be removed 

as well.  

A Conflicts with 

B 

A symmetrical relationship indicating that the 

two architectural assumptions A and B are 

mutually exclusive. 

A Comprises B1, 

B2, … Bn 

A high level and somewhat complicated, wide-

ranging architectural assumption A is made of 

or decomposed into a series of narrower, more 

specific architectural assumptions B1, B2, … Bn.  

A Is an 

alternative to B 

A and B are similar architectural assumptions, 

and they can replace each other.  

A Is related to B There is a relation of some sort between the two 

architectural assumptions, but it is not of any 

kind listed above.  

B. Architectural Assumption Card 

We provide Architectural Assumption Card based on the 

simplified conceptual model of AA as well (as shown in Fig. 

1), to record AAs in agile development. These recorded AAs 

will be shared among all stakeholders of a project using 

blackboard or collaborative tools. An example AA recorded 

using AAC is provided in TABLE III. By using AAC, AAs 

can be recorded in an explicit and lightweight manner, which 

helps involved stakeholders to communicate the architecture 

design related to certain AAs. 

TABLE III.  AN EXAMPLE OF AA RECORDED USING 

ARCHITECTURAL ASSUMPTION CARD 

AAC Element Content of Element 

Assumption 

Name 

Response time of the system 

Stakeholders Jun Lan Yang (architect) 

Assumption 

Description 

The response time of the system should be 

within 2 seconds 

Pros High performance and usability 

Cons Extra effort (such as testing, hardware, etc.) 

Relationship(s) Is constrained by Response strategy 

C. Process of Identifying and Recording Architectural 

Assumptions 

This process comprises three parts – using AAL to identify 

AAs, using AAC to record AAs, and adding new AAs into 

AAL (which is part of the creation activity in AAL 

management as discussed in Section IV.A). Fig. 2 shows the 

process of identifying and recording AAs using AAL and 

AAC, which is composed of five steps:  

(1) Use search strategies, such as keywords, to search related 

AAs in AAL; 

(2) If result AAs are retrieved, then identify the AA which is 

usable for the current design context. Otherwise, go to 

Step (4); 

(3) If the identified AA does not directly suit the current 

design context, then this AA should be adapted. Otherwise, 

go to Step (4); 

(4) Record the AA using AAC. The AA recorded can be both 

an AA identified and adapted in AAL or a new AA from 

the current project; 

(5) If the AA is new, then add it into AAL. 

(1) Search AA 

in AAL

Start

(2) Identify AA

Yes
Get Results?

No

(4) Record AA 

using AAC
(3) Adapt AA

End

New AA?
(5) Add new AA 

into AAL

Suitable AA?

Yes

No

Yes

No

AA = Architectural Assumption

AAL = AA Library

AAC = AA Card

 
Fig. 2. Process of using AAL and AAC to identify and record AAs 

V. CASE STUDY 

To evaluate our proposed method in an industrial context, 

we invited an architect from an industry project on Embedded 

Systems that employing agile development to use the 

simplified AA conceptual model and the process in the project 

to identify and record AAs. The collected AAs are limited 

because there is only one project involved, and we plan to 

further evaluate this method empirically with e.g., controlled 

experiments in the next step. 

This project is an embedded system based on the Internet 

of Things techniques for managing fixtures in a big clothing 

factory. One fixture can be possibly moved on demand to 

everywhere in the factory which is composed of several 

workshops, and factory administration needs to find out where 

it is and its trajectory when they need it. They used readers, 

locators, electronic tags, and computers to build the hardware 

environment. The operation principles of the embedded 

system are described below: 

(1) Every fixture has a tag, providing its basic information, 

including a unique identity ID. 
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(2) Every workshop has been divided into several areas and 

each of them has a locator. Position information of this 

area has been stored in locators, and they can activate tags 

through sending data with 125KHz (the frequency used in 

Radio Frequency Identification) in a fixed period. 

(3) Workshops have been divided and each of them has a 

reader. The reader can detect the tag and receive the data 

with position information from the tag. 

(4) Through the wireless network, the readers can send the 

data received from the tags to the computer. 

(5) After processing the data in the computer, users can 

retrieve the position information of the fixture. 

We gave a short tutorial of AA to the architect of this 

embedded system, and asked him to construct an initial AAL 

using the template (as shown in TABLE I) based on his own 

experience from previous industry projects. More than 20 AAs 

were added in this initial AAL. During this project, the 

architect used the AAL to identify AAs and then recorded 

AAs using AAC. For example, the architect identified an 

architectural assumption “using 433MHz model (the 

communication frequency between readers and tags) with 40 

meters of the communication distance” from the AAL, which 

is suitable for the current design context. Based on the actual 

environment (metal cover, signal interference, etc.) and his 

own experience, he adapted this AA into 433MHz model with 

20 meters of the communication distance, and recorded this 

AA using AAC. The architect can use the AAs in AAL to 

reduce effort in architecture design. On the other hand, making 

these AAs explicit can help stakeholders to have a clear view 

in their perspectives: project managers and customers could 

know how many fixtures they need to cover the whole 

workshops; implementation consultant could figure out how to 

deploy the whole system; etc. Several examples of AA 

recorded by the architect using our method are listed in 

TABLE IV. 

After the case study, we asked the architect to fill in a 

questionnaire to obtain a qualitative evaluation about our 

method. The questions and answers are shown in TABLE V. 

The evaluation and feedback from the architect show that 

the process and model for identifying and recording AAs is 

easy to follow and takes acceptable effort to manage implicit 

AAs. The method has a positive impact on the development of 

project. He mentioned that some other activities related to AA 

are also important in agile development such as AA 

understanding, recovery, and evaluation. However, he 

suggested that we should consider the cost of introducing 

these AA activities into agile development and to provide 

appropriate tools to support the method. He also mentioned 

that whether this method can be suitable and readily used in an 

industrial setting depends on some factors, such as team 

organization, motivation of stakeholders, etc. Furthermore, he 

thought it was necessary to enact some shared strategies for 

AAs to help stakeholders easily apply the method in agile 

development. 

According to his suggestions, we plan to classify AAs into 

some groups based on domain of projects or stakeholder role. 

This can be helpful to share AA information to the right 

stakeholders and reduce the redundancy of use (users may not 

want to read AAs they do not care). 

VI. CONCLUSIONS AND FUTURE WORK 

Architecture assumptions in agile development are 

normally retained in stakeholders’ mind which results in 

architectural knowledge vaporization [2]. It is important to 

manage them in an explicit way to avoid misunderstanding of 

architecture in architecting process. The major contributions 

of this work: (1) We propose that companies or organizations 

can build an Architectural Assumption Library to store their 

AAs which can be further used to identify AAs in agile 

development projects. (2) We propose to use Architectural 

Assumption Card to record AAs in agile development. 

Architectural assumptions can be explicitly written in a card or 

stored in collaborative tools to be better shared and 

communicated among stakeholders. (3) We propose a process 

of identifying and recording AAs using AAL and AAC with a 

simplified conceptual model of AA. (4) Finally, we report on 

an industrial case study, which was conducted to show the 

feasibility and value of our method in agile development. 

We outline our future work in several points: (1) 

Empirically validate the proposed method in industrial agile 

projects using e.g., controlled experiments; (2) Provide 

supporting tools that help identify, record, and share AAs 

using the method; (3) Recover AAs and evaluate the quality of 

AAs which has a positive impact to the use of AAs in 

architecture design; (4) Classify AAs into different groups 

based on domain of projects or stakeholder role to easy their 

use in agile development. 
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TABLE IV.  EXAMPLES OF USING AAC TO RECORD AA IN AN INDUSTRY PROJECT 

ID Name Stakeholder Description Pros Cons Relationship(s) 

1 433MHz 
Model with 

20 Meters 

Distance 

Wei Feng Wen 
(architect) 

This model provides the 
ability of communication 

between readers and tags 

in a 433MHz frequency, 
which has 20 meters of the 

communication distance 

(in an open space). 

- Strong ability of fitting 
the environment.  

- It has a longer 

communication distance 
than 2.4GHz model. 

- The power consumption 
and the cost are higher 

than 2.4GHz model. 

- Is an alternative to 
2.4GHz model 

- Constrains the 

communication between 
readers and tags 

2 STM32F107 Wei Feng Wen 

(architect) 

This is the type of MCU of 

the reader. It can be 

replaced if necessary. 

- Compared to AT91 

(another type of MCU), 

it has lower power 

dissipation, higher basic 
frequency and stability. 

- A relatively high price. - Conflicts with and Is an 

alternative to AT91 

- Constrains the operation 

of the reader  
- Constrains the reader 

code development 

3 Internet Wei Feng Wen 
(architect) 

This is the communication 
way between readers and 

computers.  

- High speed.  
- It can process macro 

data.  

- Lower stability than 
serial port.  

- It needs an additional 

algorithm to prevent 
packet loss. 

- Comprises using 
Internet access 

- Comprises using cable 

or WIFI 
- Is an alternative to 

serial port 

4 Cable Wei Feng Wen 
(architect) 

We use cable as the fixture 
but not WIFI to realize the 

internet.  

- Stable and long 
distance. 

- The reader needs to 
have an Internet port 

(extra complexity).  

- The cable becomes 
complicated if there are 

many readers.  

- Is related to Internet 
- Is an alternative to 

WIFI 

5 Reader 

Operation 

Wei Feng Wen 

(architect) 

We need an operation 

running in the readers. 

- High instantaneity and 

stability.  

- This would result in 

some extra power and 
time consumption. 

- Is related to 

STM32F107 

TABLE V.  QUESTIONNAIRE AND ANSWERS 

1. Do you clearly know what architectural assumptions are? 

 

Fully understand            Somewhat understand            Do not understand 

2. Do you agree that architectural assumptions need to be managed in agile development? 

 

Yes                                No                                           It depends 

3. To what extent can you use our method to identify and record architectural assumptions in the agile project? 
 

Easy to use                    Need some effort but acceptable            Difficult to use 

4. Do you agree that the efficiency in agile development can be improved by identifying and recording architectural assumptions? 

 

Yes                                No                                           I do not know 

5. Do you agree that tools are necessary when identifying and recording architectural assumptions in agile development? 

 

Yes                                No                                           I do not know 

6. What other activities related to architectural assumptions do you think are important in agile development (such as architectural assumptions recovery, etc.)? 
 

Answer: understanding, recovery, and evaluation of architectural assumptions 

7. What are your comments and suggestions for improving the method based on your experience on agile development? 
 

Answer:  

(1) Whether this method can be suitable and readily used in industry is related to some other factors, such as team organization, motivation of stakeholders, etc.  
(2) It is hard to define what types of architectural assumptions should be shared to what stakeholders, because we cannot and it is not necessary to share all the 

assumption information to everyone, but we only need to share the information to the specific stakeholders who need it. For example, it is necessary to share 

the system response time to the customers, but it may not be necessary to share the technical assumptions with them.  
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Abstract—The Unified Modeling Language (UML) has been 

widely used for software and system design. To reduce the cost 

and risk of the system development, it is very important to 

validate and evaluate the system precisely in early design phase. 

Many efforts were made to make UML executable by 

transforming single diagram to executable model such as Colored 

Petri Nets (CPN), however, approach like this could not provide 

more systematic and intuitive simulation of the entire system. 

Therefore we choose the Discrete Event System Specification 

(DEVS) as the target formalism and transform UML Diagrams to 

systematically simulatable models in this paper. To achieve this 

goal, we extend the DEVS modeling language (DEVSML) by 

enhancing its capability of describing complex behavior of 

systems, and provide an automated code generation process using 

Extended DEVSML (E-DEVSML) as a model transformation 

intermediary to help modelers to acquire the benefits of DEVS 

framework without delving in the DEVS theory.  

Keywords- UML; DEVS; Model Transformation; Simulation;  

Executable Model 

I.  INTRODUCTION  

The Unified Modeling Language (UML) has become the de 
facto standard modeling language for software and system 
design. With extensions in different specific domain, such as 
Service oriented architecture Modeling Language (SoaML) in 
service engineering, the UML family has powerful ability to 
describe the systems from diverse viewpoints. However, 
systems described by those diagrams in UML are only static 
models, which are hard to validate and verify. Rigorous 
validation and verification of system specifications requires 
executable models, which typically come with various 
simulation capabilities to further support dynamic analysis and 
evaluation of the systems. A lot of researches are made to 
transform the UML models to executable discrete-event models. 
Colored Petri Nets (CPN) and Discrete Event System 
Specification (DEVS) [1] are two extensively referenced and 
used modeling and simulation formalisms. CPN are especially 
well suited to model workflows of systems where concurrent 
events can take place. Commonly a single UML diagram such 
as Sequence Diagram can be transformed into CPN to perform 
a validation [2]. As to DEVS which starts from general system 
theory, it may provide more systematic and intuitive simulation 
of the entire system by transforming a combination of several 

diagrams to executable models. In addition, DEVS has been 
proven to be a universal formal mechanism to express a variety 
of discrete-event system subclasses, including Petri Net, 
Cellular Automata and Generalized Markov Chain [3]. Thus 
we argue that DEVS is a better choice if we need a systematic 
validation and evaluation of the system. In this paper our 
research devotes to realize seamless connection between UML 
and DEVS simulation by model transformation. To achieve this 
goal, we propose an Extended DEVSML (E-DEVSML) by 
enhancing its capability of describing complex behavior of 
systems, and provide an automated model transformation 
approach between UML and DEVS. 

II. PARALLEL DEVS FORMALISM 

Parallel DEVS removes constraints in the classic DEVS 
that originated with the sequential operation and hindered the 
exploitation of parallelism [1]. DEVS models can fall into two 
categories: atomic and coupled. The atomic model is the 
irreducible model definition that specifies the behavior for any 
modeled entity. The coupled model represents the composition 
of several atomic and coupled models connected by explicit 
couplings. An atomic model M and a coupled model N are 
defined by the following equations: 

M = < IP, OP, X, S, Y, δint, δext , δcon, λ, ta >          (1) 

N = < IP, OP, X, Y, D, EIC, EOC, IC >       (2) 

In an atomic model, S is the state space; IP, OP are the set 
of input and output ports; X, Y are the set of Inputs/Outputs, 
which are basically lists of port-value pairs. 

 X = { (p,v)∣p∈IP, v∈Xp } , Y = { (p,v)∣p∈OP, v∈
Yp },where Xp and Yp are input/output values on port p.  

δint : S→S is the internal transition function; δext :Q × X
b 

→S is the external transition function, where Q = { (s,e) s∈S, 

0≤e≤ta(s) } is the total state set, e is the time elapsed since 

last transition, and X
b
 is a set of bags composed of elements in 

X; δcon : S × X
b
 → S is the confluent transition function, 

which decides the order betweenδ int andδ ext in cases of 

collision between simultaneous external and internal events.  

λ: S→Y
b
 is the output function, where Y

b
 is a set of bags 

composed of elements in Y; ta(s): S→R0
+ ∪∞ is the time 

advance function which decide how much time the system 
stays at the current state in the absence of external events. This work was supported by the National Natural Science Foundation of 

China under Grant No. 61232007, 91118004 
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In a coupled model, IP, OP, X and Y have similar 
connotation as in atomic model, but mean external elements; D 
is a set of DEVS component models. EIC is the external input 
coupling relation, EOC is the external output coupling relation, 
and IC is the internal coupling relation. The coupled model can 
itself be a component of a larger coupled model giving rise to a 
hierarchical DEVS model construction.  

III. EXTENDED DEVS MODELING LANGUAGE 

In practice, when we depict a system with previous DEVS 
Modeling Language (DEVSML) version [4] based on Parallel 
DEVS and Finite Deterministic DEVS, it is inconvenient to 
deal with nondeterministic state transitions, any state transition 
based on the message content is not realizable, and there may 
be a collision if two messages simultaneously arrive on more 
than two ports. Therefore we take appropriate measures to 
extend DEVSML to deal with these complex situations.  

A. Separation of Message Processing From State Transition  

Sometimes, simultaneous arrivals of inputs on different 
ports make it harder to describe the behavior of the external 
transition function, because only one transition can be invoked 
at the same time. If we choose one of the possible transitions to 
trigger, other inputs may be ignored or lost. Therefore we try to 
separate the processing of inputs from state transition. For 
example, we could first store these inputs in some variables 
before state transitions. From a functional perspective, an 
abstract description of an atomic model will be: accepting 
inputs or incentives and then generating an output with state 
changes. This behavior can be expressed with the two 
following formula: 

y =λ(sn)∣sn∈S, y∈Y
b
  and  sn =δ( x, sn-1)∣x∈X

b∪Ø    (3) 

where S={s0,s1,…,sn-1,sn} is set of states. We could divide 

this input/output process into three parts: receiving a message, 

data processing during a series of transitions and sending a 

message. Three associate functions are defined as following: 

vx = Rev( x ) , y = Sed(vy ),  vy = DP(vx)    (4)  

where x∈X
b
, y∈Y

b
, vx∈Vx ,vy∈Vy   , we define a set of 

input-port-associate variables Vx and a set of output-port-

associate variables Vy. These variables may be simple data 

types (e.g. integer, floating number and string) or containers of 

simple data types (e.g. queue, stack and list). Deriving from 

equations 3 and 4, we can get equation 5: 

y = λ(sn, Vy)  and  (sn, Vy) =δ(vx , sn-1)     (5) 

When an external transition is triggered, the receiving 

function Rev stores the inputs into corresponding Vx by 

unpacking a message bag. And DP function for data 

processing from Vx to Vy could be implemented within external 

transitions or internal transitions. Similarly, the sending 

function Sed for processing of outputs may be independently 

implemented in output function λ. This separation saves 

modelers from digging into the DEVS semantics but only their 

own behavior description of the systems. 

B. Support for Nondeterministic State Transitions 

First, we’ll show the differences between Nondeterministic 
State Transitions (NST) and Deterministic State Transitions 

(DST) in formal definition. Based on basic transition functions, 
DST and NST can be defined as follow: 

DST = δ: S × X
b
 → S          (6) 

NST = δ:S × X
b
 → P(S)        (7) 

 whereδ(s,x) =δext(s,x) ∪δcon (s,x), andδ( s, Ø ) =δint 

(s); P(S) denotes the power set of S.  In DST, the transition 

function δ is a surjection. Thus the term deterministic means 

that there is at most one invoked transition to a target state 

from any source state with a specific input. On the contrary, 

NST has more alternatives for target state with the same inputs. 

In practice, it is very important to convert easier-to-implement 

NSTs into more efficiently executable DSTs. To achieve this 

goal, we defined a Conditional Transition (CT): 

CT =δ: S ×X
b
 × C → S            (8) 

It shows the transition is triggered only when some pre-

conditions are satisfied. It also can be described asδ(s,x,c) = 

s’, where s,s’∈S ,c∈C, x∈X
b∪Ø, C is a set of constraints. 

We could make an assumption that, for any target state we can 

find a disjoint pre-condition satisfied (may be specific inputs, 

variable correlation, time correlation, etc.) to invoke a 

deterministic transition from a source state, because we need 

ensure the system running as expected and there must be only 

one option of transitions in the same condition. So a NST 

described as:δ(s, x) = {s1,s2,s3,…si∣si∈S}, may be divided 

into equations as follow: δ(s, x, c1) = s1, δ(s, x, c2) = s2,…,

δ(s, x, ci) = si. We assume that a specific input can also be 

viewed as a part of the constraint condition, while for internal 

transitions, the input is null. For unified implementation of 

internal transitions and external transitions, we simplify these 

equations: 

δ(s, c1) = s1, δ(s, c2) = s2,…, δ(s, ci) = si       (9) 

where ci∈C, s,si∈S.  We could consider equation 9 as an 

approximate realization of a NST using a DST format.  

C. Abstract Syntax of E-DEVSML 

E-DEVSML is specified using Extended Backus-Naur 
Form (EBNF) notation like the previous version. Considering 
of both convenience of use and conformity with the DEVS 
formalism, we specify it with modular and object-oriented 
features. We realize this language by Eclipse Xtext which is a 
powerful framework for the development of a DSL. Models in 
E-DEVSML are divided into three primary elements: the Entity, 
the Atomic and the Coupled.  

1) Entity: Message objects are exchanged according to the 

port-value pairs, and the datatype of a input value can be 

defined as an entity and reused by some ports. Figure 1 gives 

the definition of Entity in EBNF. We define a variable type 

named container which is a common data structure (e.g. queue) 

to store a series of entities. The keyword default assign values 

to variables when model is started or restarted. 

2) Atomic: The Atomic is the most important and 

complicated part of DEVS. The Atomic model is specified in 

EBNF grammar as figure 2 and figure 3 showing. The 

keyword vars defines a set of variables. The interfaceIO 

specification gives the definition of ports with specific data 
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type which is referenced as an Entity type. And state-time-

advance defines a set of states and the associated time-

advances. The time-advance TimeAdv can have values of 

either DOUBLE, infinity or a Variable already declared. The 

state-machine contains the initial state InitState and four 

behavioral functions. The expression (code=Code)? implies 

that there may be a code block associated with setting up of 

the initial state.  

 
Figure 1.  Definition of Entity in EBNF 

 
Figure 2.  Definition of Atomic in EBNF 

 
Figure 3.  Definition of behavior of an Atomic in EBNF 

DEVS has four functions to specify the behavior of an 
atomic model which are the main featured parts of E-DEVSML: 
Deltext, Deltint, Outfn and Confluent. And the conditional 
transition, receiving function, sending function and DP 
function mentioned above are also implemented as shown in 
figure 3. The keyword continue allows the model to stay in the 
same source state and the SetSigma rule allows the resetting of 
time-advance. To enable interoperability between the coupled 

model and its components, user-defined method defined by 
UserFunction in an atomic model is allowed to be called by 
itself or the coupled model comprising it. In addition, 
UseTemplate rule can reuse a code block with parameters 
which is already defined in CodeTemplate  rule.  

3) Coupled: The specification of a coupled model is 

shown in figure 4. To put it simply, the coupled model has the 

same interface specification as the atomic model. It is 

composed of a set of models which can be either atomic 

component or coupled component.  

 
Figure 4.  Definition of  Copuled in EBNF 

IV. MODEL TRANSFORMATION USING E-DEVSML 

This automated transformation process from UML to 
DEVS is a two-step approach. Due to the textual style of E-
DEVSML, first we use Xpand, a language specialized on code 
generation, to implement transformation from UML to E-
DEVSML. Then we can get executable codes through Xtext 
framework because Xtext is seamlessly integrated with the 
Eclipse Java framework by code generator with Xtend. At last, 
we use one of the open source DEVS simulator named DEVS-
Suite [5] to validate the executable models. 

 First, all the data types inherit from UML::Class can be 
translated into Entities in E-DEVSML. Second, from structural 
perspective, Class Diagram gives definition of attributes in an 
atomic model, while Component Diagram provides structural 
information about a coupled model including components in 
coupled model and couplings between them. At last, from 
behavioral perspective, State Machine Diagram (SMD) is quite 
suitable for providing behavioral information of an atomic 
model. In this diagram, the guard conditions of transitions 
certainly are mapped onto the constraints of Conditional 
Transitions. The receiving function and DP function are 
derived from transition effects, and the sending function is 
derived from state exit effects. Note that, there is no concept 

can be mapped ontoδcon. The default definition of confluent 

transition function simply appliesδint beforeδext in cases of 

collision between simultaneous external and internal events. 

To illustrate the capability of the E-DEVSML, we are going 

to show an example of a multi-server architecture model “m” 

316



as shown in figure 6-a. The coupled model “EFM” contains 

two models: the coupled model “ExpFrame” is an 

experimental frame for evaluating the performance of the 

other coupled model “m”.  The generator “g” sends entity 

“job” at a periodic rate, and the transducer “t” keeps counting 

generated jobs as well as processed jobs. In the coupled model 

“m”, the coordinator “multiSco:serverCord” keeps track of the 

status of the servers in a queue called “freeServers”. Figure 5 

shows a SMD of the coordinator “serverCord”: when a job 

arrives at the input port “in”, it is routed to the first “passive” 

server. If no server is free, the job will be stored in a queue 

“jobsToDo”. When a completed job returns on corresponding 

port “x”, the “serverCord” reroutes it to the output port “out.” 

Simultaneously arrived completed jobs will be stored in a 

queue “jobsDone”. Note that,“jobsToDo” and “freeServers” 

are input-port-associate variables, and “jobToDo” is an output-

port-associate variable which is assigned in the DP function 

employing a code template “make_output”, while “jobsDone” 

is not only a Vx but also a Vy. If we try to transform this 

diagram to the previous version of DEVSML, it’s difficult to 

deal with the NST to different target states which are triggered 

by a message on the same port or simultaneous messages on 

different ports, while the E-DEVSML solves this problem and 

makes the automated transformation process more smoothly. 
After an automated transformation process from UML to 

DEVS, figure 6-c shows a comparison of the model 
“serverCord” in E-DEVSML and java. When the final 
generated codes are executed in DEVS-Suite, we can get run-
time animations shown in “simView” window (figure 6-a). 
After several simulations with different processing time for a 
job of single server, the statistics of system performance is 
shown in figure 6-b. All these features guarantee validation of 
the functional requirements and evaluation of nonfunctional 
requirements precisely in earlier design phase.  

V. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a DEVS based modeling 
language E-DEVSML which can helps modelers to realize 
systematic simulation of the systems. We also presented an 

approach to make UML diagrams executable through an 
automated model transformation process using E-DEVSML. It 
also saves modelers from digging into the DEVS simulator 
codes but only their own behavior description of systems. In 
the future, practical application of E-DEVSML in an industry 
case will be discussed. As the current status of DEVSML is 
only support for static-architecture coupled models, our future 
work also includes description of DEVS dynamic-architecture, 
which permits the coupled model to evolve over time. 

 
Figure 5.  State Machine Diagram of the coordinator “serverCord” 
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Abstract— When developing a system in Model-driven 
Engineering (MDE), developers change the same diagram in 
parallel. These changes generate different versions that may 
conflict. Conflicts can be syntactic, related to the structure of the 
diagram, or semantic, related to the meaning of the diagram. The 
detection of semantic conflicts in diagrams should take into 
consideration both the syntax and semantics. This is necessary 
because languages like UML provide different representations 
that produce the same meaning. Therefore, syntactically different 
diagrams may be semantically equivalent. Thus, conflict 
detection methods must understand the semantics of diagrams to 
reduce the occurrence of false positive and false negative 
conflicts. This paper presents a semantic conflict detection 
method for UML class diagrams. It verifies if two versions of a 
class diagram are semantically equivalent, if one version 
semantically contains the other, or if they are semantically 
conflicting. 

Keywords-component; model version control; semantic 
equivalence; semantic conflict detection; UML class diagram. 

I.  INTRODUCTION  

The UML aims at assisting developers by providing tools to 
analyze, design, and implement systems [1]. One of the key 
diagrams in UML is the class diagram. A class diagram 
provides a static view of a system and consists of classes and 
relationships (association, aggregation, generalization, 
realization, etc.). According to [2], class diagrams are widely 
used for modeling systems and have several different structures 
with the same meaning. For example, we can represent a 
relationship amongst classes by means of an association or an 
attribute, setting its type as the opposing class, or even mixing 
both representations [3]. Therefore, the choice of which 
representation to use is the responsibility of the modeler [2]. 
Thus, different modelers can produce different class diagrams 
that have the same meaning.  

When the development team uses Model-driven 
Engineering (MDE), the development of a system is done 
through the creation, modification, and evolution of models [4]. 
In this context, a model can contain or be restricted to a class 
diagram. During the system development, different versions of 
diagrams are generated in parallel by developers. This occurs 
for different reasons that range from time-to-market to isolation 

of evolutive and corrective maintenance. These versions need 
to be controlled to ensure consistency. In this scenario arises 
the need of Model-driven Version Control System (VCS). A 
Model-driven VCS stores the versions of models and provide 
support for model comparison, detection and resolution of 
conflicts, and merging. Among the existings Model-driven 
VCS we can mention Odyssey-SCM [5], AMOR [6], and 
Mirador [7].  

Model-driven VCS must check for the occurrence of 
conflicts amongst versions. Conflict is a set of contradictory 
changes where at least one operation performed by a developer 
does not comply with at least one operation performed by 
another developer [8]. A good conflict detection method should 
minimize the occurrence of false positive and false negative 
conflicts. The former are non-conflicting changes marked by 
the detection method as conflicts [9]. The latter are conflicting 
changes not marked by the detection method as conflicts [9]. 
False positives conflicts reduce the productivity of developers 
since the time taken to analyze them could be used for other 
tasks. False negatives conflicts produce even more harmful 
consequences, as they may be ignored by the development 
team, leading to inappropriate merges. 

When the conflict detection method considers only the 
syntax of diagrams, it is restricted to the detection of syntactic 
conflicts. These conflicts are detected by structural comparison 
between the versions of diagrams [10][11]. As the method does 
not recognize the semantics of diagram, equivalent 
representations can be diagnosed as conflicting (false positives 
conflicts). Understanding the semantics of the diagram allows 
the identification of different representations that have the same 
meaning. Thus, the method becomes able to ascertain whether 
syntactically different versions are semantically equivalent. 
This helps in reducing false positives conflicts.  

Moreover, understanding the semantics of diagram allows 
the detection of semantic conflicts. A semantic conflict occurs 
when changes performed in parallel not only interfere with the 
modified element, but also in others. For example, semantic 
conflicts may occur when a developer modifies an element that 
depends on another element modified by other developers [10]. 
As semantic conflicts are more difficult to detect, they can 
generate false negative conflicts. Therefore, understanding the 
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semantics of the diagrams can also help reducing false negative 
conflicts. 

This paper presents a semantic equivalence detection 
method for class diagrams, called Rainbow, to solve the 
aforementioned problems. Our method investigates the 
semantic equivalence of class diagrams in order to reduce false 
positive and false negative conflicts. It receives an original 
version and two revisions of it. These three versions are 
exported as Prolog facts and enriched with semantic rules. 
Afterwards, the differences between the original version and its 
revisions are computed. These differences consist of the items 
added or deleted in a revision from original version. The 
differences are checked for semantic equivalence and semantic 
conflicts are detected. In a previous work [12], we present our 
semantic conflicts detection method for UML use case 
diagram. In this paper, we extended the method for UML class 
diagram. 

The remaining of the paper is organized as follows: section 
II presents important concepts about Model-driven VCS; 
Section III explains how the Rainbow works; Section IV shows 
an example of Rainbow in action; Section V discusses the 
technologies used to implement a tool that automates the 
method; Section VI presents some related works; and Section 
VII presents the conclusion and future work.  

II. BACKGROUND 

 Rainbow assumes a development environment that uses 
MDE and an optimistic Model-based VCS. As we want to add 
no extra burden to the development environment, we also 
assume that the VCS is loosely coupled to it. This way we 
focus on a three-way state-based version control [13].  

In three-way state-based version control, the merge 
algorithm receives three versions: the version that the 
developer wants to put in the repository (developer), the latest 
version stored in the repository (current), and the common 
ancestor version from which both derived (base). In this 
approach, in general, developers change the model on their 
workspace, independently and in parallel, until they decide to 
socialize their contributions [13]. When the developer takes 
this decision, he or she sends their developer version to the 
VCS. Then, the VCS checks for conflicts with the current 
version and generates a merged version.  

The complete process of the three-way merge has four 
phases [14]: comparison, conflict detection, conflict resolution, 
and merge. The comparison phase contrasts the developer and 
current versions in order to calculate their differences. The 
information contained in base version is taken into 
consideration to help inferring the operations performed in each 
version. This phase is critical to the final result of the merge 
process because the other phases are based on information 
collected by it. In state-based merge, the comparison algorithm 
relies only on the input versions (base, current, and developer) 
to compute the differences between versions. Therefore, the 
method requires matching techniques to check if an element 
corresponds to another in different versions. 

Next, the conflict detection phase verifies whether the 
differences contain conflicts. There are various types of 
conflicts such as syntactic and semantic conflicts. This work 

focuses on the detection of semantic conflicts. During the 
analysis of differences, if developer and current versions are 
equal or semantically equivalent then there are no conflicts. In 
this case, the merge phase can be performed. Otherwise, the 
existing conflicts must be resolved (conflict resolution phase) 
before continuing the merge process. After resolving the 
conflicts, the merge phase can be performed. At this phase, the 
base and developer versions are combined into a single version 
(merged version).  

III.  RAINBOW 

Rainbow considers a subset of relationships and elements 
that exist in the specification of the UML class diagram (CD) 
[1]. This subset contains the following elements: class, 
attribute, operation, multiplicity, role, association, aggregation, 
composition, interface, realization, generalization, 
enumeration, and abstract class. 

Rainbow is composed of three phases as shown in Fig. 1 
[12]. These phases are: translation, semantic enrichment, and 
conflict detection. In the translation phase, our method 
receives the three versions of CD to be analyzed (base, current, 
and developer versions) and transforms them into a set of 
Prolog facts. Each Prolog fact represents an element or 
relationship in a CD version.  Tab. I shows some examples of 
Prolog facts generated in this phase. 

 

 
Figure 1. Rainbow phases 

TABLE I.   MAPPING FROM CLASS DIAGRAM  TO-PROLOG FACTS 

Diagram class item Prolog fact 

Class class(className). 

Abstract class isAbstractClass(className). 

Generalization inheritance(subclassName, superclassName). 

Attribute of  class attribute(className, attributeName). 

 

During the semantic enrichment phase, Rainbow analyzes 
each Prolog fact generated during translation phase to infer 
indirect relationships. This inference generates new Prolog 
facts that are added to those created in the previous phase. To 
accomplish this, the class diagram specification has been 
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analyzed and we generated a set of rules that describes the 
semantics of the class diagram according to the UML 
metamodel. Tab. II shows some specific semantic rules for the 
UML class diagram used by Rainbow.  

Next, the conflict detection phase starts. Rainbow 
compares the enriched set of Prolog facts to identify if they are 
semantically equivalent or if one version semantically contains 
the other. If one of these two alternatives is true, it means that 
there are no semantic conflicts. If the first alternative is true, it 
means that any of the versions can be chosen. If the second 
alternative is true, then the method should choose the most 
complete version. Otherwise, the versions should be analyzed 
for occurrences of semantic conflicts.   

The semantic conflict detection consists of executing two 
diff operations. The first is performed between base and 
developer versions while the second is performed between base 
and current versions. Each diff operation computes the 
additions and deletions that transformed the base version in the 
version in comparison. The additions form the add set and the 
deletions form the del set.  

TABLE II.  SEMANTIC RULES FOR UML CLASS DIAGRAM 

# Rule 

1 
In a generalization relationship, for each attribute in the 
superclass, an equivalent attribute is inferred for the subclass 
unless the attribute in question has a private visibility. 

2 
In a generalization relationship, for each operation in the 
superclass, an equivalent operation is inferred for the subclass 
unless the operation in question has a private visibility. 

3 In a generalization relationship, for each association in the 
superclass, an equivalent association is inferred for the subclass. 

4 In a realization relationship, for each attribute of the interface, an 
equivalent attribute is inferred for the class. 

5 In a realization relationship, for each operation of the interface, an 
equivalent operation is inferred for the class. 

6 
If a class is abstract and all its methods are abstract then, if there is 
an interface that has the same name and the same elements, they are 
semantically equivalent. 

 

Next, the add and del sets of each diff operation are 
checked for conflicts. A conflict occurs if a model element 
appears simultaneously in the set of additions of the first diff 
operation and in the set of deletions of the second diff 
operation, or vice versa. For a better understanding of the 
functioning of Rainbow, section IV presents an example of our 
method in action. 

IV.  RAINBOW IN ACTION  

Consider the development of a system for bank control, 
and the modeling of their CD. Fig. 2 shows three simplified 
versions for such CD. Fig. 2.a shows the base version, Fig. 2.b 
presents the current version, and Fig 2.c shows the developer 
version. In the proposed method, all three illustrated versions 
have their files submitted to the translation phase as explained 
in Section III. After the execution of this phase, three Prolog 
sets are generated, representing all relevant information about 
the input versions. During this phase, only the syntax of CD is 

considered. Due to space constraints, this paper does not show 
all the generated facts during the translation phase. 

Next, the semantic enrichment phase is performed. In this 
phase the Prolog facts are enriched with semantic rules 
specific for UML CD. These rules infer indirect relationships 
through direct relationships amongst CD elements, 
conciliating the semantics of different representations.  

In order to illustrate the semantic enrichment performed by 
the semantic rules, consider the figures that compose Fig. 2, 
more specifically Fig. 2.a and 2.b. Analyzing the differences 
between these two figures, we can observe that the developer 
made the following changes: he or she created an abstract 
class, named Person, and added a generalization between 
Natural Person and Person classes. He or she chose to put the 
attribute name and operation setName in the superclass. 
Another change made in this version was the addition of the 
association, named has, between Person and Account classes.  

Furthermore, he or she added setSocialSecurityNumber 
operation in Natural Person class. 

 
 

 
a. base version 

 

 
b. current version 

 

 
c. developer version 

Figure 2. Model Versions for Bank Control System. 
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With respect to Fig. 2.b, the generalization between 
Natural Person and Person classes determines that Person is 
the superclass of Natural Person. Due to that, Natural Person 
inherits all attributes and operations that exist in Person whose 
visibility is not private. The same is also true for the 
associations. 

 These details justify the creation of new facts that 
represent these implicit behaviors (semantics) of the UML 
CD. Thus, in addition to the syntactic facts created in the 
translation phase, new semantic facts are created for both 
current and developer version from semantic rules shown in 
Tab. II.  

Regarding the current version, by applying rule 1, the 
name attribute is inferred to Natural Person class and now this 
class has two attributes: name and socialSecurityNumber. 
Furthermore, by applying rule 2, the operation setName is 
inferred to Natural Person class and now this class has two 
operations: setName and setSocialSecurityNumber. Through 
the application of rule 3, associations are also inherited from 
Person. Then Natural Person is associated with class Account.  

Consider now the figures 2.a and 2.c. Fig. 2.c was created 
from Fig. 2.a. Checking for changes made by the developer, it 
can be noticed that he or she created the Person interface. In 
Object Oriented paradigm, interfaces are public and cannot be 
instantiated. These structures specify contracts. Thus, the class 
that implements an interface contains all elements contained in 

that interface. In UML, the interface implementation is 
represented by a realization relationship.  

Checking Fig 2.c, it is possible to note that the developer 
created a realization relationship between the Natural Person 
class and the Person interface. This relationship indicates that 
the Natural Person undertakes to implement the Person 
interface. When there is a relationship of realization between a 
class and an interface, the class in question contains not only 
the attributes specified in the class itself, but also the attributes 
and operations contained in the implemented interface. 

These changes lead to the inference of new Prolog facts 
from UML semantic rules shown in Tab. II. Once again, it is 
worth mentioning that these new facts are added to the 
syntactic facts created in translation phase. In this case, these 
new facts were appended to the developer version by applying 
the semantic rules 4 and 5 of Tab. II. Through the application 
of rule 4, the Natural Person class has facts that correspond to 
name and socialSecurityNumber attributes. The name attribute 
comes from the Person interface. By rule 5, the setName 
operation also is inferred to Natural Person class. 

After the end of the semantic enrichment phase, Rainbow 
starts the conflict detection phase. Analyzing this scenario, we 
can observe that two developers changed in parallel the same 
class diagram. Then, we need to check if these changes 
generated equivalent or conflicting versions.  

 

TABLE III.  ADD SETS FOR CURRENT AND DEVELOPER VERSIONS 

AddCurrent AddDeveloper 

class(person).  

visibilityclass(person,public).  
isabstractclass(person). interface(person). 
inheritance(natural_person,person). realization(naturalperson_person,natural_person,person). 
attribute(person,name). attributeinterface(person,name). 
typeattribute(person,name,string). typeattributeinterface(person,name,string). 
visibilityattribute(person,name,public). visibilityattributeinterface(person,name,public). 
lowervalueattribute(person,name,1). lowervalueattributeinterface(person,name,1). 
uppervaleuattributee(person,name,1). uppervaleuattributeinterface(person,name,1). 
operation(person,setname). operationinterface(person,setname). 
visibilityoperation(person,setname,public). visibilityoperationinterface(person,setname,public). 
typereturn(person,setname,unset). typereturninterface(person,setname,unset). 
isabstractoperation(person,setname). isabstractoperationinterface(person,setname). 
operationparameter(person,setname,name,string). operationparameterinterface(person,setname,name,string). 
operation(natural_person,setsocialsecuritynumber ).  
visibilityoperation(natural_person, setsocialsecuritynumber, public).  
typereturn(natural_person, setsocialsecuritynumber,unset).  
operationparameter(natural_person, setsocialsecuritynumber, socialsecuritynumber, integer).  
association(has,person,account).  
roleassociation_end_a(has,person,person).  
aggregationassociation_end_a(has,person,none).  
lowervalueassociation_end_a(has,person,1).  
uppervalueassociation_end_a(has,person,1).  
roleassociation_end_b(has,account,account).  
aggregationassociation_end_b(has,account,none).  
lowervalueassociation_end_b(has,account,1).  
uppervalueassociation_end_b(has,account,-1).  
isnavigableassociation_end_b(has,account).  
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In this phase, Rainbow executes the diff operations in the 
two pairs: base and current versions, and base and developer 
versions. For each pair, the add and del sets are computed. 
First, we consider the first pair (base-current diffs). As 
previously mentioned, the current version has only additions. 
Therefore, the del set is empty. Tab. III shows the result of this 
diff operation and contains all differences found in this 
scenario. The Addcurrent column presents the result of the diff 
operation that calculates the additions made in the current 
version in relation to base version. 

Considering the second pair formed by base and developer 
versions, it is possible to notice that, as in the first pair, the 
developer only added elements to the base version. Therefore, 
the del set is also empty. The add set is shown in Tab. III in 
the AddDeveloper column. 

After the creation of the add sets, the differences reported 
must be analyzed. In summary, one can say that the current 
version:  

a) Created Person class, which is an abstract and public 
class. This class has an attribute called name and an abstract 
operation called setName. The subset of facts featured in Tab 
III, shows the specification of these concepts. 

b) Added a generalization between Person and Natural 
Person classes. In this relationship Person is superclass of 
Natural Person. 

c) Added an operation called setSocialSecurityNumber and 
an association between Person and Account class. 

On the other hand, one can say that the developer version: 
d) Added an interface called Person. This interface has an 

attribute called name and a setName operation. The setName 
operation is public and abstract. 

e) Added a realization between the Person interface and 
Natural Person class.  

Now, consider the Prolog facts represented in Table III. In 
AddCurrent column, the highlighted facts correspond to the a) 
and b) differences mentioned above. Likewise, in AddDeveloper 
column, the highlighted Prolog facts correspond to the d) and 
e) differences found in the developer version. 

By rule 6 of Tab. II, it is concluded that Person interface 
and Person abstract class are equivalent since all methods of 
this class are abstract and public. Moreover, the name attribute 
has the same characteristics in both the interface and abstract 
class. The same happens with the setName operation. Thus, 
the Prolog facts that match the Person abstract class and all its 
elements, as well as those related to the Person interface, 
should be removed from both sets of difference. This removal 
operation makes the AddDeveloper set empty.  

From this information, one can conclude that the current 
version includes all semantic which exists in the developer 
version. Therefore, Rainbow chooses the current version 
because this version is the most complete. 

This type of semantic equivalence is not detected when 
only the syntax of the CD is analyzed. When only the syntax 
of the CD is considered, the method can identify these 
differences as conflicts and generate false positive conflicts. 
Also, not taking into account the semantic equivalence can 
lead to erroneous merged version.  

As shown in the example, Rainbow contributes to identify 
syntactically different CD versions presenting the same 
semantics. This helps to reduce the amount of false positive 

conflicts and increases the efficiency of the method of conflict 
detection. This feature further reduces the rework generated 
for the team. 

Moreover, understanding the semantics allows for 
detecting semantic conflicts. This type of conflict cannot be 
detected when only the syntax is considered. Thus, this 
detection can help reducing false negative conflicts. This also 
prevents erroneous merged version. 

V. PROTOTYPE IMPLEMENTATION 

We are implementing a tool to automate the Rainbow 
method. It currently supports the translation phase and we are 
implementing the semantic enrichment phase. When 
completed, Rainbow implementation will be expanded to other 
UML diagrams and, in the future, we will check for conflicts 
amongst different diagrams such as class diagrams and use 
cases. 

The example of Section IV had its CD versions designed 
using Papyrusa. For each CD version, Papyrus generates a file 
containing its XML Metadata Interchange (XMI) file. This file 
is used as input for Rainbow and translated into Prolog facts. 
We adopted the OMG Model to Text (M2T) standard to 
transform XMI files into a set of Prolog facts. The translation 
is made by means of Acceleob . Finally, the semantic 
enrichment phase uses TuPrologc library, integrated to Java, to 
infer new Prolog facts.  

VI. RELATED WORK   

Odyssey-VCS [15] is a Model-driven VCS that allows the 
use of fine granularity for UML 2 models. The system uses 
Three-Way merge and state-based versioning. The conflict 
detection uses existence analysis of elements and processing 
of attributes and relationships. This VCS takes into account 
only the syntax of UML models. As it does not take into 
account the semantics of the models, it cannot detect semantic 
equivalence and semantic conflicts.  

In [16] is proposed a domain-specific language that defines 
and manages syntactic and semantic conflicts. In this 
approach, the differences between the compared versions are 
represented in models of difference. The difference metamodel 
is generated from the base metamodel. For each metaclass of 
the base metamodel are generated three new classes: 
AddedMC, DeleteMC and ChangeMC. These artifacts aim at 
representing the added, deleted and modified classes of a 
version. It is applied the same reasoning for attributes, 
associations, methods and parameters. Moreover, the approach 
uses criteria resolution written in OCL (Object Constraint 
Language) and rules. This approach detects and resolves 
previously known semantic conflicts. However, we are unable 
to identify how semantic equivalence is treated. 

Smover [17], presents a method of semantic conflicts 
detection. Smover is based on semantic views and inspection 
strategies of elements.  The latter can be configured by the 
user. A semantic view maps a version from a source 
metamodel to target metamodel. This mapping is based on 

                                                           
a http://www.eclipse.org/papyrus/ 
b
 http://www.eclipse.org/acceleo/ 
c
 http://tuprolog.alice.unibo.it/ 
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relevant aspects of the source. The result of the transformation 
is a model in conformance with the target metamodel that 
contains the aspects of interest. The conflicts found in the 
source metamodel are syntactic conflicts, and those found in 
the mapped metamodel are semantic conflicts. 

CDDiff [18] is an semantic diff operator created for UML 
CD. The operator receives two versions and executes its 
semantic comparison. The result of this operation is a set of 
diff witnesses. Each diff witness is an object model that is 
possible in the first version and is not possible in the second 
version. This operator uses a Two-Way merge, therefore does 
not detect semantic conflicts.  

VII.  CONCLUSION 

This paper presents a semantic equivalence detection 
method for class diagrams called Rainbow. This method uses 
the three-way merge. Thus, it receives three versions and 
verifies if they are equivalent, if one version contains the other 
version, and if there are conflicts to be resolved. 

Each submitted version is transformed into Prolog facts. 
These Prolog facts are semantically enriched by means of 
UML specific rules. Next, conflict detection phase checks for 
occurrences of semantic conflicts. 

We also present an example that shows that syntactically 
different versions can be semantically equivalent. Due to the 
difficulty in identifying this type of equivalence, the method 
helps on reducing the amount of false positives conflicts. 
Thus, it increases the efficacy of the conflict detection method 
as a whole.  

Moreover, understanding the semantics allows for 
detecting semantic conflicts. This type of conflict can not be 
detected when only the syntax is considered. Thus, this 
detection can help to reduce false negatives conflicts. This 
prevents that false negatives conflicts are not resolved which 
can lead to an erroneous merged version. 

As future work, we intend to support additional UML 
diagrams (beyond the CD and use cases diagrams). 
Furthermore, we intend to expand the method to work in 
detecting conflicts between different diagrams. Finally, we are 
planning to run some experimental studies with the proposed 
method. We also intend to perform experiments on real case 
studies. Another future work is to allow the visualization of 
conflicts, changes, and merge by the developer. 
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Abstract— This paper contributes a new approach for 

developing UML software designs from Natural Language 

(NL), making use of a meta-domain oriented ontology, well 

established software design principles and Natural Language 

Processing (NLP) tools.  In the approach described here, banks 

of grammatical rules are used to assign event flows from 

essential use cases. A domain specific ontology is also 

constructed, permitting semantic mapping between the NL 

input and the modeled domain. Rules based on the widely-used 

General Responsibility Assignment Software Principles 

(GRASP) are then applied to derive behavioral models. 

Keywords- Requirement Engineering, Ontology, Requirement 

Specification, Natural Language Processing, Software model, 

UML, Software Design Pattern 

I.  INTRODUCTION 

One of the biggest challenges in Requirement Engineering 

(RE) is managing changes. Requirements are most often 

written and communicated in Natural Language (NL)[1][2] 

but unfortunately moving from NL to software design is a 

difficult and time consuming process.                                

The purpose of this work is to increase the efficiency of 

software development based on the automated transition 

from textual to a conceptual visualization of the dynamic 

software model. An approach is described, where starting 

with the text-based use-case specifications, objects inside 

the use-case specifications are elicited and object properties 

extraction is affected using an ontology representing the 

domain model. Eventually, behavior is modeled and 

visualized as Unified Modeling Language (UML) sequence 

diagrams.  

The next section provides an overview of related 

research. Section III gives a description of the problem 

under investigation. Section IV demonstrates the solution 

approach using a ‘Point of Sale’ illustration and the final 

section discusses the results obtained.  

II. BACKGROUND 

There is undoubtedly a challenge in translating a natural 

language description into usable software. NL descriptions 

of problem domains captured from the stakeholder are often 

complex, vague and ambiguous leading to multiple 

interpretations [3]. Saeki et al. [4], and Rupp [5] have 

analyzed the requirement specification document from a 

linguistic aspect.  

Saeki et al.[4], Carasik et al. [6], Cockburn [7], Boyd [8] 

and Juristo et al.[9] have explored the use of language as a 

metaphorical basis (analogical source) for discovering the 

structure (syntax) of objects and object messages, and for 

the naming (semantics) of software components. Their work 

has focused on the production of UML static diagrams (e.g. 

Use Case diagram and Class diagram). Other tools such as 

NL-OOP[1], RECORD [10], CM-Builder [11], LIDA [12] 

and UCDA [13] also only generate static diagrams, probably 

because this is less complex than building dynamic 

diagrams. GOOAL [14], CIRCE[15], and a-Toucan [16] are 

tools that claim to produce UML sequence diagrams besides 

generating other UML diagrams (use case diagram, activity 

diagram and class diagram).  

Table 1.0 summarizes the types of UML diagrams 

produced from each of the research projects mentioned 

above. The tick () symbol represents diagrams that had 

been implemented in the existing research projects. All the 

tools investigated are able to identify attributes, objects and 

methods from requirements text for the production of UML 

diagrams. However, they require human intervention to 

interpret the correctly extracted annotation of OO concepts 

before building a particular diagram.  

    The existing tools need to enhance their NLP system to 

produce high quality analyses by allowing for dependable 

deep semantic analysis and adequate syntactic analysis, in 

order to produce high quality diagrams. The ontology will 

be used to ensure that software engineers have a shared 

understanding of the problem domain with the stakeholders 

as well as to promote reusability. 

TABLE I.  CHECKLIST OF UML DIAGRAMS PRODUCED FROM 

EXISTING RESEARCH PROJECTS. 

 
In the production of sequence diagrams, various synthesis 

techniques were used to build these models from use case 
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specification scenarios. Work by [17][18][19]were refereed 

and their approaches will be enhanced to  meet the goal of 

building a precise dynamic model. 

 

III. PROPOSED APPROACH 

We propose an architecture for a toolset ‘Use Case 

specification to Sequence Diagrams’ (UC2SD) which allows 

us to produce UML sequence diagrams from the text 

requirements provided by the stakeholder(s).  

This architecture will focus on the modeling aspects of 

the process, largely where the end result is to generate 

diagrams and software code to represent the solution. 

Requirements analysis will involve an automated Natural 

Language Processing (NLP) process. In turn, the 

requirements analysis to design phase will involve the 

extraction of object model elements such as classes, 

attributes, methods and relationships derived from the NLP. 

The inclusion of knowledge in related domain ontologies 

will help to refine the object and properties candidates. In 

the software design and the implementation phases, these 

components will assist in building software models such as 

UML diagrams and software code. The data verification for 

each module will be evaluated by human experts. Data 

correction is a part the verification process. Thus we are 

aiming at design support rather than complete automation. 

Nonetheless, it is hoped that the NLP can handle the 

majority of the process in our approach.  In what follows, 

we will describe the research justification for each module 

in the architecture, its role in achieving the research goal. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.  Architecture of Use Case specification to Sequence Diagrams 

(UC2SD) 

A. Requirement Analysis Module 

1) Text Requirement Acquisition 

At this stage, requirements having been elicited are 

written using specified template rules. By template rules, we 

mean the use of guidelines or approaches to follow in 

developing use case specifications descriptions from system 

requirements [20][21]. The use case is used to capture 

system’s behavioral requirements by detailing event-driven 

threads. In this module, such a template will permit the user 

to clearly and succinctly input the important use case 

specification element(s). We have utilized the concept of an 

essential use case [22], where the use case form is split into 

user intentions and system responsibilities and target 

applications that can be specified using this form. In 

implementing this restriction, we reduce the probability of 

misinterpretations by an NLP system and at the same time 

ensure that the user has written the use case in a way that 

makes it possible to identify user actions and system 

responsibilities. Later this should help to reduce the need for 

human intervention. In realizing this, a set of rules in the use 

case content structure are introduced. 

B. Natural Language Processing Module 

Liddy et al. [23] has defined Natural Language Processing 

or NLP as “a theoretically motivated  range  of  

computational  techniques  for  analyzing  and  representing  

naturally  occurring  texts/speech  at  one  or more  levels  of  

linguistic  analysis  for  the  purpose  of achieving  human-

like  language  processing  for  a  variety  of tasks or 

applications.” The NLP goal is to transform text information 

to some internal data model which synthesizes from a data 

form into a NL surface form [24]. In Linguistic analysis of 

NL text, Li et al. [3] have identified three main components: 

word-tagging; syntactic analysis; and semantic analysis. In 

the proposed architecture, the text will be processed in four 

stages: Lexical Analysis; Syntactic Text Analysis; Candidate 

Refinements; and Semantic Text Analysis.  

2)  Lexical Analysis 

This stage involves the text tokenization and lexical pre-

processing of the input text. Before the Part-of-Speech (POS) 

tagging process, the input text from use case specification 

has to be tokenized. Part-of-Speech determines word type 

and the role a word plays in the phrase structure. This is 

where the phrase or text is split up into a set of labeled tokens 

(i.e.: nouns, verb, adjective, adverb, etc…) [21]. In this 

context, we are using Penn Treebank Tagset [25] as a default 

set of grammar rules for each tagged token. 

3) Syntactic Analysis 

Syntactic analysis involves determining the structure of 

the input text. A single sentence is typically the largest 

modeled structure within a portion of text, whilst the smallest 

modeled structures are the basic symbols (i.e. mostly words) 

within the input text. In contrast with lexical analysis, 

syntactic analysis takes into account the sentence structure, 

whereby each lexical token is assigned one or more Part-of-

Speech tags. By identifying domain dependent terminology, 

an initial attempt is made at this point to extract and build a 

domain model within this stage. 
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4) Candidates Refinement 

The output of POS tagging will tag a set of preliminary 

noun and verb phrase candidates. It may be that preliminary 

candidates are poorly defined and often not related to the 

problem domain. At this stage, the collected candidates can 

be further analyzed to discover details such as “What are the 

refined candidate classes?”, “What might be the attribute 

value?”, and “What kind of relationships hold between the 

classes?” The solution for these questions will be sought in 

an iterative manner. This would lead to more detailed and 

refined object properties which can then be an input to the 

production of behavioral models. 

Domain ontology analysis will facilitate the process of 

identifying the relevant candidate classes aside from the 

verification by human experts. In order to refine a 

preliminary candidate class to relevant classes, the results 

from the parser will be matched with the concepts and 

structures defined within the ontology which will be 

described in the Knowledge Representation Module, later. 

The algorithm to refine the candidate classes is listed below 

followed by the identification of attributes and methods. 

 

Step 1: Pre-Class identification 

i. Identify candidate classes from the common nouns 

(e.g. things, persons, places) 

ii. Identify candidate classes from nouns which follow the 

preposition ‘a’ or ‘the’ (e.g.: a sale, the customer) 

iii. Identify candidate classes from the ‘IsA’ relationship 

(instantiation and inheritance) 

e.g.: Credit card is a Payment type. 

Credit Card is a subclass of Payment 

Step 2: Attribute Identification 

i. Identify attributes from common nouns (e.g.: Class 

Person attributes are first name, last name, address 

etc…) 

ii. Identify attributes from adjectives.  

e.g.: sale line item with description, price and total. 

    Class: sale line item 

           Adjective: with 

  Attribute: description, price and total 

iii. Identify attributes from the ‘HasA’ relationship 

(aggregation) 

e.g.: Payment has an amount. 

Step 3: Operation and Relationship Identification 

i. Identify the operation or method from action verbs 

(e.g.: calculate, start, enter) 

ii. Identify the relationship from static verbs which 

describe the association relationship.  

e.g.: Class Cashier works for Class Manager. 

Class System records the Class Sale Line Item. 

 

The outcomes for this process will produce a refined set 

of candidate classes and eliminate a number of irrelevant 

classes, which then might be acted as the attributes of the 

classes. The responsibility of a class is defined in its methods 

and fulfilled by collaborating with other classes. This will be 

further described in the next module. 

5) Semantic Text Analysis 

In semantic text analysis, the sentence level syntactic text 

analysis will be combined with the semantic items identified 

within the ontology to map them onto Object Oriented 

elements, namely classes, attributes, methods and 

relationships among the classes. Here, a rule-based approach 

is followed for identifying actors, objects, class attributes, 

messages etc. Behavior of each object are identified using the 

Subject-Verb-Object (SVO) approach, based on a word order 

of a typical sentence pattern.  The verb carries the action 

across to a target or receiver. To illustrate, the SVO approach 

can be applied to a use case sentence as follows: “a customer 

(subject) creates(verb) account(object)”. 

In particular, a set of syntactic rules is proposed to assist 

the software developer in writing and normalizing the use 

case specification. The behavior element written in the 

specification statements can be read by machines using this 

syntactic pattern matching. At this stage, the meaning and 

relationship of each sentence will be analyzed iteratively.  

The semantic checking is performed here to resolve 

ambiguities.     

C. Knowledge Representation 

In this module, the business domain knowledge is 

represented using suitable business ontology. We have 

selected the Business Management Ontologies (BMO) [26] 

as suitable for application to our case study. The current 

version of BMO has about 40 ontologies with around 1300 

classes designed to allow the user to define private, public 

and collaborative business processes (using Business 

Process Modeling Notation). The content includes the data 

(instances) and definition where the higher-level ontology 

may import one or more lower level ontologies.  
This mapping process will be combined with the result 

from the candidate refinement stage using the POS-BMO 
ontology with the Protégé-OWL tool[27].  

D. Object Oriented Design Module 

The output from the NLP processor will be used to 
generate sequence diagrams. Participating actors/ objects/ 
classes, messages/ methods and attributes are mapped 
respectively with nouns, verbs and adjectives and are then 
translated into UML sequence diagram constructs.  At the 
beginning the system sequence diagram (SSD) will be 
generated,followed by the detailed sequence diagram.  

To move to detailed sequence diagrams, we must 
consider how objects collaborate with other objects to 
implement system operation. To achieve this we have 
applied the General Responsibility Assignment Software 
Principles (GRASP) [2], including Creator, Information 
Expert, Controller, Low Coupling and High Cohesion 
principles. These are used as follows: 

i. Creator – to determine who should be responsible for 
creating a specific object. 
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ii. Information Expert - should be responsible for a 
responsibility based on it having the necessary data. 

iii. Controller - to determine which should be the first 
object to receive a message from an external actor 

iv. Low Coupling – used to choose between objects for 
responsibility assignment, based on interaction between 
objects 

v. High Cohesion – used to choose between objects for 
responsibility assignment and it measures how strongly 
related and focused are the responsibilities of each 
class. 

The goal of applying these principles is to identify 
object’s responsibility which in turn establishes its 
collaboration. 

E. Implementation 

Once the sequence diagrams have been generated, they 
can be checked and verified using human experts.  Indeed, 
compilable code can be created from the sequence diagrams, 
if desired. This phase will not be discussed in this paper as 
the work is still in progress. 

 

IV. DEMONSTRATION AND ANALYSIS 

A Use Case specification to Sequence Diagrams 
(UC2SD) generator was designed and constructed in order 
to demonstrate the approach. We used the processing 
resources that GATE [28] provides, which are made 
available in the form of plug-ins.  GATE makes it possible 
to use the Java Annotations Pattern Engine (JAPE) 
transducer which provides a way to process text over 
specified annotations and to further identify patterns or 
entities in text.  

Input text is from the use case provided by the user, 
which needs to be tokenized and split into sentences. Each 
token (i.e. number, word, punctuation) is then assigned with 
Part-of-Speech (POS) tags where the grammars are based on 
Penn Treebank Tagset which applies the Hepple's Brill-style 
tagger  This process is assisted by a morphological analyzer 
which involves lemmatization or word stemming. 

   Next, the JAPE transducer will trigger the grammar rule 
to identify and annotate objects and messages from the 
given Syntactic Rules (SRs), discussed earlier. The JAPE 
syntaxes have been developed for all of the SRs.  

   Thus, before the XML is produced, a frequency analysis 

step is carried out to produce frequency lists of overall word 

form.  The selection of candidate classes are based upon the 

frequency of the nouns’ appearance and the result will then 

be verified by the user. This object property extraction is 

used to construct a System Sequence Diagram (SSD).The 

SSD is a sequence diagram that shows the event interaction 

between external actors with the system object. Figure 2 and 

3 illustrate the Point of Sale (POS) system specification for 

process sale use case and the SSD generated. This SSD 

describes: (1) each method with a sequence number label 

above the arrow; (2) method parameters in brackets for each 

message; (3) message represented as solid arrows and 

returns represented as a dotted line arrow. 

 

 
Figure 2.  UC2SD Automation of System Seqence Diagram (SSD) 

production 

 
Figure 3.  System Seqence Diagram (SSD) of Process Sale use case 

generation 

   The SSD generation is a relatively straightforward task 

as it only involves the external actors, message flow and 

System object. However, a more detailed system design of 

SD can be derived with potential classes involving three 

common stereotypes (boundary, controller and entities). 

Thus, to construct a refined Sequence Diagram (rSD), we 

finalized the potential classes and determined 

responsibilities of objects within the system. To achieve this, 

we use the POS-BMO ontology to map the extracted object 

properties to appropriate objects.  

    First it adds all the entity objects from preceding 

ontology analysis and then it transforms some individual 

messages on the GRASP rules. Finally it divides the System 

class into UI, Controller and Entity classes and as well 

adjusts the messages accordingly. All of this is currently 

done against a representation of the sequence diagrams in 

XML, via the Document Object Model (DOM) API. 
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In the beginning, we will focus on the three GRASP 

principles:  Creator, Information Expert and Controller.  

In Creator, the pattern directs us to who should be 

responsible for creating a new instance of some class? 

According to Larman, the Creator principle applied to 

Process Sale use case is justified as follows: 

 

i. SystemRegister is responsible for creating the 

Sale object because the SystemRegister is used by 

the Cashier to ring in a new Sale.  

ii. The Sale object is responsible for creating the 

Payment object, as a payment is only being made when 

a sale is being made. Hence, the SystemRegister 

makes a Sale object which in turn makes a Payment 

object.  

 

   The Information Expert principle guides us to assign 

responsibilities to objects where an object becomes an 

expert for a service if it has the ability or information to 

fulfil the obligations of that service. According to Larman, 

the Information Expert principle applied to the Process Sale 

use case is illustrated as follows: 

i. SystemRegister is the Information Expert for the 

following services: makeNewSale, enterItem, 

endSale, and makePayment, as it has the requisite 

information on hand to fulfil these obligations. 

ii. The Sale object is responsible for getTotal, 

makePayment, and makeLineItem. The picture 

should also include a call of makeLineItem to the 

SalesLineItem object. 

iii. The Product object is responsible for providing its 

own price, so it has a function called getPrice for 

this activity. 

Finally, Controller pattern handles system operation 

messages between the actor and first object in the domain 

layer. It is responsible for delegating tasks to other objects. 

We assumed that a controller pattern can be identified with 

the controller stereotype class, detailed earlier. In one of the 

heuristic [38] we can identify a controller class for each use 

case. Again the use of the Controller principle applied to 

Process Sale use case is described as follows: 

i. SystemRegister is the controller class which is 

responsible to delegate messages flow from Cashier as 

the actor class. 

ii. Before each message received by entity classes, 

SystemRegister will take control of the messages.  
 

There are three rules currently implemented. Creator, 

Controller and Information Expert. 

a. If there is a message in the SSD with a parameter whose 

name starts with the word "new", then insert 

immediately after it a <<create>> message from the 

recipient of that message to the entity class named in 

the parameter. In the test use case, this rule matches 

only the very first message in the SSD, "start(new 

sale)".  From that message, the rule produces a 

<<create>> message from the system (later split into 

System_UI and ProcessSaleHandler) to Sale. 

b. If a message is passed with a method named "record", 

and the parameter to that message is a class which is 

contained in another (based on the output of the 

ontology analysis), then replace that with two new 

messages: an add message from the sender of the 

"record" message to the container class, followed by a 

<<create>> message from the container to the specified 

class. In the test use case, this rules matches only one 

message in the SSD, the "record(sale line item)" 

response from the system to the user. The result is the 

"addLineItem()" request from the system (later split 

into System_UI and ProcessSaleHandler) to Sale, 

followed by the <<create>> message from Sale to 

SalesLineItem. 

c. Split the second class in the SSD into a UI class and a 

controller class (adjusting all the affected messages 

accordingly).  If any of the entity classes has a name 

ending in "Controller" or "Handler" (from the 

ontology),  then use it as the controller class, otherwise 

create the controller class by appending "_Controller" 

to the end of the name of the class being split.  For the 

name of the UI class, use the name formed by 

appending "_UI" to the name of the class being split. 

In the test use case, this rule splits the "System" 

class into "System_UI" and "ProcessSaleHandler" 

(which is among the entities identified in the ontology 

analysis).  Messages between "System" and "Cashier" 

are replaced by chains of two messages, passing 

through "System_UI". Messages between "System" 

and other entities are simply moved to 

ProcessSaleHandler. 

 

 
Figure 4.  Refined Sequence Diagram (rSD) 
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Figure 5 illustrates the refined Sequence Diagram (rSD) that 

been generated from the tool based on the rules 

implemented. From the generated diagram it is clearly has 

similar result with the sample given by the expert (based on 

Larman’s book) because of the strong semantic support and 

rules constructed applied to the system tool. 

CONCLUSION AND FUTURE WORKS 

In automatically producing behavioral models from text 

the following tasks have been accomplished: 

 A demonstration of linguistic algorithms to identify the 

proper object, classes, attributes relationships and so 

forth for building a System Sequence Diagram  and 

Refined Sequence Diagram  by applying rules based on 

GRASP Principles. 

 A process has been developed for building an ontology 

to help improve the mapping process of words terms 

nouns/verbs etc.) toUML notations, particularly relating 

to behavior (objects/messages etc.). 

One of the limitations of this work is that, since ontology 

practice is still immature, it is hard to find comprehensive 

ontology resources. In order to refine the current ontology, it 

may be worth looking at how well BMO and GoodRelations 

[29] could be aligned with each other. 

In future work, we will further derive and formulate the 

remainder of the GRASP principles, particularly low 

coupling and high cohesion. While there still remain many 

challenges in deriving compilable code from use case 

specifications, the advances in NLP theory and tool support 

offer the possibility of moving closer to this goal.  
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Abstract— We posit that a robust development environment for 
the construction of agent-oriented software systems must be 
enhanced by advanced reuse methods. However, research 
addressing agent reuse is meager and does not tackle the problem 
of organizing and storing agent-oriented artifacts according to 
the software engineers’ needs. Therefore, the agent retrieval 
process turns into an important challenge to be overcome in 
agent-oriented software engineering. In this context, this paper 
proposes a repository prototype based on semantic web 
technologies that support reuse for developing agent systems. The 
repository includes: (1) a meta-model for representing the agents, 
represented by means of an ontology, (2) a taxonomy to classify 
agents according their application domains, (3) a 
recommendation system that allows end-users to discover 
reusable interrelated agents, and (4) enhanced search and 
browsing methods for agents. Finally, we discuss an illustrative 
example that shows the proposed reuse method is an 
improvement in terms of the relevance of retrieved agent-
oriented artifacts. 

Software agent reuse; agent component; agent-oriented 
artifact; agent repository; semantic information retrieval; agent-
oriented software engineering 

I.  INTRODUCTION 

Nowadays the development of complex systems is 
extremely common. Considering this context, the multi-agent 
system (MAS) paradigm [1] has been used especially when 
distributed, autonomous and pro-active entities are represented.   

A MAS can be composed of several software agents [1], 
which interact among them to achieve common goals. 
Developing an agent-based system from the ground up is a 
difficult, expensive, and lengthy software-engineering activity 
due to the various kinds of expertise necessary. In developing a 
multi-agent system, it is necessary to define multiple agents 
that communicate and cooperate among themselves while 
engaging in group decision making as well as competitive 
behavior. The benefits of applying software-engineering 
principles to guide problem solving have not been fully 
appreciated and applied by the agent-development community. 

According to [2], reusing agents created previously for 
other systems is a crucial point that must be considered in the 
agent-oriented software engineering (AOSE) [3]. It brings 
several advantages to multi-agent systems such as: (1) 
construction of reliable and consistent software since it uses 
code created and tested, (2) reduction of cost and time 

developing agents, and (3) increased flexibility of the software 
to facilitate its maintenance and evolution. 

Today, although software artifact reuse is already 
established in the literature on software engineering, the work 
addressing agent reuse is meager and does not tackle the 
problem of identifying, organizing and storing agent-oriented 
artifacts for reuse. Hence, the process of retrieving existing 
reusable agent-oriented artifacts from different application 
domains, or agent retrieval, is limited by the absence of 
appropriate mechanisms and standards. In this context, the 
entire agent retrieval process, which includes indexation, 
identification, storage and recovery, turns into a crucial 
impediment to be overcome in AOSE. 

In order to provide a solution, we propose a repository 
prototype based on semantic web technologies that identifies 
and locates appropriate reusable agent components according 
to user needs. A (software) agent component is a software 
component [4] that takes advantage of both software agent and 
component techniques (reusability, economy, extensibility). 
The interface of an agent component is part of a component 
that defines explicitly and semantically its access points (e.g., 
communication protocol), which make the agent services 
available to the environment and accessible by other agents. 

For a software agent to be effectively reused, its 
specifications must be flexible enough and easy to adapt to the 
many variations that can exist in an application domain. 
Consequently, we created an ontology to model the agent 
components based on characteristics stipulated by the 
Foundation of Intelligent Physical Agents (FIPA) [5]. 
Ontologies have emerged as a powerful tool to enable 
knowledge representation and knowledge sharing, by a 
community of a target domain in an explicit and formal way, 
and to achieve semantic interoperability among heterogeneous 
distributed systems [6]. Thus, ontologies enable knowledge 
reuse and a standardized model of software artifacts. 

II. RELATED WORK 

There have been some initiatives on exploiting software 
reuse in agent technology [7][8]. The works [2][4] discuss the 
need of toolkits and libraries of agents, agent parts or pre-
connected agent societies, that could allow their use in different 
systems. Researchers have explored the possibility of using 
agents as advanced reusable artifacts of software. In this 
scenario, agents should exhibit at least the same properties of 
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software components, adding interesting characteristics like 
autonomy, reasoning and goal-direct behavior [9][2]. 

We realized which difficulties exist to reusing software 
agents, such as the lack of mechanism or standards to represent 
and retrieve agent-oriented artifacts, and the lack of 
architectures and programming languages that allow MASs to 
implement all the features of agents. The capabilities of 
existing component repositories are not sufficient to provide for 
the reuse of heterogeneous agent-oriented artifacts, since they 
do not support a model of agents that includes their dimensions 
and interactions, or their retrieval according agent 
characteristics. Therefore, we propose a repository prototype 
based on semantic web technologies that exploits reuse in 
agent-oriented development among different agent 
architectures, platforms and languages in diverse application 
domains. 

III. REPOSITORY OF AGENT COMPONENTS 

The repository provides a web interface that implements the 
searching and browsing mechanisms to allow the user to view 
which agents offer certain functions in a particular category or 
with particular specification, furthermore submit search 
queries. The feature of searching artifacts is supported by a 
recommendation system. 

In order to register an agent component, a description of the 
agent has to be provided by the user. Users can edit only the 
agent components added by them. Users can download an 
originally created agent component from the repository, a 
newer version of existing component or its entire predecessor’s 
history. These functionalities are supported by the core of the 
repository, whose main characteristics are described next. 

A. Modeling Agent Components 

Although agents are developed under diverse architectures, 
platforms, languages, and agent components are different in 
their interfaces, internal architecture and functionalities, we 
observed they could be modeled within a standard and 
intelligible representation. 

We defined a meta-model to translate the dissimilar agent 
components into this representation. It establishes a precise and 
formal description that shares the understanding of agent 
components regardless of the types of components that are in 
the repository. Therefore, heterogeneous agent components can 
be stored and retrieved without losing any of their own 
characteristics. 

For structuring the meta-data with the information of agents 
provided by the user, the repository uses an ontology. An 
important advantage of the ontology to maximize the 
reusability is to allow the extensibility of agents, i.e., to extend 
features of an agent (e.g. collaboration protocols or knowledge) 
without breaking the previous architecture or the reusability of 
the agent in the system that contains it. Thus, the ontology is 
open for anyone to use and explore. 

After a thorough examination of available research on 
ontologies that describe software agents (functionalities, 
structure and interfaces), no appropriate result for modeling the 
common structure of heterogeneous agent components was 
found. Hence, we complement existing ontologies since some 

agent characteristics are not still covered, for example the 
interfaces of heterogeneous agent components. Therefore, we 
propose the ontology depicted in Figure 1 to formalize the 
description of dissimilar agent components. 

A reusable agent component should have a number of 
attributes that are essential in determining the appropriateness 
of this construct in the reuse process. These attributes, which 
are considered as meta-data for the agent component 
specification are the following: 

a) ID: Identifier given to the agent. It is unique in the 
system. 

b) Name: Name given to the agent.  
c) Decription: Description of the agent in natural 

language, which can refer to whatever information related to 
the agent. 

d)  Version: Developmet version of the agent. 
e) Previous Version: If the version is not the first one, the 

agent is a new one based on a previous version. 
f) Date: Date when the agent was developed. 
g) Language: Programming language the agent was 

developed with. 
h) Platform: Platform the agent was developed with. 
i) User: Developer or team responsible for implementing 

the agent. 
j) Dimensions: Characteristics of the agent according to 

its nature, like autonomy, reactiveness, etc. 
k) Roles: Roles the agent performs. 
l) Operations: Operations each role executes. 
m) Parameters:Requirements an operation has to execute. 
n) Categories: Application domains associated to kind of 

roles. 
o) Tags: Tags the agent can be described with a few of 

words. Each tag has its own weight in the system. 
p) File: File (.JAR or .ZIP for example) which contains 

the agent component. 
q) Related: There are agents related to the current one 

respect to some characteristics (description, roles, previous 
version, interfaces, categories and tags). 

r) Interfaces: Unlike software components, there is not a 
standard format to document agents’ interfaces based on the 
interfaces of public functions that include restrictions on the 
behavior of objects, such as the order in which the 
functions/operations should be invoked. To support 
communication, compatibility or interoperability among all of 
these heterogeneous agents, we propose an interface model 
that describes the context (cooperation, coordination, and 
negotiation) of relations among the agents, the types of 
messages the agent sends or receives based on the 
communicate acts of FIPA [5], the content of the message that 
can include ontologies, and the other agent participants. 

s) Diagram: Image file to illustrate the structure of the 
agent showing its class and its relationships in its environment. 

t) Documentation: URL or plain text that explains how 
an agent interacts in its environment or how it should be used. 
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Figure 1. Ontology to Model an Agent Component.

An individual example of this ontology is depicted in [10]. 
It consists on an agent that buys a specific book at the lower 
price at online seller libraries. 

B. Classifying Agent Components 

Classifying agent-based artifacts allows software engineers 
to organize collections of them into structures that they can 
look easily for in future searches. In order to perform such 
classification, a hierarchical taxonomy of application domains 
was adopted. However, there are several perspectives to 
classify existing software agents, which are not unique.  

The taxonomy facilitates to the user during a search, to 
access not only the agents related to keywords in the query, but 
also those agents that are interrelated semantically to them, 
such as those with equivalent characteristics or terms. It 
reduces the search space and makes the search results more 
relevant. In [10] there is a graphical subset of our taxonomy 
and the complete version in owl format. It is built with several 
facets that compose the agents’ domains, using a common 
vocabulary, derived and defined by the agent developers/users.  

C. Recommendation System 

To support the search in the repository, we created a 
recommendation system (RS) that allows end-users to discover 
the existence of reusable interrelated agents, and to learn new 
information about agents as needed, improving user 
productivity and promoting agent reuse. To measure the degree 
of similarity or relationship among the artifacts in the 
repository, the RS adapts the tf-idf algorithm [11], to compute 
weights of terms belonging to the agent components, and 

advises the user which agents would be related. Later, the user 
can establish the relations, and a degree of relationship is 
assigned automatically. The RS tracks usage histories of a 
group of agents to recommend agents expected being needed 
by that user. In that way, an ontology network, that contains the 
discovered data and their associative relations, is constructed.  

The attributes taken into account for the recommendation 
are the description, roles, interfaces, ancestor, categories and 
tags. 

D. Semantic-based Search System 

For retrieving suitable agent-based artifacts, we developed 
a suite of search methods that utilizes the semantics of the 
agent descriptions, streamlining and reducing the search time. 

The whole search process combines these phases: (1) pre-
processing the agent’s specifications and queries i.e., conflating 
related words to a common word stem, (2) interpreting user 
queries to choose the specific domains and establish the search 
method and parameters in terms of the characteristics of agents, 
(3) splitting these domains into sub-queries and executing 
them, (4) retrieving the agent components, rating and filtering 
them according to their semantic relevance with user 
parameters, (5) analyzing and classifying the results to infer if 
there is new relevant information that can enrich the semantic 
knowledge base, and (6) presenting the results to the user in the 
way further exploration of each component is enabled. The 
semantic knowledge base contains the data from the ontology 
and taxonomy, the indexes, the index terms and the learned and 
inferred knowledge during the search process. The indexation 
is performed by means of a lexical database of English. 
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The different ways to retrieve agents in the repository are 
described below. 

1) Keyword-based Searching: Initially, we create a vector 
for the query with its terms. Afterwards, we calculate the 
cosine similarities [11] between the query vector and the 
vectors that represent the index terms of all agent components 
already stored in the repository. 

2) Tag-based Searching (Tag Cloud): It is a weighted list 
that exemplifies the density of keywords present according to 
its relevance on the agent characteristics using a variety of 
fonts in the visual design. This allows a user to quickly 
identify what archetypes of agents are more common in the 
repository. Selecting a tag, the tag cloud will work as a 
browser leading to a collection of agent components that are 
associated with that tag. 

3) Custom Search Facet: A tree-structure-based search 
representation model is conceived to allow users to browse, 
locate and filter their search intention by functionality. After a 
user lists all agent components related to an application 
domain, he can refine that result set. For this, all tags of all 
resulting agents are showed and the user under that category 
can mark the tags that he is interested on. Thus, the agent 
component result set is refined. 

4) Platform-based Searching: It is looked up on the 
ontology all agent components already stored in the repository 
that were developed in the platform passed as parameter. It is 
an analogous process respect to the programming language. 

5) Interface-based Searching: It is looked up all the agents 
that interact in a certain context, e.g. cooperation, coordination 
and negotiation, to achieve a specific role. In addition, it can 
be looked up the specification of message exchange or the 
description of the participants to accomplish this interaction. 

There is a user manual in [10] that contains all essential 
information for the user to make full use of the repository 
system. 

IV. ILLUSTRATIVE EXAMPLE 

To evaluate correctness (task-performance) and 
effectiveness (time-performance) of a method of retrieval 
software artifacts in the repository, we rely on two metrics that 
are standard practice for retrieval, recall and precision [11]. 
Recall means to get all the relevant components, while 
precision means that all the retrieved components exactly 
match the query submitted by a user. 

To evaluate our information model, we developed a study 
that involves twenty-eight agent components stored in the 
repository [10] and a produced test collection. A test collection 
is a set of elaborated queries that cover all the components and 
the associated set of relevant components that is known a 
priori. These artifacts were implemented using Java language 
but with dissimilar platforms in different application domains 
by unrelated developers. 

Then, the search of each query is performed using mainly 
the keyword-based, tag-based and interface-based approaches, 
with a fixed minimum relevance acceptance value of 0.6 [11]. 

Since we know a priori which agents are relevant among all 
that are returned to that query and how many relevant artifacts 
are in the repository, we can calculate the recall. We also know 
the quantity of agents retrieved, making it possible to calculate 
the precision. 

We realized that the values of recall and precision have the 
same behavior in the case of the searches based on language, 
platform, categories and tags. Just in this particular case, an 
exact match of the query and the respective attribute was made. 

To conclude, we find that a semantic approach can 
significantly improve precision and recall of search methods. 

V. FINAL REMARKS 

This paper presents a prototype repository to support reuse 
for developing agent-oriented systems. The repository relies on 
semantic web technologies for the description and retrieval of 
the components: (1) an ontology to set up all the characteristics 
associated with heterogeneous software agents, and (2) a 
taxonomy to classify these components according to their 
application domains. 

We aim (1) to implement some combination of the search 
techniques. For instance, we could combine a keyword-based 
approach with the facet-based search or consider combinations 
of attributes as input data, e.g. fixed platform and programming 
language; (2) to represent the (semantic) intersection among 
application domains with the taxonomy. We will have to 
analyze if both of these improve the relevance of the searches. 
In addition, we must evaluate the performance of the search 
system taking into consideration the continual agent component 
registration, since new concepts can be included dynamically in 
the taxonomy and the tag cloud. 
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Abstract—In this paper, we present a prototype for our solution
called Data Exchange  Autonomic  Manager (DEAM) [1]  which
has  as  main  goal  to  turn  Data  Exchange  processes  into  self-
managed  systems.  We  believe  that  providing  data  exchange
processes with self-healing autonomic capability is a promising
approach  toward  reliable  self-managed  and  resilient  data
exchange  processes.  We describe the high level  architecture of
DEAM  prototype  which  leverages  well  established  techniques
and  technologies  for  Autonomic  Computing  (Multi-Agent
Systems)  and Schema Matching (Automatic  Schema Matching
and Mapping). 

Keywords-data exchange; autonomic computing; self-managed
systems;  dependability;  fault  tolerance;  sufficient  correctness;
schema matching;  schema mapping; mapping adaptation;  multi-
agent systems; agent based modelling and simulation

I.  INTRODUCTION

In  a  previous  paper,  we  proposed  a  self-healing  based
approach, called Data Exchange Autonomic Manager (DEAM)
[1],  to  answer  the  following  question:  How  data  exchange
processes can be “autonomically” resilient to schema evolution
changes? The aim of the proposed solution, DEAM, is to tackle
to the problem of reducing the human intervention needed to
maintain the data exchange processes after a schema evolution
[2]  (changes  impacting  source  or  target  system  schemas
participating in a  data exchange scenario).  DEAM prototype
leverages  well  established  techniques  and  technologies  for
Autonomic  Computing  (Multi-Agent  Systems)  and  Schema
Matching (Automatic Schema Matching and Mapping). As far
as we know, there is no previous literature describing a solution
for self-managed or autonomic data exchange processes. 

II. RELATED WORK

Data exchange problem is defined by Arenas et al. [3] as
the problem of finding an instance of a target schema, given an
instance  of  a  source  schema  and  a  specification  of  the
relationship between the source and the target. Data exchange
is strongly related to two distinct but complementary concepts:
Schema matching and mapping. Those two concepts are often
confused  and  discussed  under  the  single  name  "Schema
Matching" [4].

Schema matching (including its ontology matching variant)
has  been  a  very  active  research  area,  especially  in  the  last
decade, and numerous techniques and prototypes for automatic
matching have been developed [5], [6]. Unfortunately, schema
matching  remains  largely  a  manual  and  time  consuming
process [7]. Schema matching has been used as a first step to
solve  data  exchange,  schema  evolution,  or  data  integration
problems  [8].  It  has  also  been  used  for  resolving  Schema
Evolution  problems  [2]  by  Maintaining  the  consistency  of
mappings under schema changes by finding rewritings that try
to preserve as much as possible the semantics of the mappings
(Mapping Adaptation [9], [10]). 

One  of  the  approaches  or  paradigms  to  automate  the
management of IT solutions, inspired by the nervous system,
was  proposed  by  IBM  under  the  name  of  "Autonomic
Computing" [11], [12]. The systems use autonomic strategies
and  algorithms  to  handle  complexity  and  uncertainties  with
minimum  human  intervention.  An  autonomic  system  is  a
collection of autonomic elements, which implement intelligent
control  loops  to  monitor,  analyze,  plan  and  execute  using
knowledge of the environment. One of the main four properties
defining an autonomic system is Self-healing. Ghosh et al. [13]
provide  a  definition  of  self-healing  system:  “A  self-healing
system  should  recover  from  the  abnormal  (or  “unhealthy”)
state and return to the normative (“healthy”) state, and function
as it was prior to disruption.”

Agent-Based Modelling and Simulation (ABMS) is a very
natural and flexible way to model todays complex, distributed,
interconnected  and  interacting  industrial  systems:  the  self-X
principles can be mapped on the explicit notion of autonomous
agents,  modelling a  system as  a  group of  interacting  agents
maps directly onto the distributed and communicative nature of
todays systems[14], [15].

III. DEAM PROTOTYPE

This section presents the overall architecture of DEAM and
detailed descriptions of agents responsibilities. As we already
mentioned  in  the  introduction,  DEAM   leverages  well
established techniques and technologies form different research
areas:
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• Autonomic Computing and Multi-Agent Systems for
automatic fault detection, diagnostic and repair (Self-
Healing  capabilities  based  on autonomic  computing
principles); 

• Schema  Matching  for  automatic  Schema  Matching
and Mapping (generation of new mapping to recover
from mapping degradation after a schema evolution).

In order to implement the autonomic computing principles
(i.e. MAPE-K loop) we are leveraging the open source multi-
agents platform Jadex which is an extension of the popular and
mature  java  multi-agents  platform  Jade.  Jadex  allows  the
creation of BDI agents supporting the full BDI reasoning cycle
with goal deliberation and means-end reasoning [16]. 

For  schema  matching,  DEAM  is  leveraging  COMA
(COMA  3.0  Community  Edition).  COMA  is  (previously
named  COMA  and  COMA++)  is  a  generic  prototypes  for
schema  and  ontology  matching  and  it  was  among  the  first
systems to successfully support the multimatcher architecture
and match workflows [17].

A. High-level Architecture

The figure below shows the DEAM architecture, including
agents, human actors, and the relationships between agents. 

Figure 1. DEAM High level architecture

The the main logical components of DEAM are:

• Data  Exchange  Scenario  Agent:  This  component
represent the data exchange scenario implemented as
an active Component in Jadex.  Its responsibility is to
receive an inbound XML message (from the source
system), transform it to the target system format and
deliver it to the target system.

• Self-Healing Agent:  Jadex  BDI agent  implementing
the MAPE-K loop and responsible for the whole self-
healing process. This agent will have to perform the
following steps as part of its self-healing process:

• Detects a failure at the data exchange process
and  translate  it  to  a  standard  event  format
(e.g. Detect a change at the source XSD file
after schema evolution).

• Analyze  the  event,  diagnose  a  mapping
degradation  issue  (correlation  rules)  and
isolate the broken mappings. During this step
the original and the evolved schemas will be
compared  to  capture  the  changes  and  to
classify them into a set of primitive actions
[10]  (e.g.  adding/deleting  elements,
merging/splitting elements, etc.).

• Plan  a  mapping  adaptation  by  selecting,
based on Knowledge Base, the best mapping
adaptation approach.

• Apply the mapping adaptation plan. During
this step DEAM will have to modify the data
exchange artifacts such as schema definition
file and mapping rules file (i.e. XSD, XSLT).

• Benchmarking  Agent:  This  BDI  agent  provides
verification  capabilities  for  the  evaluation  of  the
correctness of the healing plans generated by DEAM.
It  is  responsible  for  automatically  generating  and
injecting   perturbations  into  existing  schemas  (i.e.
DisturbanceInjector)  in  order  to  trigger  the  self-
healing agent and evaluate the generated healing plans
(i.e. DisturbanceAnalyser: evaluate the correctness of
the  proposed  recovered  mappings  vs  actual  correct
mappings).  The idea behind this agent  was inspired
from  the  work  done  for  autonomic  benchmarking
[18].

• User Agent: This BDI agent is responsible for all the
GUI user interactions.

We  developed  a  prototype  of  DEAM  to  conduct  some
preliminary experiments in order to evaluate the idea viability.
In the next section, we discuss the experiment example and the
obtained results.

B. Prototype Evaluation

This initial version of the prototype  implements only the
component  Self-Healing Agent.  In  the next  releases,  we are
going to implement the remaining agents: Benchmarking Agent
and  User  Agent.  Thus,  the  experiments  conducted  so  far
focuses only on the Self-Healing Agent component (which is
the central piece of DEAM's architecture).

To  describe  the  experiment  we  conducted  on  DEAM
prototype, let's consider the following data exchange scenario.
We need to transfer a shipping order between two systems. 
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Figure 2. Initial mapping

The figure above describes the initial mapping between the
source  and  target  before  the  schema  evolution  for  this
experiment.  After  manually  introducing  a  schema  evolution
(manual  modification  of  the  source  XSD file  to  replace  the
full_name  XSD  element  with  two  new  XSD  elements:
first_name and last_name), DEAM's monitoring task detected
the change  and triggered the self-healing process.  Below, a
summary of self-healing process steps.

• Step 1: Monitor  a change (Monitor Task)

◦ Detect the change (XSD changed after schema evolution)

• Step 2: Analyze the change (Analyze Task)  

◦ Detect the broken mapping (identify, based on the deleted 
elements the broken mappings)

◦ choose a diagnosis  Diagnose_Mapping_Degradation

• Step 3: Generate a change plan   (Planning Task)

◦ Identify the change plan based on Diagnosis 
Plan_Mapping_Adaptation

◦ Fetch the plan Plan_Mapping_Adaptation steps

• Step 4: Execute the change plan   (Execute task)

◦ generate transformation based on the new mapping file

This  preliminary  version  of  DEAM's  prototype
demonstrates, in practical way,  the usefulness of the idea of
self-healing for data exchange process. As a matter of fact, and
as  we  can  clearly  see,  introducing  a  change  in  the  source
schema resulted in faulty state of the data exchange process
which was recovered completely and autonomously (without
user  intervention)  by  the  autonomic  manager  (Self-Healing
Agent).  This  experiment  results  can  be  considered  as
encouraging, however we are still working on some interesting
challenges such as:

• Developing  a  new  approach/algorithm  for  Schema
Matching  in  order  to  replace  the  Schema Matching
tool (COMA3.0) used currently in DEAM prototype. 

• Dealing with Complex  Mapping problem (Complex
mappings map a set of attributes in the source to a set
of attributes in the target [19]).

In the next section, we briefly introduce the implementation
of our novel Agent-based Modelling and Simulation approach
for the Schema Matching problem, called “Schema Matching
Agent-based Simulation” (SMAS). We are planning to use our
new  ABMS  approach  for  Schema  Matching  to  replace  the

Schema  Matching  tool  (COMA3.0)  in  the  next  release  of
DEAM.

IV. ABMS APPROACH FOR SCHEMA MATCHING

Our  solution  (SMAS)  aims  at  generating  high  quality
schema matchings  with minimum uncertainty.  As far  as  we
know,  there  is  no  previous  literature  describing  a  solution
approaching  the  Schema  Matching  and  Mapping  problem
under the angle of Agent-Based Modelling and Simulation.

In a nutshell, our idea is to model Schema Matching and
Mapping  process  as  interactions  between  a  set  of  agents
(schema attribute agents) within a self-organized environment.
Each  schema attribute agent  belongs to a  group (source  or
target  schema  attribute)  and  represents  a  single  schema
attribute for which we need to perform the schema matching. 

The  simulation  starts  with  two  groups  of  unmatched
Attribute  Agents  (source  and  target  groups),  which  have  as
main  goal  the  creation  of  a  relation,  based  on  similarity
measures, with one of the agents belonging to the other group
(for instance, if the agent belongs to the source group it should
find the best match in the target group and vice versa).

During each tick of the simulation run, each agent executes
behaviors based on randomness (stochastic):

1.  Similarity  Calculation  based  on  a  similarity  measures
selected randomly from a similarity measures list.

2.  Similarity  Scores  aggregation  based  on  aggregation
functions selected randomly from an aggregation function list
(MAX, AVERAGE, WEIGHTED). 

3. Similarity score validation based on generated random
threshold value (within interval)

The  simulation  ends  when  each  agent  has  reached  a
consensus,  about  its  candidate  matching,  with  another  agent
(both agents are referring to each-other as candidate matching).

SMAS was  implemented  in  Java  using  the  open  source
ABMS framework “Repast Simphony (2.1)” [20] and the open
source  framework  for  Text  Similarity  “DKPro  Similarity
(2.1.0)” [21]. 

We performed preliminary tests of our agent-based model
for  schema  matching  for  which  the  results1 obtained  were
satisfactory and confirmed our initial intuition about the fact
that ABMS can be an efficient and a well suited paradigm for
resolving the schema matching problem.

As opposed to deterministic solutions for schema matching,
such as COMA, the nondeterministic and stochastic nature of
our  agent-based  simulation   increases  the  confidence  in  the
quality of the matching results. Despite the fact, that the agent's
behaviors are based on randomness (e.g. during the similarity
calculation), our model can produce, most of the time, the right
matchings at the end of each simulation run.

1Link for uploaded schema matching simulation animations as well as 
output files: 
http://www.researchgate.net/publication/262181441_Schema_Matching_Agen
t-based_Simulation_(SMAS)_Test_animation
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Figure 3. SMAS runtime

In  the  next  releases  of  SMAS,  we  are  planning  to  add
statistical analysis in order to produce the final matching results
based on multiple simulation runs data (batch mode).

CONCLUSION AND FUTURE WORK

In  this  work,  we  described  our  approach  to  make  data
exchange processes resilient to faults resulting from evolving
schemas. This preliminary version of DEAM's prototype is the
first step to demonstrate that the idea of self-healing for data
exchange  process  is  a  promising approach.  Also,  we briefly
introduced  the  implementation  of  our  novel  Agent-based
Modelling and Simulation approach for the Schema Matching
problem called  “Schema  Matching  Agent-based  Simulation”
(SMAS). In the next release of DEAM, we are planning to use
our new ABMS approach for Schema Matching as replacement
for the Schema Matching tool (COMA3.0).
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Abstract- PARAMICS traffic microsimulator is a popular 
simulator among universities and government agencies since it is 
capable of representing many parts of the world's street maps 
and designed to handle scenarios ranging from a single 
intersection to a congested freeway, or the modeling of a complete 
traffic system. However, it lacks the ability of simulating 
Connected Vehicle (CV) system and its applications of the 
Intelligent Transportation System (ITS) through designated 
traffic simulation network. In this study, we utilized the Multi 
Agent System Engineering (MaSE) methodology, step by step, to 
model CV as a Multiagent System (MAS). We implemented the 
MaSE artifacts as extensions for the PARAMICS using two APIs 
(Application Programming Interface) to add the ability to 
simulate CV systems. In this paper we provide detailed 
explanation of the MAS design and at the end introduce two 
experiments, made based on this research, as the case studies to 
evaluate the proposed CV system for estimating and improving 
traffic safety and mobility parameters in the network. 

Keywords – Traffic simulator; PARAMICS; Connected 
Vehicles; Intelligent Transportation System; Application 
Programming Interface; MaSE methodology 

I. INTRODUCTION 

Chain collisions can be potentially avoided, or their 
severity lessened, by reducing the delay between the time of 
an emergency event and the time at which the vehicles behind 
are informed about it [1]. One way to provide more time to 
drivers to react in emergency situations is to develop ITS 
applications to create connected vehicle (CV) systems using 
emerging wireless communication technology. The primary 
benefit of such communication will be to allow the emergency 
information to be propagated among vehicles much quicker 
than a traditional chain of drivers reacting to the brake lights 
of vehicles immediately ahead.  

CV research has the potential to improve safety, reduce 
congestion, benefit the environment and enhance traveler 
services by enabling vehicles to wirelessly communicate with 
roadside infrastructure, nearby vehicles, cell phones, and other 
mobile devices [2, 3]. The basic connected vehicle concept is 
the establishment of a networked environment between 
vehicles and roadway infrastructure (V2I) and among vehicles 
(V2V) through wireless communications. With connected 
vehicles, V2V, V2I and other services are integrated to work 
together [4].  

V2V is a main component of vehicular communication 
systems and allows detailed information to be exchanged 
among the individual vehicles. V2V systems may lead to 
preventing road collisions and alert motorists and decreasing 
travel time and crash risk in traffic networks in case of a 
reasonable penetration rate, i.e. percentage of equipped 
vehicles [5]. In Vehicle Infrastructure systems (V2I), vehicles 

exchange information with roadside beacons, which are fixed. 
These beacons act as an interface between the vehicle network 
and external networks [5]. V2I takes an effective role in 
improving road safety and mobility through multiple in-
vehicle and roadside units’ technologies. The information 
collected by these roadside components will be shared with the 
transportation infrastructure operators who will in turn adjust 
the operation of various control devices (e.g. VMS) to 
maximize the efficiency of the transportation system and 
improve safety in response to traffic demand and road 
condition. VMS (Variable Message Sign) is an electronic 
message board located close to a roadway. It represents a cost-
effective mechanism for disseminating information to drivers 
unequipped to receive guidance about advisory speed or 
incidents ahead. Hence, unequipped drivers can be directly 
influenced through VMS messages. 

In this research, extensions of PARAMICS for CV have 
been designed using MaSE methodology and implemented by 
two APIs. API #1 creates predefined [5] or random incidents 
[6] in the network by taking user inputs on the probabilities of 
collisions and weather-related incidents. API #2 simulates the 
broadcasting of V2V and V2I communication in the network. 

II. BACKGROUND 

Microscopic traffic simulation models are becoming 
increasingly important tools in modelling complex transport 
networks and evaluating various traffic management 
alternatives in order to determine the optimum solution for 
traffic problems that cannot be studied by other analytical 
methods. In the transportation simulation field there is a 
general agreement that micro-simulation, i.e., a computational 
resolution down to the level of individual travelers, may be the 
only answer to a wide variety of problems. Most existing 
commercial programs, such as PARAMICS [7] and VISSIM 
[8], provide ways of simulating traffic models which usually 
require quite computer related knowledge and coding efforts. 
Since they are closed-source, they provide API functions 
through which underlying simulation logic can be changed. 
Thus, researchers can simulate traffic models other than built-
in models through these API functions.  

Numbers of researchers investigated on providing 
comparative and functional evaluations on various traffic 
simulators [9-13]. From all of the studied simulators, the 
models AIMSUN [14], PARAMICS, and VISSIM are found 
to be suitable for congested arterials and freeways, and 
integrated networks of freeways and surface streets. Also, 
these models are potentially useful for ITS applications. While 
these packages have many similarities, each has its own 
specific characteristics that make it more or less suitable for 
certain modelling purposes.  
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In this research, PARAMICS was selected for its 
outstanding illustration capabilities for a potential 
demonstration purpose. Due to its scalability, capability, its 
use in previous works examining variable speed limits and 
real-time crash risk [15], proven background on freeways, 
urban roads and VMS concept, which is used in this study, 
PARAMICS is able to simulate ITS applications required for 
implementing and evaluating CV systems properly and allows 
users to extend and test their own traffic control strategies. 
Given that, with the use of API, PARAMICS satisfies the 
transmission/generation requirements of warning messages. 

Although, PARAMICS is beneficial over other types of 
microsimulation packages, it lacks the ability of simulating 
CV systems and their applications in the designated traffic 
simulation network. Moreover, simulated vehicles in 
PARAMICS strictly operate under car-following and lane 
changing models, which lead to an ideal error-free driving 
world, and therefore zero incidents happen. To allow for 
testing CV applications, it was necessary to manipulate the 
model in a way that a predefined incident or various stochastic 
incidents such as running red light, rear end collision, and 
weather caused incidents can be reproduced in the simulation 
world.  

The MaSE methodology is a detailed and top-down 
approach which will cover information needed in models. Also 
it is a full-lifecycle methodology for analyzing, designing, and 
developing heterogeneous MAS. MaSE views MAS as a 
further abstraction of the object-oriented paradigm where 
agents are specialized objects and it builds upon well-founded 
object-oriented techniques and applies them to the 
specification and design of MAS. 

The MaSE Analysis phase consists of three steps: 
Capturing Goals, Applying Use Cases, and Refining Roles. 
The Design phase has four steps: Creating Agent Classes, 
Constructing Conversations, Assembling Agent Classes, and 
System Design. A major strength of MaSE is the ability to 
track changes throughout the process [16]. Every object 
created during the analysis and design phases can be traced 
forward or backward through the different steps to other 
related objects. For instance, a goal derived in the Capturing 
Goals step can be traced to a specific role, task, and agent 
class. Likewise, an agent class can be traced back through 
tasks and roles to the system level goal it was designed to 
satisfy. 

In the MAS, agents coordinate their actions via 
conversations to accomplish individual and community goals 
instead of objects whose methods are invoked directly by other 
objects. Since our proposed system consists of several 
modules, such as CV and infrastructures, which send messages 
to each other in order to connect and transmit warning 
messages, we selected MAS as the approach to the system. 
MAS composed of multiple interacting intelligent agents used 
to solve issues which are hard for an individual agent or 
module to solve. Our proposed CV model multi-system 
includes 4 independent agents, which can offer different 
functions and accomplish CV simulation. In this modeling 
process, there will be V2V, Non V2V, Database and 
PARAMICS agents. 

III. ANALYSIS 

The overall approach in the Analysis phase is defining the 
system goals from a set of functional requirements and then 
defining the roles necessary to meet those goals. While a direct 
mapping from goals to roles is possible, MaSE suggests the 
use of Use Cases to help validate the system goals and derive 
an initial set of roles. 

A. Capturing goals 

The proposed system consists of four components: CV, 
non-CV, RSU (Road Side Units), and VMS. CV is equipped 
with a wireless system to create V2V and V2I connection. 
RSU, the infrastructure placed within the network, is capable 
of collecting information about traffic conditions and 
communicate with the CV located within a Dedicated Short 
Range Communication (DSRC) range, and sending this 
information to the VMS. VMS located in network to show 
warning messages and traffic information collected by RSU to 
communicate with non-CV. Non-CV do not have the 
equipment to connect with other vehicles or RSUs.  

In the first step, we created a set of functional 
requirements: 
1- Two types of vehicles are created in the network 

(CV/Non-CV). 
2- CVs are connected to each other and RSUs. 
3- Non-CVs have a connection with RSUs. 
4- RSUs and VMS are linked. 
5- If a vehicle is in accident, its flag is set to 1. 
6- All the CVs and RSUs are informed about the accident. 
7- Non-CVs are notified about the accident via VMS. 
8- Consequently, some vehicle might change their route or 

speed. 

From the requirements these goals are extracted: 
1- Generate vehicles (CV/Non-CV) and infrastructures  

(RSU/VMS). 
2- Create connections. 
3- Transmit messages. 
4- Change route/speed. 

Next, the goals are analyzed and put into a hierarchical 
form. A Goal Hierarchy Diagram is a directed graph where the 
nodes represent goals and the arcs define a sub-goal 
relationship. The overall system goal is placed at the top of it, 
which is simulating CV as an independent agent added to 
PARAMICS module. Once a basic goal hierarchy is in place, 
goals may be decomposed into new sub-goals and each sub-
goal must support its parent goal. System goals are depicted in 
a goal hierarchy diagram, as shown in Fig. 1. 

B. Applying Use Cases 

The objective of the Applying Use Cases step is to capture 
a set of use cases from the initial system context and create a 
set of Sequence Diagrams to help the system analyst identify 
an initial set of roles and communications paths within the 
system. Use cases of our system are drawn from the system 
requirements provided before and describe sequences of 
events that define desired system behavior; they are examples 
of how the system should behave. By creating use cases we 
intended to identify paths of communication. Fig. 2 shows the 
sequence diagram and how each goal can be accomplished. 
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Figure 1. Goal Hierarchy Diagram 

 

C. Refining Roles 

The purpose of the Refining Roles step is to transform the 
Goal Hierarchy Diagram and Sequence Diagrams into roles 
and their associated tasks, which are more suitable for 
designing MAS. Role definitions are captured in a MaSE Role 
Model, which includes information on interactions between 
role tasks and is more complex than traditional role models 
[17]. Fig. 3 illustrates system role model diagram that shows 
CV systems’ roles and behaviours in PARAMICS. 

The concurrent task model provides a built in timer 
activity. We build an initial Concurrent Task Model from the 
scenarios of creating CVs and creating accidents by taking the 
sequence of messages sent or received by the roles of CV/non-
CV and use them to create a sequence of corresponding states 
and messages. Concurrent tasks in our system are defined in 
Concurrent Task Models Fig. 4 and are specified as finite state 
automata, which consist of states and transitions. 

IV. DESIGN 

There are four steps to the designing a system with MaSE. 
In the first step we assigned roles to the 4 agent types in the 
system to create Agent Classes. In the second step, 
Constructing Conversations, the actual conversations between 
agent classes are defined while in the third step, assembling 
Agents Classes, the internal architecture and reasoning 
processes of the agent classes are designed. Finally the actual 
number and location of agents in the deployed system are 
defined. Each of these steps is discussed below. 

A. Creating Agent Classes 

In the Creating Agent Classes step of the Design phase, 
agent classes are created from the roles defined in the Analysis 

 
 

Figure 2. Sequence Diagram 

 

Figure 3. System Role Model 

phase. The result of this phase is an Agent Class Diagram, 
which illustrates the overall agent system organization 
consisting of agent classes and the conversations between 
them. At this point, the roles and tasks, which an agent class 
must play, are determined. The conversations, that an agent 
class must participate in, are derived from the external 
communications of the agent roles. The Agent Class Diagram 
is the first design object in MaSE that shows the entire MAS 
in a way it can be implemented. The CV model MAS mainly 
defines 4 agent classes as show in Fig. 5.  

B. Constructing Conversations 

A MaSE conversation defines a coordination protocol 
between two agents. The Communication Class Diagram, as 
shown in Fig. 6, is similar to a Concurrent Task Model and 
defines the conversation states of V2V and non-V2V as the 
two participant agent classes. This conversation is about 
constructing connection between CVs and RSUs. CV, the 
initiator, begins the conversation by sending “create 
connection” as the first message. When the agent receives the 
message, it checks if CV is in range of corresponding RSUs. 
Only the vehicles which their distance from RSUs fall into 
DSRC range can be linked with them. Otherwise, the request 
will be declined and RSU cannot get the message from the CV 
and show it on VMS. 

C. Assembling Agents 

During this step, the internals of agent classes are created. 
This is accomplished via two sub-steps: defining the agent 
architecture and defining the components that make up the 
architecture. Components consist of a set of attributes, 
methods, and, if complex, may have sub-architecture. Internal 
component behaviour may be represented by formal operation 
definitions as well as state-diagrams that represent events 
passed between components. Basically, each task from each 
role, played by an agent, defines a component in the agent 
class. Fig. 7 shows agents’ architecture of CV model multi 
agent system. 

D. System Design 

The final step of the MaSE methodology takes the agent 
classes defined previously and instantiates actual agents using 
Deployment Diagram to show the numbers, types, and 
locations of agents within a system. The concept of 
instantiating agents from agent classes is similar to 
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instantiating objects from object classes in object-oriented 
programming. Deployment Diagrams describe a system based 
on agent classes defined in the previous steps of MaSE. 
Strength of MaSE is that a designer can make these 
modifications after designing the system organization, thus 
generating a variety of system configurations. System 
Deployment Diagram includes 5 agents, there into, V2V 
Agent and DB1 Agent run in the same physical node, Non 
V2V Agent and DB2 Agent in one node and PARAMICS 
Agent run in the other physical node, as shown in Fig. 8. 
PARAMICS agent acts as the PARAMICS software itself 
where the other agent classes should be implemented and 
communicate with it. The Connected vehicles and No 
Connected Vehicles platforms should be added to the 
simulation platform to apply CV system as the extension to the 
software. This is done by programming APIs. 

I. IMPLEMENTATION 

By using MaSE methodology, the essential agents, 
relationships and conversations between them, and the 
particular parameters of proposed CV system were identified. 
Moreover, MaSE specified how every agent should act in 
possible scenarios (Figure 2) to eventually reach the goals and 
sub-goals defined in Analysis phase (Figure 1). This specified 
design is implemented by adding two APIs to the PARAMICS 
programmer module. In API #1, the connection between 
PARAMICS agent to V2V and Non-V2V agents was created 
through the use of Database. However, the main duty of 
API#1 is to generate predefined or randomly [6] incidents for 
running test case scenarios. 

Most of the proposed design by MaSE methodology is 
used in API #2, where both V2V and No-V2V agent classes 
and their relevant agents (i.e. CV, non-CV, RSU, VMS) were 
created (Figure 5). Additionally, the roles and tasks for each 
agent class and the conversations between these agent classes 
were programmed, such as the example conversation showed 
in Figure 6. It specifies the procedure of creating connection 
and message transmission between CVs and RSUs when they 
are in predefined DSRC range, and then showing the message 
context on the VMS. API #2 consists of 2 packages: V2V 
package in which V2V agent class was implemented and V2I 
package where the Non-V2V agent class were created. API #2 
attempts to mitigate or to minimize the effect of the generated 
incidents by creating V2V and V2I communications. 

 

Figure 4. Concurrent Task Diagram 

 
 

Figure 5. Agent Class Diagram 

Once incidents were created (randomly or predefined) 
applying API #1, the second API, API #2, accordingly 
simulates the broadcasting of V2V and V2I communication in 
the network and models its effects on drivers’ behavior. This 
API was developed to allow vehicles communicate with each 
other and infrastructures to apply the connection and 
conversations betweenV2V and Non-V2V agent classes. 
When a CV is involved in an incident, API #2 turns the 
vehicle’s color to red to indicate this condition. This allows 
users to visually pick out which vehicle on the studied network 
was involved in the incident. API #2 then calculates the 
distance of surrounding CVs, notifies them of the incident 
ahead and provides an advisory speed. At this point, all 
notified CVs will have an improved awareness and a 
decreased aggressiveness (vehicle parameters that 
programmed intentionally). These two modules will be set 
randomly for different CV. In other words, their awareness 
ranges between 6 and 9, whilst their aggression rate will be 
between 1 and 4 (the threshold of awareness module is 1-9). 

API#2 allows CVs to communicate with the RSUs. When 
CVs encounter an incident, they send a message to the nearest 
RSU along the road and transmit the location and the type of 
the incident to the unit. The corresponding RSU will forward 
aforementioned information to the control center. The control 
center defined as a decision maker chooses which VMS should 
be enabled to reflect the message to the upstream and 
downstream vehicles and what will be the context of message. 
Usually the message contains warning information for drivers 
to let them know that there is a collision ahead alongside an 
advisory speed. The advisory speed is lowered in increments 
as the distance from collision decreases and it is increased for 
downstream of traffic to let the congestion around the accident 
be cleared easily.  

API #1 also retrieves and stores the simulated vehicles’ 
information from PARAMICS. Vehicle information storage is 
completed through a vehicle map. Each vehicle’s information 
is stored in the Vinfo struct. Vinfo struct includes information 
related to vehicles: Float x, Float y, Float z, Int ID, Float  

 

Figure 6. Create Connection conversation initiator and responder 

341



 

Figure 7. System architecture for agent class 

bearing, Float gradient, Float length, Float width, Int age, Bool 
incident, Int usertag, Bool stopped, Bool collide_stop, Float 
stop_time, Float distance, VEHICLE *vpoint, LINK *link, Int 
lane. 

API #2 retrieves CV information from the Vinfo struct. 
The retrieved information includes coordinate information for 
calculation of the DSRC range. The class of functions 
involved in creating incidents, information storage, 
information retrieval and sending V2V and V2I messages will 
be described in the following sections. The developed APIs 
along CV agents is shown in Fig. 9. 

A. API #1 

API #1 creates incidents and requires a set of functions to 
extract vehicle information from the network, to check for 
incidents that have occurred, to identify and register any 
incidents, and finally to create a readable database of vehicles. 
A majority of its classes of functions are described below. 

Qpx_NET_postOpen is a PARAMICS extension (prefix 
qpx) built-in function. When a model is first opened in 
PARAMICS, the postOpen function is called. The total 
number of links and lanes in the network is recorded by its 
functions and vehicles and infrastructures are generated in the 
traffic network. 

Qpx_NET_second, its functions are executed every 
second when the simulation is running. It is essentially 
the core of the program. The subroutine includes all of 
the functions in API#1.  

Qpx_VHC_arrive, its functions remove the vehicle from 
the vehicle map when a vehicle reaches its destination zone. 

InformationExtraction sets up the vehicle map. The 
vehicle map is where vehicle information is stored. API #2 
retrieves vehicle information from the vehicle map. 

Accident generation determines when an incident should 
occur. It can be a predefined incident or it can be several 
numbers of incidents based on the probability that user 
provided when the model is first loaded. 

 

Figure 8. System Deployment Diagram 

B. API #2 

API #2 reads vehicles’ information in the vehicle map and 
stores all V2V enabled vehicles in a V2V map. It then 
searches for occurred incidents in the network and sends 
warning messages to surrounding vehicles and the nearest 
RSUs fall in DSRC protocol. These messages increase driver 
awareness and enable them to avoid a consequent collision. 
When the incident has been totally cleared, the situation 
resumes to the initial state.  

Qpx_NET_timeStepPostLink checks every link and adds 
CVs to the V2V map and infrastructures to the network. The 
V2V map consists only of CVs.  It updates vehicle positions in 
the V2V map every time step and checks the incident flag for 
each vehicle. If there has been an accident, it calls the Send 
Message class of functions. If accident has been cleared, it 
gets back to the initial state. 

SendMessage, when a vehicle is involved in an accident, 
its Vinfo struct is sent to the sendMessage. It iterates through 
the V2V map and calls calculateDistance. If any CV is within 
the DSRC range (1000m) of the vehicle involved in an 
accident, that vehicle is signaled of the danger ahead. With the 
increased driver awareness, the vehicle does not partake in the 
same incident. Based on the DSRC, CV in incident sends 
message to RSU, RSU sends it to control center and control 
center decides about the advisory speed and which beacons 
should show that. It should be noted that DSRC can be 
changed accordingly for experimenting its effects on CV 
system. 

CalculateDistance receives vehicles’ Vinfo struct classes, 
calculates and returns the distance between the two V2V 
enabled vehicles. It can also calculate and returns the distance 
between vehicle and RSU. 

II. CASE STUDY 

To test the ability of the CV model during road hazard, two 
studies have been assessed [5, 18]. Evaluation scenarios 
(Fig.2) were developed for the morning AM peak traffic from 
7:00 AM to 8:10 AM. The proposed model in PARAMICS 
was used to study the impact of deploying CV on an 8-km 
southbound section of Deerfoot Trail, Calgary, Alberta.  

In these case studies, V2V and V2I communications were 
evaluated under various load conditions. Moreover, advisory 
speed recommendation and re-routing guidance were 
implemented to recommend the optimum treatments, reduce 
rear-end and lane change crash risks and decrease travel time.  

In the first case study, several incidents happen in the 
network based on the probability provided by user in the start  
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Figure 9. Implemented APIs using CV agents 

of the simulation to evaluate CV system in hazard condition. 
The advisory speed recommendation was only for upstream 
traffic of the location of accident where speed differences 
between upstream and downstream vehicles were high. Also, 
safety and mobility indices were measured where the 
percentage of CVs changes but the other elements including 
demand factor remain constant. 

Although the first case study found the improvement in 
travel time and crash likelihood, we did not develop the DSRC 
range as a factor for distributing messages in V2I module and 
we only focused on upstream traffic. In the second case study, 
an incident that blocks one lane was generated at predefined 
location to precisely study the impact of CV applications. 
Also, we demonstrate effect of considering DSRC, re-routing 
guidance and advisory speed for upstream and downstream 
traffic, where we evaluated different demand loading, DSRC 
range and penetration rate of CVs. The results show that CV 
technology can enhance traffic safety and mobility in 
freeways, if the percentage of CVs is significant (e.g. 30-40%) 
and the CV technology is accompanied by advisory speed 
reflected on VMS on both upstream and downstream of the 
incident location using DSRC range.  

III. CONCLUSION 

In this study we developed, implemented and demonstrated 
a DSRC based V2Vassisted V2I traffic information system for 
estimating and disseminating traffic safety and mobility 
parameters. One of the main research priorities of the ITS is to 
facilitate wireless communication between vehicles and 
infrastructure so that traffic safety information data can be 
exchanged. We used PARAMICS microsimulator as the traffic 
network simulator to implement CV systems. Since it does not 
have the ability to simulate V2V and V2I connections, we 
designed our proposed CV scenarios using MaSE 
methodology to view the CV modules as the MAS. By using 
API, we implemented our system as the extension to the 
PARAMICS. Two studies have been made to evaluate this 
system and the overall results showed that applying CV in 
Calgary’s freeways will improve the safety and mobility 
applications. 

The future work would be enhancing the connected 
vehicles study by providing a simulation environment that 
combines the capabilities of a traffic network simulator 

together with wireless communication functionalities in order 
to optimize the communication (frequency of information 
update), provide a cost effective alternative through traffic 
microscopic and wireless communication simulators to detect 
failure or latency of communication thorough testing of V2V 
and V2I communications systems based on different 
communication and DSRC ranges. 
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Abstract—Robotic systems have been increasingly adopted in
several sectors of the society. To cope with this demand and
diversity, researchers have investigated the Service-Oriented
Architecture (SOA) to develop such systems. SOA promotes
interoperability between software modules and heterogeneous
hardware devices, and a better reusability and flexibility for
robotic systems. However, due to the lack of a common
understanding on how services for robotic systems should
be designed, described and also classified, these services are
sometimes difficult to be used in other projects, reducing the
potential of reuse provided by SOA. The main contribution of
this paper is to propose a taxonomy of services for robotic
systems that was based on results of a systematic review,
reference architectures, and knowledge of specialists. Results
have pointed out that our taxonomy is an important element
to organize different types of services, what can promote reuse
and productivity in the development of robotic systems.
Keywords: Taxonomy, Service-Oriented Architecture, Robotics.

I. INTRODUCTION

Robotics has currently become one of the most active
fields for researchers and enterprise, significantly impacting
the society and our daily lives [13]. Different types of
robots have been developed and used in a wide variety
of application areas, such as house cleaning, surveillance,
and entertainment. In this perspective, the complexity of the
robotic systems has been increasing, creating a considerable
challenge for their development. To deal with this complex-
ity and improve the productivity of the development, several
researchers have adopted the Service-Oriented Architecture
(SOA) to design robotic systems [10]. F 1

SOA is as a successful architectural style that uses services
as the basic constructs to support the development of soft-
ware systems [11]. Services are independent, self-contained,
and well-defined software modules that can be dynamically
composed to form more complex software solutions [11].
This architectural style intends to contribute with loosely-
coupled systems, promoting reuse and productivity in the
software development [11]. In robotics, SOA has been used
to develop more flexible, scalable, and reconfigurable robotic
systems built as a set of independent software modules. It has
also been adopted to facilitate integration of heterogeneous
hardware devices and reuse of complex software modules. In
this perspective, companies and research institutes have cre-
ated means to support the development of Service-Oriented

Robotic System (SORS), i.e., robotic systems designed ac-
cording to SOA. Two well-known examples of environments
to develop these systems are Robot Operating System (ROS)
[14] and Microsoft Robotic Developed Studio (MRDS) [8].

Due to the relevance of SOA for the robotics, several
SORS have been developed in recent years [10]. These
works not only have contributed to the consolidation of SOA
in the domain, but also have produced a considerable amount
of services for SORS. However, most of these SORS were
developed using their own structures, without a common un-
derstanding about how and which software modules should
be provided as services. This lack of consensus has reduced
the reusability of the services and hampered the discovery
of these services by developers of SORS. In this sense,
identification and classification of the types of services that
can be used in the development of SORS would contribute
to facilitate the discovery and reuse of services.

The main contribution of this paper is to present a classifi-
cation of services for SORS. For this, we have established a
taxonomy, which is a form of classification widely accepted
in different domains, such as software architecture [4] and
robotics [5]. This taxonomy is based on the SORS available
in the literature and identified in a systematic review [10],
as well as a set of reference architectures of the domain [6]
and knowledge of experts in robotics. Results obtained from
a survey with domain experts have shown that the proposed
taxonomy is representative and can be used to successfully
classify the robotics services, as well as provides a good
support to discovery such services to their future reuse.

The remainder of this paper is organized as follows.
Section II describes the establishment of the taxonomy. Sec-
tion III presents the survey used to evaluate the taxonomy.
Section IV discusses on the results obtained from the survey
and the perspectives of application of the taxonomy. Finally,
Section V presents our conclusion and future work.

II. DESIGNING THE TAXONOMY OF SERVICES FOR SORS

To establish the taxonomy of services, we followed
a well-defined, systematic set of steps, as illustrated in
Figure 1. In short, in Step 1, we first elicited services from
different sources of information. In Step 2, we grouped the
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types (or sets) of services that have similar characteristics
and purposes of use. In Step 3, these groups were described
and organized in different abstraction levels, resulting in
the types of services and the Robotics Services Dependency
Stack (RSDS). Finally, in Step 4, the types of services and
RSDS were evaluated in a survey applied to experts of
robotics area. Following, each step used to establish our
service taxonomy is presented in details.

A. Step 1: Service Elicitation

In this step, we selected different information sources to
elicit the types of services used to develop SORS. These
sources encompassed both theoretical and practical views
of the robotic system development. The three sources were:
(i) a systematic review addressing 39 studies that report
on the development of SORS [10]; (ii) a set of reference
architectures that encompass knowledge of how to structure
robotic systems [6]; and (iii) expertise and knowledge of
experts on how to develop robotic systems. By investigating
these sources, we obtained a broad set of services.

B. Step 2: Service Analysis and Categorization

Given the services identified, we performed brainstorm
meetings for analysis and classification. For this, we con-
sidered the expertise of specialists in software architecture,
SOA, and robotics. These meetings were guided by reference
architectures for robotics, since they contain modules and
functionalities that should be considered in robotic systems.
In this step, we have mitigated the following issues: (i) simi-
lar services with different names; (ii) services with the same
name but providing different functionalities; (iii) services
lacking cohesion; and (iv) modules that could be provided as
services, but were not identified in the information sources.
We also identified abstraction levels for the services. As a
result, we obtained five groups of services: Device Driver,
Knowledge, Task, Robotic Agent, and Application.

C. Step 3: Taxonomy Establishment

Based on the identified groups of services, we proposed a
taxonomy of services for SORS. This taxonomy is composed
by two main parts: (i) RSDS that links groups of services and
(ii) description of all types of services of these groups. To
define the dependency stack, we adopted the overall structure

of the layered S3 reference architecture [1]. S3 is a widely
accepted description of the relationships among services in
SOA. Figure 2 presents RSDS and its layers, which represent
the groups of services. In RSDS, less abstract services, for
instance, services contained in Device Driver layer, provide
functionalities for the higher ones, for instance, contained in
Task layer. Besides that, services in lower layers are more
fine grained and provide, for instance, software abstractions
of hardware devices that can be used in different application
domains. Services in higher level layers coordinate services
in lower level layers to perform complete activities and are,
therefore, more dependent of the application domain.

Fig. 2: Robotics Services Dependency Stack

Device Driver layer encompasses services that control
hardware devices, providing their functionalities to the
higher layers. The Knowledge layer represents services that
manage information used by the robotic system to make
its decisions. Supported by Device Driver and Knowledge
services, the Task layer groups services that provide tasks of
robotics (e.g., mapping or localization) according to different
behaviors. The Robotic Agent layer represent services that
encapsulate the system that controls a robot as a service (i.e.,
Robot as a Service - RaS), which performs tasks – using Task
services – based on information gathered from Knowledge
services. Finally, the Application layer encompasses services
that coordinate one or more Robotic Agents to perform more
complex activities, such as surveillance and entertainment.

Notice that none of these five layers are mandatory and
it is possible to develop robotic systems without using the
lower level services, by designing a monolithic robotics
service. However, we discourage this practice, since it may
reduce flexibility and potential of reuse. A detailed descrip-
tion of each group of services is presented as follows.

1) Device Driver Services: This group includes services
that encapsulate hardware drivers. Device driver services

Fig. 1: Steps followed to establish the taxonomy of services
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are used as a design solution to provide better integration
among heterogeneous off-the-shelf resources. There are two
types of service in this group: Actuators and Sensors. Sensor
services encapsulate drivers that coordinate hardware devices
used to ‘feel’ the environment where the robot is. Actuator
services are responsible for controlling the hardware used to
interact with the environment. The services of this group are
illustrated in Figure 3 and described as follows. Notice that
some devices available nowadays can combine more than
on type of service, such as for Position and Orientation.
Interfaces of these services are therefore a composition of
interfaces of provided services.

Fig. 3: Device Driver service group

Locomotion: is responsible for providing mobility to the
robot. There are different examples of locomotion driver
services, such as for wheels, joints, helix, and so forth.

Manipulation: allows the robot to manipulate or hold
objects of the environment. Drivers for controlling arms and
grippers are considered as manipulation device services.

Communication: plays the role of both actuator and
sensor. This is due to the fact that a communication is often
bidirectional, i.e., a robotic system can use this service to
feel the environment or interact with it. Different types of
services can be considered as communication services, such
as drivers for multimedia, network, and radio frequency.

Position: is used to obtain information of where the robot
is in the environment. A well-known example of position
service is the GPS device driver service.

Orientation: provides information about the orientation
of the robot in the environment. Inclinometer driver and
compass driver are both examples of orientation services.

Movement: measures the distance traveled by the robot.
Encoder driver can be considered as a movement service.

Contact: controls sensors that detect whether the robot
is in contact with objects in the environment. Drivers for
barrier and bumper are examples of contact services.

Distance: is used to measure distance between the robot
and the objects inside the environment. Drivers for lasers
and sonars are examples of distance measuring services.

Optical: converts images of the environment into digital
information that can be processed. Drivers for stereo cameras
can be considered as examples of optical sensor services.

Thermal: is used to measure temperature of objects inside
the environment. Drivers for thermal cameras are well-
known examples of thermal sensor services.

2) Knowledge Services: This group comprises services
that are responsible for gathering, interpreting, storing, and
sharing information that is necessary to perform tasks and
control the robot as a whole. This information allows the
robotic system to learn about characteristics of its environ-
ment and objects inside it. Knowledge services can use not
only data from sensors but also semantic information from a
wide range of sources, such as ontologies or machine learn-
ing datasets. Services that belong this group are presented
in Figure 4 and detailed as follows.

Fig. 4: Knowledge service group

Internal: is concerned with gathering, storing, and sharing
information from inside the environment. This information
can be obtained from both sensors and databases hosted
in a back-end server. Information obtained from sensors
is generally produced by Task services and then stored in
internal knowledge service to be shared among robots. Two
examples of internal knowledge service are: (i) a robot
learning how to deal with a given object by accessing a
service hosted in a back-end server; and (ii) a robot sharing
with another one its optimal path for a given position.

External: is responsible for obtaining and interpreting
general purpose information from sources that are outside
of the environment. By using this type of service, a web-
enabled robot can search, access, and obtain information
from machine-readable content on the Internet or even
ordinary web sites, portals, and wikis. These external sources
allow the robot to learn procedures, semantic concepts, and
relationships that were not considered during the design of
the robotic system. An example of this type of service is
an autonomous robot learning how to make pancakes using
information from the web, as shown in [15].

3) Task Services: This group encompasses services that
provide functionalities considered as fundamental tasks of
robotics. Task services allow the robot to perform basic
activities, such as move from a position to another. These
services can be implemented according to different behav-
iors, i.e., a robot can move to another position either by
following a wall or keeping the distance between walls. This
group can be divided in seven main types, as presented in
Figure 5. Details of such services are discussed as follows.

Mapping: encapsulates algorithms used to estimate and
build representations of the environment where the robot
is. There are two types of mapping services, those that
use Metric Maps and those that use Non-metric Maps.
Metric maps are 2D/3D representations that use coordinates
– Geometric or in a Grid – to describe the real location of
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Fig. 5: Task service group

objects inside an environment. Non-metric maps are logical
representations that can be Topological (e.g., an adjacency
graph) or Sensorial, such as a sequence of images.

Localization: is used to estimate the position of the
robot. For this, localization services use sensor data, pre-
vious knowledge about the environment, or both. There
are two types of localization services: Probabilistic and
Deterministic. Kalman filter [9] is a well-known algorithm
that can be provided as a Probabilistic localization service
to be executed and accessed by multiple robotic agents, as
presented in [12]. Besides that, a Deterministic localization
service can be any localization algorithm based solely on
data from a GPS device or other type of position service.

Path Planning: is used to defined good (or optimal) paths
between two or more positions in the environment. These
services are often supported by mapping services and are
developed based on two main strategies: (i) Heuristic Search
(e.g., A-Star (A*) [7]) and (ii) Exhaustive Search (any kind
of services that provide a path examining all possible paths).

Navigation/Control: is used by the robot to navigate
in the environment. Navigation can be done based on a
predefined path or not. There are two types of naviga-
tion/control services: Deliberative or Reactive. A service
based on Deliberative navigation performs a path according
to a predefined plan. Reactive navigation service controls
the robot based on their current sensory data, e.g., using
a Potential Fields [3]. Notice that a robotic system can
combine these two types of service to provide a more robust
hybrid behavior, combining reactive and deliberative control.

Interaction: allows the robot to work together with the
Environment, Other Robots, or to accomplish an interaction
with a User. Interaction services are responsible for sup-
porting data exchange and procedures invocation between
the robotic system and these elements. These services can

be used, for instance, for requesting to an environment
controller to open a door in a room.

Object Manipulation: provides algorithms to support
physical interactions with objects inside the environment.
Object manipulation services provide control algorithms that
coordinate actuator devices, such as arms and grippers.

Support: provides general purpose functionalities that
support the development of robotic systems. These func-
tionalities generally involve data filtering, data fusion, math
calculations, point cloud processing, and segmentation of
images from cameras. As support services are not only from
robotics domain, it is not possible to determine a finite
number of subtypes of services that belong to this group.

4) Robotic Agent Services: This group encompasses ser-
vices responsible for coordinating other services located
in less abstract layers, such as Task and Device Driver.
Providing a robotic agent as a service allows the robot to
be remotely controlled and eases the coordination of multi-
robotic systems. As presented in Figure 6, there are two
types of Robotic Agent services: Non-mobile and Mobile.

Fig. 6: Robotic Agent service group

Non-mobile: provides functionalities of a robot without
mobility capability. An example of non-mobile service is a
robotic system that controls an industrial robot designed to
manipulate objects.

Mobile: provides functionalities related to both locomo-
tion and object manipulation. Due to the different types of
mobile robots – as well as their distinct representations of
position and orientation – mobile robotic services can be
divided into three categories: Aerial, Grounded, and Aquatic.

5) Application Services: Services in this group are re-
sponsible for managing robots to perform more complex
activities. Application services are orchestrators that acquire
knowledge through the robotic agent services, process it,
and then request a set of tasks that satisfy a given activity.
Figure 7 shows the three different types of Application
services: Single Robot Application, Multi-robot Application,
and Swarm Application.

Fig. 7: Application service group

Single Robot Application: is used to describe, coordinate,
and monitor high level robotic activities. Applications such
as for robotic vacuum cleaning and intrusion detection are
examples of this type of service.

Multi-robot Application: is used to describe, coordinate,
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and monitor multiple robotic agents (i.e., multiple robots) for
a given application. This type of service is also responsible
to allocate tasks for robots according to their specific features
and availability. Coordination of multiple robotic arms in a
factory line is an example of this type of service.

Swarm Application: coordinates and monitors a great
amount of simple robots to perform cooperative applications.
In a swarm application, all robots have the same service
interface and provide the same functionalities. Measurement
of temperature of an environment using a robotic swarm is
an example of this type of service.

III. TAXONOMY EVALUATION

In Step 4, we evaluated our taxonomy by performing a
survey with experts of the robotics domain. A group of ten
experts was asked to read the taxonomy documentation and
then answer questions in an on-line form. This group was
formed by software architects, software engineers, software
developers, and research team leaders from six different
institutions from five countries, from both academy and
industry. Results obtained from the survey are presented as
follows and discussions are made in Section IV.

A. Evaluating Acceptance of the Taxonomy

In order to evaluate acceptance of our taxonomy, three as-
pects were evaluated during the survey: (i) RSDS, (ii) groups
of services, and (iii) overall acceptance of the proposed
taxonomy. For each aspect, we proposed statements that the
experts had to answer using the following options: Strongly
Agree (SA), Agree (Ag), Tend to Agree (TA), Neutral (Ne),
Tend to Disagree (TD), Disagree (Di), and Strongly Disagree
(SD). A Neutral answer means that the interviewee does not
feel confident to accept or deny a given statement.

Regarding the acceptance of RSDS, three statements were
made: ST1 - “The layers of RSDS are sufficient to describe
the main parts and organization of a robotic system”; ST2
- “The dependencies between layers of RSDS are coherent”;
ST3 - “Layers of RSDS are disjoint, i.e., there is a clear
separation among layers”. Table I reports the answers for
each of these statements. Notice that RSDS is considered
(or tends to be considered) complete and coherent by more
than 70% of the experts (i.e., more than 70% of answers
about ST1 and ST 2 were SA, Ag, or TA). Besides that,
60% of the experts were in favor (strongly agreed, agreed,
or tended to agree) and 30% were neutral about the statement
that there is a clear separation between layers of RSDS.

TABLE I. Acceptance of the RSDS
Statement SA Ag TA Ne TD Di SD
ST1 30% 40% 10% 10% 10% 0% 0%
ST2 30% 30% 10% 20% 10% 0% 0%
ST3 20% 20% 20% 30% 0% 10% 0%

To evaluate the types of services identified in the taxon-
omy, we made three statements for each of the five groups
of services: ST1 - “The group of services is complete.”; ST2

- “The group of services is correct.”; and ST3 - “The group
of services has an adequate level of abstraction.”. Table II
presents the results. It is possible to note a high degree of ac-
ceptance in the groups Device Driver, Task, Robotic Agent,
and Application, where an average of 87.5% of answers
were positive (i.e., SA, Ag, and TA). In group Knowledge,
we observed positive answers from most experts, albeit few
disagreements were also observed. It is due to the fact we
adopted a classification using only two different types, since
a deeper classification probably would lead to an incomplete
set of subcategories, i.e., it is not possible to identify all
subtypes of internal and external services. Notice that a
similar classification was also adopted elsewhere [2].

TABLE II. Acceptance of the groups of services
Type ST SA Ag TA Ne TD Di SD

Device Driver
ST1 30% 30% 20% 0% 20% 0% 0%
ST2 30% 40% 10% 20% 0% 0% 0%
ST3 30% 30% 40% 0% 0% 0% 0%

Knowledge
ST1 10% 30% 20% 20% 20% 0% 0%
ST2 10% 30% 20% 40% 0% 0% 0%
ST3 0% 40% 10% 20% 10% 0% 20%

Task
ST1 10% 60% 20% 0% 10% 0% 0%
ST2 10% 50% 30% 10% 0% 0% 0%
ST3 20% 40% 30% 0% 0% 0% 10%

Robotic
Agent

ST1 40% 30% 20% 10% 0% 0% 0%
ST2 30% 30% 20% 20% 0% 0% 0%
ST3 30% 30% 20% 10% 0% 10% 0%

Application
ST1 20% 40% 30% 10% 0% 0% 0%
ST2 20% 40% 20% 20% 0% 0% 0%
ST3 30% 30% 40% 0% 0% 0% 0%

To measure the overall acceptance of the proposed tax-
onomy, we made four statements: ST1 - “I believe the
taxonomy is clear and well-described”; ST2 - “I believe
the taxonomy was defined adequately”; ST3 - “I believe the
taxonomy is useful for describing services for diverse types
of robotic applications”; and ST4 - “I believe the taxonomy
is useful for describing services of different types of robotic
systems”. Table III presents the results. It can be observed
that an average of 80% have strongly agreed, agreed or
tended to agree with all statements. Moreover, none of them
have disagreed with the statements aforementioned. These
facts indicate that the proposed taxonomy could be used as a
first step to describe and classify services currently available
for the development of SORS.

TABLE III. Overall acceptance of the taxonomy
Statement SA Ag TA Ne TD Di SD
ST1 30% 30% 20% 20% 0% 0% 0%
ST2 40% 30% 0% 30% 0% 0% 0%
ST3 50% 10% 30% 10% 0% 0% 0%
ST4 20% 40% 20% 20% 0% 0% 0%

B. Assessing the Comprehension about the Taxonomy

We also assessed the understanding of the experts about
our taxonomy. They were asked to classify services using the
taxonomy to answer different questions (e.g., in which group
a collision avoidance service should be classified). Table IV
summarizes the topics that were evaluated, the number of
multi-choice questions for each topic (Questions (#)), the
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number of choices that has each of these questions (Choices
(#)), and the average of correct answers (Avg. score).

TABLE IV. Questions and scores obtained in the assessment
Topic Questions (#) Choices (#) Avg score
RSDS 8 5 78.75%
Device Driver 6 5 90.00%
Knowledge 4 2 80.25%
Task 6 4 88.33%
Application 4 2 80.00%

Notice that 78.75% of the questions made about the RSDS
were correctly answered. Besides that, from 80% to 90% of
the 20 questions made about the types of service in the five
groups were correctly answered. These results evidence a
good comprehension of our taxonomy and its use to classify
services of SORS.

IV. A BRIEF DISCUSSION

Defining a widely accepted classification of elements of a
given domain is a difficult task. Aiming at establishing a rep-
resentative taxonomy of services for SORS, we considered a
broad amount of information sources, including a systematic
review and specialists in robotics. We also submitted the
taxonomy to evaluation by the robotics community, intend-
ing to observe both its acceptance and understanding. The
received feedback indicates that the taxonomy can be used
for classifying services available to develop SORS. More-
over, there is a good comprehension about the taxonomy and
its service groups. Minor issues were pointed out, mainly
related to the Knowledge group and the completeness of the
Device Driver group. Regarding the Knowledge services, we
identified that sometimes there is a misunderstanding about
the role played by services in this group. Knowledge services
are specially dedicated to manage and share information
useful for robotic systems, which sometimes is produced
by services from Task group. Regarding the completeness
of the Device Driver group, it is important to highlight that
this taxonomy does not encompass all types of drivers for
sensors and actuators available for embedded systems, but
the most important and used in the development of SORS.
It is also worth mentioning that this taxonomy is not final.
Thus, as this research area evolves, new types of services
may arise, requiring to update the taxonomy.

The proposed taxonomy moves the first step to a better
communication among developers of SORS. As a conse-
quence, its use can also contribute to improve the reusability
and productivity in the SORS development, since services
described using a well-defined terminology can be more
easily found by other developers. Nowadays, service repos-
itories for SORS do not support the discovery of services
through categories and the identification of services that
could be reused is sometimes a hard and time-consuming.
Thus, based on our taxonomy, we have proposed a service
management system1 that supports publication and discovery

1www.labes.icmc.usp.br:8595/RegistroServicoWeb/

of services in a more productive way. In this system, services
can be published and described according to one or more
service types defined in the taxonomy and, then, discovered
by developers using a desktop interface integrated to ROS.

V. CONCLUSION AND FUTURE WORK

SOA has been increasingly adopted for the development
of SORS, getting considerable advantages of SOA and
resulting in more flexible robotic systems. In this scenario,
the main contribution of this paper was to present a
taxonomy that intends to adequately classify all services of
the robotics domain and improve the understanding about
them. Results of our work have presented good perspective
of this taxonomy to become an important element in
SORS development processes. As future work, we plan
to conclude the development of our service management
system, which will allow services to be published, classified,
and discovered based on the taxonomy. By disseminating
our taxonomy we intend to contribute to the reuse of
services and, as a consequence, increase the productivity of
SORS development.
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Abstract—Knowledge management can play a major role in the
success of a distributed software engineering project promising
huge increases in efficiency and effectivity. However, it often
suffers from a lack of participation. Major problems are that
sharing knowledge is time consuming and bears additional effort
for the knowledge worker.

In the course of development projects, software engineers
create, read and annotate (particularly during reviews) a lot of
documents. These annotations can contain valuable knowledge
which should be made persistent and sharable with project
partners. To lower the sharing effort for project participants,
we present a light-weight approach to collect annotations as by-
product from project (-related) documents. The annotations are
extracted from documents and interlinked with other experience
and knowledge artifacts in a shared Wiki-based experience
infrastructure for global software engineering. As immediate
benefit for knowledge workers, making annotations and context
searchable saves information retrieval time. In the long term,
annotations combined with other experiences are engineered into
reusable recommendations.

In a preliminary evaluation in the software engineering re-
search field and industry confirmed that our annotation sharing
concept was perceived as helpful and time saving.

Index Terms—annotation management; knowledge manage-
ment, distributed software engineering

I. INTRODUCTION

Team members in a software development project do not
have to be distributed to show the symptoms of a distributed
project. Already a distance of 30 meters is enough to diminish
communication and awareness like in a globally distributed
project [1].

Many distributed collaborative software development
projects follow structured and formal processes like Waterfall,
V-Model or RUP. In such a process the team’s work mostly
revolves around (distributed) documents. Project participants
often make annotations in these documents for different
purposes, e.g. review or quick retrieval. Distributed projects
have less direct communication and thus a lower awareness
about project-related knowledge at a partner’s location [1].
Participants from the partner company may not know that
these annotations exist or in which documents to look. Doc-
ument annotations are a valuable knowledge source. Making
these annotations available and efficiently searchable can save
money and time for the subcontractor, which would cost him,
if he had to ask around or look through each document in the

shared project repository. Besides, annotated documents are
often stored in the personal or project-wide workspace and do
not become available for further projects.

As a motivating use case consider a situation, where a
subcontractor team in a distributed collaboration has to create
a design document. The subcontractor team needs to look up
recommendations and examples on how the partner company
creates UML diagrams. Such knowledge can be found e.g.
in annotations inside reviewed documents from older projects
containing UML diagrams. Beside communication and aware-
ness problems, the perceived effort is still one of the most
severe impediments to information and knowledge sharing
(e.g. [2]). If the effort to share knowledge exceeds the reward
or benefit, people will not do it [3].

Our contribution in this paper approaches these problems
by presenting a light-weight concept to lower the effort
and time to share project document annotations. The pieces
of information and knowledge contained in annotations are
made accessible and searchable for other teams, projects and
collaboration partners. We present a methodology including a
tool and environment, where extracted annotations can enrich
the project memory and together with other experience and
knowledge artifacts engineered into reusable guidelines.

In the next chapter we present the concepts of annotations
as by-product and how to link them with other experiences.
Then we present three preliminary evaluations and discuss
them followed by a conclusion and topics for future research.

II. RELATED WORK

In this section we present related research about annotation
sharing and supporting the user by extracting knowledge as
by-product.

A. Annotation Extraction and Sharing

There are a lot of annotation systems and tools for col-
laborative work on web documents (e.g. [4], [5]). Alani et
al. automatically extract knowledge from web documents and
populates a knowledge base [6]. Bischofberger et al. use an-
notations as tags to connect software artifacts for cooperative
tasks [7]. These annotations are rather formal. In our case, we
extract free text annotations from distributed offline software
engineering project(-related) documents.
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Tools like Mendeley1 or Adobe Reader2 allow sharing
annotations. However, Mendeley only allows to view them
in its infrastructure and Adobe Reader only offers a non-
searchable annotation list without visual context. Martine et
al. gather and link discussions from e-mail attachments, shared
folders and meetings to documents they relate to in a Wiki [8].
These discussions can have a similar content to annotations.
However, information about a document extracted from anno-
tations has a more tight connection to parts of the document
than discussion points from e-mails or meetings. Liang et al.
provide Excel and Word plug-ins that allow highlighting text
passages, add meta data annotations and relate them to others
[9]. Our approach is more light-weight and is less intrusive
in the every-day work process. It does (almost) not require
additional effort from the software engineer and does not limit
in the way how to annotate.

B. Knowledge as By-Product

Meyer et al. followed a by-product approach using (Mi-
crosoft Word) meeting protocols [10] to create added value for
project participants. They automatically extracted decisions,
tasks and definitions and displayed them in a corporate Wiki,
thus making them searchable. The tasks were automatically
uploaded into an issue tracker (Jira). Our approach also strives
to use documents that are created anyway without added
effort for the project members. In our case, we use annotated
documents. Schneider describes a light-weight method to store
software engineering decision rationale as by-product [11].
Schneider also presents a strategy how to record knowledge
emerging as by-product from prototype development [12]. We
apply this approach to annotations.

III. KNOWLEDGE FROM ANNOTATIONS AS BY-PRODUCT

In this section we present the concepts of this contribution.
With a use case we illustrate why annotations are a valuable
knowledge source and can save time as well as money in
distributed software development. We present how they can
be made persistent and shared for organizational learning.

1https://www.mendeley.com/
2http://get.adobe.com/de/reader/

A document creation process, e.g. writing a specification,
usually contains review loops. In a co-located project setting,
the feedback will likely be in oral form: an architect can
personally tell the analyst what to revise in his specification
draft. In a distributed development setting, however, direct
communication is more difficult and asynchronous [13]. Thus,
feedback will likely be shared in solid form like e-mail or as
annotations inside the document. Figure 13 illustrates informa-
tion and knowledge flow in a part of a (simplified) distributed
development process. The process starts with an analyst from
project A, who has the task to write a specification. Thereby,
he consults other documents like guidelines, rules and norms
(1). The output of the writing process is a specification draft.
This draft is then reviewed by the customer and architect. The
former reads the specification and makes annotations on func-
tional issues like missing or wrong requirements, improvement
suggestions or opaque passages (3). The architect reads the
draft in order to check if all requirements can be implemented
and if there are mistakes in diagrams (4). To strengthen his
argument, he may reference to a rule or guideline. He also
annotates passages that are critical or costly and should be
renegotiated with the customer. After receiving the annotated
drafts from the reviewers, the analyst from project A writes
a final version of the specification. There can be, of course,
more than one review cycle. The tester uses the specification
to create test cases. He marks passages in the specification
that are hard to or cannot be tested. He also may annotate
requirements with the test case number to quickly retrieve the
relation (5). To other analysts from project B or project A at a
partner location, the annotated documents become inaccessible
after project A ends (6). Besides, permissions and documents
are too unstructured to be valuable for people from project B.

Our approach is to store (potential) knowledge from anno-
tations (Fig. 2) in a knowledge base, where they can be imme-
diately searched and commented and provide an infrastructure
to engineer them into recommendations in the long term.
An analyst from a different project B (or from a sub-project

3In Figs. 1 and 2 we use the FLOW notation to illustrate information
and experience flows between people and documents. For the full syntax
description refer to Stapel et al. [14].

(1)

(2)

(3)

(4)

(5)
(6)

person group

Fluid 
storage

document documents

Info.
flow

Solid
storage

fluid solid no flow

annot. doc. annot. docs.

Fig. 1. Part of a (simplified) development process in a distributed setting without document annotation sharing.
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of project A) can learn and benefit from the annotations.
He can save time and money by reusing recommendations
engineered from annotations in the previous project. He can
avoid phrasing pitfalls or learn e.g. about company specific
characteristics like UML diagram specifics. He can more early
renegotiate and clarify untestable or very costly requirements.
New annotations created during project B are a further input
to the annotation database. Besides review annotations and
annotated guidelines, other annotated cross-project documents
like publications can also be collected. For a process manager
annotations could reveal possible flaws and hidden places
of unclarity in the specification template. We assume that
repeated annotations denoting unclarity or problems about a
similar topic or at the same place in the document could
indicate that either the template is not sufficiently descriptive
or the employees lack expertise and need training.

Considering the participation and motivation problems in
knowledge management initiatives (e.g. [3]), we chose a light-
weight approach similar to Schneider [11] to elicit the anno-
tations. To be as little intrusive as possible for the annotation
author, we extract the annotations automatically into the shared
knowledge base. The author only needs one click to start the
annotation extraction process. The command can be triggered
from the context menu of the document.

IV. INTERLINKING AND ENGINEERING ANNOTATIONS

To create more benefit for the project participants, we
related the extracted annotations to other knowledge and
experience artifacts (s. Fig. 3). We integrated the annotations
into a shared experience base for distributed software engi-
neering (GloSE Base) [15]. This experience base is a Wiki
containing experiences of different maturity. It has a rights
management structure to handle sensible experiences, which
is also applied to annotations. Subjective (raw) experiences
are engineered into reusable recommendations. The extracted
annotations in Fig. 3 can be viewed and searched in the
shared knowledge base. A copy of the annotated document is
attached to the page and can be downloaded. Each annotation
is contextualized in the annotation context: a screenshot of

Fig. 2. Extracting and preserving project document annotations for multy-
company-wide learning.

the annotation surroundings in the document. Annotations and
other experiences can be engineered into a recommendation.
In turn, a recommendation can link to the annotations that
support it. Each annotation can be commented or linked to
other documents that are related to the annotation content,
e.g. a source to prove a statement. These comments and
documents can also be engineered into best practices. Ad-
ditionally, project participants can still access the document
in it’s original context of the original shared folder structure.
We are implementing this interlinking concept with a huge
publication knowledge base structured according to SPICE
(ISO/IEC 15504) on global software engineering [16].

V. PRELIMINARY EVALUATION

We evaluated the usefulness of the annotation extraction
and sharing concepts in the software engineering domain. We
identified the following research questions:

RQ1: Is persisting and sharing annotations useful for software
engineering tasks?

RQ2: What kind of annotations are used in the software engi-
neering field?

RQ3: Is our annotation extraction and interlinking approach
helpful? In particular, does our approach save time read-
ing a document to find relevant information to solve a
problem?

RQ4: Can annotations be used to improve software engineering
processes? Specifically, can review annotations denoting
frequent mistakes of a kind give evidence to flaws and
unclarity in document templates?

A. Methodology

We conducted three evaluations. To answer RQ1 and RQ2,
we distributed a survey to software engineers in three middle
sized and big software companies. The software engineers
were given questions about their annotation behavior and
whether our approach could be helpful for their work.

To answer RQ3, we conducted a cross validation. Our par-
ticipants were software engineering research associates. The
evaluation was conducted at their workplace. We implemented
an annotation extractor for PDF4 documents that automatically
uploads annotations into our Wiki-based experience base as
described in section IV. The participants were given two
publications and had to answer several questions once with and
once without the help of extracted and shared annotations. The
participants from the control group had the same procedure
but with switched publications. The publications were chosen
to be tedious to read without the possibility to quickly scan
the content. They were long (23 and 31 pages), relatively
unstructured with long textual blocks and few figures. Their
topic was chosen to be related to publications the participants
would normally read but not from to their direct research field.
The questions were not directly searchable in the documents.

To answer RQ4, we analyzed 32 annotated requirement
specifications from several reviews in a student software

4We have observed that researchers more often read and annotate PDF than
MS Office documents.
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Fig. 3. Interlinking annotations, documents, comments, recommendations and the original project structure.

project at the Leibniz Universität Hannover. To create re-
quirements specifications, students were provided templates
containing a predefined structure with helpful questions and
descriptions. These requirement documents were reviewed by
the customer and a coach assigned to each student group.
Altogether, we extracted 697 review annotations. To extract
annotations denoting unclarity, we used a light-weight heuris-
tic. We assumed that a search for annotations containing a
“?” would yield questions, i.e. messages of unclarity. With
the help of the text analysis framework Lucene5 we identified
283 annotations containing a question. We assume that this
way we can identify the most unclear chapters or places in
the requirements template.

B. Results

Altogether, we received 6 survey responses from the in-
dustry. The participating software engineers consisted of 2
developers, 1 analyst, 2 architects and 1 project manager. We
can answer RQ1 positively: 4 out of 6 participants consider
annotating project documents very helpful and 1 rather helpful.

To answer RQ2 we found out that software engineers mostly
annotate for review purposes (with and without being involved
in writing the reviewed document) and as a reminder to
retrieve information quickly (5 answers). Annotating for the
purpose of summarization or abbreviation of content as well
as marking text to draw attention to it is less frequently used
(2 answers). The most highly rated annotations to share were
the reminders (3 answers). Sharing review annotations was
favoured by 2 participants. All participants annotate specifi-
cations, but rarely diagrams, presentations, publications and
other project-related (e.g. mercantile) documents. The most
often annotated file types were Microsoft Word and Excel (3
answers), but also a lot of printed documents. PDFs, Power-
Point documents and screenshots are less often annotated.

It is not very surprising that RQ3 can be answered pos-
itively, indicating that annotations reduce the cognitive load
when reading a long document. Having 9 participants, all of
them needed distinctly less time to answer the questions with
annotated papers than without annotations: the regular group

5http://lucene.apache.org/

needed 5.7 min. without and 2.5 min. with the help of anno-
tations as median. The control group’s median was 8.0 min.
and 3.0 min. After the evaluation we received feedback that
most of the participants were frustrated and even upset because
they took very long to read the papers. One participant even
didn’t answer the questions without the help of annotations,
but wrote: “Do you really expect me to read a paper with 23
pages?” He answered the questions with the annotated paper,
though. This indicates that annotations lower the barrier to
read long documents if you lack the motivation. All in all,
annotations and their presentation were perceived as helpful
or rather helpful by 7 out of 9 academic participants. From
the survey in the industry, 3 out of 6 participants stated that
our annotation extraction concept could successfully support
their work. Two participants did not find it useful (1 person
abstained). One participant noted that searching annotations in
the Wiki is helpful in a situation, where he does not remember
in which document to look for.

To answer RQ4, we found out that most annotations (74)
denoting unclarity were on pages where the students had to
write use cases and draw use case diagrams. This finding
is supported by the fact that the most frequent term in
all annotations of unclarity was “use case”. This analysis
indicates that these template chapters lack a good example
or explanations or that the students lack expertise about how
to create good use cases. After project end, the students had
a post-mortem session where they could share their feedback
and experiences during the project. Many groups complained
about their problems with use cases and lack of a good use
case example in the template. This feedback also supports the
results of the annotation analysis.

VI. DISCUSSION

Our study indicates that extracting, sharing and interlinking
project (-related) document annotations is useful and helpful.
Certain limitations should be considered when interpreting
our results: Both the academic and industrial studies did not
produce statistically significant results due to a low number of
participants (n = 9 and n = 6). A statistic significance could
be achieved with a larger group.
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We limit our evaluation to “perfect” annotations in a fixed
content (PDF publications). We consider an annotation “per-
fect” when it marks the answer in the text. We wanted to
see whether such annotations can be helpful for the task of
finding an answer in a research environment. Thus, our results
seem unlikely to be completely representative in the software
engineering field. An extensive study could give more reliable
insights but our evaluation provides a tendency.

The rather low inclination (2 of 6 answers) for sharing re-
view annotations probably reflects study participants’ opinion
that these kind of annotations have a too specific context to
be helpful in other projects. This may apply for direct reuse.
However, our analysis results of review annotations indicates
they can be helpful after engineering. Annotation analysis
can be an indirect way to communicate development process
flaws, which can be suitable especially in a distributed setting
with impaired direct communication. Improving document
templates, for example, could be helpful in the next project,
as templates are usually reused. In a collaborative project, a
good template is even more important if a team has to use a
partner’s template [17].

As a limitation to our evaluation, we only analyzed a
specific type of documents (requirement specifications) in a
co-located undergraduate student software project and not in
an industrial collaborative setting.

For the annotation analysis some of our assumptions, like
the heuristic for finding annotations of unclarity, may be
simplistic. However, it provided a problem indication that was
later confirmed by students participating the software project.
In addition, we plan a more sophisticated analysis to uncover
more specific problems.

VII. CONCLUSION AND OUTLOOK

In this contribution, we have presented a concept for ex-
tracting project document annotations as by-product, make
them persistent and searchable as part of the organizational
memory and interlinking them with other knowledge and
experience artifacts in a shared experience base. Sharing
document annotations can save information retrieval time.
Engineering them into reusable recommendations can help to
avoid mistakes that can become costly. Preliminary evaluations
indicate that document annotations in the software engineering
domain are a valuable knowledge asset and should be shared
and engineered. We also showed, that our concept is perceived
helpful by software engineers.

Our analysis of annotations has shown that they can be an
indicator to flaws (in templates or in expertise) and give a
notion on what can be improved in a software engineering
process. This indirect way of uncovering problems can be
helpful in a distributed setting when direct communication is
impaired.

For further research we will add the possibility to monitor
folders and automatically upload annotated documents to
unburden document authors even more. We will also consider
an automatic and manual support for annotation categorization
and tagging. This will provide further annotation context like

the topic or problem it refers to. It will make the search
for annotations easier, since a document can have annotations
related to different problems and topics.

In the case of a changeable document, a synchronization
and tracing of annotation context in the Wiki and the original
document can be helpful. Although we made the observation
that helpful annotations can lower the barrier to read academic
publications, we will evaluate to which extent this insight
can also be applied for the distributed software engineering
domain.

Our evaluation also showed that software engineers create
a lot of review annotations in transient content, but only
few participants consider them worth sharing. The analysis
of reviewed student software project requirements documents
has shown that analyzing annotations of unclarity can give a
hint about flaws in templates or team members’ expertise. We
will also evaluate other ways for annotation analysis to support
software engineering process improvement. In particular, we
will investigate if review annotations of a specification can
indicate communication flaws between customer and require-
ments engineer or provide input for a glossary.
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Abstract—Systematic management of experience and knowl-
edge in distributed software development promises huge increases
in effectivity and efficiency. Yet, specific problems need to be
overcome: Communication between partners is difficult and
awareness about the knowledge available at different locations
is impaired. Even motivated developers are often reluctant
to share experiences, because they do not know where and
how to submit them as well as if they are allowed to share
sensitive information or intellectual property. If they submit,
their experiences are often presented in a way not useful for
others and cannot be easily refined into best practices. In this
paper we identify barriers of knowledge sharing in a literature
review and discuss how dedicated tool support and automated
heuristic critiques can mitigate such problems by offering the
following features and qualities: guidance of project participants
in creating experiences that will more likely be helpful, positive
influence of their motivation to share, and easily accessible and
integrated into a trustworthy experience engineering processes.
Preliminary evaluation with a prototype shows that this concept
can increase willingness to submit experience as well as their
quality.

Index Terms—experience elicitation; heuristic feedback; global
software engineering

I. INTRODUCTION

Around the year 2000, many large companies recognized
the importance of knowledge for software development. Sev-
eral companies (e.g. Siemens [1], Ericsson [2], Daimler [3],
etc.) invested heavily in knowledge management for software
engineering problems. Those approaches were extended to-
wards systematic exploitation of experiences. The intention
was to avoid repeating mistakes, and rather learning from a
company’s own specific experience. Distributed projects run
by more than one company or business unit, however, have
added new challenges to these goals [4], [5], [6]. Due to
geographical, temporal and cultural differences, distributed
projects suffer from an impaired communication flow and
awareness [4], [7].

The success of an experience and knowledge management
(EKM) initiative highly depends on the quality of the gener-
ated content. It is important that experiences are engineered
into reusable guidelines and not just distributed as raw, subjec-
tive experiences [8], [9]. There are three major challenges for
getting sufficient input into this engineering process. The most
severe impediment for project participants to share information
over the years has still remained the effort to benefit factor

[10]: If the effort to share information exceeds the reward or
benefit, people will not do it [11]. However, they are more
willing to share, if they believe that their contributions will
be valuable to others [12]. There has been evidence that
“quality of the reported experience highly depends on the
individual communication skills of the contributor, e.g. the
ability to structure the content, to formulate the experience
with accuracy, and to describe it properly according to the
needs of the target audience” [13]. In addition, bearers of
experience often do not know how and where to submit their
experience [14]. More research is necessary to bridge this gap.

Based on a literature study we derive barriers for sub-
mitting experience in distributed software development and
propose the use of heuristic critiques (automated computer
based feedback on experience writing) to help lowering these
barriers. Such critiques automatically analyze textual input
against heuristic rules and offer immediate feedback to the
author. In a preliminary evaluation, we evaluated the effects of
this approach and found that the heuristic critique’s immediate
feedback on how to write experiences had a positive influence
on (i) the perceived effort to benefit ratio and willingness to
contribute experience as well as (ii) the quality of experiences.

The rest of this paper is structured as follows. In the next
chapter, we present the challenges of experience management
in globally distributed software engineering projects based on
related work and present our research questions. Then we
discuss our concept and the preliminary evaluation. This paper
concludes with a summary and suggestions for future work.

II. BACKGROUND: CHALLENGES TO EXPERIENCE
SHARING IN GLOBAL SOFTWARE ENGINEERING

The first step in an experience management initiative based
on an Experience Factory [8] is to collect (raw) experiences
[9]. One simple way to spontaneously externalize an expe-
rience is to write an observation sheet, a (digital or paper)
form to capture ad-hoc experiences [15]. An experience is a
triple, consisting of 1) an observation, 2) an emotion (about
the observed event) and 3) a conclusion or hypothesis [9].
Globally distributed software development adds a new dimen-
sion to experience management [6]. Systematic learning during
the project becomes even more important, because different
organizational and demographic cultures come together. The
distributed organization of the project needs to learn how to

355



use these characteristics to the advantage of the project. At
the same time, new challenges arise that impede successful
knowledge sharing.

To uncover these challenges we conducted a literature
review. The search keywords were (“knowledge OR “ex-
perience”) AND “sharing” AND (“barriers” OR “impedi-
ments” OR “issues”) AND “software engineering”. Searched
databases were Emerald (55 results), IEEEXplore (0),
SpringerLink (102), ScienceDirect (2), Wiley InterScience
Journal Finder (2), ACM Digital Library (994), SAGE Journals
(28) and Google Scholar (19700). Included in the search were
journal articles, workshop and conference papers. We applied
our search on the title of the publications written in English
language and the keyword “software engineering” on the text.
Many publications were also found through an explorative
search. For the Google Scholar search, we only used the first
twenty pages (200 results).

As inclusion criteria, publications were considered relevant
if they report on knowledge or experience barriers. This
includes general personal sharing barriers or barriers that
concern groups of people (social and cultural issues). In a first
review iteration and motivated by experience in a distributed
collaborative project [16] it became clear that many barriers
are not specific to global software development. For this
reason, this review is not restricted to global settings. It poses
new challenges to experience and knowledge sharing but other
barriers have influence on globally distributed projects as well.

Altogether, 78 relevant publications and 63 barriers were
identified1. From each publication relevant to this review,
factors and barriers were collected into a table. Afterwards
similar factors were consolidated and grouped according to
their barrier category. From the publication causal relations
between the factors were drawn.

Fig. 1 summarizes the review by displaying the higher-
level barriers which are most symptomatic to global software
development. The number of sub-causes (not discussed in this
paper) are given in brackets. In this paper we are focusing

Do not share 
knowledge and 
experience

2) Content perceived not useful (12)

4) Lack of trust (11)

1) No immediate benefit (1)

3) Lack of awareness about
‐ Where and how to submit (5)
‐ Relevance of possessed knowledge (9)

5) No access to system (3)

6) Effort > benefit (12)

Fig. 1. EKM challenges: Barriers for sharing experience and knowledge in
distributed software development.

on the elicitation of experiences and propose a tool as part
of an experience environment to support experience writing

1A complete overview over the identified barriers and sources can be found
at http://www.se.uni-hannover.de/misc/aaverbakh/all-exp-barriers.pdf

and lower the barriers from Fig. 1 in distributed software
development. In the scope of this paper we will focus on the
gray shaded barriers.

1) No Immediate Benefit: A knowledge and experience
management initiative must offer the experience bearer a
perceived benefit. Furthermore, the beneficiary must be the
experience bearer who has contributed his experience [11]. As
most people are no altruists, without personal benefit from the
EKM initiative they will unlikely share again [17]. They may
interpret the situation as “invest now, and someone else might
harvest later” [18]. The benefit must be perceived shortly after
contribution [17], [18].

To produce a quick benefit, many researchers focus on re-
ward mechanisms to motivate knowledge bearers to share their
experiences. For example, Bartol et al. propose organizational
rewards [19]) while Dencheva et al. discuss intrinsic reward
mechanisms (levels, ranks and awards) [20].

The open question is if heuristic critiques can raise intrinsic
motivation just by making the author feel guided or even proud
of contributing a high(er) quality experience. There is evidence
that developers are more motivated to share, if they believe that
their contributions will be valuable to others [12]. To evaluate
this assumption, we pose the following research question:

RQ1: Do heuristic critiques help to write experiences with
higher quality?

2) Content Perceived Not Useful: An experience manage-
ment initiative is not successful, if developers do not perceive
its content as useful. The content may be perceived not useful,
if it does not help the developer to solve his problem or specific
task. Often, this is due to an inappropriate presentation or
maturity level of disseminated experiences. It is important that
experiences are engineered into reusable guidelines and not
just distributed as raw, subjective experiences. Raw experi-
ences are often too specific, unreliable, or contain confidential
information. Thus, they have to be engineered to make them
applicable to other projects [9].

Other research has tried to improve contributed content.
Bettenburg et al. present a prototype that guides users through
writing better bug reports [21]. Their study is related to
our work when considering bugs as a special type of an
experience. In a survey they reveal a mismatch between the
information that developers need and the information that users
supply. Shugerl et al. evaluate bug report quality with informa-
tion retrieval techniques [22]. Support for general experience
elicitation should provide the possibility to collect feedback
not only to a product, but also to the development process.
By this, we hope to support an active learning environment
(in distributed software development) which is based on the
exchange of relevant and well packaged experiences.

Similarly to the goal of heuristic critiques to improve the
contributed quality, Wilson et al. present a system that aims to
raise requirements quality with the help of natural language
processing (NLP). It searches bad phrased requirements for
improvement [23]. Bär et al. integrated NLP techniques into
a Wiki to support users with the tasks of adding, organizing,
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and finding content [24]. It remains to be shown that such
concepts can improve the quality of experiences:
RQ2: Do developers find experiences written with the help of

critiques more helpful or richer in content?
3) Lack of Trust: Lack of trust occurs when developers are

not sure if sharing their experience with partner sites will be
beneficial or detrimental (e.g. due to NDA policies) to them
[29]. This barrier can generally be mitigated by a knowledge
management infrastructure like e.g. an Experience Factory
[8], which is a fundamental approach to systematically elicit,
refine, package, and reuse experience. It is a basis for our
concept of experience engineering. In our previous work, we
presented an experience engineering process for collaborative
projects that considers trust issues [30] and we will not further
discuss this barrier in the scope of this paper.

4) No Access to System: No access to the experience base
can be an issue when joint ventures contain partners that have
a competitive relationship outside the collaborative project.
Then, usually the strongest collaboration partner can restrict
access to the stored knowledge for the competing partners. The
developers of the partner organization(s) do not get enough
access to system to benefit from it [16]. Similarly to lack of
trust, our infrastructure from previous work [30] approaches
this issue presenting a rights management structure and engi-
neering process. It ensures that no sensible experiences can
be viewed by competitive partners making access restrictions
redundant. We will not further discuss this barrier in the scope
of this paper.

5) Lack of Awareness: Lack of awareness is increased
by physical distribution, leading to more difficult and less
direct communication between project participants. Often,
participants do not know where and how to submit experience
[14]. In addition, participants often have difficulty to assess
the relevance of their knowledge, as they are not aware about
others’ problems [20] — a general sharing problem.

A dedicated tool support mitigates the lack of awareness
where and how to submit experiences, if designed to be
unobtrusive and easy accessible in the workplace for each
project participant. Schön’s reflection-in-action approach [25]
can raise awareness about one’s knowledge through specific
techniques that may tickle tacit knowledge out of the author he
would not reflect on otherwise. Mitigating the second aware-
ness problem, Fischer’s domain-oriented design environments
(DODEs) encourage practitioners to submit their experience
providing an argument component with immediate feedback
[26]. This feedback can initiate reflection.

As related research to raise awareness, Schneider [14] and
Lübke et al. [27] propose to collect spontaneous feedback
by providing specialized feedback facilities. Our approach
is inspired by DODEs. The argument component providing
immediate feedback (or critiques) is based on heuristics [28].
We apply his idea to help writing better experiences and
to support reflection-in-action leading us to the following
research question:
RQ3: Does heuristic critique support influence the amount of

experiences submitted by developers?

6) Effort > Benefit: All barriers in Fig. 1 affect the effort
to benefit ratio of EKM initiatives and thus ultimately their
success: Not trusting other partners means additional effort
to decide which information to share. Without access to
knowledge, developers will not see any usefulness in the base’s
content and thus the whole system. Without enough perceived
personal and immediate benefit, they will not make the effort
to share [11].

As related approaches mitigating this issue, Schneider [31]
and Meyer et al. [16] propose approaches aiming to extract
experience and knowledge as by-product during usual work
procedures without additional effort for the knowledge bearers.

Yet it remains an open question how heuristic critiques can
motivate users to create more valuable experiences and make
them feel more assured when writing experiences. At the same
time, the concept should keep the experience writing effort as
low as possible. It should not impose too many restrictions
but, on the other hand, ensure the most important factors for
a good experience. The above defined research question RQ3
can give indication if our approach mitigates this barrier.

In order to investigate our research questions, we need
tool support that incorporates heuristic critiques. We created
a prototype of such a tool as candidate solution based on
the Heuristic Requirement Assistant (HeRA) [32]. Originally
HeRA employed heuristic critiques to support writing of
requirements and use cases. We reused this infrastructure and
adapted HeRA’s critique system and graphical interface to
write experiences instead of requirements2.

III. HEURISTIC SUPPORT FOR EXPERIENCE WRITING

In this section, we present the main concepts of this paper:
characteristics of a good experience for an experience engineer
and the heuristics to enhance experience quality.

We define completeness, observability, readability or un-
derstandability, traceability and verboseness as characteristics
of a good experience in the software engineering domain. To
avoid misconception, verboseness in this context is meant pos-
itively in the sense of being detailed. Our quality aspects are
based on established quality characteristics of codified knowl-
edge [33] (accuracy, readability or understandability, acces-
sibility, currency, authority or credibility), requirements [23]
(complete, consistent, correct, modifiable, ranked, testable,
unambiguous, valid, verifiable) and bug reports [34], [22],
[21] (focused, observable, readable, verbose). Requirements
and bug reports are similar to an experience in the way that
they describe events or make proposals, and are created with
the goal to be easy to process in a software development (or
maintenance) process. Besides, a bug report can be viewed
as a special type of experience or feedback [27]. We did
not consider some very bug report-specific artifacts like stack
trace, patches, code samples, test cases, etc. [21]. Considering
that a goal of our concept is to stay light-weight in terms
of effort, we do not want to impose too many restrictions or

2For more details and a screenshot of our prototype, please refer to http:
//www.se.uni-hannover.de/pages/en:heur critiques exp elicit.
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demands on the experience bearer but also want to ensure
the most important aspects of a good experience. Too many
demands may discourage experience bearers fearing too much
effort to fulfil them. Thus, we discarded the quality aspectes
focused, unambiguousness, consistency, and correctness, be-
cause experiences are subjective and impressions of the same
event can differ depending on the point of view. We also
discarded verifiability, validity, ranking, and modifiability, as
we consider ranking, rephrasing and comparing experiences
with others experiences engineer’s tasks. Also accessibility,
currency and credibility can be ensured during experience
engineering and maintenance and do not need to be imposed
on the experience bearer.

In Table I we list the concrete heuristic critiques for experi-
ence writing derived from or implementing the characteristics.
For each critique the table displays characteristics it supports
or enables as well as a criticality. Error is the most severe
criticality, followed by a warning. Hint signifies an optional
advice and info a general information. Feedback can either be
general or specific to the experience part currently edited. All
critiques, except 11, are context sensitive and are visible within
a certain experience part. The last critique being a general
information on how to write an experience is visible in all
fields. Heuristics 1, 2, 3 and 8 are applied on observation,
emotion and conclusion separately but are consolidated in
this overview. We implemented the heuristic rules for German
language, but they are generally applicable to other languages.
To determine the threshold for Heuristic 2, we took a value
slightly above the average sentence length of 7.08 words
in German literary prose [35]. For the readability measure
in Heuristic 3 we implemented the Flesch Reading Ease
score [36]. We included this algorithm to raise the experience
bearer’s awareness about writing style, even though we were
expecting low performance because of the brevity of most
observations and conclusions. This was successful, as we

could observe participants to actually rewrite texts into shorter
and less nested sentences during evaluation. For Heuristics
2 and 3 we intentionally did not monitor the emotion field.
In our experience, it is not important for an emotion to be
very detailed. In Heuristic 4 we use emotion words from
the WordNet Affect list3. To control for the quality of our
critiques, we pose the following research question:
RQ4: Do software engineers find our critiques helpful and

justified?

IV. PRELIMINARY EVALUATION

Our research goal is to lower the impact of individual
communication skills, improve the effort-benefit ratio, and give
experience bearers general support on how to submit their
experiences. We evaluated our four research questions.

A. Setting

Ten graduate students with a Bachelor of Science degree
in computer science and software development experience
participated in our evaluation. We specifically chose partic-
ipants with recent software engineering (SE) experiences,
for example students, who had recently participated in SE
activities like writing a specification or developing a mobile
application in a team. 30% of our participants work or have
worked in industrial software projects beside their study.

B. Methodology

We conducted a cross validation with two groups (G1 and
G2) to evaluate the helpfulness and acceptance of our heuristic
support. The participants in G1 were asked to write 2-3 SE-
related experiences without and then with our critique system.
The control group G2 had a reverse order of experience
writing: first with and then without critiques. To answer RQ1

3We used the words set from http://www.cse.unt.edu/∼rada/affectivetext/.

TABLE I
THE HEURISTIC CRITIQUES FOR WRITING AN EXPERIENCE. THE COLUMN Helpfulness DISPLAYS THE PERCENTAGE OF TEST SUBJECTS THAT FOUND THE

CRITIQUE VERY OR RATHER HELPFUL IN THE EVALUATION.

ID Characteristic Criti-
cality

Feedback Heuristic rule Helpful-
ness

1 Complete Error The observation / emotion / conclusion does not
contain text.

The observation / emotion / conclusion field is empty. 70%

2 Readable, Verbose Warning Your observation/ conclusion is very short. Observation / conclusion text contains < 8 words. 90%
3 Readable Warning Your observation/ conclusion could be hard to

read.
The readability index is < 30. 40%

4 Observable Warning Your emotion might not be clearly stated. The text in emotion field does not contain an emotion
word.

70%

5 Complete, Observ-
able

Warning Your conclusion might not convey a recommen-
dation.

The text in conclusion field does not contain modal
verbs.

60%

6 Observable, Trace-
able

Warning Your conclusion possibly lacks actors or persons
in charge.

The text in conclusion field is written in passive. 50%

7 Readable Warning Your observation / emotion / conclusion contains
acronyms.

The text contains at least 2 successive capital letters. 30%

8 Traceable Hint The author is missing. The author field is empty. 30%
9 Traceable, Verbose Hint Observation is. . . - 60%
10 Traceable, Verbose Hint Emotion is. . . - 60%
11 Traceable, Verbose Info Experience consists of an observation, emotion

and conclusion.
- 70%
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and assess the quality of the written experiences, we specified
experience quality metrics. These metrics are very similar to
the heuristics. Each experience was read by an experience
engineer and evaluated if it complied with the metrics. The
experience engineer however, did not know which critiques
were fulfilled or not for this experience. Afterwards, in order
to evaluate RQ2, RQ3 and RQ4, both groups answered a
questionnaire4 about the helpfulness of the critiques in general
and for each critique in particular. They also had to rank four
experiences according to their perceived quality. Two of the
experiences were of poor and average quality according to
our metrics. They lacked a conclusion, contained very specific
acronyms, or were too short to convey enough information.
The other two were the same ones but enhanced with our cri-
tique system. We used real experiences from a past distributed
SE project.

C. Results

The boxplot in Fig. 2 shows a visible experience quality
improvement for RQ1. The median rates of the fulfilled quality
metrics for experiences created without feedback (G1 and G2)
are distinctly lower in comparison to those with critiques (G1c
and G2c). The boxplot for G2 indicates a slight learning effect
compared to G1. The median of G2 is slightly higher than
of G1 and the quality improvement between G2 and G2c is
smaller than between G1 and G1c.

Fig. 2. Experience quality without (G1, G2) and with critiques (G1c, G2c).
Note that G1 started without, while G2 started with critique support.

RQ2 can also be answered positively. In Fig. 3, 80%
consider experiences enhanced with the help of critiques more
helpful. Experiences enhanced with the help of critiques (E2
and E4) were ranked higher than the original ones (E1 and E3).
The poor experience E1 (very short, acronyms, no conclusion)
was unanimously ranked as of bad quality.

RQ3 was confirmed. 70% would write more experiences
with a tool that has critiques support. For 50% critiques could
lower the barrier and motivate to write more experiences. The
latter is a rather inconclusive result. It indicates that users
should be able to deactivate the heuristic critiques. RQ4 was
also confirmed. The statistic for RQ4 shows that 100% of the
students found the critiques (rather) helpful and 80% justified.

4The questionnaire (in German) can be downloaded from http://www.se.
uni-hannover.de/misc/aaverbakh/Questionnaire.pdf

RQ3

Would write more 
experiences with critiques

10% 60% 20% 0% 10%
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0% 50% 30% 20% 0%
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Critiques are helpful 40% 60% 0% 0% 0%

Critiques are justified 10% 70% 20% 0% 0%

Feel more certain with 
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60% 40% 0% 0%

RQ2(b)

Fig. 3. Survey results.

The helpfulness of each particular heuristic is displayed in
Table I. The critiques made all participants feel more certain
how and what to write in an experience. On the other hand, the
heuristic feedback was perceived as rather interrupting (70%).
The participants often had to stop writing to read the feedback
text. For 70% of the test participants, feedback slowed down
their writing process. We think however, that this negative
effect can vanish with repeated use and growing familiarity
with the critiques.

V. THREATS TO VALIDITY

For the preliminary evaluation of our concept we prioritized
a controlled environment over transferrability of our results in
industrial practice. Therefore, we employed a controlled setup
with graduate students. Though our results are affirmative,
they are not statistically significant (p = 0.19 for G1 and
p = 0.13 for G2) and we had a comparably small number
of participants (n = 10). Nonetheless, our results provide a
distinct indication.

Concerning the questionnaire, it is always possible that
participants might misinterpret questions. We mitigated this
risk by testing the questionnaire and by offering assistance
during the experiment. There is a risk that students tried to
confirm what they believed to be our research goals. We
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mitigated this threat by formulating questions alternatively
from different perspectives and by formulating our research
goals in the training as neutral as possible. Rating the four
experiences (fig. 3, RQ2(b)) after learning our quality criteria
(expressed by the heuristics) may bias the ordering and let
the participants better distringuish bad and good experiences.
Future work should pose this question before the experiment.

Usability issues with HeRA might have influenced the
results, e.g. some students complained that the Tab key did not
work to navigate between text fields. To mitigate a negative
impression, we warned the participants in advance about these
issues and made clear that the editor was only a prototype.

Overly simplistic heuristic critiques may have negatively
influenced the participants’ opinion towards their helpfulness.
For example, in case of Heur. 4, the warning often did not
vanish, even if an emotion was apparent but was not on
the emotion words list. Nevertheless, 70% of the participants
rated this critique as (rather) helpful. It did not significantly
diminish the overall perceived helpfulness of our concept (80%
positive).

Based on a positive indication of this preliminary evaluation,
future work should evaluate such concepts in an industrial
setting in a longitudinal study as well.

For such future evaluation, we plan to use more sophisti-
cated natural language processing techniques in our heuristics.

VI. SUMMARY AND OUTLOOK

In this paper, we presented a concept to support writing
ad-hoc experiences by providing feedback based on heuristic
critiques. We defined quality aspects for a good experience
(completeness, observability, readability, traceability, and ver-
boseness) and derived 11 heuristic critiques from them. Our
evaluation indicates that this approach can improve the overall
experience quality and increase the willingness of experience
bearers to share their experience. Both effects would be
especially valuable in distributed software development. Future
research needs to quantify these effects and we hope that
others are able to build on our work. We are certain that
practitioners would profit from integrating our concept in their
experience and knowledge management initiatives and are
willing to share our experience beyond the scope of this paper.
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Abstract—There are various approaches for QoS-based web 

service composition using GA (Genetic Algorithm). Most of 

them use the sum of the values of QoS properties times their 

weights as the fitness function of GA, to evaluate the QoS of 

service compositions. However, by using this function, the 

service composition calculated by GA has shortcomings. For 

example, response time of the produced service composition is 

low, good for QoS, and availability is also low, bad for QoS 

sometimes. It influences users’ QoS experiences. The problem 

is the function just considers overall QoS while ignoring the 

equilibrium of QoS properties’ contributions to overall QoS. 

To deal with this problem, referring to the theory of customer 

behavior, we use the Cobb-Douglas function indicating users’ 

decision-making behavior as the fitness function in GA. In this 

way, the service composition not only has high overall QoS, but 

each QoS property’ contribution to overall QoS is more 

balanced. 

Keywords- web service composition, QoS, GA, Cobb-Douglas 

function 

I.  INTRODUCTION  

SOA (Service-Oriented Architecture) becomes a popular 

development pattern for information system, by coupling 

various web services loosely and fast to adapt their business 

processes to meet new requirements. Web services as a 

basic technology for SOA have been more and more used. 

With various web services provided, selection of web 

services for composition becomes an important research 

topic. With constraints of users’ QoS, selection from the 

candidate set of web service of each subtask is constraint 

satisfaction problem. There are several QoS-based 

approaches of web service composition using GA (Genetic 

Algorithm) [1-6], which can solve global optimization 

problems rapidly. GA evaluates the QoS of service 

compositions by defining the fitness function. QoS 

requirements have two aspects: values and preferences. So 

the fitness function is usually defined as the sum of the 

normalized values of QoS properties times their weights as 

the fitness function of GA. We call it the product-addition 

function. However, by using this function, the service 

composition calculated by GA has shortcomings. For 

example, response time of the service composition produced 

by GA is low, is good for QoS. But availability produced is 

also low, bad for QoS sometimes. It means the service 

composition responses very quickly, but the possibility of 

unavailability of the service composition is also very high. It 

severely influences users’ QoS experiences. The problem is 

the function just considers overall QoS while ignoring the 

equilibrium of QoS properties’ contributions to overall QoS. 

It means current researches are concerned about the 

maximum of the fitness function while ignoring the 

equilibrium of each QoS property’ contribution to the 

fitness function, which cause GA may find the service 

composition of which one or partial QoS properties are very 

good. To deal with this problem, referring to the theory of 

customer behavior, we use the Cobb-Douglas function 

indicating users’ decision-making behavior as the fitness 

function in GA. In this way, the service composition not 

only has high overall QoS, but each QoS property’ 

contribution to overall QoS is more balanced. 

The remainder of this paper is organized as follows. 

Section 2 details the QoS-based web service composition by 

GA using consumer decision-making function. Section 3 

argues about the advantages of GA using the Cobb-Douglas 

function, in contrast to GA using the product-addition 

function. Finally, Section 4 concludes. 

II. SEARCH FOR OPTIMIZATION SOLUTIONS OF WEB 

SERVICE COMPOSITION BY GA USING COBB-DOUGLAS 

FUNCTION 

With constraints of users’ QoS and cost, selection from the 

candidate set of web service of each subtask is constraint 

satisfaction problem. GA is used to search for optimization 

solutions of web service composition, for GA can solve 

global optimization problems rapidly. We explain our 

approaches according to the steps of GA specialization for 

QoS-based web service composition. 

The optimization objective is to find optimal solutions of 

web service composition which has the best trade-off, 

known as a Pareto set. It indicates best balance between 

high quality and low cost within the constraints users set. 

The implementation of genetic algorithms specific for 

optimal composition solutions includes the following steps: 

(1) genome coding, (2) population initialization, (3) fitness 

evaluation, (4) genetic manipulation 

a) Genome coding.  

First we need to design a genome in GA to represent the 
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problem. 

Each gene    represents a subtask   . And the     takes the 

integral value from 1 to     the number of candidate web 

services for the subtask    . We label candidate web services 

for a subtask from 1 to    . If value of the gene is j, 0<j<=  , 

it means selection of web service j to complete the subtask   . 
Fig. 1 shows genome coding. 

 
Figure 1.  Genome coding 

b) Fitness evaluation. 

 To measure individual the degree near optimal solution, 

we need to define a fitness function. Referring to the theory 

of customer behavior, we choose the Cobb-Douglas function 

[7] as fitness function, which evaluates the composite 

solutions is the best solutions. 

Formula 1 is the function prototype. 

  (   )                           (1) 

Cobb-Douglas function is one of the most widely used 

utility function, with its special feature which reflects users’ 

preference have the following characteristics:  First, decision 

maker think that the more value of the property is, the better 

the solution is, some properties which is negative correlative 

with the utility of u such as cost we can use methods to make 

it positive correlative, secondly, for a specific value u, it is 

better for all properties contribution to u as equal as possible 

than one or several properties contribution to u far more than 

others. Because these features reflect characteristics of 

thinking when making decisions in our daily lives, this paper 

uses the Cobb-Douglas utility function as decision-making 

function. 

Before using Cobb-Douglas function, data should be 

preprocessed. Different properties of QoS and cost of web 

services have different dimension. In our present system, we 

consider three QoS (response time, availability, reliability) 

and cost. To remove the effect of different dimensions, data 

should be normalized to make different properties into the 

same extent of 0 to 1. 

For the positive correlative properties, this paper uses the 

following normalization function 

       (     
   ) (  

      
   )  (1) 

For the negative correlative properties, this paper uses the 

following normalization function 

       (  
      ) (  

      
   ) (2) 

where p represent a property of QoS and cost of web 

services, pi,j is the value of  a property of QoS of the 

candidate web service s(i, j) of the subtask   ,   
    is the 

maximum of the property p in the candidate web service set 

of the subtask    and   
    is the minimum. Then   

    is 

  
    plus several percentage points of (   

   -  
   ),   

    is 

  
    minus several percentage points of (   

   -  
   ) so that 

normalized properties are not zero and can be used in Cobb-

Douglas function. In this paper, we take 10 percentage points. 

It may be adjusted according to actual situation. 

Then Cobb-Douglas function used as fitness function is: 

                   ,                                

 ∑   
 
                                    (3) 

where nrt, na, nr and nc represent normalized response 

time, normalized availability, normalized reliability and 

normalized cost of composite web services.   ,   ,   , and 

   indicates preference weights of response time, 

availability, reliability and cost, which are specified by the 

system or users. 

Response time, availability, reliability and cost of 

composite web services in (3) are calculated based on QoS 

of component web services as follows: 

TABLE I.  QOS CALCULATION OF COMPOSITE WEB SERVICES 

 
In Table 1, m represents the number of tasks in a sequence 

construct, p represents the number of parallel tasks in a 

parallel construct,    represents the probability of the case i 

in a switch construct where ∑      
   , k represents the 

estimated number of iterations in a loop construct. The 

calculation method of QoS and cost of composite web 

services is adopted from [9, 10]. 

c) Genetic manipulation 

The selection function is the most used roulette selection. 

And the crossover function is the standard two-points 

crossover [11] while the mutation function randomly selects 

a subtask    (i.e., a gene in the genome) and then randomly 

select another web service to replace from   . 
The approach has been used in our previous work [12, 

13]. We argue about the advantages of this approach in 

contrast to GA using the traditional product-addition 

function in the following section. 

III. EXPERIMENT-VALIDITY OF GA USING COBB-

DOUGLAS FUNCTION 

We use the process combining four kinds of executive logic 

in Fig. 2 to check the effect of GA using Cobb-Douglas 

function to search for optimization solutions of web service 

composition. In Fig.2, (  ,   ) and    are parallel tasks,    

and    are switch tasks. 

 
Figure 2.  An example of combination to fulfill a complex task 
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Experimental tool is MATLAB 7.11.0 (R2010b) Genetic 

Algorithm Toolbox. We design 5 web services with different 

characteristics of QoS and cost used for candidate web 

services for each task. The amount of service composition of 

this complex task is about         . We compare 

optimization solutions produced by GA using Cobb-Douglas 

function with that using traditional product-addition function, 

to check the equilibrium of QoS properties’ contributions to 

the overall QoS of the web service composition. 

First, We compare four optimization solutions of web 

service composition produced by GA using    ∏    
   

    

with those produced by GA using    ∑       
 
    in the 

case whether there are preferences in QoS properties. 

 

Figure 3.  Comparison of optimization solutions by GA using the two fitness functions    and    

Fig.3(a) shows the optimization solutions of web service 

composition produced by GA using the two fitness 

functions with no preferences for QoS properties, which 

means there are equal weights on QoS properties. In 

Fig.3(a), nrt in series 2 is higher than nrt in series 1, and the 

value of    in series 2 is higher than the value of 

  calculated with optimization values of QoS properties in 

series 1. But the difference between the two values in    is a 

little (0.0847, 4.2% compared to series 2). The contributions 

of QoS properties to the fitness function in series 1 are more 

balanced than those in series 2. The conclusion can be 

intuitively perceived by geometric features (centroid and 

area). 

Fig.3(b) shows the optimization solutions of web service 

composition produced by GA using the two fitness 

functions with preferences for QoS properties, which means 

there are unequal weights on QoS properties. In Fig.3(b), nrt 

in series 2 is higher than nrt in series 1, and the difference is 

more in Fig. 3(b) than that in Fig.3(a). It is caused by more 

weights on nrt. The value of    in series 2 is still higher than 

the value of   calculated with optimization values of QoS 

properties in series 1, and the difference between the two 

values in    is still a little. The contributions of QoS 

properties to the fitness function in series 1 are more 

balanced than those in series 2.  

The series 2 means users get a solution of service 

composition which has very low response time, but may be 

too expensive to be acceptable to users. The series 4 means 

users get a solution of service composition which has low 

response time, but is not expensive contrasted with the 

series 2. The solutions between series 4 and series 2 are 

similar in overall QoS which are evaluated by the fitness 

function. So it is better for users to choose the solution of 

service composition in series 2, which agrees with the logic 

of making decisions in our daily lives, reflecting customers’ 

behavior. 

In Fig.3(c) and Fig.3(d), we compare the optimization 

solutions of web service composition produced by GA using 

the two fitness functions individually from the perspective 

of different weights on QoS properties. 

Fig.3(d) compares the optimization solutions of web 

service composition produced by GA using the fitness 

functions    ∏    
   

    in the two weights on QoS 

properties. In the contrast of the results in Fig.3(c), the 
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contributions of QoS properties to the fitness function are 

still balanced. Optimization solutions in series 1 and 3 

reflect the characteristics of Cobb-Douglas function 

aforementioned.  

There is a variant of the general product-addition function 

   (           ) (              ) . 

Positive QoS properties such as availability and reliability 

are in the numerator. The higher they are, the higher    is, 

and the more beneficial for users. On the other hand, 

negative QoS properties such as response time and cost are 

in the denominator. The lower they are, the higher    is, and 

the more beneficial for users. All the QoS properties are 

normalized by (2) for this function. 

In the same way, we compare four optimization solutions 

of web service composition produced by GA using    
∏    

   
    with those produced by GA using    in the case 

whether there are preferences in QoS properties. 

 

Figure 4.  Comparison of optimization solutions by GA using the two fitness functions    and    

The results in Fig.4 are the similar with the results in 

former figures. Optimization solutions in series 1 and 3 

reflect the characteristics of Cobb-Douglas function 

aforementioned. With preferences, the imbalance in 

optimization QoS solutions produced by GA using    is 

more obvious. 

IV. CONCLUSION  

This paper proposes an approach of QoS-based web service 

composition by GA using Cobb-Douglas function. 

Referring to the theory of customer behavior, the produced 

service composition not only is high in overall QoS, but also 

is balanced of QoS properties’ contributions to QoS, which 

reflects the characteristics of thinking when making 

decisions in our daily lives. This paper makes an 

improvement in the fitness function of GA. Other 

approaches of improved GA used in web service 

composition, which use the traditional product-addition 

function, can be replaced by this function to get a better 

result. 
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Abstract— Analyzing historical vehicle traffic data has many 
applications including urban planning and intelligent in-vehicle 
route prediction.  A common practice to acquire this data is 
through roadside sensors. This approach is expensive because of 
infrastructure and planning costs and cannot be easily applied to 
new routes.  In this paper, a low-cost Web mining approach is 
proposed to address these limitations.  Our system gathers 
information about vehicle commute times, accidents, and weather 
reports from heterogeneous Web sources.  Information from 
these sources can be combined to support road traffic analytics. 
We illustrate the utility of our system through a clustering 
analysis that investigates the traffic patterns of the busiest 
highway in Calgary along with factors having the most impact on 
commute time. The analysis shows that most of the accidents are 
localized around a small section of the highway near the city 
center and that the commute time in this segment is significantly 
more than that in other segments. Bad weather increases the 
typical evening rush hour commute time by 60% for days with 
moderate accidents and by a factor of 100% for days with large 
number of accidents.  Overall, commute times can vary by a 
factor of 4 depending on accidents and weather. 

Keywords-road traffic; clustering; data analysis; Web mining; 
traffic management 

I.  INTRODUCTION 

In recent years, there has been an increased interest in road 
traffic analysis and predictions. Traffic data can be collected in 
various ways. A common practice to acquire this data is 
through roadside sensors. This approach is expensive because 
of infrastructure and planning costs and cannot be easily 
applied to new routes.  

In this paper, we propose Web mining as an alternative 
approach. This approach leverages the capabilities of existing 
Web sources and does not require any expensive infrastructure 
to capture current traffic data. Commonly available APIs are 
used to capture this already available information from the 
Web which can then be stored for a longer period of time. This 
approach is flexible and can be tailored to any route of interest 
and it can also incorporate new data sources and factors which 
affect the commute time.  

Typically, the data to be collected for vehicle traffic 
analysis include the following: 

 Number of cars, speed, flow, occupancy 
 Time of the day, weekday, weekend, day of the month, 

season, year 
 Weather, temperature, humidity 

 Road type 
 Events scheduled, e.g., hockey games 
 Events unscheduled, e.g., fire 
 Accidents, detours, lane closures 
 Police archives of incidents 
 Parking: location, occupancy 
 Zones: schools, elderly houses, event locations, 

historically accident prone areas 
 Glare (direction of sun) 
 Tweets: incidents, locations 
 Points of interest (POIs) 

     
Many of the above information can be collected from 

multiple Web sources such as Google Maps [1], Twitter [2] and 
the weather websites. Data mining techniques can then be 
applied on such information to infer how the traffic pattern on a 
given road is related to factors such as time of the day, day of 
the week, accidents, and weather events.  In contrast to the 
traditional approach of relying on specialized roadside 
instrumentation, this approach is more flexible in that it can be 
adapted with little effort and cost to analyze any road for which 
such Web data is available. 

This paper describes our efforts to develop such a Web 
mining driven traffic analytics system.  As a proof of concept, 
our system continuously collects and maintains historical 
commute time estimates for 18 heavy traffic roads in Calgary, 
Alberta, Canada.  The system also extracts reports of accidents 
on these roads by mining Twitter posts, i.e., Tweets, related to 
these accidents and overlays this information with the commute 
time data.  Finally, detailed information about weather 
conditions such as temperature, snowfall, and snow 
accumulation on the ground are mined from the Web and 
associated with the other pieces of data.      

We illustrate the utility of our system through a study that 
investigates the traffic patterns of the busiest highway in 
Calgary along with factors having the most impact on commute 
time.  Specifically, we use clustering [3] to discern commute 
time trends over a period of 153 days spanning September 
2013 to February 2014.  Our study shows that there was at least 
one accident in all of the workdays in the dataset with most 
accidents happening between 5 PM to 6 PM.  It also shows that 
most of the accidents are localized around a small section of 
the highway near the city center and that the commute time in 
this segment is significantly more than the commute times in 
other segments. On a day when the weather is good, i.e., no 
snow falling or on the ground, typical evening rush hour 
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commute times increase by a factor of 35% for days with large 
number of accidents. Whereas bad weather increases the 
typical evening rush hour commute time by 60% for days with 
moderate accidents and by a factor of 100% for days with large 
number of accidents.  Overall, commute times can vary by a 
factor of 4 depending on accidents and weather. 

This paper makes several new contributions.  Firstly, we are 
not aware of other studies which have exploited Web mining 
for traffic analysis.  Our methodology can serve as an example 
for others attempting similar studies.  Secondly, we provide 
new insights on commute time patterns of Calgary’s busiest 
highway and the factors that influence them.  This could for 
example be useful for those that manage the highway, 
researchers who want to validate traffic simulators for the 
highway, and those that are interested in predicting commute 
times based on historical trends.  Finally, we plan to share 
datasets generated by our system with others for use in their 
studies.   

The paper is organized as follows. Section 2 discusses 
related work.  Section 3 describes our data collection, storage 
and clustering analysis methodologies. Results of our commute 
time analysis are presented in Section 4.  In Section 5, 
limitations of this work are discussed and Section 6 concludes 
the paper. 

II. RELATED WORK 

There has been an abundance of research work to 
understand traffic characteristics.  Several researchers have 
exploited data mining techniques such as clustering and 
regression to characterize as well as predict traffic conditions 
[4][5][6][7][8][9][10].  Most of the existing studies rely on 
specialized roadside instrumentation such as sensors and 
cameras to collect traffic information.  For example, Jain et al. 
exploit image processing techniques to automatically infer 
traffic congestion based on live camera feeds [8].  Zhang et al. 
performed visualized spatial–temporal traffic data analysis to 
evaluate the traffic situation in the road network level [9]. Quek 
et al. developed a fuzzy neural network model for short term 
traffic flow prediction [10]. 

Our work is different from all these studies in two 
important ways. First, it does not rely on video or data feeds 
from sensors. It is open and low-cost as data is gathered from 
various Web sources and there is no need for special 
infrastructure to be in place to collect the data. Second, these 
studies mainly focus on real-time traffic problems while our 
system focuses on historical traffic trends. Last, our technique 
is general and flexible. It is not limited to predefined routes and 
can be used on any route anywhere for which the Web data is 
available. Thus it complements the sensor approach by offering 
a solution for municipalities and businesses to conduct a fast 
and cost-effective analysis of the routes of their interest. 

III. METHODOLOGY 

In this section we present the data collection and analysis 
mechanisms used in this work. The first subsection describes 
the methodologies used to gather heterogeneous data from 
multiple Web sources and the overlaying of data from one 
source to the others. The second subsection describes the 

methodology behind the clustering analysis on the collected 
traffic data. 

A. Data Collection 

Our data collection system design is motivated by our 
previously stated objective of understanding some factors that 
influence commute time patterns in major urban roadways.  In 
particular, we are currently collecting data on 18 heavily 
congested highways and arterial roads in Calgary.  Due to 
space constraints, we focus our analysis in Section IV on the 
busiest of these roads called Deerfoot Trail. Deerfoot Trail is a 
multi-lane highway that spans about 50 KMs within Calgary 
and features 21 interchanges [11]. It has 3 to 4 lanes in each 
direction and has a speed limit of 100 KMs/hr.  The roadway is 
the province of Alberta’s busiest highway with traffic volumes 
ranging between 27,000 and 158,000 vehicles per day [11]. 
Although we focus our analysis on one specific roadway in 
Calgary, our data collection and analysis methodology can be 
replicated in a straightforward way for other roads.  

Our source of commute time information is the Google 
Maps website.  Given a source and a destination address, 
Google Maps provides a basic estimate of commute time based 
on route distance and posted speed limits of segments 
constituting the route.  Furthermore, the service also reports a 
more advanced measure called the “in current traffic” (ICT) 
estimate, which represents a commute time estimate that takes 
into account current traffic conditions on the route.  This 
estimate is obtained by continuously tracking in real-time GPS 
locations of participating mobile phone users travelling on the 
target route [12]. 

A number of challenges need to be addressed to exploit the 
commute time data provided by Google Maps.  The Google 
Maps API [1] is an application programming interface which 
supports a programmatic approach to retrieve the information 
displayed by the Google Maps website.  However, the free 
version of the API does not provide the advanced ICT 
commute time estimate.  As a result, one needs to query the 
Web service through a browser, save the resulting Web page, 
and parse the saved page to extract this measure.  Furthermore, 
the Google Maps website does not support queries that request 
historical ICT estimates for a given route.  Such a feature is 
crucial for understanding how factors such as time of the day, 
day of the week, and month of the year impact commute times. 

We developed custom C# scripts to continuously collect 
route information and ICT commute time estimates for 
specified routes.   Both scripts take as input the source and 
destination GPS coordinates of a target route.  To allow finer 
grained analysis, they also accept as inputs GPS coordinates of 
sub-segments in the route.  Finally, the second script 
additionally takes as input the time instants at which the ICT 
commute time estimates need to be collected.   

The first script queries the Google Maps API and is 
invoked once for every route of interest and the sub-segments 
within those routes.  The API returns compact JavaScript 
Object Notation (JSON) files containing information for the 
route and its sub-segments.  Each file contains several options 
for traversing from the source to the destination along with the 
basic commute time estimates for the options.  The JSON 
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format makes it easier to programmatically query route 
information during the traffic analysis phase.  However, as 
mentioned previously, these files do not contain the ICT 
commute time estimates for the routes.     

The second script uses the HTTP protocol to capture the 
ICT commute time estimates for the route and its sub-segments 
for various times of the day.   It queries the Google Maps 
website at each of the time of the day instants specified as 
input.  Each query returns a set of Web pages containing the 
Google Maps response for the route as well as its sub-
segments.  The script uses a custom parser that we developed to 
extract the ICT commute time estimates pertaining to the route 
and its sub-segments from these files.  The extracted values are 
then stored along with other information pertaining to the route 
and its sub-segments contained in the previously obtained 
JSON files to facilitate subsequent traffic analyses.   

We chose our inputs carefully to limit the number of 
queries issued through the Google Maps API and the number 
of queries submitted to the Google Maps website.  The Google 
Maps API imposes a limit of 2,500 queries per day.  Moreover, 
we wanted to limit the number of queries sent to the Google 
Maps website for obtaining the ICT commute time estimates to 
avoid our scripts from adversely influencing the Quality of 
Experience (QoE) of human users of the website.  As a result, 
we limited our time of the day queries to 19 different time 
instants.  Queries were issued at 30-minute intervals during 
rush traffic periods and 2-hour intervals during other periods.  
We also limited the number of sub-segments monitored in each 
road.  For example, for Deerfoot Trail we specified 6 nearly 
equidistant sub-segments with each sub-segment roughly 
encompassing 3 consecutive interchanges.  The start and end 
coordinates of such sub-segments were obtained manually.  We 
defer automating this task to future work. 

 We augment the commute time information gathered with 
traffic accidents information mined from the Twitter social 
network [2].  After an initial analysis of all traffic related 
Tweets in Calgary, we selected two sources namely, Canadian 
Traffic Network Calgary (@CTNCalgary) and 660 News 
Traffic (@660NewsTraffic).  Key reasons for choosing these 
services were the comprehensiveness of updates and the 
consistent formatting of the updates, which permitted easy 
parsing of the location of accidents.   

Tweets from these sources were programmatically gathered 
using the Twitter Search API [2].  Twitter Search API is an 
application programming interface which queries the indices of 
recent tweets and returns the collection of most recent tweets 
posted by a specified user. These tweets are retrieved in a 
JSON file. The API restricts the number of queries per day and 
limits the number of Tweets returned per query to 100.  
Consequently, queries are issued once every hour and each of 
these queries retrieved the 100 most recent Tweets. Tweets 
from both the sources (@CTNCalgary and @660NewsTraffic) 
are compared to avoid duplicity as same accidents are tweeted 
by both. For several representative days, we manually 
compared the Tweet stream from the API calls to the 
corresponding Twitter feeds displayed on a browser and made 
sure that no information was lost due to the API’s restrictions.     

Text parsing using regular expressions is performed on the 
collected Tweets to look for accident reports on the target 
routes and to eliminate duplicate information.  Furthermore, 
accidents are also assigned to the sub-segments of all target 
routes being monitored.  We manually validated that the 
Twitter script captured all accident reported for several 
representative days.     

Finally, we augment the commute time and accident 
information with historical weather data collected 
automatically from the climate.weather.gc.ca website [13].  
Informal insights from Calgary commuters indicated that 
significant snowfall on a particular day and significant snow 
and ice on the ground due to previous precipitation activity are 
better predictors of traffic woes than the temperature.  For 
example, it is not uncommon to witness smooth flow of traffic 
even when the temperature is -25 Celsius provided there is no 
precipitation and the roads are clear.  As a result, we focus on 
these two metrics in this paper.  Results presented in Section IV 
vindicate the choice of these metrics since they correlate well 
with the number of accidents and commute times. 

B. Clustering Analysis 

We now describe the methodology used to analyze the 
behavior of Deerfoot Trail.  We consider 153 days of data 
spanning the period September 2013 to February 2014.  Since 
it covers both fall and winter, the data captures diverse 
scenarios with respect to weather conditions.    As shown in 
Figure 2, we first classified the data into “Good weather days”, 
i.e., days with no falling snow or snow on the ground, and 
“Bad weather days”, i.e., days with one or both of falling snow 
and snow on the ground.  For each of these categories, we 
analyze days with accidents separately from days without 
accidents.  For days with accidents, we apply k-means 
clustering [3] to ascertain a small number of unique commute 
time patterns.     

For k-means clustering, each day in our dataset was 
represented by a 19-element feature vector.  The elements of 
this vector are the commute times collected by our system at 
various times of the day for the entire 50 KM stretch of 
Deerfoot Trail.  We used the Weka toolset [14] with the default 
k-means settings.  The centroid of a cluster reported by Weka is 
a 19-element vector whose elements represent the average 
commute times at the various times of the day for all days 
included within that cluster. 

We followed the approach presented by Menasce et al. to 
determine the appropriate number of clusters for a given 
dataset [15].  This approach uses βvar the ratio of the variance of 
mean intra-cluster distances to the variance of mean inter-
cluster distances to decide on the appropriate k-value, i.e., 
number of clusters.  For good quality clustering, intra-cluster 
distance, i.e., the distance of feature vectors within a cluster 
from their centroid, must be low while inter-cluster distance, 
i.e., the distance of the centroid of one cluster to the centroid of 
another cluster, must be high.  Therefore, a lower βvar value 
indicates better clustering results.  Clustering exercises with 
progressively higher k-values are carried out till the βvar value 
shows no appreciable decrease or starts to increase.  The k-
value which caused the least βvar is then chosen.     
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As shown in Figure 1, by applying this technique we 
identified 3 clusters for good weather days with accidents (C2, 
C3, and C4) and 2 clusters for bad weather days with accidents 
(C5 and C6).  On closer analysis, bad weather days without 

accidents and good weather days without accidents contained 
only weekends and holidays and exhibited similar commute 
time patterns.  Therefore, they are represented by a single 
cluster (C1) as the traffic pattern in these kinds of days is very 
similar. 

IV. RESULTS & DISCUSSION 

Due to space constraints, we only discuss the north-to-south 
traffic on Deerfoot Trail.  We first describe some general trends 
from the data before discussing characteristics of the individual 
clusters. 

  From Figure 1, about 65% of the days in our observation 
period had bad weather.  This is due to the very short fall and 
very long winter season in Calgary.  Surprisingly, the 
likelihood of observing at least one accident on Deerfoot Trail 
is about 85% for both bad weather days and good weather 
days.  However, closer inspection revealed that the average 
number of accidents per day is 1.8 times higher on bad weather 
days than on good weather days. 

Analysis of the sub-segment information provided several 
interesting observations on the accidents.  More than 34% of 
the total accidents reported in the Tweets were concentrated on 
a 4 KM stretch covering the 16th Avenue N, Memorial Drive, 
and 17th Avenue S interchanges.  This sub-segment recorded 
higher number of accidents than any other sub-segment. Based 
on the speed limit of the highway, it should only take about 3 
minutes to travel this sub-segment.  However, the ICT 
commute time data indicates that commute times in this sub-
segment went as high as 66 minutes at 3 PM on 23rd December 
2013 when it was snowing and there was 18 cm of snow on the 
ground. 

We next focus our attention on the clusters shown in Figure 
1 and consider first the cluster C1 encompassing days with no 
accidents.  Figure 2 shows the commute time trends for this 

cluster.  The x-axis represents the 19 time instants at which the 
ICT commute times are collected.  The y-axis starts from a 
non-zero origin for the sake of clarity.  We show the centroid 
of the cluster, the day that diverges most from the centroid, i.e., 

upper, and the day that diverges least from the centroid, i.e., 
lower. 

Figure 2 shows that weather does not seem to impact 
commute times significantly on weekends and holidays when 
there are no accidents.  There is very little variability in 
commute times among different days as well as across different 
times of the day.  The maximum commute times for days in 
this cluster varies from 42 minutes, observed on a day with bad 
weather, to 33 minutes, on a good weather day. 

     We next focus on good weather days with accidents.  As 
shown in Figure 1, clustering identified three distinct clusters 
namely, weekends and holidays (C2), workdays with moderate 
number of accidents (C3), and workdays with large number of 
accidents (C4). Holidays only had an average of 1.8 accidents 
per day.  Comparing the centroids of Figures 2 and 3, these 
accidents increase the commute time by up to 35% when 
compared to holidays without accidents.  From Figure 3, one 

Figure 1: Distribution of days into categories based on weather and accidents for Deerfoot Trail (north to south) 
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can observe that commute times are longer in the evening 
pointing to more accidents in the evening.   

Figure 4 shows traffic patterns for cluster C3, i.e., workdays 
with moderate number of accidents in good weather conditions.  
From Figure 1, this cluster represents the most likely pattern 
for good weather days and contains more than 50% of all good 
weather days.  The number of accidents per day ranges from 3 
to 6 with an average of 4.5.  Figure 4 shows that the morning 
rush hours are from about 7:30 AM to 8:30 AM while the 
evening rush hours are from 3:30 PM to 5:30 PM.  As with 
holidays, closer analysis showed that more accidents happen 
during evenings, which might explain why the evening rush 
hour period is longer. Figure 5 shows the traffic pattern for 
cluster C4, i.e., good weather days with large number of 
accidents.  The number of accidents per day in this cluster 
range from 7 to 13 with an average of 8.2.  Comparing the 
centroids of Figures 4 and 5, the magnitude of rush hour 
commute times and the durations of the rush hours increase 
significantly as the number of accidents increase.  From Figure 

5, the maximum commute time observed for this cluster was 1 
hour and 46 minutes and evening rush hours are worse than 
morning rush hours.  

Closer analysis of sub-segment commute times showed that 
for both C3 and C4 evening rush hour commute times in the 
stretch leaving the city center were much higher than the 

morning rush hour commute times in the stretch leading into 
the city center.  This suggests that the evening traffic volume 
out of the city center is higher than the morning traffic volume 
into the city center. This evening traffic represents residents 
living south of the city center getting back to their homes.  
These results confirm the longstanding intuition among 
Calgary residents that there is a lack of good alternatives to 
Deerfoot Trail for residents in the south.  

We now focus our attention on bad weather days with 
accidents. About 66% of bad weather days were classified into 
a single cluster C5 as shown in Figure 1.  Figure 6 shows the 
patterns for this cluster.  The number of accidents per day range 
from 1 to 7 for these days with an average of 3.9.  Comparing 
the centroid of Figure 6 with that of Figure 4 which represents 
the good weather day cluster with comparable average number 
of accidents, the maximum evening rush hour commute 
increases by 15 minutes due to bad weather.  

Finally, Figure 7 shows the cluster C6 that contains bad 
weather, accident days with unusual patterns where commute 
time peaks happen outside of the usual peak hours.  About 20% 
of the bad weather days fall into this cluster.  The number of 
accidents per day varies from 8 to 16 with an average of 9.6.  
The upper curve of this cluster represents December 2, 2013 
when Calgary was hit by an extreme snow blizzard.  Commute 

Figure 3: Good weather holidays with few accidents 

Figure 4: Good weather workdays with moderate number of accidents 
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Figure 5: Good weather workdays with large number of accidents 

Figure 6: Bad weather days with moderate number of accidents and         
regular traffic patterns 
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times were as high as 2 hours and 4 minutes with 16 accidents 
reported just on the north to south segment of Deerfoot Trail 
alone.  

From Figure 1, clusters C3 and C5 contain about 62% of 
the days in our dataset.  A noteworthy feature of these clusters 
is that the days in these clusters have well-defined patterns and 
are very close to their respective centroids.  This suggests that 
clustering based commute time prediction models can be very 
effective.  We intend to explore such models as future work. 

V. LIMITATIONS 

Our methodology relies on the ICT commute time estimates 
from the Google Maps website. While our results seem to 
conform to real traffic trends in Calgary, a more rigorous 
evaluation is required to validate the accuracy of this metric.  
Our system also only focuses on accidents and weather as 
factors that influence commute time.  As outlined in Section I, 
there are other factors such as sun position, special events, and 
lane closures that can impact commute times.  While some of 
these factors, e.g., lane closures, can be identified by enhancing 
our Twitter scripts’ text parsing capabilities, others require us 
to identify other Web sources, e.g., hockey game schedules 
from nhl.com.  However, there may be factors such as traffic 
volumes that are currently not reported by any Web service. 

As mentioned previously, the identification of sub-
segments is currently done manually.  Automating this would 
increase the flexibility of our system towards handling more 
routes.  Our system’s monitoring capabilities are also limited 
by query restrictions of Google Maps API and Twitter Search 
API.       

Our analysis ignores fine-grained characterization of 
weather conditions based on factors such as temperature, 
visibility, and precipitation amounts.  This limitation can be 
overcome easily since the climate.weather.gc.ca website [13] 
provides many of these metrics.  We also did not focus on 
evaluating the effectiveness of other clustering techniques or on 
alternative configurations of k-means, e.g., sensitivity to 
various distance measures.   Finally, our analysis could also 
benefit from a larger dataset. 

VI. CONCLUSION AND FUTURE WORK 

This paper proposed a low-cost system for supporting 
historical analysis of vehicle commute times on roadways.  The 
system does not require dedicated roadside sensors and 
associated infrastructure.  Instead, it collects commute time 
estimates for any given route and its sub-segments from the 
Google Maps website over a long period of time.  Furthermore, 
it overlays traffic accident information from the Twitter social 
network and weather information onto the collected commute 
times.  We show that such a system is able to support analyses 
that characterize commute time patterns and their dependency 
on factors such as weather, accidents, and time of the day.      

Future work will focus on first addressing the limitations 
outlined in Section V. Furthermore, the scope of the analysis 
could be expanded to cover multiple roads to study how traffic 
on a particular road affects traffic on other roads connected to 
it.   
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Abstract—Service recommendation becomes an increasingly 

important issue when more and more Web services are 

published on the Internet. Existing Web service 

recommendation approaches based on collaborative filtering 

(CF) seldom consider recommending services based on users’ 

ratings on services since such kind of explicit feedback is 

difficult to collect. In addition, the new user cold-start problem 

is also an important issue due to the lack of accuracy in service 

recommendations since the new users have not yet cast a 

significant numbers of votes. In this paper, a dataset consisting 

of much user-service interaction data is reported. The 

interaction data created according to users’ behaviors can 

highly represent their preferences. Therefore, we construct 

pseudo ratings based on this kind of implicit feedback. We 

develop a novel service recommendation approach which can 

partially deal with cold-start problem using an online learning 

model. Experiments show the proposed approach can achieve 

satisfied results in prediction accuracy and time cost. 

Keywords-cold-start Web service recommendation; implicit 

feedback; probability matrix factorization; 

I. INTRODUCTION  

With the continuously increasing of Web services 

published on the Internet, recommending suitable Web 

services becomes a challenging issue [1, 2]. Existing works 

on recommendation systems of Web services are mainly 

based on collaborative filtering (CF), which computes the 

similarity of users or services to predict missing ratings 

based on the interdependencies among users and items.  

Many CF-based Web service recommendation systems 

have been proposed in recent years [3, 4], most of which 

mainly focus on QoS prediction, while seldom consider 

recommending services based on users’ explicit feedback 

since it is very hard to collect a large scale dataset that 
contains explicit feedback (e.g., explicit ratings of Web 

services assigned by users) or implicit feedback (e.g., 

service invocation history of real users). Although some 

artificial datasets are reported, they are very hard to simulate 

the diversity of real-world users’ preferences. 

Moreover, most existing Web service recommendation 

approaches based on CF pay little attention to the new user 

cold-start problem, which means that the systems may fail to 

provide any recommendation for new users since no 

historical information of these users are provided in the 

systems. 

In this paper, we study the above mentioned issues of 

Web service recommendation, which particularly consider 

the situation where only implicit feedback is available. 

Based on the online learning pattern, we propose a novel 

service recommendation approach. In particular, 

contributions of this paper include: 
 We present a Web service recommendation approach 

that can partially deal with cold-start recommendation 
based on the implicit feedback recorded by users. 

 We conduct experiments on a real-world Web services 
dataset, which consists of about 280,000 user-Web 
service interactions are collected from more than 
65,000 users and more than 15,000 Web services and 
mashups, to verify our method. Experiments show that 
our recommendation system can achieve good results 
in prediction accuracy and time cost.  

The rest of this paper is organized as follows. Section II 

discusses related work. Section III gives an overview of the 

dataset and basic concepts used in Web service 

recommendation. Section IV introduces our online Web 

service recommendation approach in detail. Section V 

reports the experiments and gives comparisons with 

existing approaches. Section VI concludes the paper. 

II. RELATED WORK 

CF methods, content-based methods and hybrid methods 
are three kinds of methods that are widely used in Web 
service recommendation.  

A. CF Methods 

The memory-based and model-based methods are two 

kinds of CF techniques that are widely used in 

recommendation systems. Well-known memory-based 

methods include user-based approaches [7] and item-based 

approaches [8]. Memory-based CF techniques have been 

recently adopted to provide QoS-aware recommendations 

[9, 10]. Shao et al. [9] propose a typical user-based CF 

method to predict QoS values which supposes that similar 

users tend to receive similar QoS from similar services, and 

they use Pearson Correlation Coefficient (PCC) to compute 

similarity between users. Zheng et al. develop a model 

which enhances the user-based CF by fusing item-based CF 

[10].  
The model-based method allows the system to make 

intelligent predictions for the collaborative filtering tasks 

based on some learned models [5, 6]. Matrix factorization 

(MF) is one of the representative works. In [11], MF is used 

to construct a global model for predicting Qos data, which 

can achieve higher prediction accuracy. Yu et al. [13] 

propose a matrix completing approach using an effective 
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iterative algorithm. The method takes into account both the 

low-rank structure and the clustered representation of QoS 

data.  

B. Content Based Methods 

The content based methods mainly focused on providing 

a mechanism to formalize users’ preference, resource, and 

the description of Web services, and recommendations are 

generated based on the predefined semantic models. 

Zhao et al. [15] provide a way to model services and their 
linkages by semantic algorithm. Based on the input 

keywords, users can get a set of recommendations with 

linkages to the query. Blake and Nowlan [24] compute a 

recommendation score by matching strings collected from 

the user’s operational sessions and the description of the 

Web services. Based on this score, they judge whether a 

user is interested in the service. Mehta et al. [5] add quality 

and usage pattern to the service description to provide more 

information to discover a service that meets user 

requirements. Maamar et al. [6] propose a model for the 

context of Web service interactions and highlighted the 

resource on which the Web service performed.  

C. Hybrid Method 

Since hybrid methods which often combine CF with 

other techniques can provide more accurate predictions, 

they are widely used. Numerous hybrid models have been 

presented that involve other related factors to improve 
service recommendation quality, such as users’ locations 

[16, 17], social network information [18] and temporal 

effects [19]. Chen et al. [16] propose a CF algorithm which 

takes into account of users’ physical locations and design a 

region model for large-scale Web service recommendation. 

Tang et al. [17] demonstrate a location aware CF model by 

incorporating locations of both users and services. Tang et 

al. [18] propose a trust-aware recommendation method with 

social network which integrates some social relation. Amin 

et al. [19] denote an approach that integrates ARIMA and 

GARCH models to capture the QoS attributes’ volatility. 

All the above mentioned approaches do not take into 

considerations the cold-start problem in service 

recommendation. There are some approaches focusing on 

overcoming the cold start problem in recommendation 

systems. For instance, Yu [12] integrates MF with decision 

tree learning to bootstrap service recommendation. MF is 
used to predict missing Qos data and then decision tree is 

used to handle new user cold-start issue. Bobabdilla et al. 

[25] design new similarity metrics using optimization based 

on neural learning which provides greater precision to 

mitigate new user cold start situations. However, works [12, 

25] are both focus on providing more precise classification 

of new users, while we mainly deal with dynamic scenario. 

Ling et al [14] develop an online learning framework for 

collaborative filtering to handle dynamic scenario. We 

leverage their theory of online learning to handle cold-start 

problem in service recommendation. 

III. BACKGROUND 

A. Cold-start Problems in Web Service Recommendation 

 
Figure 1. Partitions of Web service recommendation 

Fig.1 is used to illustrate the cold-start problem in the 

service-oriented recommendation. Different partitions 

require different recommendation approaches. Available 
approaches for each partition are as follows:  

Partition (I) (recommendation on existing Web services 

for existing users): this is the standard CF techniques. There 

is no cold-start problem in this case. 

Partition (II) (recommendation on existing Web services 

for new users): for new users without historical ratings, the 

“most popular” strategy that recommends the highly-rated 

Web services to new users serves as a baseline. In this case, 

new users may rate one or more services recommended by 

the recommendation system. After Web services are rated 

by new users, the recommendation system needs to learn 

the new recommendation model. If the model is retrained 

by a batched pattern where all data is used, the time or 

memory cost is too high to accept. Therefore, it is 

reasonable that an online model training method is used to 

address this problem. In this paper, we mainly focus on this 

type of cold-start problems.  
Partition (III) (recommendation on new Web services for 

existing users): content-based recommendation can 

recommend new Web services to existing users based on 

the users’ historical ratings and features of Web services. 

Partition (VI) (recommendation on new Web services for 

new users): in this scenario, the “random” strategy can be 

applied to deal with the recommendation problem. 

B. DataSet in Programmableweb  

Programmableweb
1

 (PW) is a well-known service 

registration center where Web APIs, member profiles and 

other data can be retrieved through its APIs. By using these 

APIs, we crawled a data set including 66 Web service 

categories, 17 service protocols, 7,155 mashups, 10,050 

Web services, 69,384 users, and 280,611 user-service 

interactions in users’ watch lists (by 2013-11-25). Please 

note that in PW, when a user is browsing services, if he is 

interested in a certain service, he can click on the button 
“track this API” and a piece of user-service interaction 

information will be recorded in the watch list in the form of 

(user, service, time). Therefore, services in users’ watch 

lists can highly represent their preferences. 

                                                           
1 http://www.programmableweb.com/ 
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IV. ONLINE WEB SERVICE RECOMMEDATION 

In this section, we firstly discuss how to quantify the 
implicit feedback of users, and then introduce our proposed 
approach.  

A. Pseudo Rating From Implicit Feedback 

According to our observation, each time when a service 
is updated, a record will be added to all the watch lists that 
contain this service automatically. Our statistics shows 
there are 133 services that are updated more than 5 times, 
which belong to 105 providers. Most providers have only 
one such updated frequently service, while the following 
providers are exceptions: Google has 18 frequently updated 
services, Yahoo has 5, Amazon has 2, and so on. Clearly a 
frequently updated service has a large probability of 
belonging to well-known companies, and thus may have a 
better quality.  

We further investigate whether these frequently updated 

services are more preferred by users than these infrequently 

updated services. The data analysis shows that the answer is 

yes. For example, Google has 18 frequently updated 

services and 103 infrequently updated services in PW. For 

each frequently updated service provided by Google, it has 
an average user number of 72.8, that is, about 72.8 users 

selected this service into their watch lists, while the number 

is 22.75 for each infrequently updated service. The data 

collected from other companies also shows similar results. 

Therefore, we can make an assumption that if a service is 

updated more frequently, it is maintained more frequently, 

and thus it will be more attractive to users. Therefore, it will 

have a larger probability to be rated higher by users. 
The user-service interaction is represented as (u, s, 

rating), where u denotes the user, s denotes the service, and 
rating is the implicit feedback value calculated by Equation 
(1).  

                    
                   

|          |
                      

where                    is the number that a given 
service s occurs in a user’s watch list            . 
|          | is the number of services in user u’s watchlist. 

B. MF and Probabilistic Matrix Factorization 

Matrix Factorization is one of the most common 
approaches for recommender systems [21]. Suppose that 
there are m existing users and n services.         

denotes the user-service interaction, where     represents 

the rating that user i assigns to service j. MF model finds a 
joint latent factor space of dimensionality k. MF computes 
two low-rank matrices         and         which 

can minimize the Frobenius norm ||     ||  to 
approximate the original matrix  , as follows: 

                       ̂      ∑         

 

   

                                  

Probabilistic Matrix Factorization (PMF) adopts a 
probabilistic linear model with Gaussian observation noise 
[22]. It assumes Gaussian distribution on the residual noise 
of observed data and also places Gaussian priors on the 

latent matrices        . Since PMF is the basis of our 
approach, we briefly introduce it first. The objective 
function of PMF for the frequency data is defined as 
follows: 

           |        ∏∏       |    
          

 

   

 

   

         

where    |      is the probability density function of 

the Gaussian distribution with mean µ and variance σ
2
,      

represents the rating that user u rates services s, and      is 

the indicator function that equals to 1 if user u rated service 
s and equals to 0 otherwise. 

To calculate model parameters (e.g., Uu and    
 ), 

optimization techniques should be used. Model parameters 
optimality is usually defined with a loss function   and the 
objective task is to minimize the sum of losses on the 
observed data. The loss function for PMF with quadratic 
regularization terms is defined as: 
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where              ⁄  is the logistic function used to 

map the value into the range of [0, 1],      is the indicator 

function, and ||  || 
  denotes the Frobenius norm. 

C. Algorithm 

When we are using PMF, there is an assumption that all 
rating values are available before model learning, which 
makes it inappropriate for dynamic scenarios. However, the 
ratings in our system are extracted from users’ watch lists. 
To capture a newly entered user’s ratings, the model has to 
be retrained using all data. As is known to all, the time and 
memory consumption are very expensive to retrain the 
model. Therefore, online learning methods which 
incrementally modify the model according to the newly 
observed datum can highly deal with this situation. 

In the following, we present our algorithms generalized 

from PMF named online web service recommendation 

(OWSR). As discussed above, we mainly deal with new 
user cold start problems. As shown in Fig.2, all existing 

ratings are organized into a sequential dataset   to train 

the model. Then the “most popular” strategy is applied to 

recommend the highly-rated Web services to new users. 

Finally we could adjust the recommendation model based 

on the new users’ ratings using an online pattern. After the 

model is retrained, new recommendations can be offered to 

existing users. 

In Fig.2, the “most popular” strategy provides the same 

recommendation to all new users based on the global 

popularity of services. Let    be the users who have rated 

service s, the global popularity of a Web service is defined 

as follows： 

    
      ̅̅ ̅̅ ̅̅ ̅̅ ̅           ̅̅ ̅̅ ̅̅ ̅̅ ̅   

    
                        

where the average rating       ̅̅ ̅̅ ̅̅ ̅̅ ̅  is defined as 
 

  
∑             

,    is the number of users who have 

rated service s,       ̅̅ ̅̅ ̅̅ ̅̅ ̅ denotes the average of all ratings 
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and  denotes the shrinkage parameter which can regularize 
ill posed ratings. In this way, the highest rated services in 

the current time can be recommended to new users. 

 
Figure 2. Cold-start Web service recommendation 

The procedure of OWSR is described as follows. 

         1: OWSR 

                                               
                      , Most popular Web services  
1. Train the model using existing ratings. 

Initialize       ,       randomly 

            = ModelTraining(       ) 

2. Based on        , calculate    , recommend items to 

new users, get interaction data of new users:         , and 

get most popular Web service list MPList. 

3. Retrain the model using new users’ ratings          and 

      obtained by step 1. 

         = ModelTraining(              ) 

return       and  MPList 

Note that                 are sequential datasets which 
record the user-service interactions. Each record in 

               has the form of (u, s, rating). 
Since ratings enter the system sequentially, as shown in 

Algorithm 1, we adjust the model using an online pattern. 
That is, we train the model using existing ratings first, and 
then adjust the model according to new users’ ratings. The 
dual-average method for PMF which absorbs previous rating 
information in an approximate average gradient of the loss is 
one of the most widely used methods to solve optimization 
problems [14]. Given the t-th coming interaction data (u, s, 

rating), we can update the average gradient   ̅̅̅̅
  and   ̅̅ ̅

  
with respect to ut and st respectively by the following rules: 

  ̅̅̅̅
  

    

  
  ̅̅̅̅
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where tu denotes the number of services u has rated and ts 
denotes the number of users who rate services s. 

The model training algorithm is detailed as follows: 

           : Model Training 

      U, S,   
                
1. Initialization:  

  ̅̅ ̅
   ,   ̅̅̅̅

    

for t = 1, 2, 3,…,| | do 

2. Given the function   , compute the subgradient on      , 

  ̅̅̅̅
    ̅̅ ̅

   For the coming instances(             ) 

    (              
  )

 
 

    (              
  )       

     

    (              
  )       

     

3. Update the average subgradient   ̅̅̅̅
    ̅̅ ̅

  

  ̅̅̅̅
  

    

  
  ̅̅̅̅

    
 

  
    

  ̅̅ ̅
  

    

  
  ̅̅ ̅

    
 

  
    

4. Calculate the next iteration 

            {  ̅̅ ̅̅
     || || 

 } 
            {  ̅̅ ̅

     || || 
 } 

endfor 
return U, S 

Note that U and S are the regularization parameters, 

which are used to reduce over-fitting.  

As for the time complexity, for each interaction record (u, 

s, rating)  , only k) steps should be used to adjust the 
model, where k is the latent feature size and is much smaller 
than m and n. Since k is very small, it can be treated as 
constant time and thus the time cost scales linearly with the 
length of the sequential dataset  . 

V. EXPERIMENTS 

A. Evaluation Metrics 

The experiments are conducted on a dataset which is 
described in section III. The dataset contains 280,611 
user-web service interactions. Since most users have very 
few rating information, we select 510 users who have more 
than 50 services in their watch list and totally 4,424 services 
are included. Thus we have a 510×4424 matrix. The 
experiments are conducted in a PC with Core 1.8GHz 
processor and 4GB memory running in an operating system 
of Windows 8. 

To measure the prediction quality of our method in 
comparison with other approaches, Root Mean Square Error 
(RMSE) metrics is embodied which is defined as: 

     √
∑        ̂    

 
   

 
                               

where      is the actual rating of Web service s assigned by 

user u,  ̂    is estimated value, and N indicates the number of 

predicted values. 

B. Performance Evaluation 

To illustrate the performance of our method, we compare 
the proposed OWSR with another five existing approaches. 
These approaches are illustrated as follows: 
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a) UPCC: UPCC is a typical CF algorithm using PCC 

as a measurement of similar users [7, 9]. We use 

Mahout0.8
2
 and set the number of similar users as 50. 

b) IPCC: IPCC is an item based CF method using 
PCC as a measurement of similar items [8].  

c) WSRec: WSRec is a hybrid approach integrating 

both user and item based CF models [10]. During the 

evaluation, parameters (k,) are set to (32, 0.2). 

d) SVT: SVT is a singular value thresholding method 

that completes the matrix via minimum nuclear norm [23]. 

We use SVT Package
3
,
 
and parameters are set as follows: 

N=510*4424, R=20, df=98280, m=491400, p=0.217796,  

=7510.39, =5.50974, iters=500, = 0.00001, and EPS = 0. 

e) PMF: PMF is a matrix factorization model which 

scales linearly with the number of observations [22]. We 

use PMF Package
4
 and parameters are set as follows: 

=U=V=0.01, =1000, maxepoch=500, and 
num_feat=20. 

f) OWSR: parameters of our method are set as follows：
=U=V = 0.02, maxepoch=500, and num_feat=20. 

User-service interactions are randomly divided into two 

categories in a certain proportion: the training set and the 

test set. The proportion that the training set accounts for the 

whole set varies from 0.1 to 0.9, which makes the sparsity 
of the matrix ranging from 0.9930 to 0.9992, as shown in 

Table I. The sparsity of the matrix is defined as 

            | |

|    | |       |
, where | | is numbers of   .  

Table I presents the results of prediction accuracy 

performance of these six approaches. According to these 

experiments, we have the following observations. 

 First of all, compared with the existing four approaches 
(IPCC, UPCC, WSRec, and SVT), we observe that the 

OWSR algorithm achieves smaller RMSE values for all the 

cases, which shows the effectiveness of the proposed 

approach.  

Second, the RMSE of PMF outperforms other 

approaches for all the cases. The average performance of 

PMF exceeds ours about 12%. The performance gap is 

probably due to the approximation when computing the 

gradient.  

C. OWSR (online pattern) versus PMF (batch pattern): 

 
Figure 3. Comparison between OWSR and PMF 

                                                           
2
 http://mahout.apache.org/ 

3 http://statweb.stanford.edu/~candes/svt/code.html 
4 http://www.cs.toronto.edu/~rsalakhu/BPMF.html 

To further compare OWSR with PMF, we conduct other 

experiments. As shown in Fig.3, under RMSE@t9 (90% of 

all data are randomly chosen for training, and the remaining 

10% are for evaluation), PMF exceeds our approach about 

9%. Under these three settings, with the increase of the 

number of ratings revealed, the performance of OWSR 

converges to a certain value. 

In Fig.3, we can see that under RMSE@t1 (10% for 

training and 90% for evaluation), our approach is closer to 
PMF compared with under RMSE@t9 and RMSE@t5. The 

most likely cause is that under the scenario of few training 

data, our model is less likely to fall into local optimum. As 

a whole, the performance of OWSR is approaching that of 

the PMF. 

D. Time Overhead 

Since two algorithms (PMF and OWSR) we test are 
matrix factorization based, employing the same latent 
feature size is fair for comparison. The PMF spends more 
than 26 seconds in finishing 500 iterations when there are 
19642 rating. OWSR spends only about 14 seconds in 
reaching a similar performance. As shown in Fig.4, when 
the number of ratings grows bigger, PMF takes much more 
time than OWSR. OWSR is much better than PMF to this 
point.  

 

Figure 4. Time overhead of two algorithms 

According to these experiments, we can conclude that the 
prediction accuracy of OWSR is close to PMF, while 
OWSR costs much shorter time.  

In addition, as for the parameters used in OWSR, 

num_feat is the number of latent feature indicates the 

degree of compression of the proposed model. We vary the 

latent feature number from 10 to 100 and an optimal RMSE 

is achieved when num_feat = 20. 

Parameter  manages the trade-off between the 
regularization and the loss. We set λU =λV = λ for simplicity. 

An optimal result is achieved when  = 0.02.  
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TABLE I.  RMSE PERFORMANCE 

Algorithm 

Data Sparsity 

0.9930 0.9938 0.9945 0.9953 0.9961 0.9969 0.9977 0.9984 0.9992 

Train Set Ratio 

0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 

IPCC 0.02350 0.03623 0.03749 0.04878 0.03841 0.03563 0.02257 0.03721 0.03773 

UPCC 0.01929 0.03057 0.03491 0.04142 0.02230 0.03127 0.02691 0.02893 nan 

WSRec 0.02956 0.02575 0.02192 0.02275 0.02160 0.02201 0.02275 0.02434 0.02652 

SVT 0.02629 0.03157 0.02581 0.02639 0.03722 0.03028 0.03807 0.03130 0.03220 

PMF 0.01330 0.01366 0.01520 0.01990 0.01555 0.02178 0.02172 0.02170 0.02338 

OWSR 0.01458 0.01545 0.01610 0.02014 0.01797 0.02199 0.02235 0.02186 0.02375 

VI. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed an online CF algorithm based 
on implicit feedback data for Web service recommendation. 
We first introduce how to calculate ratings from the implicit 
feedback data. To deal with cold-start problems in Web 
service recommendation, we adopt the “most popular” 
strategy and propose a matrix factorization CF model using 
the online pattern. Experiments show the proposed model 
can achieve satisfied result in both prediction accuracy and 
time cost.  

Our future work includes improving the performance of 
OWSR and exploring how to solve the cold-start problem 
discussed in partition III of Section III. 
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Abstract—It is common for large enterprises or organizations to 

maintain repositories of process models. This paper focuses on 

how to measure the similarity and construct matching relations 

more effectively between process models. To resolve exponential 

time complexity to match node compositions, we proposed a 

graph-edit distance similarity metric based on SESE process 

fragments, and a greedy algorithm is employed to construct the 

optimal matching relations. Then a method to construct matching 

relations of fragments based on process structure tree is proposed. 

Finally, a comparative experiment based on real-world process 

models from BPM AI repository is conducted to evaluate the 

effectiveness and efficiency of our approach. 

Keywords - Business process management; Process similarity; 

Process model matching; Process fragment 

I.  INTRODUCTION 

Various techniques have been used to manage the large 
collections of process models. The model search technique 
returns the models from the collection that are most similar to a 
specified input process model. The similarity measurement 
between two process models is the key basis of this model 
search technique. Besides, matching relations between the 
process activities need to be constructed when organizations 
want to resolve the differences between their own processes 
and industry-wide standards. In short, this paper focuses on 
how to measure the similarity and construct matching relations 
more effectively between two process models. 

This topic has been studied by many researchers in recent 
years. They always build matching relations between nodes in 
process models first and then evaluate the global similarity of 
two models in a structural [1][2][3][4] or behavioral way 
[1][5][6]. The similarity evaluation is based on node matching 
between two models, either by unique activity name or lexical 
similarity between node labels. However, one business logic 
can be realized as different amount of activities or even 
different structures by various modelers. Therefore, it is not 
enough to only consider the node matches, matching relations 
between node compositions need to be taken into account when 
the similarity is measured [7]. 

It has exponential time complexity to construct appropriate 
matching relations between node compositions and some 
arbitrary compositions do not make a sense. Consider the 
complete and independent business logic of single-entry-single-
exit (SESE) process fragment [8][9], we proposed a graph-edit 
distance similarity metric based on the fragments, and a greedy 

algorithm is employed to compute the similarity value and 
construct the optimal matching relations. As a matching 
relation candidate set of fragments is required for similarity 
evaluation, we present a method to further construct matching 
relations of fragments by process structure tree. A comparative 
experiment is performed to evaluate the approach in this paper. 
The result shows that our approach have a positive impact on 
the accuracy of similarity evaluation comparing with current 
node matching based methods, and the efficiency of our 
technique is acceptable. 

The rest of the paper is organized as follows. Section II 
introduces some basic concepts of business process model and 
process fragment. In section III we illustrate the key approach 
to measure the similarity of process models based on process 
fragments. Section IV presents how to construct matching 
relations between process fragments. Section V provides an 
experimental evaluation of our technique. Section VI discusses 
related work of our research. Section VII concludes the article 
and presents the future work. 

II. PRELIMINARIES 

This section introduces the notion of process model graphs 
(PMG) and then we illustrate the key concept of process 
fragments which is used in this paper. 

A. Business Process Model 

In this paper, we try to apply our method to various kinds of 
notations, so we will illustrate our method based on process 
model graph (PMG) rather than a specific modeling language. 
A PMG is simply a graph that captures nodes and edges whose 
properties such as names, types or resources used are treated as 
attributes of them. We can define the PMG and some other 
related concepts formally as follows. 

Definition 1 (Process Model Graph). A process model 

graph (PMG) is a tuple            , in which:  

   is a set of nodes; 

       is a set of directed edges; 

   is a set of attribute names, e.g. TYPE, LABEL, 

RESOURCE, INPUT, OUTPUT, etc.; 

   is a set of text string values; 

     ⋃         is a function that maps nodes or 
edges to attributes, where an attribute is a mapping from 
an attribute name to a text string value. 
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To limit the scope, we assume that the process models are 
block-structured. A process model is block-structured if the 
sequences, branches, and loops are represented as blocks with 
well-defined start and end nodes. The block-structured process 
models are more understandable for users with less possibility 
of errors than the non-block-structured models. The proportion 
of block-structured models in a model repository is always very 
high and a non-block-structured model can be transformed to a 
block-structured one in most cases [10]. 

B. Process Fragment 

A block-structured process model can be decomposing 
hierarchically to a set of process fragments. We will introduce 
the single-entry-single-exit (SESE) process fragment [8][9] 
which is a basic concept of our approach. 

Definition 2 (SESE process fragment). A node   is said 
to dominate node   in a directed graph if every path from start 
to   includes  . A node   is said to postdominate a node   if 
every path from   to end includes  . A SESE process fragment 
(process fragment for short) in a process graph G is an ordered 
edge pair       of distinct control flow edges   and   where: 

   dominates  , 

   postdominates  , and 

 every cycle containing   and contains   and vice versa. 

We refer to   as the entry edge and   as the exit edge of 
the process fragment. The processes in Figure 1 gives an 
example of the dividing result of process fragments, and the 
process fragments are marked by dashed boxes. Note that the 
example process in Figure 1 has more fragments than those that 
are marked in boxes, e.g. the union of fragments I and R, 
denoted as    , as well as     are fragments. These marked 
fragments in boxes are called canonical, which are defined as 
follows. A fragment   is non-canonical if there are fragments 
      with   and   are in sequence,      , and   and   
are in sequence; otherwise   is called canonical fragment.  

 
Figure 1. An Example of process fragment 

It has been proved that two canonical fragments are either 
nested or disjointed [8], thus process fragments of a process 
model can constitute a tree structure which is called process 
structure tree, which can be derived in linear time using the 
cyclic equivalent algorithm [9]. The process structure tree of 
the example process is illustrated in Figure 2. Note that a node 
with single entry edge and single exit edge can also be regarded 
as a process fragment. 

 
Figure 2. The process structure tree of the example process 

III. FRAGMENT-BASED STRUCTURAL SIMILARITY ANALYSIS 

This section deals with that given two process models and a 
candidate set of matching relations between their fragments, 
how we can evaluate the similarity value of these two models. 
The method to construct matching relationship between process 
fragments will be illustrated later in the next section. 

We use the concept of graph-edit distance [11] to evaluate 
the global matching score of two process models. The graph-
edit distance between two graphs is the minimal number of edit 
operations that is necessary to get from one graph to the other. 
The existing graph-edit similarity metric do NOT support the 
consideration of matching relations between process fragments, 
so we extend the original definition based on the above edit 
operations we defined.  

Definition 3 (Extended graph-edit distance similarity). 
                    and                     are two 
PMGs and let   be the subset of fragment matching relations. 
Let       be a process fragment in   , and   ,    be a node 
and an edge in fragment   , then    is a substituted fragment 
(    and    is substituted node and substituted edge 
respectively) iff       ,         . The set of nodes and 

edges in fragment   is denoted as    and    respectively. A 
node is a skipped node iff it’s not a substituted node. Let 
process fragments           ,           , and       is 
the link between     and    , i.e. be the exit edge of     and 
also the entry edge of    , denoted as          .    is a 
matched edge iff                                 
   . Note that we consider that the matched edges also exist in 
the other model. Any other edge except for substituted edge 
and matched edge is called skipped edge. Let subn, skipn, sube 
and skipe be the sets of each kinds of nodes and edges, and 
     ,       ,       and        be the weights of substituted 

nodes, skipped nodes, substituted edges and skipped edges 
respectively. The extended graph-edit distance similarity of 
   and    induced by the mapping   is: 

                   
                                                   

                         
  

      
∑ [              ]  | 

  | |   |          

|    |
               

|     |

|  | |  |
 

       
|     |
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∑ [              ]  | 
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Here we illustrate the basic procedure based on a greedy 
strategy to compute the maximum metric score by selecting an 
optimal subset. Initially, all candidate matching relations are 
added to the          and the optimal set   is empty. In each 
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iteration, a new       is computed for adding every pair in 
         into   to see which pair lead to a highest      . 
This pair is added to the optimal mapping   and any other pair 
overlapping with this pair is removed from the         . The 
algorithm terminates when there is no group pair in          
that can increase the metric score       any more.  

IV. CONSTRUCTING MATCHES OF PROCESS FRAGMENTS 

Since there also exists some complex matching relations 
(i.e. matching between more than one node in each model) 
between process models, these matching relations need to be 
identified based on the node matches. Details about similarity 
metric between nodes can be achieved in [1]. 

It is clear that not all types of compositions of nodes have a 
sense, so we propose the prerequisite of grouping elements 
based on the concept of single-entry-single-exit (SESE) process 
fragments [8][9]. A canonical process fragment or consecutive 
canonical fragments may express complete and independent 
business logic to a great extent. Therefore, all process 
fragments are regarded as candidates of node combination. 
Considering the process in Figure 1, the candidate set of 
fragments includes: {J}, {K}, {L}, {M}, {P}, {Q}, {R}, {I}, 
{N}, {I, R}, {R, N}, {I, R, N}. 

Based on the candidate set obtained by the above condition, 
we need a criterion of whether there exists a matching relation 
between two fragments in distinct process models. The 
matching relations between leaf fragments have been achieved 
in node matching relations set. For these non-leaf fragments, 
we hold that the similarity of two fragments should at least 
higher than the similarity of matching relations between their 
children fragments. Besides, to reduce searching space, one 
basic prerequisite is proposed, i.e. there should be at least one 
matching relation among their containing fragments.  

The criterion requires a definition of similarity evaluation 
between two process fragments. Referring to node similarity, 
the similarity between groups, based on their attributes and the 
context of adjacent nodes, can be defined analogously. The 
major challenge of attribute similarity part is that different 
attributes may have different composing policies, e.g. the 
attribute LABEL of a group can be simply merged by the name 
label of the containing nodes while the merging of attribute 
INPUT or OUTPUT should ignore the input or output data 
produced or consumed inside the group itself. 

Here we can summarize the algorithm of discovering 
fragment matching relations. First of all, the process structure 
trees (PST) of two process models are constructed by the cyclic 
equivalent algorithm [9], while the detail of this algorithm is 
not presented here. Then we can get the candidate set of 
fragments for each process model in a bottom-up order of the 
tree. Finally, the fragments in two candidate sets are checked 
one by one according to their sequence, and if the pair satisfies 
the criterion of building matches, the fragment pair with their 
similarity value is added to the fragment matching relations set.  

V. EXPERIMENTAL EVALUATION 

We evaluate our approach by the real-world process models 
from BPM Academic Initiative (BPM AI) [12] which is a joint 
effort of academic and industry partners that offers a process 

modeling platform for teaching and research purposes. We 
selected 40 pairs of process models captured in BPMN and 
these model pairs are in various degree of similarity. We 
obtained the similarity assessment value of each process model 
pair by using a questionnaire that was distributed to 10 
academic process modelers, including researchers and post-
graduate students in the realm of process modeling. In the 
questionnaire, the modelers were asked to decide the similar 
degree from score 1 to 6. We obtained the manual similarity 
assessment value by a weighted average of the scores provided 
by the 10 participants according to their modeling experience. 

We create two different analyzers to conduct a comparative 
experiment. The Analyzer A measures graph-edit distance 
similarity based on node matching relations which is the 
method in [1][3]. The Analyzer B applies our fragment-based 
similarity measuring method. Our experimental evaluation is 
conducted by computing the similarity value of each process 
model pair using these two analyzers we defined and then their 
computing efficiency and correlation with the manual analysis 
results can be obtained. We will apply the weight parameters 
achieved by our earlier research work [13] to these analyzers. 

TABLE 1. COMPARATIVE RESULTS OF SIMILARITY COMPUTING 

Analyzer name Correlation coefficient Time cost 

Analyzer A 0.805 628 ms 

Analyzer B 0.868 1817 ms 

 

The results are shown in Table 1. Note that all the I/O 
operations (e.g. reading process models) are excluded from the 
cost time statistics. From the results we can see that the 
Analyzer B which fully applied our approach shows a better 
correlation coefficient result and the time efficiency of the 
method is also acceptable, i.e. about 45 milliseconds for each 
model pair in average. Figure 3 shows the correlation between 
the similarity degree (using the optimal correlation of analyzer 
B) and the similarity assessment as obtained from the 
questionnaire.  

 

Figure 3. Correlation analysis result of Analyzer B 

VI. RELATED WORK 

Our approach is related to two closely interrelated topics in 
the research domain of managing large collections of business 
process models [7], i.e. business process model alignment and 
business process similarity search. 

Similarity value 

Human judgment 
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The business process model alignment determines which 
elements in one business process model correspond to which 
elements in another [14]. Three approaches based on lexical or 
graph matching are compared in [3], and the result showed that 
a greedy graph matching technique produces the best 
effectiveness. The ICoP framework [2] enables the optional 
creation of matchers from the reusable components which can 
support complex matching detecting, but the algorithms of the 
components are not illustrated clearly. Our earlier research 
work [13] proposes a matching technique to support fast 
detecting complex matches. Our fragment-based method could 
probably improve these techniques. 

Business process similarity search is another closely related 
topic. A previous paper [15] of our research group utilizes the 
idea of similarity propagation to measure the process similarity, 
but the method is restricted to a specific modeling language and 
only node matches are supported. Remco Dijkman etc. 
presented and evaluated three similarity metrics and the result 
showed that the structural similarity slightly outperforming the 
node matching and behavioral similarity [1]. A fast business 
process similarity estimating based on characteristic model 
features presented three techniques to improve the efficiency of 
current graph-based algorithm [4]. Four major graph matching 
algorithms for business process model similarity search are 
evaluated in [16] and result shows that a greedy algorithm 
produces an effective result with best efficiency. Some novel 
efficient algorithms for similarity search have been proposed 
recently. There is an initiative to conduct similarity measures 
based on a tree-based index organized structure of process 
models in a collection [17] and clustering techniques were used 
to group similar process models in [18] to enable the 
comparison of process clusters rather than each individual 
process in isolation. 

VII. CONCLUSION 

Various techniques have been used to manage the large 
collections of process models. This paper focuses the problem 
of how to measure the similarity and construct matching 
relations more effectively between two process models. To 
resolve the problem of exponential complexity to construct 
appropriate matching relations between node compositions, we 
proposed a graph-edit distance similarity metric based on the 
SESE process fragments, and a greedy algorithm is employed 
to compute the similarity value and construct the optimal 
matching relations. As a matching relation candidate set of 
fragments is required for similarity evaluation, we present a 
method to construct matching relations of fragments by process 
structure tree. A comparative experiment is performed to 
evaluate the approach in this paper. The result shows that our 
approach have a positive impact on the accuracy of similarity 
evaluation comparing with current methods based on node 
matching, and the efficiency of our technique is acceptable. 

In future research, we aim to improve the effectiveness of 
our approach by conducting a more comprehensive experiment 
evaluation by huge amount of process models in various model 
repositories. Secondly, the further accuracy and efficiency 
improvement for the existing structural process similarity 
evaluation is another direction.  
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Abstract—Agile enterprises have been investing heavily in the 

identification, representation and documentation of business 

rules (BRs), so that they can be known, understood and used all 

over the enterprise. In this respect a question of great concern in 

the development of information systems (IS) is the early 

identification of BR specification errors. This is due to its impact 

on the IS final cost, which can be considerable if the error 

identification occurs at a later time when the BRs have already 

been deployed. This paper presents a method for the verification 

of the logical consistency of a set of BRs. The method is 

particularly useful when the business domain encompasses a 

variety of types of BR specification errors. The set of BRs to be 

checked for consistency is translated into an Alloy Model, which 

the Alloy Analyzer uses as input to generates examples and 

counterexamples. The output of the Alloy Analyzer is then used 

for the identification of inconsistencies among the business rules. 

The proposed method makes it possible to have an early insight 

into inconsistencies that may exist in the rule model, allowing for 

a substantial reduction in rework costs. 

Business Rules; Verification; KnowledgeBase; Alloy; SBVR; 

ABRD 

I.  INTRODUCTION  

Business rules (BR) represent one of the most effective 
ways to express business knowledge and, nowadays, agile 
enterprises are reaching to identify, represent and document 
them, so they can be known and clearly used all over the 
enterprise [10]. Thus, identifying mistakes in business rules is 
increasingly becoming a question of great concern for the 
development of information systems (IS), impacting on their 
final costs, especially whenever this identification occurs at a 
later time, increasing these figures to hundreds of billions of 
dollars per year. 

The typical inconsistencies in business rules specification 
are: redundancy, overlapping, conflict and incompleteness. 
Redundancy occurs when two rules have the same set of 
conditions (with conditions possibly arranged in a different 
order) and the same conclusion. Then, one of them is said to be 
redundant [2]. Overlapping occurs when one rule is wholly or 
partly contained within another [6] or when two rules have the 

same conclusion and one rule has a more restrictive condition. 
The more restrictive rule can be subsumed by the less 
restrictive rule on the grounds that whenever the former 
succeeds, the latter also succeeds [2]. Conflict occurs when two 
or more rules produce contradictory results [6] or their 
conditional parts consist of the same set, but the conclusions 
are mutually exclusive [2]. Incompleteness occurs when all the 
information necessary to produce a conclusion does not exist. 
This may be caused by gaps left inadvertently, uncertain 
knowledge or lost track of the grown knowledge base [2]. 

According to Hodges [8], beliefs can be expressed by 
declarative sentences. A set of beliefs is called consistent if 
there is some possible situation in which all the sentences are 
true.  

Alonzo Church proved in 1936 that is impossible to prove a 
theorem by a systematic method for testing the consistency of 
sets of sentences written in first-logic order [8]. However, it’s 
still possible to prove the inconsistency of these sets. 

Similarly, Edsger W. Dijkstra stated that program testing 
can be used to show the presence of bugs, but never to show 
their absence [7]. Unfortunately, most bugs in code elude 
testing.  

In order to test the consistency of a BR set, we make a 
simple assumption: all inconsistencies will involve a simple 
pair of rules. In this case, it will be necessary to check the 
consistency of pairs of sentences. The computational 
complexity of this calculation will be in the order of the 
quadratic growth, i.e., its values grow proportionally to the 

square of the function argument, represented by . For 
instance, when n represents one thousand sentences, the 
number of operations will be in the order of one million [15]. 
This figure will certainly grow even more, when the 
consistency checking involves groups of three or more 
sentences. 

In order to facilitate this great number of necessary 
operations, it's recommended to use a different approach, like 
the instance finding, proposed by the analysis underlying the 
Alloy tool. Rather than attempting to construct a proof that an 
assertion holds, it looks for a refutation, by checking the 
assertion, looking for a particular case in which the assertion is 
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found not to hold. That case is reported as a counterexample 
[7].  

Instance finding has far more extensive coverage than 
traditional testing and it tends to be much more effective at 
finding bugs, because most bugs have small counterexamples. 
In other words, only a small counterexample is necessary to 
prove that an assertion is invalid. To make the instance finding 
feasible, it's needed to define a scope that limits the size of 
instances considered. Even a small scope usually defines a 
huge space of instances. Systems that fail on large instances 
almost always would fail on small ones with similar properties, 
even if such small instances don't occur in practice. So, by 
checking all small instances, the large ones will be effectively 
checked also. This is called by Jackson as the "small scope 
hypothesis" [7]. 

Different approaches to the automated verification of a set 
of BRs have been presented in the literature but all of them, at a 
certain point, demand complex implementation or have logic 
limitations, making their use non-intuitive or limited to skilled 
programmers, with a non-novice knowledge of mathematical 
logic and proving methods. 

This article intends to present an easy-to-use method that is 
suitable to the early verification of the consistency of a BR rule 
set. The method can precisely show the inconsistency 
generated by a BR specification. Moreover, the inclusion of 
new rules or the updating of the existing ones can be easily 
absorbed by the verifying procedure. This turns the method into 
a robust and reliable option for BRs analysts. 

The remainder of this paper is organized as follows. Section 
2 presents the conceptual framework. Section 3 describes the 
conceptual method to verify a set of BRs using the Alloy tool. 
Section 4 illustrates the method with an example. Finally, 
Section 5 presents the final remarks. 

A.  Related Work 

EVA Project [1] is a reference in the verification and 
validation of BRs. The use of meta-knowledge (i.e. knowledge 
about the knowledge) describes restrictions necessary to 
validate the redundancy, consistency, completeness and 
correction of a knowledge base. Besides being very complete 
(with 28 different criteria), this project was extended to non-
monotonic logic, bringing it closer to the real world. The 
processing output is, consequently, complex. The method 
proposed in this paper explores the utilization of a “model 
finder”, whose output is based on intuitive examples and 
counterexamples. 

PREPARE method [2] uses predicate/transition nets to 
represent knowledge. These nets are special classes of Petri 
nets and verification is done through syntactic patterns of 
recognition. These nets are a graphic representation of 
predicate logic. Consequently, these graphic representations 
don’t support universal quantifiers, as the Alloy tool does. 

NuSMV2 [3] is a tool that extends the original SMV of 
CMU. With a very efficient BDD algorithm, it was used 
successfully in hardware and software verification. 
Unfortunately, its programming language doesn’t support more 
complex structural types, such as relational, for example. This 
forces the developer to codify relations using arrays of 
primitive types. The Alloy tool offers the developer relational, 
arithmetic and logic types. 

NIET method [4] is particularly critical with inference 
machine usage. It reduces the significance of these machines to 
merely correct the ordination of BRs. It proposes an IDE as 
repository, verification, validation and code generation in 
different languages of BRs. Through this method, the 
ordination solution is turned into a development concern. There 
is great concern with the performance and cost of the inference 
machines and with their replacement by an IDE, proposed by 
this method. The adopted strategy in our work doesn't require 
the usage of any IDE and performance concerns aren’t 
addressed in our work. 

CPKSA [5] is study that proposes the use of group decision, 
with an algorithm that has a confidence factor. It’s only 
suitable in situations with BRs conflicts that cannot be 
resolved. 

NL2AlloyviaOCL [16] is a tool that generates Alloy 
expressions from English text statements and a corresponding 
UML model. But it doesn't have a method to analyze the 
consistence of BRs generated using this tool. 

There are several commercial BR management and 
simulation tools, but they do not focus on the early verification 
checking of BR models. 

II. CONCEPTUAL FRAMEWORK 

The method presented here for verifying a set of business 
rules, in order to allow for the early identification of 
inconsistencies into these rules, requires the specification of a 
representation of BR, the development of the Alloy Model and 
the use of a BR Cycle. 

A. BR Representation 

BR are declarations that constrain, derive and give 
conditions for existence, representing the knowledge of the 
business. BR are not descriptions of a process or processing. 
Rather, they define the conditions under which a process is 
carried out or the new conditions that will exist after a process 
has been completed [6]. BR can be represented using 
Semantics of Business Vocabulary and Rules (SBVR) [12] or 
using business language. SBVR use is suitable for business 
experts, since it allows the representation of business 
vocabulary and rules using controlled natural language. 
Business language is more intuitive to business stakeholders 
and business analysts, although it may be used in an 
unstructured way. Both representations generate the business 
vocabulary, composed by terms and facts about them, which 
will be used to formulate the BR.  

B. Alloy Model 

Alloy is a language for describing structures and a tool for 
exploring them. An Alloy Model is a collection of constraints 
that describes (implicitly) a set of structures. Alloy’s tool, the 
Alloy Analyzer, is a solver that takes the constraints of a model 
and finds structures that satisfy them. It can be used both to 
explore the model, by generating sample structures (here called 
examples), and to check properties of the model by generating 
counterexamples [11]. 

The gross structure of an Alloy Model consists of [7]: 
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 Signature declarations, labeled by the keyword sig, 
each one representing a set of atoms, and may also 
introduce some fields, each representing a relation. 

 Constraint paragraphs, labeled by the keywords fact, 
fun and pred, which record various forms of constraints 
and expressions. 

 Assertions, labeled by the keyword assert, that record 
properties that are expected to hold. 

 Commands, labeled by the keywords run and check, 
with the instructions to the Alloy Analyzer. 

The signature declarations set up a classification hierarchy 
which can be extended into disjoint subsets of these sets, using 
the keyword extend. Marking an extended signature declaration 
using the keyword abstract, indicates that the set has no 
elements of its own that do not belong to its extensions [7]. 

A fact paragraph records a constraint that is assumed 
always to hold. An assert paragraph introduces a constraint that 
is intended to follow from the facts of the model. A pred 
paragraph defines a constraint, in the form of a logical 
predicate. The run command instructs the Alloy Analyzer to 
attempt to find a solution (or example) to the constraints, 
usually grouped together in a test predicates. The check 
command tells the Alloy Analyzer to find a counterexample to 
an assertion [7]. 

C. BR development cycle 

For developing business rules-based applications, it’s 
recommended using a well documented and structured 
approach. The Agile BR Development methodology (ABRD) 
is the industry’s first free, vendor-neutral methodology and 
provides a full rule lifecycle, from discovery to governance, by 
using an “agile”, iterative approach. ABRD activities fall into 
five categories described below, each of these being run 
multiple times as the cycle is executed [13]: 

 Rule Discovery: aims to develop simple modeling 

artifacts (like rule descriptions, business entity 

diagrams and business process maps) and is an 

iterative process, that will identify a subset of rules 

and document them, as opposed to spending months 

figuring out all the rules up front and producing a 

huge document [14]. 

 Rule Analysis: the goal is to understand the meaning 

of the rule as stated by the business person and 

subject matter experts and to remove any ambiguity 

and semantic issue, preparing the rules for the future 

implementation [14]. 

 Rule Design: the purpose is to take a first complete 

pass through the development process, confront the 

main design issues and lay the groundwork for future 

refinements, including architecture aspects and initial 

prototyping [14]. 

 Rule Authoring: looks at the general issues 

surrounding expressing BR in a technology-

independent way, particularly addressing those 

related to the business vocabulary itself and to the 

rule structures [14]. 

 Rule Validation: develops unit tests to assess the rule 

outcome and executes the tests, until all tests succeed, 

ensuring that the rules accurately reflect the business 

intent [14]. 

 Rule Deployment: addresses common issues around 

rule deployment, packaging and integration, looking 

at major deployment and integration considerations, 

such as transaction support, scalability and data 

access [14]. 
The method proposed in this paper is particularly applicable 

at the Rule Analysis activity. 

D. The Verification of BR 

Assuring the quality of BR falls into two general areas: 
validation and verification [9]. 

Validation means ensuring the correctness of BR with 
respect to the business purpose, with the goal to assure that 
when they are applied, the results will be appropriate in all 
relevant circumstances. Validation is largely a matter of human 
inspection and can be achieved by using diagrams, test 
scenarios and individual analysis of each business rule. Rule 
validation is about checking whether there are the right BR [9]. 

Verification, on the other hand, means assessing fitness 
with respect to logical consistency and involves discovering 
BR (usually two or more in combination) that exhibit some 
anomaly. Rule verification is concerned about whether the BR 
are correct [9]. 

In the method proposed in this paper, we will use the Alloy 
tool to support and automate the verification activity described 
above. We will focus on the discovery of redundant, 
overlapping and conflicting rules. The incomplete rules are out 
of the scope of the method, since it pertains to the validation 
activity. We will treat the problems of the overlapping and the 
conflicting rules in the same manner, as they are implicitly 
related. The mapping of BR artifacts into Alloy structures is 
not being addressed in this paper, because it would exceed the 
limit of pages allowed for the paper. 

III. THE METHOD 

A. Method Steps 

The proposed method for verifying the consistency of a set 
of BR consists of the following steps: 

1. Identify the BRs and specify them in a structured way, 
using business language for representation. 

2. Build a conceptual model, describing the business 
concepts and their relations. 

3. Transform the rules into an Alloy Model, building a 
consistent set of BR, as described in Section III-B. 

4. Using one rule at a time, introduce the new BR in the 
model, as described in step 2 of Section III-B, 
generating possible inconsistency situations. When this 
happens, update the set of BR, as described in Section 
III-C. 

5. Repeat step 4, until no inconsistencies in BR are found 
and the set of BR returns to the previous consistent 
situation. 

B. Generation of the Alloy Model 

This section describes the steps necessary to generate the 
Alloy Model, as described in Section II-B, representing the 
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consistent set of BR that will be evaluated. The method 
consists of the following steps: 

1. Represent in the Alloy Model every concept and 
relation built in step 2 of Section III-A, as sets of 
structures, in the form of Alloy paragraphs sig, extend 
and abstract, generating a Consistent BR Model 
(CBRM) 

2. Each rule to be introduced in the model is converted to 
a paragraph pred. 

3. Execute the run command of the Alloy, searching for 
valid examples of the BR model. If no valid example is 
found, the rule created an conflict and the conflicting 
rule must be found, the model must be adjusted. 

4. Define an assertion paragraph, negating the same 
constraint used in previously step 2 and execute the 
check command of the Alloy, searching for invalid 
examples for the set of BR modeled. If an invalid 
example is found, then the rule is redundant and the 
model must be adjusted. 

5. Since the rule is consistent and non-redundant with the 
BR model, it can converted to an Alloy paragraph fact, 
generating a new CBRM. 

C. Generation of the Inconsistency Scenarios 

Given a CBRM generated through the mechanism 
described in Section III-B, each new BR must be introduced in 
this model using the same concepts and the rules already 
represented in Alloy Model. 

The method allows the detection of the following 
inconsistency scenarios : 

1. Conflicting rules (step 3 of Section III-B): when the 
Alloy Analyzer indicates that the model is inconsistent. 
In this case, the rule must be checked against every 
other possibly conflicting rule in the model. This can 
be done by creating a test predicate containing the 
disjunction of the rule and the possibly conflicting rule. 
The run command is executed again and, if the model 
becomes consistent, the conflict between the rules is 
proven.  

2. Redundant rules (step 4 of Section III-B): The same 
procedure described above is repeated using a new test 
assertion containing the rule and the negation of the 
possibly redundant rule and the check command must 
be executed. If counterexamples are found, the 
redundancy is proven. 

IV. EXAMPLE 

This example focuses on the rules set of a fictional loan 
process, similar to the one presented in [6]. The verification 
will be executed following the proposed method, in order to 
find any inconsistencies that may occur in the set of rules. 

A. Identify the BR 

In this step, we specify all the business terms, facts and 
rules. These rules are listed below, structurally expressed in 
business language: 

A loan exceeding $1,000 must be approved by a 
branch manager or above. 

A loan exceeding $1,000 must be approved by a 
regular manager. 

A new loan may not be offered to an overdrawn 
customer. 

An overdrawn customer may not be offered a new 
loan. 

B. Build the domain conceptual model 

Figure 1 shows the class diagram representing the 
conceptual model of the loan process domain, proposed in [6].  

 

Figure 1.  The Conceptual Model 

C. Build the Alloy Model 

At this stage of the method, the Alloy Model will be built, 
representing the conceptual model. For example, from Section 
IV-B, the concepts Customer, OverdrawnCust and 
UnderdrawnCust will be written in the Alloy Model, as 
follows: 

abstract sig Customer { } 
sig OverdrawnCust extends Customer {} 
sig UnderdrawnCust extends Customer {} 

The complete Alloy Model representing the conceptual 
model is shown in figure 2. 

 

Figure 2.  The Alloy Model representing the Cconceptual Model  

 

The consolidated rules will be written in sequence. For each 
pair of rules described in Section IV-A, the first one will be 
used to represent the consolidated rule set. For example, from 
Section IV-A, the rule “A new loan may not be offered to an 
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overdrawn customer” will be written in the Alloy Model, as a 
fact paragraph, as follows: 

fact NoLoanOverdrawn {no z:Loan | z.c in 
OverdrawnCust}. 

In sequence, a simple constraint (as simple and 
simultaneously complete as possible, according to the "small 
scope hypothesis" described in Section I) will be defined. In 
this example, it will state that there will always be a non-empty 
set of Loans in our model. This constraint is now written in the 
Alloy Model as followed: 

pred SomeLoans {some s:Loan | s in ApprovedLoan 
one s:Loan | s in NotApprovedLoan}. 

According to the step 3 of the method, as presented in 
Section III-A, the run command is executed. The Alloy 
Analyzer informs that the model is consistent, showing 
instances that exemplify it, as shown in figure 3. 

 

Figure 3.  The Alloy Model and the snapshot after execution of the Alloy 
Analyzer  

D. Generate the Inconsistency Scenarios 

Now, according to step 4 of the method, as presented in 
Section III-A, new rules will be introduced, representing the 
inconsistency scenarios to be evaluated (conflict and 
redundancy). For each pair of rules described in Section IV-A, 
we will include the second one in the consolidated rule set 
generated in step 3 of the method. 

E. Execute the Alloy Analyzer 

The first inconsistency scenario is generated with the 
inclusion of the conflicting rule “A loan exceeding $1,000 must 
be approved by a regular manager.”, described in Section IV-A, 
written as a pred paragraph, as follows: 

pred RuleLoanRegularApprover {all x:Loan | x.v = 
V1000 implies x.mg in RegularManager}. 

According to step 4 of the method, as presented in Section 
III-A, the run command is executed. The Alloy Analyzer 
informs that the model is still consistent, finding instances that 
satisfy both conflicting rules. But, when the assert and check 
commands are executed, a counterexample is found, proving 
that the assertion is invalid, as shown in figure 4. 

 

 

Figure 4.  The Alloy Model with the conflicting scenario and the snapshot of 

the execution of the Alloy Analyzer 

By updating the model, joining the conflicting rules, using 
the or connector and executing the run command again, the 
Alloy Analyzer informs that the model is now consistent. 
Executing the assert and check commands, no counterexample 
is found, proving that the assertion is valid. However, the 
instances found only exemplify the ambivalence of both rules 
written in the model, demonstrating the conflict generated, as 
shown in figure 5. This inconsistency must be resolved in the 
validation activity of the BR Cycle. 

The next inconsistency scenario is generated with the 
inclusion of the redundant rule “An overdrawn customer may 
not be offered a new loan.”, described in Section IV-A, written 
as a pred paragraph, as follows: 

pred NoLoanOverdrawn02 {all od:OverdrawnCust | 
#od.l = 0} 

According to step 4 of the method, as presented in Section 
III-A, the run command is executed. The Alloy Analyzer 
informs that the model is still consistent, finding instances that 
satisfy both redundant rules. Executing the assert and check 
commands, no counterexample is found, indicating that the 
inclusion of the new rule didn’t affect the results of the 
execution of the original rules set, as shown in the figure 6. 

By updating the model, denying the original rule, using the 
not connector and executing the run command again, the Alloy 
Analyzer informs that the model is now inconsistent, not being 
possible to find any instances that satisfy both redundant rules. 
Executing the assert and check commands, a counterexample is 
found, informing that the assertion is invalid and proving the 
redundancy, as shown in figure 7. 
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Figure 5.  The Alloy Model with the conflicting scenario corrected and the 

snapshot of the execution of the Alloy Analyzer  

 

Figure 6.  The Alloy Model with the redundant scenario and the snapshot of 

the execution of the Alloy Analyzer 

V. CONCLUSIONS 

The method proposed in this paper provides both the 
business analyst and developers with a tool that allows a rapid 
evaluation of the consistency of a set of BR, in a logical point 
of view. It also proposes an incremental form of process 
evaluation of a set of BR, as this set is continuously updated 
through the lifecycle of BR applications. 

By using this method, the most typical inconsistencies in 
BR (overlapping, redundancy and conflict) can be found, 
showing the counterexamples found and making the detection 
and correction easier and faster. 

Thus, a consistent set of BR can be generated more easily, 
since the automated rule verification activity, provided by this 
method, can guarantee the rule validation activity.  

The next challenges are concentrated in evolving this 
method to make its using easier to non-technical people and 
provide ways to automate the identification of the rules that 
become inconsistent with the inclusion of new rules in the 
consistent set of BR. 

 

Figure 7.  The Alloy Model with the redundant scenario corrected and the 
snapshot of the execution of the Alloy Analyzer 
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Abstract— This paper proposes a multi-level approach that links 

strategic goals with an organization's collection processes, based 

on the Business Motivation Model (BMM) and the Business 

Process Management Notation (BPMN). A multi-layered 

metamodel is proposed together with a web-based support tool to 

manage the entire approach. The approach is illustrated and 

validated through a proof of concept application in a real process 

of a large company that provides IT services, where the 

advantages of the proposed model are made clear. Furthermore, 

the approach is evaluated by means of a systematic comparison 

with related work and through an empirical evaluation involving 

users in a real organization. 
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I.  INTRODUCTION  

A number of organizations seek to establish a process-
based   framework to manage their business effectively. Given 
the advantages of having a process-based organization, the 
Business Process Management (BPM) approach has become 
highly valued by managers [2]. This is because it allows the 
measurement, monitoring, control and analysis of business 
processes, and can thus enable a company to deliver value to its 
customers by ensuring continuous improvement in processes. 

Before companies can model and manage their processes 
effectively, they must define those that are efficient and 
effective with regard to achieving organizational goals and 
meeting customer expectations [1]. However, organizations 
often have to handle a large number of cases, and this factor 
not only impedes the management of specific processes but 
also the relationship between low-level models and the 
strategic objectives of the organization. The lack of tools that   
are able to manage collections of processes exacerbates the 
difficulties of management, since it is hard to know whether the 
data from processes can be gathered simply by setting out the 
strategies involved. 

This paper proposes an approach for managing various 
levels of business processes, and thus allows strategic business 
objectives to be systematically tied to business process models. 
The approach consists of a multi-layered metamodel that is 
supported by a web-based model-editing tool. In the remainder 
of this paper, Section 2 reviews some related work. The 
proposed approach is outlined in Section 3. In Section 4, there 

is an examination of the tool that is developed to support the 
approach, Section 5 presents a proof of concept of the approach 
and tool. Experimental validation is shown in Section 6, while 
Section 7 finally concludes the paper with suggestions for 
future work. 

II. BACKGROUND 

Any modeling that fails to meet the strategic objectives of 
the organization can have a serious effect on the subsequent 
phases of BPM [6]. In the light of this, Lind and Seigerroth [4] 
propose an approach at several levels, consisting of a model of 
the overall macro process and a business model that is designed 
to describe every part of the process in detail. The collection of 
data needed for the proposed process modeling is carried out 
together with the different stakeholders in a collaborative way, 
to avoid any incompatibility between the strategic plans and 
conceptual models at different levels. 

The same authors have conducted research in this area, in 
other studies [5] where the term "multilayer-thinking" is 
employed to mitigate the differences between business 
processes and technology. In addition, they propose a 
representation of processes at different levels of abstraction that 
link the business perspective to an IT perspective.  In a similar 
way, the work of Nuffel and Backer [3] adopts a multi-tiered 
approach, although they also emphasize the need to process 
multiple perspectives as this can assist in their management. 

The research studies outlined above show that the multi-
layered approach can be useful for connecting strategies to 
process models, but what is still missing are research 
approaches that provide tool support for this form of process 
modeling  [3, 4, 5]. This is important because a change in a 
high-level process can trigger a chain reaction at other levels 
and this cannot be mapped or perceived by making manual 
connections between the levels. Some commercial software 
packages do include partial support for multi-layered modeling 
- e.g. ARIS[9], ArchiMate[11] and BEN[10]. However, they 
fail to include a strict definition of the modeling syntax and do 
not offer web-support to enable collaborative process modeling 
(a systematic comparison of our work with these approaches is 
provided below). 

III. APPROACH 

Our approach seeks to fill in some of the gaps pointed out 
in the previous section, and consists of a multi-layered model, 
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which is supported by a web-based model-editing tool. This 
model builds on the multilevel approaches proposed by Mikael 
Lind and Ulf Seigerroth [4] and Nuffel and Backer [3]. 
However, in devising our metamodel we employ the Business 
Motivation Model (BMM) and the Business Process Model and 
Notation (BPMN) [7, 8], because BPMN is a standard notation 
in the market and known to be accessible to end users and 
BMM is of a standard that is recommended by the Object 
Management Group (OMG). To the best of our knowledge, 
there are still no approaches that combine BMM with BPMN in 
a multi-layered model. 

In our approach, we represent high-level, strategic information 
which is linked to a business process diagram in a single 
unified way. This is accomplished through a representation at 
levels that allow the high-level information to be linked to the 
tasks performed in the lower-level process. We decided to 
combine the first two layers proposed by [4] and [3], since 
BMM can represent them in a horizontal way, which means our 
proposal consists of 4 layers, as illustrated in Figure 1. 

 

Figure 1: Overview of our approach 

This approach allows elements of business plans and 
strategies and tactics (at the top level) to be connected with the 
models of business processes, so that the information contained 
in the process flow can be compared with the strategies and 
tactics set out for the process. Since it provides traceability, this 
form of representation enables a manager at the strategic level 
of an organization to visualize how its strategies and tactics are 
being tackled in the processes. Conversely, the person who is 
performing the process at the operational level, is also able to 
visualize the effect of their tasks on strategic planning. 

A. Metamodel Approach 

Figure 2 represents the metamodel of our approach. It consists 
of a combination of the metamodels of BMM and BPMN, with 
some additional object types. In this manner, the metamodel 
makes it possible to define the strategic elements of BMM and 
establish a connection with the process models defined in the 
organization with BPMN. 

B.First Layer - Strategic Goals 

The first level of our approach is represented by the BMM 
model, which is similar to organizational reference 
architectures such as the Zachman Framework, TOGAF, and 
ARIS Enterprise Architecture Framework [4, 3]. These models 
give prominence to high-level information that is not 
represented in the current modeling process notations, e.g. 
BPMN.  

The first level thus aims at employing BMM to survey the 
business strategic information and define how this information 
is linked to business processes. This level is important because 

it provides a way of adding information to business processes, 
which is critical to their development and implicit in current 
process modeling. 

 

Figure 2: Representation of the metamodel 

The following information is included at this level: a) the 
Business Rules and Policies of Organizational Units or 
Departments, which make it easier to visualize 
interdepartmental processes as processes that a particular 
department operates; b) Strategies and tactics; c) ‘Influencers’ 
within internal and external departments; d) KPIs for 
responsible sourcing. The process is represented at this level as 
a black box, with all details of the flow of activities being 
omitted and this responsibility being delegated to lower levels.  

At this level, model elements were assigned to represent the 
owner of the process and the key performance indicators 
(KPIs) for the process level, activity level and task level. This 
procedure is based on the assumption that a KPI of the process 
can be divided into smaller indicators when they are defined at 
the level of activities and later on, even more fine-grained 
indicators, when they arrive at the atomic level of the approach. 

A process may have N relationships with each element and 
these elements can be contained in N processes. Figure 3 
represents the first level of our modeling approach. 

C.Second Layer - Macro Process 

After defining the name of the process and the strategic 
attributes that it will contain, it is necessary to define its 
workflow. The second layer of the model represents the 
specific connections of certain BMM attributes and 
specifications. At this level, the flow of a business process is 
represented in detail by means of BPMN, which displays the 
flow of the process from start to end and its relationships with 
specific BMM attributes. Another important feature is the 
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adoption of a good modeling practice that starts at this level. 
The purpose of this is to show the end-to-end process flow 
without the need to address the question of its implementation 
in detail. 

 

Figure 3: Representation of the first layer of the approach 

For this reason, the second level can simplify the 
description of activities through the creation of sub-processes, 
while deferring to the next level the definition of the detailed 
flow of tasks of the sub-process. As such, the second level 
represents a simplified flow of the process and its relationship 
with the attributes of Business Rules, Business Policy, Strategy 
and Tactics, which are linked to the process in the same way as 
the modeling performed at the first level. The approach 
converts the Organizational Units that are defined in the first 
level into lanes in BPMN and these lanes are connected to their 
influencers and departmental strategies. The process has a key 
performance indicator to define units of time, although this 
indicator can be represented in other ways, such as goods 
produced in a given period of time. This indicator can also be 
divided to indicate the performance of the sub-processes 
contained in this process. In addition, it shows the 
responsibility of the process and the steps that precede and 
follow the processes studied. Figure 4 represents the second 
layer of the approach. 

 

Figure 4:  Example of the second layer of the approach 

D. Third Layer - Sub Process 

The third layer is a process involving the further 
segmentation of the levels of complexity   and is based on the 
BPMN attributes. Basically this level involves the set of 
activities and tasks that are contained in the sub- process. 

One of the benefits of the approach can be compared with 
the use of similar methods in a programming language. The 
reason for this is that, if the element needs additional 
information, it is possible to understand what the method does 
by just reading one’s name. As well as this, the method can be 
analyzed in detail, and as in the case of the ‘sub’, the activities 
and tasks can be analyzed if a greater level of detail is required. 

This level displays the activities and tasks contained in the 
sub without losing the necessary high-level connections 
obtained from merging the BMM and BPMN.  

Moreover, it omits the influencers and strategies employed 
in the other departments of the process. It also determines the 
modularization of business processes, and allows the data to be 
divided so as   to cater for individual needs, since low-level 
details can complicate the interpretation of the process flow. As 
in the case of the other levels, the attributes can be viewedboth 
before and afterwards. Figure 5 represents the third-layer 
approach. 

  
Figure 5:  Representation of the third layer of the approach 

 

E.Fourth Layer - Activity 

The fourth layer represents the atomic level of the 
segmentation process at different levels of complexity. 

This level shows the flow of execution of the tasks involved 
in the process. As illustrated in Levels 2 and 3 of the approach, 
at this level there is also a connection with the high-level 
attributes of the BMM. As in the previous levels, this level acts 
as the key indicator of performance-linked tasks. Figure 6 
represents the fourth layer approach. 

 
Figure 6:  Representation of the fourth layer of the approach 

IV. TOOL 

As discussed earlier, we developed a web-based tool to 
support the whole of the proposed approach. The web-based 
development was chosen because it allows easy access to users 
who can model processes collaboratively, by working together 
with other users and the same model. 
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The tool was developed in a Java framework with GWT 
(Google Web Toolkit) for the view layer and Hibernate as the 
persistence layer data. GWT was selected because it only uses 
one language (Java) for the application layer client server 
model by automatically converting all the code for the 
Javascript client at runtime. As a result, the objects used in the 
communication layer between the client and the application 
server, are mapped and remain with Hibernate, thus eliminating 
the need to convert the objects into a relational structure. 

 

Figure 7:  Interface of the support tool 

Figure 7 shows the tool interface. The numbers in Figure 7 
correspond to the following features: 

1) The tool has different panels for each model level, and 
thus the modeler is only concerned with the current level of 
modeling and can choose to compare it with other levels when 
necessary. 

2) Within the first ‘accordion’, there are tabs that are 
responsible for a change in perspective. The first tab carries out 
an entire modeling of the top-level elements of the process and 
the tool automatically shows the perspective of the elements by 
creating collections by type. 

3) The side menu allows a new element to be included in 
the modeling. 

4) Item presents an example of a newly-created process. 

5) After defining the element, the user can select it and see 
all the possible relationships of the selected object. 

6) Example of creating a process with a business rule. 

7) When someone selects a specific process, its detailed 
workflow can be modeled at Level 2. The same is true for the 
sub-process activities at Level 3 and Level 4. 

All of the examples in this paper, together with the proof of 
concept discussed below, were modeled with the developed 
tool. 

With the aid of the tool, the proposed approach can be 
represented in a better way, and allow an effective control 
system to be operated between the attributes and attribute 
changes. The reason for this is that when creating a strategic 
element, it is possible to check if any process is listening to it 
and make any necessary change. An element can be seen where   
the processes will have an impact, (as is displayed in the 

diagram which shows the connecting element together with the 
accompanying processes). 

V. PROOF OF CONCEPT 

Our proof of concept included the modeling of the actual 
processes found in a large IT service organization in Brazil. 
The company already uses BPM as an effective management 
system and BPMN for modeling processes. The high-level 
strategies of the organization are currently documented in the 
machines of any managers who complain about the lack of 
tools or means to connect this information to the process 
models. 

The approach was applied to a process designed to support 
a customer call center. This process is triggered when a 
problem arises in systems used by the call center. When 
confronted with this situation, this center records the problem 
in a service tool and the support team of the company that 
provides the service, analyzes the incident. There is a SLA 
(Service Level Agreement) that sets the maximum amount of 
time that the service provider has to perform the service 
required. 

Every problem in the call center systems that causes an 
incident, contains information relating to the systemic failure or 
inconsistency that prevents an operation from being carried out 
within the client system. 

If a problem is already known, the conventional way of 
handling an incident is to correct the inconsistency at the 
database of the system. This is undertaken in accordance with 
what has been mapped in the Log's Problem by the Second 
Level (2N) team, which refers to the lessons learned about each 
problem in the Customer's system. If a problem is not yet 
known, the Third Level (3N) has to debug the system in the 
same scenario as the attendant call center. The purpose of this 
is to identify why the system is not keeping up with the desired 
activity, and after the problem has been detected, it is necessary 
to document the information in a log of problems that will be 
submitted to the Fourth Level (4N) for approval, and to contact 
the customer (if necessary). 

If a particular incident is concerned with a high volumetric 
demand, an attempt should be made to survey all the incorrect 
data in this scenario so that there can be a ‘batch’ correction of 
the problem. The batch correction is carried out from the script, 
which is a set of SQL commands executed in the database of 
the client. 

This enables the development process to convey Script 
within the process of the call center support to modify the 
script of the incident within a specific scenario. The strategy 
process provides with a fully proactive service for correcting 
root problems and avoiding various incidents that may have a 
direct impact on the client's operation. Since this information is 
related to the clients of the organization who are provided with 
the services, (through exchanging production data of extreme 
importance), a number of security measures are taken to secure 
the endorsement of the customer for their execution.  

A. First Layer 

As described earlier, it was evident that the current 
processes of the organization are not divided into levels and do 
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not have a relationship with high-level information. In view of 
this, Figure 8 illustrates how the process of the call center 
support tool has been modeled on the first level of the proposed 
approach. 

At this level it is possible to understand certain factors that 
were not previously clear e.g. the role of all the influencers of 
the various departments. The key performance indicator of this 
process is a requirement that the incident should be handled 
within a strict deadline of 72 hours.  The business rule requires 
that the procedure should only be triggered by an incident; the 
business policy states that the client should be alerted to any 
changes of the data and responsible for the process (the name 
has been omitted for reasons of confidentiality). 

 

Figure 8: Example of the model in the first layer 

B. Second Layer 

Figure 9 shows the entire process that has been modeled on 
the support call center and its relationship with the BMM 
attributes. It is also possible to identify the fragmentation of 
process KPI in Sub- processes KPI and the Owner of this 
Process. 

 

Figure 9: Example of a model in the second layer 

C. Third Layer 

Among the sub-processes and tasks defined in the process 
support call center, is the sub-process ‘development Script’ that 
was reconfigured in a more consistent way, since both the 
processes were considered to be at the same level. 

As seen in Figure 10, the department is influenced 
internally by the demand for Log problems since the sub- 
process that was analyzed, occurs at the ‘team room’ level and 
also has an external influencer. This is because the execution 
that is based on the production data obtained from the created 
script, can only be carried out with the client's approval. 
Finally, the sub-process, together with the performance 
indicators for creating a script, should take less than 40 hours 

and its activities were fragmented by KPIs so that they could 
handle the performance. 

 

Figure 10: Example of a model in the third layer approach 

D. Fourth Layer 

As can be seen in "Produce Script", in the development 
process, there are several tasks involved in defining a script. 
With this level of detail, it is possible to have a clear sense of 
how the tasks are being carried out and also a refined view of 
the influencers and strategies of this department, (as can be 
seen in Figure 11). There is also a more detailed flow where an   
activity can be observed that includes tasks for development, 
testing and evidence of testing, which results in the production 
of artifacts of scripts and test plans. This activity has led to the 
definition of a performance indicator. 

 

Figure 11: Example of the model in the fourth layer 

VI. EVALUATION 

The proposed approach was evaluated by means of a two-fold 
strategy as follows: a systematic comparison with related work 
and an experimental evaluation. 

A. Systematic Comparison 

Table 1 shows a systematic comparison of our approach 
with related studies  (columns): Aris [9]; (N&B) Multi-
abstraction layered business process modeling [3]; (L&S) 
Multi-Layered Process Modeling for Business and IT 
Alignment [4]; (Archi) Archimate [11]; BEN [10]; (This) This 
study. 

The criteria for the comparison (the rows in Table 1) were 
defined as follows: (a) the tool support is available to assist in 
defining the models; (b) the tool allows collaborative modeling 
by several different users in the same diagram; (c) the tool must 
be  open source; (d) the tool offers flexibility in  choosing  the 
desired language for the modeling; (e) the tool is web-based; (f) 
the approach provides a framework for representing Business 
Information; (g) the approach provides a framework for 
combining  information modeling with  Business Processes; (h) 
the approach provides a framework for combining  information 
modeling with  Business Process Activities; (i) the approach 
provides a framework for combining  Information modeling 
with  Business Process Tasks; (j) the approach includes a 
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rigorous metamodel (e.g. in UML); (l) the approach has been 
applied to real case studies; (m) the approach was 
recommended by researchers or statements issued by  
organizations; (n) the approach assists in  the management of 
process collections, and allows   the various processes of the 
organization to be modeled and visualized. 

TABLE I: SYSTEMATIC COMPARASION WITH RELATED WORK 

 (Aris) (N&B) (L&S) (Archi) (BEN) (This) 

(a) X   X X X 

(b) X   X  X 

(c)    X  X 

(d) X   X   

(e)      X 

(f) X   X  X 

(g)      X 

(h)      X 

(i)      X 

(j)  X X X X X 

(l) X X X X X X 

(m) X   X   

(n) X  X X X X 

Total 7/13 2/13 3/13 9/13 4/13 11/13 

 
The comparison thus shows that the approach proposed 

here clearly outperforms those of  existing research studies, and 
has decisive advantages vis-à-vis commercial software 
packages. At the same time, there are features of our approach 
that need improvement such as the flexibility of the modeling 
language (d) and further empirical evaluation (m). 

B. Experimental Evaluation 

After modeling the processes in the approach, an 
experimental evaluation was carried out. Semi-structured 
interviews were conducted with people who work with the 
modeled process. In all, 18 participants were selected who had    
3 to 10 years’ experience with the processes. The number of 
participants in the experiment was selected on the basis of their 
position in the hierarchy of the organization (in Strategic, 
Tactical and Operational areas), so that they could be 
representative of the participants at all levels. The interviews 
were conducted individually and on average lasted 40 minutes. 

The results showed that the multi-layered representation 
can be regarded as useful at the strategic level, since it avoids 
giving a detailed account of how the processes are run and 
allows managers to focus on strategies and the process as a 
whole. It was also considered helpful for people at the 
operational level as it enabled them to obtain details of how 
processes are implemented and who it is most suitable for in 
the wider organizational context. Finally, interviews at a 
tactical level showed that our approach can help people 

understand expectations better and align the strategic level with 
the operational level through modeling. 

Interviewees at the operational level said that if they knew   
what strategies are linked to their tasks, they could serve as 
guidelines when making strategic changes. At the same time, 
people at the strategic level were pleased that they had the 
ability to monitor what was taking place at the tactical and 
operational level. 

It was clear that with the web-based support tool, the same 
model could be made available to all employees and also 
allows diagrams to be edited in a collaborative way.  The 
participants also considered the BMM representation to be 
intuitive and easy to learn. However, the, participants lacked a 
suitable mechanism for tracking changes in the process models 
or issuing a system of automatic warnings via e-mail. Another 
potential area of   improvement that was highlighted in the 
interviews was the need for BMM elements to have more 
descriptive fields. This could allow a  detailed description of 
the entities, attachment of files, definition of deadlines, dates of 
creation and the disclosure of other information. 

VII. CONCLUSION 

The multi-layered approach proposed in this paper allows 
higher-level strategic objectives and their relation to the lower-
level business processes to be defined by means of a suitable, 
web-based editing tool. The proof of concept application in a 
real-world process, together with the experimental evaluation, 
have shown that the approach is a valuable means of making 
the link between strategic goals and business process 
collections. Future work should concentrate on improving the 
model editor so that it can include other features such as 
descriptive fields, the tracking of changes, as well as supplying 
process owners with automated notifications. 

REFERENCES 

 [1] Albuquerque, J. P. de ; Christ, M. . Revealing the Sociotechnical 

Complexity of Business Process Modeling An Actor-Network Theory 

Approach. In: AMCIS 2012 Proceedings. (2012) 

[2] Alibabaei, Ahmad and Bandara, Wasana and Aghdasi, Mohammad.: 

Means Of Achieving Business Process Management Success Factors. In 

MCIS 2009 Proceedings, http://aisel.aisnet.org/mcis2009/122 (2009) 

[3] Dieter Van Nuffel, Manu De Backer.: Multi-abstraction layered business 

process modeling, Computers in Industry 63, p. 131-147 (2012) 

[4] Lind, Mikael and Seigerroth, Ulf .: Multi-Layered Process Modeling for 

Business and IT Alignment, 43rd Hawaii International Conference on 

System Sciences, IEEE. http://ieeexplore.ieee.org/ (2010) 

[5] Lind, Mikael and Seigerroth, Ulf .: Process Models as Transformation 

Vehicle for strategic alignment, MCIS 2010 Proceedings, 

http://aisel.aisnet.org/mcis2010/56 (2010) 

[6] Melao, N. and Pidd, M.: A conceptual framework for understanding 

business processes and business process modelling, Information Systems 

Journal, pp.105{129 (2000). 

[7]OMG.: Specification Business Motivation Model (BMM). 

http://www.omg.org/spec/BMM/ (2010) 

[8] OMG.: Specification Business Process Model and Notation (BPMN). 

http://www.omg.org/spec/BPMN/index.htm (2011) 

[ 9] Scheer, A. Aris - Business process modeling. Berlin: Springer (2000) 

[10] Winter, R. Business engineering navigator (BEN), gestaltung und analyse 

von geschaftslosungen "business-to-it", universitat st. gallen, muller-

friedberg-str. 8, st. gallen, 9000, switzerland Springer (2011). 

[11] The Open Group Archimate. http://www.archimate.nl/en/home/ (2008)

392



Formal Verification of Coordination Systems’ Requirements -
A Case Study on the European Train Control System∗

Huu Nghia Nguyen and Ana Cavalli
SAMOVAR UMR 5157 CNRS; Institute Télécom SudParis, Évry, France
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Abstract—Formal verification techniques of system require-
ments such as model-checking and theorem proving aims to show
that the requirements satisfy some properties. Consequently, their
success depends on the quality of the properties formulation.
We propose an approach to verify requirements of coordination
systems by generating automatically the properties to be verified
from the requirements themselves. The requirement specifications
of a system are provided at two different levels. The coordination
specification gives a global overview of the system, in terms of
the different roles participating to it, with their goals and needs
and with their mutual dependencies and expectations. The process
specification shows how a local participant of the system performs
its activities. We exploit model checking techniques for verifying
the process requirements against the properties generated by the
coordination requirements. In addition to provide a theoretical
framework, we show how to apply this methodology on the verifi-
cation of the System Requirement Specification of the European
Train Control System. It is complemented with a toolchain.

I. INTRODUCTION

Context & Motivation. Requirements engineering is the first
phase of system development process in the waterfall method.
Some recent development methods assume that it continues
through the lifetime of a system. Its activities vary widely,
depending on the type of system being developed. Basically,
it refers to the process of specifying user requirements about
future systems, and then to map them to specifications of the
required system behaviors. System requirements verifications
intend to identify problems early in this phase. Usually, System
Requirement Specifications (SRSs) are described only in natural
language and formal verification techniques are rarely applied.
Specification errors and ambiguities in requirements have been
widely recognized as one of the major source of problems in
systems development. Hence, the cost of systems development
will be reduced if these problems are early detected. The
verification can also improve the reliability, maintainability
of the resulting system.

Formal verifications such as model-checking and theorem
proving have successfully been used to verify system require-
ments.They intend to decide whether a requirement specification
will meet some expected properties. The input to these processes
is a formal requirement specification and a set of properties. A
model-based tool to check the consistency of system in Büchi
automata against system properties in Linear Temporal Logic
is presented in [1]. However the success of these methods
depends on the quality of the properties constructed, e.g., their
coverage, their significance.

This work was funded by the “Direction Générale de la compeétitivité, de
l’industrie et des services” (DGCIS) (Grant No. 112930309) in the context of
the ITEA2 project openETCS

Nowadays, systems are more and more complex, e.g., mainly
because the size of the systems. It consists of many components
which are usually implemented in distributed environments,
and are coordinated together to achieve a common goal. The
computation of such coordination systems is thus divided in
each of its components.

The requirement specifications of coordination systems can
be captured from two levels: process (or local) and coordination
(or global). The process requirements help developers to build
a single computational component: a single-threaded, step-at-
a-time computation. While the coordination requirements are
the glue that binds separate components into an ensemble.
Coordination requirements have to deal with the problem
of managing interactions among participants, which are con-
current (and distributed) processes, hence some drawbacks
can occur: deadlocks, starvation or incorrect multiple access
to resources, . . . So that, the coordination is the consistent
organization of the communication and its effects, such that
required cooperation between all components involved is
established. It complicates the system design since the designer
cannot only focus on activities of each process, but has to
consider at the same time the compliance of these processes wrt.
the coordination requirements.

There exist several works trying to apply formal approaches
to verify the SRS of the European Train Control System
(ETCS). Logic-base approaches were investigated by [2], [3].
The authors consider the ETCS as a parametric hybrid system.
The system will be proven that it satisfies all relevant safety
constraints, e.g., collision-free of trains in [2], or the handover
processes of Radio Block Center (RBC) in [3]. The duration
calculus was used by [4] to model and analyze the treatment
times of emergency messages. A toolchain dedicated for
modeling and testing the software controller of ETCS Onboard
Unit (OBU), is presented in [5]. It models the functional
features of OBU, then generates the executable code for
simulator, which will be used to do the V&V and the test tasks.

Our work is complementary of these works, it is based
on model-checking that is cheaper than theorem proving [6].
In this approach, the properties to be checked are automat-
ically generated from coordination requirements of systems.
Furthermore, we do the V&V at model levels, i.e., no need
of interaction with real software implementation, hence it is
possible to verify also the requirements for the non-software
parts of the ETCS.

Contributions. We propose an approach, complemented with
a toolchain, to verify formal requirement specifications of
coordination systems. We then apply it to verify the SRS of the
ETCS. Particularly, we introduce a simple algebra language to
formulate requirements at both coordination and process aspects.
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We then verify the consistency among process requirements,
such as deadlock-free, and the compliance between process
requirements against coordination requirements. We exploit the
IF model-checker. The process requirements are encoded into
Intermediate Format (IF) specifications while the expected
properties represented by IF observers are generated from
coordination requirements. The IF model-checker will show
whether the observers observe their expected behaviors from
IF specifications. Once the check is passed, we will generate
a set of test suites that can be used later by a global tester to
test a real implementation of the system.

Outline. The rest of the paper is organized as follows. We
propose in Section 2 our simple algebra language to formulate
requirements for process and coordination features. Section 3
describes the formal verification based on the IF model-
checker by encoding process requirement specifications into
IF specifications and coordination ones into IF observers. Test
generation is presented in Section 4. Section 5 presents a
case study in which we have applied our approach to verify
the System Requirement Specification of the ETCS. Finally,
Section 6 draws conclusions and outlines future work.

II. REQUIREMENTS MODELING

General Syntax. Process algebras have successfully been used
to give a concise, readable and formal specification to SRS [7].
It helps to easily and quickly formulate and to verify the
SRS [8]. We introduce a simple process algebra language
that was used in our framework [9], [10] to verified the
bisimulation conformance relations. Thus this paper will enrich
the framework by appending the model-checking techniques
and the generation of test cases. The language can be used
to specify coordination systems with both coordination and
process requirement aspects.

The basis of a behavioural description is the notion of
activity. To promote generality, let us first suppose a set A
(alphabet) of activities of interest which will be detailed later.
The syntax of our specification language, L(A), is given by:

L ::= skip | α | x := e | L;L | L+ L | L|L | [φ] . L | [φ] ∗ L

In L(A) we can specify activities which are either simple
or composite. A basic activity is either a do-nothing (skip), a
basic activity (α, with α ∈ A), or an assignment, e.g., x := e
represents that the data value of variable x is assigned by the
one of expression e. We then have structuring operators, that
can be used to specify composite activities: sequencing, e.g.,
L1;L2 the activities in L1 are executed before the ones in L2;
non deterministic choice, e.g., L1 + L2 presents that either L1

or L2 is executed; and parallel activities, e.g., L1|L2 presents
that L1 andL2 are interleaved. Furthermore, we have data-based
conditional constructs, namely guards (.) and while loops (∗),
where φ is a condition (a boolean expression).

Basic Activities. A basic activity captures a communication
between two participants. At coordination levels, it represents
an interaction, while at process levels, it represents a reception
or a sending of a participant.

Let a, b, c, . . . ∈ R be a finite set of roles, o, o1, . . . ∈ O
be a finite set of operations, and x, y, z, x1 . . . ∈ V be a finite
set of variables, a ground interaction o from role a to b, with
a 6= b, is denoted by o[a,b], e.g., ACK[a,b]. A sending realized by

the participant a to b is denoted by o[a,b]! while o[a,b]? denotes
a reception o, from a, of the participant b.

The interaction may carry data that are represented by a free
variable, x, or a bound variable, 〈x〉, thus we have free interac-
tions, o[a,b].x, or bound interactions, o[a,b].〈x〉 respectively. At
local view, we introduce a (bound) reception o[a,b]?〈x〉, a free
sending o[a,b]!x, and a bound sending o[a,b]!〈x〉. They are used
to represent reception or sending activities of each participant in
coordination systems. Table I summaries theses basic activities.

TABLE I. BASIC ACTIVITIES

α Name Level
o[a,b].x Free Interaction coordination description
o[a,b].〈x〉 Bound Interaction
o[a,b]?〈x〉 (Bound) Reception

process descriptiono[a,b]!x Free Sending
o[a,b]!〈x〉 Bound Sending

The difference between free and bound activities relies on
how their variables are interpreted. In the free interaction, the
value of the variable x must be fixed before the occurrence of
interaction o. While in the bound interaction, a new value will
be bounded into the variable x, hence overwriting the current
value of x, when the interaction occurs.

Coordination Specification. A coordination specification de-
scribes, with a global perspective, the legal interactions among
roles played by the participants of a coordination system.
Each role is identified by a unique name. The basis of an
interaction-model choreography description is the interaction.
A coordination specification is an element of L(A) with
A = {o[a,b].x, o[a,b].〈x〉}.
Process Description. A process description describes what is
expected from a participant of the coordination system that
would implement it. Furthermore, it represents the behavioural
contracts or interfaces that participants advertise in order to
foster reuse, composition, and adaptation. In a participant a, the
primitives can be abstracted as sending and reception activities.
Formally, a local (or process) description for an entity a is an
element of L(A) with A = {o[a,b]!x, , o[a,b]!〈x〉, o[b,a]?〈x〉}.

III. FORMAL VERIFICATION

The formal verification of requirements is done to ensure (a)
the consistency among process requirements, e.g., deadlock-free,
and (b) the compliance between a coordination requirement
and a set of process requirements. We exploit the existing IF
toolset [11] to realized the verification by encoding our formal
descriptions into IF processes.

IF toolset. The IF toolset provides an environment for verifi-
cation of IF specifications. IF is an intermediate representation
dedicated for timed asynchronous communicating systems. It
represent a system by a set of parallel processes communicating
asynchronously through a set of buffers. An IF process is
described as a timed automaton extended with data. It has an
unique identifier, a set of control states, a private queue of
pending messages (received and not yet consumed), and local
data such as discrete variables and clocks. A transition between
two states can be triggered either by (timed) guards or by an
input message. The effect actions of a transition may include

394



(ASSIGN)

x:=e
/x:=e−−−−→skip

(RECEIV E)

o[a,b]?〈x〉
o[a,b]?〈x〉−−−−−−→skip

(SEND1 − free sending)

o[a,b]!x
/o[a,b]!x−−−−−→skip

(SEND2 − bound sending)

o[a,b]!〈x〉
/new(x);o[a,b]!x−−−−−−−−−−→skip

(SKIP )

skip
X−→ε

(SEQ1 − L1 does not end)

L1

[φ]α−−−→L′
1

L1;L2

[φ]α−−−→L′
1;L2

(SEQ2 − L1 ends, begin L2)

L1

[φ1]X−−−−→L′
1, L2

[φ2] α̂−−−→L′
2

L1;L2

[φ1∧φ2] α̂−−−−−−→L′
2

(CHOICE1 − choose L1)

L1

[φ] α̂−−−→L′
1

L1+L2

[φ] α̂−−−→L′
1

(PAR1 − one step in L1)

L1

[φ]α−−−→L′
1

L1|L2

[φ]α−−−→L′
1|L2

(PAR3 − synchronous termination)

L1

[φ1]X−−−−→L′
1, L2

[φ2]X−−−−→L′
2

L1|L2

[φ1∧φ2]X−−−−−−→L′
1|L′

2

(GUARD)

L
[φ′] α̂−−−→L′

[φ].L
[φ∧φ′] α̂−−−−−→L′

(LOOP1 − one more iteration)

L
[φ′] α̂−−−→L′

[φ]∗L
[φ∧φ′] α̂−−−−−→L′;[φ]∗L

(LOOP2 − end of the loop)

[φ]∗L
[¬φ]X−−−−→ε

Fig. 1. Encoding from Local Description to IF Specification

sending output messages, setting/resetting clocks, assignment
of variable values, and creation/destruction of processes.

Encoding Process Requirements into IF Processes. The
encoding of local specifications into IF processes is presented
in Figure 1. We denote α̂ either α or X. The ε is used to denote
the termination. The symmetric rules for PAR1 and COM1 can
be inferred from them and are omitted here. In this figure, we
denote a transition in IF process as s

[φ]α/Act−−−−−−→ s′, that is, when
the trigger α occurs and the guard φ is validated then the effect
actions in Act are done and the system will pass from state s
to s′. The guard φ is omitted when it is true. Let us go into
detail, the encoding of the bound sending activity o[a,b]!〈x〉
is presented by the rule SEND2. We create an IF procedure,
named new, to bound a new value to x. The new value will
be then used by the free sending o[a,b].x.

Observer Generation. In the IF toolset, we can check whether
an IF system holds some specific properties. The property is
encoded in a special IF process - the so-call observer that runs
in parallel with the IF system and checks if it can observe
the expected behaviors such as input and output messages. In
IF observer transition, a trigger is a match clause, i.e., the
transition is fired if there is an activity, either an input or an
output, which matches the clause.

We create two transitions to observe an interaction o[a,b].
The first transition is to match a sending in a, while the second
one is to match a reception in b. The rules INTER1 and INTER2

in Figure 2 represent the observation of a free interaction
and a bound interaction respectively. In the rule INTER1, a
guard [y = x] is created in the second transition since the
free interaction transfers a pre-fixed value of a variable, then
we need to verify if this value is the one observed in the
first transition.

IV. TEST GENERATION

Once the coordination requirements are validated against
process requirements, they can be used to generate test cases

(INTER1 − free interaction)

o[a,b].x
o[a,b]!y−−−−→o[a,b]?〈x〉

[y=x] o[a,b]?〈y1〉−−−−−−−−−−→skip

(INTER2 − bound interaction)

o[a,b].〈x〉
o[a,b]!y−−−−→o[a,b]?〈x〉

o[a,b]?〈y1〉−−−−−−→skip

Fig. 2. Generation of IF Observer

to test real implementations of components to ensure that they
respect these requirements.

TestGen-IF. The tool [12] was developed to generate test cases
from an IF specification and a set of test purposes. A test
purpose is specified in TestGen-IF as a list of conditions.
A condition is a conjunction of constraints about process
instance identifiers, states, actions, and variable values. The
tool can avoid the state space explosion or deadlock problems
encountered in exhaustive or exclusively random searches. It
constructs a partial graph of the IF specification by using a
breath first search within a given depth. It then finds on the
constructed graph a neighborhood from the current state (that
is the initial state at the first time). If it reaches a state where
one or more test purpose are satisfied, the result test sequence
is updated and it starts to construct a new partial graph from
this state. Otherwise, it constructs a new partial graph from a
random leaf of the current partial graph. The researches stop
when all the test purposes are satisfied or when there is no
more transition to explore.

From Coordination Requirements to Test Cases. We pre-
sented, in Section 3, a generation of an IF observer from a
coordination requirement. We also apply these rules, presented
in Figure 1, to generate automatically an IF system correspond-
ing to a coordination requirement. Particularly, we create a
(process) requirement description for each participant from the
coordination requirement. The requirement of a participant c in
the coordination will be created by replacing a free interaction
o[a,b].x (resp. a bound interaction o[a,b].〈x〉) in the coordination
requirement by a free sending o[a,b]!x (resp. a bound sending
o[a,b]!〈x〉) if c = a, or by a reception o[a,b]?〈x〉 if c = b, or
by a skip otherwise. After that, the rules in Figure 1 will
be applied to generate an IF process. Based on this process
and a given test purpose, TestGen-IF will generate a set of test
sequences which can be used by a global tester to test a real
implementation of the system.

V. CASE STUDY

The European Train Control System. We validate our
approach to verify the System Requirement Specification of
the ETCS. Over the past century, Europe’s railways have been
developed within national boundaries, resulting in a variety of
different signaling and train control systems, which hampers
cross-border traffic. The ETCS, part of ERTMS – the European
Railway Traffic Management System, is a signalling, control
and train protection system designed to replace the incompatible
safety systems currently used by European railways.
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The project openETCS, with the participation of 32 Euro-
pean partners from industry and research institutions, aims to
develop an integrated modeling development, validation and
testing framework for leveraging the cost-efficient and reliable
implementation of ETCS.

Local Requirements. Basically, the ETCS at the final level1

can be considered as a coordination system consisting of
three components running in parallel in a distributed scenario.
These components are equipped at trackside, e.g., RBC and
EuroBalise, and at trainside, e.g., OBU. They communicate
each others by message exchanges, e.g., via Global System for
Mobile Communications - Railway (GSM-R).

In ETCS, a train moves in a virtual moving blocks defined
by RBC via Movement Authorities (MAs) that define the
permission to run by giving a location (called End of Authority
- EoA) to which the train is authorized to move. A MA contains
also a limit speed at the EoA position the train must respect. The
MAs will be updated periodically. Particularly, the Eurobalise
provides to the OBU the current reference position of the train.
The OBU sends information about its position to RBC and
adjusts the current speed and acceleration of the train based on
MAs received from RBC. Based on received information, the
RBC determines MAs of the train and sends it to the OBU.

Global Requirement. Coordination requirements can be identi-
fied from the SRS of the ETCS that the three components above
must satisfy. They guarantee the coordination between these
components. We present a simple coordination requirement2
that ensures the train always respect the speed given by OBU
as the following, in which for the sake of simplicity we denote
OBU, RBC and Eurobalise by o, r and e respectively:

EoA := MA[r,o].〈x〉 ; Position[e,o].〈y〉 ; Report[o,r].〈z〉 ;
[x.position ≤ y ∧ z.speed ≤ x.speed] . skip

This requires a sequence of three interactions. First, a Move-
ment Authority x is sent from RBC to OBU. Then the current
position of the train y is given from Eurobalise to OBU. Finally
OBU reports its information to RBC. The coordination finishes
properly if the predicate [x.position ≤ y ∧ z.speed ≤ x.speed]
holds. The predicate states the case where the train has passed
the EoA and its current speed is lower than the one given
in MA.

Experimental Results. The IF specifications of the components
are automatically generated from its formal ones by our tool.
Table II shows some metrics of the IF specifications. We have
applied IF model-checker to verify the IF specifications against
the observer. The verification used breadth-first search strategy.
We obtain pass verdict after visiting 25308 states in 47 seconds
on a 1.7 GHz Intel Core i5 system with 4 GB of memory.

TABLE II. IF SPECIFICATION SIZES

#States #Transitions #Signals
OBU 39 107 9
RBC 7 13 4
Eurobalise 4 5 3

Based on the coordination requirement, test cases are
generated by the tool TestGen-IF. The following shows a test

1Subset-026-2 of ERTMS/ETCS SRS, version 3, 2012
2 Section 3.8.1.1 of the Subset-026

case that is generated from the coordination requirement for
OBU using breadth-first search strategy.

?MA{100,120} ?Position{15} !Report{15,200}

This is a sequence of inputs and outputs. It represents the
case in which the OBU received a MA with EoA is 100 and its
limit speed is 120, and a Position with value is 15, then it
must output a Report with the current position is 15 and the
current speed is 200. The test cases will be used for testing the
ETCS simulators implemented by other partners of the project.

VI. CONCLUSION AND FUTURE WORK

We presented a framework to formally model and verify
requirements of coordination systems. The requirements are
specified from two levels of abstraction: coordination level
that giving a global overview of system, and process level that
focuses on each individual participant in the system. We then
proposed a formal verification of compliance between these
requirements. When a coordination requirement is satisfied, it
can be used as test purposes to generate test cases which will
test the real implementations of participants. We presented also
a case study to model and verify the SRS of the ETCS.

As future work, we plan to (a) improve the technique
used for test cases generation to deal with controllability and
observability issues; (b) connect our formal language with the
exist graphical modeling languages such as UML/SysML.
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Abstract—Requirements engineering is a critical phase in 

software development that describes the customer needs and the 

specifications for the software solution. Requirements are 

gathered through various sources and the output is a list of 

requirements for a software product to be developed, written in 

Natural Language (NL). NL requirements are fault prone 

because stakeholders can interpret NL differently due to the 

inherent imprecision, ambiguity, and vagueness of NL. To 

address these problems, a model-based requirements verification 

method called NL to state transition diagram (STD) is proposed. 

This paper evaluates the ability of the NLtoSTD method to detect 

faults when used on NL requirements and to improve the 

software reliability. Overall, the result shows that the NLtoSTD 

is an effective requirements verification method.   

I. INTRODUCTION 

To ensure software reliability, it is important to detect and 
prevent different types of faults during the development of 
various software artifacts. Requirements are gathered from 
different stakeholders (technical and non-technical) and 
recorded in natural language (NL), that describes the customer 
needs and the specifications for the software solution. The 
output of this phase, a software requirement specification (SRS 
- a means of communication among stakeholders), is especially 
fault-prone due to the inherent imprecision, ambiguity, and 
vagueness of NL. Requirement faults if undetected propagate 
to the later phases where they are difficult to find and fix [1-3]. 

To ensure high-quality requirements, numerous fault-based 
verification approaches have been developed and validated for 
fault-detection effectiveness [3, 8-11]. In particular, software 
inspection, have been empirically validated [3, 9] for early 
detection of faults in software artifacts. However, it is 
estimated that the software development effort is still spent on 
fixing problems that should have fixed early in the lifecycle [1, 
2]. This rework stems from the fact that inspectors can have 
different interpretations of the requirements and may not notice 
the ambiguities and inconsistencies among other problems.  

Model based approach, if applied to NL requirements can 
be used for verification of NL specifications [6, 10]. However, 
building a model from NL requirements is highly subjective. 
Consequently, an erroneous translation of NL requirements can 
result in the wrong model due to the inherent incompleteness 
and ambiguities of NL [11] and, thus, can eventually produce 
software that stakeholders do not want. To address this, several 
researchers have proposed modeling techniques using an 
automated NL translation approach [4,6,10,12]. These methods 
include approaches based on translating goals to state machines 
[4], and scenarios to state machines [12]. Automation can 
certainly improve the translation process, but complete and 

error-free automation of this process is not possible because, 
often, NL requirements can be interpreted in multiple ways.. 

To address this problem, we propose a method that 
translates  NL  requirements  into  a  State  Transition  Diagram 
(STD)  in  an  incremental  manner  (NLtoSTD) and expose 
ambiguities, incompleteness, and inconsistencies in NL 
requirements. The NLtoSTD is carried out in two steps, where 
the first step turns each NL requirement into a STD building 
block (NLtoSTD-BB) and the second step then construct the 
STD using the STD-BBs (STD-BBtoSTD). Requirements 
engineers and stakeholders can detect faults during each step 
(NLtoSTD-BB and STD-BBtoSTD) and direct mapping from 
NL to model is preserved in the translation process. Each NL 
requirement becomes a segment of the STD so that 
adjustments made to the model can be directly made to the 
requirements, and visa-versa. The results from the previous 
study [5] validated the NLtoSTD-BB method and helped us 
make revisions. This paper presents an empirical study that 
evaluates the fault-detection ability of the revised NLtoSTD-
BB method, and extends the research by evaluating the fault-
detection ability of the STD-BBtoSTD method (used for the 
first time). Therefore, the complete NLtoSTD method (i.e., 
NLtoSTD-BB + STD-BBtoSTD) is evaluated in this paper.  

II. BACKGROUND  

This section describes the basic concepts of the NLtoSTD 

method, the revised NLtoSTD-BB, and STD-BBtoSTD step.  

A. NLtoSTD: Basic Concepts  

 The basic idea of our NLtoSTD method is to translate the 
NL requirements into an STD, so that the ambiguity, 
incompleteness, and inconsistencies or any problem) in the NL 
requirements can be easily detected. The NL to STD 
translation first translates NL requirements into STD-BBs 
(NLtoSTD-BB) and then creates an STD using the STD-BBs 
(STD-BBtoSTD). A high-level overview of the NLtoSTD 
method is shown in Fig. 1. Fig.1 highlights the “NLtoSTD-BB” 
translation (Step1) and the “STD-BBtoSTD” construction 
(Step2). We hypothesize that the NLtoSTD helps discover the 
problems in the NL requirements by examining the individual 
STD-BBs and the resulting STD.  

 As shown in middle part of Fig. 1, the three elements that 
make up a STD-BB (i.e., current state (Sc), next state (Sn), and 
transition (T)) are precisely extracted from an individual 
requirement. The selection of these elements was based upon 
the characteristics of an ideal requirement and an inspection 
scheme that can help detect the problems that are otherwise left 
undetected using traditional inspection methods. As illustrated 
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in Fig. 1, each requirement is stated so that it directly maps to 
an STD-BB. Each requirement explicitly states its precondition 
in the form of the current state (Sc) and its post condition in the 
form of the next state (Sn). However, typical NL requirements 
do not explicitly state current and next states, thus a 
requirement’s preconditions and post conditions are often 
inferred causing ambiguities and incompleteness. Similarly, the 
absence of the explicit transition (T) can cause difference in the 
interpretations of a requirement by different stakeholders. The 
NLtoSTD method requires the stakeholders to identify the 
aforementioned three elements so that they can detect the 
requirement faults while building the STD and ensures that the 
requirements are as consistent and concise as possible.  

B. Step 1 - NLtoSTD-BB: Application for Fault Detection 

The first step of the NLtoSTD method transforms each NL 
requirement into an individual STD-BB. The STD-BBs act as a 
formalized version of the NL requirements and can lead to the 
detection of faults for two reasons: (1) a formalized version of 
the NL requirements has only one specific interpretation, 
exposing ambiguities in the NL requirements, and, (2) a 
formalized version exposes missing requirements more readily, 
as compared to a fault-checklist inspection of requirements.  

1) Original NLtoSTD-BB [5]  

As shown in Fig. 1, each NL requirement is translated into 

an STD-BB by extracting three elements {Sc, T, Sn}. The 

basis for this transformation is that a functional requirement 

should describe an entity transitioning from one state to 

another. For example, the requirement “While the car is 

moving forward, the driver shall be able to stop it by applying 

the brake.” would describe the Car (an entity) transitioning (T) 

from moving (Sc) to stopping (Sn), using an STD-BB. 

In the above example requirement, the three elements are 
explicitly stated, yielding definable values for Sc, T, and Sn. In 
practice, however, requirements often ambiguously imply one 
or more values for Sc, T, and Sn, thus identifying a value for 
each element would not be obvious. For instance, the prior 
requirement may have stated: “The driver shall stop the car by 
applying the brakes.” Note that Sc is not explicitly stated as 
“moving” but, rather, implied. In our original STD-BB, we 
used questions marks (???) to denote an element that is not 
documented. Thus, in this example, we would define the three 
elements as {Sc: ???, T: Applying Brake, Sn: Stop}. It may be 
safe to assume that the car is moving prior to stopping, but it 
requires an assumption. Undocumented assumptions can be 
erroneous and can cause serious defects (especially when the 
developers lack appropriate knowledge of the application 

domain). In this example, it is not clear whether we assume 
“moving forward,” “moving backward,” or both. It is important 
to document what may seem obvious, instead of allowing the 
possibility of an erroneous assumption. Therefore, the 
NLtoSTD-BB helps to expose undocumented assumptions. 

We developed a set of three questions to help users 
systematically identify the three elements for each requirement 
during this step [5]. Asking these three questions identifies 
explicit or undocumented values for {Sc, T, Sn}, resulting in an 
STD-BB. While the ambiguities and incompleteness may not 
be obvious in the NL requirements, they are made obvious in 
an STD-BB that stakeholders can work towards its completion. 

2) Revised NLtoSTD-BB  

The NLtoSTD-BB used during the Sudy 1 showed that the 

method was significantly more effective than the fault-

checklist based inspection, when the subjects correctly 

extracted the STD-BBs. The variations in performance during 

study [5] prompted us to re-evaluate the way that the three 

elements (Sc, T, Sn) were determined. This section dicuss the 

changes and the revised NLtoSTD-BB method. 

Fig. 2 illustrates the revised NLtoSTD-BB method using an 

example requirement. In the revised NLtoSTD-BB method, the 

three changes are briefly discussed along with their reasoning. 

The first change is that we explicitly added an entity to a 

state to represent Sc and Sn as follows: entity (state). Allowing 

for multiple entities would alleviate the problem encountered 

with requirements that are not atomic. Separating the concepts 

of an entity and its given states, also makes it easier to derive 

Sc and Sn, since the user could first decide which entity is 

being affected and then determine the entity states before and 

after the effect. Fig. 2 shows that the revisded NLtoSTD-BB 

method, can help identify three entities: unit, battery, and user. 

The second change in the revised NLtoSTD-BB method is 

allowing users to make an assumption. As shown in Fig. 2, 

“unit (normalOp?)” has a question mark. This indicates that 

the user can assume that it is the intended state and label it for 

follow up. This was done to improve the method’s ability to 

expose ambiguities. The third change is to allow users to add 

conditions when they describe the transition (T). This alleviates 

the problem when a requirement seems to state more than one 

transition. The revised NLtoSTD-BB method with five 

elements (entity, entity’s current state, entity’s next state, 

transition, condition for transition) is evaluated in this paper.    

C. Step 2 - STD-BBtoSTD: Application and Tool Support:  

The final step in the NLtoSTD method is the construction 

of STD based on the STD-BBs. The idea is to be able to both 

simulate the behaviours described in the requirements and to 

 
Fig. 1. NLtoSTD Method Overview  

 

 
Fig.2. Revised NLtoSTD-BB  
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analyze these behaviours through the production of path 

traversals through the STD. This would potentially expose 

inconsistent and/or incorrect behaviours, that can be readily 

traced back to the requirements. An incomplete STD would 

expose imcompleteness in the requirements verbage. Thus, the 

STD-BBtoSTD phase exposes potential faults by analyizing 

the STD’s static and dynamic properties.  

The STD’s behavior was simulated by computer in order 

to expose faults that may not be evident unless the STD is 

enacted. There STD can be analyzed automatically by 

examining the path traversals, for desired behavior. The 

STD’s construction was implemented through a software tool. 

The user enters the STD-BB data in an Excel spreadsheet, 

which is then read directly into the tool (by the tool’s use of 

COM automation). The STD is then displayed in a separate 

window, and can be kept opened as more STD-BB data is 

being entered. The tool updates the STD, as changes are made 

to the STD-BB data. This allows the user to view the STD, 

make changes to the STD-BBs that would correct any STD 

structural faults, and see the results of those changes in real 

time. The subject can record faults during this step. 

III. EMPIRICAL STUDY  

This study evaluated NLtoSTD-BB translation step at 
finding incompleteness and ambiguities during an inspection of 
NL requirements. This study also evaluated if additional new 
faults can be found during the construction of the STD. The 
complete NLtoSTD method was evaluated using a repeated-
measure design in which different student teams (with varying 
number of members) developed requirement documents for 
different systems. Next, each participant individually inspects 
the requirement document (that was developed by them) using 
the NLtoSTD-BB step and kept a log of ambiguous, and 
missing requirements for respective documents. During the 
next step, the student individually worked to create STD from 
the STD-BBs (using an automated tool) and then analyzed the 
resulting STD to log new faults that were not found previously. 

A. Research Questions and Hypotheses 

The following research questions were investigated:  
RQ1: Is the NLtoSTD-BB effective at detecting incomplete 
and ambiguous requirements during requirements inspection?  
RQ2: Does creating the STD model result in detection of the 
faults in addition to those found during the NLtoSTD-BB?  
RQ3: What are the problems faced by the subjects when using 
the complete NLtoSTD method?  

B. Variables and Measures 

Each subject performed an individual inspection of their 
requirements document using the NLtoSTD method. Our 
dependent variables include: Effectiveness - # of faults found 
and Efficiency - # of faults found per hour.  

C. Participating Subjects and Requirement Artifacts 

Sixteen computer science graduate students at North 
Dakota State University (NDSU) worked in teams to develop 
requirements document for different projects. Some students 
dropped the course resulting in this irregular size of student 
teams. There were two phases to this study. First, each team 

developed a requirement document for a particular software 
system (Table I). Second, each subject inspected the 
requirement document developed by their team using the 
NLtoSTD-BB followed by STD-BBtoSTD method.  

D. Study Procedure 

The study details are provided in the following subsections. 

1) Phase I – Development of SRS documents: The  

participants divided into 5 different teams of three or four 

participants developed the requirements documents for their 

identified software system. Details are provided in Table I.  

2) Phase II– Inspection  using NLtoSTD: During this step, 

the students in each team individually inspected their own 

SRS document using the NLtoSTD method. 

a) Training 1 -- NLtoSTD-BB: The participants were 

first trained on how to map the NL requirements to STD-BBs. 

Next, the participants were instructed how to document the 

building block elements on a spreadsheet using few examples. 

Next, the participants were instructed how to record 

“ambiguities” and “incompleteness” or any other requirement 

faults that are found during the application of NLtoSTD-BB. 

The subjects were asked to translate few requirements into 

STD-BBs and document the faults using the same spreadsheet.  

b) Step 1-- Inspection using NLtoSTD-BB: The 

participants used the information from Training 1 and 

individually inspected their own requirement document using 

the NLtoSTD-BB translation. This step  resulted in a list of 16 

individual speadhseets that contained the STD-BB elements 

and the faults found (one per participant). 

c) Training 2 - tool support for STD Creation: During 

this session, the participants learned about the STD tool. The 

subjects were instructed how to load the BBs (from step 1) 

into the tool and then, how to construct an STD from the BBs. 

The subjects were then instructed to examine the constructed 

STD. Finally, the participants learned to record the fault type 

in the fault spreadsheet. To ensure that subjects understood, 

the subjects practiced these steps through an example system.  

d) Step 2 – STD-BBtoSTD and inspectng STD: The 

subjects constructed the STD diagram from STD-BB. The 

output of this step was 16 individual STD diagrams (one per 

participant). The resulting STD diagrams were analyzed for 

potential incompleteness,  inconsistencies in the behaviours, 

or any other requirement faults. The participants analyzed and 

recorded the faults during and after the creation of STD. The 

students also documented the reason and classification of the 

fault (incompleteness, ambiguous, inconsistency or other) in 

the fault spreadsheet. This step resulted in 16 individual fault 

TABLE I. ARTIFACTS DEVELOPED BY STUDENT TEAMS  

Doc Team 

# 

No. of 

Subjects 

System Description Size 

(pages) 

A 1 4 Parking lot availability system 25 

B 2 4 Web portal for student residence  22 

C 3 3 Virtual story board system 28 
D 4 2 Matbus application for android 25 
E 5 3 Professional development 

management system 
32 
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lists. Finally, subjects provided feedback about the NLtoSTD-

BB and the STD-BBtoSTD. An in-class discussion with 

subjects helped researchers better understand the results. 

E. Data Collection 

The quantitative data included the ambiguous, missing, and 
inconsistent faults found by each subject in their SRS 
document during: a) translation of NL requirements to the 
STD-BBs, and b) construction of STD using the BBs. Each 
subject was provided 50 minutes during NLtoSTD-BB step and 
30 minutes during STD-BBtoSTD step. The timing data was 
used for analyzing the efficiency values. The qualitative data 
included student’s rating of NLtoSTD by answering a multi-
question questionnaire based on a 5 point likert-scale. We also 
collected feedback post-study with participating subjects. 

IV. DATA ANALYSIS AND RESULTS 

  This section analyzed the data collected during NLtoSTD-
BB,  STD-BBtoSTD, post-study questionnaire and interviews. 

A. RQ 1: Effectiveness and Efficiency of NLtoSTD-BB  

This section reports the effectiveness and efficiency of the 
NLtoSTD-BB during the requirements inspection. Before 
analyzing the fault data, the researchers determined the validity 
of the faults for each subject by reading through the fault 
spreadsheet reported by each participant to remove any false-
positives (or if any faults were unclear). Next, the number of 
“Missing Functionality (MF)” and “Ambiguous Information 
(AI)” faults reported by each subject during the application of 
NLtoSTD-BB for their respective documents were counted.  

Since each subject individually inspected their own 
document, the document (for each team) was inspected by all 
the subjects belonging to that team. Fig. 4 organizes results by 
the total number of AI and MF faults found by the member 
belonging to each team. Main observations from Fig. 4 follow: 

 Fifteen out of sixteen subjects found faults (AI or MF) 
during the NLtoSTD-BB based inspection of their 
requirements document. The subjects (numbered 6) 
reported a lot of faults but none of them represented real 
problems;  

 There were no consistent differences in the total number of 
AI vs. MF faults found by the subjects within each team. 
This was major improvement from the results in our 
previous study [5] where, the subjects using the NLtoSTD-
BB method consistently found larger number of MF faults 
than the AI faults. This is a positive result that the 
improved heuristics were able to find both types of faults 
when constructing the STD-BBs.   

 For each document, the average number of faults was 
calculated for each team by dividing the total number of 
unique faults by the number of subjects who inspected the 
document. The results showed that teams 1 through 5 
found an average of 15, 12, 18, 9, and 22 faults 
respectively. This demonstrates an improvement in the 
performance of student teams from the first study [5] when 
using the original NLtoSTD-BB method (teams found an 
average of 7 faults at most) as well as a improvement 
when considering the inspection results in [5] when using 
the fault checklist method (an average of 5 faults).     

Therefore, based on these results, fault detection 
effectiveness of the NLtoSTD-BB method has improved from 
its first evaluation. Additionally, the distribution of faults is 
more consistent across both fault types (AI and MF). The 
revised NLtoSTD-BB heuristics were able to highlight hidden 
ambiguities in individual requirements which are otherwise not 
detected when performing a traditional inspection process. 

Regarding the efficiency (faults/hour), the student teams 
found an average of 19, 7, 10, 10, and 26 faults per hour 
respectively. This is also an improvement in comparison to the 
results from the first study [5]. The high efficiency values 
reported in this study validate the ease of use of the revised 
NLtoSTD-BB method. Therefore, the NLtoSTD-BB is an 
effective and efficient method for verifying NL requirements.  

B. RQ 2: Fault Detection during the STD Creation 

The translation of BBs into STD can highlight the 
ambiguities and incompleteness in the NL requirements by 
examining the gaps (or disconnections) and inconsistent path 
traversals in the STD, and to identify the inconsistencies in the 
requirements that are not a focus during the NLtoSTD-BB.     

To investigate the validity of this step, we counted the 
number of new MF, AI and INC faults reported by each subject 
after the creation and analysis of STD for their respective 
documents. The result on the number of new AI, MF, and Inc 
faults found by each subject belonging to a team is shown in 
Fig. 5. Interestingly (Fig. 5), each subject found at least one 
new fault (AI or MF or Inc) after creating the STD. As 
expected, a larger number of “Inc” faults are found during this 
step as compared to the AI and MF faults. This is also 
consistent across all the teams. The subjects felt it was easy to 
observe the inconsistencies when looking at a complete STD as 
opposed to translating individual NL requirements (one at a 
time) to STD-BBs. Since, the loading of BBs to create the STD 
is an automated process (using a tool); it is not surprising that 
subjects were able to find additional faults by focusing their 
attention on examining the STD and recording faults. 

 To better understand the effectiveness of STD-BBtoSTD, 
we compared the percentage contribution of the STD-
BBtoSTD relative to the overall NLtoSTD  for each team. This 
was done by dividing the # of unique faults found during STD-
BBtoSTD by sum of total # of unique faults found during 
NLtoSTD-BB and STD-BBtoSTD combined. The student 
teams 1-5, after the creation of STD, found 18%, 22%, 14%, 
23%, and 12% of total faults respectively. To further verify the 
usefulness of the creation and analysis of STD, a one-sample t-

 

Fig. 4. Number of AI and MF Faults found by Subjects using NLtoSTD-BB 
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test was run separately for each team to determine whether the 
number of faults found during re-inspection using STD was 
significantly greater than zero (0). The result was found to be 
statistically significant (p < 0.001) and indicate a benefit of 
creating STD using the BBs, for finding requirement faults.   

C. Difficulties Faced by Subjects Using the NLtoSTD Method 

The qualitative data  collected during this study evaluated 
the usability of the NLtoSTD-BB method. To do that, the 
participants were asked to rate the difficulty level for finding 
the “Entity”, “Initial Status”, “Changed Status”, “How is Status 
Changed”,  and “Conditions for Change” for NL requirements.  

Using a 5-point likert scale (1-very difficult to 5-very easy), 
the participants rated the difficulty level for each of the five 
elements of an STD-BB. A One-sample Wilcoxon Signed-
Rank test determined whether the medians ratings were 
significantly greater than 3 (midpoint of the scale). The results 
showed that the NLtoSTD-BB method received positive 
ratings (i.e., median value greater than or equal to three), but 
not statistically significant. The subjects also rated the 
difficulty level during the construction of STD and analyzing 
the constructed STD for faults. The results showed that the 
STD creation received significantly positive ratings (p < 0.05). 

The complete NLtoSTD method was also evaluated using 
the feedback from subjects on the following seven attributes: 
Simplicity, Ease of Understanding, Ease of Use, Intuitiveness, 
Comprehensiveness, Usefulness, and Ease of finding faults. 
Each subject rated the attributes on a 5-point scale. The results 
from Wilcoxon Signed-Rank test revealed that the NLtoSTD 
received significantly positive ratings on Ease of 
Understanding, Ease of Use, and Ease of finding faults.  

Overall, the subjects felt that the NLtoSTD process helped 
them understand the major problems in requirements, and that 
the effort spent during the NLtoSTD inspection process was 
worthwhile. The potential improvements regarding the tool and 
the guidance to help analyze the STD diagram will be 
implemented in future evaluations.   

V. DISCUSSION OF RESULTS 

RQ 1: The NLtoSTD-BB method helped inspectors find 
inherent ambiguities and incompleteness in requirements. The 
comparison of the results against the previous research results 
[5] revealed that the subjects were able to find larger number of 
total faults (on average), and the distribution of faults across 
fault types (MF and AI) was more consistent. The results also 
showed that the NLtoSTD-BB method helped find the faults 
faster (i.e., efficiency) when compared to the results in [5].  

RQ 2: Based on the results, additional MF and AI fault 
types are uncovered during the examination of STD 
constructed from the BBs. In particular, the creation of STD 
aids inspectors at detecting a large number of “Inc” that are 
otherwise not apparent when looking at individual 
requirements. The construction of STD is useful for overall 
inspection effectiveness using the complete NLtoSTD method. 

RQ 3: The subjects provided insights in to the use of the 
NLtoSTD method and improvements that can help improve the 
performance in future studies. The subjects mentioned that the 
tool should guide the NLtoSTD-BBs translation and should at 
least highlight parts of STD that are completely disconnected. 
We plan to make this process as much automated as possible 
without losing the promise of inspections.     

VI. CONCLUSION AND FUTURE WORK 

Based on these results, the NLtoSTD method is effective 
method to detect AI, MF, and Inconsistency fault types during 
an inspection of NL requirements. We also identified the areas 
of improvement that would benefit the performance of subjects 
using the method. Our future work would include more 
replications, with a classic control group design so that we can 
understand how many faults found during the Phase III are 
solely due to the STD creation and not just due to the re-
inspection. We also wish  to  automate  as  much  of  the  
heuristics  as  possible,  including  the  NLtoSTD  building  
block  portion. The STD analysis could be automated as well, 
using a reasoning engine written in a logic language such as 
Prolog, and this has already been achieved to a certain degree.  
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Abstract—Software product line adoption has many challenges
in industrial settings. A particular challenge regards the use of off-
the-shelf tools to support this process, since these tools usually do
not fully address some company’s specific needs. To elicit concrete
requirements and provide tool vendors and implementers with
direct feedback, we avail from our experience in developing a
software product line to derive testing tools for a laboratory of a
global IT company (currently set as a pilot study). In this paper,
we present such requirements and argue that existing tools fail to
address all of them. In addition, we present our design decisions
in creating an in-house solution meeting the specific needs of the
partner company. We also highlight that these decisions help in
building a body of knowledge that can be reused in different
settings sharing similar requirements.

I. INTRODUCTION

Software Product Line (SPL) has emerged as a promising
technique to achieve systematic reuse and, at the same time,
decrease development costs and time to market [13]. Although
the use of SPL practices has significantly increased in recent
years, with an extensive list of successful cases,1 there are
still many challenges when implementing SPLs in industrial
settings [9].

One particular concern relates to the use of off-the-shelf
tools (e.g., pure::variants [2] and Gears [8]) supporting the SPL
development life-cycle, since frequently these tools do not meet
specific requirements of the companies aiming to adopt them.
To overcome this, many companies set to develop in-house
solutions to support their specific needs.

The SPL community, however, currently lacks evidence
on the driving factors around custom-based solutions, which
hinders tool vendors and implementers from having feedback
from industrial clients outside their clientele. To mitigate
this, we report our experience in implementing a SPL to
derive testing tools for a laboratory of a global IT company.
In particular, we describe the specific requirements of that
company and argue that existing tools fail to support them.
We also present the design decisions in creating a customized

1http://www.sei.cmu.edu/productlines/casestudies/

solution supporting the target SPL. Our contribution are twofold:
(i) we identify a set of requirements that, although specific to our
research context, already point needs currently not addressed
by existing tools, either commercial or open-source. Thus, we
elicit practical scenarios that tool vendors and/or implementers
may consider supporting; (ii) we report our design decisions in
fulfilling these requirements for an in-house solution developed
for our partner company. These decisions, in turn, may be
reused or adapted to improve existing tools or when devising
solutions targeting similar needs.

This paper is organized as follows. Section II presents
some context relative to the company in place, from which
Section III builds on. The latest one then enumerates the elicited
requirements, which we address with specific design decisions,
discussed in Section IV. Section V briefly presents our custom-
made tool and its usage workflow. Section VI revisits related
work, while Section VII concludes the paper and points out
final remarks.

II. CONTEXT

Our research group on Software Testing2 works in coopera-
tion with the Technology Development Lab (hereafter referred
as TDL) of a global IT company, whose development and
testing teams are located in different regions worldwide.

In the partner IT company, development is performed over
different programming languages and IDEs (Integrated Devel-
opment Environments), including Visual Studio (for Microsoft-
based solutions), Eclipse (for Java-based implementations),
Flash Builder, PHP and packaged applications (e.g., Siebel and
Oracle).

Testing teams use commercial and open source frameworks
and tools to partially automate their testing activities. Frequently,
however, due to the complexity of the testing in place, these
teams create custom components to enable testing non-trivial
applications. For example, testers may need to create web-
service-based scripts to test back-end components that provide

2www.cepes.pucrs.br
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interfaces to the front-end of a given application, or components
that simulate asynchronous messages for offline business
processes. Currently, due to the distributed nature of the testing
teams, custom components are rarely shared, thus leading
to redundancy, little reuse, coding inconsistencies, higher
development costs, etc.

To eliminate the effort of repeatedly creating custom
infrastructure, we started a pilot study on SPL adoption with
the TDL of our partner company. Upon success, we aim to
replicate or apply it in different testing teams, if not all of them.
In particular, we used a SPL called PLeTs [4] that aims to
support the derivation of a particular testing infrastructure from
a set of shared components (product configuration), which are
then glued together (product derivation). In this SPL, derived
products are testing tools that take behavioural models as input;
these models denote specific test cases, thus leveraging testing
teams to follow a model-based approach [18], a process that
we describe elsewhere [4].

Prior to creating any tool to support product configuration
and derivation in the target SPL, the TDL first considered the
use of off-the-shelf solutions, provided that specific require-
ments were met. We describe this requirements list in Section
III.

III. REQUIREMENTS

This section enumerates the requirements (RQs) we col-
lected from the TDL concerning the configuration (component
selection) and derivation of products (gluing selected compo-
nents), in addition to the evolution of the target SPL.

RQ1) The adopted tool must not be bound to any IDE. Although
the TDL relies mostly on Microsoft-based solutions, they also
use solutions from different distributors and vendors (e.g.,
Eclipse for Java). In that case, the adopted tool must not impose
the use of any IDE, as that would require a specific platform
expertise that could limit TDL’s way of working, and also lead
to training costs unrelated to product line adoption.

RQ2) The adopted tool must support a graphical-based notation
for designing feature models. This requirement follows from
the fact that features are an effective communication medium
across different stakeholders and feature models (FMs) are a
widespread mechanism to capture variability. Thus, the TDL
requires the use of FMs, with the particular need of a graphical-
based notation. According to the TDL, the use of a graphical-
based FM notation is likely to facilitate communication with
different stakeholders outside testing teams, including non-
technical staff (e.g., project managers). Moreover, graphical
FMs provide testers with a quick visualization of the existing
features in the current snapshot of the testing infrastructure, and
how each feature relates to others. The TDL explicitly states
that relying on textual-based notations is not an option. They
argue that textual languages impose linearity, as one element
is only known when another one ends, hindering an immediate
grasp of the underlying structure.

RQ3) The adopted tool must support a graphical-based notation
for designing structural architectural models. Since testing
teams can be geographically distributed, changes to the under-
lying test infrastructure must be documented at all times to
facilitate communication and future maintenance. In this case,

in addition to keeping FMs, assets of shared components in
the test infrastructure should also be documented in terms of
structural architectural models (currently set to be component
diagrams) that closely resemble their coding artifacts. These
models capture fine-grained details that FMs alone would
otherwise miss (e.g., a component port). The preference towards
graphical notations is in tune with RQ2.

RQ4) Structural architectural models must be kept in syn-
chronization with the FM and code base (and vice-versa).
This requirement imposes a full round-trip between FMs and
architectural models. As before, models should be presented
and edited graphically.

RQ5) The tool must be extensible to support different structural
architectural models and FM notations. The TDL states that
structural architectural modeling should be centered around
UML diagrams (see RQ3), but they point out the benefit of
supporting other notations in the future (e.g., Domain Specific
Languages). Likewise, one should also account for different
FM notations, with extensions added as needed.

RQ6) FMs should be derivable from structural architectural
models. In the TDL, most testers are familiar with standard
UML models, but less so with FMs. To prevent initial mistakes
and minimize the effort in extending the testing infrastructure,
the tool must be able to derive a FM from the defined structural
architecture, which in turn can be tuned accordingly.

RQ7) Structural architectural models should be derivable from
FMs. As time progresses and FMs become more common
among stakeholders, testers can start extending the testing
infrastructure by first changing the FM, and then deriving the
corresponding structural architectural model, which can be
tuned accordingly (round-trip is already requested by RQ4).

RQ8) For each product of the testing infrastructure, it should
be possible to derive its corresponding structural architectural
model. Testing tools (products) are the result of selecting and
combining components. For each product, it should be possible
to generate its structural architectural model, which results from
selecting specific elements from the architectural model of the
whole SPL.

RQ9) Traceability links among models and implementation as-
sets/elements should require minimal human intervention/effort.
Traceability is an important concern for the TDL, as FMs
and structural architectural models need to be mapped to
implementation assets, and vice-versa. To prevent a high burden
on manually keeping such links, any adopted solution must
automate traceability as fully as possible.

RQ10) When extending the existing infrastructure with new
features (components), their implementation must adhere to
specific interfaces. To decrease coding effort and avoid human
mistakes while enforcing coding styles, an initial skeleton
implementation should be automatically derived from specific
code templates. Currently, when testers evolve the testing
infrastructure (e.g., when implementing the interface of a core
capability of the testing infrastructure) they often copy and
adapt an existing implementation or write a new one from
scratch.
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RQ11) The adopted tool must allow the creation of new glue
code generators, that should be pluggable into the system
without intrusiveness changes. The adopted tool must allow
hooking code generators to produce glue code for specific
target languages. This is aligned with the need to integrate with
non-Microsoft solutions.

Summary: by evaluating existing tools for SPL adoption, we
found that no existing off-the-shelf tool (either commercial or
open-source) meets all of the presented requirements. Therefore,
we and the TDL set to create an in-house component-based
tool to support the target SPL. In Section IV, we describe our
design decisions in building such a tool.

IV. DESIGN DECISIONS

In this section, we report our design decisions (DDs) in
creating an in-house tool supporting the requirements previously
discussed. For each design decision, we refer to the associated
requirements.

DD1) Build a plugin-based tool that is extensible (RQ5, RQ11).
To allow extensibility, we employ a modular solution with a
plugin-based architecture. The tool is currently implemented in
C#, as the partner company relies mostly on Microsoft-based
technologies. The use of C# facilitates integration and long term
maintenance, as different employers can potentially enhance
the tool in the future, either by developing new plugins, or
improving its core.

DD2) No support for code editing (RQ1). This makes the tool
IDE-independent, and as such, individual developers or entire
testing teams can continue to use their preferred coding editors
and/or development environments.

DD3) Provide an extensible environment for using different
feature models notations, with the use of FODA-based nota-
tion [7] as the default one (RQ2, RQ5). Currently, the tool
ships with a feature model editor plugin, that in addition to
FODA’s syntax, also supports definition of abstract features
[17].

DD4) Support an extensible environment for using different
structural models. In particular, we currently support UML
component diagrams as the default structural architectural
model (RQ3, RQ5). In the partner company, component
diagrams are the most common artifact for documenting the
structure of any given software architecture (at least in the
TDL). Due to its widespread use within the company and from
the fact that UML is taught in universities in the country where
the TDL is located, its use dispenses extensive training, and
thus reduces both costs and time. It is worth noting that the
component diagram plugin targets a particular UML profile–
SMarty [12], due to its support for variability encoding in UML
diagrams.

DD5) Every concrete feature is mapped to exactly one compo-
nent. In case of feature interactions, we rely on #ifdef-based
annotations (RQ4, RQ9). Such a simple design dispenses the
maintenance of explicit traceability links, thus eliminating
the associated burden. In our pilot study, we observed that
most features (components) are coarse-grained, making an 1:1
mapping a suitable solution. Since, #ifdef annotations are rare,

the TDL is unlikely to face situations where maintenance is
hindered by #ifdef complexity (known as #ifdef hell [15]).

Binding between components and features is performed by
exact name matching, and the same occurs for #ifdef macros
(one component matches exactly one macro name that cannot
be redefined).

DD6) We synchronize the feature and structural models to
maintain consistency after performing changes in each of them
(RQ4, RQ6, RQ7, RQ9). Consistency, in this case, is eased
by relying on a 1:1 mapping between feature and components,
which makes transformation between models a straightforward
task.

DD7) Derivation of a FM from a component diagram (and vice-
versa) follows from a direct mapping between FM elements and
UML elements in the SMarty profile (RQ8). The Smarty UML
profile maps to FODA’s syntax by a 1:1 correspondence. When
deriving a FM from the corresponding component diagram (the
inverse derivation), no abstract features will ever be created,
as they do not have a corresponding element in a component
diagram. Abstract features (see Section V) can still be preserved
in the derived FM if one translates an existing FM into a
component diagram, changes the latter, and derives the FM
back. If the original FM contained abstract features, they will
continue to exist, as long as they still root an element that
maps to an element in the component diagram. This respect
the full round-trip given by DD6.

DD8) After the generation of each project, one can generate a
corresponding component diagram matching its architecture.
By following the mapping between features and components,
and with the component selection of a derived product, we take
the product line component diagram (if non-existent, we derive
it from the FM – see DD7), and resolve its variability according
to the feature/component selection. That results in a component
diagram documenting the architecture of the corresponding
product.

DD9) Every component corresponds to a single compilation
unit. Again, the binding is performed by matching names.
Moreover, based on the product configuration and on the 1:1
mapping between features and components, the tool creates,
a single Visual Studio project for each selected component,
allowing developers to have all the information required to
build, maintain, test and evolve selected components (RQ10).
As most of the partner company relies on Microsoft-based
technologies, our solution include a single plugin supporting
Visual Studio-based projects. Other plugins can be developed
for other IDEs, including Eclipse, Netbeans, among others.

DD10) We define an extensible environment for using different
target languages (RQ11). Through a modular architecture, our
tool support plugins that can work with different programming
languages. As this is a pilot study, initial support has been
developed for C# only.

V. THE IN-HOUSE TOOL

This section presents the in-house tool (PlugSPL) developed
to meet the requirements set by the TDL. PlugSPL is a plugin-
based tool written in C#, from which users design an SPL
and develop its components. From that, valid combinations of

404



components are selected and their matching products generated
(testing tools). Figure 1 shows the tool’s workflow, comprised of
four main activities, namely, SPL Design, Component Manage-
ment, Product Configuration and Product Generation. In this
process, different stakeholders are involved and may overlap
roles. Existing roles include testers, managers, developers, etc.
For simplicity, we refer to them either as domain engineers (if
related to the first two activities in PlugSPL), or as application
engineers (if related to the last two activities).

Fig. 1. PlugSPL activities

A. SPL Design Activity

The SPL Design Activity is the starting point in PlugSPL
and aims to support the design of the SPL by means of a
graphical FM notation or an UML component diagram.

Although PlugSPL supports FMs, the tool ultimately oper-
ates on the level of components, and requires the understanding
of concepts such as components, interfaces and realization,
as these drive later activities. For domain engineers with a
strong background on FMs, but less so in component diagrams,
the tool alleviates the modeling activity by supporting the
automatic generation of a component diagram from the designed
FM. In such case, engineers still manipulate components in
other activities, but do not perform any modeling activity in
terms of UML component diagrams. Similarly, for those with
a strong background in UML component diagrams, but less so
in FMs, the tool also supports the automatic generation of a
FM from an existing component diagram. In both cases, edits
in generated models are automatically synchronized with the
models from which they are created, and vice-versa, along with
their constraints (full round-tripping). By supporting both FMs
and component diagrams and automatic conversion between
them, PlugSPL allows an effective communication among
different stakeholders in the TDL, with different modeling
expertise.

To design an SPL using FMs, domain engineers rely on the
FM graphical editor plugin (see Fig. 2). Besides supporting
FODA elements (except or-groups), the editor allows marking
features as abstract [17] (features are set to be concrete by
default). Abstract features exist only to improve the organization
of the FM, and are not mapped to any implementation element
(class, interface, macro, etc.). Concrete features, on the other
hand, follow a 1:1 mapping to a corresponding implementation
component, and ultimately to a whole compilation unit. This
mapping allows PlugSPL to trace a feature throughout its
lifecycle.

Fig. 2. PlugSPL feature model editor

Fig. 3. PlugSPL component diagram editor

For the cases where domain engineers choose to model the
SPL using component diagrams, they first select that diagram
type (the UML component diagram editor is shown in Fig.
3). In this modeling approach, features are represented as
components, which connect to other components by realizing
their required interfaces. Since more than one component
can realize a given interface, a required interface defines a
variation point, and connecting components denote specific
variants. These variation points can be further detailed by means
of tags (UML comments, shown in Fig. 3) and stereotypes
(e.g., <<Mutex>> group, and <<Requires>> dependencies),
allowing a fine-grain control over the variability in place.
Tags allow engineers to control the cardinality of instances
of each connecting component (captured as minSelection and
maxSelection) and specify the set of possible variants. The
value of minSelection/maxSelection is either zero or one, with
the exception that minSelection and maxSelection are never
both zero, and that minSelection is always less than or equal
to maxSelection. Hence, this captures mandatory (minSelection
= maxSelection = 1) and optional features (minSelection = 0,
maxSelection = 1), but prevents the existence of or-groups.
The absence of or-groups is currently a limitation, as PlugSPL
cannot resolve which variant instance to use when integrating
it with a given component. PlugSPL relies on the SMarty
variability UML profile [12] as an annotation scheme.

Following a plugin-based architecture, the design activity
in PlugSPL can be extended with other plugins supporting
different FM modeling notations (e.g., cardinality-based FM
[5]) or UML diagrams (e.g., class diagram). It can also be
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extended to support different file formats (e.g., SPLOT [11]).

B. Component Management Activity

In PlugSPL, the component management activity assists
domain engineers in the implementation of the SPL components.
Given the set of previously defined interfaces, domain engineers
define their method signatures (operations) by importing
external files (see Fig. 4). Not favoring any specific editor,
even a built-in one, allows testing teams to continue using
their preferred IDE or editor. Once the interfaces are defined,
given the set of declared components, their interfaces, and their
connections, PlugSPL generates an initial set of classes that
conforms to them; still, these classes are not runnable, but
rather skeletons whose associated methods are empty.

In the current C# plugin supporting this activity, each
component results in a Visual Studio project, and each inter-
face/class matches exactly one component. These projects are
then distributed among different developers and/or testing teams,
which then complete their implementation. In this process,
developers instantiate interfaces through fake statements that
are later replaced during Product Generation. This is due to
the fact that developers cannot (and should not) predict which
component can provide the contract of any given interface.
Figure 6 illustrates this: instantiation of an IParser is done
by instantiating the DummyIParser interface, a statement that
is semantically incorrect, as interfaces cannot be directly instan-
tiated (they only state a contract, and thus lack any behaviour
on their own). This resembles the dependency injection pattern
[14], while avoiding the burden of keeping XML configuration
files, as required by many existing frameworks (e.g., Spring
[19]). The penalty, in this, case, is that variability is resolved
at an early stage (during Product Generation), and not during
runtime. Once the implementation of components is completed
(they are now in the form of complete Visual Studio projects),
they are fed back to PlugSPL, which in turn saves them in the
component repository, provided no integration problem occurs.

Fig. 4. PlugSPL Component management

C. Product Configuration Activity

In this activity, application engineers select the components
that should comprise a target product (see Fig. 5). To allow
such configuration, PlugSPL relies on the feature or component
models previously designed, along with the components stored
in the project workspace.

PlugSPL generates a tree view of the project’s components
and their interfaces, along with the set of components that

Fig. 5. PlugSPL Product configuration

can connect to each such interface. For instance, following the
UML component diagram in Fig. 3, two components implement
IParser, and serve as its variants: UML and Text. In that
case, UML and Text appear as child nodes of IParser in
the tree view in Fig. 5.

During configuration, application engineers select at most
one component for each provided interface. In accordance
with the constraints defined during the SPL design, PlugSPL
automatically manages dependencies for selected components.
The only exception occurs when configuration conflicts arise,
which are then reported and must be manually fixed. Once a
product is configured, the configuration is saved in the project
workspace, and application engineers proceed to generate target
products.

D. Product Generation Activity

In the product generation activity, from an existing product
configuration and its chosen components, PlugSPL selects
the corresponding Visual Studio projects generated during
Component Management. PlugSPL then copies the source
code of the selected components from the project workspace
to a specified output folder, where components are then
glued together. Gluing is performed by replacing extension
points that instantiate interfaces (fake statements as previously
discussed) by the instantiation of the concrete components
in the configuration that support such interfaces. Figure 7
illustrates this: on line 5, the instantiation of DummyIParser
(previously shown in Fig. 6) is replaced by the instantiation of
the UML concrete class. Gluing also sets dependencies among
different Visual Studio projects, i.e., among related components.
From the compilation of all components results a final product
(executable testing infrastructure). As in other activities, the
plugin supporting this activity is specific to C#-based projects.

VI. RELATED WORK

The SPL community lacks studies that explicit state the
requirements surrounding tool adoption and the corresponding
design decisions in the case of custom-made solutions. The
few studies attempting to tackle the first part (requirements)
are based on collected interviews and surveys [1], [3], and aim
to undercover particular challenges that could be the starting
point for better tools and methodologies. Our study, although
restricted to a single company and its specific requirements,
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Fig. 6. Code before the replacement Fig. 7. Code after the replacement

provides an in-depth discussion over its requirements and
context at place. Such requirements have not been fully
exploited in the SPL literature, nor have they been fully
addressed by existing tools (most notably, full traceability and
round-trip over different models). Some teams report some
of their design decisions when creating SPL-related tools,
e.g., Feature IDE [16]. However, decisions are not explicitly
backed up by any industry-set requirements, but rather, from
the creators own experience [16].

Other researchers investigate differences among existing
tools [6], [10], but do not collect feedback based on industrial
cases where these tools are used, or to which extent they
succeed or fail when supporting SPL adoption.

On the tool development side, different solutions have been
proposed, including both commercial and open-source. The two
most popular commercial products today are pure::variants [2],
from pure::systems, and Gears [8], from Big Lever Software
Inc. Although they represent the most complete toolset for
product line adoption, the specificity of the TDL’s requirements
make them unsuitable. The open-source arena is no different,
although a plethora of solutions exist, ranging from web-based
solutions [11], to Eclipse plugins [16]. A comprehensive list of
existing tools, either commercial or open-source, is presented
in [10].

VII. CONCLUSION AND FUTURE WORK

This paper presented a set of requirements elicited in the
context of an industrial partner and its Technology Development
Lab. Through a pilot study, we collected specific needs targeting
tool adoption for implementing a SPL-based solution for test
products, and argue that existing tools, either commercial or
open-source, do not meet the specificity of the requirements at
hand. We then presented our design decisions when creating
an in-house tool to fulfill our partner needs, along with a brief
discussion of its supported workflow. We claim the reported
requirements and design decisions as the two contributions of
this work, as currently, few studies bring such discussion. Our
work adds to that in the sense that the elicited requirements
show practical scenarios that tool vendors and/or implementers
may consider supporting; the design decisions, in turn, may
be reused or adapted to improve existing tools or devise new
ones targeting similar requirements.

As future work, we aim to keep track of our partner company
needs and elicit new requirements as the SPL goes beyond the
current pilot study, ideally being adopted by all testing teams.

VIII. ACKNOWLEDGEMENTS

Elder Rodrigues is a researcher at the Center of Competence
in Performance Testing, a partnership between Dell and PUCRS.

REFERENCES

[1] T. Berger, R. Rublack, D. Nair, J. M. Atlee, M. Becker, K. Czarnecki, and
A. Wkasowski. A survey of variability modeling in industrial practice.
In Proceedings of the Seventh International Workshop on Variability
Modelling of Software-intensive Systems, 2013.

[2] D. Beuche. Modeling and building software product lines with
pure::variants. In Proceedings of the 16th International Software Product
Line Conference - Volume 2, 2012.

[3] L. Chen and M. Babar. Variability management in software product lines:
An investigation of contemporary industrial challenges. In Software
Product Lines: Going Beyond, Lecture Notes in Computer Science.
Springer, 2010.

[4] L. Costa, E. Rodrigues, R. Czekster, F. Oliveira, M. Silveira, and
A. Zorzo. Generating performance test scripts and scenarios based on
abstract intermediate models. In Proceedings of the 24th International
Conference on Software Engineering and Knowledge Engineering, 2012.

[5] K. Czarnecki, S. Helsen, and U. W. Eisenecker. Formalizing cardinality-
based feature models and their specialization. Software Process:
Improvement and Practice, 2005.

[6] M. Dammagh and O. Troyer. Feature modeling tools: Evaluation
and lessons learned. In Advances in Conceptual Modeling. Recent
Developments and New Directions, Lecture Notes in Computer Science.
Springer, 2011.

[7] K. Kang, S. Cohen, J. Hess, W. Novak, and A. Peterson. Feature–
oriented domain analysis (FODA) feasibility study. Technical report,
Carnegie-Mellon University Software Engineering Institute, 1990.

[8] C. Krueger and P. Clements. Systems and software product line
engineering with BigLever software Gears. In Proceedings of the 16th
International Software Product Line Conference, 2012.

[9] C. W. Krueger. New methods in software product line practice.
Communications of the ACM, 2006.

[10] L. B. Lisboa, V. C. Garcia, D. Lucrédio, E. S. de Almeida, S. R.
de Lemos Meira, and R. P. de Mattos Fortes. A systematic review of
domain analysis tools. Information and Software Technology, 52(1):1 –
13, 2010.

[11] M. Mendonca, M. Branco, and D. Cowan. S.P.L.O.T.: software product
lines online tools. In OOPSLA Companion, 2009.

[12] E. Oliveira, I. M. Gimenes, and J. Maldonado. Systematic management
of variability in UML-based software product lines. Journal of Universal
Computer Science, 2010.
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Abstract—In recent years, the estimation of effort, budget and 
time has been a fundamental step in the software project life 
cycle. Having this knowledge it is possible to manage and control 
a software project. So that, it is important to have these 
estimations as early as possible in order to produce a sound 
schedule for the project. Taking into account that BPMN 
diagrams are widely used in industry for analysis, in this paper 
we present a functional size measurement procedure based in the 
COSMIC method that measure these diagrams. With this size it 
is possible to obtain estimations at early stages of software cycle. 
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I. INTRODUCTION 
In the last years, the estimation of effort, budget and time 

has become an important input in the software project 
management [1], since having this knowledge it is possible to 
better planning and control a software project. Thus, it is 
important to have these estimations as early as possible in 
order to produce a sound schedule for the project.  

Nowadays, there are several methods that allows the 
estimation of budget, effort, and time; which are mainly based 
on COCOMO [2]. These methods present late estimations 
since they used lines of code (LOC) as input in the 
measurement process [3], resulting in measures that are 
dependents of the programming language. Other estimation 
methods are based on Function Points Analysis (FPA) [4]. 
FPA proposes the functional size measurement, which use 
design artifacts as input in the measurement process, so that 
FPA-based methods provide more early measurements than 
COCOMO-based methods, and also FPA-based methods are 
independent of the programming language [5]. 

To measure the functional size of software applications, 
there are five standard measurement methods [6], [7], [8], [9] 
and [10]. These methods have been illustrated in the 
measurement of the functional size of final applications. 
However, project leaders need indicators in early stages of 
software cycle for a better management of software projects. 
Thus, it is necessary to define how the standards can be 
applied to the diagrams that are used in early stages of 
software cycle. A measurement procedure corresponds 
precisely to this specification [9]. 

We have selected the COSMIC measurement method to 
specify a measurement procedure since, in contrast to other 

standard functional size measurement methods, COSMIC can 
be applied to any type of software (including MIS, real-time 
software, embedded software, and hybrid software), and it also 
allows the measurement of multi-layer applications.  

Taking into account that BPMN diagrams [11] are widely 
used in industry for analysis, in this paper we present a 
functional size measurement procedure based in COSMIC that 
measure the functional size of BPMN diagrams. With this size, 
project leaders can calculate productivity indicators, the price 
to be charged to clients, effort [12], etc. 

The rest of the paper is organized as follows: Section 2 
presents the background of this work. Section 3 presents the 
design of a measurement procedure. Section 4 presents the 
automation of the procedure and its application to an example. 
Finally, Section 5 presents some conclusions and further work.  

II. BACKGROUND 
This section presents the main characteristics of BPMN and 

COSMIC, and some relevant related works. 

A. BPMN 
The Business Process Model and Notation (BMPN) [11] 

was recognized as standar by OMG in 2011. The main goal of 
BPMN is to provide a notation that will be understandable by 
all business users, such as the analysts that creates the 
processes, the technical developers that provides the technical 
platform for these processes, and the business people who will 
manage and will monitor these processes. Thus, the main 
advantage of using BPMN is that it creates a standardized 
bridge between the design and execution of business processes. 

The main elements of BPMN diagrams are the following:  

• Flow objects are used to define the behaviour of 
business process. They can be events (start, end), 
activities (processes, tasks), or gateways.  

• Data is represented with four elements: data objects, 
data inputs, data outputs, and data stores.  

• There are four connecting objects that allow the 
connection among flow objects and other information: 
sequence flows, message flows, associations, and data 
associations. 

• There are two ways of grouping the primary modeling 
elements through swimlanes: pools and lanes. 
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• Artifacts are used to provide additional information 
about the process. They are groups and text annotations.  

B. COSMIC 
The COSMIC measurement method version 3.0.1 [13] has 

three phases: the measurement strategy phase, the mapping 
phase, and the measurement phase.  

In the strategy phase, the purpose, the scope and the level 
of granularity of the measurement must be determined. In 
addition, functional users must be identifyed. Functional users 
are defined as a type of user that send or receive data to/from 
the functional  processes of a piece of software.  

In the mapping phase, functional processes and the data 
groups involved in these functional processes must be 
identifyied. A functional process is a basic component of the 
set of requirements that describe what the software shall do. A 
functional process comprises a single, cohesive, and 
independent set of data movements. An optional step of this 
phase is the identification of data attributes that are related to 
the data groups. 

In the measurement phase, the identification of data 
movements must be carried out, and the measurement function 
must be applied. A data movement moves one or more types of 
data attributes belonging to a only one type of data group. 
There are four types of data movements, which are defined as: 

• Entry: It is a type of data movement that moves a data 
group from the functional user across the boundary 
within the functional process that is required.  

• Exit: It is a type of data movement that moves a data 
group from a functional process across the boundary to 
the functional user that needs it.  

• Read: It is a type of data movement that moves a data 
group from the storage to the functional process that 
requires it.  

• Write: It is a type of data movement that moves a data 
located in a functional process inside of a storage. 

The measurement function assigns 1 CFP (COSMIC 
Function Point) to each data movement. Then, the results are 
aggregated in order to obtain the functional size of the software 
measured. 

C. Related works 
There are some works that measure the functional size of 

software from business models. In [14] an approach for 
measuring the functional size of ERP systems is presented by 
applying IFPUG FPA to business models. Therefore, in 
contrast to approaches based in COSMIC, it has the limitation 
related to the precision of measurements of IFPUG FPA. 

In [15], a measurement approach based on COSMIC was 
presented. This approach uses as input UML use-case, activity  
and class diagrams. However, it does not present a mapping 
among business and COSMIC concepts, so that it is difficult to 
apply to BPMN diagrams. 

A recent COSMIC measurement procedure for BPMN 
diagrams was presented in [16]. It presents rules that map two 

different concepts of COSMIC to the same concept of BPMN, 
which can produce ambiguities. The application of this work is 
manual, which is an error-prone and time consuming task. 

III. DESIGN OF E-FSMP 
This section presents E-FSMP, meaning Early Functional 

Size Measurement Procedure, which is a procedure based in 
COSMIC that allows the measurement of the functional size of 
BPMN diagrams. Since COSMIC is comprised of three phases, 
the E-FSMP is also comprised of three phases.  

A. Measurement strategy phase 
In this phase, the strategy of the effort of measurment is 

defined by the identification of the purpose, the scope, the level 
of granularity, and the functional users. 

The purpose of E-FSMP has been defined as:  To measure 
the functional size of the requirements specifyied in BPMN 
diagrams. The scope corresponds to the BPMN diagrams 
contractually agree as the requirements.  

The level of granularity is related to the requirements and 
the natural evolving of some requirements especifyied in the 
software artifacts to be measured. The standard level of 
granularity is as at which individual functional processes have 
been identified and their data movements identified.  

The functional users correspond to any type of user that 
interacts with the software, which is specified in the FUR. In 
BPMN diagrams, these users correspond to the role defined to 
execute the processes in the intended software system. These 
users are functional users because they send (or receive) data to 
(from) these processes. 

The boundary is defined as a conceptual interface between 
the software being measured and its functional users. In BPMN 
diagrams, this boundary corresponds to the pool. To avoid 
mistakes in the identification of the functional users and the 
boundaries of a BPMN diagram, Table 1 shows the rules that 
have been defined to identify the functional users (Rule 1) and 
the boundary (Rule 2). 

TABLE I.  E-FSMP MEASUREMENT STRATEGY RULES 

Number Description 

Rule 1 Identify 1 functional user for each role in the BPMN diagram. 

Rule 2 Identify 1 boundary between a functional user and a pool of a 
BPMN diagram. 

B. Mapping phase 
When the measurement strategy has been established, the 

mapping phase is carried out. In this phase, the functional 
processes and data groups must be identifyed.  

A functional process is a set of functionalities of the 
software system that allows the achievement of a functional 
requirement. Generally, in BPMN diagrams, the functional 
requirements are presented as activities. Thus, the activities of 
the BPMN diagramn are considered as functional processes.  

However, the functional processes can be identified several 
times if they are accessed from more than one role. To avoid 
duplicity, each activity is identifyed as a functional process 
only for the first role that access it. 
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Later, the data groups that participates in the functional 
processes must be identified. Data groups correspond to the 
incoming and outgoing documents of each activity of the 
BPMN diagram. Table 2 shows the rules that have been 
defined to identify the functional processes (Rule 3), to avoid 
duplicity in the identification of the functional processes (Rule 
4) and to identify data groups (Rule 5). 

TABLE II.  E-FSMP MAPPING RULES 

Number Description 

Rule 3 Identify 1 functional process for each activity that can be 
accessed by a role of the BPMN diagram. 

Rule 4 Identify an activity as a functional process only once. 

Rule 5 Identify 1 data group for each data input or data output of 
the activities specified in the BPMN diagram. 

C. Measurement phase 
In this phase, data movements of each functional process 

are identified. Then, the measurement function is applied, and 
the results are aggreated to obtain the functional size of each 
functional process, which later are aggregated to obtain the 
functional size of software. 

Each functional process move two or more data 
movements. Each data movement moves one data group. Data 
movements can be entry, exit, read, and write. An entry data 
movement correponds to the movement of an input data object 
to an activity. An exit data movement corresponds to the 
movement of an output data object from an activity. A read 
data movement corresponds to a movement of a data object 
from the database to the scope of an activity. A write data 
movement corresponds to a movement from an activity to the 
database. 

When all the data movements have been identified, the 
measurement function is applied. This function assigns 1 
CFP to each data movement identified. Once the measurement 
function has been applied, the measures can be aggregated to 
obtain the functional size of each functional process of the 
application as well as the whole application. Table 3 shows the 
rules defined for the identification of data movements (Rule 6, 
7, 8, and 9); and the measurement rules (Rule 10 and 11).  

TABLE III.  E-FSMP MEASUREMENT RULES 

Number Description 

Rule 6 
Identify 1 entry data movement for an input data object to an 
activity. 

Rule 7 Identify 1 exit data movement for an output data object from an 
activity. 

Rule 8 Identify 1 read data movement for each different data object from 
the database to an activity. 

Rule 9 Identify 1 write data movement for each different data object that 
goes from an activity to the database. 

Rule 10 Aggregate the CFP related to the data movements identified in 
each activity to obtain the functional size of that process. 

Rule 11 Aggregate the CFP related to the functional processes identified 
to obtain the functional size of the software. 

 

With the 11 rules presented it is possible to measure the 
functional size of software from their BPMN diagrams by the 
application of COSMIC FSM method.  

IV. AUTOMATION OF E-FSMP 
The manual measurement of functional size is generally 

very time-consuming and has many precision errors. For this 
reason, it is necessary to automate the measurement process to 
obtain a solution that can be applied in industrial contexts.  

The tool that implements the E-FSMP was developed using 
Laravel [17], which is a PHP framework to develop web 
applications. This tool allows the measurement of BPMN or 
use case diagrams (see Fig. 1). The first step using the E-FSMP 
tool is to charge the XML file with the specification of a 
BPMN diagram. This XML file was automatically created by 
Bizagi tool from the BPMN specification. 

 
Fig. 1. Home page of E-FSMP tool. 

Then, the tool apply the rules defined by E-FSMP in order 
to obtain the functional size. To do this, the tool first verify the 
structure of the XML file. If the file does not correpond to a 
BPMN diagram, then the tool shows an error message. If the 
XML file corresponds to an specification of a BPMN diagram, 
the tool identify tasks in the XML description, and then, it 
identify data objects (inputs and outputs) and databases.  

Later, the E-FSMP tool assigns 1 CFP to each data 
movement identified. Finally, the tool aggregates the results in 
order to obtain the functional size of the software that is 
measured. 

Fig. 2 shows an example of BPMN diagram. This diagram 
correspond to the requierements specification for the sent 
process of a post office. The system is called SIGECO (Post 
Office Management System), which supports sent and 
reception of postal packages. Regarding the sent process (see 
Fig. 2), sender goes to the post office and requests to send a 
product. The post officer verify the product and the shipment 
data, and then register the shipment. Then, sender receives a 
code that will use to track the product. Later the post officer 
send the product, which is received in a different post office, 
which is responsible of the delivery process to carry out the 
product to the final receptor.  

This example was manually measured applying the E-
FSMP obtaining 24 CFP. Finally, the xml representation of the 
sent process of SIGECO was measured using the E-FSMP tool. 
The functional size obtained by the E-FSMP tool corresponds 
to 24 CFP, which is the same size obtained manually.  The 
report of the E-FSMP tool shows the functional size measured, 
the tasks recognized as functional processes, and the data 
movements that can occur in each functional process.  
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Fig. 2. Sent process of the post office. 

V. CONCLUSIONS AND FURTHER WORK 
In this paper, a functional size measurement procedure 

called E-FSMP has been presented. E-FSMP applies the 
standard COSMIC measurement method to BPMN diagrams 
by means of the application of  11 rules.  

In addition, a tool that automates the application of E-
FSMP has been presented. With this tool, measurement results 
can be obtained quickly and avoiding precision erros that 
commonly occurs with manual measurements. Thus, the main 
contribution of this work is the specification of E-FSMP and 
the tool that automates the measurment of functional size at 
early stages in software development. 

Further work includes the execution of real case studies that 
allows the validation of E-FSMP and verification of the 
scalability and the performance of the E-FSMP tool. 
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Abstract— Many software organizations are restructuring their 

software development groups by extending operations to offshore 

software development centers. Thus, a Follow the Sun (FTS) 

development is a potential strategy for these organizations. FTS 

can help with reducing the software development life cycle 

duration and consequently the time-to-market. However, while 

the FTS concept looks promising in theory, it appears to be 

difficult in practice and software organizations have a pressing 

need for support in how to successfully implement FTS in a 

global software environment. In this paper, we combine the 

results from prior work in FTS and a design validation method 

conducted by experts to propose a software process model for 

FTS development, named FTS-SPM (Follow the Sun Software 

Process Model). Our paper describes how we built the FTS-SPM 

and draws recommendations for software organizations 

interested in practicing FTS.  

Keywords - Follow the Sun; Global Software Engineering; 

Software process; Time zone management; Virtual teams. 

I. INTRODUCTION 

Follow the Sun (FTS) development is an alternative for 
global software environments when trying to manage problems 
related to temporal distance. Its main purpose is to reduce 
software development life cycle duration or time-to-market [1].  
However, while the FTS concept looks promising in theory, it 
appears to be difficult in practice. It was observed that there is a 
great interest from the software industry in practicing FTS, but 
the lack of theoretical studies combined with software 
processes, models and practices make its adoption difficult [3].  
In addition, many software organizations have attempted to 
implement FTS, but have abandoned it after some point 
because of this difficulty [2]. 

In this paper, we propose a software process model to 
support FTS development in global software projects. This 
process was called FTS-SPM (Follow the Sun Software 
Process Model). FTS-SPM was built based on the results from 
prior work [4] [5] [6] [7] and based on the design validation 
method conducted with experts from Lero - The Irish Software 
Engineering Research Centre (Ireland) and MuNDDoS 
research group (Brazil).  

II. THEORETICAL BACKGROUND 

A. Follow the Sun Development 

In Global Software Engineering (GSE), team members are 
distributed in different places, countries or even continents. In 
some cases, these teams may be from the same organizations. 

In other cases, there is collaboration between teams from 
different organizations [8].  

Follow the Sun (FTS) is a special case of GSE. It is applied 
in the context of GSE to take advantage of the temporal 
distance between several development sites located in different 
time zones. FTS is uniquely focused on speed of development 
[1]. It is applied to software projects when a software product 
needs to be developed quickly and the cost is irrelevant to the 
client.  As team members are distributed across multiple time 
zones, organizations can develop software twenty-four hours 
continuously [3].  

At the beginning and at the end of each working day shift 
there is a handoff. Handoff is a term adopted in the literature to 
define the transition process from one site to another [6]. 
Handoffs are performed on a daily basis to present a status 
update and to pass on unfinished tasks (project source) from 
one site to another [2]. 

B. Related Work 

Hess and Audy [9] proposed a software process for 
handoffs to alleviate difficulties faced by teams during the 
development phase of FTS projects. Findings from this study 
show that is possible to reduce development difficulties in FTS 
using the proposed process. Their process is based on 
Composite Persona (CP) and 24hr Design and Development 
concepts.  

Richardson et al. [8] developed a software process called 
Global Teaming (GT). This process includes specific practices 
and sub-practices which detail specific recommendations for 
organizations that are implementing GSE. The main 
contribution of this study is a supporting mechanism for the 
implementation of global software projects. 

Denny et al. [10] explored the utilization of agile practices 
for 24-Hour Knowledge Factory (24HrKF) environments. They 
aim to search for solutions that enable handoffs to be practiced 
effectively. Thus, this study describes a process called CPro 
that addresses several of the operational issues related to the 
24HrKF environment.  

Yap [11] also discusses agile methods, but with a different 
purpose. Her study describes the use of XP (Extreme 
Programming) to develop a globally distributed, around-the-
clock software development project. In Yap‟s study, a 
programming team was distributed across three sites and they 
used collective ownership of code. At the end of her study, the 
author concludes that XP works for a globally distributed group 
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performing around-the-clock continuous development with a 
shared codebase. 

Studies performed by Carmel, Espinosa, and Dubinsky [12] 
and Carmel, Dubinsky, and Espinosa [13] discuss mainly FTS 
definition, characteristics, and challenges. The first study 
provides a conceptual foundation and a formal definition of 
FTS. The second study, presents the details of the FTS concept 
and the outcomes of a first quasi-experiment designed to 
measure the speed of software work on FTS mode.  

III. PRIOR WORK 

We conducted some prior work in FTS before carrying out 
the study presented in this paper [4] [5] [6] [7]. We present an 
overview of this prior work, focusing on the aspects relevant to 
the software process model. We have categorized our studies 
into 2 phases: Phase 1 - Exploratory studies and Phase 2 - Case 
studies. 

A. Phase 1 – Exploratory studies  

Kroll et al. [4] conducted a mapping study of the literature 
in GSE to identify best practices for FTS development. They 
limited their study to identify practices conducted in GSE and 
at the same time recommended for FTS. Although not 
described in the literature, the evidence demonstrates that FTS 
is carried out by software engineers, but only in part. Nine best 
practices and key aspects for FTS implementation were 
presented in this paper.  

Kroll et al. [5] extends the study published by Kroll et al. 
[4]. This study provides new information about FTS best 
practices and challenges. They substantially extend the 
empirical evaluation of FTS which was conducted in that 
previous study. As a result, they identified 36 best practices and 
17 challenges for FTS implementation. 

B. Phase 2 – Case studies 

Kroll et al. [6] conducted a case study at Infosys 
Technologies in Bangalore, India. This study examined the 
feasibility and outcomes of FTS. Infosys‟ experts considered 
some best practices reported in the literature [4] [5] to design a 
software process for FTS. This study presents details of 
software practices, presents solutions performed to overcome 
the challenges when developing a software application in FTS 
mode and highlights eight lessons learned. The authors 
conclude this study by showing that FTS works for GSE 
projects with some evidence that FTS can be used to compress 
duration. 

Kroll et al. [7] report how handoffs management should be 
performed in FTS development. They present an experience 
report describing handoffs development and management in a 
FTS software project. The results describe the participants' 
perception about software engineering activities performed, 
challenges faced and solutions performed to minimize these 
challenges. They also highlight management elements for 
handoffs.  

IV. RESEARCH METHODOLOGY 

We proposed the initial software process model for FTS, 
called FTS-SPM (Follow the Sun Software Process Model) 
version 1, based on the results from prior work (see Figure 1). 

Subsequently, we built a second and third version of the FTS-
SPM, with a view to improving the initial software process 
model design.  This was done by collecting input from research 
experts, and this design validation was carried out using expert 
input from those in the Lero and MuNDDos research groups. 

We had the opportunity to discuss the initial proposal with 
researchers and visiting researchers at the Annual NUIG-UL 
(National University of Ireland, Galway/University of 
Limerick) Research Day held in Galway (Ireland). There, we 
collected data by notetaking from feedback provided by 
research experts. Based on these data, we propose the second 
version of our FTS-SPM. 

Following the validation design planning, we presented the 
second version of the FTS-SPM at Lero workshops. We 
collected data during the workshops also by notetaking from 
feedback and further discussion with research experts. These 
data were also discussed in parallel with experts from the 
MuNDDos research group. Based on all data collected during 
the validation design, we proposed the third and final version 
of the FTS-SPM. 

V. SOFTWARE PROCESS MODEL FOR FOLLOW THE SUN 

A. The Design Validation 

The FTS-SPM first version is presented in Figure 1. 
Through in-depth analysis of results from prior work (Section 
3), significant themes directly correlating with best practices 
and lessons learned emerged. To make sense, these themes 
were synthesized as sub processes (SP) in the proposed FTS-
SPM. 

 

Figure 1.  FTS-SPM version 1.  

The proposed FTS-SPM version 1 comprised six sub 
processes: SP01: Team Setup, SP02: Project Planning, SP03: 
Communication Protocol, SP04: Cultural Training, SP05: 
Task Allocation, and SP06: Handoff Meeting. The sequence 
flow (arrows) between sub processes shows in which sequence 
each sub process is developed.  

Figure 2, which is an evolution of the FTS-SPM version 1, 
shows modified sequence flows between sub processes.  In 
addition, an initial and a final state were added to the FTS-
SPM. We also changed SP06‟s name and included arrows to 
show how the information moves through sub processes. SP06 
was called Handoff Sessions on the FTS-SPM second version.  

We presented the second version of the FTS-SPM at the 
Lero workshops and questions about the sequence flow between 
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Figure 2.  FTS-SPM version 2. 

SP05 and SP06 emerged. However, the sequence flow between 
sub processes was considered inadequate by some experts 
from Lero. Following recommendations from Lero researchers, 
particularly those belonging to the Process Quality Research 
Group, we introduced new changes to the FTS-SPM version 2. 
These changes were made between SP05 and SP06 to support 
FTS characteristics. All changes in the process model were also 
supported by experts from the MuNDDos research group.  

B. The FTS-SPM Overview 

The final version of the FTS-SPM (shown in Figure 3), 
comprises six sub processes: SP01: Team Setup, SP02: Project 
Planning, SP03: Communication Protocol, SP04: Cultural 
Training, SP05: Task Allocation and SP06:  Handoff Sessions. 

The FTS-SPM has an initial and final state. The initial state 
causes the process to start with Team Setup (SP01).  The final 
state is the end of the process when all tasks were finished, at 
which point there is a software delivery. SP01, Team Setup, 
starts the process. It aims to identify available sites and 
allocates human resources for the project. Information about 
each site should be collected in order to make future decisions. 
It is important to verify if there are staff, cost or scope 
restrictions in each site. These restrictions and others related to 
project goals should be considered to define priorities in order 
to select appropriate sites. 

SP02, where project planning is defined, is started 
following SP01.  SP01 provides information to develop the 
project plans, and these are developed by the project manager.  

SP03, SP04 and SP05 are started in parallel following 
SP02. SP03 defines communication resources and the schedule 
for synchronous communication between sites. The project 
manager can suggest technologies or tools already used in other 
projects.  SP04 develops cultural training sessions in order to 
establish trust between team members. SP04 may be developed 
many times during the project to re-establish the trust between 
team members (loop arrow).  

At the beginning of each working day, SP05 is undertaken, 
as it provides tasks for the day. A software project may have 
many working days. Within SP05, the sequence and 
dependency relationships between tasks must be identified. All 
details about tasks sequence and dependency should be 
described during the project planning.  

SP06 is started following SP05. SP06 aims to receive and to 
transfer tasks in progress, new tasks and project updates. At the 
beginning and at the end of each working day shift, SP06 is 
undertaken. One working day may have at least two working 
day shifts. The process finishes when at the end of a working 
day shift, there are no more tasks to develop.   

 „Carry out tasks’ is an internal sub process of the 
organization. Each organization defines how it should be 
executed. We show this sub process in our FTS-SPM to 
represent how it is related to other sub processes.  

In the first diamond, the process can finish if all tasks are 
finished or can start SP06, if there are unfinished or new tasks 
to transfer to another site. In the second diamond, a new 
working day shift starts if is end of the shift or else, if is the end 
of the working day, SP05 starts.   

Arrows in the FTS-SPM show the sequence flows between 
sub processes. An additional arrow is included between SP03 
to SP06 indicating the relationship between those sub 
processes. The communication settings defined in SP03 are  
used in SP06. 

VI. DISCUSSION 

The proposed FTS-SPM comprises six sub processes. All 
sub processes were presented the second version of the FTS-
SPM at the Lero workshops.  However, questions about the 
sequence flow between SP05 and SP06 emerged. However, the 
sequence flow is also implemented in global software projects. 

 

Figure 3.  The Proposed FTS-SPM (Follow the Sun Software Process Model). 
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It makes sense, because FTS is a subset of GSE [1]. However, 
some characteristics of the FTS approach make its sub 
processes more difficult to implement. For example, in the FTS 
approach, team members work on the same tasks and daily 
handoffs are a strong characteristic of the FTS projects [1]. 
Thus, at the beginning and the end of the day there is a handoff 
to transfer unfinished or new tasks. In a traditional global 
project handoffs also happen, but with less frequency. In the 
absence of a structured handoff procedure, defects may occur 
due to lack of understanding of the current state of the task 
[10]. 

As shown in Figure 3, sub processes are related to each 
other. Thus, activities from a particular sub process can support 
one or more sub processes (e.g. activities from SP03, 
Communication protocol, supports the activities from SP06 – 
Handoff sessions). This is an important characteristic of 
software process models. Besides this, software process models 
help to better understand the software development process and 
present the possibility of discussing process improvements [8]. 

Through the analysis of the FTS-SPM, we highlight some 
recommendations for software organizations interested in 
practicing FTS. These recommendations aim to improve 
successful implementation of FTS: a) Project planning (SP02) 
should be performed after defining Team Setup (SP01). In 
some cases, to allow global teams to work in FTS mode, team 
members need to be re-allocated within different time zones. 
This makes time zones manageable; b) Communication 
protocol (SP03) is defined according to the team 
characteristics. Thus, cultural and temporal diversity in FTS 
projects requires more attention before selecting collaborative 
technologies for the project; c) An imbalance in team 
members‟ experience can be solved developing Cultural 
Training (SP04). This sub process is also used to define 
standards, rules and strategies to improve software product 
development.   

Finally, we highlight the relevance of a software process 
model to bring theory closer to practice. Organizations can 
benefit from the FTS-SPM to establish their own process for 
FTS. 

VII. IMPLICATIONS AND CONCLUDING REMARKS 

Our findings propose a software process model for FTS 
implementation, the FTS-SPM (Follow the Sun Software 
Process Model). Specifically, our qualitative evidence, 
gathered through prior work in FTS and design validation 
method, shows: 1) How best practices and lessons learned 
contribute to define sub processes; 2) How sub processes are 
related and in which sequence flow the process should be 
carried out; 3) How specific sub process status, SP05: Task 
allocation promotes SP06: Handoff sessions to determinate the 
sequence flow to SP05 or to determine the beginning or the end 
of the day (final state). 

Our work has practical implications for organizations that 
want to adopt FTS. In order to make FTS work effectively, an 
organization should pay attention not only technical issues such 
as adopting rich collaborative technologies, but also to better 
allocate team members in different continents and time zones. 

It is useful for improving coordination across development 
sites. 

While different experience levels can make the transfer of 
knowledge between team members difficult, managers should 
consider it as an opportunity for spontaneous learning across 
team members. Moreover, an effective team can better 
collaborate if team members keep working together on other 
projects. Finally, we highlight the need for more work to 
identify how each sub process should be developed and 
maintained over the project. Other studies are being developed 
to fill this gap. 
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Abstract

Many static analysis tools provide whole-program anal-
ysis to generate call graphs. However, the whole-program
analysis suffers from scalability issue. The increasing size
of the libraries exacerbates the issue. For many Web appli-
cations, the libraries (e.g. Servlet containers) are even not
available for whole-program analysis. We present HyPta, a
points-to analysis approach, to construct partial call graphs
for Java programs. HyPta extends the standard points-to
analysis by establishing a hybrid heap model. Since our
approach does not analyze the method bodies of the library
classes, the heap model distinguishes between the abstract
memory locations in the application and those in the li-
brary. HyPta infers the pointer information in the library
from the interactions between the application and the li-
brary. We implement HyPta based on Spark framework and
evaluate it on 14 widely cited Java benchmarks. The eval-
uation shows that HyPta is faster than Averroes and Spark
by a factor of 4.9x and 13.7x, respectively. Meanwhile, it
constructs sound and precise partial call graphs.

1. Introduction

A call graph is a crucial prerequisite for most inter-
procedural static analyses used in compilers, verification
tools and program understanding tools [6]. Many estab-
lished static analysis tools and frameworks provide whole-
program analysis to generate call graphs. However, for
modern object-oriented programs, scalability of the whole-
program analysis has been a significant hurdle for its prac-
tical use in real-world tools. The increasing size of the li-
braries exacerbates the scalability issue. The libraries in-
clude (1) standard libraries (e.g. Java J2SE or C++ STL),
(2) domain-specific libraries (e.g. graphics and linear alge-

∗This research is sponsored in part by NSFC Program (No.61103032)
and National Key Technology R&D Program of the Ministry of Science
and Technology of China (No2013BAH01B03).
†Corresponding Author

bra), and (3) extensible frameworks and middleware. The
code of the library accounts for a large amount of the code
in a program [13]. Moreover, for many Web applications,
the libraries (e.g. Servlet containers) are not available for
analysis since they depend on the deployment environment.
Therefore, partial call graph construction is more practical
and scalable than whole-program analysis.

To construct sound and precise partial call graphs, we
propose an efficient points-to analysis approach named
HyPta. HyPta analyzes the application classes, as well as
the signatures, the fields and the class hierarchy of the li-
brary classes referenced by the application. Since the mem-
ory locations in the library are unknown to our approach,
HyPta extends the standard points-to analysis by establish-
ing a hybrid heap model. The heap model distinguishes be-
tween the abstract memory locations in the application and
those in the library. This leads to a hybrid points-to set for
each variable in the program. HyPta also analyzes the inter-
actions between the application and the library to infer the
abstract objects created in the library. The hybrid points-
to set for the library is used to resolve the library call-back
edges and restrict the abstract objects flow back to the ap-
plication part. We implement HyPta based on the Soot [11]
framework and evaluates it on 14 real-world Java programs.
The experimental results show that HyPta reduces the exe-
cution time of Spark and Averroes by a factor of 13.7x and
4.9x, respectively. Meanwhile, HyPta generates sound and
precise call graphs of the application part.

2. Proposed Approach

2.1. Overview

The points-to analysis is a subset-based, flow- and
context-insensitive, and field-sensitive points-to analysis. It
builds the call graphs on the fly. The input is a set of Java
classes designated as the application classes. The applica-
tion classes may depend on other Java classes designated as
the library classes. The analysis only analyzes the method
signatures, the fields and the class hierarchy of the library

1
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classes that are referenced by the application classes. Since
the memory locations in the library is unknown, we propose
a hybrid heap model to distinguish between the memory lo-
cations in the application and those in the library. We use
allocation sites to represent the abstract objects created in
the application and use class names to represent those cre-
ated in the library. The hybrid heap model leads to a hybrid
points-to set for each variable, which consists of two parts:
the application points-to set and the library points-to set.

Definition 1 (Application Points-to Set). For each pointer
variable v in the program, the application points-to set is
defined as PtA(v), which contains abstract objects that are
created in the application and represented by their alloca-
tion sites.

Definition 2 (Library Points-to Set). For each pointer vari-
able v in the program, the library points-to set is defined as
PtL(v), which contains abstract objects that are created in
the library and represented by their class names.

Sets and Notations. The analyzed program is composed
of a set of classes Cls. The classes define a set of meth-
ods Method. The classes declared in the application are
denoted by ClsA while those declared in the library are de-
noted by ClsL. Each class cls ∈ Cls has a set of fields
f ields(cls) = { f0, f1, ..., fq−1}. Some of the fields are non-
static and denoted by a set F while some are static and
denoted by a set S F. The static fields can be viewed as
some sort of global variables. An artificial field [] is intro-
duced to model array cells. Each method m ∈ Method has
a list of parameters, a set of local variables and a body. The
set of variables in the application is represented by V . If
a method m has k parameters, the parameters are in order
p0, p1, ..., pk−1. For non-static methods, p0 is this param-
eter. In the Java programming language, parameters are a
special case of local variables, i.e., pi ∈ V . Let O be the
set of all abstract objects created in the program. We denote
by OA the set of all the abstract objects created in the ap-
plication and OL the set of those created in the library. The
body of the method m contains a list of statements from the
set S tatement. For brevity, we discuss only a set of elemen-
tary statements that manipulate pointers shown in Table 1.
vi ∈ V denotes a local variable or a formal parameter (in-
cluding this) in the program. Since our analysis is flow-
insensitive, there is no need to consider control-flow state-
ments such as branches and loops. CALL and RETURN
statements handle the interprocedural control-flow. Each
CALL statement corresponds to a call site. We denote by
C the set of call sites in the application classes.

2.2. Program Representation

Our points-to analysis builds a pointer assignment graph
(PAG) [7] to represent the program being analyzed. The

Table 1: Pointer assignment graph construction.

Type Elementary Statement PAG Entity

ASSIGN v1 = v2 v2
assign
−−−−−→ v1

NEW o : v = new X o
new
−−−→ v

NEW ARRAY o : v = new X[k] o
newarray
−−−−−−−→ v

INSTANCE STORE v1. f = v2 v2
store
−−−−→ v1. f

STATIC STORE X. f = v v
assign
−−−−−→ X. f

ARRAY STORE v1[i] = v2 v2
store
−−−−→ v1.[]

INSTANCE LOAD v2 = v1. f v1. f
load
−−−→ v2

STATIC LOAD v = X. f X. f
assign
−−−−−→ v

ARRAY LOAD v2 = v1[i] v1.[]
load
−−−→ v2

INSTANCE CALL vR = v0.m(v1, ..., v j) v0
assign
−−−−−→ this,

vi
assign
−−−−−→ pi ∧ 1 6 i 6 j,

retm
assign
−−−−−→ vR

STATIC CALL vR = X.m(v1, ..., v j) vi
assign
−−−−−→ pi ∧ 1 6 i 6 j,

retm
assign
−−−−−→ vR

RETURN return v v
assign
−−−−−→ retm

PAG consists of three types of nodes: allocation nodes, vari-
able nodes and field dereference nodes. Allocation nodes
represent allocation sites and model the heap locations in
the application. Variable nodes represent local variables,
method parameters, return values and static fields. Field
dereference nodes represent filed access expressions and
are parameterized by corresponding variable nodes that are
dereferenced by the field access. Note that the allocation
nodes in the PAG form the set of abstract objects OA. The
nodes in the PAG are connected with four types of edges re-
flecting the pointer flow: new/newarray, assign, store, and
load.

We construct the PAG by associating elementary state-
ments with different PAG entities. Table 1 shows the differ-
ent elementary statements and corresponding PAG entities.
Note that v, vi, vR , C. f and this denote the variable nodes,
o denotes the allocation node, and vi. f denotes field deref-
erence nodes. In the handling of interprocedural flow, for
each method m, the PAG has a node for each of m’s formal
parameters and a special retm node for m’s return value. At
each call site c of m, we add an assign edge from each actual
parameter to its formal parameter, and an assign edge from
the retm node to the caller’s variable. Each node n in the
PAG is associated with a points-to set, which contains the
abstract objects that may be referenced by the node. The
abstract objects in the points-to sets are propagated along
the PAG edges.

2.3. Library Model

Since our analysis does not take into account the method
bodies of the library classes, we propose a model to repre-
sent the library as below:
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Variables. Let Library be an arbitrary variable in the li-
brary.
Methods. The analysis is defined in terms of mL for an
arbitrary method in the library.
Points-to set. A single points-to set Pt(Library) is con-
structed for the library, which consists of two parts. One is
PtL(Library), which contains o ∈ OL that is referenced by
the library. Since we assume that the library methods can
create and reference the objects of any classes declared in
the library, PtL(Library) contains the class names of all li-
brary classes implicitly. The other is PtA(Library), which
contains o ∈ OA that is referenced by the library.
Call sites. cL represents an arbitrary call site in the library
and can invoke: 1) any visible method declared in any li-
brary class; 2) the method m declared in an application class
cls, only if m is non-static and overrides a method originally
declared in a library class, and there exists o ∈ PtA(Library)
where S taticType(o) is cls or a subclass of cls. We use the
notation S taticType(o) for the static type of object o.

The interaction between the application and the library
determines the abstract objects that may escape from the
application scope to the library, and vice verse. We infer the
set of abstract objects OL created in the library by analyzing
the interaction. Furthermore, the library points-to sets of the
variables are updated according to the sequence of rules that
correspond to the types of elementary statements as below.
Rule 1. for v1 = v2. f , where the instance field f is declared
in cls ∈ ClsL:
S taticType( f ) ∈ OL; S taticType( f ) ∈ PtL(v1).

The notation S taticType(v) denotes the static type of the
variable v.
Rule 2. for v = X. f , where X ∈ ClsL:
S taticType( f ) ∈ OL; S taticType( f ) ∈ PtL(v).

Consider a call to a static method m declared in a library
class; the call occurs in an application class.
Rule 3. for w = X.m(v1, ...vk), where X ∈ ClsL:
S taticType(retm) ∈ OL; S taticType(retm) ∈ PtL(w).

In this rule, vi is the argument of the call site. We use
retm to denote the return value of X.m.

Consider an instance call w = v0.m(v1, ..., vk) occurring in
a reachable method in the application, where m is a method
declared in the library.
Rule 4. for w = v0.m(v1, ..., vk), where v0 ∈ V:
S taticType(retm) ∈ OL; S taticType(retm) ∈ PtL(w).

Consider an instance call occurring in the library with
the target method m, which is also the target of a library call
back edge. The method is originally declared in the library
and overrided by the application.
Rule 5. for Library.m(v1, ..., vk) :
S taticType(this) ∈ OL; S taticType(this) ∈ PtL(this);
S taticType(vi) ∈ OL; S taticType(vi) ∈ PtL(vi) ∧ 1 6 i 6 k.

2.4. Virtual Call Handling

To soundly and precisely handle virtual calls, we com-
pute targets of virtual calls and construct the call graphs on
the fly, i.e., as the relevant points-to sets of call site receivers
are computed.
Definition 3 (CallGraph). We denote by CallGraph the par-
tial call graph of the application part. The CallGraph is
comprised of a finite set of call edges. Each call edge con-
nects a call site, which is a statement in some method, to
a method that may be invoked from that call site. The call
edge is represented by a 3-tuple (m1,m2, c) where m1,m2 ∈

{mL} ∪ Method and c ∈ {cL} ∪C.
Consider a virtual call v.m(...) occurring in the method

M declared in the application, the analysis resolves the call
site c ∈ C on the receiver v by using the points-to set PtA(v)
and PtL(v) according to the following two rules:
Rule 6. for each object o ∈ PtA(v), S taticLookup (cls,m) =

m′ where cls = S taticType(o) : (M,m′, c) ∈ CallGraph.
Rule 7. for each object cls ∈ PtL(v), S taticLookup (cls,m)
= m′ : (M,m′, c) ∈ CallGraph.

We use the notation S taticType(o) to denote the static
type of the object o, and the notation S taticLookup(cls,m)
to denote the definition (if any) of a method with name m
that one finds when starting a static method lookup in the
class cls.

For the virtual calls in the library, we define the following
rule to compute library call back edges with PtA(Library):
Rule 8. for each object o ∈ PtA(Library), m is declared
in an application class cls where cls ∈ {S taticType(o)}
∪ S uperTypes(S taticType(o)) and overrides a library
method: (mL,m, cL) ∈ CallGraph.

S uperTypes(cls) denotes the supertypes of cls.

3. Evaluation

We evaluate HyPta by comparing its performance and
generated call graphs with those of Spark and Averroes.
Spark [7] implements the whole-program analysis to con-
struct call graphs. Averroes [2] generates a placeholder
library to enable Spark and other whole-program analysis
frameworks to construct partial call graphs.1

Experimental Setting. The experiment is executed on
a machine with Intel Core 2 2.13GHz p7450 CPU and 2
GB of RAM. We ran the experiment on the DaCapo bench-
mark program v. 2006-10-MR2 [5] and the SPEC jvm 98
benchmark program [8]. We use the same settings as ealier
published work [1, 2]. The experiment analyzed the Java
standard library from jre 1.4.2 11. The fop and eclipse
benchmarks have been excluded because the incomplete-
ness of referenced classes. The jython benchmark is also

1See http://plg.uwaterloo.ca/∼karim/projects/averroes.
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Table 2: Information about the benchmarks.

Program # Application Classes # Application Methods

antlr 202 1330
bloat 334 2526
chart 489 1042
hsqldb 389 3213
luindex 324 501
lusearch 324 896
pmd 527 1936
xalan 534 3107
compress 12 32
db 3 31
jack 56 292
javac 176 1105
jess 5 18
raytrace 25 159

excluded because sophisticated reflection forms are heavily
used, which makes static analysis impractical. The detailed
information of the benchmarks are presented in Table 2.

Implementation. We implemented HyPta on top of the
Soot framework [11], version 2.5.0, and bootstrapped by
Spark [7]. We defined the application part of a program as
the analysis scope for Soot. We extend Spark by creating the
hybrid points-to sets, propagating the objects in the hybrid
points-to sets and resolving call sites using the points-to sets
according to different rules.

3.1. Performance

Figure 1 shows the running time required for call graph
construction by HyPta, Spark and Averroes. HyPta scales
well taking under 32 seconds for each benchmark. We
found HyPta is faster than Averroes by a factor of 4.9x on
average (min: 1.9x, max: 33.9x, geometric mean: 4.9x) and
faster than Spark by a factor of 13.7x on average (min: 3.3x,
max: 131.2x, geometric mean: 13.7x). HyPta improves the
performance of Spark significantly. This improvement is
achieved by generating call graphs without analyzing the
method bodies of the library classes. The running time for
Averroes breaks into two components: pre-analysis time
(denoted by AverroesPlaceholder in Figure 1) is the time re-
quired for Averroes to generate placeholder library; and
analysis time (denoted by AverroesAnalysis in Figure 1) is
the time required for Spark to generate call graphs with the
Averroes placeholder library. The slowdown of Averroes is
due to the generation of the placeholder library.

3.2. Call Graph Soundness

We evaluated the soundness of the static call graphs by
counting the call edges that are present in the dynamic
call graphs collected by *J [4] but missing from the static
call graphs generated by static tools. The dynamic call
graphs are observed during the dynamic execution of the
benchmarks. The results are shown in Table 3. The row

“Dynamic” shows the number of call edges in the applica-
tion part of the benchmarks. The rows “Dynamic\HyPta”,
“Dynamic\Averroes” and “Dynamic\Spark” show that the
number of dynamic call edges that are missing in the
static call graphs generated by HyPta, Spark and Averroes.
The rows “Dynamic\HyPta” and “Dynamic\Averroes”
show only two library call graph edges in lusearch and
xalan are missing from the call graphs of all the bench-
marks generated by HyPta and Averroes. In lusearch, a
NullPointerException is thrown at runtime and a call to the
constructor of this exception is recorded in the dynamic call
graph. In xalan, a call to java.lang.ref.Finalizer.register is
missing. The reason is that both HyPta and Averroes do
not model the complete runtime behavior of the Java virtual
machine. Furthermore, the row “Dynamic\Spark” shows
that Spark is missing a significant number of call edges for
the benchmarks that make heavy use of reflection. This is
because Spark does not handle reflection while HyPta and
Averroes make use of the information of reflection collected
by TamiFlex [3].

3.3. Call Graph Precision

We compared the number of call edges in the call graphs
generated by HyPta, Averroes and Spark with respect to
three categories of call edges. Spark implements a whole-
program analysis call graph construction algorithm that an-
alyzes the library thoroughly, whereas HyPta and Averroes
construct partial call graphs without analyzing the method
bodies of the library classes. Therefore, we say that HyPta
or Averroes is precise when the generated call graphs are
identical to those generated by Spark. In addition, since
we found some dynamic call edges are missing from the
call graphs generated by HyPta, Averroes and Spark, we
add the missing edges to the static call graphs first to avoid
confounding due to the differences in soundness. The rows
“HyPta\Spark” and “Averroes\Spark” in Table 4, 5 and 6
represent the numbers of call edges in the static call graphs
generated by HyPta and Averroes that are missing in the
call graphs generated by Spark, and are not present in the
dynamic call graphs.
Application Call Graph Edges. Table 4 shows that HyPta
generates precise call graphs with respect to application call
graph edges for luindex, compress, db, jess and raytrace.
For all benchmarks, HyPta generates an average of 343 and
a median of 22 extra application call graph edges (min: 0,
max: 1821, average: 343, median: 22) in comparison with
Spark. The median is negligible as it represents 0.49% of
the median number of application call graph edges gener-
ated by Spark. The bloat, hsqldb and xalan benchmarks
have the highest frequency of imprecise call edges. This is
due to the fact that these benchmarks have large subsystems
that implement the library interfaces, java.util.∗, JDBC and
XML, respectively. Moreover, the average is smaller than
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Figure 1: Comparing the time taken by the analysis in HyPta, Averroes and Spark for each benchmark program.

Table 3: Comparing the soundness of HyPta, Averroes and Spark.

antlr bloat chart hsqldb luindex lusearch pmd xalan compress db jack javac jess raytrace

Dynamic 3449 4257 657 1627 726 539 2087 2953 43 54 596 2538 13 330
Dynamic\HyPta 0 0 0 0 0 1 0 1 0 0 0 0 0 0
Dynamic\Averroes 0 0 0 0 0 1 0 1 0 0 0 0 0 0
Dynamic\Spark 0 0 0 61 4 185 3 96 0 0 0 0 0 0

the average of 414 and the median is slightly smaller than
the median of 23 (min: 0, max: 2310, average: 414, median:
23) for Averroes, which suggests HyPta generates more pre-
cise call graphs than Averroes with respect to application
call graph edges.
Library Call Graph Edges. Table 5 shows that HyPta gen-
erates precise call graphs with respect to library call graph
edges for antlr, luindex, compress and raytrace. For all
benchmarks, HyPta generates an average of 20 and a me-
dian of 2 extra library call graph edges (min: 0, max: 112,
average: 20, median: 2) in comparison with Spark. The me-
dian is negligible as it represents 0.55% of the median num-
ber of library call graph edges generated by Spark. Since
the average is smaller than the average of 22 and the me-
dian is smaller than the median of 3 (min: 0, max: 116, av-
erage: 22, median: 2.5) for Averroes, HyPta generates more
precise call graph than Averroes with respect to library call
graph edges.
Library Call Back Edges. Table 6 shows the results of
comparing the library call back edges. For all benchmarks,
HyPta generates an average of 85 and a median of 23 ex-
tra application call back edges (min: 1, max: 645, average:
85, median: 22.5) in comparison with Spark. The average
is larger than the average of 69 and the median is larger
than the median of 5 (min: 0, max: 605, average: 69, me-
dian: 4.5) for Averroes. The median represents 31.69% of
the median number of application call graph edges gener-
ated by Spark. We investigate the causes of imprecise li-
brary call back edges generated by HyPta. One cause is
that HyPta models the implicit calls to 〈clinit〉 as library
call back edges under 3 conditions: a) when a static method
is invoked, b) when a static field is accessed, and c) when
an object or a array of objects is initialized. Whereas Spark

models the implicit calls to 〈clinit〉 as application call graph
edges. Therefore, most of these extra library call back edges
are with the static initialization blocks 〈clinit〉 as their tar-
gets. Another cause is that HyPta implements partial call
graph construction algorithm that makes assumption about
the objects referenced in the library. HyPta assumes the ob-
jects passed to the library through calls to library methods
would be accessible to the library. However, some of the
library methods would not leak a reference to other library
code. This assumption in HyPta introduces imprecision into
the points-to sets inside the library and results in spurious li-
brary call back edges. Furthermore, these objects may pol-
lute the points-to sets of the variables in the application and
result in imprecise call edges of other categories.

The results show that HyPta achieves higher preci-
sion than Averroes, especially on bloat and xalan bench-
marks, with respect to the application call graph edges.
The target methods of the extra call edges are de-
clared in a relatively small number of application classes.
These classes implement the interfaces or extend the ab-
stract classes declared in the library. For instance, for
bloat, the targets of the extra edges are declared in
the classes edu.purdue.cs.bloat.util.ImmutableIterator and
edu.purdue.cs.bloat.codegen.Livenes$1, which implement
the library interface java.util.Iterator. This is due to the
construction process of library points-to set, which deter-
mines the number of targets when resolving call sites.

4. Related Work

We discuss the most related work that designs efficient
approaches to construct partial call graphs. The Wala
framework [12] ignores the effect of the library code. This
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Table 4: Comparing the precision of HyPta with respect to Application Call Graph Edges.

antlr bloat chart hsqldb luindex lusearch pmd xalan compress db jack javac jess raytrace

HyPta 6278 14639 1863 8921 901 2019 4576 10945 40 47 653 8359 6 400
Averroes 6288 15157 1921 8970 928 2105 4702 11299 40 48 653 8350 6 400
Spark 6299 13419 6732 7792 1412 2724 6893 13020 40 47 646 8519 6 400
HyPta\Spark 32 1821 12 1317 0 250 160 1159 0 0 7 45 0 0
Averroes\Spark 14 2310 32 1328 5 253 270 1536 0 1 7 45 0 0

Table 5: Comparing the precision of HyPta with respect to Library Call Graph Edges.

antlr bloat chart hsqldb luindex lusearch pmd xalan compress db jack javac jess raytrace

HyPta 648 870 554 949 241 345 430 1013 13 24 107 314 7 34
Averroes 650 880 604 960 246 348 433 1032 13 24 107 314 7 34
Spark 661 885 1060 869 336 392 797 1055 13 23 97 317 6 34
HyPta\Spark 0 10 3 112 0 29 2 108 0 1 10 2 1 0
Averroes\Spark 0 12 24 115 0 29 3 116 0 1 10 2 1 0

Table 6: Comparing the precision of HyPta with respect to Library Call Back Edges.

antlr bloat chart hsqldb luindex lusearch pmd xalan compress db jack javac jess raytrace

HyPta 62 176 136 690 50 71 118 701 1 3 12 36 12 3
Averroes 52 203 149 655 37 65 118 662 0 3 10 29 12 1
Spark 73 223 490 69 132 146 135 464 10 12 10 41 64 10
HyPta\Spark 21 56 48 645 24 35 28 310 1 1 12 11 1 3
Averroes\Spark 3 26 9 605 2 6 23 272 0 1 10 2 1 1

leads to incomplete call graphs because the pointer infor-
mation is not complete both in the application and in the
library. Yan et.al.’s work [13] creates procedure summaries
for library methods and uses them when analyzing a specific
client program. However, the creation and use of summary
face a number of technical challenges in terms of analy-
sis abstraction, algorithms and infrastructure support. Tip
and Palsberg [10] associate a single points-to set S E with
the the library and incorporate refinements to to make less
conservative assumptions about the library. Rountev et al.
[9] create a placeholder, a main method, to represent the
unanalyzed part. The main method contains a variety of
placeholder statements to represent all possible behaviors
of the unanalyzed code. This may alter the original be-
haviors of the application code and result in imprecise call
graphs of the application part. Averroes [2] generates a
placeholder library and enables the whole-program analy-
sis frameworks to construct partial call graphs efficiently.
It builds on the separate compilation assumption proposed
in Ali and Lhoták’s previous work [1]. The placeholder li-
brary implements the specific constraints derived from the
separate compilation assumption that overapproximates the
behaviors of the library.

5. Conclusions and Future Work

We propose an efficient points-to analysis approach to
construct partial call graphs for Java applications. Our ap-
proach 1) uses a hybrid heap model to distinguish between
the abstract memory locations in the application and those
in the library; 2) models the interaction between the appli-
cation and the library to infer the abstract objects created in
the library. We implement the analysis based on the Spark

framework and evaluated the analysis by comparing it with
Spark and Averroes. The results show that our approach
provides an efficient way to construct sound and precise par-
tial call graphs of the application part. In the future, we plan
to extend the work to handle reflection and static initializa-
tion blocks more precisely.
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Abstract—Argumentation is a method by which stakeholders 
exchange their viewpoints and rationale in the form of arguments 
in an organized manner in order to conduct collaborative 
decision making.   Many online systems have been implemented 
in order to provide geographically distributed stakeholders with 
a structured method of argumentation. However, as these 
systems collect large amounts of arguments; it can be difficult to 
readily assess the major concerns which drive the discussion. 
This work presents a method for clustering and classifying a set 
of arguments, collected through an online argumentation tool, in 
order to model major concerns in an argumentation process.  
These clusters are further analyzed to provide a qualitative 
understanding of the influence they have on the decision making 
process. 

Index Terms—Argumentation, Collaborative Decision Making, 
Text Clustering,  

I. INTRODUCTION  

In the Software Engineering process, there are often many 
points at which a selection must be made from a number of 
mutually exclusive alternatives. If this decision is to be made 
collaboratively,  each stakeholder will have their own idea of 
which alternative is ideal with respect to their own needs and 
experience, and will disagree with one another about which 
alternative to take. When decision making proceeds without an 
understanding of stakeholder conflict,  decisions can be made 
which do not adequately address the concerns of this group. 

The process of argumentation in part addresses this by 
providing stakeholders with an organized platform for 
exchanging their knowledge and the rationale behind their 
preferences in the form of arguments.  With the structured 
representation of stakeholder rationale, decision makers are 
better equipped to select alternatives which represent the 
collective needs and expertise of the group. Online 
argumentation tools further enhance this process by allowing 
geographically distributed stakeholders to exchange arguments 
asynchronously, with such arguments collected and recorded in 
a logical structure.  Such structures reflect how arguments 
relate to one another and provide context for each argument 
made.  This can be reviewed over the course of the decision 
making process in order to analyze the rationale behind each 

viewpoint, and attempt to determine the overall consensus 
before making a selection. 

However, as the number of arguments increases, it becomes 
increasingly difficult to maintain an overall understanding of 
the argument in progress, as each argument must be read 
individually for their content to be understood. Many of these 
arguments will refer to similar subjects or concerns. Concerns 
which manifest in a large amount of arguments represent 
influential topics of conversation and debate. If a stakeholder 
had some idea of what these major concerns were, they would 
have a quick access to the broad themes of the arguments in 
progress. However, arguments which relate to the same subject 
are not necessarily organized as such in the argument structure, 
as references particular concern can arise in response to any 
number of threads of debate. This is particularly the true when 
the number of arguments is large, as stakeholders themselves 
lose sight of the overall discussion.  

It is not practical to demand that participants form logical 
argument structures which are perfectly organized according to 
strict topics. They should be free to use all relevant information 
and voice their concerns in the course of debate.  Because 
computers have no issues parsing large numbers of arguments, 
it is more reasonable for the argumentation system itself to 
perform analysis on logically distributed arguments to 
determine what the major concepts involved in discussion are, 
organize arguments according to these concepts when 
applicable, and present this information to participants. 

This work proposes the use of text clustering techniques to 
group arguments according to the concerns they represent. This 
provides stakeholders with an view of which topics are most 
strongly represented in the form of arguments. The system 
possesses an inference engine which can calculate the degree 
of support held by the available positions or alternatives by 
relating the weights of their direct and indirect responding 
arguments.  

Once text clusters are formed to describe major argument 
concerns, additional analysis can be performed using the 
logical argument structure and the weights of each argument to 
determine what effect the clustered arguments have on 
discussion. 
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II. RELATED WORKS 

A. Argumentation Systems 
Philosopher Stephen Toulmin proposed a model of 

argumentation which has formed the basis for a wide scope of  
computer-based argumentation systems [1]. The first such 
method was gIBIS, which displayed arguments, issues, and 
positions in a unified graph [2]. HERMES is a decision support 
tool which describes arguments and evidences as nodes in a  
logical hierarchy [3]. Evidences in this system are specific 
arguments which attach themselves to conflicting argument in 
order to provide one with more concrete proof. The system 
then can use the weights of all arguments to find the most 
favored alternative. Chenn-Junn Huang developed an 
argumentation system which analyses arguments, assesses their 
quality, and sends feedback to users depending on their 
calculated skill level [4]. Collaboratorium [5] is another 
argumentation system which allows stakeholders to exchange 
rationale and ideas by posting them to a visual representation 
called the argument map. 

In all of these systems, all arguments must be read 
individually in order to parse their contents. This is feasible for 
following individual threads of discussion, but it is not 
practical to attempt to read an entire argumentation structure in 
order to gain an overall understanding of stakeholder concern. 
This work is unique in that it uses text clustering to group 
arguments according to important discussion topics, and then 
using the argumentation structure to provide additional context 
to these argument groups. 

III. OVERVIEW OF TECHNIQUE 

This process aims to provide both an overview of the 
important topics which arise during an argumentation process. 
Important in this sense refers to concepts which appear in a 
relatively large number of arguments. Arguments are collected 
via our online intelligent argumentation system including both 
their text component, weight, and logical position in the 
argument hierarchy. 

These arguments are then clustered and classified based on 
their text components, the labels for these clusters denote 
frequently referenced concepts and terms, with labels 
describing the largest clusters denoting the more important 
terms. Text clustering is carried out using Lingo algorithm [6], 
a process developed for clustering search web search results 
based on the textual content of their snippets. Lingo was 
chosen because both arguments and snippets are relatively 
small compared to other types of documents. With the 
information provided by the argument clusters, and the analysis 
thereof, stakeholders and decision makers can have a better 
understanding of the broad topics of argumentation at a glance. 

IV. ONLINE INTELLIGENT ARGUMENTATION SYSTEM 

An online argumentation system was developed by Liu et. 
al. [7] based on Toulmin’s model of argumentation. The 
system allows stakeholders to exchange arguments in an 
asynchronous manner, and organizes said arguments in a 
logical tree structure. In this system, a set of positions are 

available as a resolution to a particular issue. Argumentation is 
carried out to allow users to debate over which position is ideal 
for resolving their respective, with arguments being attached 
both directly to positions as well to as other as logical children. 
In addition, the system allows stakeholders to attach weight to 
their arguments, denoting their level of support to that 
arguments logical parent. This system has functionality to 
reduce weights to determine how they relate to the available 
positions in order to calculate their overall favorability factor , 
which expresses the level of support each has from the 
collected arguments. While this favorability factor can provide 
a quantification of stakeholder preference, decision makers 
may want more information to understand why the preferences 
are so. 

 
Figure 1. Sample Argumentation Tree 

An argumentation system has been implemented [1] which 
organizes arguments in a logical tree structure, and also allows 
stakeholders to attach weights to their arguments, denoting the 
degree of support or attack they are responding with The 
argumentation tree consists of the following elements:  

Issue - This is a design problem or complication that a 
particular project faces. The solution to this issue is to be found 
through collaborative decision making supported by the 
intelligent argumentation system.   A project may have any 
number of potential issues, and the scope of such issues can 
include any decision that must be made within the software 
development process.  

Position – This is a potential solution to a given issue. In 
the context of software engineering it could be a component to 
add to the system, a design decision, or any other business 
decision problem which needs to be resolved for the project 

Argument - This is a concise statement partially giving the 
rationale behind a stakeholder’s preference, Arguments 
attached to positions contain a rationale which partially 
explains a stakeholders support or lack of support for that 
position. Arguments attached to other arguments attempt to 
reinforce or contradict the statement made by the other 
participant with additional rationale An argument is either 
supporting or attacking depending on its given weight: a 
number ranging from -1 to 1. Negative weights indicate attack, 
while positive weights indicate support. The magnitude of the 
weight reflects the degree of support or attack.  

These elements compose a structure which will be referred 
to as the argument tree. A representation of a sample argument  
tree can be seen in Figure 1. In this figure, squares correspond 
to nodes in the tree, and edges indicate a parent/child 
relationship.  In Figure 1, Argument 3 is a direct response to 

Position 1 
 

Argument 1 Argument 2 

Argument 3 

Issue2  

Position 2 
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Argument 1, but is also an indirect response to Position 2 at its 
root. The argumentation framework is capable of  inferring the 
indirect relationship of all arguments to the corresponding 
position at their root. The normalized aggregate of all reduced 
weights is defined as the favorability factor of that  position. 
This process is described fully in previous work. 

V. OPERATION OF LINGO CLUSTERING 

While the complete workings of lingo are outside the 
bounds of this work, a brief overview of the algorithm is given 
as the following four steps: 

Pre-processing: Text inputs are pre-processed in the 
following ways. Stemming is carried out to find the semantic 
representation of inflected words. Stop words are ignored to 
remove commonly used words which have no meaning on their 
own, such as conjunctions, articles, etc. Finally, text is divided 
into words and sentences through the use of text-segmentation 
heuristics. 

Phrase extraction: A modified version of SHOC’s phrase 
discovery algorithm is used to extract potential cluster labels 
from the input documents. To be a potential label, a phrase 
must satisfy a set of prescribed conditions such as frequency of 
use, etc. 

Cluster-label induction: Matrix decomposition is used to 
summarize cluster labels via singular value decomposition. The 
relevance of different potential labels are compared for each 
document, and the most relevant labels for the group are 
selected as cluster labels 

Cluster-content allocation: Queries are performed on each 
document for each cluster label, if the similarity between the 
document and the label exceeds a specified threshold, the 
document is added to the cluster.. 

VI. ANALYSIS OF ARGUMENT CLUSTERS 

Because the logical placement and weight of arguments in 
the argumentation tree is integral to their meaning, additional 
analysis can be performed based on this in order to properly 
understand concern clusters.. 

A. Cluster-specific Favorability Factor  
In the online argumentation system, the weight of each 

argument can be until it relates directly to some position. As 
the overall favorability of each position is calculated as the 
normalized summation of all reduced arguments responding to 
it, cluster specific favorability can be similarly derived by only 
considering arguments from a particular cluster.   

Just as the favorability factor represents which alternatives 
are more strongly supported by all arguments, cluster-specific 
favorability factors represent the degree to which arguments 
pertaining to each concern support or attack the given 
alternatives. This can provide a more nuanced view of 
favorability, describing not just overall support, but relating 
that degree of support to specific topics, giving a potential for 
exploring the strengths and weakness of each position. 

B. Unique contributors 
While the cluster size represents the total number of 

arguments in a cluster, it may be useful to know how many 

stakeholders have expressed an argument relating to each 
concern. For instance, a cluster may contain a large number of 
arguments, but these arguments are only posted by a small 
portion of the stakeholder population. Analysis of a clusters 
amount of unique contributors can be used to help determine 
how widespread a particular concern is among stakeholders. 
Because each participant includes their unique id as part of 
their argument, it is relatively simple to look at an argument 
cluster and count the number of unique contributors. 

C. Response Metrics 
Arguments which have a large amount of responding 

arguments, both direct and indirect, have a high amount of 
influence on the argumentation process, as their very existence 
provokes additional debate and discussion. Due to the structure 
of the argumentation tree, the direct and indirect responses to 
an argument can be found by isolating a sub-tree in the 
argumentation system which is rooted at the argument in 
question.  The calculation of the reduced weight for all of these 
sub-arguments must include the weight of the influential node. 
Additionally, the aggregate weights of these responses are also 
vital information, as an argument which receives a strongly 
positive response indicates an opinion shared by multiple 
stakeholders, while a strongly negative one indicates otherwise. 
The process for quantifying an individual arguments Reaction 
weight, is identical to finding the favorability of a position: 
take the normalized sum of all responses reduced to the level of 
a direct response.  

This principle also applies to argument clusters Their 
influence is not limited to their own aggregate favorability 
factors and size, the level and nature of the response that the 
cluster provokes should also be considered,. This is expressed 
through two additional metrics. The response size  and cluster 
reaction  are both found by tracing each argument which is not 
already in the cluster upwards until either a position or 
argument in the system is encountered. If the trace encounters 
an argument within the cluster, then it is a response and the 
response size is incremented. Additionally, the weight of the 
response is reduced until it is directly responding to the in-
cluster argument, and this amount is added to the cluster 
reaction. The total reaction for a cluster is taken as the 
summation of all reduced responding argument weights 
normalized with respect to the total response size, giving 
stakeholders an idea of scope and nature of the response 
provoked by a cluster. 

VII. EMPIRICAL STUDY 

An empirical study was carried out to simulate the use of 
the argumentation system for software engineering decision 
making.  24 participants were to take the role of stakeholders in 
a medium scale software development firm which had to 
decide on a metrics system to employ: no metrics system, 
represented as position 1, a lightweight metrics program 
represented as position 2, and a comprehensive metrics 
program, represented as position 3. 314 arguments in total were 
collected. Argument clustering was performed via Lingo with a 
base cluster count of 15, resulting in 26 total clusters, with 107 
arguments listed as “Other Topics”. 

424



 While the base cluster count could be increased to group 
additional arguments, it was kept at 15  to focus on the more 
influential clusters and obtain meaningful labels. The purpose 
of this method is not to necessarily categorize all arguments, 
but to locate and analyze the important topics of discussion.  
The top-10 most heavily populated clusters are  given in Table 
1, with the first column giving the cluster label as derived by 
lingo, column 2 giving the size of the cluster, columns 2,3,4 
giving the cluster specific favorability factors in response to 
P1, P2, and P3, column 5 giving the total number of responses 
to the cluster, column 6 giving the aggregate reaction weight, 
and column 7 giving the number of contributors to the cluster. 

 
Label Sz. P1 P2 P3 Res. Reac. Cont. 

Software 
Products 

31 -0.28 0.61 -0.06 10 -0.25 14 

Products 
Developed 

30 -0.42 0.65 -0.20 9 -0.16 12 

Metrics can 
Measure 

29 -0.25 0.39 -0.18 10 -0.31 12 

New 
Technologies 

28 -0.30 0.49 -0.28 11 -0.03 11 

Time Money 27 -0.80 0.81 -0.85 16 -0.14 8 

Reducing 
Requirements 

22 -0.85 0.52 -0.40 16 0.15 9 

Opposing 
Argument 

18 -0.107 0.51 -0.59 3 -0.1 2 

Revenue Used 
for Quality 
Assurance 

17 -0.304 0.42 0.06 5 -0.12 7 

Loss in 
Revenue 

16 -0.49 0.56 -1.0 11 -0.07 10 

Measure 
Productivity 

16 -0.12 0.78 0.0 2 -0.09 8 

Table 1: Analysis of 10 largest argument clusters 

A. Qualitative Interpretation of Results 
1) Labels 

While the top two clusters are the most general, both 
relating to Software product development, subsequent clusters 
provide more interesting information, particularly that clusters 
are concerned with topics such as New Technologies, Time, 
Money, Reduction of Requirements etc. Each cluster could be 
browsed to examine their associated arguments directly for a 
better understanding of their meaning. For instance the 
Reduction of Requirements arguments were generally 
concerned with the business habit of reducing requirements to 
meet deadlines.  

B. Cluster Specific Favorability Factors 
All clusters collected favored position 2 over both 1 and 3, 

as is consistent with the overall favorability factor calculated 
by the system. However the degree of this favorability varies 
somewhat from cluster to cluster. For instance, the Time 
Money cluster came down particularly harshly on both P1 and 
P3 and was the most supportive of P2. Conversely, the 

Revenue used for QA cluster was slightly supportive of P3 and 
only moderately supportive of P2.  

C. Influence Analysis through Contributors and Response 
For most clusters, the collective reaction was slightly to 

moderately negative. One exception was Reducing 
Requirements, which was slightly supported by 16 responses, 
and was tied with Time Money for the largest amount of 
responses. Although it was not the most heavily populated 
cluster in terms of arguments total or contributors, the reaction 
it provokes makes it a particularly influential cluster.  

Conversely, Opposing Argument, despite its high argument 
count, only has 2 contributors, and a negligible degree of 
response.  Interpreting these metrics, it is clear that this is not 
an influential concept in relation to the others.  

VIII. CONCLUSIONS AND FUTURE WORK 

Navigating a logical argumentation structure becomes 
increasingly difficult as the number of arguments increases, 
making the maintenance of the overall discussion challenging. 
By clustering arguments based on their textual component, it is 
possible to identify concerns according to clusters formed by 
these common terms and themes. Furthermore, due to the 
weight and logical organization of arguments, it is possible to 
perform additional analysis to determine how these concerns 
affect the overall argumentation process. Future work is 
planned to perform analysis on the argument cluster 
contributors to determine if it is possible to group stakeholders 
in terms of their frequently expressed concerns, and analyze the 
relationships among contributor groups.  
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Abstract

Locating source code elements relevant to a given fea-
ture is an important step in the process of re-engineering
software variants, developed by an ad-hoc reuse technique,
into a Software Product Line (SPL) for systematic reuse.
Existing works on using Information Retrieval (IR) tech-
niques do not consider the abstraction gap between feature
and source code levels. In our recent work, we have im-
proved the effectiveness of IR-based feature location by in-
troducing an intermediate level between feature and source
code levels, called “code-topics”. We used Formal Con-
cept Analysis (FCA) to identify such “code-topics” . In
this paper, we investigate the results of using Agglomerative
Hierarchical Clustering (AHC) algorithm to identify code-
topics. In our experimental evaluation, we show that AHC
significantly increases the recall of feature location with a
minor decrease of precision compared to FCA.

Keywords: Software product line, product variants, fea-
ture location, FCA, AHC, IR.

1 Introduction
Software product variants are a set of similar software

products developed by ad-hoc copying with adaptations to
meet new demands of customers [1]. They share some fea-
tures, called mandatory features, and also support different,
customer-specific features, called optional features. A fea-
ture is “a prominent or distinctive user-visible aspect, qual-
ity or characteristic of a software system” [2]. As numbers
of variants and features grow, maintaining such software
variants and developing new variants becomes more diffi-
cult and expensive over time. Therefore, a transition to a
systematic reuse approach, such as Software Product Line
Engineering (SPLE) becomes necessary.

SPLE is a engineering discipline providing methods to
promote systematic software reuse for developing short
time-to-market and quality products in a cost-efficient
way [3]. These products are known as SPL. SPL is rarely
developed from scratch. It is often built by exploiting ar-
tifacts of pre-existing software product variants. To re-

engineer software variants into a SPL, it is important to
locate source code elements (e.g., classes) that implement
each feature [4]. Feature location is needed to understand
the source code of software variants and support product
derivation from SPL core assets[3]. Manually locating fea-
ture implementations is an error-prone and time consuming
task. This is because maintainers must understand several
software artifacts to decide which feature is implemented
by which source code elements.

Information Retrieval (IR) techniques have been widely
used for feature location [5][6]. In our recent work [4],
we have improved the effectiveness of IR-based feature lo-
cation in a collection of product variants by bridging the
abstraction gap between feature and source code levels.
This bridging is performed by introducing an intermediate
level, called code-topic. A code-topic is a cluster of simi-
lar classes that reveal source code intention. A code-topic
can be a functionality implemented by the source code and
provided by a feature. In our recent work [4], we have com-
bined a technique called Formal Concept Analysis (FCA)
and IR to identify such code-topics. In this paper, we pro-
pose to investigate the results of using Agglomerative Hier-
archical Clustering (AHC) to identify “code-topics” .

The rest of this paper is organized as follows. Section 2
presents necessary background to understand our proposal.
Then, Section 3 shows how AHC can be used to identify
code-topics. In sections 4 and 5, we present experimental
evaluation and discuss related work, respectively. Finally,
Section 6 concludes the paper.

2 Background
2.1 IR-based Feature Location

IR-based feature location methods exploit source code
information (identifier and comments) to locate a feature’s
implementation. These methods works by conducting lexi-
cal matching between source code information and feature
information (i.e., feature description). Different IR tech-
niques, such as Vector Space Model (VSM) and Latent Se-
mantic Indexing (LSI), have been proposed in the context
of locating features in the source code. These techniques
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share four steps: corpus creation, preprocessing, indexing
and querying. For more details, the reader can refers to [7].
In both LSI and VSM, the textual similarity between source
code documents (corpus) and features documents (queries)
is measured by the cosine of the angle between their corre-
sponding vectors. Both LSI and VSM return a ranked list
of source code documents against each feature document.

The effectiveness of IR techniques is measured by their
recall, precision and F-Measure [7]. For a given query, re-
call is the percentage of retrieved documents that are rele-
vant to the total number of relevant documents, while preci-
sion is the percentage of retrieved documents that are rele-
vant to the total number of retrieved documents. F-Measure
defines a tradeoff between precision and recall so that it
gives a high value only in case where both recall and preci-
sion are high. All measures have values in [0,1].

2.2 IR-based Feature Location in a Collection of
Product Variants: An Overview

In this section, we give an overview of our recent
work [4], in order to more easily understand our proposal.

2.2.1 Basic Assumptions

We focus on functional features that express the behavior
or the way users may interact with a product. We restrict
ourselves to object-oriented systems. A functional feature
can be implemented by a set of packages, classes, methods
and attributes. A class represents a main building unit in all
object-oriented programming where it encapsulates func-
tionality and data. Moreover, developers typically think of
a class as a set of responsibilities that simulate a concept or
functionality from the application domain. Consequently,
we assume that a functional feature is implemented by a set
of classes.

The functional feature’s implementation spans multiple
classes. We assumed that classes that contribute to imple-
ment a feature have shared terms and called near to each
other. By grouping these classes into a cohesive unit based
on their natural language content, we can get more rele-
vant information describing features implemented by these
classes. Therefore, we proposed the code-topic, as a coher-
ent cluster of similar classes that are grouped based on their
textual contents to implement a functionality. The code-
topic constitutes an intermediate level that bridges the ab-
straction gap between feature and source code levels. Con-
sequently, the functional feature (i.e., its description) can be
textually matched to a set of code-topics (i.e., their source
code information) representing its functionalities. This al-
lows us to easily map a feature to a set of classes that are
similar and grouped as a code-topic instead of mapping each
feature to each class individually.

Figure 1. An Overview of the Code-Topic Iden-
tification Process.

2.2.2 Code-Topics Identification

In our recent work [4], we follow to strategy to improve
IR-based feature location. Firstly, we determined manda-
tory features (resp. their classes) across software variants
and grouped optional features (resp. their classes) into min-
imal disjoint sets at feature and source code levels. Sec-
ondly, we reduced the abstraction gap between feature and
source code levels by introducing the code-topic as an inter-
mediate level. In this paper, we only focus on reducing the
abstraction gap.

Figure 1 gives a general overview of the two kinds of
reduction. In this figure, we assume that a given collec-
tion of product variants provide a set of features {F1, F2,
. . . , F13} and contain a set of classes {C1, C2, . . . , C47}.
These features and classes are grouped into minimal disjoin
sets at feature and source code levels. VSM is used to com-
pute textual similarity between classes while FCA is used to
cluster together similar classes. Each cluster is interpreted
as a code-topic. LSI is used to link features and their cor-
responding code-topics. After determining the code-topics
corresponding to each feature, we easily determine classes
that implement each feature by decomposing each code-
topic to its classes. In our approach, a code-topic may be
associated to more than one feature.

3 Code-Topics Identification based on Hier-
archical Clustering

Clustering, in general, is the division of objects into
groups of similar objects. Each group, called a cluster,
consists of objects that are similar amongst themselves and
dissimilar to objects of other groups [8]. Clustering ap-
proaches are classified into hierarchical or non-hierarchical.
Hierarchical clustering methods are further categorized into
agglomerative (AHC for short) and divisive. Below, we
present how AHC is used to identify code-topics.
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3.1 Code-Topic Identification as a Partitioning
Problem

According to our definition of the code-topic, the content
of a code-topic matches a set of classes. Therefore, in order
to determine a set of classes that can belong to a code-topic,
it is important to formulate the code-topic identification as a
partitioning problem. The input is a set of classes (C). This
set could be classes of the common partition or classes of
any minimal disjoint set (see Figure 1). The output is a set
of code-topics (T) of C. C = {c1, c2, ..., cn} and T (C) =
{T1, T2, . . . , Tk}where: (1) ci is a class belonging to C; (2)
Ti is a subset of C; (3) k is the number of identified code-
topics; (4) T (C) does not contain empty elements: ∀Ti ∈
T (C), Ti 6= Φ; (5) The union of all T (C) elements is equal
to C:

⋃k
i=1 Ti = C.

For a given set of classes, we cluster them based on the
strength of the relationship between the classes. In our case,
this relationship refers to textual similarity. We use VSM
to compute this similarity. We create a document for each
class containing a list of terms extracted from all the iden-
tifiers of its corresponding class. VSM computes the tex-
tual similarity between two class documents by using co-
sine similarity between their corresponding vectors. One of
these documents is treated as a query. The cosine similarity
equation (refer to equation 1) represents a fitness function
to decide which class documents belong to a cluster.

F (dj , q) =

∑n
i=0 wi,jwi,q√∑n

i=0 w
2
i,j

√∑n
i=0 w

2
i,q

(1)

Where F is the fitness function with value in the range [0,1].
dj and q are class and query vector documents respectively
while w is a term weight. In our case, we try to maximize
the fitness value for each cluster where similar classes use
similar vocabulary.

3.2 Building a Hierarchy of Clusters
AHC groups similar classes that use similar vocabulary

together and aggregate them into clusters. The basis for
clustering classes is the strength of the relationship between
them. The previously defined fitness function is used to
measure this strength. AHC relies on a series of succes-
sive binary mergers, initially of individual class documents
and later of clusters formed during the previous stages. We
obtain from these binary mergers a single cluster dendro-
gram (dendgr) that contains a set of nested clusters. Figure 2
shows an example of dendrogram tree. At the lowest level,
each class is in its own unique cluster. At the highest level,
all classes belong to the same cluster. The internal nodes
represent new clusters formed by merging the clusters that
appear as their children in the tree.

Figure 2. An example of dendrogram tree.

3.3 Selection Candidate Code-Topics
Breaking the dendrogram tree based on predefined crite-

ria allows to group classes into clusters. Each cluster can
be a candidate code-topic. Therefore, we must select the
breaking point to obtain code-topics. This selection is per-
formed by an algorithm based on a depth-first search (refer
to algorithm 1). This algorithm takes as input the dendrog-
arm tree and returns a set of clusters. We interpret these
clusters as code-topics. For each node in the dendrogram
(starting from the root), we compare the fitness value of the
focused node and its sons ( dj and q in equation 1 become
cluster nodes). If the fitness value of the focused node is
less than the average of the fitness values of its two sons,
then the algorithm continues on to the next son nodes. Oth-
erwise, the focused node is identified as a code-topic, added
to the code-topics(T) and the algorithm computes the next
node in the stack. In this way, the most relevant code-topics
will be identified as the traversal continues.

Algorithm 1: CodeTopicDendrogramTraversal
Input: Dendrogram(dendgr)
Output: Code-Topics(T )

1 stack traversedClusters
2 push(traversedClusters, dendgr)
3 while (|traversedClusters| > 0) do
4 parent← pop(traversedClusters)
5 son1← getSon1Cluster(parent, dendgr)
6 son2← getSon2Cluster(parent, dendgr)
7 avg ← average(F (son1), F (son2))
8 if (F (parent) > (avg)) then
9 add(parent, T )

10 else
11 push(son1, traversedClusters)
12 push(son2, traversedClusters)

13 end
14 end
15 return T
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3.4 Code-Topics for Locating Feature Implemen-
tations

After identifying code-topics, we apply LSI (as shown in
Figure 1) to link mandatory features and their possible cor-
responding code-topics, as well as to link each minimal dis-
joint set of optional features and their possible correspond-
ing code-topics. LSI is applied by following the steps de-
scribed in section 2.1, but we build LSI’s corpus and queries
as follows. LSI’s corpus consists of code-topic documents,
which each one corresponds to a code-topic. Each docu-
ment consists of terms extracted from identifiers of corre-
sponding code-topic’s classes. LSI takes code-topic and
feature documents as input. Then, LSI measures the sim-
ilarity between the code-topics and features using the co-
sine similarity. This returns a list of code-topics, ordered
by their cosine similarity values against each feature. The
retrieved code-topics should have a cosine similarity value
greater than or equal to 0.70, where this value represents the
most widely used threshold for the cosine similarity [5].

After linking each feature with all its corresponding
code-topics, we can easily link each feature with its classes
by decomposing each code-topic to its classes. For instance,
if the feature f1 is linked to two code-topics: topic1= c1, c4
and topic2= c7, c6, by decomposing these topics into their
classes; we can find that f1 is implemented by five classes
c1, c4, c7, c6.

4 Experimental Evaluation

4.1 Case Studies and Experiments Setting
To validate our approach, we have applied it to a collec-

tion of seven variants of a large-scale system, ArgoUML-
SPL1 modeling tool, and five variants of a small-scale sys-
tem, MobileMedia2.

The ArgoUML-SPL is a Java open-source which sup-
ports all standard UML 1.4 diagrams. The ArgoUML-SPL’s
products are generated from the same framework so that
products that share the same features also share the same
code. The selected products differ in terms of provided fea-
tures but they support all UML diagram features. These
features are implemented by source code classes. To estab-
lish ground truth links between features and their classes
in order to evaluate our proposal, we compare code classes
of two generated products; one of them provides all fea-
tures while the other provides all features except the focused
one. The obtained classes represent the real implementa-
tion of the focused feature. We repeat this process for all
ArgoUML-SPL’s features. MobileMedia is a JAVA open
source that manipulates multimedia on mobile devices. In
our study, we have considered and analyzed variants that
only implement features as classes. To establish ground

1Available at http://argouml-spl.tigris.org/
2Available at http://www.ic.unicamp.br/ tizzei/mobilemedia/

Table 1. Precision, recall and F-measure of
AHC against FCA for ArgoUML-SPL and Mo-
bileMedia.

ArgoUML-SPL

Precision Recall F-measure

K AHC FCA AHC FCA AHC FCA

0.1 52% 70% 99% 40% 68% 51%

0.2 52% 57% 99% 9% 68% 16%

0.3 52% 57% 98% 5% 68% 9%

0.4 52% 62% 98% 4% 68% 8%

0.5 52% 57% 96% 2% 67% 3%

MobileMedia

Precision Recall F-measure

K AHC FCA AHC FCA AHC FCA

0.1 85% 85% 100% 100% 92% 92%

0.2 85% 85% 100% 100% 92% 92%

0.3 93% 93% 93% 93% 93% 93%

0.4 93% 93% 93% 93% 93% 93%

0.5 96% 96% 89% 89% 93% 93%

truth links between features and their source code classes,
we analyze manually the source code.

The most important parameter to LSI is the number of
chosen term-topics. A term-topic is a collection of terms
that co-occur frequently in the documents of the corpus.
The proper way to make such a choice is an open issue in
the literature. Too many term-topics leads to the association
of irrelevant terms and too few term-topics leads to loosely
relevant terms. We are unable to use a fixed number of
term-topics (#term-topics) because we have different sizes
of code-topic documents. Therefore, we use a factor K be-
tween 0.1 and 0.5. #term-topics is equal to (K × Ddim),
where Ddim is the document dimensionality of the term-
document matrix that is generated by LSI.

4.2 Results and Discussion
Table 1 summarizes precision, recall and F-measure re-

sults of locating all features of ArgoUML-SPL and Mo-
bileMdia by using AHC and FCA to identify code-topics.

On a large-scale system (ArgoUML-SPL), we notice that
AHC significantly improves the recall values with a minor
decrease in the precision compared to FCA. This improve-
ment in recall is due to the fact that AHC identifies code-
topics by determining a set of clusters so that classes of
each cluster are similar amongst themselves and dissimi-
lar to classes of other clusters. Regarding FCA, it identi-
fies code-topics by determining a set of clusters in which all
cluster’s members are similar to each other but it doesn’t
consider similarity between clusters (refer to [4]). This
means that FCA computes the textual similarity only among
classes while AHC computes the similarity not only among
classes but also among clusters. Therefore, the number of
code-topics obtained by FCA is higher than AHC (423, 17
respectively). Identifying a small number of code-topics
means that each code-topic document contain more rele-
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vant source code information. This is allow to do better
textual matching with feature descriptions, and hence the
recall. Regarding the minor decreasing in the precision, this
is due to the fact that AHC depends a lot on VSM compared
with FCA. AHC uses VSM to compute similarity between
classes and clusters while FCA uses VSM to compute sim-
ilarity only between classes. This means that the number
of false-positive links in the case of AHC is higher than
FCA because VSM retrieve false-positive links which leads
to impression. F-measure results refer to AHC achieve a
better compromise between precision and recall than FCA.

On a small system (MobileMedia), it is observed that
AHC and FCA produce the same precision, recall and F-
measure results for the following reasons. Firstly, most
minimal disjoint sets of optional features consist of only one
feature, and hence their corresponding minimal disjoint sets
of classes contain only the implementation of that feature,
no more and no less). Thus, in this case we do not require
LSI and code-topics. Secondly, MobileMedia’s features are
implemented by a small number of classes, sometimes by
only two classes. These classes have little information that
hinders building code-topics.

5 Related Work
The approach was proposed by Kuhn et al. [6] is the

closet to ours. They proposed an approach to identify lin-
guistic topics from object-oriented source code. Their ap-
proach relied on LSI to compute similarity among given set
of methods, classes or packages. Then, AHC was used to
cluster similar elements together as linguistic topics. The
clusters retrieved by their approach are not necessarily do-
main concepts (i.e., features), but rather code-oriented top-
ics. In our approach, we identify feature-oriented topics
where these topics are identified from a set of classes that
implement features.

Maskeri et al. [9] identify business topics from source
code by using Latent Dirichlet Allocation (LDA). Their in-
terpretation for a topic is a set of semantically related lin-
guistic terms identified from identifiers names and com-
ments. Kawaguchi et al. [10] proposed an automatic catego-
rization method for a large collection of software systems.
They use linguistic information in source code for identify-
ing categories (topics) from open source repositories (e.g.,
SourceForge). A category is a cluster of related identifiers.
Our approach differs from the works of Maskeri et al. and
Kawaguchi et al. in two ways. Firstly, topics in their ap-
proaches are clusters of terms while code-topics in our ap-
proach are clusters of software artifacts (classes). Secondly,
topics retrieved by their approach are code-oriented topics
while we identify feature-oriented topics, as they are identi-
fied from source code classes that implement features (and
only features).

6 Conclusion
In this paper, we have proposed to combine IR and AHC

to improve the effectiveness of IR-based feature location in
a collection of product variants. This improvement involves
reducing the abstraction gap between feature and source
code levels by introducing the concept of code-topic as an
intermediate level. We have compared between two algo-
rithms to identify code-topics: AHC and FCA. In our ex-
perimental evaluation using two different case studies, we
showed that AHC significantly increases the recall of IR-
based feature location with a minor decrease of precision
compared to FCA.
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Abstract 
 

A great number of Software Product Lines are not con- 

structed from scratch, they are rather re-engineered from 

several similar product variants that have been in use. Ex- 

isting methods for SPL feature  model development from 

product variants may not be applicable  when these prod- 

ucts are developed independently and hence differ in their 

element names, methods code and structures.   When dif- 

ferent developers were involved in the development of the 

product variants,  the naming assumption becomes too diffi- 

cult to meet. In addition, the variants’  code structures are 

often different when developed separately and/or when one 

variant is derived from another through several modifica- 

tions. Furthermore, while an operation may keep its signa- 

ture and name in different code variants, its internal code 

may be different  to meet the specifics of each product vari- 

ant. This paper tackles these three differences by propos- 

ing a feature model extraction method that harmonizes the 

names in the product variants using semantic criteria, tol- 

erates structural  differences, and identifies code variability 

through a clone-code detection technique. It illustrates the 

method applicability through an example and a CASE tool 

automating the method’s steps. 
 

 
 

1 INTRODUCTION 
 

Software Product Lines (SPLs) [5] have been recognized 

as a technique that improves productivity  in software devel- 

opment. Using an SPL to derive a software product  both 

accelerates the development  process and ensures the deriva- 

tion of a good quality product.  The features of an SPL can 

be used in different combinations to derive product vari- 

ants in the application domain of the SPL. A feature is a 

prominent or distinctive quality or characteristic of a soft- 

ware system or systems [7]. An SPL is usually character- 

ized by a feature model (FM) that indicates the features and 

their combination constraints (and, or, require,...). 

In practice, the development of an SPL rarely starts from 

scratch. An SPL is often setup after several ”similar” prod- 

ucts have been developed usually  via copy & paste tech- 

niques. This practical fact was used by several researchers 

to develop methods for the extraction of SPLs and their fea- 

ture models from the source code of existing product vari- 

ants, cf., [1, 14]. These proposed methods are highly depen- 

dent on assumptions stemming  from the use of copy & paste 

techniques. More specifically, they rely on three hypotheses 

about the product variants: they use the same vocabulary  to 

name elements in their source code, they have very simi- 

lar/identical  structures, and the product variability which is 

encapsulated in the body of their operations is unimportant. 

The ”names-same structure” assumptions may not hold 

in the general setting where an SPL should be constructed 

from product variants that were produced by different devel- 

opers, and/or product variants that endured too many modi- 

fications. In fact, while the names represent the application 

domain of the products, when different developers were in- 

volved in the development of the product variants, the nam- 

ing assumption becomes too difficult to meet. In addition, 

the variants’ code structures are often different when devel- 

oped separately and/or when one variant is derived from an- 
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other through several modifications.  For instance, a class in 

one product can be represented in a second product through 

two classes where the attributes  and methods of the original 

class are distributed. A second example of product vari- 

ability is when a class in one product was moved from one 

package to another package. For these simple examples of 

structural differences, existing feature identification  meth- 

ods would fail. Furthermore, while an operation may keep 

its signature and name in different product variants, its in- 

ternal code may be different in order to meet the specifics 

of each product variant. If the degree of coding differences 

is very high, such an operation should not be identified as a 

core feature of the SPL because the product variants actu- 

ally have different operations. Existing feature model iden- 

tification methods do not treat the method’s level of detail. 

In our approach, we take into account the difference be- 

tween the bodies of methods through code cloning. Many 

studies exist on code clones in object-oriented software sys- 

tems. Some of them only focus on whether code clones 

exist or not [3] whereas others analyze code clones with re- 

spect to their effects, their removal or other peculiarities, 

identifying crosscutting concerns [2][11]. 

In this paper, we propose a bottom-up SPL construction 

approach that both accounts for the differences in the names 

and structures of the product source codes, and identifies au- 

tomatically  the feature constraints along with the features. 

The aim of this paper is to complete our approach [10] that 

extracts the feature model from product source codes and to 

present its associated tool. 

More specifically, compared to our previous work [10], 

this paper  has two contributions. First, it augments our 

feature model extraction method by the identification of 

method codes cloning. Secondly, it presents a CASE  tool, 

named FMr-T (Feature Model recovery Tool), that imple- 

ments our method. 

The remainder of this paper is organized as follows. Sec- 

tion 2 overviews  currently  proposed approaches for feature 

identification from source code of product variants. Sec- 

tion 3 presents our method for feature extraction using the 

semantics enriched with method code clone detection. Sec- 

tion 4 describes the overall architecture of the tool and il- 

lustrates its functionality  through an example of an SPL for 

banking systems. Finally, section 5 summarizes the paper 

and outlines our future work. 

 
2   RELATED WORK 

 
An SPL is often modeled in terms of a feature  model. 

Kang et al [7] first proposed the use  of feature models 

in 1990  as part of the Feature Oriented Domain  Analysis 

(FODA). A feature  can be seen as a system property or func- 

tionality that is relevant to some stakeholders.  It is used to 

capture commonalities or differences among products in an 

SPL. In fact, feature models are used to specify members of 

a product-line. 

A feature model is a hierarchically  arranged set of fea- 

tures. Relationships  between a parent (or compound) fea- 

ture and its child features (or subfeatures) designate the fol- 

lowing selection strategies among features when deriving  a 

product in the line of the SPL: 
 

• Mandatory:  (sub)features that must be present in every 

product in the line. 
 

• Optional: (sub)features that may be present in some 

products. 
 

• And: all subfeatures must be selected together. 
 

• Xor: only one subfeature can be selected. 
 

• Or: one or more subfeature(s) can be selected. 
 

• Require:  the selection of one subfeature necessitates 

the selection of the other. 
 

• Exclude: two subfeatures cannot be part of the same 

product. 
 

Note that a feature can be either simple/elementary  like 

a package and a class, or composed of several elements like 

{package, Class}, {package, Class,attribute, method}... 

Several works investigated feature model extraction from 

the source code of products in order to construct the SPL 

([14], [1],[12], [9], [13]).  For instance, Ziadi [14] pro- 

pose an approach that first abstracts the input products in 

SoCPs (Sets Of Construction Primitives ) and, secondly, it 

identifies features by determining common and intersecting 

SoCPs.  This approach was validated using two case stud- 

ies: a banking example and the Argo-UML software prod- 

uct line. The obtained results show that the approach can 

not handle products with variable names of classes, meth- 

ods and attributes. Moreover, this approach does not exam- 

ine the body of the methods. 

On the other hand, Al-Msie’Deeen  [1] propose an ap- 

proach based on the definition of the mapping model be- 

tween OO elements and feature model elements.  This ap- 

proach uses Formal Concept Analysis (FCA) to cluster sim- 

ilar OO elements into one feature. It uses Latent  Seman- 

tic Indexing (LSI) to define a similarity measure based on 

which the clustering is decided. This approach improves the 

approach of Ziadi [14] since it extracts mandatory features 

and optional  features along with some constraints among 

features like And and Require.  However, it does not treat 

product variants with different structures or different termi- 

nologies. 

In summary, the above reviewed  works ignore the se- 

mantic aspect when extracting  the SPL from the source code 
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of product variants. Besides the same terminology hypoth- 

esis, they suppose that the product  variants  have a simi- 

lar/identical  structure. However, even though products may 

vary in their package, class, attribute,  and method names 

and structures, they solve semantically  the same problems 

in their domain. These semantic relationships must be ac- 

counted for in spite of the structural differences. 

 
3 SEMANTICS-BASED FEATURE 

MODEL EXTRACTION 

 
In our approach, we suppose that products variants may 

have been constructed by different developers. Hence, the 

names and structures used may be different. Our approach 

exploits the semantics carried through  the names  of the 

classes, packages, attributes and method declarations  within 

the product variants. In the other hand, it resolve the prob- 

lems where the same method exists but with different bod- 

ies. 

To account for the semantics, our feature model extrac- 

tion operates in the following three steps: 
 

• Name harmonization:  in this pre-processing step, the 

semantic  correspondences among  the names  of the 

packages, classes, methods and attribute  are treated. 

This step relies on linguistic and typing information 

to harmonize the names and content of the method. It 

uses a cloning technique to resolve the problems where 

the same method exists but with different bodies. 

• Hypernyms(C1;  C2,· · ·,Cn): implies the name C1 is a 

generalization of the specific names C2 ,· · ·, Cn, e.g., 

Media-Video. 
 
 

• Str extension(C1;  C2): implies that the name C1 is 

a string extension of the name of the class C2, e.g., 

Image-NameImage. 
 

 
The determination of the above linguistic/semantic  relation- 

ships can be handled through  either a dictionary (e.g., Word- 

net), or a domain ontology when available. 

The above semantic criteria are insufficient when two 

methods have the same or synonymous names but different 

bodies. To resolve this problem and to extract the variability 

encapsulated in the body of the methods, we adapt a code 

cloning technique. To determine code cloning, we propose 

the following three rules: 
 

 
Rule1:  Method names are synonyms but bodies are dif- 

ferent. 

(Synonyms(MP 1 ,MP 2 )) and (Body(MP 1 )= Body(MP 2 )) 

−→ Method names are kept unchanged 

Rule2:  Method names and bodies are synonyms. 

(Synonyms(MP 1 ,MP 2 )) and (Body(MP 1 )=Body(MP 2 )) 

−→ one of the method names must be changed 

Rule3:  Same Method names but method bodies are dif- 

ferent. 

(MP 1 =MP 2 ) and (Body(MP 1 ) = Body(MP 2 )) 

One of the method names must be changed
 

• Features identification: In order to tolerate some struc- 

tural differences among the source codes of the product 

variants, we adapt the FCA [8] and LSI [4] by consid- 

ering the semantics. 
 

• Feature model construction and constraints identifica- 

tion: In this last step, the semantic information is used 

first to define the hierarchy in the feature model and, 

secondly,  to extract the types of constraints  among 

identified features. 

 
3.1 Name harmonization 

 
This pre-processing  starts by identifying the semantic 

correspondences between the names of packages, classes, 

methods and attributes. For this step, we adapted the set of 

semantic criteria we defined in our previous works on con- 

structing frameworks.  The following three criteria express 

linguistic relationships  between element names (however, 

the list can be extended): 
 

• Synonyms(C1,· · ·,Cn):  implies  that the names are ei- 

ther identical or synonym,  e.g., Mobile-Mobile and 

Phone-Mobile. 

−→ 
 
 

Note that, in example 1 of Figure 1, the methods Cor- 

rection() and Change() are synonyms but they have differ- 

ent bodies. The difference between the bodies of these two 

methods exist in the loop: the method Correction() contains 

a for loop nested whereas the method Change() contains the 

while loop.  Since, these methods have synonyms names and 

different  structures, thus, there is no need to change their 

names. This case is treated by Rule 1. 

In example 2 of Figure 1, the methods PointerPressed() 

and PointerPressed(int  x, int y) have the same name but the 

bodies are different:  the second method PointerPressed(int 

x, int y) differs from the first in the conditional structure if. 

In this case, one of the methods’  names must be changed as 

proposed in Rule 3. 

In example 3 of Figure 1, the methods add image() and 

Add Photo() are synonyms and they have the same code. In 

this case, both names are transformed  to a unique  name as 

proposed in Rule 2. 

At the end of the pre-processing step, all semantically re- 

lated names would  be harmonized and can then be analyzed 

through the FCA in the features identification  step. 
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Figure 1. Difference between bodies of two methods 
 
 
 

3.2 Feature identification step 
 

 
In this step, we use FCA and LSI to extract the common 

and variable parts among the harmonized product variants. 

Before explaining this step, let us first overview  the basics 

of FCA and LSI. 

Formal concept analysis (FCA) [6] is a method  of data 

analysis with a growing popularity  across various domains. 

FCA permits to analyze data described through  the rela- 

tionships  among a particular  set of data elements.  In our 

approach, the data represent the product variants being an- 

alyzed; the data description is represented through  a table 

where the product variants constitute the rows while source 

code elements (packages, classes, methods, attributes)  con- 

stitute the columns of the table. 

From the table,  a concept  lattice is derived. The con- 

cept lattice permits, in the first time, to define commonal- 

ities and variations  among all products. The top element 

of the lattice indicates that certain  objects have elements 

in common (i.e., common elements), while the bottom ele- 

ment of the lattice shows that certain attributes fit common 

objects (variations). The elements are grouped in blocks. 

First, common elements are common block which are com- 

monly used in all products. Secondly, the blocks of varia- 

tions only appear in specific products. Common blocks and 

block variations are composed of atomic blocks of variation 

representing only one feature. 

Besides the blocks, the lattice also indicates the relation- 

ships among elements. The following relationships can be 

automatically derived from the sparse representation of the 

lattice and presented to the analyst: 

 
• Mandatory: features that are used in every product and 

that appear at the top of the concept lattice. 

• Optional:  features that are used only in some products 

and that appear at the bottom of the concept lattice. 
 

• Xor: features F1 and F2 that appear in different con- 

cepts and whose infimum is the bottom concept are 

only used in alternative in the product.  These features 

are likely to be Xor features, 
 

• Require:  if any element (package, class, method, at- 

tribute) belonging to the feature F1 has in commun at- 

tributes and methods with F2. Then they will be related 

with a require. 
 

• AND: features F1 and F2 that appear in the same con- 

cept. 
 

LSI measures the similarity degree between  names of 

packages, classes, methods and attributes.  Informally, LSI 

assumes that words that always appear together are related 

[4]. Consequently, we use LSI and FCA to identify features 

based on the textual similarity.  Similarity between lines 

is described by a similarity matrix where the columns and 

rows represent lines vectors. LSI uses each line in the block 

of variations  as a query to retrieve all lines similar to it, ac- 

cording to a cosine similarity. In our work, we consider the 

most widely  used threshold for cosine similarity  that equals 

0.70 [4].  The similarity matrix which is the LSI result is 

used as input for the FCA to group the similar elements to- 

gether based on the lexical  similarity. Thus, any document 

that has similarity, only with itself will be ignored. We take 

the interchanged context as input for FCA which identifies 

the meaningful groupings of objects that have common at- 

tributes. 

The application of the name harmonization step followed 

by the feature identification  step extracts candidate features 

without any structure or hierarchy. The next step in our 
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approach determines the hierarchy  and constraints among 

features and finalizes the feature model construction. 
 
3.3 Feature Model construction and constraints 

identification 
 

This phase has a threefold motivation. First, the features 

which are composed of many elements (package, classes, 

attributes, methods) are renamed based on the frequency of 

the names of its elements. In addition, the organization and 

structure of the features is also retrieved  based on the se- 

mantic criteria. In fact, since the owner information  was 

omitted, then to retrieve the organization of the features, we 

use the semantic criterion. 

• Hypernyms(FeatureN1, FeatureN2) −→ FeatureN1 is 

the parent of FeatureN2 
 

• str extension(FeatureN1, FeatureN2) −→ FeatureN1 

OR FeatureN2 
 

• Synonyms(FeatureN1,   FeatureN2) −→  FeatureN1 

XOR FeatureN2 

In fact, str extension(MediaListScreen,  PhotoListScreen) 

and str extension(MediaListScreen,  VideoListScreen)  im- 

plies that features Photo and Video are related with OR. 

As an example, the constraints between the different fea- 

tures that are extracted with FCA and LSI are verified  and 

some others are added based on the semantic criteria.  At the 

end of this last step, all the features are collected in a feature 

model to specify the variations between these products. 

 
4 FMr-T:   Feature   Model  recovery   from 

source code Tool 
 

In this section, we first present the main functionalities of 

the tool ”FMr-T” (Feature Model recovery Tool). Secondly, 

we illustrate it through an example. 
 
4.1   Functional architecture 

 
The main functionalities performed by our tool are: 

• Extraction of the tree containing   packages, classes, 

methods and attributes names, and saving the informa- 

tion in an XML file. 
 

• Verification of the semantic relationships with Word- 

Net which gives the list of synonyms, hyperonyms of 

source code elements. Then, the detection of code 

clones of method bodies is performed. 
 

• Correction of the names and modification of the XML 

file. 
 

• Application of FCA and LSI to define the common 

blocks and atomic blocks of variation. 

4.2   The functionalities of FMr-T 

 
To illustrate the functionalities of the FMr tool, let us 

consider  a set of banking software products.  These source 

codes are developed  with the JAVA language.  In the first 

step, the user chooses the source code file, then thr tree will 

be extracted and saved in an XML document.  The XML 

document corresponds to the name of elements of the parsed 

code (package, class, method, attribute). 

In the second step, to determine the correspondences be- 

tween the names (package, class, method,  attribute),  we 

adapted the set of semantic criteria defined in Wordnet (see 

interface 1 of figure 2). The semantic relationships between 

the names of methods, classes, attributes,  and packages of 

two sources of product lines codes are presented(synonymy, 

hypernymy, meronymy and str extension (defined in section 

3.1)) After the semantic verification,  the clone detection is 

performed.  This allows to check the methods’ bodies and 

detect some structural differences. In fact, a clone detection 

strategy is specified to verify the methods bodies using the 

rules presented in section 3.2. In our example, the inter- 

face 2 of Figure 2, presents the GUI to visualize variability 

in the body of methods. Methods sum() and account() are 

synonyms. In fact, we display the ”clone detection” button 

that permits to apply rules presented in section 3.2 and dis- 

play the result of clone detection as shown in part ”result” 

of interface 2 of Figure 2. As result, the method sum() and 

account() will not be changed. 

After applying the name harmonization,  the XML file 

will be updated and will be an input of FCA method (see the 

interface 3 of figure 2) that permits to determine common 

blocks and blocks of variation (shown in the interface 4 of 

figure 2). 

Common blocks and blocks of variations are composed 

of atomic blocks of variation representing only one feature. 

To define features, we apply LSI with Matlab. According 

to a cosine  similarity that is equal to 0.70 , LSI uses each 

line in the block of variations  as a query to retrieve all lines 

similar to it. The similarity matrix which is the LSI result 

is used as input for the FCA to group the similar elements 

together based on the lexical  similarity. 

 
5   CONCLUSION 
 

This paper first overviewed existing works for feature 

model extraction from product variants. Secondly, it pre- 

sented a new approach based on a set of linguistic criteria 

to identify a feature model  from different product source 

codes. Besides accounting for naming differences, our ap- 

proach has the advantage of identifying automatically the 

features and their constraints in source codes with different 

structures and it resolves the problem of variability in meth- 

ods bodies. The paper illustrated  the proposed approach 
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Figure 2. FMr-T: Feature Model recovery from source code Tool 
 
 
 

through the extraction of the feature model of an SPL for 

banking  systems. The case study was conducted through the 

”FMr-T” tool which implements the steps of our approach. 

In our ongoing works, we are examining how to add 

more intelligence in the feature model extraction.  We will 

also consider the use of semantics in the refactoring of soft- 

ware product lines. 
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Abstract— As part of incremental and iterative software 
development, decisions about “Is the software product ready to 
be released at some given release date?” have to be made at the 
end of each release, sprint or iteration. While this decision is 
critically important, so far it is largely done either informally or 
in a simplistic manner, relying on a small set of isolated metrics. 
In this paper, we present an analytical approach combining the 
goal-oriented definition of the most relevant readiness metrics 
with their individual evaluation and their subsequent analytical 
integration into an aggregated evaluation measure. The 
applicability of the proposed approach called RELREA is 
demonstrated for an ongoing public project hosted on GitHub, a 
web-based hosting service for software development projects. 
Initial evidence shows that the method is supportive in evaluating 
release readiness at any point of the development cycle, making 
projections on the final release readiness and allows 
determination of bottleneck factors to achieve readiness. 

Keywords-release date; release readiness; release criteria; fuzzy 
set; aggregation; case study 

I. INTRODUCTION 

To achieve business success of products, in-time and in-
quality of releasing software is a key concern of the software 
companies [1]. Delays in releasing software may cause 
substantial loss in revenue and in the worst case, failure of the 
complete software product. One of the main challenges of 
software product manager is knowing the current state of the 
readiness of the product based on objectivity [15]. In most 
cases, release readiness is evaluated at the end of the 
development cycles (i.e. milestones, sprints, etc.) relying on a 
set of isolated metrics. This has some major consequences: 
Firstly, there is no continuity in monitoring product readiness. 
Secondly, any problem related to release issues cannot be 
addressed proactively by the development team. Thirdly, if 
being below expectations in terms of readiness, it is unknown 
which are the limiting factors. 

Evaluating release readiness at any point of time is a 
challenging task. One of the fundamental issues is that the 
definition of software release readiness is not well articulated 
in literature.  Most of the related works [2-4, 12] in this 
domain mainly gauge with defect tracking in order to define 
release readiness. However, release readiness measures should 
include all important aspects of the software product [21]. In 
this paper, we define release readiness as an objective 

measure, which is determined by aggregating the degree of 
satisfaction of a set of individual readiness criteria. According 
to this definition, the main problem of evaluating release 
readiness is determining the satisfaction levels of the criteria 
based on monitoring key product and process performance 
metrics.  

In this paper, we propose RELREA, an analytical approach 
that allows evaluating release readiness at any point in time of 
the release cycle and making suggestions to improve the status 
of readiness for the final software product release. The main 
characteristics of RELREA are: 

• Project specific release readiness criteria and metrics 
are selected in a systematic way. 

• Unlike the existing methods (see Section III), overall 
release readiness is determined by aggregating and 
evaluating the degree of satisfaction of the criteria. 

• Continuous visibility on release readiness status.  
• Projection of release readiness at release time. 

In the proposed approach, the concept of fuzzy set theory is 
employed for evaluating the degree of satisfaction of the 
readiness criteria based on the evaluation of the pre-defined 
objective measures. As an aggregation operator, Ordered 
Weighted Average (OWA) is applied. In order to demonstrate 
the applicability of the proposed approach, an illustrative case-
study is presented on an ongoing public project hosted on 
Github. The initial evidence shows that the new method helps 
product managers investigating release readiness at any point 
of time during the development cycles. 

The paper is subdivided into seven sections. In Section II, 
we present the background for concepts used by the proposed 
method. A brief discussion of related work and tools is done in 
Section III. The workflow of the proposed analytical approach 
for evaluating release readiness is presented in Section IV. In 
Section V, a case-study is presented to demonstrate the 
applicability of the proposed method. Section VI outlines the 
discussion on threats to validity. The final section provides 
conclusions and outlines future work. 

II. BACKGROUND 

In this section, we provide the fundamental concepts that 
we have used in the proposed method. 
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A. Software Release Readiness Criteria 
Release readiness criteria can be defined uniformly by 

considering both organization goals and customer expectation 
of a software product. Four important dimensions of release 
readiness (implementation status, testing scope and status, 
source code quality and documentation status) were identified 
from existing literature [2-6] and tools [14, 15]. An overview 
of the release readiness criteria for each dimension is provided 
in Table I. These factors cover both important artefacts (i.e., 
features, source code, documents, etc.) and development 
activities (i.e., coding, building, testing, etc.).  

TABLE I. READINESS FACTORS AND THEIR RELATED CRITERIA 

Readiness dimensions 
Overview of related Release Readiness 

Criteria 

Implementation of 
functionality 

Criteria related to feature implementation, 
change request implementation, coding effort, 
continuous integration, build trends, etc. 

Testing 
Criteria related to defect finding, defect fixing, 
reliability, test coverage, test effort, etc. 

Source code quality 
Criteria related code review, coding style, code 
smells, refactoring, code complexity, etc. 

Documentation 
Criteria related to user manual, design 
documents, test specification, test case 
documentation, etc. 

B. Goal Question Metric (GQM) 
The Goal-Question-Metric (GQM) paradigm [8] is the de-

facto standard to perform software measurement.  In its 
essence, it guides the process of designing an effective 
measurement program and finding insights from the data 
collected. In the context of release readiness analysis, our goal 
is to evaluate the status of the overall readiness.  The readiness 
dimensions corresponding to questions were refining the goal. 
Available data associated with every question were used to 
answer them in a quantitative way. An example of defining 
objective metrics for the testing dimension is shown in Table 
II. 

TABLE II. EXAMPLE OF GQM APPROACH 

Goal 
Question (related to 
readiness criteria) Metric 

Assessing 
satisfaction of 
testing 

Is the testing activity 
reducing the defects? Defect find rate 

To what extent source 
code are covered by 
unit test? 

% Line of Code (LOC) 
covered 

C. Evaluation of Release Readiness Criteria with the Concept 
of  Fuzzy Set Theory 

The concept of fuzzy set theory was introduced by Zadeh 
[9] in 1965 to represent nonstatistical uncertainty and 
vagueness associated with data and information. Since then, it 
has been widely used to solve problems in various decision 
making environment. In software engineering, fuzzy set theory 
has been applied successfully to deal with the uncertainty 
associated withto the aspects such as cost estimation [17], 
reliability prediction [18], and imprecise requirement analysis 
[19].  

Definition 1: A fuzzy set C in a universe of discourse X is 
characterized by a membership function 𝜇𝐶(𝑥)  which 
associates with each element in a real number in the interval 
[0, 1]. The function value 𝜇𝐶(𝑥)   is termed the “grade of 
membership” x of in C.  

The concept of membership function sated in Definition 1, 
can be used to evaluate the degree of satisfaction of the 
readiness criteria discussed in II.A. For example, suppose we 
want to evaluate the satisfaction of defect finding criteria. In 
this regard, defect arrival rate (DAR) (defects/day) is an 
objective metric which can be used to evaluate the criteria. 
Let, X = R+ = {positive real number that can be represented as 
value of DAR} and C = {satisfaction of defects per day} be a 
fuzzy set representing the criteria.  

As shown in Figure 1, its membership function is defined as 
𝜇𝐶(𝑥) which means DAR less than 1 defects/day is considered 
full satisfaction of defect finding, while defect arrival rate less 
than 10 defects/day is considered the criteria is not satisfied at 
all. Values of DAR between, 1 and 10 are considered 
satisfaction to some degree.  

According to this definition, if the value of DAR is 5 
defects/day, then the “degree of membership” or “degree of 
satisfaction of defect finding” will be 0.55. The definition of 
this membership function is context specific, different projects 
may have different perception about the satisfaction of defect 
finding. Thereby, degree of satisfaction of the readiness 
criteria can be determined by defining the membership 
functions. 

𝜇𝐶(𝑥) =

⎩
⎪
⎨

⎪
⎧

1                  𝑥 < 1 
       

10 − 𝑥
10 − 1

           1 ≤ 𝑥 ≤ 10
 

0                  𝑥 > 10

� 

 

Figure 1: Membership function of the fuzzy set C = {satisfaction of defects 
per day} 

D. Elicitation of Membership function 
Defining membership function is one of the fundamental 

issues associated with the application of fuzzy set theory. 
Success of a solution approach largely depends on the proper 
definition of membership functions. In application of fuzzy set 
theory, heuristic based approaches are frequently applied 
where predefined shapes for membership functions are used. 

Two broadly used categories of heuristic membership 
function are piecewise linear functions and piecewise 
monotonic functions [10, 22]. By selecting an appropriate 
shape and providing its specific parameters, membership 
functions can be elicited for a particular release readiness 
criterion. One limitation of this approach is that the parameters 
of the selected functions must be provided by the experts and 
need to be fine-tuned until the performance is acceptable. 

E. Aggregation of Values of Membership Functions 
As discussed in section II.C and II.D, values of the 

membership functions represents the degree of satisfaction of 

10 
(defects/day) 

1 
(defects/day) 

1 

0 x 
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the readiness criteria. We need to aggregate the individual 
evaluation of the readiness criteria to obtain an overall 
evaluation. In literature, many aggregation operators are 
proposed. An overview of the properties of those operators can 
be found in [11]. Selection of the aggregation operator 
depends on the context of its use. In the context of evaluating 
overall release readiness, aggregation operator should have the 
capability of including the following special considerations 
along with the general mathematical properties (i.e. boundary 
conditions, monotonicity, continuity, associativity, symmetry, 
neutral element, idempotence, etc.). 

• The first consideration is the relative importance or 
weights of the readiness criteria. This allows the 
decision maker to emphasize important readiness 
criteria, so that its influence on the overall readiness 
will be higher.  

• Second consideration is the decision maker’s desired 
decision strategies. For example, a pessimistic decision 
maker desires that most of the criteria be satisfied. 
Conversely, an optimistic decision maker will be 
satisfied if some of the criteria are met.  

In this paper, Ordered Weighted Average (OWA) [7] is 
applied as aggregation operator because of its capability of 
incorporating the above special considerations. Definition of 
overall release readiness with OWA operator is stated in the 
following: 

𝑂𝑊𝐴�𝜇𝐶1(𝑥), 𝜇𝐶2(𝑥), … , 𝜇𝐶𝑛(𝑥)� = �𝑤𝑖

𝑛

𝑖=1

. 𝑏𝑖  (1) 

Where 
i. 𝜇𝐶1(𝑥), 𝜇𝐶2(𝑥), … , 𝜇𝐶𝑛(𝑥)  are the values of the 

membership functions of the criteria 𝐶1,𝐶2, … ,𝐶𝑛 
with 𝜇𝐶𝑖(𝑥) ∈ [0,1], 

ii. 𝑤1, 𝑤2, … ,𝑤𝑛 are the ordered weights satisfying 𝑤𝑖 ∈
[0,1], ∑ 𝑤𝑖

𝑛
𝑖=1 = 1, and 

iii. 𝑏𝑖  is the ith largest element in the 
collection 𝜇𝐶1(𝑥),𝜇𝐶2(𝑥), … ,𝜇𝐶𝑛(𝑥).  

Yager [7] showed that OWA operators lie between 
maximum (“or”) and minimum (“and”) of the scores to be 
aggregated. Details about the properties of OWA operators and 
ways of including relative importance of the criteria can be 
found in [20]. 

III. RELATED WORK 

Literatures provide several techniques and tools that aim to 
determine release readiness before releasing software. In [5, 
6], a set of product and process oriented objective measures 
are defined from various dimensions (i.e. functionality, 
quality, source code, etc.) and their values are aggregated to 
calculate the release readiness index. Though these approaches 
consider various aspects of software development life-cycle, 
regression model based metrics aggregation methods have 
narrowed down their applicability in decision making 
environment. For example, they do not facilitate managers to 
perform what-if analysis on release decisions. 

Most of the other works [2-4, 12, 16] in this domain have 
emphasized on the trends of the metrics related to defect 
tracking and testing processes for evaluating release readiness. 
Staron et al. [13] has proposed time-to-release as a release 
readiness indicator for agile development by combining a set 
of metrics such as # of defects, defect removal rate, test 
execution rate and test pass rate. Testing phase based 
objective measures such as code turmoil, test passing rate, 
defect find Rate and # of open defects are used to assess the 
release readiness of an embedded system developed in HP lab 
[12]. These approaches are effective in the sense that they help 
the management staffs to understand the risk associated to 
each metrics to deliver the product on predefined release date. 
However, readiness analysis based on these methods largely 
depends on the past projects data which are not always 
available.  

Along with the literature, there are some commercial tools 
which collect and present important product and process 
oriented metrics to the management staffs as evidences that 
the product is ready to deliver to the customer. Tools such as 
Borland TeamInspector [14] and PTC Integrity [15] extract 
and visualize metrics related to functionality, code analysis, 
test coverage, standard compliance, and budget and schedule 
to verify software is ready to release. However, metrics 
visualization does not provide effective ground for analyzing 
release readiness.  

The discussion on the related works shows that, there is no 
uniform method which can be applied for evaluating release 
readiness. Moreover, the proposed methods do not enable 
managers to make many kind of predictions, assessments, and 
trade-offs about releasing software product. In this work, we 
mitigate these limitations by proposing an approach which 
allows continuous evaluation and prediction of product release 
readiness at any point of time during the development cycles. 

IV. RELEASE READINESS APPROACH  

In this section, we present the workflow of the proposed 
RELREA release readiness approach. 

A. Workflow of the proposed approach 
The workflow of the proposed release readiness analysis 

method is illustrated in Figure 2. There are 8 main steps: 
1) Define Readiness criteria and metrics: At the beginning 

of the project, based on the GQM approach discussed in 
Section II.B, the release manager will define the context 
specific readiness criteria and their corresponding 
objective metrics. 

2) Define membership function: Based on the proposed 
membership function elicitation techniques described in 
Section II.D, product manager will define the membership 
functions by selecting appropriate shapes and their 
parameters for the readiness criteria.  

3) Data collection: At any point of the current development 
cycle, data related to the pre-defined metrics will be 
collected (by automated tools).  

4) Computation of criteria satisfaction levels: At this point, 
satisfaction levels of the readiness criteria will be 
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determined by computing the degree of membership for 
the current values of the objective metrics at a specific 
poin in time ti.  

 

 

Figure 2. Workflow of the proposed release readiness analysis method. 

5) Define criteria weights and aggregation strategy: By 
analyzing the readiness criteria, the release manager will 
define their relative weights. At the same time, she will 
specify the desired strategy (degree of optimism) for 
aggregating satisfaction levels of the readiness criteria. 

6) Computation of overall readiness: The overall release 
readiness is determined by aggregating the satisfaction 
levels of the criteria based on (1).  

7) Compute projected readiness: In this step, the projected 
release readiness at the given release date is made. Details 
about this step is discussed in IV.B. 

8) Identify and adjust project parameters: This step allows 
the release manager to further analyze current release 
readiness of the product and projected readiness at the 
end. This includes identification of the project parameters 
(i.e. testing effort, coding effort, system capacity, and 
etc.) which need to be adjusted to achieve the target 
expectations (i.e. expected readiness, release window, 
customer satisfaction) of the product. Performing what-if 
analysis by varing the parameters of the membership 
functions helps to better understand the impact of 
uncertainties. 

B. Projection of Release Readiness 
Based on the calculated integrated readiness scores over a 

time period, projected readiness PR(T) for a pre-defined 
release date t = T is studied. As an approximation PR(T) is 
calculated based on the gradient of the line between last two 
evaluation points E1(ti-1,ri-1) and E2 (ti,ri).  

PR(T) = ∑𝑤′𝑖 × 𝑃𝑅(𝑡𝑖),  for i=1,…,n (2) 

In (2), w’i denotes the weights for each evaluation point. As 
latest evaluation points are more reliable, more weight is given 
to the projected scores calculated at later stage of the 
development compared to the scores of the later stages. This 
idea is illustrated in Figure 3, where each dashed line points to 
the projected readiness scores based on last two evaluations.  

 
Figure 3. Projection of release readiness PR(T). 

V. CASE STUDY 

A. Context of the Project 
Publify1 is a powerful open source blogging engine hosted 

on Github. It is one of the oldest Ruby on Rails project started 
in 2004. Since then, 52 contributors has engaged themselves in 
this project and contributing continuously to its development. 
It uses Github2 for managing issues (i.e. features, bugs, tasks 
and etc.) and source code versioning. For the continuous 
integration (CI) it uses the Travis-CI3 which is a cloud hosted 
CI platform.  

The quality of the source code of the project is tracked with 
CodeClimate 4 that performs real-time static analysis on the 
source code repository in order to provide a comprehensive 
quality report. The latest version (Publify 8.0) of the engine 
was released on March 01, 2014. Though development 
activities of this release were kicked off on September 09, 
2014, we started to monitor the project from January 26, 2014. 
Main goal of this case-study is to demonstrate the capability of 

1 https://github.com/publify/publify/ 
2 https://github.com/ 

3 https://travis-ci.org/publify/publify 
4 https://codeclimate.com/github/publify/publify 
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RELREA in evaluating and predicting release readiness of Publify 8.0 at any point of time during the development.  

TABLE III. CRITERIA, METRICS AND DATA USED IN THE CASE-STUDY: BI = VALUES OF METRICS MI.  XI, YI = PARAMETERS OF MEMBERSHIP FUNCTIONS FOR WHICH 

SATISFACTION LEVEL IS 0 AND 1 RESPECTIVELY. VALUES OF THESE PARAMETERS AND RELATIVE WEIGHTS ARE SELECTED BY REVIEWING THE PAST RELEASES OF 

THE PROJECT. 

Readiness 
Dimensions 

Readiness Criteria (Ci) Weights Metric Definition(MI) BI 
Parameter 
of MFs 

Satisfaction 
level (on 
release date) XI YI 

Implementation  

Satisfaction of feature 
implementation 

0.15 Feature implementation ratio 38.46 10 50 0.71 

Satisfaction of build/continuous 
integration trends 

0.05 
Percentage of successful 
builds/integration 

62.34 30 80 0.65 

Satisfaction of implementation effort 0.05 Code Churn per contributor per day 150 50 200 0.67 

Testing (Quality) 

Satisfaction of defect finding 0.2 Defect find rate (per day) 0.22 1 0.1 0.86 

Satisfaction of defect fixing 0.1 Percentage of defect fixed 84.21 50 95 0.76 
Satisfaction of defect density 0.08 Defects/KLOC 7.78 12 3 0.47 
Satisfaction of unit test 0.1 Covered LOC/ total LOC 84.58 60 90 0.82 

Source Code 
Quality 

Satisfaction of codes smells  0.08 Number of code smells per class 0.6 1 0.25 0.53 
Satisfaction of code duplication 0.07 Percentage of duplicated code 22.73 40 10 0.58 
Satisfaction of method complexity 0.06 Average method complexity 8 20 5 0.80 

Documentation  Satisfaction of  readme file 0.06 Percentage of issues fixed 100 50 100 1.00 

 

B. Data Collection and Modeling with RELREA 
Following the proposed workflow, in step 1 important 

readiness criteria and metrics were defined from the four 
dimensions. Details of the selected criteria and metrics are 
presented in Table III. As the contributors of the project were 
not aviabale, parameters of the membership function 
(piecewise linear functions) were defined by studying the 
values of the metrics from the previous releases.  

Relative weights of the criteria were defined by two senior 
industry practitionars. Required data for calculating values of 
the metrics were collected from Github2, Travis-CI3 and 
CodeClimate4 to determine satisfaction levels of the readiness 
criteria according to the definition of membership functions. 
Finally, OWA operator was employed to determine the overall 
release readiness of Publify 8.0 for three different decision 
strategies. Further data details can be found in [23]. 

C. Release Readiness Analysis of Publify  
Using our proposed method, we computed the overall 

release readiness of Publify 8.0 on six points in time. Figure 4 
illustrates the impact of various decision strategies (degree of 
optimism) in overall release readiness. It shows that PR(170) 
is highest (0.81) when degree of optimism is considered to be 
0.7 and lowest (0.65) when degree of optimism is 0.3. For the 
optimistic case, more importance is given to the three highly 
satisfied criteria (satisfaction of user manual(1.0), satisfaction 
of defect arrival(0.86), satisfaction of unit test coverage(0.82)) 
while less importance is given to the three low satisfied 
criteria (satisfaction of implementation effort (0.67), 
satisfaction of conditions integration(0.65), satisfaction of 
code duplication(0.58)). Similarly, for the pessimistic case, 
more importance is given to three low satisfied criteria 
(satisfaction of defect density (0.47), satisfaction of codes 
smells (0.53), and satisfaction of code duplication (0.58)) 
compared to the three highly satisfied criteria (satisfaction of  
user manual(1.0), satisfaction of defect finding(0.86), 
satisfaction of method complexity(0.80)).  

 
 
As a result, product manager can identify the potential 

trade-off options among the readiness criteria. This kind of 
analysis of release readiness is helpful when time-to-release is 
important for the success of a software product. It allows 
identifying project parameters which need to be adjusted for 
improving overall release readiness.  

 
Figure 4. Impact of decision strategies on PR(170). 

Figure 5 shows the readiness scores computed by RELREA 
at different stages of the release cycle as well as the projected 
readiness scores at t = 170. We concluded that achieving a 
targeted release readiness level of 0.9 is low and that the new 
version of Publify 8.0 was potentially released too early. In 
support of this finding, already 15 bugs were reported within 
12 days after the release date. 

 
Figure 5: Calculated and projected readiness PR(170) of Publify 8.0. 

0.30 

0.50 

0.70 

0.90 

128 135 142 149 156 163 170 

Degree of optimism =0.5 
Degree of optimism =0.7 

R
ea

di
ne

ss
 

Development time (days) 

0.66 
0.68 

0.7 
0.72 
0.74 
0.76 
0.78 

0.8 

142 149 156 163 170 

Calculated 
readiness 

Projected 
readiness on 
release date R

ea
di

ne
ss

 

Development time (days) 

441



VI. THREATS TO VALIDITY 

The key threats to the validity of the results are related to 
the selection of the release readiness criteria, the applied 
membership functions, the metrics selected, and the 
aggregation operator applied. As the proposed method allows 
defining release readiness criteria uniformly from four 
dimensions and metrics are defined in a goal oriented way, 
threats to the validity regarding selection process of readiness 
attributes are minimized.  

One key threat to the construct validity is that the method 
only considers the release criteria which can be evaluated 
objectively. Subjective release readiness criteria (i.e. testing 
depth, user experience, amount of possible enhancements, 
etc.) are not considered in the method. However, inclusion of 
subjective criteria requires both human experts and more effort 
to support continuous evaluation of release readiness.  

The accuracy of the calculated release readiness largely 
depends on the proper definition of the membership functions. 
Consideration of similar past project data and involvement of 
the development team will lead to more reliable membership 
functions. Selection of proper aggregation operator for 
combining the satisfaction levels of criteria is also a threat to 
the validity. As we choose a flexible aggregation operator 
which can be adjusted by the product release manager, this 
threat to the validity is at least reduced.  

Another potential threat specific to the case-study is that the 
contributors of the projects were not reachable. Thus, we 
cannot claim that the selected readiness criteria, relative 
weights, metrics and parameters of the membership functions 
were truly relevant in the context of the project. However, to 
mitigate these issues, we studied the previous releases of the 
project and consulted with two senior software engineers for 
selecting the values of the required project specific 
parameters.  

VII. CONCLUSION AND FUTURE WORK 

Release management is a decision-centric process with a 
number of criteria, stakeholders, and constraints involved in it. 
We have proposed an analytical approach to evaluate the 
release readiness at any point in time of the release interval 
and to make projection on its final status. Corrective steps can 
be taken to increase the current release readiness level of the 
software.  

In future, this work will be extended to the analysis of 
likelihood of achieving the expected readiness before the 
predefined release date. The proposed method needs further 
analysis and evaluation of it applicability and usefulness. 
Stronger emphasize will be put on tuning of important project 
parameters. Integration of the framework with the existing 
project management tools such as JIRA, Team Foundation 
Server (TFS), and Github is intended to achieve an increase of 
its acceptability for industry practitioners. 
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Abstract

Today many software systems must undergo continuous
dynamic evolution to adapt to variable environment while
having minimal impact on their normal servicing. Program-
ming dynamic evolution requires integrating evolution logic
with business code, so that each single change as a stage of
evolution can closely react to its context including objects
and other concurrent changes. However, integrating evo-
lution logic can lead to a closely coupled system which is
less maintainable. In order to balance evolution logic in-
tegration and separation of concerns, so as to facilitate dy-
namic evolution at language level, we present a meta-model
which takes change and role as first-class abstractions to
model different degrees of such integration. It uses roles to
model variation points and uses role enactment to realise
changes in a modular and interactive manner. We extend
conventional languages with primitives for describing dy-
namic changes and with atomic operations for manipulat-
ing changes according to the structure of target system. Our
approach will hopefully facilitate the realisation of dynamic
changes and well-structured, highly evolvable systems.

1. Introduction

A deployed software system should evolve continuously
to react to contextual and requirement changes. For many
real world systems which need to be highly available, such
evolution should be performed dynamically to reduce im-
pacts on the system’s normal servicing [3]. Evolution pro-
cess is made up of phased changes, whose programming in-
volves two aspects: (1) strategy of change, i.e., the system-
atic process (or its pattern) to realise a change, and (2) target
of change, i.e., objects involved in the change. Effectively
supporting these aspects at language level by explicit rep-
resentation of change-related information relieves the effort
of programming dynamic evolution [4]. Programs specify-
ing targets of change should previously arrange variation
points (as the join points of evolution logic and application

logic) which clarify the dynamic structure of target system
and facilitate its manipulation. Strategies of change then
exploit these variation points to realise final changes.

Many efforts are made to enable programming dynam-
ic evolution. Architecture description languages (ADL)
[1] specify dynamic software architecture with graphs, pro-
cess algebras, etc. Aspect-oriented programming (AOP) en-
capsulates evolution concerns as aspects and realises fine-
grained evolution actions [5]. They are basically external
approaches [6] that enhance separation of concerns by en-
couraging application-independent evolution mechanisms
rather than intertwining them with application code. How-
ever, due to contextual complexity, change strategies must
be application-dependent and closely integrated with tar-
get systems, because: (1) instead of designing all-powerful
change strategies, many changes must be temporarily de-
signed according to runtime situation; (2) in dynamic evo-
lution, a change strategy needs to adapt to its context, and
concurrent changes need to interact for synchronisation and
data sharing, so as to ensure global requirements and mini-
mal side effects. Context-oriented programming (COP) [7]
and dynamically typed languages [4] integrate evolution ca-
pability at language level, enabling dynamic activation of
codes via contextual events, but at the cost of separation of
concerns and global coordination.

In order to facilitate programming of dynamic changes,
we propose an approach to explicitly represent evolution
from both external and internal perspectives with an at-
tempt to balance and separate evolution concerns. We in-
troduce role as first-class entity to model internal variation
points and to combine evolution concern with target system.
Roles enable a separation of concerns between business log-
ic, and coordination or evolution logic, and promote a glob-
al view of target system [2]. We introduce change as first-
class entity to model external change strategies. Changes
are deployed according to the role-based structure of tar-
get system and manipulate roles for their realisation. We
propose explicit primitives for programming these concepts
and atomic operations for bridging and manipulating inter-
nal and external perspectives of dynamic evolution.
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The rest of this paper is organised as below. Section 2
presents the concepts for describing strategies and targets of
changes. Section 3 presents atomic operations for specify-
ing role-based interaction during change realisation, and the
way these operations are organised into a concrete change
process. Conclusion and outlook are outlined in section 4.

2. Meta-Model for Dynamic Evolution

We present a meta-model which provides following con-
cepts for describing dynamically evolvable system: organ,
role, change, and message, respectively modelling dynami-
cally evolvable objects, variation points, change strategies,
and information exchanged in interactive change realisa-
tion. Fig. 1 shows these concepts and their relations.

Role Organ

Change Message

«changes»

«enacts»

0..*

0..*

0..10..*

«sends»
«receives»

«deploys»

0..1

0..*

0..*

«refers»

Figure 1. Meta-model for dynamic evolution

1. Organ: An organ is an evolvable object attached with
changes and roles. Each organ α can be represented by tuple
〈R,M,C, σ, ς, R′〉. R is the set of roles enacted by α. M
is a queue of messages received but not yet processed by α.
C is the set of changes deployed to α. σ is an assignment
which determines the values of α’s field. ς is the sequence
of statements to be executed by α at the current time. R′ is
a set of roles owned by α to be enacted by other organs.

2. Role: A role is a reference to an organ which plays
a part in another organ owning the role. Each role ρ can
be represented by tuple 〈α, κ, C, α′〉. α is the unique or-
gan which enacts ρ. Its value is ⊥ if no organ is currently
enacting ρ. Each role is allowed to have at most one en-
actor, and is syntactically taken just as a reference to that
enactor. κ is the class specifying the behaviour and proper-
ties that can be implemented by α. C is the set of changes
deployed to ρ and α. α′ is the unique organ that owns ρ.
We use in(ρ) (or out(ρ)) to represent the algorithm which
determines whether an organ satisfies the requirements for
entering (or quitting) ρ, and then reacts correspondingly.

For an organ α = 〈R,M,C, σ, ς, R′〉, roles in R decom-
pose α’s tasks to the organs enacting these roles. Each role
ρ specifies entrance (or quitting) constraints for its enactor
αρ using in(ρ) (or out(ρ)) and attaches methods (defined
in κ) to αρ for it to interact with other roles in α. In terms of

change realisation, roles provide variation points that com-
bines organs in different ways, regulate changes using these
constraints, and specify protocols about how their enactors
coordinate to realise a change.

3. Change: A change is an executing entity which
is deployed to the target—an organ α (or a role ρ)—to
make change to α (or ρ’s enactor) and which can deploy
more changes. One instance of a change can occupy mul-
tiple threads. Each change γ can be represented by tuple
〈ι, σ, ς, C, γ′〉. ι is an identifier of the target to which γ is
deployed. σ is the assignment which determines parameters
of γ. ς is the statement to be executed by γ. C is the set of
changes which are deployed by and are hence subordinate
to γ. γ′ is the change which has deployed γ. We use init(γ)
to represent the algorithm executed by ι to initialise γ. We
use chk(γ) to represent the algorithm executed in a top-
down manner after act(γ)’s completion to check whether
the designed goal of γ has been achieved. The execution
of act(γ) and chk(γ), and the handling of their results, are
automatically performed by the underlying framework.

4. Message: A message is an object used for asyn-
chronous interaction among organs. Each message µ can
be represented by tuple 〈α, ι, ν, σ〉. α is the organ which
has sent µ. ι is the identifier of the organ or role to which
µ is sent. ν is the local name of µ assigned by α. σ is an
assignment which determines the value of µ’s each parame-
ter. Both ν and σ are used by α′ to locate the method or the
statement (within a method) that handles µ.

Fig. 2 shows how introducing role and change as first-
class abstraction into object-oriented paradigm facilitates
programming dynamic evolution. As shown by path A, in
terms of change realisation, roles provide variation points
that combines organs in different ways, so that simply by e-
nacting a different role can an organ realise a change. These
variation points can relate to business logic (which concern-
s how each organ functions or multiple organs coordinates,
as shown by path B) or evolution strategy (which concern-
s how the changes exploits variation points and interac-
t with each other to achieve their goals, as shown by path
C). Role enactments provide managed variation points, as
shown by D. Both concerns involves two aspects: coordina-
tion, that focuses on how multiple individuals work togeth-
er to achieve system-level goals, and execution, that focuses
on how each individual performs some low level operations
to achieve local goals. About the coordination aspect: each
role ρ specifies entrance (or quitting) constraints for its e-
nactor αρ using in(ρ) (or out(ρ)) and attaches methods
(defined in κ) to αρ for it to interact with other roles in α.
About the execution aspect: roles enable each organ to com-
bine different services provided by other organs by delegat-
ing tasks to them through role enactment. The loop formed
by pathes A, C, D, and also the fact that one change can
deploy other changes, indicate that there are infinite possi-
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Figure 2. Applying roles and changes as first-class abstraction

bilities for changes to be used to implement meta-changes,
that is, the changes made to the way how a part of the sys-
tem is changed.

3. Change-Realising Atomic Operations

In a typical process for realising the changes using our
meta-model, each single change needs to undergo a 4-phase
process to be realised: (1) get deployed to the target objec-
t, (2) change the target object, (3) check whether the de-
signed goal has been achieved, and deal with exception-
s, (4) report the result of the change to who has deployed
the change. Such process is usually iterative. For exam-
ple, if (4) finds the goal unachieved, it may reconfigure and
restart the change. This process can have multiple stages of
preparation for completion. For example, some preparatory
changes can be implemented to be used later and be dis-
missed once the final goal is achieved. Tasks for changing a
higher level organ is decomposed and delegated to the sub-
ordinate organs through the “deploy” links. After the sub-
ordinate organs have completed and checked the changes,
they report back to the higher level organ. Following syn-
tax shows atomic operations used to realise such change-
realising process.

ς ::= ε | ςatom; ς | ς ‖ ς
ςatom ::= ι.ν(σ) | recv{ιi!νi(σi) : ςi}i∈I |

dply(γ, ι) | chk(γ) |
in(ρ)(α) | out(ρ)(α) |
hire(ρ)(A) | fire(ρ) |
ςatom,ori

where ς denotes a statement which can be formed by a se-
quence of atomic statements or the parallel combination of
multiple statements (e.g., ς1 ‖ ς2) which represents concur-
rent threads. ςatom,ori denotes a statement defined by the
original language, e.g., Java. Our extension provides 3 sets

of atomic operations: message passing, change manipula-
tion, and role manipulation. Fig. 3 presents the operational
semantic rules of atomic operations for guiding design of
dynamic evolution enabling languages, in terms of effect-
s of these operations on configurations of organs, roles, or
changes involved.

4. Conclusion and Outlook

We present a meta-model for describing a dynamically
evolvable system, and language-independent atomic opera-
tions for manipulating a system complying with this mod-
el. Our approach balances between external and internal.
It uses roles to manipulates the structure of target system.
It provides language-level primitives to describe the strate-
gies of change (i.e., change classes). Compared with COP,
which uses layer to modularise dynamically switchable be-
haviour, we use role as a medium between target system
and strategies of change, to add variation points encapsulat-
ing behavioural extension of an organ, inter-organ relation-
s, and even application/evolution logic. Both changes and
roles can be used for dynamic evolution. Changes are ex-
ternally built, deployed to roles and organs, forming a net-
work alongside role enactment network, exploiting roles to
achieve their goal. Roles are relatively internal and more
closely bound to the business logic. Organising changes
with roles facilitates the global coordination of distributed
changes. Using explicit change manipulation rather than
implicit invocation of these additional concerns (as in AOP)
facilitates the anticipation of the result of change. We plan
to develop a framework supporting features of our model
and language-level primitives, and provides facilities for the
management, serialisation, and exception handling, of dis-
tributed runtime changes.
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µ = 〈α1, ι, ν, σ〉, (ι = α2 ∨ ι = ρ ∈ R2 ∨ ι = ⊥)

α1 = 〈R1,M1, C1, σ1, ι.ν(σ); ς1, R
′
1〉, α2 = 〈R2,M2, C2, σ2, ς2, R

′
2〉 → α1 = 〈R1,M1, C1, σ1, ς1, R

′
1〉, α2 = 〈R2, µ ·M2, C2, σ2, ς2, R

′
2〉

(Send)

j ∈ I, t(σj) ≺ t(σ), µ = 〈α0, α, νj , σj〉, (ιj = α0 ∨ ιj = ρ ∈ R ∨ ιj = ⊥)

α = 〈R,M · µ ·M ′, C, σ, recv{ιi!νi(σi) : ςi}i∈I ; ς, R′〉 → α = 〈R,M ·M ′, C, σ, ςj ; ς, R
′〉

(Recv)

where for organ α (or role ρ = 〈α, κ, C, α′〉), t(α) (or t(ρ)) returns the type of α (or ρ).

ι = α ∨ ι = ρ ∈ R

γ = 〈ι, σγ ,dply(γα, ι); ς, C, γ
′〉, α = 〈R,M,C, σ, ς, R′〉 → γ = 〈ι, σγ , ς, C ∪ {γα}, γ′〉, α = 〈R,M,C ∪ {γα}, σ, init(γα); ς, R′〉

(Dply)

γ ∈ C0, γ 6= γ0

γ0 = 〈ι0, σ0, χ0 := chk(γ0); exc(γ0, χ0); ς
′
0 ‖ ς0, C0, γ

′〉, γ = 〈ι, σ, ς, C, γ0〉 →
γ0 = 〈ι0, σ0, recv{ι!rtn(χ) : χ0 := χ}; chk(γ0); exc(γ0, χ0); ς

′
0 ‖ ς0, C0, γ

′〉, γ = 〈ι, σ, χ := chk(γ); exc(γ, χ); ι0.rtn(χ) ‖ ς, C, γ0〉

(Chk)

σ′(χ) = true, κ ≺ t(α)

ρ = 〈⊥, κ, C, α′〉, α = 〈R,M,C, σ, χ := in(ρ)(α); ς, R′〉 → ρ = 〈α, κ, C, α′〉, α = 〈R ∪ {ρ},M,C, σ′, ς, R′〉
(In)

where κ1 ≺ κ2 means class κ1 is a superclass of class κ2.

σ′(χ) = true, ρ ∈ R

ρ = 〈α, κ, C, α′〉, α = 〈R,M,C, σ, χ := out(ρ)(α); ς, R′〉 → ρ = 〈⊥, κ, C, α′〉, α = 〈R− {ρ},M,C, σ′, ς, R′〉
(Out)

κ ≺ t(α), α ∈ A, ρ = 〈⊥, κ, C, α0〉 ∈ R′
0

α0 = 〈R0,M0, C0, σ0,hire(ρ)(A); ς0, R
′
0〉, α = 〈R,M,C, σ, ς, R′〉 → α0 = 〈R0,M0, C0, σ0, ς0, R

′
0〉, α = 〈R,M,C, σ, χ := in(ρ)(α); ς, R′〉

(Hire)

ρ = 〈α, κ, C, α0〉 ∈ R′
0

α0 = 〈R0,M0, C0, σ0,fire(ρ); ς0, R
′
0〉, α = 〈R,M,C, σ, ς, R′〉 → α0 = 〈R0,M0, C0, σ0, ς0, R

′
0〉, α = 〈R,M,C, σ, χ := out(ρ)(α); ς, R′〉

(Fire)

Figure 3. Operational semantics of change realising atomic operations
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Abstract

Software Product Line Engineering (SPLE) is a system-
atic reuse approach to develop a short time-to-market and
quality products, called Software Product Line (SPL). Usu-
ally, the SPL is not developed from scratch but it is devel-
oped by reusing features (resp. their source code elements)
of existing similar systems developed by ad-hoc reuse tech-
niques. The feature implementations may be changed for
adapting SPLE context. The change may impact other fea-
tures that are not interested in the change, as a feature’s
implementation spans multiple code elements and shares
code elements with other features. Therefore, feature-level
Change Impact Analysis (CIA) is needed to predict affected
features for change management purpose. In this paper, we
propose a feature-level CIA technique using formal concept
analysis. In our experimental evaluation using three case
studies of different domains and sizes, we show the effec-
tiveness of our technique in terms of the most commonly
used metrics on the subject.

Keywords: Impact analysis, feature, source code, FCA,
software product line, product variants.

1 Introduction
SPLE is a engineering discipline providing methods to

promote systematic software reuse for developing short
time-to-market and quality products in a cost-efficient
way [1]. These products are referred to as SPL [1]. The
whole idea behind SPLE is to build core assets consisting
of all reusable software artifacts (such as source code, test
cases and son) that can be leveraged to develop SPL’s prod-
ucts. Building such core assets is driven by features that
SPL products should provide. A feature is “a prominent or
distinctive user-visible aspect, quality or characteristic of a
software system” [2].

Building SPL’s core assets from scratch is a costly
task [1]. Therefore, features (resp. their source code el-
ements) of existing similar systems developed by ad-hoc
reuse techniques should be reused as much as possible to
build SPL’s core assets [3]. Such systems are known as
product variants. The implementation of the obtained fea-

ture(s) may need to be changed for adapting SPLE context
by adding or removing requirements (resp. their source
code elements) [4]. The change may impact other fea-
tures that are not interested in the change, as a feature’s
implementation spans multiple code elements (e.g., classes
and methods) and shares code elements with other fea-
tures. To avoid such a situation, feature-level Change Im-
pact Analysis (CIA) is needed to detect introducing unde-
sirable interactions between feature implementations. Fur-
thermore, it is helpful to conduct change management from
a SPL manager’s point of view. For example, managers
may most likely be interested in evaluating a given source
code change in terms of affected features, in order to decide
which change strategy should be executed.

Feature-level CIA is far from a trivial task when we
have a large number of features. Manually tracing fea-
ture implementations to determine affected features is time-
consuming, error-prone and tedious. The CIA is seldom
considered at the feature level for changes made to the
source code level. Most of the existing works performs CIA
at the source code level with little works completed at re-
quirement and design levels [5]. In this paper, we propose
a technique to study CIA at the feature level using Formal
Concept Analysis (FCA). This technique takes, as input, a
change set composed of classes to be changed and com-
putes, as output, a ranked list of affected features. Each fea-
ture in this list has a probability to be affected representing
the feature priority to be checked by maintainers. Addition-
ally, we propose two metrics to measure to what degree a
given feature implementation is impacted and the change-
ability of the features.

The rest of this paper is organized as follows. Section 2
presents FCA. Sections 3 and 4 present the proposed ap-
proach and experimental evaluation, respectively. Next,
sections 5 and 6 discuss the related works and conclude the
paper respectively.

2 Background: Formal Concept Analysis
FCA is a technique for data analysis and knowledge rep-

resentation based on lattice theory [6]. Concept lattices are
core structures of FCA for extracting a set of concepts from
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Table 1. A formal context for birds.
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Flying-squirrel X X

Bat X X X

Ostrich X

Flamingo X X X

Chicken X X X

a dataset, called a formal context, composed of objects de-
scribed by attributes. A formal context is defined as a triple
K = (O,A,R) where O is a set of objects, A is a set of
attributes and R is a binary relation between objects and at-
tributes indicating which attributes are possessed by each
object. Table 1 presents an example of a formal context for
several animals described by their characteristics.

A formal concept is a pair (E, I) composed of an object
set (E ⊆ O) and an attribute set (I ⊆ A). E is the extent
of the concept (i.e., the objects covered by the concept). I
is the intent of the concept (i.e., the attributes shared by the
objects covered by the concept). For example, ({Chicken,
Flamingo}{Flying, Feathered}) is a concept of our exam-
ple.

Given a formal context K = (O,A,R), and two for-
mal concepts C1 = (E1, I1) and C2 = (E2, I2) of K,
the concept specialization order (≤s) is defined by C1 =
(E1, I1) ≤s C2 = (E2, I2) if and only if E1 ⊆ E2 (and
equivalently I2 ⊆ I1). C1 is called a sub-concept of C2. C2

is called a super-concept ofC1. Based on this specialization
order definition, an important property is that a sub-concept
inherits in a top-down manner the attributes (intent) of its
super-concepts, while a super-concept inherits in a bottom-
up manner the objects (extent) of its sub-concepts.

Let CK be the set of all concepts of a formal context K.
This set of concepts provided with the specialization order
(CK ,≤s) has a lattice structure, and is called the concept
lattice associated withK. Figure 1 shows the concept lattice
built for the formal context of Table 1.

3 The Proposed Approach
When source code classes that implement a feature are

changed, the change may be propagated to the neighbor
classes which the changed classes are coupled to. As a fea-
ture’s implementation may span multiple classes and fea-
tures may have shared classes, the change may lead to im-
pact the implementation of other features. Therefore, we
should determine the impact set of classes and coupling
relations between features to determine affected features.
We rely on structural and feature couplings to support these
purposes respectively. Structural coupling refers to inter-
dependencies between classes, such as inheritance, method
invocation, etc. Feature coupling is the degree to which the
source code elements implementing a feature (e.g., meth-

Figure 1. The concept lattice for the formal
context of Table 1.

ods, attributes, classes) depend on elements outside the fea-
ture [7]. Figure 2 gives an overview of our approach. This
approach relies on three main steps:(i) computing the im-
pact set of classes for source code changes, (ii) Determin-
ing coupled features using FCA, (iii) querying the generated
concept lattice to compute a ranked list of affected features.
The goal of the first step is to determine impact set classes
due to modifying a given change set of classes. Of course,
the impact set also includes the change set members. The
second step aims to determine coupled features by build-
ing the concept lattice. This lattice is queried in the third
step using the impact set computed in the first step to find a
ranked list of affected features.

Figure 2. Main steps of our CIA approach.

3.1 Determining the Impact Set of Classes

Analyzing the interdependencies between classes helps
to determine the coupled classes, and hence determine the
impact set of classes. We rely on the following interdepen-
dencies that represent coupling aspects in object-oriented
applications supporting CIA: (1) inheritance relationship:
when a class inherits attributes and methods of another
class, (2) method call: when a method of one class calls a
method of another class, (3) attribute access: when a class
accesses an attribute of another class, (4) shared attribute
access: when two classes access the same attribute of an-
other class. To capture these interdependencies, the given
source code is statically analyzed by building an abstract
syntax tree (AST) that can be queried to extract required
information.
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Table 2. The formal context of features and
classes.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12

F1 X X X X X

F2 X X X X X

F3 X X X X

F4 X X X

F5 X X X X X

F6 X X

F7 X X

3.2 Determining Coupled Features Using FCA

In this step, we rely on FCA to analyze coupling
relations between a given set of features. FCA allows us
to determine and visualize source code classes that are
shared among all features, among a subset of features
and those that are specific to each feature through the
hierarchical organization of the concept lattice. This step
takes as input a feature-to-class traceability matrix. This
matrix can be obtained by our previous work [8]. In this
matrix, each feature is linked to its implementing classes.
Columns and rows respectively represent features and
source code classes. This matrix represents the formal
context where features and classes respectively represent
objects and attributes. The relation between an object
and an attribute refers to which feature is implemented
by which class. According to this definition of the formal
context, we can obtain a concept lattice containing con-
cepts that are composed of a set of features sharing a set
of classes. Such a lattice represents dependencies between
features and classes (feature coupling). Table 2 is an
example of the formal context to be analyzed where objects
are {F1, F2, F3, F4, F5, F6, F7} while attributes are
{C1, C2, C3, C4, C5, C6, C7, C8, C9, C10, C11, C12}.
Figure 3 shows the corresponding lattice of the context
shown in Table 2. Based on this lattice we discover the
following observations:

- The impact of changes made to classes of concepts that
are located at the top of the lattice is propagated to all
extents (features) of these concepts. This is because the
classes of such concepts are shared among all or most lat-
tice concepts. Such classes should not be impacted as far
as possible because they may lead to the risk of changing
all features. For example, if C1 and C10 respectively at
Concept 7 and Concept 13 are modified or impacted, all
features (F1 to F7) will be affected.

- The impact of changes made to classes of lattice concepts
located at the bottom is local. For example, if C8 is mod-
ified or impacted, only F5 will be affected. Determining
these classes is useful to guide the maintainers to choose
from available change strategies, the one that considers
only such classes to implement the change request.

Figure 3. The concept lattice for the formal
context of Table 2.

- By descending vertically throughout the lattice, the im-
pact of changes is gradually decreased. For example,
if changes are made to {C1}, the set of affected fea-
tures will be composed of {F1, F2, F3, F4, F5}, but if
changes are made to {C7}, the set of affected features
will only be composed of {F3, F5}.

- Lattice concepts that are downwardly reachable from
jointly changed classes have a high probability of be-
ing affected. For example, assuming that impact set =
{C2, C3, C5}, then F1 has a higher probability of being
affected than F2. This is because F1 will be affected
by three joint classes {C2, C3, C5}, while F2 will be
affected by two joint classes {C2, C3}.

- Based on the generated lattice, we can determine isolated
sub-systems/parts and hence determine maintenance re-
sources that are required based on the affected sub-
systems/parts. For example, if the affected features are
F6 and F7 (i.e., part2) and they are maintained by spe-
cific team, a product manager can exclude other mainte-
nance teams and ask only the interested team to execute
the change.

3.3 Querying Concept Lattice
3.3.1 Determining Affected Features

In this step, we query the generated lattice by the impact
set of classes to retrieve features that are implemented by
these classes. The retrieved features represent two subsets
of affected features, following the two steps below. Firstly,
locating a set of lattice concepts that have as intent (exclud-
ing inherited intent) one or more of impacted classes. The
extents of these concepts are a subset of affected features.
Secondly, determining all downwardly reachable concepts
from concepts obtained in the step 1. The extents of these
concepts are another subset of affected features.

The first step is performed using a simple algorithm to
explore the concept lattice for determining the required con-
cepts, called (CON). Due to space limitation, we are unable
to present this algorithm. To perform the second step, we
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propose algorithm 1. This algorithm is based on depth-first
search (DFS). The algorithm takes as input a list of con-
cepts computed in step 1 (CON) and the concept lattice to
be queried (CL). Lines 1-10 check each concept in CON
in turn so that each one becomes the root of a new tree
in the DFS. The extents of concepts that constitute such a
tree represent all affected features due to changes made to
classes of its parent concept. The function getAdjacentCon-
cepts() returns all concepts that are located immediately be-
low and directly related to the current concept (Co). LCF is
an accumulator for all traversed concepts. These traversed
concepts represent all downwardly reachable concepts from
CON’s concepts. LCF may contain some concepts that do
not have their own extent and LCF also can include re-
dundant concepts due to the overlap between DFS’s trees.
Therefore, lines 11-14 remove these concepts respectively
using the functions (RemovingConHavingEmptyExt()) and
(RemovingRedundantConcepts()). In line 15, we extract the
extent of LCF concepts using the function (ExtractingEx-
tent()) because the extent of these concepts represent the
affected features.

3.3.2 Ranking Affected Features

Based on the observations of concept lattice mentioned ear-
lier, we can deduce that the concept lattice organizes fea-
tures hierarchically according to their probability to be im-
pacted by a given change proposal. Therefore, we propose
two metrics adapted to feature-level CIA: Impact Proba-
bility Metric (IDM) and Changeability Assessment Metric
(CAM).

IDM is used to measure the degree to which a specific
feature can be affected. Features having high IDM values,
the functional requirements provided by these features have
a high probability to be affected. Therefore, their imple-
mentation should first be checked by maintainers. IDM val-
ues are in the range [0, 1]. Using IDM metric, we can rank
the affected features from the feature that has a higher IDM
value to the feature that has a lower IDM value. We propose
the following equation for IDM:

IDM(F ) =
|{I}

⋂
{Impact Set}|
|{I}|

× 100% (1)

In Equation 1, F is an affected feature while I is the in-
tent (classes) of a lattice concept having F as an extent and
also includes intents inherited in a top-down manner. Thus,
we need to compute the inherited intents of lattice concepts
(LCF ) having the affected features. This is performed us-
ing the DFS algorithm to compute all upwardly reachable
concepts from each concept in LCF .

CAM is a metric for determining the percentage of fea-
tures that are affected by a given change. It describes the
changeability of all features in order to help product man-
agers to decide whether a change proposal is accepted or

Algorithm 1: LocatingAffectedFeatures
Input: CON, LC
Output: AF // list of affected features

1 LCF ← φ
2 foreach j from 1 to |CON | do
3 ConceptStack← CON [j]
4 while (ConceptStack is not empty) do
5 Co← pop(ConceptStack)
6 AdjCos← getAdjacentConcepts(Co, CL)
7 if (AdjCos is empty) then
8 LCF ← Co

9 else
10 push(AdjCos), LCF ← Co

11 foreach i from 1 to |LCF | do
12 if Extent(LCF [i]) is empty then
13 RemovingConHavingEmptyExt(LCF , i)

14 RemovingRedundantConcepts (LCF )
15 AF← ExtractingExtent(LCF )
16 return AF

to find another change plan more suitable to employ. We
propose the following equation for CAM:

CAM =
#Affected Features

#All Features
× 100% (2)

In equation 2, Affected Features represent a set of features
that are potentially affected by a given impact set of classes.
All Features represent all features. CAM values take a
range [0, 1]. If the computed CAM value is high, this means
that features (resp. their implementation) are more sensitive
for a given change proposal and vice versa.

By referring again to Figure 3 and considering that the
impact set is composed of {C3, C5, C6}, we find out that
the IDM and CAM values of this impact set as shown in
Table 3. The columns (Concept No, Features and Rank)
show respectively a set of concepts having affected features,
their affected features and the priority of these features to
be checked. These features are ranked based on their IDM
values. From Table 3, we notice that F4 has the highest
IDM value. Also, It shows that CAM for this impact set is
equal to (71%). This means that most of features will be
affected by this given impact set of classes.

4 Experimental Results and Analysis

4.1 Case Studies

For evaluation, we have applied our CIA technique re-
spectively to core assets of three different case studies:
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Table 3. Impact results for {C3, C5, C6}
changes.

Concept No Features |{I}| |{I}
⋂
{FCS}| IDM Rank CAM

Concept 3 F4 3 2 66% 1

71%
Concept 1 F2 5 2 40% 2

Concept 0 F1 5 2 40% 2

Concept 2 F3 4 1 25% 3

Concept 4 F5 5 1 20% 4

ArgoUML-SPL1, MobileMedia2 and BerkelyDB-SPL3. Mo-
bileMedia is a small-scale system for managing multime-
dia files on mobile devices. The core assets of MobileMe-
dia supports 6 features such as, view photo, delete photo,
sort photos, etc. ArgoUML-SPL is a large-scale system for
UML modeling tool. The core assets of ArgoUML-SPL sup-
ports 8 features such as, the Class diagram, the State dia-
gram, the Activity diagram, etc. BerkeleyDB-SPL is a large-
scale embedded database system that can be embedded in
other applications as a storage engine. The core assets of
BerkeleyDB-SPL provides 25 features, such as transaction
management, concurrency control, etc.

4.2 Evaluation Measures

We relied on three measures inspired from information
retrieval, namely precision, recall and F-measure to evalu-
ate our CIA technique. Precision measures the accuracy of
estimated impact set of features (EIS) according to the ac-
tual impact set (AIS). The EIS represents the affected fea-
ture computed by our technique while AIS is computed by
manually tracing features to identify the affected features
for each given change proposal. Recall measures the de-
gree to which the EIS covers the AIS members. F-measure
makes a trade-off between precision and recall, so that it
gives a high value only in the case that both recall and pre-
cision values are high. Based on the definitions above, we
can deduce that precision also quantifies elements of EIS
that actually are not impacted (false-positive). Also, recall
quantifies the features that are not identified but are im-
pacted (false-negatives). Our proposed technique aims to
achieve high precision, recall and F-measure. All measures
have values within [0,1]. If the EIS has a high precision,
this means that maintainers spend less time and effort to lo-
cate affected features. If the EIS has a high recall, this gives
maintainers the confidence that all of affected features have
been considered.
4.3 Effectiveness of Our CIA Technique

Table 4 summarizes the results obtained by our CIA
technique. Columns describe respectively: change set of

1http://argouml.tigris.org/
2http://www.ic.unicamp.br/ tizzei/mobilemedia/
3http://wwwiti.cs.uni-magdeburg.de/iti db/research/cide/

Table 4. Precision, Recall and F-measure of
our CIA Technique.

CSC |CSC| |EIS| Precision Recall F-measure CAM

MobileMedia

CSC1 5 5 60% 75% 67% 100%

CSC2 5 6 83% 100% 90% 83%

CSC3 8 6 67% 100% 80% 100%

ArgoUML-SPL

CSC1 9 5 80% 100% 88% 62%

CSC2 8 4 75% 100% 86% 50%

CSC3 18 5 80% 100% 88% 62%

BerkeleyDB-SPL

CSC1 6 25 92% 100% 96% 92%

CSC2 5 25 100% 100% 100% 100%

classes (CSC), the size of CSC (|CSC|), the size of es-
timated impact set of features (|EIS|), precision, recall,
F-measure and CAM. We randomly select three different
CSCs for both ArgoUML-SPL and MobileMedia, and two
CSCs for BerkeleyDB-SPL. Therefore, we have 8 CSCs to
be analyzed. These selected CSCs are modified by con-
sidering different change types, including changes made
to class signature, class body, attributes, method signature
and method body.

Table 4, shows that precision values are fluctuated and
take a value in the range between 60% and 100%. This
fluctuation can be attributed to two reasons. Firstly, some
changes made to CSC do not have any impact on feature im-
plementations. These changes include deleting dead source
code (e.g., conditional branch that logically will never be
entered), adding output statements, etc. Secondly, the im-
pact set of classes may contain some classes that, in fact, are
not impacted. Such classes are called false-positive classes.
For example, consider that C1 and C2 are two classes con-
nected by a method invocation and C1 is proposed to be
changed by adding an attribute. In this case, C2 is con-
sidered as affected class in spite of it is not be affected by
this change. Such a case indicates features that are imple-
mented by false-positive classes actually are not affected.
Recall values shown in Table 4 are high where these values
take a range between 75% and 100%, and in most cases
they reach 100%. The reason that hinder our technique
to achieve 100% for all CSCs is that we do not consider
classes that are not neighbors of CSCs. These classes may
contribute to implement feature(s). F-measure values con-
firm that our CIA technique gives high precision and recall,
where these values are high taking a range between 67%
and 100%.

CAM values in Table 4 shows the changeability of fea-
tures of each case study against each CSC considered. We
notice that all CSCs of MobileMedia affect more than half
of its features. This is because MobileMedia is a small-scale
system, and hence its source code classes are strongly cou-
pled so that any change may impact many different features.
For ArgoUML-SPL, all changes made to its features affect
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almost half of its features. This is due to ArgoUML-SPL’s
features being loosely coupled. They appear as isolated sub-
systems, for example, cognitive feature is implemented by
221 classes. For BerkeleyDB-SPL, changes made to its fea-
tures affect most of its features. By investigating the impact
set of classes and the concept lattice corresponding to this
case study, we find that one of the changed classes (Envi-
ronmentImpl) is located at the top of the lattice. This means
that changes made to this class are propagated to the imple-
mentation of most features, which leads to a rise in the value
of CAM. Based on CAM values shown in Table 4, we notice
that these values quantify the changeability of the features
against each change proposal. This allows SPL’s manager
to select the change strategy that results in the lowest possi-
ble CAM value.

5 Related Work
A large body of research is proposed for CIA. A compre-

hensive survey about CIA techniques can be found in [9].
The approach proposed by Revelle et al. [10] is the closet to
ours. They proposed a feature coupling metric for support-
ing CIA at the feature level since features that are strongly
coupled to a feature with modified implementation are the
most likely to be affected. In their approach, features with
a coupling value equal to or above a given threshold are
considered as coupled features. However, coupled features
under the specified threshold value may be affected by the
change as shown in their experimental results. Hammad et
al. [11] proposed an approach to determine which source
code changes impact the system architecture. Diaz et al.
[12] proposed an approach to perform CIA at the archi-
tectural level for changes induced at the requirement level.
Chechik et al. [13] proposed a model-based approach for
studying changes propagated between requirements and de-
sign models. Khan and Lock [14], utilized dependencies
between requirement-level concerns and architectural com-
ponents to studying the impact of requirement changes at
the architecture level. All works mentioned above, except
Revelle et al.’s work [10], do not support CIA at the feature
level. They perform CIA at other different levels of abstrac-
tion.

6 Conclusion
In this paper, we have proposed a feature-level CIA ap-

proach to study the impact of changes made to source code
of features obtained from product variants. This approach
is useful for conducting change management from SPL
manger’s point of view. Our approach takes, as input, a
change proposal at class level and computes a ranked list of
potential affected features. Also, we propose two metrics
to support this point of view. The proposed approach em-
ployed formal concept analysis, feature and structural cou-
plings. Our experiments on three core assets of three case

studies of different domains and sizes proved the effective-
ness of our approach in terms of the most used metrics on
the subject (precision, recall and F-measure).
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Abstract: Currently, ontologies are widely used in ubiquitous 
systems for the representation of context and situation information. 
In addition, task ontologies are used to describe processes and daily 
situations that may occur in certain domains. In this way, it is nec-
essary that there are strategies of integration between ontologies 
and databases, because ubiquitous systems generate large amounts 
of context data. In addition, it is necessary that exist ways to query 
and infer information on these persisted ontologies. Through the 
description of a motivating scenario, based on ClinicSpace ubiqui-
tous architecture, and the study of requirements identified on re-
cently proposed architectures, it was possible to list a set of im-
portant features to use persistence tools in ubiquitous systems. This 
paper presents an analysis of recently proposed solutions for the 
use of ontologies as data model for context representation and situ-
ation inference in ubiquitous systems. Through this analysis was 
possible to list a set of requirements that the actual state of the art 
does not attend, such as the possibility of distributed inference 
about information in ontologies. 

Keywords — Ontologies; Ubicomp; D/atabases; Context-
Awareness; Pervasive Computing. 

I. INTRODUCTION 
The idea proposed by Mark Weiser [31], known as Ubiqui-

tous Computing, defines a world composed by intelligent envi-
ronments where users and devices of all kinds are fully inte-
grated in a way that provides the invisibility of computing. In 
these spaces, computing should be transparent to the user, ie, 
devices and systems should assist users in performing their 
daily tasks and it is desirable that users can not perceive the aid 
of computation involved in these processes. Thus, the main 
feature of ubiquitous systems is that they perform tasks cen-
tered on the end user and their daily activities according to the 
needs of these users and the context where they are inserted 
[14].  

Context can be represented computationally in various 
ways. One of the most used ways is through ontologies, which 
allow the formal representation of a set of concepts and terms 
that represent domain knowledge [27]. Moreover, ontologies 
can be used to represent situations, and can be used for infer-
ence of new information based on the definitions of previously 
modeled contexts and situations. For the ubiquitous systems 
can complete the adaptation to the context as a result of situa-
tions that occur during their execution (context-awareness ad-

aptation) is necessary that exists strategies to interconnect con-
text information with data persistence tools. Recent researches 
propose the definition of methodologies for this interconnec-
tion, but there is still no consensus on the use of a particular 
data model. 

In this paper we present a motivation scenario based on 
ClinicSpace ubiquitous healthcare system [17][11], which de-
fined a ubiquitous system for customization of tasks and clini-
cal workflow inside hospitals. From this scenario and studies 
carried out on ubiquitous architectures from different domains 
we defined a set of features for the integration of context mod-
eling, persistence, recovery and context inference tools. Fur-
thermore, we found that many of these requirements are com-
mon to other ubiquitous architectures, regardless of the field in 
which they are used.  

From the definition of these requirements, we conducted a 
review in relation to state-of-the-art works that propose the 
integration between ontologies and databases in order to verify 
whether these solutions meet the requirements for their use in 
ubiquitous systems, and if these solutions are really integrating 
the concept of Open World (OW – present in ontologies) with 
databases – which uses the concept of Closed World (CW). 

OW defines that information or structures that are not mod-
eled in an ontology exist in the world, but are not modeled. 
Thus, a query about a not represented knowledge in the ontolo-
gy may not result in a false statement; it must return a response 
stating that the knowledge is unknown [21][16]. CW in turn 
defines that everything, which is not modeled in the conceptual 
model of the database, is false. Thus, if a query involves data 
that do not exist in the database, the response will be false, if a 
similar query was made in an ontology, the answer would be 
unknown [21][16]. Additionally, databases use UNA (Unique 
Name Assumption), which states that every individual has a 
single and unique name. In ontologies, individuals may have 
more than one name. 

Next, Section 2 records the concepts used for modeling 
context and situation information in ubiquitous systems. Sec-
tion 3 describes a motivation scenario based on ClinicSpace 
architecture. Section 4 describes the state of the art of integra-
tion between ontologies and databases. Section 5 illustrates a 
comparative study of methods of integration between ontolo-
gies and databases and presents a discussion of results, which 
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indicate a range of implementation difficulties and research 
possibilities in the area. Section 6 presents the conclusions of 
this work. 

II. CONTEXT AND SITUATION INFORMATION IN 
UBIQUITOUS SYSTEMS 

Ubiquitous systems base their operation on information 
collected from the environment and on user interactions. The 
inputs data are collected by sensors are abstracted, forming 
context data. The term context can have several definitions, 
because it is a broad term, which encompasses several areas.  

According to Dey & Abowd [10], context can be defined as 
"any information that might be used to characterize the situa-
tion of entities (person, place or object) that are considered 
relevant to the interaction between a user and an application 
including the user and application". Bazire & Brézillon [5] 
define context based on two main settings: (i) the context acts 
as a set of constraints that influence the behavior of a system, 
embedded in a given task, and (ii) definition of context de-
pends on the area of knowledge to which it belongs. [10] and 
[5] are the most widespread and used context definitions in 
recent studies of context awareness. 

Context data can be represented in various ways. Recent 
studies [26][23][6] made comparisons between the forms of 
representation of context and the requirements that they meet. 
These comparisons were based on six key factors, named in the 
comparative table as: distributed composition (dc), partial vali-
dation (pv), information quality (qua), incomplete and ambigu-
ous (inc), level of formality (for) applicability in existing envi-
ronments (app) and interoperability between systems without 
the necessity of adaptation (int) [26]. Table 1 shows the compi-
led result of these comparisons. 

TABLE I.  COMPARISON BETWEEN FORMS OF CONTEXT 
REPRESENTATION. ADAPTATION OF [26][23] 

Ordered Approaches dc pv qua inc for app int 
Key-Value - - - - - ! ! 

Markup Scheme ! ! ! - ! ! ! 

Graphic - - ! - ! ! ! 

Logic Based ! - - - ! - ! 

Object Oriented ! ! ! ! ! ! - 

Ontology Based ! ! ! ! ! ! ! 
 

Thus, it was found in the comparisons that context model-
ing based on ontologies meets key requirements for the com-
plete representation of contexts. Moreover, this form of repre-
sentation allows interoperability between systems in different 
languages, a difficult task to be accomplished if we use other 
ways, for example, based on object oriented approach which 
depends of characteristics present in each programming lan-
guage. 

In addition to defining context, the definition and inference 
of situations in ubiquitous systems are necessary because they 
allow ubiquitous systems and services to determine what ac-
tions should be executed before a combination of situations and 
contexts [32]. Situation is an abstract concept that can be de-
fined in various ways. Some authors [19][32] define it as an 

external abstraction (from the point of view of applications) for 
a set of relevant contexts on environmental entities and their 
semantic relationships. There are also proposals to add time 
variant concept in situations [7][3]. These proposals include the 
concepts of situations that must have a certain time of exist-
ence, and the lifetime of the situation must be situated in global 
time. For example, agitated_patient situation can happen dur-
ing certain periods of time during a day in the field of clini-
cians care to elderly patients. 

In literature, there are proposals to use methodologies for 
the representation and detection of situations. Ontologies can 
be used to specify situations. Moreover, logical rules can be 
created to perform the inference of situations and determine 
which operations must be performed based on the state of the 
environment [26]. From the modeling of context and situations 
based on ontologies, it is necessary to use language standards 
for queries and inferences in these definitions.  

For queries and inferences to be made in information repre-
sented in OWL-DL ontologies, W3C [29] recommends the use 
of three languages: SWRL (Semantic Web Rule Language), 
used for the development of logical rules and consequently the 
inferences, SQWRL (Semantic Query-enhanced Web Rule 
Language), which adds functions to SWRL for queries in 
OWL-DL ontologies. SWRL is a language used to define rules 
in first order logic and is widely used in ubiquitous architec-
tures. The code snippet shown below is an example of SWRL 
rule applied the definition of Lying action, “if an user has a 
tag, the tag is at 10 cm high from the floor, and it is staying for 
60 seconds” [15]. 

owns(?user, ?tag) ^ hasHeight(?tag, ?height) ^ 
swrlb:lessThan(?height, 10) ^ stayFor(?tag, ?dura-
tion) ^ swrlb:greaterThan(?duration, 60) → 
hasMovement(?user, Lying) 

Fig. 1. SWRL definition of Lying situation [15] 

III. MOTIVATION SCENARIO 
To identify important requirements for persistence and use 

of context information in ubiquitous systems, we describe a 
usage scenario of ClinicSpace architecture. This scenario was 
created based on the descriptions provided by other studies 
[17][18]. Besides defining the scenario and rank a set of im-
portant requirements for persistence and use of context infor-
mation, we relate these requirements with other recent works 
of ubiquitous architectures, to determine whether these archi-
tectures meet these requirements. 

ClinicSpace ubiquitous architecture was designed to be 
used in hospitals, allowing doctors and clinicians to model 
their everyday activities in computer interfaces. This modeling 
of activities should be aware of the context, ie, each one of the 
activities defined in the workflow of the user is performed ac-
cording to the contexts of environments where the activity will 
be held. For this to occur, the ClinicSpace architecture uses the 
definition of contexts based on OWL-DL language, and stores 
these settings using the SemantiCouch architecture [18]. To 
illustrate some important requirements on the use of context, 
we describe a scenario where the ClinicSpace ubiquitous archi-
tecture is embedded.  
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"A neurologist wants to consult the history of his patient 
exams on his mobile device. ClinicSpace obtains the current 
context, identification of the patient, location of the physician, 
and patient, devices and sensors. All information is modeled in 
OWL-DL [35]. The physician receives the results of tests made 
recently by the patient who is being treated, concerning their 
clinical specialty. Moreover, the tests are presented to the phy-
sician in a manner adapted to his device - for the viewing ca-
pability of the display, the available bandwidth of the network, 
location where the doctor is and the people around him (if this 
information requires privacy or not)". 

From the definition of this usage scenario, we identify a set 
of requirements for persistence and retrieval of information 
used by the architecture. Moreover, some of these requirements 
have been also identified in other recent studies of ubiquitous 
architectures [28][13][12]. The following are the main re-
quirements for the persistence of context and situation infor-
mation in ubiquitous architectures:    

• Vertical and Horizontal Scalability. The persistence 
tools that support semantic data should provide (i) vertical 
scalability - possibility of increasing the capacity of the data-
base when it is used locally; and (ii) horizontal scalability – 
data replication in databases on multiple nodes of a network, 
allowing these nodes to access data in the same way as a local 
database. For that it can use a distributed infrastructure to store 
and query data, allowing the data persisted in this architecture 
to be found in several places by devices of all kinds. This fea-
ture is required by the use of large amounts of information 
sensed from the environment in ClinicSpace [18] (generated 
from sensors and inferences about the environment), also, the 
amount of data is a problem in other ubiquitous architectures 
[28][13][12], and the use of heterogeneous devices is required - 
two key characteristics of ubiquitous systems [33][18]; 

• Standardized query and inference languages for 
OWL. Preferentially, the methods of integration and persis-
tence of ontologies tools should use query and inference stand-
ardized languages for OWL. Among these languages include 
the SWRL and SQWRL languages, since they are subject to 
standards W3C [29] and permit the inference and query data in 
the OWL language [32][28]. Inferences and queries can also be 
made using SPARQL [29], but this language was defined for 
use in conjunction with the RDF standard. All recent architec-
tures that uses OWL-DL as context representation (including 
ClinicSpace) uses SWRL to infer about context [28][13][12]; 

• Persistence only of the relevant data. The constant con-
version of formats and query languages makes that occurs a 
steady expansion (overhead) on the overall size of the data, 
resulting in considerable loss of performance depending on the 
size of the database and the number of queries. Furthermore, 
the space occupied by these data greatly increases with the use 
of these databases [4]. [18] and [4] presents recent studies of 
solutions to minimize the overhead of data, but these solutions 
do not implement solutions for reasoning over OWL-DL; 

• Using part of the ontology in memory. The processing 
of inferences and queries should be done only with relevant 
data, mainly because the performance and memory consump-
tion increases considerably with the increase of individuals in 

the ontology. Therefore, it is important that changes be pro-
cessed on a limited data part - through a filter to use only part 
of the data in memory [4]. Also, the actual widely used infer-
ence engines over OWL-DL have high computational com-
plexity, through the use of Tableau or Hypertableau alghor-
itms. This level of complexity decreases the performance of 
data management, as shown in [35]; 

• Support to queries, inference and modeling of tem-
poral situations. Situations should be modeled and should be 
stored according to their occurrence. The storage of situations 
allows ubiquitous architectures to perform processes proactive-
ly. For this to happen, it is necessary that the integration meth-
odologies enable the modeling, query and inference of situa-
tions based on the time variation; 

• Integration with mobile platforms. Ubiquitous systems 
must support heterogeneous devices in a distributed manner; 
this implies the use of mobile platforms in the integration of 
the system with the environment. In our vision, it is necessary 
that the strategies of integration between ontologies and data-
bases allow architectures to use the partial replication of infor-
mation and reasoning over data on mobile devices; 

• Support for OWL-DL standard. The OWL-DL stand-
ard is commonly used to represent context information in ubiq-
uitous systems. According to W3C, OWL-DL offers maximum 
expressiveness without losing computational completeness and 
decidability of inference engines. OWL 2 [29] offers a new set 
of profiles and tools, but OWL-DL still widely used to repre-
sent contexts and situations [34][22]. 

IV. INTEGRATION TOOLS BETWEEN ONTOLOGIES AND 
DATABASES 

Strategies for integrating ontologies and models of data-
bases have been proposed in two distinct lines: (i) integration 
of ontologies in relational databases [33], and (ii) integration 
between ontologies and NoSQL databases or distributed file 
systems. Semantic data are used in many areas of computing. 
Therefore, some solutions are defined for specific purposes, 
with representation languages and specific queries to the field 
where they will be applied. The information of techniques sur-
veyed in this study are presented in Table 2. 

A. Relational Databases 
Many solutions related to the integration between data-

bases and ontologies use relational model as basis for integra-
tion.  

SciSPARQL [2] is an architecture that expands SPARQL 
language to address relevant issues to the scientific field - spe-
cifically in research groups that use information modeled in 
RDF format and have large amounts of generated information. 
This architecture allows scientific data to be stored in RDF 
triple format using the relational data model. To carry out the 
queries, the architecture allows the use of SciSPARQL, a que-
ry language that extends the functions of SPARQL query lan-
guage [14] with external functions defined in Python lan-
guage. The SciSPARQL does not support inferences in per-
sisted ontologies. This feature is referred to as a topic of future 
work by the authors. 
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Shan [24] presents a methodology for integrating ontolo-
gies defined in RDF format and relational database MySQL or 
PostgreSQL. Through a mapping table created specifically for 
this architecture, the algorithm C-Store [24] defines the data-
base based on the inserted ontology model. SPARQL language 
is used to query information persisted in the database. 

Nyaya [8] is a persistence architecture of semantic data that 
allows large amounts of information to be stored. To do this, 
each imported RDF in architecture is converted into a structure 
called Semantic Data Kiosks with structures and modeled data 
according to the imported RDF. These structures also generate 
some extra data that allow queries to be made using a Datalog 
based language. When a query is performed in the language, 
the architecture converts the query into subqueries in SQL, and 
then accesses the data persisted in relational database. 

ERMOS [25] is a project that implements the integration of 
OWL-DL and MySQL database. It implements the Rule Based 
Ontology Query Language (ROQL) language. Through the use 
of this language, developers can query (but can not do infer-
ences), which are converted into SQL statements. 

B. NoSQL Databases and Distributed Filesystems 
Based on the possibility of insertion of XML files without 

the necessity of conversion to other data model, OXDBS [20] 
proposed the extension of the functionalities of eXist database 
to the possibility of syntax checking of RDF and OWL-DL 
files, and allows the use of RacerPro inference engine to query 
and inference ontologies. 

Db4OWL architecture [4] proposes the integration of 
OWL-DL ontologies and DB4O database, which is object-
oriented. To accomplish this integration, the authors created a 
model in Java language that represents the structure found in 
OWL. From this, the structure and the information contained in 
it were stored in the database. Queries and inferences are writ-
ten in RuleML format [4], and subsequently converted to QBE 
(Query by Example) format, used by DB4O database. 

SemantiCouch [18] proposes an architecture of integration 
between OWL-DL ontologies and CouchDB document orient-
ed-database. Thus, the information could be replicated easily if 
compared to other approaches. To perform the queries, the 
architecture provides an API based on QBE. 

Other approaches propose the integration of ontologies and 
distributed file systems, allowing the same ontological defini-
tion to be replicated in many places. JenaPro [30] presents an 
architecture of integration between Jena framework - for the 
use of ontologies in the Java language, and Hadoop architec-
ture - used for the distribution of information.  

Swarms [9] presents an architecture for the persistence of 
semantic data represented in RDF format. The architecture was 
modeled and implemented in a way that allows the distribution 
and replication of information across nodes in a network. This 
information distribution is done intelligently, through the anal-
ysis of paths between nodes, to choose the best route infor-
mation distribution. To carry out the queries, the authors use 
ALC language [9]. 

OCSS (Ontology Cloud Storage System) [1] presents an ar-
chitecture and a set of algorithms of reading and writing ontol-
ogies modeled in RDF and OWL languages persisted in GFS 
(Google File System). This architecture allows a Cloud Com-
puting infrastructure to be created for the storage and querying 
of ontologies. 

V. ANALYSIS AND DISCUSSION 
Ontologies have been used as a form of contexts and situa-

tions representation in recent ubiquitous architectures, regard-
less of the areas where these architectures are inserted. Thus, is 
necessary that exist forms to integrate ontologies and data-
bases, to allow control of the information captured by the envi-
ronment and allow this information to be consulted and new 
information be inferred. Methodologies for integrating ontolo-
gies and databases are being proposed, but there is no consen-
sus among studies regarding in which model database is best to 
perform this integration. 

The more used model is the relational, mainly by extensive 
use by its formal conceptual model and the number of tools 
associated with this model. However, more recent approaches 
have been proposed with the use of other models in order to 
overcome some shortcomings of this model. 

From the analysis of the characteristics of the recently pro-
posed methods, we performed a second analysis. This analysis 
aims to determine whether the methods proposed thus far meet 
the requirements listed in Section 3, based in the scenario of 
ClinicSpace use, for the use of integrated databases in ubiqui-
tous systems ontologies. 

The low overhead requirement in data conversion is con-
templated in more recent studies. In the works [30][9][1] there 
is no file conversion, because the works proposed persistence 
architectures using distributed file systems. The work [20] also 
shows no file conversion, it uses XML as a data storage model. 
Other recent works [4][18] proposed the use of different stor-
age strategies to decrease the creation of new data on the per-
sistence of ontologies process. Specifically on these two works, 
object-oriented and JSON language were used. As we can see, 
the data overhead is well worked by recent researches.  

           TABLE II. INFORMATION ABOUT INTEGRATION TOOLS BETWEEN ONTOLOGIES AND DATABASES USED IN THE ANALYSIS  
Work  [2] [24] [8] [25] [20]  [4] [18]  [30] [9] [1] 
Data Model RDBMS RDBMS RDBMS RDBMS XML Object Ori-

ented 
JSON docs Hadoop files Files Files 

Query Lan-
guage 

Sci 
SPARQL 

Sparql Based on 
Datalog 

ROQL nRQL RuleML QBE Not mentioned Alc Not mentioned 

Ontology 
Format 

RDF RDF RDF /  
OWL-DL 

RDF / OWL-
DL 

RDF /  
OWL-DL 

RDF / OWL-
DL 

RDF / OWL-
DL  

RDF RDF RDF / OWL 

Inference - - ✔ - ✔ RacerPro  ✔ - - ✔ - 
System  Not mentioned Postgre 

/ MySQL 
Not mentioned MySQL eXist XML 

Database 
Db4Owl Couch 

DB 
Hadoop Not men-

tioned 
GFS 
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About horizontal scalability, only 4 studies in the compara-
tive offered any solution. The works [30][9][1] provide hori-
zontal scalability through the use of distributed file systems. 
However, these do not use a database management system; 
thus, do not offer query languages or inference to ontologies.  

Regarding query languages, most jobs do not allow the sys-
tems to query and inferences using languages based on Data-
log. Defined by the W3C standard for querying RDF document 
in databases - in most of these works, the SPARQL language is 
utilized. But the SPARQL language does not provide the 
means to achieve inferences, supported by languages SWRL 
and SQWRL, so little support builders and important defini-
tions found in standard OWL-DL. 

Still regarding query languages, without the possibility of 
inferences on the data stored in databases, some jobs do not 
offer the ability to query and inference of situations based on 
timing issues. Most recent studies support the persistence of 
files in OWL-DL standard. This enables contexts to be repre-
sented and stored by ubiquitous architectures. However, none 
of the studies reviewed presented in the form of the integration 
testing with mobile platforms. 

This requirement is important in ubiquitous architectures, 
since it reduces the necessity of existence of a central server 
with all context representations. Instead, mobile devices can 
contain and manipulate context definition according to the de-
vice, subsequently; the captured context can be replicated on 
these devices. Table 3 shows the result of the relationship be-
tween the requirements presented in Section 3 and state of the 
art methods of integration between ontologies and databases. 
TABLE III.   RELATIONSHIP BETWEEN REQUIREMENTS OF CLINICSPACE AND 
OTHER UBIQUITOUS ARCHITECTURES AND RECENT UBIQUITOUS SYSTEMS 
INTEGRATION METHODOLOGIES 

Requirements / Work [2] [24] [8] [25] [20] [4] [18] [30] [9] [1] 
Low data overhead  - -  - - !  !  !  !  !  !  
Easily Horizontable Scalable - - - - - - !  !  !  !  
Support of query and infer-
ence languages to OWL 
(SWRL, SQWRL or based on 
Datalog) 

- - !  - - !  - - !  - 

Support inferences and tem-
poral modeling of situations 

- - !  - - !  - - - - 

Integration with Mobile 
Platforms 

- - - - - - - - - - 

OWL-DL support - - !  !  !  !  !  !  - !  
 

As we can see, there is still a gap between the horizontal 
scalability of architectures of ontologies persistence and the 
support of inference and query in standard languages OWL-
DL. This is primarily because the majority of inference and 
supporting the SWRL and SQWRL engines work patterns to 
form separate DBMSs that store ontologies. 

Architectures for context management are directly related 
to bond with sensors and mobile devices. The processing and 
storage capacity of mobile devices may limit the action of ar-
chitecture. Also, perform all operations on the context in one 
place (client-server) is not recommended because the environ-
ment is heterogeneous and distributed [36][37]. Historic anal-
yses are directly related to the ability of ubiquitous systems 
persistence and recovery of context. If modeling is done using 

ontologies are generally used the SWRL language (for infer-
ences) and SPARQL (for queries in RDF). However, these 
languages do not offer mechanisms to monitor the flow of in-
formation in real time, and have few resources compared to 
similar languages based on SQL for queries in relation to 
time/space [6][26]. Efficient inference and query that integrate 
ontologies are still a problem for ubiquitous systems 
[6][26][38]. Furthermore, these approaches do not meet the 
mobility requirements needed for ubiquitous systems.  

Distributed persistence only offers the possibility to distrib-
ute and query the information, but the possibility to infer about 
ontologies in a distributed manner is a high complexity prob-
lem. In ubiquitous systems, the realization of these inferences 
should be made with portions of ontological representations. 
Figure 2 shows an adaptation of the scheme presented in [6].  

 
Fig. 2. Pyramid of context representation according to level of abstraction 
and view of the world. Adaptation of [6] 

This schema of context management differs from other 
proposals, because it proposes the use of ontology as the top 
support to the whole process of representation (from the data 
representation to the representation of situations). Thus, archi-
tecture for context management could manage contexts and 
situations without constant conversions of formats, and the 
ability to make inferences at different levels (for there is the 
use of ontologies with different levels of abstraction and 
worldview).  

For this to occur, it is necessary that exists: (a) A light-
weight form of serialization of ontologies based on a W3C 
standardized language, such as JSON; (b) An inference engine 
that performs the inference of ontologies in levels, according to 
the worldview represented in the ontology; and (c) An architec-
ture management framework that provides those allied to a 
persistence model that prioritizes efficiency over the generation 
of extra data features. 

VI. CONCLUSIONS 
Ontologies have been used as a way of representation of 

contexts and situations in recent ubiquitous architectures, re-
gardless of the areas where these architectures are inserted. 
Queries and inferences efficiently has still demonstrated a ma-
jor challenge in ubiquitous systems, this is primarily because 
the current methodologies for integrating ontologies and data-
bases do not include all the features of the inference engines.  

The performed study shows that there are still great oppor-
tunities for research in the area, especially in relation to ubiqui-
tous systems. In this field there are still major challenges relat-
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ed to integration of inference and managers of databases on 
heterogeneous devices (fixed and mobile) engines, and in rela-
tion to efficiency analysis of information, due to the large 
amount of generation of information occurs in ubiquitous sys-
tems.  
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Abstract

Reuse is an important mechanism to increase productiv-
ity and to reduce time and costs during software develop-
ment. Although source code is the most commonly reusable
asset, other types of assets can also be reused, such as re-
quirements, business processes, analysis and design mod-
els, etc. In this context, it is important that the knowledge
about reusable assets and its management are available to
potential stakeholders. This work presents the development
of an ontology of reusable assets specification and manage-
ment, named ONTO-ResAsset. This ontology is evaluated
under two points-of-view: domain experts and non-experts.
Keywords– Ontology, Software Assets, Software Asset Man-
agement, Software Reuse

1. Introduction

Software reuse, when conducted in a planned and sys-
tematic way, leads to better product quality, since the
reusable assets have been previously used and tested. Ad-
ditionally, it promotes agility to software projects execution
and, consequently, cost reduction [15]. The reuse of soft-
ware assets is not limited only to the implementation phase.
Rather, it can also be applied in previous phases related to
requirements elicitation, analysis and design [11], as well as
maintenance and supporting activities (e.g. project manage-
ment documentation, verification, validation, and testing).
Thus, it is important to do the proper management of assets
reuse [8], which is generally aided by reuse repositories [1].

The knowledge about assets and their management is
scattered and spread throughout several types of documents
(e.g. papers, books, standards, patterns, guides, etc.), under

∗Financial support by Capes (Brazilian Coordination for the Improve-
ment of Higher Education Personnel)

different formats, and in several abstraction levels, besides
being available in different ways. For example, the knowl-
edge about reusable assets specification can be obtained
specifically in books or technical reports [12, 4]; the knowl-
edge about reusable assets managements and reuse reposi-
tories is spread in papers, books, and standards [3, 8, 1].

Under this perspective, it is relevant to notice that the
knowledge about assets specification and assets reuse man-
agement should be unified, organized, and shared among
those interested in it. This can be achieved through ontolo-
gies [7], which consist in an adequate technique to concep-
tualize knowledge.

The main goal of this paper is to present the development
of a semi-formal ontology for the specification and manage-
ment of reusable assets, named ONTO-ResAsset.

2. Related work

Works found on the literature about ontologies for the
domain of interest of this paper define specific assets that
can be reused during some activities of software develop-
ment cycle, such as the SQA (Software Quality Assurance)
ontology [2], the ontology of reusable test cases [10] and
the UI2Ont ontology belongs to the user interfaces domain
[13].

However, we did not find works that define ontologies to
represent how a reusable asset can be specified, considering
those that can be reused during the fundamental activities
of software construction, and how a reusable asset can be
managed. This knowledge is very important to all parts in-
terested in software reuse and has motivated this work.

3. ONTO-ResAsset Development

The ONTO-ResAsset [14] was built based on the
Methontology methodology [6], which defines a sequence
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of steps that allow the gradual evolution of ontologies and
the incorporation, at any moment, of new concepts as these
steps are performed. To document the terms of the ONTO-
ResAsset domain, it was used the glossary of terms and tex-
tual description in natural language. For the representation
of the proposed ontology, a conceptual model was used, us-
ing UML (Unified Modeling Language) class diagrams.

Several information sources were used to identify the
concepts of the ONTO-ResAsset [14, 3, 8, 12, 9]. The exe-
cution of the Methontology steps, used for the definition of
the ONTO-ResAsset, is described below.

3.1. Step: Planning

The purpose of the ONTO-ResAsset ontology is to repre-
sent the domain of reusable assets in the context of software
development, from the perspective of fundamental activi-
ties of the software construction (i.e, Requirements, Analy-
sis, Design, Implementation, and Test), and considering the
specification and the management of the reusable assets.

Regarding the level of formality, the ONTO-ResAsset is
classified as a semi-formal ontology, according to Uschold
[17], as it is expressed in a formally defined language -
UML class diagram. Additionally, structured natural lan-
guage is used in its representation.

To support the definition of the ONTO-ResAsset, the
identification of domain terms was performed through four
iterations of two steps of the Methontology (specification
and knowledge capture), described in the next section. In
the first iteration, the fundamental activities that are part of
software development are identified and defined. In the sec-
ond iteration the artifacts that can be reused during these
activities were identified. In the third iteration the represen-
tation of artifacts was mapped as reusable assets. Finally,
in the fourth iteration the required processes for managing
reusable assets were identified.

3.2. Steps: Specification and Knowledge Capture

The knowledge capture step was performed trans-
versely to the other steps of Methontology. Since the goal
of this methodology is the creation of ontologies in a evo-
lutionary manner, the knowledge capture step is carried out
all the time.

In this work, the activities commonly performed for
building the software were considered as fundamental ac-
tivities of the software development cycle. These activities
were identified from the analysis of construction activities
of the software processes ontology [5] and of the develop-
ment process of ISO/IEC 12207 [8]. The result of this step
is a group of terms (G1) that describe fundamental activi-
ties, as for example Requirements, Analysis, Design, Im-
plementation, and Test.

After defining the fundamental activities, we sought in-
formation about the artifacts commonly found in the litera-
ture and reused in at least one of these activities. The infor-
mation sources to identify the concepts for that group (G2)
were: the systematic review of Konda and Mandava [9],
the domain analysis performed by Silva [14] from six reuse
repositories, as well as the artifacts used during the software
development according to Sommerville [16].

After the identification and selection of artifacts used by
fundamental activities of software construction, it was noted
in the literature the concepts that are related to reusable as-
sets specification. Therefore, it was used as information
source for that group (G3) the reusable assets specification
of OMG [12]. In this paper, we considered the first two hi-
erarchy levels of this specification for mapping the terms of
the reusable assets specification, because they provide the
necessary and appropriate knowledge about reusable assets
within the ONTO-ResAsset scope, defined in the planning
step.

The last group of terms (G4) of the ONTO-ResAsset
domain refers to the management of reusable assets. For
this, the following references have been used as informa-
tion sources: Reuse Asset Management Process of ISO/IEC
12207 [8], and the set of functionalities of reuse repositories
defined by Burégio [3], which contain functionalities com-
monly found in reuse repositories.

In the specification step, we defined 28 competence
questions of the ONTO-ResAsset (for example: What ac-
tivities are part of software construction? How is it possible
to identify the problem that an asset can solve? What are
the mechanisms that can be used to support the reuse as-
set management?), whose answers should be provided by
the ontology. Moreover, in the specification step, a glos-
sary of terms was created for each group of terms afore-
mentioned, that due to space constraints are not presented
here. Each glossary presents the name of each term, the
information sources used and a textual description of each
term. In the glossary of terms of group G1 we defined 6
terms (RequirementActivity, AnalysisActivity, DesignAc-
tivity, ImplementationActivity, etc). In the glossary of terms
of group G2 we identified 11 terms (RequirementDocu-
ment, Model, SourceCode, Component, etc). In this group,
we also identified the artifacts that are created or used in
each activity of the previous group. In the glossary of terms
of group G3 we defined 19 terms (Artifact, Asset, Classifi-
cation, Context, etc) and in the glossary of terms of group
G4 we found 18 terms (ManagementPlan, AcceptanceCri-
terion, InsertMechanism, Repository, etc).

3.3. Step: Conceptualization and Implementation

In the conceptualization step, the concepts correspond-
ing to the terms obtained in the previous section and the re-
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lationships and rules of association existing between them
were identified.

It is worth noting that 24 new concepts were abstracted
in this step. They resulted from the detailing of some re-
lationships, but were not present in any information source
used. In group G1 just a new term was defined (Person,
which may take one or more roles during the fundamental
activities of software construction). In group G3 we de-
fined 16 new terms (AssetContext, SolutionArtifact, Prob-
lem, RequirementSolution, AnalysisSolution, etc). Finally,
in group G4 we identified 7 new terms (Version, Feedback,
Mechanism, NotificationMechanism, etc).

The concepts abstracted were needed to guide the con-
ceptualization, aiming to answer the competence questions
of the ONTO-ResAsset established in the specification step.

The relationships between the concepts were ex-
tracted from textual descriptions of domain terms,
documented in the glossaries of terms (defined in
the specification and knowledge capture steps). For
each relationship, it has been defined a name, re-
lated to an action produced by the relation, for ex-
ample, sendsWarningAbout (<NotificationMechanism>
sendsWarningAbout <Asset>), and the multiplicity of
the relationship between the concepts (for example,
a <NotificationMechanism> sendsWarningAbout one or
more <Asset>).

In the Conceptualization step, the meaning of each re-
lationship was defined in a textual format. Besides, in this
step a table of relationships was also created, and it presents
all concepts involved in each relationship, the multiplicity
and the relationship name. In some cases, rules for the ex-
istence of certain relationships were also defined and pre-
sented. Furthermore, each element of the conceptual model
was described in natural language, helping to get a semi-
formal definition of the domain addressed by the ontology.

In the implementation step, all the concepts, relation-
ships and multiplicities were represented in a conceptual
model, using the UML class diagram, where each class is
a domain concept and the associations (including aggrega-
tion and composition) and inheritance relationships are the
relationships established between the concepts.

In Figure 1 the high-level conceptual model of the
ONTO-ResAsset is shown. Each group of concepts is repre-
sented by a package. Due to space restrictions, the concep-
tual model of each group could not be shown. The complete
conceptual model of the ONTO-ResAsset can be obtained
elsewhere [14].

4. ONTO-ResAsset Evaluation

ONTO-ResAsset was evaluated by experts and non-
experts in software reuse. The evaluation aimed at quali-
tatively analysing the ability of ONTO-ResAsset to provide

Figure 1: High-level conceptual model of ONTO-ResAsset

knowledge about the domain of reusable assets specification
and management, in an attempt to support the dissemination
of this domain.

The evaluation of ONTO-ResAsset was performed in
two steps, considering different perspectives. In Step 1,
the ontology was evaluated by experts in the field of soft-
ware reuse. In Step 2, the evaluation was conducted by two
groups of evaluators, representing non-experts in the field,
particularly interested in the reuse of software assets.

In Step 1 the ONTO-ResAsset was sent to a group of
Software Engineering researchers with interest in software
reuse. The goal was to get an impression from experts re-
garding: (i) the consistency and the proper coverage of the
ontology according to its scope; and (ii) the possible er-
rors/inconsistencies with respect to the definition and rep-
resentation of the concepts and relationships among them.

As a result of Step 1, ten suggestions for improvements
in ONTO-ResAsset were identified. Of these, three refer
to concepts (improvements in the textual description, spe-
cialization of concepts, removal of a concept, and so on)
and seven are related to relationships between concepts (re-
moval of redundant relationships, changing from aggrega-
tion and composition relationships to association relation-
ships, and so on). All suggestions for improvements were
addressed and implemented in ONTO-ResAsset.

Next, in Step 2, the ONTO-ResAsset was sent to a group
of domain non-experts. The goal was to evaluate if the on-
tology was able to transfer and disseminate knowledge re-
garding the specification and management of reusable as-
sets. The evaluation questionnaire of Step 2 was completely
based on the competence questions established during the
specification of the ONTO-ResAsset

Step 2 was performed by two groups of evaluators.
Group 1 was composed of eleven non-experts, who are part
of the development team for a software company. Group 2
was composed of nine students of a software development
course at Facom (Graduate Program), without any expertise
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in software reuse.

Each questionnaire answered by the evaluators in Groups
1 and 2 was analysed in order to verify the correctness of
the answers and therefore assess the understanding of the
domain expressed in the ontology by the evaluators. Each
answer was scored as correct, partially correct, incorrect or
unanswered. The answer was classified as partially correct
when it had only some parts of the expected concepts or
when it did not have all the correct items as expected.

The overall percentage of correct answers of the ques-
tions answered by Groups 1 and 2 was 68% and 73%, re-
spectively; the percentage of partial success was 16% and
10%, respectively. Also, we noticed that 14% of the an-
swers of Group 1 and 13% of Group 2 were completely
wrong, and 2% and 4% of the questions were not answered
by groups 1 and 2, respectively. From the overall analysis
of the answers, it was possible to infer that the evaluators
were able to understand the domain since they answered
the competence questions that guided the construction of
ONTO-ResAsset with a satisfactory success rate (on aver-
age 70.5%). It was also observed that the questions with
lower scores in both groups refer to the concepts of reuse
asset management (55% of correct answers by Group 1 and
61% by Group 2). This may indicate that the concepts of
reuse asset management and their relationships require a
more detailed textual description.

5. Conclusion and Future Work

The main contribution of this work refers to the estab-
lishment of ONTO-ResAsset – an ontology that represents
and documents, in a single place and format, knowledge
about the specification and management of assets that can
be reused during the fundamental activities of software con-
struction. It is important to highlight that the proposed on-
tology contributes to the research in the area of software
reuse, gathering the existing knowledge available in several
relevant sources of information in the literature.

From the evaluation performed, we also noticed that
ONTO-ResAsset is able to adequately represent the knowl-
edge about specification and management of assets, being
possible to integrate the proposed ontology with other on-
tologies in the area of software reuse.

As future works, we highlight the need of: (i) imple-
menting ONTO-ResAsset with the support of an ontology
editor and knowledge acquisition system (such as Protégé);
(ii) evolving ONTO-ResAsset to represent the taxonomic
groups in more details; and (iii) evaluating ONTO-ResAsset
with a greater number of non-experts in order to obtain more
concrete and significant results.
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Abstract—In database applications, access control is aimed at 

supervising users’ requests to access sensitive data. Users’ 
requests are mainly formalized by Create, Read, Update and 
Delete (CRUD) expressions. The supervision process can be 
formalized at a high level, such as based on the RBAC model, but 
in the end the relevant aspect is the data being accessed through 
each CRUD expression. In critical database applications access 
control can be enforced not on a CRUD by CRUD basis but 
enforced at the level of sequences of CRUD expressions 
(workflow). This situation can occur whenever established 
security policies are based on strict procedures that define step by 
step the actions (sequences of CRUD expressions) to be followed. 
Current RBAC models do not support this type of security 
policies. To overcome this security gap, we leverage previous 
researches to propose an extension to the RBAC model to control 
for each role which sequences of CRUD expressions are 
authorized. We demonstrate empirical evidence of the 
effectiveness of our proposal from a use case based on Java and 
JDBC. Our use case is based on typed security layers built from a 
software architectural model and also from metadata based on the 
proposed RBAC model extension. 

Keywords-information security, access control, RBAC, software 

architecture, software engineering, components. 

I.  INTRODUCTION 

Access control [1][2] “is concerned with limiting the 
activity of legitimate users.” [3]. Four of the main strategies for 
regulating access control policies are: discretionary access 
control (DAC) [3], mandatory access control (MAC), attribute-
based access control [4][5] (ABAC) and Role-based access 
control (RBAC) [6][7]. There are other strategies for regulating 
access control, such as credential-based access control (CBAC) 
[Li, '05; Yu, '03], content driven [Moffett, '91; Staddon, '08], 
location driven [Decker, '08], public key driven [Wang, '11] 
and certificate driven [Samarati, '01b]. Each one addresses 
specific security needs for the system under protection. In this 
paper we are focused on RBAC, which has emerged as one of 
the dominant access control policies [8], namely for relational 
database applications. RBAC policies comprise several 
concepts, among them: users, roles (they can be hierarchized), 
permissions, delegations and actions. Basically, legitimate 
(authenticated) users can only execute some action if he has 
been authorized to play the role that rules that action. At the 
end, actions are the four main operations on database objects 
(tables and views) defined by the data manipulation language 

of the SQL standard: Insert, Select, Update and Delete, herein 
referred to as Create, Read, Update and Delete (CRUD) 
expressions, respectively. Depending on the granularity and the 
used technique, the authorization to execute these actions can 
be defined at the level of database objects, at the level of 
columns, at the level of rows and at the level of cells. Another 
relevant aspect that has not been addressed by current RBAC 
models is the sequence in which CRUD expressions are 
executed. Changing the order in which CRUD expressions are 
executed can lead to disclosing not authorized data. For 
example, it is very usual to use values from a previous Select 
expression as runtime values for subsequent Select expressions. 
If this sequence is not enforced, security violations can occur 
because the provenance of the used runtime values cannot be 
guaranteed [9]. To overcome this situation, in this paper we 
propose an extension to the RBAC model to support the 
definition of sequences in which CRUD expressions must be 
executed. We demonstrate empirical evidence of the 
effectiveness of our proposal from a use case based on Java and 
JDBC. 

This paper is organized as follows: section II presents the 
related work; section III presents our proposal; section IV 
presents the proof of concept and, finally, section V presents 
the final conclusion. 

II. RELATED WORK 

To the best of our knowledge no other researches have been 

conducted to provide RBAC models with the capability of 

controlling the sequences in which CRUD expressions are 

executed. Therefore, in this section we will present two main 

groups of aspects that are also closely related to this research: 

access control and service composition. 

A. Access Control 

In this sub-section we present access control in two main 
areas: models and techniques.  

Models - Sandhu et at. [10] proposed the RBAC96, which 
comprises four models: RBAC0, RBAC1, RBAC2 and 
RBAC3. Since then, several proposals have been presented to 
extend these four RBAC models, among them we emphasize: 
credential based access control [11], temporal based access 
control [12], role delegation [13][14], context-aware [15], 
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system-to-system [16]. These and the remaining extensions are 
mainly focused on refining the role concept in order to adapt to 
particular contexts and scenarios. 

Techniques - Several techniques have been proposed to 

protect the access to data, among them we emphasize: 

protection at tables and views level (vendors of RDBMS), the 

use of views [17], the use of parameterized views [18], the use 

of query rewriting techniques [19][20][17][21][22], extensions 

to SQL [23][24], programming languages extensions 

[25][26][27], security programming languages and tools 

[28][29][30][23][31] and, finally, semantic access control 

[32][33][34][35][36]. These proposals are based on a bundle 

of different techniques, each one with its own features. In spite 

of their relevance, none of them addresses the key issue of this 

research. They are mainly focused on controlling accesses to 

database objects (tables and views) on a CRUD by CRUD 

basis. A different technique is proposed in [37] where a 

security framework evaluates, at runtime, sequences of CRUD 

expressions in order to preserve data privacy. Beyond 

degrading the system performance this technique still needs to 

be subject to further experimentation. 

Authors of this paper have also published about dynamic 

and distributed access control mechanisms [38][9]. Their 

researches were focused on techniques to implement static 

access control mechanisms at the level of business tiers. They 

were never focused on how to enforce sequences of CRUD 

expressions. 

B. Service Coordination: Orchestration and Choreography 

In our proposed approach, we needed to control the order in 
which users are authorized to use CRUD expressions. Two of 
the technologies that are used to control services workflow are: 
1) service orchestration, which requires every service to be 
requested by a central control point; 2) service choreography, 
which allows a service to request the next service. Standard 
languages for each technique were proposed. Regarding 
orchestration, OASIS defined a standard language, which is 
still very active, called Web Services Business Process 
Execution Language [39] (WS-BPEL). WS-BPEL provides a 
set of functionalities that largely exceeds our needs. We will 
use some functionalities similar to those provided by WS-
BPEL but tailored to our specific needs, such as graphs and 
life-cycle operations of active entities.  Regarding 
choreography, the Web Service Choreography Description 
Language [40] (WS-CDL) is a language from W3C aimed at 
describing choreographies using the global view of the 
observable behavior of web services. However, the W3C Web 
Services Choreography working group was closed in 2009, 
leaving WS-CDL just as a candidate recommendation. 

Several other languages exit, such as Yet Another 
Workflow Language [41] (YAWL) and XML Process 
Definition Language [42] (XPDL), but they clearly would not 
bring any advantage to our case. 

The necessities to control the order in which sequences of 
CRUD expressions are executed are closer to a choreography 
process than an orchestration process. This way, we decided to 
implement our own technical approach in spite of having some 

similar features with the orchestration process, as already 
mentioned. 

III. PROPOSED RBAC EXTENSION 

This section is focused on presenting our RBAC extension. 
We start by presenting some of our previous work that is 
reutilized in this research, then we present the conceptual 
extension to be used in RBAC policies and, finally, a model 
extension is presented. 

A. Business Schema 

Before delving into the policy and its model, we start by 
analyzing some previous researches that we have been 
conducted around CRUD expressions [9][10][11][12][45]. 
From these researches we have defined and used the concept of 
Business Schema, which is basically a model from which 
source code can be automatically generated to handle CRUD 
expressions. The model, as in [9][37], can be driven by access 
control policies. Beyond being a model, Business Schemas 
have a cardinality of many to many with CRUD expressions. 
This means that one Business Schema can handle one or more 
CRUD expressions and one CRUD expression can be handled 
by one or more Business Schemas. Let us consider the next two 
Select expressions: 

1) Select * from table;  2) Select * from table where col>10; 

First we analyze the direction “one Business Schema -> 
many CRUD expressions”. Both expressions are Select and 
both have zero runtime values and the schema of the returned 
relations is the same. Then, the same Business Schema can be 
shared by both expressions. Now we analyze the direction “one 
CRUD expression -> many Business Schemas”. This case is 
simpler to explain and we can pick up any of the two Select 
expressions. In cases where different security policies are 
applied to the same Select expression, then we can use the 
Select expression in more than one Business Schema. For 
example, the same CRUD expression is managed by two 
Business Schemas where the runtime values are driven by 
different security policies.  

B. RBAC Policy Extension 

In this sub-section we present the new extension to the 
RBAC policy that is used to control the access requests to the 
data stored in relational database management systems 
(RDBMS). Traditionally, among other concepts, RBAC 
policies comprise: users, roles (they can be hierarchized), 
permissions, delegations and actions. Basically, legitimate (i.e. 
authenticated) users can only execute an action if he is 
authorized to play the role that controls that action. If a user is 
authorized to play a certain role, then he can perform all the 
actions controlled by that role. At the end, actions are the four 
main operations, provided by the Data Manipulation Language, 
on database objects (tables and views): read, insert, update and 
delete.  The extension here presented aims at providing RBAC 
policies with the capability of controlling at the role level: 1) 
which Business Schemas and CRUD expressions are 
authorized; 2) in which sequence Business Schemas can be 
activated (instantiated) and, finally 3) the life-cycle of Business 
Schemas when the sequence moves forward one position. From 
this extension, security experts can now define new restrictions 
over the actions ruled by a role, particularly the ordered 
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sequences of actions (execution of CRUD expressions) users 
can perform. 

C. RBAC Model Extension 

In this sub-section we propose a model, shown in Figure 1, 
to formalize the extension proposed to the RBAC policy. This 
model is not unique and other formalizations can be used, 
depending on the practical scenario at hand. The extension 
herein proposed leverages our previous work where we 
proposed Business Schemas to model the access to relational 
databases based on CRUD expressions. The extension must 
take into account two main aspects. The first aspect is the 
functionality to connect Business Schemas and, therefore, to 
build sequences of Business Schemas. The second aspect is 
related to the life-cycle of Business Schemas when the 
sequence moves forward to the next Business Schema.  

We start by presenting the first aspect. We will use directed 
graphs (usually known as digraphs) theory to formalize our 
approach for sequences (S) of Business Schemas. Basically, 
one vertex (v) is one Business Schema and one directed edge 
(e) connects one vertex (source vertex) to the next vertex 
(destination vertex). From a general digraph, there is the 
possibility to define several paths (sequence of vertices with 
each adjacent pair connected by a single direct edge). In an 
access control context, this type of freedom can raise some 
alerts when applied in systems where security is a key concern. 
Therefore, although our model relies on digraphs, some strict 
constraints need to be enforced. The main restriction lies on the 
impossibility of using diagraphs in their widest scope.  
Nevertheless, we can start by designing digraphs, although, 
from them we have to identify the paths that are considered to 
be in accordance with the access control policies. A path is a 
sequence of vertices, each one with one edge only (except the 
last one, which has no edge). Only these valid paths can be 
used and assigned to roles. This means that users authorized to 
play a role: 1) can only execute the Business Schemas 
(vertices) defined by the associated path and 2) in the order 
they are defined in the path (direct edges). In order to allow the 
assignment of several paths to one role, our model does not 
enforce any restriction at that level. This can be important in 
situations in which a role is defined to control the use of several 
forms, each one controlled with its own path, this way avoiding 
the need to define one role for each form. 

Some definitions are now introduced. A root vertex (r) is 
the vertex where one path start. A leaf vertex (l) is a vertex 
with no edges and, therefore, is the last vertex of a path. A front 
vertex (f) is the vertex in which  the sequence is running.  Now 
we define the properties of paths in our model. Most of the 
concepts are shared by the theory of graphs. Even though, we 
present them to provide the necessary background for those 
who are not comfortable with graphs. The properties of paths 
are: 

 one path comprises one and only one root vertex; 

 one path comprises one and only one leaf vertex; 

 self-edged vertices are not allowed in paths; 

 loop-back vertices are not allowed in paths; 

 any vertex of a digraph can be the root vertex of a path; 

 any vertex of a diagraph can be the leaf vertex of a 
path; 

 any vertex of a digraph can appear zero, one or more 
times in one path; 

 adjacent vertices in paths must also be adjacent vertices 
in the parent digraph and connected with the same 
direct edge. 

Next we present a simple example of a digraph, see Figure 
1. It comprises 5 vertices and 6 edges, one of them is a self-
edge (on vertex C). From this digraph, an indeterminate 
number of different paths can be defined. This indeterminate 
number of different paths has its origin on loop-back vertices 
(B to A) and self-edges (on C). Three of the possible paths that 
can be defined from Figure 1 are shown in Figure 2. 

A B C D

E

 

Figure 1. Example of a digraph. 

A B A E

C C

B C D

 

Figure 2. Examples of valid paths derived from Figure 1. 

The second aspect is related to life-cycle of Business 
Schemas when a sequence moves to the next Business Schema. 
Once again, our approach provides a model in where security 
managers can freely choose the best option for their real 
scenarios. Basically, when the sequence moves to the next 
Business Schema, it is up to the security manager to decide 
which from the active Business Schemas are to remain active 
(their instances run normally) and which are not to remain 
active (their instances are running but they are disabled – 
methods do not execute the expected actions). The process to 
disable Business Schemas instances is herein referred to as the 
revocation process. In our model, each Business Schema has an 
associated list with all the previous Business Schemas to be 
revoked. 

Finally, we present a possible and simplified model to 
formalize our proposal, see Figure 3. From it we can see that 
one role comprises one or more sequences (paths); a sequence 
comprises one or more Business Schemas (vertices); each 
Business Schema manages one or more CRUD expressions 
and, finally, each  Business  Schema (vertex - in a certain 
sequence  and   in  a   certain  position)  has  a  list  of  Business 
Schemas to be revoked. 

Role
-sequence
-order

BusinessSchema

-role

Sequence

*

-sequence
-businessSchema
-order

Revocation

*

*

CRUD

* *

 

Figure 3. Example of a simplified diagram for our RBAC model extension. 
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IV. PROOF OF CONCEPT 

In this section we present the scenario and the technical 
details of our implementation perspective for a RBAC model 
driven by our proposed extension.  

A. Scenario 

We implemented a scenario, which derives from previous 
researches, namely [11][12], where access control mechanisms 
have the following characteristics: 1) they are distributed in 
each client side application as typed security components;  2) 
they are automatically built and updated at runtime in 
accordance with users’ profile and, 3) business logics use Call 
Level Interfaces (CLI) [46], such as ODBC [47] and JDBC 
[48], as the underlying middleware. Figure 4 presents the 
general block diagram for the implemented scenario. Basically, 
distributed security components are built from a metadata kept 
by a RBAC model (that implements our RBAC model 
extension) and modeled by a software architecture model. In 
our proof of concept, the software architectural model derives 
from previous software architectural models, which are closely 
aligned with CLI in order to keep their fundamental properties: 
fine tune control on the interactions with data stores and the use 
of native SQL languages (statements encoded inside strings this 
way keeping the full SQL expressiveness) [49]. 

Automated tool

+ RBAC Model
Software 

Architectural
Model

Security
Component

 

Figure 4. Implemented scenario general block diagram. 

B. RBAC Model Extension 

Figure 5 presents the implemented RBAC model. Part of it 
has been used in several researches we have conducted around 
distributed access control mechanisms. From the previous 
model we kept: subjects (Sub_Subject), applications 
(App_Applications), sessions (SES_Session), permissions 
(PER_Permission), delegations (Del_Delegation), hierarchized 
roles (Rol_Role), Business Schemas (Bus_BusinessSchema) 
and CRUD expressions (Crd_CRUD). Now, in order to support 
the extension herein proposed, some new entities were 
included: sequences (Seq_Sequence), revocations 
(Rev_Revocation) and aliases for Business Schemas 
(BSA_Alias). This extension clearly derives from the original 
proposal shown in Figure 3, but some additional clarifications 
are required. First of all, we extended the model in order to 
support many to many relational-ships between sequences, 
revocations and Business Schemas. Second, and perhaps the 
most noticeable modification, we included aliases for Business 
Schemas. In spite of not being mandatory, in our particular 
case, the use of aliases for Business Schemas led to significant 
improvements regarding the usability of our model by 
programmers of client applications. We now give the required 
details. From Figure 2 we see that the same Business Schema 
can be used in several vertices of the same path, for example in 
the first path, Business Schema A appears in positions 1 and 3. 
The first one is connected to Business Schema B and the 
second one is connected to Business Schema E. We could have 
built a unique Business Schema for the first path comprising 

edges for both destination Business Schemas. But this 
implementation, in spite of being possible, would require 
programmers to master the correct order of Business Schemas. 
The use of aliases, and also the aim of providing typed security 
components, allow us to instantiate different Business Schemas 
from the same base Business Schema. Basically, the main 
functionalities are shared by all Business Schemas instances 
derived from a Business Schema. The only two differences are: 
1) the connection to the next destination Business Schema and 
2) the list of Business Schemas to be revoked.  

*

Sub_Subject

App_Application

Rol_Role

Bus_BusinessSchema

Crd_Crud

Del_Delegation

Ses_Session

*

1

11

1

1

*

*

*

*1

1 1

1

*

*

*

1

1

Per_Permission

Seq_Sequence

Rev_Rovocation

1 *

*

1

*

1

1

*

BSA_Alias

1 *

*

1

*

1

 

Figure 5. Implemented RBAC model with the proposed extension. 

C. Architectural Model 

In this sub-section we present the software architectural 
model, which is shown in Figure 6, for building automatically 
the enforcement mechanisms from the extended RBAC model. 
The presented architectural model represents the 
implementation of one role only. It is up to each system 
architect to decide how to expand it to support several roles. 
Moreover, it is focused on how to implement RBAC 
mechanisms and not on how to build complete and feasible 
implementations. For example, the architectural model does not 
address key issues such as the scrolling policy on local datasets 
(containers of data returned by Select expressions), sessions 
and database transactions. These and other issues are out of the 
architectural model context.  

Our architectural model comprises three main types of 
entities: Factory, BusinessManager and Business Schemas. 
Next we describe each entity individually. 

Factory - from applications’ perspective, this entity is the 
entry point of our architectural model. Factory contains the 
identification of the first Business Schema of each valid 
sequence in that role. Programmers can select one of the root 
Business Schemas (one for each valid sequence) and also the 
CRUD expression to be executed (methods getBS…). There is 
one type safe method for each pair: root Business  Schema  and 

466



each CRUD expression it supports.  

Business Manager - Business  Manager  entity  is   the   key 
entity in our architectural model. It is responsible for three 
main tasks: 1) to ensure that Business Schemas are instantiated 
in the correct order (sequences are kept in sequences); 2) to 
revoke active Business Schemas that are listed in the 
revocation list (SequencyEntry -  revokeList) and, finally, 3) to 
validate calls to any Business Schemas’ methods. This last task 
is required because when a Business Schema instance is 
revoked we need to programmatically ensure that all methods 
are put in a disabled state (in Java there is no possibility to 
explicitly destroy objects – they are destroyed by the garbage 
collector only when there is no reference to those objects). 

The interaction between applications and our architectural 
model is as follows (please follow Figure 6): 1 - application 
selects one of the available sequences and requests the 
instantiation of its first Business Schema (in our example 
BusinessSchema_1) to manage the execution of one of the 
authorized CRUD expressions (there is one method for each 
Business   Schema – CRUD  expression    pair);  1.1 – 
BusinessManager instantiates the Business Schema; 2 – 
Factory returns (to the application) a reference to the 
instantiated Business Schema 1; 2.1 – application uses the 
Business Schema 1 to interact with the host database; 2.1.1 – 
the call to every method is validated by Business Manager (if 

the Business Schema has been revoked, an exception is raised); 
2.2) application requests the instantiation of BusinessSchema_2 
(this is validated by Business Manager and eventually Business 
Schema 1 is revoked in case it is defined in the revocation list 
of Business Schema 2); 3 – Business Schema 2 is instantiated 
(only in case it has been validated by Business Manager) and a 
reference is returned to the application; 3.1 – application uses 
Business Schema 2 instance and 3.1.1 – every call to its 
methods is validated by Business Manager. 

D. Use Case 

From this architectural model and from metadata based on 
the proposed RBAC model extension, security layers are 
automatically built, see Figure 4. Our use case is based on Java, 
JDBC and uses the Microsoft Northwind database 
(http://www.microsoft.com/download/en/details.aspx?id=23654). 

Table 1 and Table 2 partially present the information used 
in our use case, only for one role (Role_B1). Table 1 shows the 
supported Business Schemas and CRUD expressions. Table 2 
shows the supported sequences. The bottom of both tables has 
some additional information to help with the understanding of  
their content. Now we present some snapshots  of our  concrete 
use case. Only  some  snapshots    will  be   given  in   order  to  
not overcrowd the paper. Figure 7 shows the high level data 
structures (classes are not shown) that were automatically 
created  for  Role_B1  and  from  the  metadata  represented  by 

«uses»

«uses»

-factory : Factory

Application

+getBS1_Select_By_Param1() : BS1
+...()
+getBS1_Select_By_ParamY() : BSy

-businessManager : BusinessManager

Factory

-BS_URL : string
-revokeList : List<string>
-CRUDList : List<string>

SequenceEntry

+instantiateBS(in bs : T) : T
+validateBS(in bs : T) : bool

-sequences : MAP<Integer,List<SequenceEntry>>

BusinessManager+BusinessSChema_1(in bm : BusinessManager)
+getBS2_Select_By_Param1() : BS2
+...()
+getBS2_Select_By_ParamX() : BSx

BusinessSchema_1

+BusinessSchema_2(in bm : BusinessManager)

BusinessSchema_2

End1

End2

«uses»

«uses»
End5
End6

End5
End6

1

2

3

2.1.1 / validate
2.2 / instatiate

1.1 / instantiate

3.1.1 / validate

2.1

3.1

End1

End2

 

Figure 6. Software architectural model for the RBAC extension (one role). 

 

Table 1. Roles, Business Schemas and CRUD expressions. 

Role 
Parent 
 Role 

BS 
CRUD 

Id Ref Expression 

Role_A      

Role_B1 Role_A S_Orders 1 byShipCountry Select * From Orders 
Where CustomerId = ? and 
ShipCountry = ? 

   2 byFreightLimit Select * From Orders 
Where CustomerId = ? and Freight 
< ? 

  I_Orders 3 withCustomerID Insert Into Orders 
Values (?,?,?,?,?,?,?,?,?,?,?,?,?) 

  S_Customers 4 all Select * From Customers 

Role: Role Reference 

BS: Business Schema alias 

Id: CRUD Identification 

Ref: CRUD reference 

Expression: CRUD Expression 

Table 2. Roles, sequences and revocation lists. 

Role Sequence Position 
Sequence Entry 

BS RL CRUDs 

Role_B1 1 1 S_Customers  4 

  2 S_Orders  1, 2 

 2 1 I_Orders  3 

  2 S_Customers I_Orders 4 

  3 S_Orders  1 

Role: 
Sequence: 
Position: 
BS: 
RL: 
CRUD: 

Role Reference 
The sequence identification 
The position in the sequence 
Business Schema alias 
The revocation list 
The list of authorized CRUDs 

 

Table 1 and Table 2. They comprise the required information 
about the authorized Business Schemas and CRUD expressions 
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for Role_B1, only. These data structures are used during 
instantiation process of Business Schemas as we will show. 
Figure 8 presents the way applications interact with Factory 
classes. Factory classes are also built from metadata based on 
the extended RBAC model and have one method for each pair 
Business Schema – CRUD expression. From Figure 8 we see 
that the pair (Business Schema+CRUD expression) represented 
by S_Customers_all is requested to be instantiated (line 60) and 
then the CRUD expression is executed (line 61). Instances of 
root Business Schemas are instantiated by the Business 
Manager class under Factory’s requests as shown in Figure 9 
for the Business Schema S_Customers_all. Here we can see 
that the pair represented by S_Customers_all is s_customers 
and s_customers_S_Customers_all (lines 28, 29), which are 
internal data structures, shown in Figure 7, and, therefore, they  

 

Figure 7. Data structure comprising information about Role_B1 

 

Figure 8. interaction between application and the Factory class. 

 

Figure 9. The Factory requests an instance for a Business Schema. 

 

Figure 10. The root Business Schema provides an edge method to step 

forward to next Business Schema. 

 

Figure 11. Validation process for the instantiation process of Business 
Schemas. 

are not accessible from the application side. In order to access 
the second Business Schema, the root Business Schema 
provides a method to that goal, see Figure 10 (line 65). Before 
being instantiated, Business manager evaluates if the requested 
Business Schema can be instantiated, see Figure 11. If 
authorization is not granted, an exception is raised (line 22-23). 
Otherwise, an instance is returned (line 26-31). 

     These are only some snapshots of our use case. From these 
snapshots, from Table 1 and Table 2, and from Figure 6 we 
hope that readers can infer the remaining technical approaches 
on which our use case was built.  

V. CONCLUSION 

This paper presents an extension of the basic RBAC policy 
in order to control the sequence in which CRUD expressions 
are executed. The model leverages previous researches where 
the RBAC model was extended to support the concept of 
Business Schema and, therefore, the execution of CRUD 
expressions. To formalize our proposed extension we start by 
resorting to the theory of graphs. From it we defined an ordered 
sequence of Business Schemas as being a path. Basically, the 
model extension allows security experts to designate the set of 
Business Schemas sequences to be used by users authorized to 
play that role. A proof of concept is also presented, which, once 
again, leverages previous researches. The presented proof of 
concept, beyond providing the empirical evidence of the 
effectiveness of our proposal, it also conveys the following key 
advantages: 1) security layers are automatically built and 2) 
security layers are based on typed objects, this way relieving 
programmers of application tiers from mastering the 
established security policies.  
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Abstract—Software development projects receive many change 
requests each day and each report must be examined to decide 
how the request will be handled by the project. One decision that 
is frequently made is to which software developer to assign the 
change request. Efforts have been made toward semi-automating 
this decision, with the most promising approaches using machine 
learning algorithms. However, using machine learning to create 
an assignment recommender is a complex process that must be 
tailored to each individual software development project. This 
paper presents the Creation Assistant for Easy Assignment 
(CASEA), a tool that leverages a project member’s knowledge to 
assist in creating an assignment recommender specific to the 
software development project.  

Keywords-bug report triage; assignment recommendation; 
machine learning; recommender creation 

I.  INTRODUCTION 

Large software development projects can receive hundreds 
of bug reports per day [1]. Each of these bug reports needs to 
be analyzed to determine if the report will result in 
development activity. For example, a report may be examined 
in order to determine whether the report is a duplicate or if the 
problem is reproducible. In cases where the problem needs 
action from a developer, a decision needs to be made about to 
whom the work will be assigned. This decision process is 
called bug triage and must be done for all incoming reports.  

Bug triage takes significant time and resources [2]. Bug 
report assignment recommenders have been proposed as a 
method for reducing this overhead. Conceptually, the creation 
of an assignment recommender using machine learning is 
straightforward. Six questions need to be answered to create an 
assignment recommender [1]. These questions relate to which 
bug reports to use and how many, determining who fixed a 
report, which developers to recommend, what data from the 
bug reports to use, and which algorithm to use. 

In practice, the creation of such recommenders for a 
specific software development project is challenging. If a 
project member were to begin creating an assignment 
recommender for their project s/he would first have to research 
machine learning libraries and algorithms, as well as methods 
for obtaining bug reports from their repository, and that’s just 
for a basic recommender. Also, finding answers to these 
questions requires significant experimentation to construct an 
optimal recommender due to interdependencies between 
questions. For example, how the reports are labelled with 

developer names affects the set of names recommended, and 
the choice of valid names affects which reports and how many 
of them will be used for creating the recommender. Finally, 
further research may need to be done to find ways to better 
format the data such as word stemming, parts of speech 
analysis and feature reduction. Creating an assignment 
recommender could take many hours to days or weeks for 
someone who is unfamiliar with the process. 

Some answers for assignment recommender creation appear 
to be consistent across projects (e.g. the text from the bug 
report summary and description is used as the data [1] [3] [4]). 
Other questions are specific to the project. For example, how to 
determine which developer fixed a bug requires the use of 
heuristics, and these heuristics differ from project to project [1]. 
The heuristics that are used for labeling reports from one 
project, such the Eclipse Platform project1, are not the same as 
the heuristics used for another project, such as the Firefox 
project2. Creating these heuristics is a time consuming process. 
It was observed to take between half a day to a full day 
depending on the complexity of the heuristics [1]. 

Establishing these heuristics once may not be sufficient. 
The recommender may need to be reconfigured if any 
significant changes are made in a project's use of the issue 
tracking system. For example, a project may add or deprecate 
bug lifecycle states over time. Such changes would require a 
reconfiguration of the project-specific labeling heuristics and 
the set of reports used for creating the assignment 
recommender. 

The initial configuration and ongoing adjustments for 
creating an assignment recommender represents a cost to the 
project. For example, the Mozilla project at one time had four 
different web browser projects. There existed subsets of 
developers that either worked exclusively on one of these 
projects, or overlapped with one or more these projects. If the 
Mozilla project had decided to incorporate an assignment 
recommender into its development process at that time, then a 
different assignment recommender would have had to be 
created for each subproject. At the limit, the Mozilla project, 
which currently has thirty-six subprojects, would have to create 
and maintain thirty-six different assignment recommender 
configurations. This could pose a substantial cost to the project.  

1 http://www.eclipse.org/jdt 
2 http://www.mozilla.org/firefox 
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If the use of assignment recommenders is to be made 
practical, the costs associated with creating and maintaining 
recommender configurations needs to be reduced. As reducing 
the number of different configurations that will need to be 
created and maintained by a project is unlikely, seeking to 
lower the costs associated with each individual configuration 
offers a viable solution. Also, the fact that the techniques for 
creating an assignment recommender extend to other types of 
triage recommenders [1] makes reducing such costs all the 
more important.  

This paper presents the Creation ASsistant for Easy 
Assignment (CASEA), an implementation of the approach 
proposed in [1] that leverages a project member’s knowledge to 
assist in creating and managing bug report assignment 
recommender configurations. Specifically, CASEA assists in 
the creation of project-specific heuristics and the selection of 
valid developer recommendations. CASEA also allows project 
members to experiment with these two parameters to quickly 
determine if the use of an assignment recommender would 
benefit a project. Finally, CASEA helps project members to 
ensure that the assignment recommender is trained with the 
best data possible by considering the actual data being used to 
train the recommender. 

This paper proceeds as follows. First, background 
information about bug reports and machine learning is 
presented. Next, details of how CASEA uses a project 
member’s knowledge to create an assignment recommender are 
given. The paper then concludes with related work. 

II. BACKGROUND 

This section presents background information about bug 
reports, their life cycles, and machine learning. 

A. Bug Reports 
Bug reports, also known as change requests, provide a 

means for users to communicate software faults or feature 
requests to software developers. They also provide a means for 
developers to manage software development tasks. 

Bug reports contain a variety of information, some of which 
is categorical and some of which is descriptive. Categorical 
information includes such items as the report's identification 
number (i.e. bug id), its resolution status (e.g., NEW or 
RESOLVED), the component the report is believed to involve, 
and which developer has been assigned the work. Descriptive 
information includes the title of the report, the description of 
the report, and discussions about possible approaches to 
resolving the report. Finally, a report may contain other 
information, such as attachments or links to other reports. 

B. Bug report lifecycles 
All bug reports have a lifecycle, although the specific states 

can vary between projects. When a bug report first enters a 
project’s issue tracking system (ITS), it is in a state such as 
UNCONFIRMED or NEW. The bug report then moves 
through different states, depending on the project’s 
development process, and arrives at a resolution state, such as 
FIXED or INVALID. The lifecycle of a bug report can be used 
to categorize bug reports [1].   

C. Machine learning algorithms 
Machine learning is the development of algorithms and 

techniques that allow computers to learn [5]. Machine learning 
algorithms fall under three categories: supervised learning, 
unsupervised learning, and reinforcement learning. Bug report 
assignment recommenders primarily use supervised learning 
algorithms, such as Support Vector Machines (SVM) and 
Naïve Bayes. 

Understanding how a machine learning algorithm creates a 
recommender requires understanding three concepts: the 
feature, the instance and the class. A feature is a specific piece 
of information that is used to determine the class, such as a 
term that appears in one or more of a set of bug reports. An 
instance is a collection of features that have specific values, 
such as all of the terms in the description of a specific bug 
report. Finally, a class is the collection of instances that all 
belong to the same category, such as all of the bug reports fixed 
by a developer. In supervised machine learning, training 
instances are labeled with their class. A recommender is 
created from a set of instances and the output of the 
recommender is a subset of the classes to which the instances 
belong. 

III. ASSISTING ASSIGNMENT RECOMMENDER CREATION 

This section presents CASEA, a software tool to assist a 
software project in creating and maintaining bug assignment 
triage recommenders. Although CASEA only supports the 
creation of assignment recommenders, it can be extended to 
assist with the creation and maintenance of other triage 
recommenders. Through the use of CASEA, a user would be 
able to use their project knowledge to create an assignment 
recommender in a short period of time.  

CASEA guides a project member through the assignment 
recommender creation process in four steps: Data Collection, 
Data Formatting, Recommender Training, and Evaluation. The 
remainder of this section presents the details of how CASEA 
assists with each of these steps. 

1) Data Collection 
The first step in recommender creation is to gather the data 

to be used for creating the recommender. Specifically, bug 
reports are extracted from the project’s issue tracking system. 
CASEA provides two methods for data collection.  

The first option is to import two XML files containing the 
bug report data: one file containing the data for the reports to 
be used for training, and the other containing data to be used 
for evaluation. On importing the file, CASEA’s Document 
Object Model (DOM) is populated. 

The other option is for the project member to provide the 
URL of the project’s ITS. An XML-RPC library is used to pull 
the data from the ITS and populate the DOM model. The user 
specifies the initial bug report creation date from which to start 
pulling reports, and the number of reports to gather. Reports 
that have a resolution status of RESOLVED, VERIFIED or 
CLOSED are chronologically gathered from the starting date. 
Every tenth report collected is designated as a testing report to 
create an unbiased set for evaluation.  
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2) Data Formatting 
Having collected the data from the project’s ITS, the next 

step is to format the data into a collection of instances to be 
used for training the recommender and evaluating its 
performance. However, before the instances are created, the 
data is first filtered to produce the highest quality training set. 
Two types of filtering are performed: automatic and assisted. 

a) Automatic Filtering 
Recall that an instance contains a label and a set of features. 

For bug report assignment the features are the terms that occur 
in the summary and description of the bug report. The 
automatic filtering performs three actions on the textual data. 

First, terms that are stop words are removed. Stop words 
are commonly occurring words that provide little to no 
information content. Examples of stop words include ‘a’, ‘the’, 
and ‘an’. After stop words are removed, the next step is 
stemming. Stemming reduces all of the terms to their respective 
root values. Stemming is done so that words such as ‘user’ and 
‘users’ are treated as the same word, ensuring a common 
vocabulary between the reports. Finally, punctuation and 
numeric values are removed, except where the punctuation is 
important to the term, such as class names (e.g. 
“org.eclipse.jdt”) or URLs.  

b) Assisted Filtering 
CASEA assists the user with two types of filtering: label 

filtering and instance filtering. In the case of assignment 
recommender creation, label filtering is the selection of 
developer names to be recommended and instance filtering is 
the selection of the bug reports to be used for recommender 
training and evaluation.  

To assist with label filtering, CASEA presents the user with 
a label frequency graph. For an assignment recommender, this 
graph presents bug fixing statistics for the project developers 
based on all the reports in the training data set. For an 
assignment recommender, one would want to recommend from 
a core set of developers, not from the set of all developers, as a 
developer who has only solved one report in the past is unlikely 
to solve another. CASEA allows the user to select a threshold 
using a slider, such that only a core set of developers are 
recommended. By default, CASEA sets the threshold to five 
resolved reports. As the user moves the slider, the horizontal 
red cutoff line is adjusted. 

Instance filtering is done using project-specific heuristics. 
The heuristics have two parts: a grouping rule and a label 
source. The grouping rule is used to categorize the data into 
groups for which the label source will be used for labeling the 
instances. For an assignment recommender, the grouping rule 
is a bug report lifecycle and the label source is either a field 
from the bug report, such as the assigned-to field, or other 
labelling information that can be extracted from the bug report, 
such as the user that attached a patch or marked the report as 
resolved. The default label source is the assigned-to field. 

The lifecycle states occurring between the initial state and 
the resolution state may affect which field(s) can be used for 
labelling. For example, bug reports with the lifecycle NEW → 
FIXED would never be formally assigned to a project 
developer and were probably resolved by the person who 

created the report. Therefore the reporter field is likely to be 
the correct label source for this group of bug reports. For bug 
reports that follow the lifecycle NEW → ASSIGNED →  
FIXED, the assigned_to field is likely the best labeling choice 
given that the report was triaged and an appropriate developer 
was selected.   

All of the reports in the training data set are used to determine 
the specific bug report life cycles for the project and the user is 
presented with a statistical summary of the categories. Using 
this information, the user can create heuristics for the most 
common occurring categories. For each of these categories, the 
user then selects the label source from a drop down, including a 
choice to not label reports in the group. 

The user can also choose the number of heuristics to be 
applied, to a maximum of ten. An observation from using 
CASEA on a number of projects has shown that approximately 
70% of reports are covered by the top five bug report 
lifecycles. To label the reports not covered by a configured 
heuristic, the user selects a default label source. 

As was mentioned, dependencies exist between choices 
made in configuring an assignment recommender. In CASEA, 
there is a dependency between the two types of assisted 
filtering. The values in the label frequency graph come from 
the application of the labelling heuristics to the data, and 
changes to the set of heuristics cause the label filtering graph to 
be updated. In other words, the developer activity graph 
reflects the set of names from the use of the current heuristics.  

c) Formatting 
After filtering the data to create the set of training and 

evaluation instances for the recommender, the data is then 
formatted for use with the machine learning algorithm. 
Specifically, two tables are created. First, a term frequency 
table is created where each column is a feature from the 
instances and the rows are instance ids. For an assignment 
recommender, the rows are bug report ids and the columns are 
terms. The content of the table is the term-frequency/inter-
document frequency (tf-idf) values for each term in each report 
of the data set. Tf-idf provides a measure of the importance of a 
term within a document. This table is only created for the 
training instances. 

The second table is an index of instances to labels. In this 
case, the table is an index of bug report ids to developer name 
given by the heuristics. This table is created for both the 
training and evaluation data sets.  

3) Recommender Training 
Once the user has filtered the data and the data is formatted, 

the recommender is created using a machine learning 
algorithm. The two most commonly used machine learning 
algorithms for assignment recommenders are Support Vector 
Machines and Naïve Bayes [1] [4]. CASEA uses a multi-class 
SVM algorithm with a Gaussian kernel for creating a 
recommender. The time to train a recommender was found to 
be between a few seconds and a few minutes, depending on the 
size of the training dataset, the configuration parameters, and 
the computer used. 
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4) Evaluation 
Once the user starts the recommender creation process, the 

user is moved to an Analysis tab that presents progress 
information, such as the time taken to train the recommender 
and evaluation results. The user can then return to the 
Configuration tab, adjust the values for label and instance 
filtering, and create a new recommender. This process 
continues until the user is either satisfied with the created 
recommender, or the user has determined that an assignment 
recommender cannot be created with a high enough accuracy to 
benefit the project. At any time the user can save the 
recommender and return at a later date. 

To evaluate the performance of the recommender, the 
measures of precision and recall are used. Precision and recall 
are defined as follows: 

𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
#𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑠

# 𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑠 
 

𝑅𝑒𝑐𝑎𝑙𝑙 =
#𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑟𝑒𝑐𝑜𝑚𝑚𝑒𝑛𝑑𝑎𝑡𝑖𝑜𝑛𝑠

# 𝑤𝑖𝑡ℎ 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑒𝑥𝑝𝑒𝑟𝑡𝑖𝑠𝑒 
 

To accurately compute these values, the set of developers 
that had the expertise to resolve each bug report is needed. 
However, this information can be difficult to determine and 
approximations are necessary [1]. CASEA uses a list of 
developers that resolved reports in the same component as an 
approximation of bug fixing expertise. Note that this 
approximation will overestimate developer expertise, trading 
off a more accurate precision value for a less accurate recall 
value. As high precision is favored over high recall this 
tradeoff is acceptable. CASEA presents results for the top one, 
three and five ranked recommendations.  

IV. RELATED WORK 

A. Developer Assignment Recommendation 
Many prior researchers have proposed using assignment 

recommenders to reduce the amount of resources to be put 
towards triage, such as [1] [3] [4] [6] [7]. All previous work has 
sought to find specific answers to the assignment recommender 
creation questions; however none of these works, except for 
[1], have addressed the problem of making the use of such 
recommenders practical. 

B. Assisting with Recommender Creation 
Making the use of machine learning recommenders 

practical has been done in other areas, such as bioinformatics. 
However, these tools typically focus on explaining the results 
of the recommendations [8] or helping to visualize how 
machine learning works [9].  

There are two commercial products that could be 
considered similar to CASEA. Skytree Server [10] is similar in 
intent to CASEA; however to use Skytree Server still requires 
advanced knowledge of machine learning and statistics [11]. 
Big ML [12] also provides assistance with using machine 
learning, but is restricted to a single machine learning 
algorithm shown to be not effective for assignment 
recommendation [1]. 

V. CONCLUSION 

This paper presented CASEA, a tool to assist in the creation of 
bug report assignment recommenders. CASEA assists a user 
in labelling and filtering the bug reports used for creating a 
project-specific assignment recommender. Although there 
have been many efforts towards determining a good approach 
to assignment recommender creation, these approaches do not 
address how to leverage a project member’s knowledge in the 
creation of the recommender. CASEA seeks to remedy this 
situation.  
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Abstract

Context. Distributed software development is currently a
modern practice in software industry. This is especially true in
Open Source Software (OSS) development community. Under-
standing how developers’ practices are on those projects may
guide communities to successfully manage their projects. Goal.
We mined two repositories of the Apache Httpd project in order
to gather information about its developers’ behavior. Methods.
We developed an approach to cross data gathered from mail
list and source code repository through mining techniques.
The approach uses software visualization to analyze the mined
data. We conducted an experimental evaluation of the ap-
proach to assess the behavioral patterns from OSS develop-
ment community. Results. The collected data built a rich set of
information.The results highlight Apache developers’ behavior
patterns. We perceived that there is a correlation over time
between emails and commits of the Apache Project developers.
Conclusion. The use of data mining and software visualization
to analyze crossing data sources can spot important properties
of the development process.

I. INTRODUCTION

Software repositories have been used to discover useful
knowledge about the development, maintenance and evolution
of software. However, these data sources are not built in a
structured and organized way. So, it is necessary a considerable
effort to gather evidence from those repositories. To this
end, researchers have been developing different approaches
[1, 3, 5, 10, 13, 14]. They use data mining, software visual-
ization (SoftVis), text mining and mining software repository.
Some of them analyze each repository separately, even that
combining different techniques (e.g. metrics, SoftVis) is a
promising approach [11].

According to Kagdi et al. [6], the mining software reposito-
ries activity combines different areas, such as: knowledge dis-
covery [7] and information retrieving [8]. Combine approaches
from different areas is a promise strategy. For example, enrich
those techniques with information visualization may produce
solutions that aim to reveal software properties that were
initially hidden in these environments.

Based on this premise, this paper presents an exploratory
study that uses data mining and SoftVis techniques to analyze

OSS developers’ behavior. The study is particularly interested
in analyze discussion mailing lists and source code repositories
through the use of SoftVis. The main characteristic of the used
approach is the integration between the repositories data. It
aims to integrate and analyze data originated from Apache
Httpd mailing list and source code data.

This paper is organized as follows. Section II presents re-
lated works. Section III describes our experimental evaluation.
Section IV reports and discusses our findings. Finally, Section
V concludes the paper with a discussion of future work.

II. RELATED WORK

This section discusses some related work concerned with
identifying patterns in development community through min-
ing repository software and software visualization. Heller et
al. [5] proposed a strategy that mined a GitHub repository
metadata and used visualization techniques to identify patterns
in development community. The study focused on specific
patterns, such as the effect of geographic distance on developer
relationships, social connectivity and influence among cities,
and variation in project specific contribution styles.

Some works have already considered email specific analysis
to study OSS development process and behavior of people
[4, 12]. In [4], the authors investigated the impact of computer-
mediated interaction on person perception. In particular, they
studied how important traits for socialization and collaboration
may be detected from the text of an email communication.
Pattison et al. Finally, [12] studied the relation between several
software entities mentioned in emails and the number of times
these entities were included in the changes made.

Two works are closest to the research presented here. First,
Canfora et al. [1] mined explicitly documented cross-system
bug fixings from versioning repository and data from two
project mailing lists. It aimed to identify Cross-System-Bug-
Fixings activities between FreeBSD and OpenBSD, and to
understand the social role of developers performing such
activities by means of social network analysis. We based our
cross-system mailing list in this work. Second, in [3], the
authors performed an experimental evaluation of the approach.
They conducted an experiment to assess the PRS of top
developers at Apache server mailing lists.
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III. EXPERIMENTAL EVALUATION

The experimental process follows the guidelines by [15].
Here, we present the experimental definition and the planning
process. The next section presents the gathered evidence and
the results.

The main goal of our study is to reveal interesting behavioral
patterns in OSS contributions, such as the crossing analysis
of mailing lists contribution, commits in the projects, and
geographic location (geo-location) of contributions in OSS.

A. Planning

1) Context Selection: The experiment context was open
source project repositories. These repositories have large
amount of e-mails and commits. Commonly, the data is not
ready to use. It is necessary to clean the data to avoid mislead-
ing understanding. For example, there is an arduous manual
work of searching for valid emails and commits data. For that,
we developed powerful computational procedures following
[2, 3]. On top of that, we did a detailed manual analysis of the
committers’ profiles in order to gather geographic information.
The approach study followed three steps: First, we extracted
data from: a) Apache’s commits repository; b) Apache devel-
oper’s mailing list; and c) geographic information from geo-
location services; Second, we crossed the data collected in the
previous step in order to associate the data to the developer that
produced it; and finally, we built interactive visualizations that
help users to discover relevant information. Next, we present
each of these steps in detail.

Three modules were developed by us for this study in
order to provide an able environment to integrate and analyze
two different source repositories. The first is a module for
Extraction, Transformation and Load (ETL) of emails. The
second module is for mining source code repositories. Finally,
the third is a visualization module. These visualizations are
publicly available at (http://goo.gl/RSs4VR).

2) Research Questions: This work aims investigate OSS
Developers’ behavior. To do this, we mined two software
repositories in order to analyze the research questions address-
ing the distribution of email and commits over time in the
project. Our research questions are described as follows:

i. How commits and emails are distributed over time among
the Apache Project developers?

ii. How commits and emails are distributed over time by
Apache Project top committers?

3) Participant and Artifact Selection: In this study, we
used as object of analysis the Apache Httpd Project
(http://httpd.apache.org/). Over its 17 years of development,
the project received more than 60,000 commits, totalling more
than two millions of lines of code written by more than 100
developers around the world. These developers use a mailing
list to communicate with each other.

To answer our research questions, we extracted and ana-
lyzed the body of 100,479 email messages and 33,586 commits
from the Apache repositories between 1995 and 2005. We
selected the four developers who had the greatest number of
commits. We refer to these developers as ”Dev A”, ”Dev B”,

”Dev C” and ”Dev D”. We also grouped all the other develop-
ers, and refer to them as ”Cluster”, these developers represent
the rest of population. We analyzed the same developers and
same period used in the related study [3].

4) Preparation: The experimental study preparation took
two months. One month and three weeks for understanding
and develop the modules and one week for the preparation
and execution of a pilot. The pilot study was carried using
a small sample of emails and commits which was chosen at
random. Thus, the pilot helped us to calibrate some specific
characteristics of our modules and to find improvement point,
such as performance of the crossing data and geographic
information.

B. Experiment execution

We retrieved the geographic information (latitude/longitude
and the time offset) for each committer aiming to know the
origin of commits and emails. Apache Httpd project does not
have this data for all developers. They provide this information
only for the core committers (the ones who contributes more
to the project).

In these cases, Apache Httpd project provides a page with
complementary information about them. Unfortunately, core
committers represent only 63 from the total developers (110).
For the others, we needed to perform a manual task to retrieve
their geographic information. They also have different time
offsets. This brings out another issue, since it is necessary
to consider the time zone when collecting the weekday and
time for each commit. In this case, we needed to get each
developer’s time zone and adjust the times for the Apache
server time.

After retrieving geographic information, we found more 27
profiles, totalling 90 from the 110 available developers. We
decided remove the commits from those developers which we
could not find geographic information. So, we reduced the
amount of analyzed commits from 33,586 to 31,611. Even
considering all crossing data process, it was not possible to
find a match between some emails and commits. In those
cases, the data was ignored. This corresponded to 29,698
emails. So, we considered in our analysis 70,781 emails.

To establish a link between extracted data from email and
commits we needed that at least one property was shared by
both data sources. For example, either an ID or an email in
both data sources should be equal. However, this was not
possible, since, in Apache Http project, the data sources have
different users’ profiles. This was another challenge in our
approach. It was necessary to match different kinds of data,
e.g. email address with nickname and name with nickname. In
order to perform this task, we adapted the approach proposed
by [1].

IV. RESULTS AND DATA ANALYSIS

The collected data built a rich set of information. Nonethe-
less, in general, data extracted from software repositories are
too difficult to be analyzed in the same state that they were
stored [9]. Thus, we decide to use visualizations to reorganize
them in such manner that users can easily understand the
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whole database. We discuss now the results of this study. To
answer the research questions, we analyzed the data taking into
consideration (i) the relation between emails and commits of
the Apache Project developers (ii) the relation between emails
and commits of the Apache Project top committers(iii) The
beginning of Apache Project.

i. Relation between emails and commits of the Apache
Project developers: Through the interaction with the period
filter to generate heat maps over the time, we perceive that
the heat zones (regions where contributions were made) used
to appear first in the emails’ map and after in the commits’
map, it’s evidence that in this project developers first interact
in the email list and after commit code to the repository.

We could confirm this behaviors in the Apache Httpd Web
Site. According with the site, changes to the code are proposed
and voted on the mailing list and only after they are approved,
they are committed in the repository. On top of that, we could
also identify that the regions that have more participation in
the emails list are also the regions with more participation in
the code repository (see Fig. 1). An exception is the Japanese
developers’ behavior. In this case, there is a considerable
amount of commits (bottom of Fig.1) but a low participation
in the discussion mailing list (top of Fig.1 ). It may suggest
an introverted behavior due to cultural factors.

Fig. 1: Heat maps showing amount of (a) emails and (b)
commits

We also perceived that there is a correlation between emails
and commits timestamps. Developers normally commit code
and discuss in the list in the same time as well in the same
weekday. Figure 2.a shows the interactions over time between
emails and commits of the Apache Project developers. If
we analyze the evolution, we may confirm that commits and
emails follow the same pattern distribution.

ii. Relation between emails and commits of the Apache
Project top committers: For a more detailed analysis, our
crossed data approach allows us to explore individually data
from every developer in the project. Due the restriction of this
paper’s size, we choose to analyze the relation between emails
sent and commits made only by the top committers. The Fig.

Fig. 2: Interactions over time between emails and commits of
developer population

3 shows these distributions for each one over the time.
Through these charts is possible to identify when a de-

veloper starts to contribute and when he leaves the project.
According the Httpd’s Site, both developers A and B, are
considered emeriti members due their contributions, however,
they left the project, this happening was also perceived in our
visualization. The other two developers remained active, at
least, until 2005.

Other finding that may be perceived is the work pattern;
there are two evident work patterns in the charts, one pattern
is the developer that the major part of his contribution was
made between Monday and Friday and between 8 am to 6
pm, this pattern can be observed for the developers A, B, C.
While the other pattern is the developer that the major part of
his contributions was made during the weekend and at night,
this pattern can be perceived for the developer D. The first
pattern can be evidence that the developer was working in
the project as a daily job or as part of his research; it’s not
uncommon for companies to pay open source developers to
maintain tools that they use or students that contribute to open
source projects as part of their research. The other pattern can
be evidence that the developer is an open source enthusiast
and has a daily job during the day and like to contribute in
his spare time.

iii. The Apache Project beginning: Analyzing carefully the
data evolution in Fig. 2, we could see that the discussion in
the email list started a year before the first commits. This is
an interesting behavior, since they had time to discuss before
to start the implementation. However, it is common to observe
OSS projects starting on the other way around. First, a project
is created with few developers. They start to commit and create
the first release. After that, users start to use it. Using the
software, bug fix and request for new features will rise. So,
users use a bug tracking system to report the issues. At the
end, the developers start the discussions in the email list.

We decided to investigate why the Apache http evolved
in this way. We looked the website and discovered that the
Apache Httpd was a continuation of NCSA Httpd, which
stopped to be developed when Rob McCool left NCSA in
1994. A group of webmasters then started to develop their
own extensions and bug fixes, in 1995, they solved to join all
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Fig. 3: Distribution of emails and commits of the Apache
Project top committers. (a) Dev A, (b) Dev B, (c) Dev C,
(d) Dev D.

this features and bug fixes in a unique distribution and then
the Apache Group was created.

V. CONCLUSION AND FURTHER WORK

In this paper, we presented an useful and innovative ap-
proach that extract information from two important data
sources in a software project. We mined and try to match
emails list and source code repository data. This approach can
be used to discover hidden behavioral patterns in unstructured
databases. We also believe that our approach can be used by
OSS leaders to increase developers’ contributions or to keep
contributors in their projects. OSS managers can also use our
approach to split tasks accordingly to each developers’ profile
or to tracking team’s contributions over time considering
weekdays and day periods.

We have evidences that discussion lists and repositories can
be used to measure project activity or to predict each other.
We now draw answers to our research questions stated in the
section III. Regarding RQ1, we may confirm that commits
and emails follow the same pattern distribution in the Apache
evolution. Considering RQ2, we could see that this relation is
very similar to rest of developers. Besides, we identified from
our visualizations is possible to find some work pattern.

Our future work will address three key issues: (1)Improve
our approach by extracting other relevant data from other OSS.
This work is in process; and (2) Extend this study to mine
data from Postgree, emails and commits, aiming to compare to
findings performed by [2, 3]; and (3) Develop new interactive
visualizations.
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Abstract— Software development managers recognize that 

project teams need to be developed and managed. Although 

technical skills are necessary, non-technical (NT) skills are 

equally necessary for project success. There are several tools that 

assist in measuring the effectiveness of the technical skills that 

teams use to perform projects, but there are no proven tools to 

measure the NT skills of software developers. Behavioral 

markers (BM), observable behaviors that have positive or 

negative impacts on individual or team performance) are 

beginning to be successfully used by airline and medical 

industries to assist managers in assessing NT skills of project 

teams and individuals. The purpose of this research is to develop 

and validate a NT skills taxonomy for software developers. This 

paper presents an empirical investigation to develop and validate 

a NT skills taxonomy which was in turn used to construct a BM 

system tool for said developers and software development teams.    

Keywords-Non-technical Skills; behavior marker; performance.  

I.  INTRODUCTION 

The software development process is a team activity and 
the success of a software project depends on the effective 
performance of the software project team. West [1] notes that 
working in a team is not automatically beneficial. Simply 
bringing people together does not ensure that they will function 
as an effective team. The Project Management Institute 
recognizes the need to develop project teams. The most recent 
PMBOK Guide [2] states “teamwork is a critical factor for 
project success, and is one of the primary responsibilities of the 
project manager”. PMBOK also acknowledges that non-
technical (NT) skills, in comparison to technical skills, are 
equally important for project success and team development. 
Multiple authors agree that the NT skills are critical to project 
success [3, 4].  Other authors assert that NT skills can have the 
largest impact on software development [5, 6].   

The cognitive and interpersonal skills which underpin 
software professionals and technical proficiency are being 
recognized as requirements for a competent software developer 
[7]. One major factor that is driving the demand for NT skills is 
the requirement for an agile workforce to support agile 
organizations [8]. Agile software development methodology is 
based on incremental and interactive development. This 
development is carried out through the collaboration between 
self-organizing, cross-functional teams. Agile teams depend 
greatly on efficient communication, taking responsibility, 
initiative, time management, diplomacy, and leadership.  

While the performance of individuals is very important to 
creating an effective team, there are no established guidelines 

for measuring team effectiveness. Different authors have 
identified different criteria for assessing team effectiveness [9, 
10]. These criteria generally include measurements of task 
performance as well as the interpersonal skills of the team 
members, which include attitudes and behaviors. While there is 
extensive literature with respect to different ways to measure 
task performance (e.g., lines of code) for software development 
[11], little research has been performed on measuring NT 
skills. On that note, the aviation and health care industries have 
already recognized the importance of NT skills to the success 
of their teams, and have been using behavioral marker systems 
to structure individual and team assessments of these NT skills. 
We believe that software teams can also draw upon these 
models to improve teamwork in software development. 

As software project development managers and educators, 
this is one of the factors that motivated our research. How can 
managers objectively measure the NT skills of their employees 
to determine if their NT skills are adequate or if they need 
improvement? How would feedback be provided to the team 
members so that they could improve their performance? The 
research reported here is an attempt to answer these kinds of 
questions. Thus, the purpose of this research is to identify the 
NT skills required by effective software professionals, and to 
develop a behavioral marker system for evaluating these skills.  

II. BACKGROUND 

    This section provides background on the NT skills (Section 
II.A) and the behavior marker systems (Section II.B).  

A. Non Technical (NT) Skills 

NT skills are the cognitive, social, and personal resource 
skills that complement technical skills and contribute to overall 
task performance [12]. Classic examples of NT skills are 
leadership, patience, cooperation, communication, decision 
making, conflict management, stress and workload 
management, attention to detail, empathy, and confidence. In 
short, NT skills cover both the social and cognitive side of a 
person. In a survey released in 2013 by the Association of 
American Colleges and Universities [14], it was found that 
employers feel that NT skills, both cognitive and interpersonal, 
are more important than a particular major. Even professional 
organizations such as Professional Engineering Competence 
(UKSPEC), IEEE Computer Society etc. state that professional 
engineers have an obligation to possess NT skills [15]. 

Universities and colleges have strived to create curricula to 
prepare students to be Software Engineers. Some researchers 
have defined competencies (both technical and NT) for 
Undergraduate Software Engineering students, however these 
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do not encompass all of the competencies, such as many 
necessary interpersonal skills, needed for a Software 
Engineering professional [16, 17]. Other researchers have 
developed expert profiles (tools that communicate the technical 
and NT skills required) for engineering professionals that 
include input from both academia and industry; however, they 
do not define specific competencies required for a Software 
Engineer [18]. Educators summarize important course 
knowledge and skills that the student’s should develop in 
course syllabi. Employers list minimum requirements for new 
hires in job advertisements. With so many different sources and 
kinds of information available, it is difficult to synthesize what 
competencies and in particular, NT skills, are required in the 
software profession. Therefore, this research attempts to 
develop a NT skills taxonomy for software professionals.  

B. Behavior Markers(BM) and Behavior Marker System  

Behavioral markers (BM) are defined [19] as “observable, 
non-technical behaviors that contribute to superior or 
substandard performance within a work environment”. They 
are derived by analyzing data regarding performance that 
contributes to successful and unsuccessful outcomes. These 
markers are often structured into categories (e.g. 
communication, situational awareness, and decision making). 
The overall purpose of a BM system is to provide a method to 
assess team and or individual behaviors using markers. In 
general, BM systems have a taxonomy or listing of NT skills 
that are associated with effective job performance.  This listing 
is combined with a rating scale to allow the skills (which are 
demonstrated through behaviors) to be assessed by trained 
observers. These BM systems are part of an observation-based 
method to capture and assess individual and team performance 
on data rather than on gut feelings. Observers use the BM tool, 
designed in the form of a structured list of skills, to rate skill 
and behavior performance. This allows an individual’s or 
team’s skills to be rated in their real context. BM systems can 
provide feedback on performance to individual/ teams as well 
as a common language for discussing and teaching NT skills. 

BM systems have demonstrated value for assessing NT 
skills, for providing feedback on these skills, for improving 
training programs for NT skills, and in the use of building 
databases to identify norms and prioritize training needs. Given 
the prevalence and success of BM systems, we believe that 
they can be effective at improving NT skills in software 
development teams. However, a BM system developed for one 
domain cannot simply be transferred to another domain. It is 
important to recognize that BM systems need to be specific to 
the domain and culture. O’Conner et al. [20] noted that the 
Human Factors Analysis and Classification System developed 
for aviation was not appropriate for assessing the NT skills for 
U.S. Navy divers.  

A brief description of the domains in which BM systems 
have been successfully used (i.e., airline, medicine) follows: 

1) Airline Industry: The first BM system developed for the 

airline industry had two primary purposes: to evaluate the 

effectiveness of crew resource management (CRM) by 

measuring observable behaviors and to aid the development of 

future CRM programs [21]. The Line Operation Safety Audit 

(LOSA) is a very successful BM system, and many of the BM 

systems in other industries were adapted from this audit tool. 

It focuses on interpersonal communication, leadership, and 

decision making in the cockpit. Trained observers (pilots and 

human factors experts) ride along in the cockpit and observe 

the flight crews during normal flight operations. They score 

the behaviors of the crew using LOSA. This tool has been very 

successful in measuring the strengths and weakness of the 

flight crews’ interpersonal skills and is endorsed by the 

International Civil Aviation Organization [22]. 

2) Medical Industry: To help improve teamwork in 

healthcare, BM systems are being adopted. Two predominate 

tools to date include the Anesthetists’ NT Skills (ANTS) 

System and the Observational Teamwork Assessment of 

Surgery (OTAS). ANTS provides a taxonomy for structured 

observations of anesthetists [23]. This system has proven very 

useful in assessing the NT skills of anesthetists in simulation 

training and has provided important performance feedback for 

the individuals. OTAS was developed to evaluate the technical 

and interpersonal skills in surgery teams [24]. Empirical 

studies have shown that the underlying cause of many adverse 

events in surgery were the result of poor communication, 

coordination, and other aspects of teamwork rather than 

technical failures. OTAS has been found to be a valid measure 

the technical and NT performance of surgical teams.  

Our goal is to develop a BM system that can improve 

software professional team member performance by providing 

feedback in the form of an objective and documented 

assessment of the NT skills of the team members.  

III. RESEARCH APPROACH 

The research approach included activities with a major 
focus on a) developing a taxonomy of NT skills of software 
professionals, b) validating and refining the taxonomy, and c) 
developing a BM system for software developers. More details 
on the study design and results appear here.  

As a first step, a systematic literature review was performed 

to identify and analyze the NT skills of software professionals. 

A systematic literature review is a systematic search process 

that focuses on particular research question and provides an 

exhaustive summary of literature relevant to that question.  By 

performing a systematic review, researchers can be more 

confident that they have found background information 

relevant to their study. The more common ad hoc approach 

does not provide this same level of assurance [25]. Next, a 

focus survey was developed using the process recommended 

by Davis et al. [26]. The focus groups consisted of employers, 

SE and CS industrial professionals and instructors. The 

software professional NT skills profile survey used the NT 

skills information gathered from the systematic literature 

review and was developed with the assistance of a focus 

group. The results of the survey were used to develop the 

software professional NT skills taxonomy. Finally, a review of 

related BM system literature was carried out in order to 

develop a BM system for software developers, and a BM 

rating tool was created.  

479



IV. RESEARCH DESIGN  

This section describes the research design. Section IV.A 
describes the systematic review protocol. Section IV.B presents 
the focus group design, survey procedure, and the process of 
developing the BM system and the behavior examples. 

A.  Systematic Literature Review  

In accordance with systematic review guidelines [27], the 
review protocol was developed that specified the questions to 
be addressed, the databases to be searched and the methods to 
be used to identify, assemble, and assess the evidence. To 
properly focus the review, a set of research questions (RQ’s) 
were developed. With the underlying goal to develop a 
software professional NT skills profile, the high-level question 
addressed by this review was: 

“What are the NT skills required of software professionals 
performing well in their field and how can we discover 
what NT skills are valued by employers?” 

This high-level question was then decomposed into the 
more specific RQ’s. RQ#1 identified the existing empirical 
studies reported on desired competencies in software 
professionals. RQ#2 focused on efforts, methods or tools that 
are used to identify or can be used to identify a comprehensive 
list of NT skills. If any of these methods or tools has been 
implemented, we also analyzed their level of success and 
lessons learned. RQ#3 combined the results of the first two 
RQ’s in an attempt to develop a software professional NT skills 
profile. Details on the review protocol (sources searched, 
search execution, inclusion and exclusion criteria, quality 
assessment, data extraction) can be referred to in a report [28].  

B. Focus Group 

After an initial list of NT skills was identified from the 
literature review, the skills were clustered into major categories 
(details in Section V). Synthesis of the literature review of 
software developer NT skills was then incorporated into a 
survey. This survey was sent to a diverse group of individuals 
from SE academia and industry for review.  We employed two 
online surveys to assist in gathering this input. The focus group 
members who participated in these surveys were located in 
three different states, thus using a survey questionnaire was an 
efficient way of collecting the NT skills input. Both surveys 
used a cross-sectional survey design in which we gathered 
information about the NT skills important to a professional 
software developer at a specific point in time. First, the initial 
list of NT skills was compiled and then the first electronic 
survey was created. The first survey used an initial draft of NT 
skills gathered from the literature review as a basic guideline 
and then gathered NT skills priorities, missing NT skills, 
description clarifications, and comments to produce a more 
robust NT skills inventory. Once this survey was complete, an 
updated NT skills profile was created. The purpose of the 
second survey was to gather examples of good and poor 
behaviors for the top rated NT skills from the first survey. The 
details of the survey design appears in the subsections 

1) Survey Methodology 
The surveys intend to evaluate the NT skills of a software 

developer performing well in professional practice, and identify 
the observable actions of the NT skills of a software developer. 

Survey Participants: A group of 20 individuals (SE 

professors, and industry managers representing both publically 

and privately held companies from small to large software 

development departments) was asked to provide input on the 

list of NT skills.  Because cultural differences have been found 

to have a significant impact on individuals [29], we decided to 

only seek input from educators and employers along the I-29 

corridor of Minnesota, North Dakota, and South Dakota. 

Three universities (Dakota State University, North Dakota 

State University,  University of Minnesota Crookston), along 

the I-29 corridor, were identified to have programs that would 

produce graduates suitable to being employed as Software 

Engineers and individuals were selected from each university. 

Each of the industry collaborators were selected because the 

companies they were associated with were located along the I-

29 corridor; they all employed many new graduates that work 

in SE and software development related jobs; and they all have 

well developed human resource departments with sufficient 

resources to have created comprehensive competency 

expectations for company’s employees and thus would have 

clearly defined expectations. The industry collaborators 

included managers of software professionals from each of the 

companies. 

Survey Procedure: The survey included following 3 steps. 
Focus Group Survey #1: The focus group was emailed an 

electronic survey and asked to rank the importance of each NT 
skill to software professionals. The skills were listed in the 
categories (discussed in the results section). The survey also 
included the descriptions for each skill (can be found in [28]). 
The ranking that we asked the focus group to produce provides 
prioritization of NT skills that most reflect expert activities. 
The focus group was also asked to provide inputs (suggested 
revisions to the NT skills, clarifications of the NT skill 
descriptions, missing elements, assess quality, and any further 
comments) to the NT skills. The quality of the NT skills was 
assessed per the guidelines provided by Davis and Beyerlein 
[18] by asking the focus group to provide feedback. The focus 
group helped create a more robust NT skill list. 

Compile High Priority List of NT Skills: The results of this 
first survey were compiled into an improved NT skills 
taxonomy.  Some competencies were re-grouped, and the list 
trimmed of the competencies that did not meet the quality 
standards. This more robust NT skill list only include the most 
highly prioritized NT skills, which was intended to make it 
easier for the focus group to complete the second survey. 

Focus Group Survey #2: The second electronic survey sent 
to the focus group posed open-ended questions. The 
participants were asked to provide examples of observable 
actions that indicate good performance and behavior of each 
NT skill as well as examples of observable actions that indicate 
poor performance and behavior of each NT skill. They were 
asked to provide as many examples as they wished for each 
skill. The examples of good and poor behaviors were collected. 
Based on the inputs from the second survey, we developed a 
behavior-based software engineer NT skills taxonomy and used 
it as the basis for the behavioral marker system. The resultant 
examples of good and poor behavior for a subset of skills 
appear in the results section 
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V. RESEARCH RESULTS 

    This section provides results and findings organized around 
the activities described in Section IV.    

A. Non Technical (NT) Skills based on Literature Review 

After an initial list of NT skills was identified from the 
literature review, we clustered the skills into four major 
categories: communication, interpersonal, problem solving, 
and work ethic. These categories are illustrated in Fig. 1 and 
were reviewed by the involved researchers. We also had 
performed research to find meaningful descriptions for each 
skill. In many instances, it was felt that an identified skill 
overlapped with another NT skill, thus a list of synonyms was 
created to help provide clarity. Details of this information for 
one of the NT skills category (i.e., “Communication”) can be 
seen in Table I and more details appear in [28]. 

B. Results from the Focus Group# 1 and # 2 

As mentioned earlier, individuals during the focus group# 1 
ranked the importance of each NT skill to software 
professionals.  The skills were listed in the categories and in the 
same order (as seen for one of the categories in Table I).  The 
survey also included the descriptions listed (as in Table I). 

We looked at different ways to analyze the Likert data from 
the first survey. One method was to look at the NT skills that 
received the highest percentage of essential ratings. In that 
vein, the list of the top skills and the percentage of respondents 
who thought this skill was most essential (rank = 1) can be 
found in Table II. A second, and very common method 
considered, often used in analyzing the Likert data, was to 
simply summarize the Likert values for each NT skill.  Based 
on the summaries, the most essential NT skills, in order, are 1) 
teamwork, 2) attitude, 3) listening, 4) initiative/motivation to 
work, 5) critical thinking, 6) problem solving, 7) attention to 
detail, 8) flexibility, 9) integrity/honesty/ethics, 10) time 
management, 11) interpersonal relationships, 12) oral 
communications, 13) questioning, 14) learning, 15) leadership, 
and 16) responsibility. These two lists were very similar; 
however, after discussing these results with focus group, it was 
decided to combine the two lists to comprise the second draft 
of the NT skills that should be considered in the focus group#2.  

The output of focus group # 2 were examples of observable 
actions that indicated good performance and behavior of each 
NT skill as well as examples of observable actions that indicate 
poor performance and behavior of each NT skill.  They were 
asked to provide as many examples as they wished for each 
skill. The skills under consideration were: teamwork, 
initiative/motivation to work, listening, attitude, critical 
thinking, oral communication, leadership, problem solving, 
attention to detail, flexibility, integrity/honesty/ethics, time 

TABLE I.  DETAILED NT SKILL OF SW DEVEL’S: COMMUNICATION 

Category Skill Synonyms Description 

Communication Listening Listen and Understand Paying attention to and concentrating on what is being said, and 

asking questions that refine points about which one is uncertain. 

Oral 

Communications 

Communication; Verbal Communication; 

Communication Skills;  Presentation Skills 

Presenting your ideas in a manner easily understood by your 

audience, both in group meetings and person to person.  Reinforcing 
the message to others through gestures and facial expressions. 

Persuasion Change Agent; Salesman; Influence; 

Influence and Control; Ability to Influence; 
Sales; Managing Power/Expectations 

Promoting the system you advocate; persuading others to accept 

your viewpoint.  

Questioning Interviewing Asking the right questions in order to obtain the information needed. 

Written 

Communications 

 Preparing written documents that accurately communicate ideas in a 

manner that is easily understood by intended readers. 

 

 

 

      

     
Fig. 1: Desired NT skills of Software Professionals 

TABLE II.  ESSENTIAL NT SKILLS RATINGS 

Non-Technical Skill % of respondents who rated 

skill as essential 

Teamwork 91% 

Initiative/Motivation to work 73% 

Listening 73% 

Attitude 64% 

Critical Thinking 64% 

Oral Communications 64% 

Leadership 64% 

Problem Solving 64% 

Attention to Detail 55% 

Flexibility 55% 

Integrity/Honesty/Ethics 55% 

Time Management 55% 

 

481



management, and questioning.  A total of 408 examples of 
good and poor behaviors were collected. 

These examples of good and poor behavior provided by the 
focus group were analyzed and, using an adaptation of the 
consensual qualitative methodology [30], reviewed and 
redundant examples were eliminated. The researchers then 
reviewed the remaining behaviors and evaluated their clarity 
and how observable they were. Some behavioral examples, 
such as “being a good team player” and “body language and 
persona emitting that you do not enjoy your work”, were too 
ambiguous and removed.  It was also felt that the “Leadership” 
skill did not have enough observable behaviors that would be 
able to be clearly identified, so that NT skill was removed. The 
result of the second survey was a behavior-based software 
engineer NT skills taxonomy. Fig. 2 shows the resultant 
examples of good and poor behavior for the “Listening” skill. 
The same process was used to create examples of good and 
poor behavior for each NT skill, and can be referred in [28].  

C. Creating a Behavior Marker System 

The literature review on existing behavioral marker systems 
showed that there are no BM systems currently being used in 
the software industry, but did identify existing BM systems in 
aviation, health care, nuclear power, rail transport and maritime 
transport. Each system’s structure was examined. The 
Communication and Teamwork Skills (CATS) Assessment 
showed the most potential for use in software development 
because it was devised to measure communication and 
teamwork providers in a variety of medical environments 
rather than focusing on a specialization.  It also provided an 
easy to use scoring method [31]. Our results have shown that 
the NT skills important to good software development team 
practice include communication, interpersonal, problem 
solving, and work ethic.  Our NT skills taxonomy also includes 
examples of good and poor behaviors for each skill. 

Using the results, we developed a BM marker audit tool 
(see Fig. 3) that we refer to as the NT Skill Assessment for 
Software Developers (NTSA). The NTSA is designed to be 
used by an observer (i.e. manager, team leader, coach) during 
routine team interactions or meetings. It is intended that each 
time a behavior is observed, a mark is placed in the appropriate 
column by clicking on the column: observed and good, 

variation in quality or expected but not observed. Observations 
can be clarified by placing explanations in the comments 
section. The observer can see skill definitions and examples of 
good and poor behavior for a particular behavioral marker by 
viewing the second page.  A manager is allowed to list as many 
or as few skills as desired in the behavioral marker column. 
The reason for this flexibility is that different organizations and 
different managers may wish to focus on a certain subset of NT 
skills. The observer will score the behaviors base on how well 
the behavior meets the behavioral examples and its definition. 
Our NTSA behavioral marker tool will be very usable for 
practitioners. Empirical validation of our NTSA tool is under 
progress and our aim is to provide a tool that requires minimal 
training to use.  

VI. DISCUSSION OF RESULTS 

    An underlying goal of this research was to develop a useful 
taxonomy of the NT skills required for software engineers. NT 
skills are important to the success of projects, but a complete 
and relevant list approved by both academics and industry has 
never been developed until now. To accomplish this goal, this 
research used information found during a literature review and 
further refined by a focus group of experts in the field to 
develop NT skills taxonomy. This taxonomy can be used by 
software developers, educators, and industry to identify the NT 
skills required by software engineers and software developers 
that are necessary to have in order to build high-quality 

 
Fig. 3: NT skills assessment instrument 

 
Fig. 2: Example behavioral markers for listening 
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software. Based on evidence gathered from the systematic 
literature review and the results of two rounds of focus group 
of experts in the software industry, an NT skills taxonomy was 
created and validated.  

The management of software developers’ NT skills is 
particularly important to today’s teams because more and more 
industries are using agile methodologies which rely less on 
documentation and more on informal interactions between 
people. Professional software organizations feel that these 
skills need to be tracked and feedback provided so that 
software development team project members can improve. 
However, there are currently no tools available to assist with 
this task. To accomplish this goal, we developed a behavioral 
marker system for software developers based on the NT skills 
taxonomy. Individuals responsible for measurement and 
development of the NT skills of their software development 
teams can use the marker system as a tool across projects to 
determine areas of strength and areas that need improvement, 
providing objective feedback to teams and managers. A tool 
such as the NTSA provides a mechanism to improve a team 
and by extension the software that they produce.  

VII. CONCLUSION AND FUTURE WORK 

    This work will benefit researchers, educators, and industry 
professionals in identifying relevant NT skills to research, and 
to provide focus on improving the NT skills in software 
professionals that are so important to software project success. 
For researchers, this work can serve as a starting point for 
future research into improving the relevant NT skills of 
software professionals. For industry, this work provides a 
method for managers to measure and manage the NT skills of 
their software professionals. Industry can use the NT skills 
taxonomy to identify the NT skills they feel are most relevant 
to their organizations. The NTSA provides a common language 
with which to understand and communicate about NT skills 
important to software professionals. Our future work will 
include performing studies to refine the NTSA tool and 
ultimately validate it for the eight NT skills identified as most 
important to software developers. We expect that future work 
can further deepen the understanding of which skills are 
important specifically for software development in contrast to 
skills that are relevant for teamwork in general. Further 
validation is also needed in different cultural contexts and 
development domains. We have begun collaborating with other 
researchers to use the BM system to investigate industry and 
student teams in different development environments. 
Ultimately, the NT skills ratings should be used as independent 
variables in studies examining the impact of non-technical skill 
performance on project outcomes.  
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Abstract—Github has evolved from traditional version control
systems to incorporate the wave of the Web 2.0. Intensive
collaboration among developers is one of the main goals of Github
beyond traditional version control. Understanding how those
developers collaborate is a key issue to enhance the outcomes of
individuals and of the ecosystem as a whole, as well. Developers
activity during the collaboration may be partially registered in the
Github database. The analysis of this database can help to answer
important questions about different facets of collaboration. In this
work, our interest is to understand which factors can influence
developers’ popularity and provide insights for individuals to
enhance their own popularity. We measure popularity with the
number of developer followers. We have analyzed a subset of
the Github database in order to explain the high popularity
phenomenon. Although, we have found that commit activity is
an important factor for high popularity, we also have observed
developers with low activity (reports and assigns) but with a high
number of followers. We present external factors that can explain
this dichotomy and they should be considered as key factors in
the ecosystem of open-source development.

Keywords—Github, popularity, profiling

I. INTRODUCTION

The data availability in an unprecedented scale imposes
a major challenge on our capacity to extract relevant in-
formation from data-intensive repositories. In the software
development scenario, the situation is similar, for instance,
Ohloh.net accounts for near 30 billion stored lines of code
in February, 2014. The Web 2.0 phenomenon has influenced
how software engineers manage projects. Collaboration has
been considered a key success factor for the software lifecycle
and service providers are increasingly offering more support
for software development collaboration. The service providers
for software development sharing has been moving from
the classical repository supporting version control to more
sophisticated services such as, issues trackers and collaborative
code review. They also offer some support to extract open
data from the repository. In this scenario, mining software
repositories plays a key role to shed light on the intricate
relationships that manifest in the different artifacts produced
during the development process.

A major service provider for project hosting is Github,
which hosts not only source code and respective commits, but
also the life cycle of issues and the events raised from the
collaboration among their users. Github users may be viewed
according to their role during the software life cycle. The user

roles which we are interested are based on the activities around
the life cycle of an issue. A user is not necessarily a developer
that commits to the repository to fix known bugs. Users can
also be those that report the issues without necessarily having
to fix them, although it is possible that the user can assume
both roles. It is important to be aware of the specific role of the
user in the software life cycle because different user profiles
may induce different collaboration patterns and consequently
different popularity profile. It is also important to understand
different patterns and profiles in this collaboration process in
order to improve our behaviour as a community [5]. Popularity
is already an important issue for studies in social networks [2],
[4], [9]. However, social networks of developers may have their
own specific issues and should be understood on their own.

In this work, we aim at understanding the behaviour of
these kind of roles using a partial dataset from selected
projects of Github. Our goal was the establishment of users
that typically report bugs and of users that typically fix bugs.
We assessed variables such as registration time, number of
commits, number of participating projects, and number of
followers. In order to discover the possible patterns concerning
that data, specially which is typical profile of popular users in
the Github, we used descriptive statistics and a data mining
algorithm [1].

The remaining of the paper is organized as follows: in
Section 2, we propose the used methodology. In Section 3, we
have shown the results and finally in Section IV, the concluding
remarks are presented.

II. METHODOLOGY

We used a subset of the dataset provided by the GHTorrent
group [6]1. This dataset contains data from 90 projects, includ-
ing the top-10 starred software projects for the top program-
ming languages on Github. The dataset accounted for more
than 150,000 issues in 13 different programming languages.
Our subset considered only issues that were associated to bugs,
then the number of issues was drop to 56,959. (From now
on, every time we mention issue or dataset, we mean the
issue of our subset or our subset, respectively). Both reporters
and assignees can be associated to the issues. A reporter is a
Github user, which creates an issue (record) relating to a bug
information. Whenever a bug is fixed or a bug is allocated
to some developer, the respective issue record is related to

1http://2014.msrconf.org/challenge.php
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TABLE I. RANGES USED IN THE DATA ANALYSIS

Time Followers Commits
0-1 years 0-50 0-100
1-2 years 50-100 100-300
2-3 years 100-150 300-500
3-4 years 150-200 500-1000
+4 years +200 +1000

that user (a.k.a assignee). For each user (reporter or assignee)
associated to issues, we computed how long time the user has
been registered in the Github (Time), the number of followers
(Followers), the total number of commits in all participating
projects (Commits), and the number of collaborating projects
(Projects). These variables were computed in order to un-
derstand the user profile concerning the relationship between
activity and popularity.

Firstly, this data was analyzed separately for reporters
and assignees in order to understand their profiles concerning
issues. For this was done a data analysis to identify the numeric
ranges of each attribute and were created scales in order to
highlight the most significant intervals.The data was classified
into different ranges for the variables Time, Followers, and
Commits, which are described in Table I. We defined the
ranges according to the mean values to identify the skewness
in the data more clearly. A more common approach would
be defining ranges according quartiles, but in this case the
ranges would have the same number of elements, and we were
interested in showing which range had possibly lower or higher
number of elements.

The data was analyzed using Weka2 in order to find
association rules. We defined the minimum support equals to
0.1 and the mininum confidence greater equals to 0.4. These
values were combined to obtain a reasonable number of rules,
as we are working with few variables. A larger confidence
and support would generate obvious rules, and this would
not be interesting for our study. For instance, if we consider
support=0.5 we would have only 52 rules, which has little to
say about relationships on the followers. Example of rules with
support = 0.5 is given below. The rule concerning followers
do not provide significant value saying that reporters has 50
to 100 followers with confidence 0.54. Using support = 0.1
and confidence = 0.4, we obtained 326 rules that were more
interesting to be analyzed and will be shown in the sequel.

1. Commits=0-100, Projects=0 ==>
Time=4+ Usertype=reporter conf:(0.75)

2. Projects=0 ==>
Time=4+ Commits=0-100 conf:(0.72)

3. Usertype=reporter ==>
Time=4+ Commits=0-100 Projects=0 conf:(0.64)

4. Usertype=reporter ==>
Followers=50-100 conf:(0.54)

With support = 0.5 the confidence values were also larger,
however, only a few rules that say something about the
popularity are found, so it was decided to consider a support
= 0.1.

2www.cs.waikato.ac.nz/ml/weka/index.html

Fig. 1. Number of reporter commits

Fig. 2. Number of reporter followers

III. RESULTS

In this section, we present the data analysis for reporters
associated with the filtered bugs and for the users that worked
on those bugs (assignees).

A. Reporters

Users that create issue records in the Github are called
reporters. These users contribute to bug detection and publish
them to the community in order to get them solved. The data
analysis was driven to establish the typical profile of reporters.
We found 24,638 different users that reported the 56,959 bugs,
that is, a mean of 2.31 bugs reported per user. For each of
these users, we computed the previously described variables
Commits, Followers, Projects, and Time.

Because reports do not necessarily need to commit, the
minimum number of commits was zero and the maximum
number was 7,903 commits. As expected, the large majority of
the reporters (24,346) have small number of commits (0-100),
as shown in Figure 1.

The number of followers for reporters ranged from zero
to 12,340. We can observe that most of reporters (94.11%)
have small number of followers (0-50). We can observe that
there are some reporters that are intensively followed, but only
5.88% have more than 50 followers, as presented in Figure 2.

Github users may collaborate with more than one project.
In Figure 3, we have shown the number of projects that each
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Fig. 3. Number of projects reporters participate

Fig. 4. Registration time for reporters

of the reporters participate. Interestingly, we can observe that
24,293 reporters (98.6%) participate in zero project, once it is
possible to report a bug without being attached to the respective
project.

The period of time that the reporters are registered in
Github varied from 72 days to six years. A significant part
of the users (7,181 – ∼30%) have been registered in Github
for more than four years. Nonetheless, the other ranges are
quite uniformly distributed, as can be observed in Figure 4,
except for the range from zero to one year which is the least
frequent.

B. Assignees

Assignees are the Github users who fix bugs. Once an
assignee fixes a bug the correspondent issue is assigned to him.
From the 56,959 bugs, only 4,425 had an associated assignee.
For those assigned bugs, 191 different users were involved in
their fixing, accounting for a mean of 23 bugs per user. In the
same way as we did with reporters, we evaluated the variables
Commits, Followers, Projects, and Time.

The predominant range for assignee commits was zero to
100. However, the difference was not as high as was for re-
porters. Moreover, the remaining ranges were quite uniformly
distributed, as shown in Figure 5. This was somewhat expected
since assignees are responsible for commiting the fixes for
bugs. One interesting point is that there is a considerable
number of very active assignees (those with more than 1000
commits). This result reinforces the fact that the different
assignees’ profiles are more uniform among themselves con-
cerning commit activity .

Fig. 5. Number of assignee commits

Fig. 6. Number of assignee followers

With respect to the number of followers 56% of users (107)
have from zero to 50 followers and 20% (39 users) have more
than 200 followers, as shown in Figure 6 . The analysis of
the number of followers of both reporters and assignees have
shown that the 0-50 range is predominant. However, the ranges
with higher number of followers have much more higher
relative frequency for assignees than for reporters, specially
in the range with more than 200 followers. This result shows
that although popularity is for very few reporters, this is not
exactly the case for assignees. It suggests that assignees tend
to be more popular than reporters in Github, which is quite
expected because Github is mainly focused on developers.

The group of assignees is distinct from reporters also in the
number of projects they participate. While most of reporters do
not participate in any project, most of assignees (135 assignes
= 70.6%) participate in at least one project, as shown in
Figure 7. Only 1% of reporters participates in at least one
project.

With respect to the registration time, 51.8% of the assignees
are registered in the Github for more than four years and
only 2.6% are registered for less than one year, as shown
in Figure 8. This could be explained by the sample that
considered the top-10 starred projects, which presumably are
assumed to have a established team. We can also observe that
the larger the registration time, the large is the user contribution
in the fixing of bugs.
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Fig. 7. Number of projects assignees participate

Fig. 8. Registration time for assignees

C. Mining relationships on user variables

We have opted to use association rules to find possible
relationships between the activity of users in the repository
in order to unveal possibly non-intuitive relationships. The
activities can be measured with the attributes time of register,
number of commits, number of participating projects, number
of followers and that if the user is reporter or assignee of the
projects. Thus, we chose the Apriori algorithm because it is a
widely used algorithm to find association rules.

We have used the Apriori algorithm to mine association
rules using the variables Commits, Followers, Projects, and
Time.

With respect to reporters, we found rules, shown below,
indicating that reporters are typically users with low activity,
independently of the registration time.In other words, the
productivity of reporters little popular are not likely to improve
over time.

1. Time=1-2 Followers=0-50 Projects=0 ==>
Commits=0-100 conf:(1)

2. Time=2-3 Followers=0-50 Projects=0 ==>
Commits=0-100 conf:(1)

3. Time=3-4 Followers=0-50 Projects=0 ==>
Commits=0-100 conf:(1)

4. Time=4+ Followers=0-50 Projects=0 ==>
Commits=0-100 conf:(1)

With respect to assignees, the encountered rules have
shown that not only assignees tend to have a larger registration

Fig. 9. Number of commits for users with +1000 followers

time, but also they tend to be more active and popular. In
this case, the registration time is also related to the number of
followers and the number of commits. As we can observe in the
following rules, users with registration time greater than four
years have higher number of commits and followers, whereas
users with registration time less than four years have lower
number of followers. We can observe in rule 6 that users with
low number of commits tend to have low number of followers.

1. Commits=1000+ ==>
Time=4+ conf:(0.83)

2. Followers=200+ ==>
Time=4+ conf:(0.82)

3. Commits=500-1000 ==>
Time=4+ conf:(0.66)

4. Time=2-3 ==>
Followers=0-50 conf:(0.81)

5. Time=3-4 ==>
Followers=0-50 conf:(0.49)

6. Commits=0-a-100 ==>
Followers=0-50 conf:(0.76)

So, we could observe that assignees are generally users
with higher registration time, have higher commit activity,
and so, have higher visibility among their peers. However,
there are still other users (including reporters) that do not
have high commit activity and still have very high number
of followers. So, we decided to manually inspect those users
with the highest number of followers to identify other factors
that could promote their popularity. The obtained association
rules could not provide that information, so we deepened the
analysis with descriptive statistics.

We have filtered in the +200 commits range, those users
with more than 1000 commits. We found 34 users, from those
none were only assignees. Indeed, 20 were only reporters and
14 were both reporter and assignee. Out of these 34 users, 31
have registration time greater than 4 years and the other 3 users
have from 3 to 4 years. Curiously, the number of commits has
divided this set of users with more than 1000 followers into
two predominant subsets shown in Figure 9. In one subset,
we can observe users with more than 1000 commits, and the
other subset, we have users with less than 100 commits. In
other words, although the commit activity can help to achieve
the highest levels of popularity, it is not necessarily the major
factor because almost half of the highest popular have low
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Fig. 10. An example of user with +1000 followers and <100 commits

Fig. 11. An example of user with +1000 followers and +1000 commits
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commit activity. Indeed, we could find a significant part (∼
30%) of users with more than 1000 commits that have few
followers (0-100).

So, we decided to investigate those top-level popular users
that are low profile commiters to understand what could
explain their popularity. Out of those 15 users, four are owners
of important projects: html5 - boilerplate, jquery, homebrew
e rails. So, the ownership of important projects could help
to explain high popularity. However, we could not find in
the dataset information that could help to explain the high
popularity of the other 11 users. So, we decided to manually
investigate the activity of those users outside the Github. We
have observed that those users have distinguished participation
in the web with their blogs, their personal social network, and
even with publication of printed books. One of these users did
not fix any bug, is not a project owner, follows just a few users,
and has more than 2000 followers. However, this user writes
blog, acts in several social networks and is a book author.
Other user, shown in Figure 10 also has low activity, but has
more than 3,000 followers, maybe because of the established
blog and high activity in social networks. On the other hand, in
Figure 11, we can observe a user with more than 1000 commits
and 2,700 followers. In this case, the number of commits
represents the importance of the developer in the respective
project and consequently, enhance the number of followers.

IV. RELATED WORK

The concern of being popular is somehow related to
reputation scores available in other social-techno sites. For
instance, in Stackoverflow, users are scored according down-
votes and upvotes on their questions and answers. In [3], they
conducted an analysis of how users pursue their reputation,
and achieved that new contributors who want to earn high
reputation scores quickly may have some rules to follow, such
as, answering questions related to tags with lower expertise
density, answering questions promptly, being the first one to
answer a question, being active during off peak hours, and
contributing to diverse areas.

The mechanism for achieving reputation can also be viewed
as a kind of gamification. In [8] they conduct a literature review
to understand how much does gamification works in a general
sense. In the case of Stackoverflow, Grant and Betts [7], has
shown that badges can be used to influence user behaviour.
They have shown an increase in user activity related to a badge
immediately before it is awarded when compared to the period
after the grant.

Other study has analyzed the impact of the activity in the
reputation [11]. Interestingly, they found many users partici-
pating in non-core actitvities that had greater than one badge
and/or high reputation score. This result is similar to ours in
the sense that it unveals that there are other factors that impact
reputation, as we have shown.

In [10], the authors have shown that rockstars, i.e., highly
popular users affect the way and the intensity that followers
act in their projects, corroborating with our claim that gaining
high popularity is very important to the individuals and their
respective projects. Moreover, our results suggest that the ac-
tivity outside the Github is very important to enhance rockstars
popularity and thus enhancing the activity on their projects.

V. FINAL REMARKS

In this work, we have analyzed the profile of bug reporters
and assignees in a Github dataset with the top starred projects
of Github. We have used descriptive statistics and association
rule mining to support our findings.

We have observed that the number and the profile of
reporters and assignees are quite different. Because assignees
have more specialized activity their are present in lower
number, as expect. On the other hand, reporters are users with
relative lower registration time because they can more easily
contribute in bug detection.

With respect to the popularity, we could observe that the
commit activity may influence on the popularity. However,
there are other factors outside the Github activity that influence
the popularity. We observe that popularity outside the Github,
for example, in blogs or social networks, is likely important
to improve the popularity inside the Github and should be
considered as an important factor to the project success.
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Abstract

Period detection from time series is an important problem

with many real-world applications such as weather forecast,

stock market predictions, electrocardiogram analysis, peri-

odic disease outbreak. In this work, we present a novel ap-

proximate period detection method for time series. The sim-

plicity of our algorithm and its adaptability for high dimen-

sional datasets using renowned tools and techniques such as

locality sensitive hashing (LSH) and MapReduce (using the

Hadoop framework for example) make it easier to imple-

ment for practical purposes. We performed experiments to

compare our technique with a classic period detection tech-

nique and two state-of-the-art techniques in terms of accu-

racy and noise-resilience.

1 Introduction

Periodicity is the repetition of a pattern at regular inter-

vals; such regular interval is referred to as a period. We

are concerned with the detection of both the period and

the periodic pattern in this work. Periodicity can be found

in medicine, agriculture, financial market and day-to-day

human activities. Examples include a commuter’s travel

schedule, seasonal sales data, regional sunspot cycle, utility

(water) consumption, electrocardiogram. Mining the peri-

odicity in such phenomena can provide useful insights, help

make better predictions, help determine structural similarity

[17] and detect anomalies among other things. Most of the

existing methods for time series periodicity detection as-

sume perfect periodicity and can only detect single periods,

which is hardly the case in most natural phenomena. Much

of the world’s datasets contain mixed (multiple) periods in

addition to being noisy and incomplete. This results in pe-

riodic patterns that are not identical, and the intervals be-

tween them may not be exactly the same lengths. The noisy

characteristic of real datasets warrants more robust period-

icity mining techniques.

∗This research is partially supported by the National Science Founda-

tion under Grant No. 1218325.

A period detection method like the one presented in this

work can be regarded as robust if it is able to detect mixed

imperfect (approximate) periodicity with relatively high ac-

curacy. In general, three types of periodic patterns can be

found in literature: partial periodicity, symbol periodicity,

and segment periodicity [14]. We adapt the definitions and

describe the following types of periodicity in real-valued

time series data. We focus on the discovery of segment pe-

riodicity in this work.

• Periodicity is partial if at least one data point in

the period, in addition to at least one variable data

point is periodic. For instance, in time series S =
[0, 1, 5, 1, 0, 1, 7, 7, 0, 1, 1, 9, 0, 1, 5, 7], the sequence

[0, 1] is periodic with period p = 4; and a partial pe-

riodic pattern [1, 0, ∗, ∗] exists in S, where * denotes a

variable symbol.

• A time series exhibits segment periodicity if the entire

pattern is periodic. For instance, the time series S =
[0, 1, 2, 0, 1, 2, 0, 1, 2] has a segment period p = 3. The

periodic segment is [0, 1, 2].

Most existing periodicity mining techniques are de-

signed for discrete sequences [13]. In previous work [13],

we proposed an approximate period detection algorithm

that utilizes SAX (Symbolic Aggregate approXimation)

[11], a commonly used time series discretization technique,

and grammar induction. While discretization reduces data

complexity and simplifies computation, it also results in in-

formation loss. In this work, we propose a novel algorithm,

APT, that bypasses the discretization step and detects multi-

ple, full-cycle, approximate periodic patterns from the orig-

inal time series directly. Our distance-based algorithm re-

turns pruned candidate periods and patterns in a time series,

and ranks them in the order of significance.

The remainder of the paper is organized as follows. Sec-

tion 2 discusses related work. We outline preliminaries in

Section 3. We describe our approach in Section 4. Exper-

imental evaluation is presented in Section 5. We conclude

and discuss future work in Section 6.
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2 Related Work

Autocorrelation and Fourier Transforms are perhaps two

of the most popular periodicity detection techniques.

Autocorrelation-based technique is able to detect short and

long periods, but has difficulty in identifying the true pe-

riod due to the fact that the multiples of the true period will

have the same power as the true period. On the other hand,

Fourier transforms suffer from a number of problems: spec-

tral leakage, which causes a lot of false positives in the pe-

riodogram, and poor estimation of long periods due to is-

sues with low frequency regions or sparseness in data [10].

Some methods combine both autocorrelation and Fourier

transforms [2, 17].

Some existing algorithms detect only the primary period

[6, 8] while others detect all candidate periods [14, 17].

Some methods detect all three types of periodicity listed

in the previous section [6, 15, 17, 18] while others detect

only a subset. As an example, the methods proposed by

Han et al. [7] and Elfeky et al. [4, 5], respectively, de-

tect only segment periodicity. Yang et al. [18] proposed a

linear-time distance-based technique to detect periods in a

subsection of the time series otherwise referred to as par-

tial periodicity. Techniques proposed in [6, 15] also detect

partial periodicity. Most of the aforementioned techniques

suffer from noise sensitivity. Rasheed at al. [17] proposed a

noise-resilient algorithm to detect periodicity in time series

using suffix trees. The time complexity for their proposed

method can rise to the order of O(n3) and the multiple can-

didate periods returned are not ranked. WARP [5] was also

developed to be noise-resilient but it has large space and

time complexity.

3 Preliminaries

In this section we define periodicity, approximate periodic-

ity and the problem addressed in this work.

Definition 1. Let S = [t0, t1...tn-1] be a time series of length

n, i.e. |S| = n and ti ∈ R for i ≥ 0 and i < n. S is said

to be periodic if S(t) = S(t + p), where t < n − p. T is a

periodic subsequence of S such that, T = [t0, t1...tp-1], i.e.

|T | = p, p ≥ 1 and p ≤ n

2 . |T | is called the period.

Definition 2. Let S be n-long sequence of real numbers and

p be a period of S. We assume the periodic sequence T to

be the first p points in S. We generate a periodic sequence

ST by concatenating T
n−(n mod p)

p
times and to the first

(n mod p) data points of T .

Definition 3. Let S be n-long sequence of real numbers.

Let r be a ranking function defined on real numbers. T is

a periodic pattern of S with ǫ error on S if there exists a

subsequence T such that r(S, ST) = ǫ i.e. r evaluates the

rank of assuming T is the correct period of S relative to

other candidate periods. The subsequence T is called an

approximate periodic pattern of S with error ǫ. If there is

another periodic pattern Q, T is a more significant periodic

sequence if r(S, ST) < r(S, SQ) and vice versa.

Definition 4. We use vector notation for all occurrences of a

set of periodic subsequences in a sequence of real numbers.

Let vectors v1, v2...vz represent z such sub patterns. We

define the average periodic pattern, va as the mean of the z

vectors i.e.

va =
v1 + v2 + ...+ vz

z
(1)

We can now define our approximate period detection

problem:

Definition 5. Given a function r, and time series S of length

n over real numbers, compute the approximate periodic pat-

terns T and corresponding periods |T | under the function r.

4 Our Approach

We will describe the fundamental premise of our approach

and our algorithm in this section. Assume T is a perfect pe-

riodic pattern of a given time series. Let us also assume Q

and P are approximate periods of S where Q is a more sig-

nificant period. We can generate periodic time series ST, SQ

and SP respectively according to definition 2. The funda-

mental premise of our approach is that the distance between

S and ST is zero, assuming that T starts at the beginning

of the time series. Analogous to the previous statement,

Distance(S, SQ) < Distance(S, SP). Algorithm 1 shows

the pseudocode of our technique and we describe it subse-

quently in this section.

We iterate over period values from 2 to n

2 in Line 6. Pe-

riodic sequences for each period is generated on each iter-

ation, e.g. if S = [0, 1, 2, 0, 1, 2, 0, 1] and the current iter-

ation has i = 2, the periodic time series of S on |T | = 2
is [0, 1, 0, 1, 0, 1, 0, 1]. The distance between each gener-

ated sequence and S is computed on each iteration. The

period values are then ranked according to their distances

from S. The period corresponding to the smallest distance

is the most significant. We use Euclidean distance as the

distance function in this experiment due to its widely ac-

claimed success and simplicity. We implement early aban-

donment [9] to speed up the distance computations. More

specifically, the distance function in Line 7 accepts a thresh-

old (dist) as a third parameter and terminates the distance

computation if the distance computed so far equals to or is

greater than the dist value. Algorithm 2 shows the algorithm

listing for the euclideanDist function called in Line 7 of Al-

gorithm 1. The data structure, patt, initialized in Line 2
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Algorithm 1 APT algorithm

1: procedure APT(S) ⊲ S = [t0, t1...tn-1]
2: patt← new list of period objects

3: dist←∞
4: period← 2
5: cDist← 0
6: for i← 2, n

2 do ⊲ get candidate periods in this loop

7: cDist← euclideanDist(S, i, dist)
8: if cDist < dist then

9: dist← cDist

10: if i = period+ 1 then ⊲ prune candidates

11: patt.remove(patt.size()− 1)
12: end if

13: period← i

14: patt.add(newPeriod(dist, period, null))
15: end if

16: end for ⊲ now iterate over the candidate periods

17: for x← 1, y do ⊲ y is the # of candidate periods

18: compute the average periodic pattern for each

19: candidate according to equation 1

20: end for

21: sort patt ⊲ sort on dist field in acending order

22: return patt ⊲ return ranked candidate periods

23: end procedure

stores the candidate periods. A Period data structure has

3 fields; the periodic pattern stored in an array, the error of

approximation of the Period and the size of the periodic pat-

tern. We prune the candidate periods in the list to remove

superfluous candidates in Line 11 based on the condition

in Line 10. This pruning is based on keeping only non-

consecutive minimum values (points of inflection) of all the

errors (distances from the r function) against the periods.

A look at the error-period pairs reveals a progressive de-

crease in the distance values as it approaches a candidate

period, hence, the pruning leaves only the highest period

value corresponding to a minimum e.g. if 130, 131 and 132

are candidate periods, only 132 is kept in the list of candi-

date periods after pruning 130 and 131. The second for-loop

beginning in Line 17 computes the average periodic pattern

for each candidate period discovered in the previous for-

loop. Our algorithm has space complexity in the order of

O(n) and time complexity in the order of O(n2) for a time

series of size n. The time and space complexities of our

algorithm is still competitive with respect to existing algo-

rithms especially considering the operation of our algorithm

on the original time series and not on an approximation like

most techniques. The time complexity of APT can also be

further reduced to O(m ∗ n) where m is the number of pe-

riods we are concerned with and m < n

2 . In this case the

loop in Line 6 of Algorithm 1 is run m times.

Algorithm 2 euclideanDist algorithm

1: procedure EUCLIDEANDIST(S,i,dist)

2: newdist← 0
3: for j ← 1, n do

4: newdist← newdist+ (tj − tj mod i)
2

5: if newdist ≥ (dist)2 then

6: return dist

7: end if

8: end for

9: return square root of (newdist)

10: end procedure

4.1 APT AND IMPLICATIONS FOR HIGH

DIMENSIONAL TIME SERIES

As stated earlier, our algorithm is distance based in the

Euclidean space. If we store the original time series and

the generated periodic sequences for each potential period

according to definition 2, we can reduce the period de-

tection problem to the popular approximate nearest neigh-

bor problem (ANN). The original time series will be the

query point while all the periodic sequences will constitute

the search pool and the periods of the nearest periodic se-

quences will be candidate periods. A number of methods

have been developed for the ANN problem in high dimen-

sion. For example, the method in [3] involves the use of

the well-acclaimed locality sensitive hashing (LSH) and the

method in [1] uses kd-trees, box-decomposition trees, and

other search strategies. These methods also support Eu-

clidean distance computations. Implementations of these

methods are readily available and they have been widely

used with success. This makes APT suitable for efficient

period detection in high dimension. This adaptation for pe-

riod detection in high dimension as described here leads to

increased memory requirement to hold all the periodic se-

quences but reduced time complexity. Much of the speed

will be gained by not performing the distance computation

on the original high dimension data. Instead, the ANN tech-

nique adopted computes the nearest neighbor efficiently in

a lower dimension size. It is worth mentioning that there

are cases where accuracy is important. In such cases, exact

solution is desired. In fact, after performing experiments,

Ferhan et al. [16] found that a brute-force approach should

not be readily dismissed especially when high recall is de-

sired. Speed could be further improved by implementing

our algorithm in a high performance-computing paradigm

such as MapReduce. The nearest neighbour search nature

of our algorithm makes it suitable for MapReduce as seen

in [12]. Space and avoidance of redundancy preclude the

inclusion of such details in this work. Hence, we direct the

interested reader to consult the references [1, 3, 16] if nec-

essary and we will consider such experiments in the future.
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5 Experiment

In this section we evaluate APT, a classic technique (Fast

Fourier Transforms - FFT) and two state-of-the-art tech-

niques (WARP [5] and MBPD [13]) on synthetic, and real

datasets. Experiments were performed on a 2.7GHz, In-

tel Core i7, MAC OS X version 10.7.5 with 8GB memory.

With FFT, the frequency with the highest spectral power

from FFT of the dataset is converted into time domain and

considered as the most significant period. The period corre-

sponds to the minimum warping cost in WARP as described

in [11]. WARP required more memory space than what

was available on our machine; hence we down sampled the

datasets for WARP where necessary. To achieve this down

sampling, we limited the size of all datasets to 1000 points

and the periods of synthetic datasets to 100.

5.1 Datasets

We used 11 datasets to demonstrate the various factors that

can affect the performance of a periodicity detection algo-

rithm. Those factors include the type of periodicity, noise

(insertion, deletion or modification), and lengths in our

experimental evaluation. We ensured the length of each

dataset is a power of 2 to avoid introducing bias by padding

the dataset with zeros in order to use FFT for comparison.

Seven of the datasets are synthetic (S_ONE - S_SEVEN)

with 65636 data points. We modified S_SIX and S_SEVEN

to include mixed periods. The size of the real datasets range

from 2048 - 262144 data points. More information about

the datasets can be found in [13].

Table 1: Ranking error rate on synthetic and real datasets

Datasets APT WARP FFT MBPD

S_ONE 0.0000 0.0000 0.0000 0.0000

S_TWO 0.0000 0.0000 0.0000 0.0000

S_THREE 0.0000 0.0000 0.0000 0.0000

S_FOUR 0.0001 0.0000 0.0000 0.0000

S_FIVE 0.0000 0.0000 0.0000 0.0000

S_SIX 0.0000 - 0.0000 0.0000

S_SEVEN 0.0000 - 0.0000 0.0000

POWER 0.0012 - 0.0001 0.0000

MFCC 0.0000 - 0.0009 0.0000

SOLAR 0.0010 - 0.0001 0.0000

SUNSPOT 0.0024 - 0.0005 0.0000

5.2 Results

We evaluated the performance of our method against FFT,

WARP and MBPD with respect to the ranking error rates

on both the synthetic and real datasets as shown in Table

Table 2: # of false positives on synthetic and real datasets

Datasets APT WARP FFT MBPD

S_ONE 0.0000 0.0000 0.5000 0.0005

S_TWO 0.0000 0.0000 0.5000 0.0007

S_THREE 0.0001 0.0000 0.5000 0.0056

S_FOUR 0.0001 0.0000 0.5000 0.0050

S_FIVE 0.0000 0.0000 0.5000 0.0011

S_SIX 0.0004 - 0.5000 0.0005

S_SEVEN 0.0008 - 0.5000 0.0003

POWER 0.0004 - 0.5000 0.0049

MFCC 0.0000 - 0.5000 0.0018

SOLAR 0.0001 - 0.5000 0.0023

SUNSPOT 0.0030 - 0.5000 0.0166

Table 3: Period error rate on synthetic datasets

Datasets APT WARP FFT MBPD

S_ONE 0.0000 0.0000 0.0637 0.0000

S_TWO 0.0000 0.0000 0.0637 0.0000

S_THREE 0.0005 0.0000 0.0637 0.0009

S_FOUR 0.0006 0.0000 0.0637 0.0011

S_FIVE 0.0001 - 0.0637 0.0000

S_SIX 0.0000 - 0.0923 0.0000

S_SEVEN 0.0000 - 0.0800 0.0000

Table 4: Period values detected real datasets

Datasets APT WARP FFT MBPD

SOLAR 872 - 910.22 870.60

MFCC 36460 - 37449 36340

POWER 328 577 334.37 328.98

SUNSPOT 133 516 136.53 135.85

1. Ranking error rate in this work is computed in terms of

the size of the time series i.e. the number of falsely ranked

candidate periods divided by the size of the time series. In

Table 2, we record false positive rates.The false positive rate

is computed as a ratio of the number of false positives to the

size of the dataset.

error rate =
|expected value− actual value|

actual value
(2)

In Table 3, we show the period error rates of the period

value detected on the synthetic datasets by three techniques.

The period error rates are computed with equation 2. Since

we do not know the exact periods in the real datasets, we

did not evaluate the error rate of the period values. Table 4

contains the periods detected on the real datasets. The esti-

mates for the real datasets are SOLAR: 870 - 875; MFCC:

35K - 38K; POWER: 328 - 338; SUNSPOT: 132 - 137. As

seen in Table 1, APT has the desired lower false positive
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rates compared to FFT and WARP on the real datasets but

MBPD performs better in this regard. A low false positive

rate indicates the ability to retain only relevant results and

saves user the time to look through irrelevant results. From

the results in Tables 2, 3 and 4, APT detects the period more

accurately than FFT, WARP and MBPD, albeit MBPD per-

formed very competitively. We did not record some of the

results for WARP in cases where the results were unrea-

sonable e.g. WARP returned the first value tested (2) on

the SOLAR dataset. We also did not record some of the

results for WARP when the size of the dataset caused an

out of memory exception and down sampling could cause

the experiment to lose the validity, as is the case with the

real datasets. WARP could not accurately detect the pe-

riod in some of the real datasets and the synthetic datasets

with mixed periods (S_SIX and S_SEVEN). FFT, APT and

MBPD were able to detect these periods. With all things

considered, APT is shown to be more accurate than FFT

and WARP. APT performs competitively with MBPD.

FFT has high false positive rate. The false positive rates

are approximately half the size of the real time series in-

put. This is because the first n

2 − 1 energy components are

typically considered since the second half of the FFT (co-

efficients from n

2 + 1 to n − 1) can be ignored due to the

complex conjugate symmetry with the first n

2 − 1 coeffi-

cients, for a real time series of size n. The coefficient at n

2
represents energy at the Nyquist frequency, but this is also

ignored by attenuation.

6 Conclusion

We present an approximate period detection scheme in this

work. From the results of the experiments performed, our

technique detects periods more accurately compared to a

classic method and two other state-of-the-art methods. Our

method detects mixed periods. As future work, we intend

to investigate on approaches to increase the efficiency and

accuracy of our technique. We would like to perform ex-

periments on high dimensional datasets using efficient high

dimensional similarity computation techniques such as lo-

cality sensitive hashing (LSH) and high performance tech-

niques such as MapReduce. We would also like to make

our algorithm detect partial or subsection periodicity. One

limitation of our technique is that the periodic pattern is as-

sumed to start in the beginning of the dataset. We would

like to relax this requirement in the future without accruing

too much computational burden on the algorithm.
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Abstract— Analyzing software repositories with thousands of 
artifacts is data intensive, which makes interactive exploration 
analysis of such data infeasible. We introduce a novel approach, 
Dominoes, that can support automated exploration of 
relationships amongst project elements, where users have the 
flexibility to explore on the fly the numerous types of project 
relationships. Dominoes organizes data extracted from software 
repositories into multiple matrices that can be treated as domino 
pieces (e.g., [commit|method]). It allows connecting such pieces 
based on a set of matrix operations to derive additional domino 
pieces. These derived domino pieces represent semantics on 
project entity relationships (e.g., number of commits in which 
two methods co-occurred) and can be used for further 
explorations. This opens a vast possibility of data analysis, since 
these domino pieces can be iteratively combined. Our proposed 
matrix representation and operations allow for fast and efficient 
processing of a large volume of data by using a highly parallel 
architecture, such as GPUs. 

Keywords- Exploratory data analysis; software dependencies; 
GPU computing 

I.  INTRODUCTION 
When working on a software project, developers often need 

to answer numerous questions, such as: which other methods 
do I need to edit if I make this change, who was the person who 
last edited this method, who has expertise in this module, who 
do I need to coordinate my changes with, and so on [1]. Since 
software development leaves behind activity logs (i.e., commits 
recorded in the version control system and tasks recorded in the 
issue tracking system), it is possible to answer these questions 
by analyzing these software repositories. However, finding 
these answers from the repositories is not easy since there is 
extensive amount of data that is accrued over the project’s 
lifecycle and this data is typically stored across different 
repositories [2]. This makes creating the right queries a 
nontrivial task [1]. 

Several research prototypes attempt to help in project 
explorations. For example, Tesseract [2] allows interactive 
investigation of relationships among files, developers, and 
issues through a network representation. Information 
Fragments [1] allows a user to compose information from 
tasks, change sets and teams to explore the relationships 
between these entities. CodeBook [3] builds a graph of all 
relationship, and then provides specific applications for 

answering specific questions (e.g., finding related developers or 
artifacts).  

There are several critical deficiencies with these current 
approaches. First, these tools often focus only on a particular 
development aspect (e.g., EEL [4] helps in expert 
identification). Second, these tools typically allow explorations 
of specific relationships that are fixed a priori (e.g., Tesseract 
preprocesses the sets of dyadic relationships first). Third, these 
tools often need a complete history of the project (e.g., in order 
to traverse the relationship graph, Codebook requires the full 
history). Fourth, all these tools operate at coarse granularity 
(file level). Identifying change impact information at a fine-
grained level can highlight nuanced relationships. For instance, 
although two developers have edited the same file, it is possible 
that these developers have complementary expertise in the 
functionality (method) of the file. Finally, these tools need to 
restrict the data that can be analyzed because performing 
interactive data analytics of software archives through visual 
explorations of relationships among project elements is 
infeasible at the scale of operation that is needed. 

In this paper, we present a novel approach – Dominoes – 
designed to enable interactive exploratory analysis of 
relationships of different software entities at varying levels of 
granularity by utilizing matrix operations that can be computed 
via GPUs. Our approach organizes data from a software 
repository into multiple matrices that are treated as domino 
tiles, such as [developer|commit], [commit|method], 
[class|method], amongst many other combinations. Just as in 
the Dominoes game, where joining two congruent squares edge 
to edge can form a rectangle, our matrices can be combined to 
create additional (derived) matrices. This derivation process is 
guided by a set of matrix operations, such as addition, 
multiplication, and transposition. For example, a computation 
of logical coupling at the method level can be achieved as 
[method|method] = [commit|method]T × [commit| method]. 
With this new (derived) domino tile, we can derive dependency 
among developers as [developer|developer] = 
[developer|commit] × [commit|method] × [method|method] × 
[commit|method]T × [developer|commit]T. Many such different 
explorations are possible, with each derived domino tile 
representing a particular aspect in software engineering.  

A primary goal of Dominoes is to enable users to explore 
the relationships in their project elements across different levels 
of granularity. Therefore, the granularity aspect is a central 
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construct, with one of the domino tile types being that of 
“composition” (e.g. [package|class], [file|class], and 
[class|method]). Connecting any other domino tile with these 
composition tiles or their transpose allows navigation from 
coarse-grained to fine-grained analysis or vice versa.  

Explorations of such relationships at a fine-grained level 
(methods across different versions of the software) while more 
accurate, can lead to extremely large data sets to be analyzed. 
Dominoes implements the exploratory analysis of software 
project entities as linear algebra operations over matrices, 
which can be parallelized in GPU (Graphics Processing Unit) 
[5]. This allows boosts in performance of about three orders of 
magnitude [7]. Therefore, Dominoes opens a new realm of 
exploratory software analysis, as endless combinations of 
domino pieces can be experimented with in an exploratory 
fashion. 

II. DOMINOES APPROACH 
In this section we describe our overall approach and then 

focus on the matrices and how we operate over them. 
Dominoes extracts data from a software repository and 
converts them into multiple matrices, correlating the desired 
attributes in lines and columns. This strategy allows data 
manipulation and its operations using parallel architecture. In 
our case, this fact allows interactive manipulations even with 
large datasets, as we are using GPU to perform matrix 
operations.  

We represent a matrix as M and its transpose by using a 
superscript (MT). Individual elements in a matrix are denoted 
as M[i,j]. The operator “×” represents matrix multiplication. It 
is important to note that when multiplying two matrices the 
number of columns in the first operand must be equal to the 
number of rows in the second operand. In our case the column 
and rows of the operand over which we are multiplying also 
needs to be the congruent (same project element), similar to the 
Dominoes game. In other words, we can multiply 
[developer|commit] × [commit|method], but not 
[developer|commit] × [method|method]. 

A. Dominoes Tiles 
Dominoes includes basic building tiles, which can be 

combined to create derived building tiles; which can be further 
combined with other basic or derived tiles. The basic building 
tiles are created by extracting data from existing software 
repositories (version control systems, issue tracking systems, 
etc.). For example, commits, issues, discussions about a 
commit, or pull request can be collected from GitHub. The 
basic building tiles around commits include: 

• [class|method] (ClM): relationship between a class and its 
constituent methods, where cell ClM[i,j] has a value of 1 
when class i contains method j.  

• [commit|method] (CM): relationship between commits and 
methods, where cell CM[i,j] has a value of 1 when commit 
i adds or changes method j. Note that the index i does not 
necessary express the commit id. 

• [developer|commit] (DC): relationship between developers 
and their commits, where cell DC[i,j] has a value of 1 
when developer i is the author of commit j. 

• [bug|commit] (BC): relationship between commits and 
bugs, where cell BC[i,j] has a value of 1 when commit j 
fixed bug i. 

These basic building tiles can then be combined to form a 
series of derived building tiles. Here we show a small set of 
derived building tiles that can be computed using only 
multiplication and transposition operations: 

• [method|method] (MM = CMT × CM): represents method 
dependencies, where MM[i,j] denotes the strength of the 
dependency of method j on method i. The rationale of this 
matrix is based on logical dependencies, as elements that 
are co-committed share some program logic. Note that we 
can also create an MM matrix through program analysis, in 
which case it would be termed as a basic building tile. 
Such MM matrices have been explored by Steward in 
creating Design Structure Matrices [8]. In Section III-B we 
explore more elaborate ways for computing MM. 

• [class|class] (ClCl = ClM  × MM  × ClMT ): represents 
class dependencies, where ClCl[i,j] denotes the strength of 
the dependency of class j on class i. Note that using the 
composition tile, we can provide analysis results at a 
higher-level of abstraction easily. 

• [bug|method] (BM = BC × CM): represents the methods 
that were changed to fix each bug. This matrix could be 
used to identify which methods are “buggy”.  

• [developer|method] (DM = DC × CM): represents the 
methods that a developer has changed. This matrix could 
be used to identify experts on a particular method as well 
as if there is breadth in expertise for a given method.  

• [developer|class] (DCl = DM × ClMT): represents classes 
that a developer has changed. DCl uses the composition 
operation to provide expertise information at the class 
level, which is typically used during bug triaging [3]. 

• [developer|developer] (DD = DM × MMT × DMT): 
represents the expertise dependency among developers, 
where developer j depends on some knowledge of 
developer i, because of underlying technical dependencies 
in their work. It is worth no notice that this derived 
building tile used other derived building tile (MM and 
DM) in its definition. 

By applying the composition operation, the above software 
engineering constructs can switch to class or file grains. 

B. Specialized Operations 
Our basic matrices are typically binary, that is, M[i,j] is 

either 1 or 0, whereas our derived matrices are not. This is 
largely because commits are atomic transactions and therefore 
most associated matrices with commits are binary. In the case 
of derived matrices cell values have associated semantics. 
Simple operations such as multiplication and transposition 
allow us to compose different types of domino tiles to derive 
more complex matrices and, thereby, different software 
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engineering constructs. However, there are three “specialized” 
operations that can be applied on derived matrices where 
individual cells are not binary. 

Let us take the example of the MM matrix. The diagonal 
shows how frequently a method has been changed and each 
cell (M[i,j]) shows how frequently a method (i) has changed 
with another method (j). This semantics is equivalent to 
absolute support, largely adopted in the data mining 
community. The support of an item set is defined as the 
proportion of transactions in the dataset that contains the item 
set. According to [9], the rule 𝑋⟶ 𝑌 has support s if s% of 
transactions contain 𝑋 ∪ 𝑌 . As this operation pattern of 
multiplying a matrix by its transpose is very popular and 
semantic rich, we treat it as a specialized operation and is 
computed according to Eq. 1.  

M!"# = M×M! (1) 

The semantics of support allows us to answer software 
engineering related questions regarding the strength of the 
relationships. For example, if we are interested in predicting 
the other files a developer needs to edit because of a change, 
we can use the concept of logical dependencies to identify all 
those methods that are dependent of the edited method and may 
also need to be changed. We could use the MM = MC!"# 
matrix to answer this question.  

Unfortunately, support is transitive, where M!"# 𝑖, 𝑗 =
  M!"#[𝑗, 𝑖] . Consequently, using support to represent 
dependencies is not precise, as program dependency is not 
transitive. For example, in our scenario, the area of a Cylinder 
depends on the circumference of the Circle, but not vice versa. 

In order to obtain a more precise relationship that reflects 
the direction of the dependency, Zimmermann et al. [10] use 
confidence to represent logical coupling. This metric suggests 
which artifacts should be modified together, given that a 
specific artifact is being modified. According to [11], the rule 
𝑋⟶ 𝑌 has confidence c if c% of transactions that contain 𝑋 
also contain 𝑌  [11]. In the context of our approach, when 
applied to compute MM matrix, confidence quantifies the 
occurrence of an entity (e.g., method) change given that the 
other entity (e.g., method) has also been changed. The 
confidence operator is computed according to Eq. 2. 

M!"#$[𝑖, 𝑗] =
M!"# 𝑖, 𝑗
M!"# 𝑖, 𝑖

 (2) 

Confidence does not have a transitive property among 
elements, so it is possible to define different levels of 
dependency for each pair. However, confidence suffers form 
another type of problem. In the context of data mining, 
confidence is used to quantify relations such as “those who buy 
product X also buy product Y”. In this case, if product “Y” is 
presented in almost all orders, purchase of any product will 
lead to a high confidence in buying “Y”. For this reason, 
analyzing confidence alone tends to be imprecise, and can 
exhibit false relationships. 

To address this problem we can use a third metric – lift [9]. 
Lift measures the influence of the antecedent in the frequency 
of the consequent. Formally, the rule 𝑋⟶ 𝑌 has lift l if the 
frequency of 𝑌 increases in l times when 𝑋 occurs. According 

to this definition, we are interested in dependencies with lift 
greater than 1, as any other value implies irrelevant 
(coincidental) relationships. The lift operator is defined by Eq. 
3, where the scalar multiplication by the number of commits 
(Mrows) transforms the absolute support (Msup) into relative 
support (values ranging from 0 to 1). 

M!"#$ 𝑖, 𝑗 =
M!"#$ 𝑖, 𝑗 ×M!"#$

M!"# 𝑗, 𝑗
 (3) 

III. DISCUSSION 
Here we describe our approach by drawing on a scenario 

detailed in Section III-A. We apply our approach in identifying 
artifact dependencies on Apache Derby 1 , an open source 
relational database project, as explained in Section III-B.  
Finally, in Section III-C we discuss the Dominoes architecture. 

A. Scenario Evaluation 
Consider a scenario where three developers (Alice, Bob, 

and Carlos) work together on a “geometry project”, consisting 
of four classes (Circle, Cylinder, Cone, and Shape). Circle has 
a method circumf() that calculates its circumference. Shape has 
a method draw() to render a shape. Finally both Cylinder and 
Cone have methods area() to calculate the area of the 
respective shapes. Table I describes five commits and their 
change descriptions. Table II shows which commits modified 
which method. Note that this is an intentionally simple 
example to explain the concepts in the paper. 

Figure 1 represents the support, confidence, and lift values 
for the MM matrix, where Ci represents 
Circle.circumference(), Cy – Cylinder.area(), Co – 
Cone.area(), and S – Shape.draw(). 

TABLE I.  COMMITS MADE BY DEVELOPERS 

Commit # Developer   Description 

C1 Alice Change type of function parameter to compute the 
radius (Circle) and how to render it (in Shape) 

C2 Carlos Change the side of Cone and how to render it 
C3 Alice Change how a Shape is rendered 

C4 Alice 
Calculation of how circumference and area are 
calculated using PI. Required modification on 
how to draw a Shape 

C5 Bob Modify the height calculation of a cylinder and 
how it is rendered 

 

TABLE II.  METHODS CHANGED FOR COMMIT 

Commit # Circle 
circumf()   

Cylinder 
area() 

Cone 
area() 

Shape 
draw() 

C1 1 1 0 1 
C2 0 0 1 1 
C3 0 0 0 1 
C4 1 1 1 1 
C5 0 1 0 1 

 

 

 
                                                             

1 Derby Repository: https://github.com/apache/derby 
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2 3 1 3
1 1 2 2
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1 1 0.5 1
0.6 1 0.3 1
0.5 0.5 1 1
0.4 0.6 0.4 1

         

2.5 1.6 1.2 1
1.6 1.6 0.7 1
1.2 0.8 2.5 1
1 1 1 1

 

 
Figure 1.  Support, Confidence, and Lift calculated from previous scenario. 

If we consider the confidence matrix, we notice that the 
dependency from Cy to Ci (100% conf.) is stronger than from 
Ci to Cy (60% conf.), because whenever Ci was changed it also 
required changes to Cy  (commits C1 and C4) (see Table II). 
However, Cy was changed once without Ci (commit C5). With 
such a confidence analysis we can state that Cy (always) 
depends on Ci, but Ci does not necessarily depend on Cy. 
Therefore, using confidence to derive the DD matrix would 
identify that Bob should communicate with Alice, but not 
necessary the other way around. 

The confidence matrix also indicates high dependency from 
S to all other methods. However, this occurs not because S 
really depends on all other methods, but because S was 
changed in all commits, independently (see Table II). The lift 
matrix eliminates such coincidental dependencies, keeping only 
dependencies between Cy and Ci, and Co and Ci, since all 
other values are either equal to or below 1. 

In summary, support alone is not sufficient to indicate 
dependencies among project entities, but helps in eliminating 
dependencies that appear by chance (e.g., Co and Ci). In a large 
project with thousands of commits thresholding on a 
predefined support level can help eliminate accidental 
dependencies. On the other hand, lift plays a complementary 
role of identifying dependencies to elements that are very 
frequent (e.g., S) and therefore may be a cause of coincidental 
changes. Finally, confidence is important to identify the 
direction of the dependency (e.g., from Cy to Ci). With such an 
analysis, we find that the only real dependency in our scenario 
is from Cy to Ci, which would lead to a communication 
requirement from Bob to Alice in the DD matrix. 

Our approach, therefore, provides four distinct advantages. 
First, the confidence measure allows more nuanced 
investigations (e.g., direction of dependency). Second, the use 
of lift measure increases the accuracy of the finding by filtering 
out common, but unrelated changes. Third, the fine-grained 
analysis from the method level increases accuracy, since we 
can identify dependencies among individual methods. 
Therefore, if we find that Cy depends on Ci, we can find that 
Bob needs to coordinate with Alice who is working on Ci and 
not another developer who is working on the same file (Circle, 
but on a different method). Finally, GPU processing allows 
these investigations to be performed interactively.   

B. Derby Analysis 
In order to evaluate Dominoes in a real setting, we applied 

it over Apache Derby, an open source project. This evaluation 
aims to demonstrate how solely working with support is error 
prone for finding artifact dependencies. All analyses were 
made considering the repository data from 08/11/2004 to 
01/23/2014, which comprises 7,578 commits, 36 distinct 

developers, 34,335 files, and 305,551 methods committed 
during approximately 10 years. This evaluation was performed 
at the file-level for easier interpretation of the results. However, 
as discussed before, Dominoes can easily navigate from coarse 
to fine grained analysis and vice-versa.  

After processing the data, we found that due to the project 
characteristics of Derby, the lift analysis does not filter out any 
coincidental dependencies. This is because the Derby file 
dependencies are highly clustered, causing low support and a 
very high lift. When we filter the lift values by thresholding on 
1, no data points were eliminated. Therefore, we continued 
with the support/confidence analysis. 

Table III presents the top 5 logical dependencies in terms of 
support and with the biggest difference in confidence, 
considering a support threshold above 30. It is important to 
remember that confidence is not transitive.  

Considering the first case as an example, it is possible to 
observe that using the common approach that is based on 
support, artifacts DataDictionary.java and DataDictionary-
Impl.java would be considered as dependent to each other as 
they have a high support (in fact, 79 is the highest value of 
absolute support in the whole system). However, when 
observing the confidence, it is possible to see that only Data-
DictionaryImpl.java has dependency with DataDictionary.java, 
which is reasonable as changing a method implementation 
normally does not result a change to its interface. The 
following two rows are also interface/implementation cases, 
presenting the same behavior. In the fourth row, we have a 
composition case, where DRDAConnThread.java possesses a 
DRDAStatement.java instance. In this case, modifying the latter 
does not necessary imply a modifications in the former. 
However, there is a high likelihood of a related change in the 
opposite direction, that is, modifications in DRDA-
Statement.java can change method signatures used by 
DRDAConnThread.java, for instance. 

Finally, the last case is a class specialization, thus normally 
requiring modification to both files, with a slightly higher 
dependence from the subclass to the superclass. These analyses 
show the importance of using confidence to identify the 
direction of the dependencies. 

 

TABLE III.  TOP 5 LOGICAL DEPENDENCIES IN TERMS OF HIGH SUPPORT 
AND BIGGEST CONFIDENCE DIFFERENCE 

Artifact A Artifact B Support Conf. 
(A-B) 

Conf. 
(B-A) 

DataDictionary.java DataDictionaryImpl.java 79 0.88 0.37 

DD_Version.java DataDictionaryImpl.java 45 0.78 0.21 

LanguageConnectionCo
ntext.java 

GenericLanguageConne
ctionContext.java 44 0.86 0.48 

DRDAConnThread.java DRDAStatement.java 37 0.22 0.68 

ResultSetNode.java SelectNode.java 36 0.54 0.45 
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Besides these five top dependencies, Figure 2 presents a 
scatter plot chart with all dependencies at three specific support 
levels (10, 20, and 30). This chart plots each dependency 
according to its confidence in both directions (A-B and B-A). 
This way, dependencies with the same confidence value in both 
directions are plotted along the diagonal. As we can see, 
however, there are several cases where points are located far 
from the diagonal. When we consider the rightmost chart in 
Figure 2 (support threshold at 30) for discussion we can 
observe some distinct patterns. The red quadrant shows that 
both conf(A-B) and conf(B-A) are less than 0.5, thus 
containing weak bidirectional dependencies. The yellow 
quadrant, on the other hand, shows dependencies where both 
conf(A-B) and conf(B-A) are above 0.5, thus containing strong 
bidirectional dependencies. Finally, the green and blue 
quadrants show unidirectional dependencies with highest 
divergences among confidence. In this case, dependencies from 
these quadrants can be erroneously classified as bidirectional if 
we are to analyze dependencies solely by support. 

Performing an analysis such as the one in Figure 2 can 
unveil how inaccurate dependencies extracted from support-
based approaches tend to be. As demonstrated for the Derby 
project, only the yellow-quadrant dependencies should be 
classified as bidirectional. Both blue and green quadrants 
present unidirectional dependencies. 

In this evaluation, the FC (i.e., [file|commit]) matrix was of 
size 34,335×7,578. The generation of FCsup and FCconf using 
GPU (NVidia GeForce GTX580) took about 0.7 minutes. 
However, doing the same computation using CPU (Intel Core 2 
Quad Q6600) would take 696 minutes. This shows that we got 
a speedup of three orders of magnitude when GPU is in place – 
with just the simple calculation that requires 1 transposition 
and 3 multiplication operations. Similarly, when we process 
MC (i.e., [method|commit]), which is 305,551×7,578, it takes 
about 5 minutes in GPU, being impossible to be processed on 
CPU in a reasonable amount of time.  

C. Dominoes Architecture 
Dominoes Architecture is designed in a way that data from 

a software project repository is extracted and the associated 
change information is archived. Currently, we are mining 
projects that use Git by cloning and accessing the local repo. 
The local repo is then preprocessed to generate a tree of all 

modifications performed in all commits by analyzing which 
files, packages, classes, and methods were modified. It is 
important to note that information of each modification is 
decomposed to get a fine-grained view of the changes by using 
the Eclipse ASTParser (suitable for Java-based projects). For 
example, even if we represent changes at the package level (for 
a coarse-grained analysis), we know exactly which class was 
modified, as well the methods. This information is then stored 
in a relational database. Furthermore, after the initial data 
collection, information about subsequent changes can be 
updated incrementally to the database. 

Basic Dominoes tiles are then constructed on the fly and 
become available to be used. Depending on the type of 
operation required by the user, these domino tiles are sent to 
the GPU, which performs the desired operations to generate the 
derived domino tiles. These derived domino tiles can also be 
saved as a template piece, should that piece be used extensively 
in calculations. 

IV. RELATED WORK 
Our related work can be divided in two main groups: 

approaches that determine dependencies amongst artifacts or 
developers and approaches that provide support for exploratory 
analysis. There are numerous approaches that focus on 
identifying structural dependencies (through syntactic analysis) 
or logical dependencies (through change history) amongst 
artifacts. Cataldo et al. [12] stands out as they use matrices to 
process dependencies among developers based on 
dependencies among artifacts. In their approach, both structural 
dependencies and logical dependencies become Task 
Dependency (TD) matrices, and change requests, associating 
developers to artifacts, becomes Task Assignment (TA) matrix. 
These matrices are used in an equation that indicates 
coordination requirements 𝑇!×𝑇!×𝑇!! . Our approach 
generalizes this idea by allowing different kinds of exploration 
over matrices. Finally, our identification of relationships is 
innovative, as it allows combining support, confidence, and lift, 
to compose the dependency matrix depending on the research 
need.  

Tools that enable exploratory analysis provide either 
predefined questions or are very limited to derive information 
that was not conceived beforehand. In the case of Tesseract [2], 
for example, the available relationships are preprocessed and 

Figure 2. Relation among confidence for various support threshold. The leftmost chart considers a threshold of 10, while the middle uses 20, and finally the 
rightmost uses 30.  
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the matrices are fixed at a coarse grain (file-file, file-developer, 
file-bug, bug-developer). CodeBook [3] is a similar approach 
that builds a graph of all relationship and then provides 
applications for answering specific questions (e.g., identifying 
related developers or artifacts). Gall et al. [13] built a tool for 
mining software archives at a fine grain in order to compare 
source code changes. From these analyses, recommendations 
such as change type patterns and consistency of changes can be 
made. Instead of a recommendation system, Dominoes 
provides a generic and flexible platform for exploratory 
analysis of project elements at a fine-grain level, which is 
compatible with multiple data types and relationships. Its 
interactive capabilities are mainly possible due to the adoption 
of GPU. It is important to state we have already used GPU for 
solving software engineering problems. In a previous work [6] 
we achieved boosts of two orders of magnitude when running 
image diff, patch, and merge operations in GPU. 

V. CONCLUSION 
Dominoes is an exploratory data analysis approach that 

allows users to select information about different project 
elements and their interrelationships from a repository. 
Relationships are represented by matrices, defined as basic 
building tiles and derived building tiles. Both kinds of building 
tiles can be combined iteratively to reveal deeper, complex 
relationships. Through such explorations, relationships that 
have not been computed or published before can be discovered 
through the operations over these building tiles. As all 
operations are performed in parallel over GPU, exploratory 
analysis can occur seamlessly at real time, even when 
computing relationships in fine-grained data. The current 
version of Dominoes tool extracts data from a Git repository 
and operates over the matrices by using GPU kernels in 
CUDA. 

Our evaluation contrasted the use of support alone and the 
use of support and confidence to distinguish the dependence 
directions. In the Derby case, employing confidence leads to a 
more accurate analysis for finding dependencies among 
artifacts. Moreover, using confidence for thresholding a 
relationship is more natural for the user, as it represents a 
normalized value. 

The Dominoes architecture was intentionally designed to 
easily accommodate the definition of new basic building tiles, 
such as relationships mined from communication channels 
(e.g., email, chat, dissuasion forums). The same extensibility 
feature also applies for operations. Besides the basic matrix 
operations, such as multiplication and transpose, specialized 
operations can also be plugged into Dominoes, as showed in 
section III-B for support, confidence, and lift. This leads to a 
relevant approach for the scientific community, as empirical 
studies can be reproduced over different corpora in order to 
validate an investigation. This has the potential of alleviating 
the pain of setting up an environment for each trial of an 
investigation. 

Although we currently use matrices and GPU underneath 
Dominoes, other data representations and execution 
environments could be adopted in the future. For example, 
relational algebra is a compelling alternative to link sparse data. 
Moreover, SMP is the de facto architecture of modern personal 

computers. However, some kinds of analysis, such as 
reachability (used in impact analysis), can heavily benefit by 
operating over matrices in GPU. Besides that, due to the 
characteristic of our data, methods to deal with sparse matrix in 
order to reduce the memory usage can be adopted. 

A concept not discussed in this paper, which is currently 
under development, is the use of three-dimensional (3D) 
building blocks. These 3D building blocks consider time as the 
third dimension over the matrices. In our experience, using this 
additional dimension collected through a specific time window 
allows observing the evolution of relationships over time. 
Another ongoing work is real time visualizations of basic and 
derived building tiles both in two and three dimensions to 
support explorations by end users on their own data. 
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Abstract—Infectious diarrhea is an important public health 

problem around the world. Meteorological factors have been 

strongly linked to the incidence of infectious diarrhea. Therefore, 

accurately forecast the number of infectious diarrhea under the 

effect of meteorological factors is critical to control efforts. In this 

paper, a three layered feed-forward back-propagation artificial 

neural network model (FFBPNN) are developed to predict the 

weekly number of infectious diarrhea by using meteorological 

factors as input variable. The meteorological factors were chosen 

based on the strongly relativity with infectious diarrhea. Also, as 

a comparison study, the multivariate linear regression (MLR) 

also was applied as prediction model using the same dataset. 

Further, since one of the drawbacks of FFBPNN model is the 

interpretation of the final model in terms of the importance of 

variables, a sensitivity analysis is performed to determine the 

parametric influence on the model outputs. The simulation 

results obtained from the neural network confirms the feasibility 

of this model in terms of applicability and shows better 

agreement with the actual data, compared to those from the 

regression models. The FFBPNN model, described in this paper, 

is an efficient quantitative tool to evaluate and predict the 

infectious diarrhea using meteorological factors. 

Keywords-artificial neural networks; forecasting model; 

infectious diarrhea; multivariate linear regression; sensitivity 

analysis; meteorological factors 

I.  INTRODUCTION 

As a kind of common and important infectious disease, 
infectious diarrhea has a serious threat to human health and 
leads to one billion disease episodes and 1.8 million deaths 
each year (WHO, 2008). Infectious diarrhea in young children 
is a killer illness, especially in developing countries [1, 2]. In 
Shanghai of China which is the biggest developing country, the 
incidence of infectious diarrhea has significant seasonality 
throughout the year and is particularly high in the summer and 
autumn of recent years. Hence, a robust short-term (week-
ahead) forecasting model for infectious diarrhea incidence is 
necessary for decision-making in policy and public health. 

Infectious diseases have a closely relation with 
meteorological factors [3] and can affect infectious diseases in 
a linear or nonlinear fashion [4]. In recent years, there has been 
a large scientific and public debate on climate change and its 

direct as well as indirect effects on human health [5]. The 
effects of meteorological factors, such as temperature and 
rainfall, on diarrhea diseases incidence have got much more 
concerning recently. As far as we are concerned with the 
prediction of diarrhea diseases in literature, many forecasting 
models based on statistical methods for diarrhea diseases 
forecasting have been reported. Zhao N et al. [6] establish 
multiple regression model rolling forecast of daily incidence of 
infectious diarrhea in Beijing. Chou WC et al. [7] applied a 
climate variation-guided Poisson regression model to predict 
the dynamics of diarrhea-associated morbidity. The results 
indicated that the maximum temperature and extreme rainfall 
days were strongly related to diarrhea-associated morbidity. 
Lloyd SJ et al. [8] undertook a global cross-sectional study of 
diarrhea incidence in children under 5, and assessed the 
association with climate variables (temperature and rainfall) by 
linear regression method. 

With regard to the fact that number of meteorological factor 
that effect infectious diarrhea are too much and the inter-
relation among them is also very complicated, prediction 
models based on statistics methods may not be fully suitable 
for such type of problems. Nowadays, artificial neural networks 
(ANNs) are considered to be one of the intelligent tools to 
understand the complex problems and have been widely used 
in the medical and health field [9, 10, 11]. To the best 
knowledge of the authors, there is no works has been carried 
out to utilize the ANNs method in predicting diarrhea disease. 
In this paper, an attempt has been made to establish a new 
ANNs model (FFBPNN) to predict infectious diarrhea in 
Shanghai with a set of meteorological factors as predictors. 
Also, as a comparison, a multivariate linear regression (MLR) 
model was developed for the same purpose using the same 
dataset. Finally, since one of the drawbacks of ANNs is the 
interpretation of the final model in terms of the importance of 
input variables, the calculation is performed using sensitivity 
analysis. 

The rest of this paper is organized as follow. Study area and 
dataset are briefly described in Sect. II. The prediction method 
and performance evaluation criterias (PECs) which are used in 
this paper are introduced in Sect. III. The FFBPNN and MLR 
models are developed and training results are reported in Sect. 
IV and Sect. V, respectively. In order to investigate the 
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performance of the established model, the prediction results of 
the FFBPNN model are reported in comparison with the MLR 
model as discussed in Sect. VI. Sect. VII illustrated the 
sensitivity analysis, and conclusions of this paper are 
concluded in Sect. VIII. 

II. STUDY AREA AND DATASET 

A. Study area 

Shanghai is located in the eastern part of China, and the city 
has a mild subtropical climate with four distinct seasons and 
abundant rainfalls. It is the most populous city in China 
comprising urban/suburban districts and counties, with a total 
area of 6,340.5 square kilometers. Since the study population 
was relatively stationary during the time period from 2005 to 
2008 with the annual growth rate below 1%, the trend of 
incidence during that time period could be similarly prescribed 
by the trend of disease cases number. Hence we used the 
number of infectious diarrhea instead of incidence as the 
response variable in our models. 

B. Dataset 

The daily data of the infectious diarrhea cases for the period 
2005.1.3-2009.1.4 were collected from National Disease 
Supervision Information Management System. The cases were 
all clinical or laboratory-confirmed cases and reported by 
hospital diagnostic. The daily meteorological factors data 
(including temperature, relative humidity, rainfall, atmospheric 
pressure, wind speed, and sunshine duration) in Shanghai for 
same time period were selected and collected from the 
Shanghai Meteorological Bureau of City Environmental 
Meteorological Center. 

A total of 209 weeks experimental data pairs (infections 
diarrhea cases vs. nine meteorological factors) were obtained 
by daily records for constructing the FFBPNN and MLR 
models. The statistical descriptions of the input and output 
parameters show that the range of data can cover the various 
values of input and output parameters and all the dataset are 
bearing almost similar statistical properties. Description of the 
input (meteorological factors) and output (the weekly number 
of infectious diarrhea) parameters for constructing the 
FFBPNN and MLR models have been given in Table I. 

TABLE I.  DESCRIPTION OF INPUT AND OUTPUT PARAMETERS 

Input/Output Weekly Parameter (Unit) Symbol 

Meteorological 
factors 

Maximum temperature (℃) Tmax 

Minimum temperature (℃) Tmin 

Average temperature (℃) Tavg 

Minimum relative humidity (%) RHmin 

Average relative humidity (%) RHavg 

Average atmospheric pressure (hPa) APavg 

Sunshine duration (h) SD 

Average wind speed (m/h) WSavg 

Rainfall (mm) R 

Infectious diarrhea Number of infectious diarrhea WNID 

III. THE PREDICTION METHOD AND PERFORMANCE METRICS 

In this section, the modeling approach of the FFBPNN for 
forecasting is briefly reviewed. Then, the performance 
evaluation criterias of the prediction model are presented. 

A. Feed-forward back-propagation neural network 

ANNs which consist of a large number of simple and 
highly interconnected computing components, called nodes or 
neurons are a branch of artificial intelligence methods. ANNs 
are organized into layers, called input layer, hidden layers, and 
output layer. These layers further include interconnections 
between the nodes of successive layers through the weights. 
The internal weights of the network are adjusted by an iterative 
process termed training and the algorithm used for this purpose 
called training algorithm. ANNs have a lot of important 
capabilities including learning from data, generalization and 
working with unlimited number of variable. ANNs, with their 
remarkable ability to derive meaning from complicated or 
imprecise data, are usually used to model complex 
relationships between inputs and outputs or to extract patterns 
in dataset. 

The multilayer perception, trained by the standard back-
propagation (BP) learning algorithm, is generally known as the 
FFBPNN. The BP learning algorithm is composed by the 
forward spread of the data stream and the reverse spread of the 
error signal. Among the most of different ANNs architectures, 
the FFBPNN is one of the most commonly and widely used for 
the purpose of prediction problems [12]. Apart from an input 
layer receiving inputs from the environment and an output 
layer generating the network’s response, one or more 
intermediate hidden layers also exist. The typical topology 
structure of single hidden layer FFBPNN (Fig. 1) is the most 
widely used model form for forecasting. 

Figure 1.  The typical topology structure of FFBPNN 

The relationship between the output (y) and the inputs 
(x1,x2,...,xn) has the following mathematical representation: 
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Where m denotes the number of hidden nodes, wj, denotes 
the weight between the j-th hidden node and the output node, vij 
denotes the weight between the i-th input node, xi, and the j-th 
hidden node, bj and b, denote the biases for the j-th hidden 
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nodes and the output node respectively, φ is the transfer 
function of the hidden set in which the sigmoid function is used.  

B. Evaluation criteria for model performance 

To date, there is no single performance measure has been 
recognized as the universal standard. As a result, we need to 
assess the performance based on multiple metrics, and it is 
interesting to see if different metrics will give the same 
performance ranking for the models to be tested [21]. Among 
of PECs, the mean absolute error (MAE), the root mean square 
error (RMSE), the mean absolute percentage error (MAPE), the 
correlation coefficient (R) and the coefficient of determination 
(R

2
) are the most widely used performance evaluation criterias 

and will be used in this study. The models with the smallest 
RMSE, MAE and MAPE and the largest R and R

2
 are 

considered to be the best models. 

IV. DEVELOPMENT OF FFBPNN MODEL 

The FFBPNN modeling consists of two steps: the first step 
is to train the network using training dataset which are used for 
adjusting the model parameters; the second step is to test the 
network with testing dataset, which are not used in training step 
and are used to estimate the generalization error of trained 
networks. A model is considered good if the error of out-of-
sample testing is the lowest compared with the other models. 
FFBPNN models were trained and tested by means of the 
Neural Network Toolbox of the MATLAB R2012b. 

In this study, the dataset were chosen and segregated in 
time order. In other words, the dataset of the earlier period 
were used for training and the dataset of the latest time period 
were used for testing. From the collected dataset, the dataset 
form 2005 to 2007 were selected for the development of the 
FFBPNN models, the remaining dataset (2008) were used to 
verify the generalization capability of the established FFBPNN 
model. RMSE value for the testing period was considered for 
performance evaluation and all testing stage estimates were 
plotted in the form of hydrograph 

A. Model input and output parameters 

Input parameters selection is an important task before the 
neural network modeling, whether to choose a set of input 
variables which can best reflect the reason for desired output 
changes is directly related to the performance of neural 
network prediction. In this study, the input parameters affecting 
the infections diarrhea are weekly values of nine 
meteorological factors. The output parameter is the weekly 
number of infections diarrhea. 

B. Data pre-processing and post-processing 

It was noticed that the range of input and output parameters 
were different. In order to improve the efficiency and 
generalization of neural network models, the dataset should 
firstly be normalized. Because of the use of sigmoid functions 
in the FFBPNN model, the dataset are normalized between 
0.05 and 0.95 rather than between 0 and 1 to avoid saturation of 
the sigmoid function leading to slow or no learning. The 
normalized values for each row of input and output parameters 
were calculated using (2): 
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Where xij is the normalized input/output value, Xij is the 
actual input/output value, max(Xi) is the maximum input/output 
value, min(Xi)  is the minimum input/output value. After the 
modeling and prediction, a reverse of this procedure is 
performed, transforming the output data back to the original 
scale, then these data can be applied to the estimate of the 
model performance, the comparison between the predicted and 
the actual values, and the appreciation of the accuracy. 

C. Determination of optimum network and parameters 

In the development of FFBPNN model, determination of an 
appropriate architecture for a particular problem is an important 
issue as the network topology directly affects its computational 
complexity and its generalization capability [13]. There is no 
unified approach for determination of an optimal FFBPNN 
architecture [14]. The number of input-output layer nodes is 
determined according the modeling problem being tackled, and 
in this study the input layer has nine neurons and one neuron in 
the output layer. 

For the number of hidden layer, Hecht-Neilsen [15] 
indicated that a single-hidden layer FFBPNN is sufficient to 
approximate the corresponding desired outputs arbitrarily close. 
Therefore, one hidden layer was preferred in this study. 
However, the number of neurons is the most critical task in the 
FFBPNN structure. In this study, the number of neurons in the 
hidden layer has to be decided based on a series of trial-and-
error experiments and it was determined by gradually 
increasing the number of neurons and observing their effect on 
the predicted value. 

As demonstrated in Fig. 2, various network architectures 
with respect to hidden node numbers were trained and tested in 
order to obtain the best model architecture. The network with 
9-4-1 was found to be the optimum model architecture for the 
WNID prediction (See Fig. 3) because of its minimum network 
error (RMSE) values for the training and testing dataset (For 
each number of hidden neurons, network was trained for 20 
times to overcome the randomness of choosing initial weights 
and biases of neurons). 

Figure 2.  Hidden neurons and network errors for FFBPNN models 
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A back-propagation learning algorithm was utilized in a 
FFBPNN trained using the Levenberg-Marquardt (LM) 
algorithm [16]. An S-shaped nonlinear hyperbolic tangent 

sigmoid activation function )1/()1()( xx eexf    was used in 

the hidden layer and a linear activation function (Purelin) was 
used in the output layer, respectively. In order to develop the 
FFBPNN model, a very large number of trials with varying 
number of other network control parameters like learning rate 
and momentum rate were performed using training dataset 
through multiple iterations. The optimum architecture of the 
network and effective number of parameters used in developed 
FFBPNN model are shown in Table II. 

Figure 3.  FFBPNN architecture for infections diarrhea predicting 

TABLE II.  THE NETWORK ARCHITECTURE AND PARAMETERS USED IN 

OPTIMUM NETWORK ARCHITECTURE 

Parameters FFBPNN 

Number of input layer units 9 

Number of hidden layer 1 

Number of hidden layer units 4 

Number of output layer units 1 

Momentum rate 0.9 

Learning rate 0.74 

Error after learning 1e-6 

Learning cycle 1500 epoch 

Transfer function in hidden layer Tansig 

Transfer function in output layer Purelin 

Training function TRAINGDM 

V. DEVELOPMENT OF MLR MODEL 

In order to compare the results of FFBPNN model with an 
empirical model, we also developed MLR model for WNID 
forecasting using the same dataset. The WNID values were 
selected as the dependent variable, and the meteorological 
factors variables were selected as independent variables. MLR 
is carried out to find out the relationship of several independent 
variables with a dependent variable. The software Matlab 
version R2012b was used to calculate the values of these 
coefficients. MLR was carried out on training dataset to 
determine the mathematical expressions for the WNID. The 
MLR model by using multiple linear regressions for prediction 

of the WNID is derived as presented by the following 
mathematical equation: 
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VI. RESULTS AND DISCUSSION 

In this section, the results by using the FFBPNN and MLR 

models for predicting WNID are presented. The optimal 

structure for ANN model often results in different networks, 

dependent on the initial random values of the synaptic weights. 

Therefore, the outcome will, in general, not be the same in two 

different trials even if the same training data have been used. In 

this article, we have only presented the best result obtained 

after 20 trials with the same input-output dataset for different 

models. The model outputs were transformed back to the 

original range, and then five key PECs were calculated and 

compared between actual and predicted values for training and 

testing dataset. 

The prediction performance statistical values of building 

FFBPNN and MLR models for both the training and testing 

dataset have been depicted in Table III. By comparing the 

results, it is clear that the models considered in this study show 

acceptable prediction accuracy and higher coefficient of 

determination values with R
2
 (R

2
 > 0.90 for FFBPNN model 

and R
2
 > 0.80 for MLR model). The MAPE of prediction were 

always lower than 0.5 in testing dataset for all the models. It is 

also clear that when the performance measurements are 

compared for MLR and FFBPNN models, the performance of 

FFBPNN models in terms of those PECs consistently 

outperforms MLR model. Therefore, the predicting 

performance of the FFBPNN model is better than that of the 

MLR model. 

TABLE III.  THE RESULTS OF FFBPNN AND MLR MODELS FOR TRAINING 

AND TESTING DATASET 

PECs 

Models 

FFBPNN MLR 

Training Testing Training Testing 

MAE 20.7628 27.7547 29.8077 35.3774 

RMSE 28.3007    36.0526 39.3739 48.9395 

MAPE 0.2727 0.3841 0.4337 0.4182 

R 0.8783 0.8490 0.8089 0.6968 

R2 0.9213 0.9125 0.8811 0.8388 

Also, comparison between predicted and actual values for 
the FFBPNN and MLR models by using the training and 
testing are graphically illustrated in the Figs. 4 and Figs. 5, 
respectively. The linear least square fit line, its equation, and 
the R

2
 values were shown in these regression figures Fig. 4 (b 

and d) and Fig. 5 (b and d) for the training and testing data. It 
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can be obviously seen from the Fig. 4 (a and c) as well as Fig. 5 
(a and c) that the FFBPNN-yielded WNID predicted values are 
in closer agreement with the corresponding actual values for 
training and testing samples than those for MLR model, 
especially peak points. The underestimation of the peak values 
and overestimation of the low values are much more for the 
MLR than the FFBPNN models. The MLR model seems to be 
insufficient for the forecasting WNID, especially the peak 
values.  

Figure 4.  Comparison between actual and FFBPNN predicted result in 

training ans testing dataset. (a) Comparison curves plot of actual vs. predicted 

trends for training dataset, (b) Scatter plot of actual vs. predicted values for 

training dataset, (c) Comparison plot of actual vs. predicted trends for testing 
dataset, (d) Scatter plot of actual vs. predicted values for testing dataset 

Figure 5.  Comparison between actual and MLR predicted result in training 

and testing dataset. (a) Comparison curves plot of actual vs. predicted trends 

for training dataset, (b) Scatter plot of actual vs. predicted values for training 
dataset, (c) Comparison plot of actual vs. predicted trends for testing dataset, 

(d) Scatter plot of actual vs. predicted values for testing dataset. 

The reason of better performances of the FFBPNN model 
over MLR model may be attributed to the complex nonlinear 
relationship between infectious diseases and meteorological 

factors. This implies the nonlinearity of the investigated 
phenomenon. The MLR method was chosen only as a 
representative statistical model in this study. It is based on the 
polynomial fitting approach. In many other studies [17, 18] 
multiple liner regression method was also selected as a 
benchmark model to compare and also found to be 
unacceptable against the FFBPNN in different application 
fields for forecasting. 

For the FFBPNN models, it is very difficult to know which 
network structure and network parameters will be the accurate 
for a given problem (WNID). It will depend on many 
parameters, including the complexity of the problem, hidden 
neurons, the number of data points in the training set, the 
number of weights and biases in the network, the error goal, 
momentum and learning rate. For instance, for the FFBPNN 
models (As shown in Fig. 2) trained with 3 to 27 hidden 
neurons produce inconsistent RMSE values, although both 
models were trained with the same other network parameter. In 
addition, an appropriately learning rate chosen is significant. 
The learning rate chosen too large appeared an unstable 
learning condition, and the too small value caused a slow 
learning condition [19]. So, the model must be trained through 
multiple iterations. 

VII. SENSITIVITY ANALYSES 

Although the WNID can be estimated based on the 
meteorological factors by using the FFBPNN model, it is 
difficult to obtain explicit knowledge solely based ANN 
models, as it is an implicit or a black-box structure. A 
sensitivity analysis can be used to identify the significance of 
each input parameter on the objective (output) parameter in the 
modeling. Identifying sensitive inputs can be helpful for the 
model designers to carefully treat with such influential 
parameters in the designing models process. The Cosine 
Amplitude Method (CAM) is one of the sensitivity analysis 
methods that used to determine the effect of each individual 
input on the output [20]. So, in this study, CAM was adopted to 
determine the effect of each individual input on the output. 

In this method, the degree of sensitivity of each 
meteorological factor is assigned by establishing the strength of 
the relationship (rij) between the WNID and meteorological 
factors under consideration. The larger the value of CAM 
becomes, the greater is the effect on the WNID. To use this 
method, all of the data pairs were expressed in common X-
space. The data pairs used to construct a data array X defined as: 
X={X1, X2, ..., Xm}. Each of the elements Xi, in the data array X 
is a vector of lengths, that is: Xi={xi1, xi2, ..., xim}. Thus, each of 
the data pairs can be thought of as a point in m-dimensional 
space, where each point requires m-coordinates for a full 
description. Each element of a relation, rij results in a pairwise 
comparison of two data pairs. Therefore, the strength of the 
relation between the data pairs, xi and xj, is given by using (4): 
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Here, the strengths of relations (rij values) between the 
infectious diarrhea (output) and input parameters using the 
CAM method are shown in Fig. 6. As can be seen, the most 
effective parameter on the WNID is the weekly average 
temperature, whereas the weekly average rainfall is the least 
effective parameter on the infectious diarrhea. 

Figure 6.  The effect of meteorological factors on WNID 

VIII. CONCLUSIONS 

In this study, ANNs model (FFBPNN) was developed to 
predict the weekly number of infectious diarrhea of the 
Shanghai in China. For achieving this goal, an investigation 
was carried out to prove the potential of using meteorological 
factors dataset for producing higher accuracy of prediction. 
Nine meteorological factors in the Shanghai were considered. 
In order to obtain true and effective evaluation of the 
performance of FFBPNN model, the same dataset were also 
trained and tested by multiple linear regression models. The 
results presented in this paper suggested that a feed-forward 
back-propagation neural network (FFBPNN) model with 
architecture 9-4-1 has the best accurate prediction results in 
prediction of the weekly number of infectious diarrhea. The 
experiments results indicate that FFBPNN model shows a good 
prediction performance as compared to the traditional MLR 
model. Moreover, sensitivity analysis revealed that most 
effective meteorological factor on the infectious diarrhea is 
weekly average temperature, whereas weekly average rainfall 
is the least effective parameter on the infectious diarrhea in this 
study. Considering the above results, it can be concluded that 
the ANNs model has good capability in predicting WNID. 
Therefore, this technique can be used to predict infectious 
diarrhea. The results of this study may be used as a baseline 
against which to compare other prediction techniques in the 
future. 
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Abstract—The number of scientific publications have been
increasing explosively in recent years. Although scholar searching
engines and recommendation systems help to find relevant papers,
neither of them can build overviews of a certain scientific confer-
ence, which is more meaningful and important for researchers
to keep up with academic trends. In this paper, we propose
the concepts of topic trend and positive topic trend, and then
declare the formal and quantitative definitions of topic categories,
including hot topic, sunrise topic, sunset topic and emerging
topic. We design an LDA-based framework to classify research
topics of papers in a scientific conference into topic categories.
Experiments are then constructed to study the best parameters
for detecting different topic categories.

I. INTRODUCTION

Researchers are overwhelmed due to the dramatic growth
of scientific papers. Take the field of artificial intelligence as
an example, hundreds or even thousands of research papers
are published every year, making it is nearly impossible for an
AI researcher to build a quick overview in a short time.

Scholar searching engines and scientific article recommen-
dation systems [1] [2] [3] [4] [5] [6] help researchers to find
relevant papers, however they cannot help to build general
views over a certain research area. Kinds of works have been
proposed to study topic evolutions in scientific literature[7]
[8] [9] [10] [11] [12], however the answers to the following
questions are still not clear:

• Which topics are hot in recent years?

• Which topics are becoming more and more popular?

• Which topics are disappearing?

• Which topics are emerging?

In this paper, we study the topic evolutions within a specific
scientific conference, facing the following challenges:

• How to measure the impact of a paper on different
topics, in case that it involves several topics simulta-
neously?

• How to measure the trends of topics and then classify
them into categories, such as hot topics, sunrise topics,
sunset topics or emerging topics?

We made the following contributions in this paper. 1) We
proposed a novel method to measure the impact of a researcher
on different topics; 2) We proposed a novel method to measure

the impact of a paper on different topics; 3) We proposed the
concepts of topic trend and positive topic trend, and made the
formal and quantitative definitions topic categories, including
hot topic, sunrise topic, sunset topic and emerging topic; 4)
We studied the best parameters for detecting different topic
categories.

Given a certain conference cyear and its frequency f , we
calculate the topic vector and reputation vector of each paper
in cyear, and then associate these papers with their key topics
to build cyear’s topic rank. The same process is repeated until
topic evolutions during the last decade(or even longer) can be
generated1. With the resulting topic trends and positive topic
trends, topics can be dropped or classified into four categories:
hot topic, sunrise topic, sunset topic or emerging topic.

II. PROBLEM DESCRIPTION

Since a paper p might be involved with several topics
simultaneously, we proposed a vector

−−−→
topic(p) to indicate p’s

topics and a vector
−−−−−−−→
reputation(p) to indicate p’s different rep-

utations on different topics. We prune some criterias demon-
strated by Matsatsinis in [13], and calculate p’s reputation
vector

−−−−−−−→
reputation(p) as follows:
−−−−−−−→
reputation(p) =

−−−−→
author(p) +

−−−−−−−→
reference(p)

where
−−−−→
author(p) indicates the author reputations on p’s

different topics, and
−−−−−−−→
reference(p) indicates the reference

reputations on p’s different topics. We refer rp, which is the
highest reputation in

−−−−−−−→
reputation(p), as p’s key reputation, and

the corresponding topic tp as p’s key topic.

Topic Order In the paper set P cyear of a conference cyear,
suppose that there are ni and nj papers related with the topic
ti and tj , respectively. We declare that ti < tj if and only if
ni > nj , which means that ti is more popular than tj since
the number of papers related with ti is more than or at least
equal to the number of papers related with tj .

Topic Rank In the paper set P cyear of a conference cyear,
we suppose that there are n1, n2, ..., and nK papers related
with the topic t1, t2, ..., and tK , respectively(n1 > n2 > ... >
nK). Consequently, we define the topic rank TRcyear as the

1The looking-back window size is defined as ten years to evaluate a certain
topic with time. Similar idea has been widely employed by academic awards
, such as the VLDB 10-year best paper award, the AAAI outstanding paper
award and so on.
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topic sequence {t1, t2, ..., tK}, in which t1 < t2 < ... < tK
can be guaranteed.

Topic Rank Set Given a specific conference cyear, we
consider the past ten conferences to build topic evolutions,
and define the topic rank set TRcyear as { TRcyear−9∗f ,
TRcyear−8∗f , ... , TRcyear−1∗f , TRcyear}2.

Topic Trend With the topic rank set TRcyear, the topic
trend of a certain topic ti is defined as {i−9, i−8, ... ,
i−1, i}, in which i−9 = rank(ti, TR

c
year−9∗f ), i−8 =

rank(ti, TR
c
year−8∗f ) and so on. If ti is not contained in

TRyear−n∗f , which means that no papers related with ti were
accepted by the conference c in the year year − n ∗ f , then
i−n = rank(ti, TR

c
year−n∗f ) = −1 (1 6 n 6 9).

Positive Topic Trend The positive topic trend of a certain
topic ti is defined as the subsequence of ti’s topic trend without
the ranks of −1. For example, if ti’s topic trend is {8, 35, −1,
−1, 9, 33, −1, 44, 37, 21}, its positive topic trend will be {8,
35, 9, 33, 44, 37, 21}.

With the concepts of topic trends and positive topic trends,
we define the following four categories:

Definition 1: Hot Topics Given a threshold δ, if the ratio
of the length of t’s positive topic trend to the length of t’s
topic trend is equal to or larger than δ, we classify the topic t
into the topic category of hot topics.

Definition 2: Sunrise Topics Given a threshold θ, if the
ratio of the length of the longest decreasing subsequence(LDS)
of t’s positive topic trend to the length of t’s positive topic
trend is equal to or larger than θ, we classify the topic t into
the topic category of sunrise topics.

Definition 3: Sunset Topics Given a threshold θ, if the
ratio of the length of the longest increasing subsequence(LIS)
of t’s positive topic trend to the length of t’s positive topic
trend is equal to or larger than θ, we classify the topic t into
the topic category of sunset topics.

Definition 4: Emerging Topics If rank(t, TRcyear−n) =
−1 for every n (1 6 n 6 9), in other words, the length of t’s
positive topic trend is equal to 1, we classify the topic t into
the topic category of emerging topics.

Problem Given a conference cyear, classify, rank and select
the papers related with Emerging topics, Sunrise topics, Hot
topics and Sunset topics.

Requirements First, Papers are classified with their key
topics into the following four topic categories: Emerging
topics, Sunrise topics, Hot topics and Sunset topics. Suppose
that there are kE , kI , kH , kD topics in each topic category, and
papers in the conference cyear are related with K topics all
together, then kE+kI +kH +kD 6 K is guaranteed. Second,
papers are ranked with their key topics within a certain topic
category. Finally, papers related with the same topic are ranked
with their key reputations.

III. SOLUTION

As shown in Figure 1, given a conference cyear and its
frequency f , we collect papers in c from year−9∗f to year,

2f represents the frequency of the conference c.

TABLE I. EXAMPLE

(a) The Papers of a Researcher r
1st 2nd 3rd 4th 5th Citation Count

1 70 132 245 206 249 8
2 27 236 159 206 45 6
3 206 258 208 262 93 2
4 206 71 260 251 244 417
5 111 296 27 246 206 31
6 181 296 208 111 27 10
7 70 245 206 132 227 8
8 206 208 182 108 258 90

(b) The References of a Paper p
1st 2nd 3rd 4th 5th Citation Count

1 208 8 145 220 232 200
2 117 276 208 293 206 29
3 209 195 208 206 289 140
4 23 44 245 295 181 978
5 206 89 19 256 285 122
6 232 258 299 156 43 53

(c) Vectors of a Paper p
1st 2nd 3rd 4th 5th

Topic Index 175 219 225 145 227
A. Reputation 234.8 415.7 354.1 25.4 9.7
R. Reputation 33 177.3 142.5 0 51

and then build the corresponding topic rank TRcyear−n∗f (0 ≤
n ≤ 9). With the resulting topic rank set TRcyear, we study
the topic trend and the positive topic trend of each topic t in
TRcyear, and then classify t into a topic category or dropped
directly.

A. Topic and Reputation Vector

We employ Latent Dirichlet Allocation(LDA) to detect
latent topics of a certain paper p to determine p’s topic vector−−−→
topic(p). For each topic t in

−−−→
topic(p), we calculate p’s author

reputation and reference reputation on t, and add them together
to indicate p’s reputation on t.

In this paper, we propose a novel method to evaluate
the impact of a certain researcher, which is called scientist
reputation, with a set of (topic, average citations) pairs to
indicate his/her different impacts on different topics. We collect
all of the topics that a certain scientist might have been
involved with, and then calculate the average citations from
other papers on each topic. For example, the eight papers
of a researcher r are listed in Table I(a), and there will
be two pairs (111, 20.5) and (206, 80.29) in his scientist
reputation, indicating that his reputation on the topic 206 is
more influential than that on the topic 111. We scan p’s author
list, and calculate the scientist reputation of each author. After
that, for each topic t in

−−−→
topic(p), we add scientist reputations

on t of all authors together to determine p’s author reputation−−−−→
author(p).

In this paper we introduce a vector
−−−−−−−→
reputation(p) to

indicate how the corresponding references of a paper p impact
on its involved topics. For example, the six references of a
certain paper p are listed in Table I(b), and p’s topic vector
is <206, 71, 260, 251, 244>. Consequently, p’s reference
reputation on the topic 206 is defined as 29+140+122

3 = 97,
while its reference reputation on other topics are all zero since
no references are available.

508



Input

Conference c

Year year

Frequency f

Collect papers!
 in cyear

Collect papers!
 in cyear-f*1

Collect papers!
 in cyear-f*9

Parsing topic trends

Output

Hot topics

Sunrise topics

Sunset topics

Emerging topics

Calculate topic and reputation for each paper!
 Generate topic rank for cyear

Calculate topic and reputation for each paper!
 Generate topic rank for cyear-f*1

Calculate topic and reputation for each paper!
 Generate topic rank for cyear-f*9

Processing

Fig. 1. Framework

B. Key Topic and Key Reputation

Papers are classified, ranked and selected with their key
topics and key reputations. We determine the key topic and key
reputation of a paper based on the following hypothesis. When
writing an academic paper, it is most likely for the authors
to choose the most relevant references, as well as the most
influential references on corresponding topics. And a scientist
is most likely to publish a new paper which is related with
his/her most influential topic, instead of others.

For example, Table I(c) shows the topic vector, the corre-
sponding author and reference reputation vectors of a paper.
Since the maximum reference reputation is 177.3, which means
the references of the paper are most valuable/influential on
the topic 219, we will set the key topic of this paper as
the topic 219. And its corresponding key reputation will be
415.7 + 177.3 = 593.0.

C. Topic Trend and Topic Category

Papers are classified and ranked with their key topics
and key reputations to build the topic rank set TRcyear =
{TRcyear−9∗f , TRcyear−8∗f , ... , TRcyear−1∗f , TRcyear}. With
which, the (positive) trend of a certain topic can be plotted.
For example, the trend of a certain topic t is {-1, 6, 25, -1, 22,
7, -1, -1, -1, 27}, so that its positive topic trend is {6, 25, 22,
7, 27}. Consequently, one longest increasing subsequence can
be {6, 7, 27}, and one longest decreasing subsequence can be
{25, 22, 7}. According to our definitions, if θ is set to be 60%,
t can be classified either into sunset topics or sunrise topics.
Those ambiguous topics are considered as sunset topics, so
that the number of sunrise topics, which are more valuable for
researchers, can be shrank.

IV. EXPERIMENT STUDY

We retrieved the basic information of a paper from DBLP,
such as title, authors, venue, and year, then applied an APPID
from Microsoft Academic Search (MAS) to query the abstract,
keywords, citations and references of each paper in the dataset.
As a result, we built our dataset of 947,160 papers. We
employed Mallet to calculate the topic vector of each paper,
with papers published from 1995 to 2000 for training and
others for inferring.

TABLE IV. PROBABILITIES

Topic Position Maximum Minimum Average
1st 0.6442 0.0033 0.0856
2nd 0.2387 0.0017 0.0286
3rd 0.1400 0.0015 0.0360
4th 0.1140 0.0015 0.0291
5th 0.0839 0.0015 0.0245
6th 0.0648 0.0014 0.0212
7th 0.0570 0.0014 0.0186
8th 0.0463 0.0014 0.0186

A. The Length of Topic Vector

Scanning “call-for-papers” of top conferences in computing
science, the number of latent topics is set to be 300. For
each abstract, Mallet calculates the probability distribution
over topics, and sorts these topics in probabilities from high
to low. We demonstrate the maximum, minimum and average
probabilities on the top eight topic positions in Table IV and
determine the length of topic vector as five.

B. δ for Hot Topics

We selecte several conferences in computer science to
study the value of δ for Hot topic detection. For example,
if δ is defined as 0.6, hot topics in ICML2005 include the
following eight topics: 68, 116, 135, 154, 167, 188, 194 and
274; And if δ is strictly set as 1, there are only two hot topics
in ICML2005, which are 116 and 188.

We define the topics, selected with δ as 0.6, as latent
hot topics. Then we rank these topics by topic semi-partial
order and regard the top five as target hot topics, since it is
appropriate and acceptable to recommend users with 7 ± 2
items at a time. With the definition of target hot topics, we
calculate the corresponding precision and recall for different
values of δ. It is shown that the best value of δ for hot topic
detection is 0.8 to trade-off between precision and recall. Due
to space limitation, we only demonstrate parts of experiment
results here in Table III.

C. θ for Sunrise and Sunset Topics

With similar experiments, we figure out that the best value
of θ for sunrise and sunset topic detection is 0.6 and 0.7,
respectively. Due to space limitation, we can not report the
experiment results and detailed analysis in this paper.
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TABLE II. TOPICS AND KEYWORDS

Topic Keywords(Top 10)
68 agent, agents, multi, multiple, intelligent, intelligence, coordination, distributed, system, systems

116 example, examples, training, learning, machine, artificial, inductive, re-inforcement, hypothesis
135 estimate, estimation, sample, parameter, method, distribution, probabilistic, statistical, density, entropy
154 fast, time, times, speed, efficient, problem, solution, algorithm, approximate, optimal
167 model, models, markov, chain, chains, continuous, discrete, stochastic, hmm, hmms
188 feature, features, classifier, classification, nearest, neighbour, extraction, accuracy, recognition, discriminate
194 match, matching, algorithm, algorithms, pattern, patterns, template, templates, feature, features
274 partition, partitions, decomposition, present, presented, space, spaces, sub-space, dimension, dimensional

TABLE III. HOT TOPIC DETECTION

(a) Different values of delta

Venue Year δ
0.6 0.7 0.8 0.9 1

ICML

2005 194, 274 68, 135, 154 167 116, 188
2006 274 135, 167 116, 188
2007 16, 119, 154, 258, 271 167, 274 135 116, 188
2008 16, 27, 29, 119, 160, 194, 201, 215, 238, 258 154 167, 274 135 116, 188
2009 16, 27, 29, 119, 194, 201, 215, 258 154, 167 135, 274 116, 188

(b) Precision and Recall

Venue Year Top 5 Hot Topics
δ

0.6 0.7 0.8 0.9 1
Precision Recall Precision Recall Precision Recall Precision Recall Precision Recall

ICML

2005 116, 135, 167, 188, 274 0.6250 1.0000 0.6667 0.8000 1.0000 0.6000 1.0000 0.4000 1.0000 0.4000
2006 116, 135, 167, 188, 274 1.0000 1.0000 1.0000 1.0000 1.0000 0.8000 1.0000 0.4000 1.0000 0.4000
2007 116, 135, 167, 188, 274 0.5000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 0.6000 1.0000 0.4000
2008 116, 135, 160, 167, 188 0.3125 1.0000 0.6667 0.8000 0.8000 0.8000 1.0000 0.6000 1.0000 0.4000
2009 116, 135, 167, 188, 215 0.3571 1.0000 0.6667 0.8000 0.6667 0.8000 0.7500 0.6000 1.0000 0.4000
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Fig. 2. Topic Evolutions over Years(ICML, 1996-2010)

V. CONCLUSION

Scholar searching engines and scientific article recommen-
dation systems help researchers to collect relevant papers,
but cannot draw general views over a certain research field.
Existing works study topic evolutions in scientific literature,
however topic trends are not clear enough for researchers to
catch up with academic frontiers. In this paper we proposed
the concepts of topic trend and positive topic trend, and made
the formal and quantitative definitions of topic categories,
including hot topic, sunrise topic, sunset topic, and emerging
topic. We proposed an LDA-based framework to classify topics
of papers in scientific conferences into categories, and study
the best parameters for detecting different topic categories.
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Abstract—The largest energy consumption, particularly 

electricity use, for residential users and service industry is 

attributed to air-conditioning systems. Although novel design can 

yield energy-efficient air-conditioning systems, there is still room 

for reducing energy consumption by the control of their 

operation, especially for those already installed. This study 

presents a slow intelligence framework for energy-saving control 

of air-conditioners without affecting users’ thermal comfort. The 

implementation of the proposed approach to a smart space, and 

the architecture used to integrate the SIS server into the gateway 

as an embedded system, are also described. 

Keywords- Energy saving control; slow intelligence systems; 

wireless sensor networks; embedded systems 

I. INTRODUCTION  

A country's economy and its electricity use are related. The 
continuous growth of economy and the increase of people’s 
living standards have caused a sharp increase in electricity 
demand over the last decade in Taiwan. According to the 
statistics released by the Bureau of Energy, Ministry of 
Economic Affairs (BEME), Taiwan, air-conditioning systems 
are the most energy consuming equipment in a building, 
accounting for 41 percent of the total electricity use of 7.1 
billion kilowatt-hours (kWh) for eleven different service 
industries in 2011 [1]. 

As air-conditioning systems are attributed to the most 
energy consuming equipment, a small percentage of energy 
saving can lead to a significant reduction of the energy use. As 
such, various approaches to energy efficient design have been 
proposed [2]-[5]. In [6], simulations under common scenarios 
for residential buildings were presented to explore a better way 
for energy-saving design. 

In addition to the design of energy efficiency for heating, 
ventilation, and air-conditioning (HVAC) units, energy 
reduction can also be achieved by the control of air 
conditioners [7]-[9]. In [7], the authors investigated four 
different control strategies to examine the energy consumption 
and thermal comfort for an HVAC system in an office building, 
and concluded some strengths as well as weaknesses for each 
strategy. In [8], the authors proposed a demand control strategy 
based on occupancy prediction models. The real time 

occupancy data was derived from a wireless sensor network. A 
review of recent innovative cooling technologies and strategies 
that reduce energy consumption was revealed in [9]. 

There are different cooling types used for air-conditioning 
systems. When chillers are used for cooling to remove heat 
from a space, the adjustment of a chiller with its optimal 
loading can reduce the power demand [10]. This is because the 
power consumption of a chiller is highly affected by its 
coefficient of performance (COP), which is optimal when the 
chiller is operated at or near full load. When the cooling is 
achieved through a simple refrigeration cycle or the free 
cooling process, which is commonly used for residential 
houses and buildings, correct operating settings of air-
conditioners can reduce energy consumption. 

The environmental data such as temperature and humidity, 
and the operating settings of air-conditioners are interactively 
influence. This dynamic characteristic makes the energy-
efficient control of air-conditioners become complex. 
Traditional control methods that work for a fixed operating 
condition suffer some limitations on tackling this problems. 

In this study, an effective control strategy that adopted 
the principles of slow intelligence systems for energy 
saving was proposed. With the proposed approach, the 
reduction of energy consumption can be reached through 
continuous interaction with the environment and evolutionary 
computation that carries out energy-efficient operation. 

The remainder of this article is organized as follows. 
Section 2 introduces the framework of the proposed energy 
saving control system. Section 3 describes communication 
networks and protocols used in this study. Section 4 provides 
experimental results and discussions. Section 5 presents the 
architecture to integrate the SIS server into the gateway as an 
embedded system, which is beneficial to the realization of the 
proposed system as a commercial product. Conclusions are 
drawn in Section 6. 

II. FRAMEWORK OF THE PROPOSED ENERGY SAVING 

CONTROL SYSTEM  

Wireless sensor networks (WSN) consist of spatially 
distributed measurement nodes and a gateway to collect data. 
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The proposed framework for energy saving control adopted 
WSN to transmit data to the slow intelligence system (SIS) 
server, as shown in Fig. 1. The features of WSN include low 
power consumption, good scalability, and ease of 
deployment. The sensor nodes were used to measure 
environmental data and send it to the gateway that provides 
connectivity to the server for further analysis and the 
selection of energy-efficient settings in a real time fashion. 

WSN 

gateway

Air-conditioner #1

Hand-held 

device

IEEE 802.15.4 

Wi-Fi 

RS-485 

 SIS Server

TCP/IP 

Interne

t

Air-conditioner #2

Air-conditioner #n

：

：

WSN sensor 

node #1

WSN sensor 

node #2

WSN sensor 

node #n

User

 
Figure 1.  A framework of communication networks for energy saving 

control. 

For residential air-conditioners, the fan speed and the 
operating mode of compressors are two controllable variables. 
Therefore, the selection of a control strategy for an air-
conditioner can be considered as the search of an efficient 
mode for the fan speed and the compressor according to 
environmental conditions, such as temperature and humidity. 

The control signal for adjusting air-conditioners can be sent 
out by the server or hand-held devices through the gateway that 
provides three different communication interfaces: RS-485, 
802.15.4, and Wi-Fi for wire and wireless connection. 

The Wi-Fi function in the gateway was implemented with 
the CC3000 Wi-Fi module that provides users with an easy 
way to setup a web server. Therefore, any hand-held devices, 
such as smart phones and tablets, can easily access data 
through the connection of socket APIs after login 
authentication. 

In this experiment, we have developed an application on the 
Android platform for monitoring and controlling air-
conditioners. The main functions of the developed application 
include the selection of operating modes, the display and the 
record of operating states as well as power consumption. Fig. 2 
shows a snapshot of the developed app running on a smart 
phone. 

With the proposed framework, the behavior pattern of 
using air-conditioners can be obtained. Behavior patterns 
here refer to a particular way that home appliances were used. 
However, behavior patterns vary from one person to another. 
Even for the same person, the satisfaction with a thermal 
environment may change under different circumstances. 
Therefore, thermal comfort was also taken into 
consideration as an impact factor to evaluate the 
appropriate setting of air-conditioners when considering 
energy-saving control. 

 

 

 

Figure 2.  A screenshot of the developed application running on a smart 

phone. 

To determine a better operating mode of air-conditioners, 
the slow intelligence system was adopted. A slow intelligence 
system is a system that is able to improve its performance over 
time [11]. It consists of multiple decision cycles which can be 
categorized by slow decision cycles and quick decision cycles. 
The actions of the slow decision cycle may override actions of 
the quick decision cycle, resulting in poorer performance in the 
short run but better performance in the long run. 

An appropriate control strategy under perceived sensory 
data can be induced through the evolutionary process of 
enumeration, elimination, and concentration defined in slow 
intelligence systems. At first, a set of rules suggested by energy 
domain experts was stored in the knowledge base to capture the 
features of energy-efficient operation. Examples of the rule set 
are listed as follows: 

Rule #1: If (Temperature >= 26℃) and (Humidity >= 60%) 

and (Number of workers > 0) then (Cooling mode) 

Rule #2: If (Temperature < 26℃) and (Humidity >= 60%) and 

(Number of workers > 0) then (Dehumidifying mode) 

Rule #3: If (Temperature < 26℃) and (Humidity < 60%) and 

(Number of workers > 0) then (Air circulation mode) 

Rule #N: If (Temperature < 26℃) and (Humidity < 60%) 

and (Number of workers = 0) then (Turn on Air conditioners) 

Then, all possible combinations of operating modes and 
fan speeds are listed as candidate control plans, which is the 
process of enumeration in slow intelligence systems. The rules 
stored in the knowledge base are checked to search for the rule 
whose antecedent part matches the perceived sensory data 
readings. Once found, the matching rule is selected, and un-
matching rules are excluded. 

Elimination is the process of ruling out un-matching rules 
to prevent from revisiting a node during the rule matching 
process. This makes the search process more efficient as 
resources are only focused on suitable rules, which is a 
formation of concentration. 

The proposed system is environmental awareness by 
constantly exchanging information with the environment it 
interacts. The operation of air-conditioners could cause the 
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change of the temperature and humidity in an environment, so 
an update of the solution according to environmental data 
perceived by sensors is required, which is the process of 
adaptation in slow intelligence systems. 

During the search of the solution for energy-saving control, 
SIS updates its experience and shares the new information with 
other smart home appliances. For example, SIS can share the 
operating information of air-conditioners with networked 
electric fans, so those fans can turn on or off automatically. 
This is the characteristic of propagation in slow intelligence 
systems. For energy reduction, it is better to turn on electric 
fans to accelerate air circulation than to lower temperature 
settings at the time when an air-conditioner starts to operate. 
This information propagation is achievable over home 
networks in a smart environment. 

III. COMMUNICATION NETWORKS AND PROTOCOLS  

In 2003, a number of major domestic home-appliance 
manufacturers in Taiwan along with Industrial Technology 
Research Institute initiated an organization called Smart 
Appliance Alliance (SAA) dedicated to develop a 
compatible communication platform and test standards for 
smart home appliances. 

Officially approved by SAA, the communication 
middleware SAA.Net is a bi-directional control protocol 
used to bridge the embedded controller in a home appliance 
and the communication module in a smart home appliance 
through Universal Asynchronous Receiver/Transmitter 
(UART) interface, as shown in Fig. 3. The current version 
of SAA.Net is 3.0, which is adopted in this study. The 
protocol stack architecture of the SAA.Net is illustrated in 
Fig. 4. 
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controller

Communication 

protocols (PLC, 

RF, etc)

Communication module

Home control networks
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Figure 3.  The communication interface for the connection of home 

appliances. 

SAA.Net (Smart Appliance Alliance Protocol)

Zeebee Bluetooth Others
Simple Control 

Protocol (SCP)
Lon Talk

Low Power Radio Frequency Power Line Carrier

Service 

middleware

Communication 

middleware

Transmission 

middleware  
Figure 4.  The protocol stack architecture of SAA.Net. 

The Modbus protocol is the most widely used industrial 
control protocol. The format of a message packet, as shown in 
Fig. 5, was defined to integrate a Modbus controller with SAA 
certified home appliances. The client-server configuration was 
adopted to establish the communication link between home 
appliances and the SIS server. 

Fig. 6 illustrates the request and response messages 
between the server and an air-conditioner. Fig. 6 (a) is the 

message for requesting the data at the client side or the air 
conditioner. Fig. 6 (b) is the response message from air 
conditioners to the server. Fig. 6 (c) is the control message 
sending from the server to air-conditioners. Fig. 6 (d) is the 
format of a response message from air-conditioners to the 
server. 
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Figure 5.  The message frame defined in this study for integrating the 

MODBUS protocol with SAA.Net. 
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Figure 6.  Examples of request and response message frames from server to 

air-conditioners.  

IV. EXPERIMENTAL RESULTS  

An inverter split-type air-conditioner with the capacity of 
5.2u kW was used in this experiment. The air-conditioner and 
the WSN modules were installed in a meeting room, as shown 
in Fig. 7. 

  

(a)                (b) 

Figure 7.  The layout of the meeting room for test and evaluation of the 

proposed approach: (a) test environment (b) the installation of air-conditioner 
and WSN modules.  
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The performance test of the air-conditioner used in this 
study was conducted at an enthalpy different laboratory of 
TECO Electric & Machinery Co., Ltd. prior to installation. A 
2.4GHz wireless sensor network was deployed for 
environmental data collection. Table I lists three different types 
of sensors used in this experiment. 

TABLE I.   A LIST OF SENSORS USED IN THIS STUDY. 

Type of sensors Description 

Infrared motion sensor Moving objects detection  

Indoor temperature sensor Indoor temperature detection 

Indoor humidity sensor Indoor humidity detection 

Outdoor temperature sensor Outdoor temperature detection 

 

Fig. 8 shows the operating record of the air-conditioner 
from 8:00 a.m. to 7:30 p.m. for one week. The black bar shown 
in Fig. 8 indicates the machine is in operation. Note that during 
the period from 10:39 a.m. to 11:02 a.m., the attendees in the 
meeting room left for a production line discussion so no person 
presented during this period. The status of the vacant room was 
detected by the infrared motion sensor, causing the SIS server 
to send out a control signal to turn off the air-conditioner. 
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Figure 8.  The operation record of the air conditioner for the period of a week. 

A comparison of energy reduction with the conventional 
control and the proposed approach is listed in Table II. Energy 
reduction around 10% was achieved by using the proposed 
approach. The conventional control of air-conditioners is 
manually set by attendees, who tend to set the temperature at a 
bit lower and raise it when they feel cold. The proposed system 
can adaptively adjust the temperature according to the 
perceived thermal comfort and the rules defined in the 
knowledge base. Additionally, the proposed approach can 
balance thermal comfort against energy reduction. 

TABLE II.  A COMPARISON OF ENERGY CONSUMPTION WITH AND 

WITHOUT THE PROPOSED APPROACH. 

 Power consumption 

(kWh) 

Energy consumption 

(kWh/hour) 

Conventional 

manual control 

13.79 0.919 

The proposed 

approach 

10.87 0.836 

 

V. ARCHITECTURE OF AN EMBEDDED SIS SYSTEM 

The proposed system adopted a simple but effective 
approach, which lends itself easily to be implemented in an 

embedded system. In this section, we presented the architecture 
that can be employed to integrate the SIS server into the 
network gateway as an embedded system on an field-
programmable gate array (FPGA) platform, which is beneficial 
to the realization of the proposed system as a commercial 
product. 

An FPGA is a matrix of configurable logic blocks (CLBs), 
linked to each other by an interconnection network which is 
completely reprogrammable. The use of FPGA in modern 
digital systems has become a common practice. Since FPGAs 
are reprogrammable silicon chips, they can be employed to 
implement the slow intelligence function, which is more 
flexible and can deal with the changes of algorithmic 
parameters. 

With FPGA technology, the computing tasks of algorithms 
in software can then be transformed down to a configuration 
file that contains information on how the logic blocks should be 
wired together. There are two types of CPU cores for the 
design of FPGA: hard core and soft core. A hard CPU core is a 
dedicated part of the integrated circuit, whereas a soft CPU 
core is implemented utilizing general-purpose FPGA logic cells. 
The following description is based on the soft core Nios II, 
developed by Altera Corporation as an example of FPGA-
based system-on-a-chip (SoC). 

A micro control unit (MCU) embedded in the FPGA 
system is used to reduce the complexity of hardware design 
needed for SoC architecture. The Nios II with a real-time 
operating system (RTOS) is used as the built-in MCU, and is 
responsible for data communication and access control. The 
Micrium’s µC/OS-II is selected as the required RTOS. 

The architecture of the hardware-implemented SIS-based 
system is shown in Fig. 9. It consists of modules that 
communicate through an Avalon bus interface. When the 
gateway receives the data transmitted from sensor nodes, it will 
transfer the incoming data through the UART interface to the 
SIS function module. 
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Figure 9.  Architecture of the embedded SIS system implemented on Cyclone 

II FPGA. 
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VI. CONCLUSIONS 

An energy saving approach to the control of air-
conditioning systems based on slow intelligence systems has 
been proposed. The environmental data required for analysis is 
collected by deploying temperature, humidity, and infrared 
motion sensors. A prototype of the proposed system was set up 
in a meeting room at TECO Co., Ltd. for verifying the 
feasibility and effectiveness of the proposed framework. 

Although this experiment has shown some promising 
results, like any research, it still has some limitations. Future 
research based on the results of this study includes the 
following: 

A. Fusion of Heterogeneous Sensors 

Heterogeneous sensors can provide measurements of 
different physical quantities. By combining various sensory 
data, more information could be obtained to overcome the 
weakness of measurement by each individual sensor. For 
example, an acoustic sensor can be used for auxiliary occupant 
detection to overcome the deficiency of motion sensors in the 
detection of people walking in the dead zone. With 
heterogeneous sensors, a more sophisticated SIS-based 
controller with multiple computation cycles may become 
necessary, posing new challenges in its design [12]. 

B. Verification with more field tests 

Although this study has provided a test scenario at a 
meeting room, more experiments can be conducted and 
expanded to different test environments such as residential 
buildings in a long period to obtain practical verification and 
feedback. 
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Abstract – Studies show that the unsatisfactory results in software 

projects are often related to the lack of training and commitment of 

human resources. In this context, this paper presents a proposal 

that integrates the employment of the practices proposed by the 

Personal Software Process (PSP) into the context of project 

management, aiming to support the self-improvement and 

commitment of each human resource, helping to manage their 

individual goals, which contributes to the success of projects as a 

whole. For this purpose, a PSP support component was created and 

integrated into a web project management environment, called 

System to Aid Project Managing (SAPM). The results were 

evaluated in two steps: a comparative analysis between the new 

version of SAPM and PSP support tools available in the market and 

an evaluation by a group of 22 participants, including project 

managers and software developers. The results revealed that the 

component built is broader than other tools, with the differential of 

bringing benefits in the context of project management. 

Keywords - project management; personal software process; 

web-based tool 

I.  INTRODUCTION 

The quality of software development process helps in 

getting a quality product, besides allowing the repetition of 

good results [1]. Therefore, it is necessary to incorporate a set 

of best practices to the software process, among which is 

project management [2]. 

Despite the continuous improvement of managerial 

techniques, the results obtained in software projects are still 

far from the expected. According to the CHAOS study [3], 

42% of completed projects show changes concerning initial 

estimates, 21% are aborted, and only 37% are successfully  

completed and within initial expectations. Among the reasons 

given by the CHAOS study for the low success rate of 

software projects are the lack of training and commitment of 

human resources involved [4]. 

System to Aid Project Managing (SAPM) is a project 

management support web environment initially conceived to 

support management practices [5]. Seeking to contribute to the 

improvement of human resources maturity by encouraging 

them to maintain greater discipline and self-improvement 

during the achievement of their activities, this paper presents a 

component that was integrated into SAPM to support the 

employment of Personal Software Process (PSP), which aims 

at helping software developers to control, manage and 

improve their work [6]. As a result, besides SAPM enables the 

use of best management practices by project managers, now 

each human resource counts on mechanisms to manage 

themselves, which assists in meeting individual goals, 

contributing to the success of projects as a whole. 

The rest of this paper is organized as follows: Section II 

shows an overview of PSP and related works; Section III 

shows the results obtained with SAPM expansion through the 

integration of the PSP support component; Section IV shows 

the results evaluation; finally, Section V shows the concluding 

remarks and proposals for future works. 

II. PERSONAL SOFTWARE PROCESS 

PSP was created by Watts Humphrey to be applied at a 

personal level by software developers aiming at their 

continuous improvement. For this, PSP proposes the division 

of software process into phases and the use of forms to record 

measurements carried out. Additionally, PSP is divided into 

six maturity levels to be achieved in a gradual manner, namely 

[6]: PSP 0 – it maintains the current development process and 

incorporates the registration of the time spent on each task and 

the defects generated; PSP 0.1 – it adds the measurement of 

size of the programs designed and the registration of process 

improvement proposals; PSP 1 – it adds the generation of size 

and time estimates to develop the programs and the creation of 

test reports; PSP 1.1 – it incorporates the creation of schedules 

to aid in the accomplishment of tasks based on estimates; PSP 

2 – it incorporates reviews of codes and of the project; PSP 2.1 

– it adds standard templates to design programs. 

Empirical studies show that PSP provides several personal 

and organizational benefits, such as [6, 7]: decreased rate of 

defects; increase in the productivity; improvement in the 

estimates generated; reduced costs for software tests; increased 

chance of project success as a whole due to the proper 

achievement of the goals established at an individual level. 

Given the benefits from PSP, several related works are 

being developed. One of the research strands conducted aims 

to propose tools to support the improvement of specific 
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aspects related to the increase of human resources productivity 

[8, 9] or improvement of the quality of software products 

developed [10, 11]. Despite the potential of these works, none 

of them enables the integration of PSP into a project 

management environment as SAPM, contributing to the 

success of software projects. 

In addition to research with automation propositions of 

specific activities, several studies have aimed at improving the 

personal software development process as a whole. In this 

context, various studies have proposed computational systems 

to support PSP employment [12, 13, 14, 15, 16, 17]. However, 

most of these proposals do not provide support at all PSP 

levels, or when they do, no implementation support of 

important elements is offered, such as time measurement of 

defects correction and process indicators generation. 

In this scenario, it is possible to note the importance of this 

work, which presents a component to support the 

implementation of all PSP elements with the important 

advantage of being integrated into a project management 

environment, the SAPM. This integration enables human 

resources to act according to their duties in the projects, 

contributing to the achievement of the project goals as a whole. 

III. PSP SUPPORT COMPONENT 

The development of the proposed component started with 

the study of the main PSP guides [6, 18] in order to identify 

the elements and techniques to be supported. Next, the 

requirements were classified and grouped into a new 

component to be incorporated into the SAPM software 

architecture [5]. Finally, after restructuring the SAPM 

software architecture, the identified requirements were 

implemented and integrated with SAPM environment, using 

the following computing resources: PHP, JavaScript and 

HTML; database manager MySQL; Apache web server.  

The model established for SAPM operation is shown in 

Figure 1. As presented in the illustration, the system was 

divided into two access areas. The Managerial Area is 

dedicated to the execution of managerial activities under the 

responsibility of managers and project team members. Its 

functions are presented by Ref [5]. The Personal Area is 

provided by the component proposed by this work and it is 

dedicated to the employment of PSP techniques at a personal 

scope. This model was established in order to avoid the 

overburdening of the software process. Since each team 

member is responsible for the personal application of PSP 

techniques, the project managers remain responsible only for 

management activities. Thus, according to the model, project 

managers will assign activities to team members through the 

Managerial Area. In turn, the team members will receive these 

activities in the Personal Area, where they may manage them 

using the resources provided. 

By accessing the system, a user can select a registered 

project to which it is allocated. At the first access to each 

project, users must define if they want to use PSP support. 

Figure 2 (a) illustrates the main page  of  the Managerial Area,  

 

shown after the selection of a project. In this figure is 

highlighted the main menu item related to PSP. Figure 2 (b) 

illustrates the Personal Area main page accessed by the link 

"Personal Area" in the main menu of SAPM. In the figure 

example, was selected a project in which the user Bob is at the 

last  maturity level of PSP. The users achieve a new PSP level 

when they complete a project applying the previous level, 

which helps them to mature gradually. 

 

Figure 1. SAPM operation model. 

Next, the functions provided in the Personal Area are 

briefly presented according to each PSP level.   

 Level 0 

The main functions  concerning PSP level 0 are: registration 

of programs to be constructed; registration of tasks involved in 

the construction of each program; use of Time Recording Log; 

use of Defect Recording Log; sending programs to test; record 

of completion of tasks and personal programs.  

The register of tasks involved in the construction of 

programs can be quickly performed, since the system allows 

the registration of standard tasks, which can be subsequently 

imported to other programs without the need for typing.  

For the employment of Time Recording Log, the user must 

record the time spent on each task and interruptions occurred.   

The use of the Defect Log Recording, in its turn, enables to 

record the type of each defect found in programs developed 

and the development phase in which such defects were 

injected and removed.  

Figures 3 and 4 show the devices made available by SAPM 

to support employment of Time Recording Log and Defect 

Recording Log, respectively, which operate in the background 

and record the necessary information by means of stopwatches, 

which can be controlled by shortcut keys. In the case of Time 

Recording Log, the only information that the user needs to 

type is a word that describes each interruption. In turn, for the 

Defect Recording Log, the user needs only to select the phases 

of injection and removal of defects, besides the type of defect.  

From the data recorded by Time Recording Log and Defect 

Recording Log, are generated various personal indicators of 

productivity and quality, such as the percentage  of  time spent 

on interruptions and the rate of generation of defects, 

contributing to developers’ self-knowledge, which is one of 

the main goals of PSP 0. 
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                                                         (a) 

 

 

 

 

 

 

 

 

                                                                                                                       (b) 

Figure 2. Main Page of Managerial Area (a) and of Personal Area (b). 

 

Figure 3. Time Recording Log. 

                                                                                                                                                  

Figure 4. Defect Recording Log. 

Also at level 0, users can send for test the files containing 

the source code of their programs, which are made available to 

all testers allocated to the project on a page of Managerial 

Area referring to Quality Management. When a tester accesses 

the program, he has at his disposal the device for the 

employment of the Defect Recording Log. Data on the tests 

performed are stored for the program developer, in order to 

maintain registers that will be used to generate indicators. 

 Finally, users can record completion of each task and 

program. Furthermore, all information collected and generated 

indicators can be viewed on Project Plan Summary, which is 

available at all PSP levels. At each level, new information is 

added to the Summary, as proposed by the PSP. 

 Level 0.1 

  The main functions on  PSP level 0.1 are: registration of a 

coding standard for each programming language; registration 

of  data obtained from  software measurements; registration of 

proposals for improving the process. 

The system provides a page where users can register a 

coding standard adopted for each programming language, 

being possible to upload a file with the existing standard. 

The registration of data obtained from program 

measurements should be done by filling out a form. In the 

specific case of counting the lines of code in a program, 

despite the fact that SAPM does not perform automatic 

classification, the system indicates internet addresses for 

downloading free programs that perform this process. 

 Finally, at level 0.1, the system provides a form to record 

process improvement proposals, which are also stored as 

lessons learned at the Managerial Area. 

 Level 1 

The main functions concerning PSP level 1 are: automation 

of the PROBE method, which aims at generating estimates of 

size and time required for developing programs; record of 

estimated time to accomplish each task; registration of tests. 

Although PROBE method generates estimates very close to 

reality, its implementation requires complex procedures and 

calculations. Therefore, the solution implemented in SAPM 

automates most of the execution of the method, making its 

complexity transparent to the users. The only entries that the 

user needs to provide the system with are: definition of a 

proxy for each programming language, which consists of a 

program component whose size is proportional to the time of 

development [6]; registration of proxy size in programs 

already constructed using PSP levels 0 and 0.1; registration of 

actual size for programs whose estimates were performed 

using the PROBE method. From the record of the actual data 

size, the degree of accuracy of PROBE method increases with 

each new program. 
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From the total estimated time for the development of 

programs, users can establish the estimated time to develop 

each task related to the program. 

Finally, the user can also record program test reports or 

send these programs to be tested by software testers.  

 Level 1.1 

 The main functions concerning PSP level 1.1 are: 

distribution of total estimated time for program development 

between PSP phases; generation of schedule for personal tasks, 

presenting the Cost Performance Index (CPI) and project 

progress; presentation of comparison between  allocations of 

human  resources made by project managers, and the work 

plan established by such resources. 

The distribution of the total estimated time between PSP  
phases is automatically performed based on the historical 
percentage of time spent in each phase. This distribution helps 
users of the system to define the time of each personal task, 
based on the estimated duration of PSP phases. 

From the sequencing of programs and its activities that must 
be performed by the user, the system automatically generates a 
personal schedule for each PSP user, which is represented by a 
Gantt chart. Along with the schedule, it is also presented the 
CPI value and the percentage of project progress, calculated by 
the Earned Value Management (EVM) technique [6]. 

Finally, at level 1.1 is presented a comparative between 
human resource allocations made by project managers and by 
their own human resources, as shown in Figure 5. This 
comparison can direct managers and team members to review 
the estimates made, in case of significant differences. 

 

Figure 5. Comparative: estimates from project manager vs. personal estimates. 

 Level 2 

The main functions concerning PSP level 2 are: record of 
checks performed by means of design review checklist and 
code review checklist; automatic calculation of indicators of 
quality and productivity. 

Users can apply the checklists proposed by PSP for each 
program, recording the items checked in the design review and 
code review phases. 

Finally, the system provides a dashboard to display the 
following indicators on quality and productivity [6]: Defect 
Removal Yield; Defect Density; Defect Rate; Cost of Quality 
(COQ); Defect Removal Leverage; Process Quality Index; CPI; 
Lines of Code/Hour; Time Spent on Interruptions. In addition, 
the system also allows you to view the evolution of these 
indicators along the projects, which helps to assess the 
evolution of personal maturity. In Figure 6, it is illustrated, as 
an example, the COQ and its evolution. 

 

 

 
 

 

 

 

 

 

Figure 6. Example of indicators in the Personal Area. 

 Level 2.1 

The main function concerning PSP level 2.1 is the 
registration of the functional, operational, logical and state 
specification templates for each program, which represent in 
tables, respectively, the class diagram, the use case diagram, 
the pseudo-code and the state diagrams [6]. 

IV. EVALUATION 

Results evaluation was performed in two steps: comparative 
analysis between the new version of SAPM and PSP support 
tools available in the market, revealing a greater breadth of 
SAPM; evaluation of the results by a group of 22 participants, 
including project managers and software developers, which 
demonstrated the benefits offered by the proposed approach, as 
well as detected points to be improved, guiding future works.  

These two steps are presented in the following subsections.  

A. Comparative analysis with other PSP support tools 

This step consisted in the comparative analysis between 
SAPM and six other PSP support tools available in the market, 
namely: Process Dashboard [12]; Jasmine [13]; Hackystat [14]; 
PSPA [15]; PSP.NET [16]; Eclipse Plugin [17].  The selection 
of these tools include the most cited in articles consulted during 
the study of related work. After selection, the requirements to 
be analyzed were defined, which sought to evaluate the scope 
of the support to the elements and practices of each PSP level.  
Such requirements were assessed using an observational 
analysis that considered a range of 0 to 100%, ranging from 25 
to 25%, depending on the coverage offered by the tools to the 
items considered. Thus, if one criterion is assessed with 75% in 
tool A and with 50% in tool B, for example, tool A permits an 
improved approach to this aspect. 

Table III shows the results of the evaluation. As it can be 
seen, in general, SAPM presents coverage equal to or better 
than the other tools evaluated, except for the requirement 
“Measurement and Classification of lines of code”, for which 
the system indicates internet addresses for specific tools that 
may be easily used together with SAPM. 

One of the outstanding points identified is that most tools 
offer little or no support for PSP 1, which is one of the most 
important levels, since it allows to obtain very accurate 
estimates of size and time for software development. Moreover, 
only PSP.NET tool approaches level 2.1. Finally, it is worth 
highlighting that SAPM is the only tool analyzed that is 
integrated into a project management environment. 
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TABLE III.  RESULT OF THE ANALYSIS OF PSP SUPPORT TOOLS 
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PSP 0 

Registration of time and  

defects 

100 100 100 100 100 100 100 

Registration of defect 

type standard 

0 75 0 0 75 0 50 

PSP 0.1 

Registration of coding 

standard 

0 0 0 0 0 0 100 

Measurement and 

classification of lines of 

code 

100 100 100 75 75 75 50 

Registration of process 

improvement proposals 

0 0 0 100 0 0 100 

PSP 1 

Automatic generation of 

estimates 

100 25 25 25 25 0 100 

Registration of test 

reports 

0 25 0 100 50 0 100 

PSP 1.1 

Generation of personal 

schedule 

75 75 0 75 75 0 100 

Automatic calculation of  

project progress 

25 75 0 75 75 0 100 

Automatic distribution 

of time between PSP 

phases 

0 100 0 0 100 100 100 

PSP 2 

Registration of design 

and code reviews 

75 75 25 75 25 25 75 

Generation of quality 

indicators 

100 75 50 50 50 50 100 

Estimation of defects in 

each PSP phase 

75 75 0 0 75 75 100 

PSP 2.1 

Support to design 

specification 

0 0 0 0 100 0 100 

In relation to the points where SAPM did not get 100%, the 
main shortcomings observed were: 

1. Registration of defect type standard: SAPM considers 
only the types of defects proposed by PSP, not allowing the 
registration of other types; 

2. Measurement and classification of lines of code:  SAPM 
does not measure and automatically sorts the lines of code of 
programs built, making it necessary the use of other tools to 
obtain measurements; 

3. Registration of code and design reviews: SAPM 
considers only those items proposed by PSP in the review 
checklists, not allowing the registration of additional. 

B. Vision of SAPM users 

The objective of this stage was to analyze the vision of 
users concerning the contribution of this work. With this aim, it 
was performed a course that counted on the participation of 22 
professionals from small and medium sized software 
development enterprises, being 8 project managers and 14 
software developers. In Figure 7, it  is shown the profile of the 
participants as to the length of professional experience, 
revealing the extent of the selected sample. Despite the 
difference in the level and length of professional experience of 

participants, the answers received during the course presented 
no significant differences. 

 

 

 

 

Figure 7. Profile of participants. 

The course was divided into two parts, performed in 4 
consecutive days with 4 hours a day.  

The first part took place in the first 3 days and consisted of 
the application of lectures that addressed all the PSP elements 
and practices, with the goal of ensuring that all participants had 
knowledge of the process. 

The second part took place on the last day of the course and 
consisted of presenting SAPM, addressing both the Managerial 
Area and the Personal Area, with a focus on PSP support 
functions. 

At the end of each stage of the course, a questionnaire was 
administered to participants. It is observed that the participants 
were not identified in the questionnaires, ensuring an unbiased 
assessment. Also, when starting the second questionnaire it  
was not possible to alter the responses of the first. 

In the first questionnaire, the 14 software developers made 
an overall assessment of the PSP, judging three assertions as to 
the degree of agreement, measured on a scale of 1 (strongly 
disagree) to 5 (strongly agree). The assertions were: Learning 
(L) - A developer who does not know PSP can learn the 
practices in a short time; Simplicity (S) - PSP simplicity 
encourages its use; Motivation (Mo) - I intend to use PSP in 
my routine. 

 Now, the second questionnaire was divided into two parts. 

The first part consisted of the same questionnaire used in the 

first step, in order to verify any changes in the vision of the 

software developers after presenting SAPM. The second part 

sought to determine the view of project managers as to the 

contribution of PSP to the project management, therefore, it 

was answered only by the 8 project managers that participated. 

The following items were evaluated on a scale of 1 (worst 

evaluation) to 5 (best evaluation): Estimate (E) - Aid for time 

estimation of activities; Progress (Pr) - Aid for project 

progress control; Quality (Q) - Aid for project quality control; 

Indicators (I) - Importance of indicators generated. 

 Moreover, at the end of the first and the second part of the 

second questionnaire, open fields were left to describe the 

strengths and weaknesses of SAPM. 

 Figure 8 shows the comparison between the evaluation of 

the statements before and after the presentation of SAPM, 

considering the average of the scores given by the participants. 

Observing the graph, it is clear that there was a strong increase 

in agreement as to the assertions, which allows to affirm that 

participants felt more interested to use PSP due to 

computational support that met their needs. 
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Figure 8. Assessment regarding agreement  with assertives. 

 Figure 9 presents the results for the second part of the 

second questionnaire, answered by managers. Observing the 

graph, it can be seen that the evaluation was very good, since 

all of the queries received average evaluation close to  4,5. 

 
Figure 9. Evaluation of the contribution resulting from the integration of PSP  

into project management. 

 According to software developers, the main strengths 

reported through the open fields were: ease of use of  Time 

Recording Log and Defect Recording Log; ease of generation 

of estimates; agility to generate various types of reports; 

quality of  panel with quality and productivity indicators. As to 

weaknesses, stand out:  lack of automated classifier of lines of 

code; availability only for Mozilla Firefox.  

 Considering the project managers, one of the main 

advantages of the proposal is that the mechanisms provided in 

the Personal Area stimulate human resources to commit 

themselves to the project activities and to the improvement of 

the development process quality, which is a key element for 

the good progress of projects. Additionally, the comparison 

between managers’ and human resources’ estimates helps to 

identify the need for changes in the estimates made at an early 

stage of projects. As a weak point, project managers indicated 

the lack of general indicators that reveal the teams’ average 

behavior based on individual indicators. 

V. FINAL CONSIDERATIONS AND FUTURE WORKS 

 This work presented a proposal that integrates the 

employment of PSP into the context of project management in 

order to contribute to the improvement of human resources 

maturity, which helps in meeting the goals of the projects. For 

this purpose, a PSP support component was integrated into a 

web project management environment, the SAPM. 

 Results were evaluated in two stages. The first stage 

allowed to confirm that SAPM is broader concerning PSP 

when compared to other tools available in the market. The 

second stage showed that SAPM makes users more interested 

in applying PSP, besides bringing benefits in the context of 

project management, such as the support to the identification of 

needs for changes in estimates generated. 

 Although the results obtained were quite favourable, future 

studies will be developed to improve the proposed solution 

concerning weaknesses. Furthermore, in order to contribute to 

the advancement of research in the context of project 

management, data collected through the individual employment 

of PSP will be analyzed to identify indicators that can reflect 

the behavior of the team involved in the project, which should 

be made available to project managers to guide their decisions.   
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Abstract— The teaching of programming and algorithms consists 

in a big challenge, not only in universities but also in schools and 

training centers. Many proposals for stimulating this process 

were made in the last years. Previously to this work we proposed 

a semantic analyzer based on behaviors comparison between two 

programs, the model program and a student program. The 

programs compared are simple 2D games developed by JPlay 

framework. The JPlay was proposed and developed for teaching 

programming and consist on a framework that facilitates the 

teaching of programming. Thus, in order to compare the 

behaviors of two programs we developed a comparison algorithm 

between the classes of the model program and student program, 

resulting in similar pairs of classes. While in a previous work we 

proposed how to combine similar classes of two programs, in this 

paper we show how to analyze similar classes, based on a variable 

behavior strategy. These behaviors are identified based at an 

occurrence scope. Therefore, when behaviors differences are 

identified, our proposed system makes semantical suggestions 

about these behaviors differences found in the student program. 

The teacher adds and edits the suggestions using comments in the 

source code of the model. In this paper, we will also show some 

results of this comparison. 

Keywords- programming; JPlay; knowledge modelling; 

classification; code comparison; teaching; games 

 

I.  INTRODUCTION  

The teaching of programming and algorithms consists in a 
big challenge, not only in universities but also in schools and 
training centers. Studies point to the difficulty of teaching and 
learning the disciplines related to algorithms and programming, 
resulting in high dropout rates in computer courses [13][5]. The 
main reason for this negligence is the difficulty in learning 
abstract concepts of programming [16]. Many proposals for 
stimulating this process were made in the last years 
[3][12][17][4].   

In this sense, the JPlay framework was proposed and 
developed for teaching programming [9][11]. JPlay is a 
framework for facilitating the teaching of programming, 
providing an algorithmic learning process related with the logic 
of simple 2D game development. JPlay does not interfere with 

the structure of basic programing necessary for a correct 
learning of algorithmic logic and does not introduce specific 
features of design patterns or stereotypes of games in the 
source code. The tool allows the students an easy way to draw 
and move images on a computer screen and provides methods 
and objects that help to create 2D games using the Java 
language. 

Previously to this work we proposed a semantic analyzer 
based on behaviors comparison between two programs, the 
model program and a student program. The programs 
compared are simple 2D games developed by JPlay framework. 
Thus, in order to compare the behaviors of two programs we 
developed a comparison algorithm between the classes of the 
model program and student program, resulting in similar pairs 
of classes. Previously, we show how the algorithm combined 
the similar classes of the two programs [15]. In this paper we 
will show how the similar classes will be analyzed. This 
analysis will show more specifics results using a comparison 
algorithm between the variables of same type of each classes 
pair, analyzing its game context instead syntax details and 
based on variables behaviors. Behaviors are identified through 
the analysis of its occurrence scope at the source code, such as 
an assignment, a loop or a conditional usage. Therefore, when 
behaviors differences are identified, the system makes 
suggestions about these behaviors differences found in the 
student program and clues that may indicate a possible 
semantic error. The teacher adds the suggestions in the form of 
comments in the source code of the model program, which are 
automatically captured by our solution. In this paper, we will 
also show some results of this comparison. 

II. RELEATED WORK 

During the process of learning programming different 
techniques can be used for students in addition of learning to 
program with the purpose of acquiring good programming 
practices. The techniques are classified as follows: tests based 
programming, programming pattern, automatic evaluator, 
programs diagnostic systems [13]. 

Based on previous works [7][13], we classify the 
techniques related to programming learning context as follows: 
programming based unit testing, proposals of programming 
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environments, automatic evaluator, analysis of programming 
patterns and automatic depuration systems (intelligent tutoring 
systems and programs diagnostic systems).  

In programming based unit the teacher provides a set of 
specific tests to solve a particular problem and the student must 
build a program that allows the achievement of expected results 
in the execution of all tests [13][17]. The proposals of 
programming environments consist on the fact that some 
development tools were created in order to assist students in 
introductory programming, such as BlueJ and DrJava [12][3]. 

The automatic evaluator is used to help the teachers with 
tasks of activities corrections. The teacher can define 
acceptance tests to be automatically executed after the students 
deliver their programming activities and results of the tests can 
be used to compose the final score the student [13]. We can 
quote the Web-Cat [4] as an automatic evaluation tool.  

The analysis of programming patterns is based on research 
of programming learning suggestions that experienced 
developers solved when looking for previous solutions that are 
related to the new problem and that can be adapted to the ideal 
situation [7]. Thus, the concept of patterns is based on the fact 
that experienced programmers are able of solve new problems 
through the analysis of a previously solved problem. They can 
identify what structure to use, what types of data is involved, as 
well as other ways to solve the same problem, through previous 
experiences that identify solutions [2]. Previous experiments 
contain the basis for Programming patterns, which are solutions 
that often appear in solving computational problems [2]. Thus, 
patterns translating programming strategies created by experts 
can lead to good programming practices. We can quote the 
systems Proust [10] and PROPAT [7] as systems that use the 
strategy of analysis of programming patterns. 

An automatic depuration system is a system that uses 
techniques in order to find and classify components from a 
program. Based on the type of technique used, this may be 
classified as a programming intelligent tutoring systems and 
program diagnostic system.  

Laura is one of the first attempts to build a tutoring system 
for teaching programming and is written in Fortran [6]. Its 
strategy is a comparison between two programs, the model and 
the candidate. The comparison is possible through the 
representation of the model and candidate programs by graphs, 
and its heuristic strategy to identify step by step the elements of 
the graphs [1]. 

We have previously developed a knowledge modeling 
system for semantic analysis of Games [15] and is based at 
learning objectives. It aims to find and to classify possible 
errors that happen in the program. Therefore it can be used in 
order to guide the student about these errors. It has a function 
of interpreting semantically and architecturally a Java program 
developed that uses the JPlay and return results of this 
examination to the programmer. The process consists on a 
comparison between the student program and model program. 
For this, the programmer must select, in his integrated 
development environment (IDE) tool, the model program that 
he wants to use as reference, previously available in a 
repository. Thus, the analyzer is able to interpret semantically 

the program that is being built by the student, may point out 
problems and suggest possible solutions.  

The comparison is based on behaviors of the programs. 
Different behaviors between the model program and student 
program produce suggestions about possible errors in the 
student´s source code.  Thus, in order to compare the behaviors 
of two programs we developed a comparison algorithm 
between the classes of the model program and student program, 
resulting in similar classes pairs. Previously, we show how the 
algorithm combined the similar classes of the two programs 
[15].  

After the selection of similar classes, variables of each pair 
are compared and similar variables pairs are selected. Then, at 
this stage, the analysis shows more specifics results using a 
comparison algorithm between the variables of the same type 
of the pairs of classes. The comparison is based on variables 
behaviors. Behaviors are identified through the occurrence, at 
the source code, of assignments, loops or conditionals 
statements. Therefore, when behavioral differences are 
identified at the student program, the algorithm makes 
suggestions about. The teacher adds these suggestions in the 
form of comments in the source code of the model program. 

A difference is that our proposal is based on a design 
pattern oriented to simple 2D game, following the original 
purpose of JPlay [9][11]. One more important difference 
concerns the comparison between similar variables. In the case 
of Laura, for example, two graphs of the model program and 
candidate program are built and compared. In our work we can 
build a data structure (behavior tree) starting from the 
behaviors of the variable, and compare each of these structures, 
thus obtaining a higher level of granularity in this heuristic 
strategy in order to identify behaviors differences between 
programs. 

III. JPLAY 

Our proposal is based in the JPlay framework. JPlay was 
previously developed with the purpose of teaching computer 
science and algorithms based in game development. In order to 
identify sequential patterns in JPlay architecture, we divide the 
JPlay diagram into three parts: the interaction between game 
and player, characters and output game. 

The classes responsible for interaction between game and 
player are: Keyboard (define input data for the keyboard) and 
Mouse (define input data for mouse). The classes responsible 
for creating the characters of the game are: Animation (defines 
an animation. It must have a picture and their frames. A frame 
is a piece of the picture responsible for the movement of 
animation), Sprite (the Sprite class extends the Animation 
class. The Sprite class contains methods that can make the 
image move across the screen) and Body (the Body class 
extends the Animation class. Like Sprite, the Body class also 
contains methods that can move the image, and beyond these 
methods it adds methods to accelerate and decelerate the image 
across the screen). The classes responsible for outputs in the 
game are: Window (defines a window where all the game 
elements will be drawn), Time (defines a time counter), Sound 
(defines the sound that will be played in the game) and 
Collision (it is a static class, used to check if there was a 
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collision between two objects. The occurrence of a collision 
can be verified using this method in all classes, or by the 
Collision static class). 

Our proposal is based on design patterns of sequence used 
at the JPlay framework. JPlay follows a typical game 
framework pattern: objects, also called as game objects, are 
initially defined. A loop is initiated (also called as a game loop) 
and each iteration corresponds to a frame being produced. In 
this loop all game objects are updated with their corresponding 
logic (coming from an AI algorithm, physic algorithm or even 
from the user interface sequence). Finally, all the elements of 
the game are drawn in the screen.  

IV. SEMANTIC ANALYZER ARCHITECTURE 

 
We propose in this work a semantic analyzer for the code 

being generated by the students. The system is composed by 
many stages and modules, which are illustrated in Fig. 1. 

Basically, the system starts classifying pairs of classes that 
are taken from both the model class, which corresponds to the 
model program (teacher´s program), and student code (1). The 
analyzer then checks if the pairs of classes are standardized 
according to the properties defined by the teacher for each 
exercise, which corresponds to the model program (2).  

Thus, in the standardization phase (2), the student´s code 
must be standardized according to the model program so that 
they can be compared later. Thus, a markers structure must be 
filled in each of the classes of the program model. Each marker 
indicates the characteristics that the class must have to 
implement their behavior. The teacher must inform the values 
of the markers in each of the classes of the program model. 
Then, the analyzer identifies, in the student code, the values of 
the markers of each class. Some of the markers that are used 
are: inheritance, constructor, movex, movey, keyboard, mouse, 
method, game object, main and game loop. Although we define 
basic markers, more specific markers can be defined by the 
teacher. If the standardization is correct for each pair of classes, 
the analyzer starts the comparison process (4), classifying 
variables pairs between pair of classes, otherwise the analyzer 
requests the student adaptations in the code and the process 
returns to the beginning.  

 
Figure 1. Stages of the Semantic Analyzer Process 

 In the case of the JPlay Sequential Pattern (3), if the code is 
correct (a sequence code pattern of the JPlay is a code sequence 
in the program based on JPlay that must always happen when 
the program is correct), the analyzer starts the process (4), 
otherwise the analyzer requests the student adaptations in the 
code and the process returns to the beginning. Thus, after 
process (4), the comparison of behavior trees of each variables 
pairs is performed (5) and the differences between the 
programs is returned to the student. 

V. MODELING AND ANALYSIS OF PAIRS OF SIMILAR 

CLASSES BETWEEN PROGRAMS 

 
Our proposal in [15] affirm that since Badros approach 

allows the preservation of the source code and our method 
needs a subsequent semantic analysis, we initially convert all 
classes from a developed program into a XML representation, 
based on the proposed JavaML method. Due the increase of 
tag’s representation from JavaML 2.0, we ignored this update. 
In order to semantically analyze a code under development, the 
programmer must select in a repository another program which 
will act as a model program for the comparison. The analysis 
consists in compare pairs of classes.  Every class of the 
programmer code and from the program base will initially be 
transformed into XML by the parser. Each XML file will be 
read and interpreted by Java language using Document Object 
Model (DOM) [8].  

After defining the pairs of classes, the comparisons between 
pairs are performed. The goal on this stage consists on 
identifying the pairs of classes that have higher similarity. The 
analysis of similarity between pairs of classes is based on rules 
previously established [15]. The matrix is first initialized with 
its similarity values, represented by the “weight” attribute, 
equal to 0 (zero) in all its elements. Other attributes are 
initialized with null. 

There are specific rules to find the first and second pair. In 
order to classify the first pair of similar classes we establish as 
a single rule that the class contains the “main” method. When it 
finds two classes containing this method, the weight value is 2 
and the “main” attribute value is true.  After, in order to 
classify the second pair of similar classes we establish only one 
rule: if the class contains the game loop. When it finds two 
classes containing the game loop, the weight value is 2 and the 
“gameloop” attribute value is true. The others attributes are 
calculated according to the rules defined in [15] in order to be 
performed more analysis of the student program.  

After the first and second pair of similar classes be 
classified, the analyzer will take the rest of the classes of the 

program to be processed. This classification is performed in 
levels. First, the analyzer will search pairs of classes that 
extend from the same super class. In Fig. 2, for example, the 
“MyBall” class belongs to student program and the “Ball” 
class belongs to model program. During the classification the 
analyzer verifies that the “MyBall” and “Ball” classes extend 
from the same Sprite class. The analyzer verifies the list of 
variables of each one of the classes of the program that extend 
the same super class. In Fig. 3, for example, the “MyBall” and 
the “MyBar” class belong to the student program and extend 
Sprite class, the “Ball” and “Bar” class belong to model 
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program and also extend Sprite class. Then, all the 
combinations between these classes of the two programs will 
be analyzed with the goal of finding the pairs of classes more 
similar. In this step the combinations are performed by 
comparing the lists of variables of each class from the 
programs, as shown in Fig. 4. Each variable list contains the 
variable type and the number of variables of each type. The 
algorithm compares each pair of lists and calculates the 
difference between the values of variables of same type, after 
the similarity weight assigned the value of the sum of the 
results. Then, the pair having the lowest weight is rated as the 
most similar pair. 

Generally the comparison between the lists of variables 
each class does not get full precision. Thus, the results may be 
close to reality, but not entirely correct. In order to obtain 
greater accuracy in the result, the algorithm performs a second 
comparison based on lists of behaviors. At the next 
comparison, the algorithm generates lists of behaviors 
containing the type of behavior and the value of that type of 
behavior. The algorithm compares each pair of lists again and 
then the pair containing the smallest weight is classified as 
most similar pair. At this level, all pairs of similar classes are 
defined, and the pairs classified should be compared. 

At this point, with the aim of comparing the behavior of the 
pairs of classes, variables of the same type in each of the 
classes of the pair should be compared according to their 
behavior and then pairs of variables should be classified. The 
algorithm compares the variables of the same type using a list 
of behaviors and then the pair containing the smallest weight is 
rated as the most similar pair of variables. 

 

Figure 2.  Example of MyBall and Ball classes code that extend the same 
Sprite super class  

 
Figure 3.  Example of classes from student program and model program that 

will be combined  

 
Figure 4. Example of the comparison between MyBall and Ball classes 

After that, similar pairs of variables are defined and 
then analyzed. In order to compare these variables, we propose 
a tree structure, called behavior tree. This structure contains all 
the behaviors of a variable, which in our case we defined as 
“assignment”, “conditional” and “loop”. We build a 
behaviors tree to each variable, and the analyzer compares the 
behavior tree of a variable of a class that belongs to the student 
program with the behavior tree of its similar variable from 
model program. The behavioral trees of both the variables are 
compared, thus when behaviors differences occurs it is possible 
that a probable error of the student program occurs. In this 
point, when behaviors differences are identified in the trees, the 
analyzer makes suggestions about these behaviors differences 
found in the student program and clues that may indicate a 
possible semantic error. The suggestions are defined as 
comments in the source code of the program model. Each 
comment must be entered by the teacher before each behavior 
of variable, thus are automatically captured by our solution as 
suggestions to student. 

An example of the comparison between variables behavior 
trees is shown in Fig. 5 and Fig. 6. The comparison between 
the behaviors trees of variables “b” and “d” show a difference 
in the while behavior. The analyzer must find the difference of 
the conditions between the programs. Finally, it must send 
suggestions to the student describing all the differences 
detected between the behaviors of the classes. 

VI. RESULTS 

In this paper we propose a novel semantic analysis 
approach that checks a JAVA code and guide a student for a 
specific game development, giving clues of possible semantic 
failures, within a game oriented framework.  

 

Figure 5. Example of the behavior tree of  variable “b” in the model program 

 

 

Figure 6. Example of the behavior of  variable “d” in the student program 
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We developed a validation scenario in a classroom with 6 
students of the integrated high school of the Informatics course. 
The students were proposed to develop a “BrickBreak” game, 
using JPlay framework. In this paper, we analyzed the “Ball” 
and “Bar” classes of the 6 codes developed, based on the 
model program developed by the teacher. 

The results analysis presented here are related with two 
levels of analysis (according to Fig. 1): Checking for 
standardization between programs (2) and Comparison of the 
behavior trees (5). We evaluated the results according to 
behaviors expected for each class. The Ball class has two basic 
specifications: it must move in the x and y axis and collide with 
objects. The Bar class also has two specifications: it should 
move through the keyboard control, for both right and the left 
sides and collide with the Ball. 

The results were marked as positive when the analyzer does 
not detect differences between the student program and the 
standardization model and negative when the analyzer detects 
differences between them. For the behavioral trees, we 
evaluated the results as false-positive when the analyzer does 
not detected differences, but the behavior of the object is not 
correct and false-negative when the analyzer detects 
differences but the behavior of the object is correct. It is 
considered, negative when the analyzer detects differences that 
really it exists and positive when the analyzer does not detect 
differences and the behavior of object is correct. Table I 
summarizes the results for the evaluation strategy for the Ball 
class example.  Students 1 and 4 used one method more than 
requested in the standardization of model. The analyzer checks 
the difference between the students program and 
standardization model and prints the following suggestion for 
the student: 

“You probably defined more methods than the necessary.”  

About the comparison of behavior trees, there are 
differences in the program of the students 1, 3, 4, 5 and 6, 
according to Table I. The differences are defined as false-
negative because these differences don’t modify the program 
behavior. Most of the differences in this class refer to 
assignment behaviors and are false-negative results. 

TABLE I.  TABLE EVALUATION FOR THE BALL CLASS 

Student 

Evaluation for the  Ball class 

Status 

program 

 

Analysis according 

with the 

standardization 

between programs 

Comparison of 

behavior trees  

1 

Incorrect 

(with the 

standard 

model) 

Negative False-negative 

2 Correct Positive Positive 

3 Correct Positive False-negative 

4 

Incorrect 

(with the 

standard 
model) 

Negative False-negative 

5 Correct Positive False-negative 

6 Correct Positive False-negative 

Student 1 observations are related with the assignment 
behaviors of variables left and right from the model program 
and the suggestions that will be printed for him are: 

 In the class constructor, initialize the attribute that controls the 
initial movement of the ball to the left or right; 

 In the class constructor, initialize the attribute that controls the 
initial movement of the ball for up and down directions. 

 Modify the movement of the ball if the ball position at the X axis is 
less than minimum limit of the game window and it is going to the 
left. 

 Modify the movement of the ball if the ball position in the X axis is 
greater than maximum limit of the game window and it is going to 
the right. Consider this case the width of the ball. Example: 
maximum limit - width of the ball. 

 Change the direction of the ball if the height of the ball in the y-axis 
is less than minimum limit of the game window and it is going to the 
left. 

 Change the direction of the ball up if the height of the ball in the y-
axis is greater than maximum limit of the game window and is going 
down. 

The students 3, 5 and 6 show a similar situation to the 
student 1. For the student 4, the differences are related to the 
conditional behaviors of the variable “this.width” of the model 
program. The suggestion will be: 

 Define the movement of the ball to the right side. Check which is the 
maximum right margin of the game window (maximum value of the x 
axis). 

The results of the evaluation of the Bar class at the example 
is summarized by Table II: 

TABLE II.  TABLE EVALUATION FOR THE BAR CLASS 

Student 

Evaluation for Bar class 

Status 

program 

Analysis according 

with the 

standardization 

between programs 

Comparison of 

behavior trees  

1 

Incorrect 

(with the 
standard 

model) 

Negative False-negative 

2 

Incorrect 
(with the 

standard 

model) 

Negative False-negative 

3 

Incorrect 
(with the 

standard 
model and 

with the 

behavior) 

Negative Negative 

4 

Incorrect 
(with the 

standard 

model) 

Negative False-negative 

5 

Incorrect 

(with the 

standard 
model) 

Negative False-negative 

6 

Incorrect 

(with the 
standard 

model) 

Negative False-negative 
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The analyzer did not find occurrence of the key words 
“Keyboard” and “keydown” in the programs of all the students, 
according Tab. II. The standardization model has defined JPlay 
objects and methods with these names with the purpose of 
being used to implement the movement of the bar through the 
keyboard control. Students 1, 2, 4, 5 and 6 implemented the 
keyboard control in another class program. Some of them even 
used another JPlay method (called movex()) to accomplish the 
same behavior, that led to the indication of the errors, although 
the behavior of the programs were correct. Then the analyzer 
prints the following comment for the student: 

 Please, check if you defined the movement of the bar through the 
keyboard control. 

In the analysis of the behavior trees of students 1, 2, 4, 5 
and 6 there are differences in all the behaviors of the variables 
of the Bar class comparing with the model program, because 
the analyzer could not mount pairs of similar variables, thus all 
the comments associated will be printed as simple suggestions 
for the student. 

In the special case of the student 3 (three), the program 
behavior is actually incorrect, because the bar is not moving 
properly. Thus, it is not possible compare variables, form pair 
of variables and compare the behaviors trees. Then the 
following comments are shown as suggestions:  

 “Define the movement of the bar to the right through the use of the 
keyboard using the KeyDown() method. Check which is, in the game 
window, the maximum value of the right margin.”  

 “Increase the movement of the bar on the x axis, making the bar 
moves to the right.” 

 “Define the movement of the bar to the left through the use of the 
keyboard using the KeyDown() method. Check which is, in the game 
window, the minimum value of the left margin.” 

 “Decrement the movement of the bar on the x axis, making the bar 
move to the left.” 

VII. CONCLUSION 

This paper presents a novel heuristic strategy based in a 
analyzer that, interpreting semantically a JPlay code, guide a 
student for a specific game development process. Although our 
implementations and tests are related to JPlay framework, our 
proposal can easily be adapted to other program patterns. 

  The goals of the analyzer are to interpret semantically a 
Java program that uses JPlay and return results of this analysis 
to the student. Our proposal brings significant contributions to 
researchers working in the field of programming education and 
software engineering, specifically in relation to the knowledge 
modeling, having as main contributions the architecture for 
classification of similar classes and the definition of the data 
structure (behavior tree) starting from the behaviors of 
variables. Our paper also contributes in the sense that 
introduces a tool able to semantically interpret code built by 
students, returning results, pointing out problems and 
suggesting solutions.  

The results of the comparison of behavior trees show that 
the analyzer is not able to be totally accurate, but is able to 
make a suggestion closer to the truth to the student. The results 
of analysis according with the standardization between 
programs are most accurate, how much more standardized the 

student program, will be found less inaccuracy on comparison 
of the behavior trees.  

As future work we intend to improve the efficiency of the 
algorithm and obtain more results comparisons. Also, as future 
work, we intend to develop a tutoring interface in order to 
manage the results received by the analyzer and the 
communication with the student.  
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Abstract—Influenced by web 2.0 and cloud computing, web 

applications such as online modeling tools and web-based IDE 

develop rapidly. They are important for Software Engineering 

education because practice is crucial for students to get better 

understanding of the concepts introduced in class. However, 

most of these web applications are designed for individual 

usage, lacking support for real-time interactions. To solve this 

problem, we develop and demonstrate an Online Synchronous 

Education Plugin (OSEP), which is based on web-based 

operation record and replay. On one side, OSEP supports basic 

synchronous and interactive education on existing non-

interactive web applications by high-fidelity record on the 

lecturer’s terminal and self-adaptive replay on the observer’s 

terminals. On the other side, OSEP ensures reliable, orderly 

synchronization and interaction by replay smoothing and 

latecomer controlling. In case study, we illustrate how OSEP is 

used in the real-time interactive education of online UML and 

web-based IDE teaching, which verifies the feasibility of the 

online synchronous education method for Software 

Engineering via web-based operation record and replay. 

Keywords-Web applications; Software Engineering Education; 

Operation Record and Replay; Online Synchronous Education 

I. INTRODUCTION 

With the development of web 2.0 and cloud computing, 

online education based on web browser develops rapidly. 

Software Engineering education also benefits from this trend, 

and more and more web-based platforms, tools and web 

applications are developed to aid the teaching process. 

From 2012, MOOC (Massive Open Online Course) [1] has 

been increasing dramatically around the world such as edX, 

Coursera and Udacity. By connecting to the Internet with a 

browser, any student around the world can easily access 

resources on MOOCs, such as high-qualified video lectures, 

instant-feedback tests and interactive user forums. However, 

practice is a crucial factor in Software Engineering education, 

and MOOCs are short of web-based supporting tools  for 

interactive practice, such as interactive designing and coding.  

With the development of HTML5 and CSS3, web 

applications are more and more complicated due to its 

graphical features. The concept “graphical” here has two 

implications: one directly refers to web graphics such as 

online UML modeling, and the other refers to Graphical User 

Interface (GUI) of web applications  such as web-based IDE. 

These web applications are helpful for students to practice in 

Software Engineering course. However, most of them are 

designed for individual usage, so the lack of interaction makes 

them difficult to serve synchronous purpose. Re-development 

for interactive purpose is possible but costly. 

From the introduction and analysis above, we can see that 

current online education platforms or web applications seldom 

support real-time interactive synchronization for education 

purpose. In this paper, we develop OSEP (Online 

Synchronous Education Plugin) to address this problem. 

Rather than re-development, OSEP adds synchronous feature 

into existing non-interactive web applications in an innovative 

way by recording each web-based operation of the instructor 

and replaying identical operation on the browsers of students 

in real time. Also, the instructor can authorize different 

students to display their operation to realize interaction among 

participants. Moreover, the whole process is recorded during 

the synchronization and it can be reviewed afterwards. 

The rest of this paper is organized as follows. Section 2 

introduces the related work. Section 3 demonstrates the 

architecture of OSEP. Section 4 presents the implementation of 

browser-side and server-side of OSEP. Section 5 introduces 

case study by two scenarios: online UML teaching and web-

based IDE teaching. Section 6 presents concluding remarks 

and future work. 

II. RELATED WORK 

Remote desktop technique, such as Virtual Network 

Computing (VNC) in the Linux environment and screen 

sharing system DisplayCast [2], enables a computer to share 
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screen with or remotely control another computer over a 

network. Although remote desktop technique supports  

interactions in some degree by operating on the same 

computer among participants , it is not suitable for education 

purpose because: (a) students can only observe the process 

but not practice on them individually since the content cannot 

be copied automatically to their own computer; (b) latecomers 

may miss previous teaching process since they can only 

follow the screen of instructor in real time; (c) the process is 

not reusable since it can be only saved as a video, and if a 

student wants to reproduce the process and practice on the 

contents after class, he can only rebuild the contents  on the 

browser step by step by watching the video. 

Most of current collaborative web applications do not 

support particular graphical features in Software Engineering 

education. Google Docs [3] is a web-based office suite 

platform supporting collaborative editing on documents 

among different users in real time, but it does not support 

collaboration in complicated graphical operations. Shared 

white boards [4] support simple graphical drawing during 

brain-storm, but they are not suitable for more complex 

graphics and environments in education. 

Our research team has put forward a method of operation 

record and replay technique and created an IDE-based 

interactive tutorial tool called SmartTutor [5, 6], which permits 

instructors and learners to edit tutorials on demand and create 

interactive tutorials. But it is based on Eclipse and does not 

support tutorials on web-based tools, so we further develop 

web-based operation record and replay techniques. 

Web-based record and replay techniques are developed in 

some researches, but most of them are not suitable for online 

education purpose. CoScripter [7] is a system that allows 

users to capture, share, automate, and personalize business 

processes on the web. WaRR [8] is a tool that records and 

replays the interaction between users and modern web 

applications with high fidelity. However, these researches 

focus on form processing, such as buttons, check boxes and 

text fields, lacking support for graphical features such as 

capturing and automating of scalable vector graphics  (SVG). 

Also, they do not support real-time interaction between 

learners in different places to finish a collaborative study. 

Different from existing record and replay techniques, our 

approach features on “self-adaptive replay” and “real-time 

collaboration”. To the best of our knowledge, our approach is 

the first approach that supports online synchronous 

education for Software Engineering by using web-based 

record and replay technique. 

III. THE ARCHITECTURE OF OSEP 

OSEP is composed of two modules: the graphical web 

operation record and replay module ensures that operations 

on graphical elements can be captured and reproduced during 

synchronization, and the interactive synchronization control 

module enables interactions among participants (See Fig. 1). 

Lecturer and observer are two kinds of roles in the system, 

where the lecturer is the one who gets  the display authority 

and the observer is the one who observes the operations from 

the lecturer in real time. An instructor, initially acts as the 

lecturer, can designate different students as lecturers in 

different time to realize interactive education. 

A. Graphical Web Operations Record and Replay 

 Since graphical web applications are more complicated than 

normal web pages due to moving, editing and resizing of web 

graphics and operations on GUI, more sophisticated record 

and replay technology is required. 

1) High-fidelity record 

When recording users’ actions on normal web pages, we 

can only record crucial events such as “mouse click” and 

“keyboard input”, but for actions on graphical web pages, we 

need to capture more detailed events with high fidelity such as 

“mouse move” and “mouse over”. Raw events recorded, 

however, are abundant and non-semantic, so we need to 

encapsulate and optimize them. 

There are three stages in high-fidelity record. (a) In 

capturing stage, raw events are captured by adding event 

listeners on browser. (b) In encapsulating stage, raw events 

are tailored to high-level operations, e.g. a combination of 

“mouse down”, “mouse move”, “mouse up” events on the 

same element can be encapsulated into a “drag and drop” 

operation. An operation can be described as <A, L, P>, in 

which A means crucial attributes set, L means location 

sequence and P means operation type. In the previous 

example, A = {a | a = coordinate attributes of target element}, 

L = [ DOM location sequence of target element ], P = “drag 

and drop”. (c) In optimizing stage, we filter redundant 

operations such as continuous duplicated “mouse move” 

events on the same target element. 

2) Self-adaptive replay 

For reusable purpose, recorded operations should be 

replayed on different terminals and at different time, and this 

feature is termed as “self-adaptive”. Due to heterogeneous 

environments of different terminals, the replay should adapt to 

the differences of screen size, resources loading speed and 

even versions of browsers. Due to different time points of 

record and replay, the website may be updated and the replay 

should adapt to insignificant changes of the website. 

There are three stages in self-adaptive replay. (a) In 

positioning stage, target elements are selected from the DOM 

tree according to crucial attributes set A and location 

sequence L from <A, L, P>. (b) In resolving stage, high-level 

operations are reverted back into browser-level events 

Figure 1. The Architecture  of O SEP 
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according to operation type P from <A, L, P>. (c) In executing 

stage, appropriate event dispatch APIs are chosen to execute 

browser events according to current version of the browser. 

To ensure “self-adaptive” feature, target elements are 

selected based on similarity metric aiming to adjust changes of 

website. The similarity is measured by two factors: content 

similarity and structural similarity. The process can be 

described as the following four steps. 

a) Filter candidate elements 

Given a recorded element description X = <A, L>, element 

tag is obtained from attributes set A, and we select elements 

with identical tag from DOM tree as candidate elements. For 

each candidate element Y, it can be described as Y = <B, M>, 

where B and M denote attributes set and location sequence 

respectively. 

b) Calculate content similarity score 

Crucial attributes set A of recorded element X can be 

described as a vector: A = (a1, a2, …, an), where ai (i=1,2,…,n) 

is an attribute of element. Also, for each candidate Y, its 

corresponding attribute vector is B = (b1, b2, …, bn). To 

calculate similarity score of A and B, we can use Minkowski 

distance to describe the difference, and then convert it to 

similarity. With dimension coefficient of 1, the distance is 

defined as 

 

The distance d(A,B) is standardized, if each of the attribute 

pair distance |ai-bi| is standardized with a range of [0, 1] . 

Three types of attributes are involved: nominal type, numeric 

type and string type. 

For nominal type, the value is enumerable in DOM, such as 

“id”. Specially, a Boolean type attribute lies in this category 

whose value limits to “true” of “false”. The handling is 

straightforward that the attribute pair distance is 1 if both 

values are the same or 0 if they are different. 

For numeric type, the value is a number with unlimited range. 

Distance can be measured by their absolute value of their 

difference, but it should be standardized within range [0, 1]  

by exponential or reciprocal conversion. 

For string type, the value is an array of characters. To 

calculate the distance between two strings, we use 

Levenshtein distance (or editing distance) as measurement [9]. 

It is defined as the minimum number of single-character edits 

(insertions, deletions or substitutions) required to change one 

string into the other. With dynamic programming, it can be 

implemented with time complexity of O(n
2
). Also, to 

standardize the result, we divide the distance by the larger 

length of the strings to limit the range to [0, 1] . 

Table 1 summarizes the standardized distance of three 

attribute types introduced above. After distance is computed 

for each attribute pair, we can get content distance of X, Y, and 

their content similarity: 

Content-Similarity(X, Y) = 1 - d(A, B) 

c) Calculate structural similarity score 

If the website updates in replay stage, some structural 

changes of DOM tree may occur. For example, in web-based 

IDE, some new projects may have been established after the 

record stage, so the project list in replay stage may be 

different. In this case, it is probable that the sub-tree structure 

of the selected project shrifts from one node to another node, 

and the location sequence of target element should not 

change dramatically. 

We calculate the structural similarity by measuring how two 

location sequences are alike, or namely the similarity of L and 

M from X and Y. Similar to content similarity, Levenshtein 

distance is used as the measurement. However, it differs that 

we are comparing DOM tree nodes rather than string 

characters. The key here is that how to judge whether two 

nodes are identical. Although we can use the content 

similarity model as above, it is time-consuming when DOM 

tree are large. Under insignificant changes assumption, we 

compare only tag names, node indices and the most important 

attributes such as “id” and “type”. In practice, it is much 

faster and the performance is very close to the content 

similarity model. 

The structural similarity is calculated as: 

Structural-Similarity(X, Y) =  
 

d) Select the most similar element 

For each candidate element Y, calculate content-

similarity(X,Y) and structural-similarity(X,Y), which are 

denoted as C and S respectively. Since tag names of X, Y are 

the same, we can allocate specific weights WC and WS 

according to different tags and calculate the weight-average 

similarity score: 

Similarity(X, Y) = WC *C + WS*S 

Elements such as <input>, <a>, <img> are more identifiable 

by their attributes, thus we allocate more weights on C than S 

(WC >WS). Likewise, elements such as <div>, <span>, <td> 

distinguish from others mainly based on their structural 

features, so we allocate more weights on S than C (WC <WS). 

The candidate element with the highest score is regarded as 

the identical one to the recorded element.  

3) Applicable scope 

The technology of graphical web operation record and 

replay is applicable to websites with “manifest” DOM 

structure such as SVG (Scalable Vector Graphics). If a website 

TABLE 1. STANDARDIZED DISTANCE O F 

THREE ATTRIBUTE TYPES 

Attribute Type  Nominal  Numeric String 

Value  Enumerable (-∞, +∞) Array of characters 

Examples 
id, checked, 

readonly 

clientX, 

height 

href, src, value, 

innerText  

Attribute Pair 

Distance  

d (ai, bi) 

 

1 (ai=bi) 

0 (ai≠bi) 

 

OR 

 

 

Range [0, 1] 
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is developed using flash or HTML5 canvas whose internal 

structure is not manifested as DOM, the technology is 

unsuitable due to lack of adaptability among different 

terminals. Besides, the replay is “self-adaptive” only if the 

changes of websites are insignificant. If a website has 

changed dramatically since recorded, i.e. the layout and 

content both update to a brand new version, it is necessary 

for users to start a new record stage on this “new” website. 

B. Interactive Synchronization Control 

In the process of interactive teaching, synchronous control 

mechanism is required to ensure that normal participants as 

well as latecomers can take part in the online class regardless 

of heterogeneous network environment. 

Two issues are crucial to interactive synchronization control: 

server-push and disconnection. 

Server-push techniques [10], such as polling, Comet, Server-

sent event or HTML5 WebSocket, are required to ensure 

timely synchronization. There are some open-source 

frameworks that support these techniques, such as Pushlet for 

Servlet and Socket.IO for Node.js. 

Disconnection occurs when networks or systems are 

unstable. Although it may be partially solved by some server-

push frameworks using the store-and-forward strategy, some 

problems are unsolved in the particular education scenario. 

Based on graphical web operation record and replay 

techniques, two related disconnection issues must be 

addressed. 

1) Replay Smoothing 

Ideally, whenever an instructor acts on the website, the 

operation is recorded on the record-side, broadcast via the 

server and replayed on the browsers of the replay-side in real 

time. However, delay or disconnection may block the 

broadcast and when it resumes, the recorded operations 

crowd in the replay-side. Without data buffering and replay 

speed control, problems of disordered replaying, unclear 

displaying or other unexpected errors (such as resources 

loading speed is slow in replay-side, and operations are 

executed before resources are loaded) may occur. Therefore, 

we should adjust differences in server-push speed and replay 

speed, and the process is termed as “replay smoothing”. 

The problem is abstracted similar to the classical “producer-

consumer” model in the Operating System field, where the 

producer is network-receiving module, the consumer is  replay-

executing module, and products are operations . However, 

there are four differences in our case: (a) operations  (products) 

are ordinal and should be replayed in correct order; (b) 

network-receiving module (producer) should confirm the 

operations and send back requests if operations are missing; 

(c) the buffer is unlimited in size since JavaScript objects are 

extendable; (d) most importantly, producer and consumer 

cannot block each other in context of multithreading because 

JavaScript is non-blocking. 

Although HTML5 WebWorker enables thread features in 

JavaScript, it is still in development and some browsers may 

not support it. Therefore, we develop a modified “Producer-

Consumer” model under non-blocking and event-driven 

assumptions of JavaScript. The producer and the consumer 

are independent, and they communicate by global variables. 

Global variables include next, denoting the index of next 

operation to be replayed, buffer of operations array, and 

interval, denoting polling interval of consumer which is 

introduced in the following. 

The receiving module (producer) is driven by server-push 

events. When new operations are received, they are stored in 

buffer. If buffer[next] is still empty, a request is sent for 

fetching the missing operations due to disconnection or delay. 

The replaying module (consumer) is driven by “setTimeout” 

events, where “setTimeout” is a mechanism provided by 

JavaScript that a callback function is triggered after a given 

time interval on non-blocking basis. By triggering itself, the 

function is actually under a polling process. To increasing 

efficiency, in practice, we start by setting the polling interval 

as 100 millisecond and scales up to a maximum of 1000 

millisecond if there are no new operations. Otherwise, it resets 

to 100 millisecond and starts the polling process again. 

The schematic diagram of modified “producer-consumer” 

model is shown as Fig. 2, and the algorithm is shown as 

algorithm 1. 
 

Algorithm 1:  Modified “Producer-Consumer” Model 

// Global Variables 

next ← 0 

buffer [] ← ∅  

interval ← 100 ms 

// Producer procedure 

PROCEDURE onReceive (opt, bgnInx, endInx) 

INPUT: Received operations opt, Beginning index bgnInx  

and Ending index endInx 

put_buffer(opt, bgnInx, endInx) 

IF  buffer[next] is empty AND  next < bgnInx 

    THEN request_server(next, bgnInx -1) 

// Consumer procedure 

PROCEDURE tryReplay() 

IF Page is ready AND buffer[next] is not empty 

       THEN execute_replay(buffer[next]) 

                next ← next +1 

Figure 2. Schematic Diagram of Modified “Producer-

Consumer” Model  
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                    interval ← 100 ms 

            ELSE   interval ← min ( interval *2, 1000 ms); 

setTimeout ( tryReplay, interval ) 

2) Latecomer Problem 

As mentioned in [11, 12], a latecomer can be treated as an 

observer that has been disconnected s ince the beginning of 

the session, and it can be handled by store-and-forward 

strategy. Two modes can be chosen by the latecomer to catch 

up with current progress: the fast replay mode enables 

latecomers to review all historical operations in an accelerated 

speed, while the content replication mode skips non-crucial 

operations by replicating content directly in forms of DOM 

sub-tree in order to catch up the teaching process as soon as 

possible. An algorithm of HTML tree-matching based on 

editing distance is introduced in [13], which is adopted to 

address the sub-tree matching issue. At present, the function 

“Latecomer control” is still under construction. 

IV. IMPLEMENTATION 

A. Browser Side 

The browser side of OSEP is developed as a Chrome 

Extension (http://developer.chrome.com/extensions/), which 

allows developers to add some functions into Chrome without 

diving deeply into native code. The OSEP extension is 

composed of two parts: content-script and console. The 

content-script part, embedded in the original Chrome window, 

captures raw events in record stage and plays back reverted 

events in replay stage. The console part, shown as a separate 

window, provides user interface and connects to server. Both 

parts are implemented in JavaScript and jQuery 

(http://jquery.com/), and they communicate with each other by 

message channel APIs of chrome extension. 

B. Server Side 

The server side of OSEP is developed as a HTTP server 

built on Node.js (http://nodejs.org/), a platform built 

on Chrome's JavaScript runtime for building fast, scalable 

network applications. The event-driven, non-blocking I/O 

features makes it lightweight and efficient, perfect for data-

intensive real-time applications that run across distributed 

devices. To implement server-push and client-pull techniques, 

we use Socket.IO (http://socket.io/) which aims to make real-

time web apps possible, blurring the differences between the 

different transport mechanisms. As built-in audio chatting tool 

is also required for better communication purpose, we use 

WebRTC (http://www.webrtc.org/) to support Real-Time 

Communications (RTC) capabilities  on web browser via simple 

JavaScript APIs. 

V. CASE STUDY 

In case study, we will present how OSEP is used to 

implement synchronous education in Software Engineering 

class. GUI of OSEP is shown in the left part of Fig. 3 and figure 

3. Students can participate in synchronous education with 

teachers in the “Online Classes” page, access and load 

historical recorded classes in the “Resources” page, and 

replay the loaded class and reproduce teaching process in the 

“Scripts” page. 

Imagine that a teacher is giving an online course to 

students in different branch schools of the same university, as 

well as students around the world. When confronted with 

some complicated and practical problems  in software 

engineering class, the teacher may use OSEP to interact with 

students online. Two scenarios of software engineering 

teaching are illustrated as follows. 

A. Online UML Teaching 

When teaching object-oriented method, the teacher may 

feel more straightforward and distinct if he uses online UML 

applications to display the modeling process. He chooses 

GWT UML (https://code.google.com/p/gwtuml/), an open 

source online UML modeling tool on Google Code. As GWT 

UML is implemented in HTML5 SVG techniques, OSEP is 

capable of supporting the synchronization on it. 

The teacher starts by creating a class diagram, creates and 

renames several classes, and then adds relationships among 

them (See Fig. 3). While the teacher is operating on the 

graphics, students can observe identical graphical status  by 

automatically replaying the same operations  on their browsers. 

Some students are late when they join the class, and they can 

choose to synchronize the teaching process with: the fast 

replay mode where teachers operations are recurred step by 

step; or the content replication mode where the teacher’s 

current graphics are sent and replaced in the terminals of 

latecomers. 

If the teacher wants to interact with students, he can pause 

and authorize a student to play the role of “lecturer”, and the 

student’s operations will be synchronized and displayed on 

other terminals simultaneously. Also, the teacher can 

designate another student to operate and display on the 

existing model to support interaction. Finally, when the 

synchronous teaching ends, a student can continue to 

practice on the online UML modeling application, which is not 

supported by remote desktop techniques. 

B. Web-based IDE Teaching 

When teaching Computer-Aided Software Engineering 

(CASE), the teacher may use more concrete examples to 

illustrate the advantages of using IDE to develop software. He 

chooses Cloud 9 (https://c9.io/), one of the most popular free 

 

Figure 3. O nline UML Teaching Scenario 

(As shown in both teacher-side and student-side) 
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online IDEs. Although cloud9 itself supports real-time 

collaborative editing in the editor among users just like Google 

Docs, the operations on other GUI elements such as menus 

and menu items cannot be synchronized and displayed. One 

of the similar work focusing on collaboration in a web IDE is 

introduced in [14], but it is customized and not extendable. 

Instead, OSEP enables the record and replay of GUI elements, 

and is suitable for education. 

The teacher starts by showing how to develop a project 

using various tools on the IDE by simply operating on GUI. In 

the process of configuring, coding, compiling, testing and 

running the software, some operations can be complicated and 

time consuming. When the teacher clicks the menu, opens a 

new dialogue, edits parameters, submits the modification, 

creates a new file, right-clicks, chooses “rename”, edits new 

name and so on, students can observe all these operations  so 

that they can learn how to develop software step by step (See 

Fig. 4). 

When the teaching process is  finishing, the teacher can 

save the recorded operations as a tutorial and share it to 

students as after-class study material. Also, students can use 

the tutorial to configure a new project automatically by 

replaying operations on GUI, which is not supported by 

remote desktop. 

VI. CONCLUSION 

We can conclude that OSEP supports synchronous and 

interactive education for Software Engineering on graphical 

web applications, which verifies the feasibility of the 

synchronous education method based on graphical web 

operation record and replay. In future work, we would further 

improve latecomer control to make OSEP more suitable for 

usage of synchronous education. 
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Abstract
This paper describes a dimensionality reduction process to forecast
time series events using stochastic models. As well as the KDD
process defines a sequence of common steps to achieve useful in-
formation through data mining techniques, we propose a sequence
of steps in order to estimate the probability of future events through
stochastic modeling. Our process focus on reduce the dimension-
ality of data, thus reducing the effect of the common problems in-
volved in stochastic modeling, such as the state space explosion and
the large modeling efforts to create such models.

1 Introduction
Stochastic modeling can be a natural option to predict system
behavior. This system can be a process that represents
basic situations or even complex nature events. Either way,
a good model can deliver interesting probabilities about
system events for its past, or even its future.

However, modeling is a non trivial task that requires a
specialist on the domain that have a good knowledge about
the scenario to be modeled. Other problem frequently faced,
with stochastic models, is the state space explosion that
causes a limit of states, thus, a limit of data to be modeled.

The amount of data in the world, in our lives, seems to
go on and on increasing [32], and as the volumes of data
increase, it increases the difficulty of handling these data.
One of the problems most frequently faced is the difficult to
detect information among such large amounts of data. These
informations are lost because it is hard for a human being to
see the patterns and relations among such abundant data.

To cope with this problem, specialized data mining
algorithms retrieve information that are practically invisible
to our perception. Although the information is revealed, it
is not yet knowledge, since knowledge must be obtained by
rationally processing the extracted information. Aiming to
formalize the steps commonly used to reach the knowledge
through data mining, there are some well defined processes
in the literature, as for example the knowledge discovery in
databases (KDD) described by Han et al. [17]. Although
this process is well consolidated and often used as a guide
for knowledge discovery, instead of describing the path to
discover knowledge, it seems to have been created to cover
the steps that usually come before and after data mining.

In the context of our paper we focus on a specific
case of KDD, which is the forecast of future events in
time series databases. Therefore, we propose the use of
stochastic modeling techniques as steps of the proposed
process, information about events is a common trade in
stochastic models. Specifically, we simulate and analyze a
formal state-based model of the system in order to retrieve
probabilities for future events (and states) of the targeted
system.

In a rough comparison. as well as KDD shows a set of
steps commonly used to prepare data for data mining, here
we describe a process that shows useful steps to prepare data
for stochastic modeling. These steps aim to decrease the time
spent to develop models, coping with state space problem
and reducing the chance of human mistakes while manually
developing complex models.

This paper is organized as follows: the next sections
describe this paper background: Time series and Stochas-
tic modeling formalisms; The fourth section puts this work
in perspective with pre-existent techniques; The fifth section
describes the proposed process; Section 6 illustrates the pro-
posed process with some numerical result obtained applying
it to pre-existent datasets; Finally, the conclusion summa-
rizes our contribution and suggests future works.

2 Time Series
A popular method to represent and analyze data is time series
(TS) [8, 21, 31]. Given the ease of use, modify, compare
and analyze data; TS became very popular in many fields
of sciences such as statistics, economy, biology, geography,
seismology, engineering, communication, machine learning,
etc. A TS is characterized as a collection of data spread in
time. Formally, a TS S can be defined as follows:

S = [(p1, t1),(p2, t2), ...,(pk, tk), ...(pn, tn)](2.1)

where (t1 < t2 < ... < tk < ... < tn)

In this representation, pi is the data corresponding to the
i-th observation, and ti is the time when pi was observed. In
such way, a TS can be visualized in two axis, one with the
data representing pi, and other with the time passage from
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t1 to to tn. Despite of that, since the data associated to each
observation can be be related to a complex information, TS
are essentially high dimensional data [17]. In fact, TS can
be employed to describe very complex structures like fossil
shapes, molecules, geological materials, etc. [34, 18].

In order to enhance the ease of storage, to facilitate
human analysis, and to be flexible to many domains, TS
had became a global trending for representation of data.
Consequently, the constant use of TS in different areas and
the growth of machine learning, brought researchers to new
challenges related to TS.

We can highlight such challenges according to the main
goals of TS analysis: modeling and forecasting [17]. In
modeling, researchers try to improve efficiency by reducing
the impact of the dimensionality factor and by improving
measurements techniques. In forecasting, researchers try
to predict future situations, e.g., weather forecast, traffic
behavior, etc.

One of the big problems related to TS is how to im-
prove modeling efficiency being TS generally a data stream-
ing [31]. Aiming to solve this problem, in the last decade,
many methods to represent TS have been created [25, 8, 20].

3 Stochastic Modeling
Stochastic modeling is the art of representing the behavior
of a system by describing its states and transitions. One of
the most common among such formalisms are the Markov
chains. Given an initial state, even a simple discrete-
time Markov chain can be used to forecast future states
by achieving probabilities for each possible state for the
next n steps [29]. These steps are given by the Chapman-
Kolmogorov equation. Being P a probability matrix:

P(m)
i j = ∑

all k
P(l)

ik P(m−l)
k j f or 0 < 1 < m(3.2)

Being a classic formalism, Markov chains are easy to
handle and use to perform quantitative analysis. Unfortu-
nately large volumes of data tend to generate huge models
that are hard to handle using an ordinary Markov chain (state
space explosion). In such cases, the use of a structured for-
malism as Stochastic Automata Networks (SAN) [24, 7] may
reduce this problem impact.

SAN is a formalism that describes a complete system
as a collection of subsystems that interact with each other
in a Markovian behavior. The main advantage of SAN is
that we can represent very large and complex system in a
human understandable model that has an equivalent Markov
chain model. Figure 1 exemplifies a SAN model with two
automata and its equivalent Markov chain.

SAN formalism uses synchronized events and func-
tional rates to build the system. Once a model is ready, with
few automata it can be equivalent to a giant Markov chain. In
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x1

x3
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a1 b1

x2

x4

Figure 1: SAN model example with 2 automata and its
equivalent Markov Chain.

addition, the tensor format of SAN makes possible the use of
specialized algorithms [15, 10, 11] which are more efficient
than those used for solving large Markov chains [10, 11]. A
complete SAN model is represented by a SAN code that can
be executed [6] to generate a set of probabilities, including
those which may be generated in a Markov chain.

Recently we successfully created a SAN model to rep-
resent and predict classes in geological events [1]; a different
approach that returns results much similar to a data mining
classification. Due to the processes of analysis and data col-
lection, this model took much time to be created. However,
even high dimensional data can be transformed into TS, and
then, into a string that can be transformed both into a SAN
model or into a Markov chain.

4 Dimensionality Reduction and Forecast
Both research areas, TS and stochastic modeling, have an in-
teresting thing in common; they both have many applications
that are useful for knowledge discovery. The use of TS for
data representation and forecasting is presented in a myriad
of works [9, 26, 23, 22, 4]. Despite such abundant material,
is also frequent to found the use of Markovian models to
predict states in complex scenarios [13, 35, 28, 5, 16, 1, 14].
In this work, we use these both techniques trying to profit
from the knowledge on TS modeling and stochastic predic-
tion through Markovian models.

Using stochastic modeling techniques, we can retrieve
accurate probabilities about a given system or event. How-
ever, the “state space explosion” makes it hard to scale
models to real application size problems [30, 29]. In TS
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there is a similar phenomenon, the well-known “curse of di-
mensionality”, which is the subject of many works in the
area [25, 8, 21].

Actually, these two problems are different views of a
same phenomenon, since the background limitation is the
fact that it is easy to describe a large number of points
of view (several dimensions), but the reality that needs to
be handled is the Cartesian product of the data from all
this points of view, i.e., we model focusing on the parts,
but the model must be handle as a whole. Among the
approaches to tackle this problem, we are interested in
this paper in dimensionality reduction [21] and structured
modeling formalisms [7].

Several techniques have been developed to represent
TS in order to reduce the difficulty of processing high
dimensional data. Here, we are interested in techniques
that have two characteristic: 1) the representation must be
symbolic; 2) the representation must be flexible in length.
Among this techniques, for experiment purposes, we use
Symbolic Aggregate approXimation (SAX) [21].

SAX is a solution to reduce the dimensionality of a TS
both in length (it reduces the number n of observations)
and in data space (it aggregates the values of pi). Also,
it generates symbolic data that can be used to generate
stochastic models on an automated way. The next section
presents the process, and the basic phases to obtain the
stochastic model, and then, the data forecasting through its
transient and steady states analysis.

5 Proposed Process
Instead of work directly in mathematical models to slight
improve some stochastic formalism, we focus on a process
that reduces the data dimensionality before these data goes
into the model. Instead of use a limited set of algorithms to
forecasting in TS, we focus on adapt these data to work with
advanced stochastic algorithms.

In order to achieve it, we carefully select the most use-
ful techniques to represent and reduce the dimensionality of
a given dataset, as well as, powerful methods that allow us
to perform quantitative analysis under the generated data.
Thus, this process aims to achieve a set of useful probabili-
ties directly from a dataset using the minimum human effort
and minimizing the effects of “state space explosion".

Figure 2 shows a simplified flow diagram of the pro-
posed process. Each picture represented at the bottom part
of this figure is a set of data; and each term written at the top
part of this figure is a task of the process. Next, we describe
each step of the process, which is basically composed by a
task and its resultant data .

5.1 Data Selection Given a database, the first step begins
with Data Selection. The Data Selection described here is
very similar to the data mining Data Selection step; the data

DATABASE

DATA

SELECTION

TIME SERIES

DATASET

TS

REPRESENTATION 

METHODS

CODER
SM

SOLUTION

SYMBOLIC 

DATA

STOCHASTIC MODEL

TRANSIENT/STEADY

STATE PROBABILITIES

Figure 2: Process Phases

must be analyzed aiming to retrieve the desired TS. After this
step, a set of TS is achieved.

5.2 TS Representation This step performs the dimen-
sionality reduction of the dataset. One by one, the TS goes
to SAX which performs a dimensionality reduction using
Piecewise Aggregate Approximation [8]. Then, SAX gen-
erates the symbolic data.

5.3 Coder In big data, coding is the process of tagging
terms using an identifier that is assigned to every synony-
mous term in the data [3]. This step has a similar objec-
tive; although, instead of grouping terms, symbolic data are
grouped into states. Thus, this step is the connection be-
tween TS output and the solution of the SM. In other words,
Coder is the step responsible to get the symbolic data gen-
erated by TS representation and transform it into a SM. As
seen in the Figure 3, the symbolic data is a collection of N
symbols that represents N levels of a given TS; thus, repre-
sented by: S = [a,b,c,d, ...Ω] the symbolic data generated
(D) can be formalized as: Di = {s ∈ S}.

Figure 3: Classes and symbolic data generated for Coffee
dataset, an example of TS dataset.

Once we have the symbolic data, it is possible to auto-
matically create the SMs. Basically it is performed by get-
ting the frequencies of changes for each class in a symbolic
data.
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Given three hypothetically TS, Q,S and T and its repre-
senting symbolic data w(Q),w(S) and w(T ), each one com-
posed by classes from a to j. The coder calculates the fre-
quency of changes for each possible combination, e.g.:

a→ b,a→ c, ... ,a→ j

b→ a,b→ c, ... ,b→ j

... , ... , ... , ...

j→ a, j→ b, ... , j→ j

Each frequency is turned into a percentage value that is
used as a transition rate for the automata. Also, each set of
symbolic data turns in one automaton. In this scenario, we
will have a SAN composed by three automata created from
w(Q), w(S), w(T). Having each one 10 states, e.g., a,b, . . . , j,
our SAN model will be limited to 1000 reachable states,
which is almost instantaneously to solve with current SAN
algorithms.

5.4 Stochastic model solution In this step, the code gen-
erated is used to create and solve a stochastic model. These
stochastic models can be either, Markov chains, SAN or any
other Markovian formalism. We develop a tool to make au-
tomatically create Markovian models from a symbolic data;
furthermore, there is a work in progress to automatically gen-
erate SAN code [2]. Once that we have a SAN model, SAN
solvers like PEPS [6] and SAN Lite-Solver [27] can deliver
steady state and transient solutions through specialized algo-
rithms [15, 10, 11].

Despite the high complexity of the stochastic model
solution algorithms, it is possible to understand the way
those solutions deliver their results considering the following
simple example. Let us consider a stochastic model with
states A,B and C. Given the probabilities:

A B C
A. to 0.3 0.1 0.4
B. to 0.2 0.8 0.4
C. to 0.5 0.1 0.2

A transient solution can be derived applying Chapman-
Kolmogorov Equation [29] we shall achieve the following
probabilities to be in each state for the next step:

A B C
A. to 0.31 0.42 0.27
B. to 0.15 0.70 0.15
C. to 0.24 0.48 0.28

Finally the steady state solution is computed considering
an infinite number of steps. In our simple example it results
in the following values:

A B C
A. to 0.2 0.6 0.2
B. to 0.2 0.6 0.2
C. to 0.2 0.6 0.2

6 Experiments and Results
The main goal of the experiments is to measure model
accuracy. Thus, aiming to avoid data bias, we chose different
kinds of public datasets to test our process. A sample of four
synthetic datasets were randomly picked from [19]: Coffe,
Symbols, WordsSynonyms, and ItalyPwrDemand. A sample
of four, real world, economy datasets were collected from
Brazilian market activity stock [33]: petr3, bbas3, brfs3, and
vale3. Paris Temp was collected from [12]; as a real world
dataset, it represents the Paris monthly temperature from Le
Bourge station. Finally, for a more controllable scenario,
we made a synthetic dataset that describes a sound-wave
reducing its amplitude over time: WaveDS.

For each dataset, we reserved 80% to training, and
20% to test the output. The probabilities is given by two
basic analysis: transient states and steady state. We use 42
transient states to predict next values; we also use 10 symbols
for each dataset and a variable value to the dimensionality
reduction. This is specially useful because many datasets
have a high density of values, in the TS Representation step,
many near points in the X axis for a light change in the Y
axis.

Considering the high impact of external factors, we need
to create a controllable experiment aiming to check if the
model is generating coherent results. For such task, we had
to set an input that we already had an expected output. This
dataset, called WaveDS, construction is depicted in Figure 4.

Figure 4: Synthetic dataset, WaveDS.

Clearly, we can see that tending to infinity the value of
the wave should be 0. The expected flow for this experiment
is the sequence:

1. SAX reads the TS and returns the corresponding sym-
bolic data, being “a" the class close to −20 and “j" the
class close to 20.

2. The Coder reads the symbolic data, calculate the prob-
abilities and creates the stochastic model.

3. The model must return a very high steady state percent-
age chance for the classes close to 0.
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The three steps had worked as expected; the experiment
returns a high percentage values for the steady state in
classes “e" and “f" that represents values close to zero,
48.63% and 48.03%, respectively. This experiment shows
that the expected sequence was performed and the process
has worked as expected.

The same approach was performed for all other datasets.
For the synthetic datasets the output match with the expected
classes, although 2 in market datasets the expected class
was the second and third with higher percentages. This
was expected, because there are many fluctuations on the
market datasets that are very difficult to predict using only
the historical data.

From all datasets tested, we divided nearly 80% to run
in our process and 20% to test the output. For the datasets
Symbols and WordsSynonyms, we had no significant changes,
i.e., the steady state for all classes was achieved in the
very beginning, and the value became close to the original.
In Paris Temp dataset, we found two high scores for non
adjacent classes, i.e., classes that cannot be agglutinated into
one because they are non contiguous. Although, for the other
datasets our quantitative analysis was accurate with the test
part of the dataset.

All experiments results are show in Table 1. In this
table is indicated the name of the dataset, the probabilities
of the more frequent classes, and a general indication if
the experiment prediction was accurate ("X" indicates an
experiment with a correct prediction, i.e., the predicted class,
"†" indicates otherwise).

Dataset Predicted probabilities Accuracy
Coffee j: 94.28% X

Symbols f: 12.51%; g: 11.94% X
WordsSynonyms i: 29.51%; j: 29.01% X

ItalyPowerDemand i: 40.21%; j: 42.54% X
petr3 b: 18.68 % X
bbas3 b: 45.37% X
brfs3 b: 55.80% X
vale3 a: 37.30% †

Paris Temp c: 21.55%; i: 25.08% †
WaveDS e: 48.63%, f: 48.03% X

Table 1: Probabilities and classes found for each dataset
("X" indicates accurate and "†" indicates inaccurate).

For dataset Paris Temp the problem seems related to the
bimodal characteristic of the data, since two non adjacent
classes (c and i) were the more frequent ones. Dataset vale3,
however, seems to be a more complex case and it deserves a
deeper analysis in the future.

7 Conclusion
We successfully created a process that drives us into a next
step to forecast data with high dimensionally. Our process is
capable of making stochastic predictions through Markovian
models coping with the curse of dimensionality. Our tests
shows that the new process created is useful to reduce
the data dimensionality and perform forecasting through
stochastic models. Also connecting the best techniques in
the literature we were able to automate the steps that usually
demands time and effort from specialists.

More than forecasting, this process provides a new
way to perform data mining tasks in high dimensional data.
Now we are able to use Makovian models to knowledge
discovery with a large amount of data, due to the curse
of dimensionality it was infeasible before. This brings us
to new challenges, once that we have a large amount of
algorithms to solve problems using stochastic models.

In the implementation front, the next step is to generate
the SAN code through the Coder, thus we can save time
performing multiples executions due to the SAN format and
the large variety of the algorithms already implemented in
the SAN tools [6] [27]. This certainly will bring us more
performance to make more tests and use the model into new
scenarios, such as big data.

Other possible application is the real time prediction for
streaming data. A dimensionality reduction can be applied
online generating SAN code to be solved in real time, thus
predicting next states.
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Abstract—Software metrics and fault data are collected during the
software development cycle. A typical software defect prediction model is
trained using this collected data. Therefore the quality and characteristics
of the underlying software metrics play an important role in the efficacy of
the prediction model. However, superfluous software metrics often exist.
Identifying a small subset of metrics becomes an essential task before
building defect prediction models. Wrapper-based feature (software
metric) subset selection uses a classifier to discover which feature subsets
are most useful. To the best of our knowledge, no previous work has
examined how the choice of performance metric within wrapper-based
feature selection will affect classification performance. In this paper, we
used five wrapper-based feature selection methods to remove irrelevant
and redundant features. These five wrappers vary based on the choice of
performance metric (Overall Accuracy (OA), Area Under ROC (Receiver
Operating Characteristic) Curve (AUC), Area Under the Precision-Recall
Curve (PRC), Best Geometric Mean (BGM), and Best Arithmetic Mean
(BAM)) used in the model evaluation process. The models are trained
using the logistic regression learner both inside and outside wrappers.
The case study is based on software metrics and defect data collected from
a real world software project. The results demonstrate that BAM is the
best performance metric used within the wrapper. Moreover, comparing
to models built with full datasets, the performances of defect prediction
models can be improved when metric subsets are selected through a
wrapper subset selector.

I. INTRODUCTION

Software metrics collected are often associated with defects found
during pre-release as well as post-release. Software defect prediction
models are built based on these software metrics and fault data.
Subsequently, the quality of currently under-development program
modules is estimated, e.g., fault-prone (fp) or not-fault-prone (nfp).
The models help to reduce software development effort and produce
highly reliable software. Software defect prediction has been a high-
focus area of research in the software engineering community [1],
[2], [3], [4]. Defect predictors are often used by software quality
practitioners in guiding them to intelligently allocate limited project
resources toward program modules that are likely to have poor quality
and reliability. A practical challenge faced by these practitioners is
the selection of the right software metrics prior to building a defect
predictor. Selecting the right static code metrics prior to building a
defect prediction model has many benefits, including removing noisy
attributes, reducing the set of software metrics to use, and perhaps
even improving defect prediction performance [5]. Feature (software
metric) selection algorithms (which select a subset of features from
the original dataset) are often used to reduce the original feature set
down to a subset containing only the most important features.

In this paper, we evaluate the wrapper-based feature subset selec-
tion method: classification models are built with logistic regression
(LR) and feature subsets are selected according to their predictive
capability, which are measured by a performance metric. We used

five different performance metrics: Overall Accuracy (OA), Area
Under ROC (Receiver Operating Characteristic) Curve (AUC), Area
Under the Precision-Recall Curve (PRC), Best Geometric Mean
(BGM), and Best Arithmetic Mean (BAM). In total, we had 5 subset
evaluators each based on the LR learner and using one of the five
performance metrics. We assessed these wrapper-based feature subset
selection methods by building classification models with the selected
feature subsets and evaluating them with the five performance metrics
(OA, AUC, PRC, BGA, BAM). When building a defect prediction
classifier, we used ten runs of five-fold cross-validation, along with
five-fold cross-validation within the wrapper process.

The experiments of this study were carried out on nine datasets
from a real world project. These datasets are further divided to three
groups with different levels of imbalance. There are three datasets
in each group. We compared model performance on the smaller
subsets selected by the wrapper-based feature subset selector. We
also compared the classification performance on the smaller subsets
of attributes with those on the original dataset. Results demonstrate
that when BAM is used inside the wrapper, models built with the
selected feature subset have the best performance, while PRC gives
the worst performance.

The key contributions of this research are:
• Implementation and investigation of the wrapper-based feature

subset selection technique. Although five performance metrics
and one learner are used in the study, other performance metrics
and learners can be used.

• The use of imbalanced data from real-world software systems.
Such an extensive range of wrapper-based feature selection
along with imbalanced data for software quality prediction is
unique to this study.

The rest of the paper is organized as follows. We review relevant
literature on feature selection in Section II. Section III provides
detailed information about the wrapper-based feature selection, per-
formance metrics, learner, and cross-validation methods used in our
study. Section IV provides a description of the software measurement
datasets used and presents empirical results of our study. Finally, in
Section V, the conclusion is presented and the suggestions for future
work are indicated.

II. RELATED WORK

Feature (attribute) selection is an important preprocessing step
in the area of data mining and machine learning. Researchers and
practitioners are interested in which feature subset is important
in the model building process when high-dimensional datasets are
considered. Specifically, feature selection seeks to reduce the number
of features by targeting an optimum subset of features and removing
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the rest of the features from further consideration during subsequent
analysis. The idea is that the features that are not being considered are
either irrelevant to the problem at hand or redundant when compared
to the features within the optimum subset. Guyon and Elisseeff [6]
outlined key approaches used for attribute selection, including feature
construction, feature ranking, multivariate feature selection, efficient
search methods, and feature validity assessment methods. Hall and
Holmes [7] investigated six attribute selection techniques that produce
ranked lists of attributes and applied them to several datasets from
the UCI machine learning repository. Liu and Yu [8] provided a
comprehensive survey of feature selection algorithms and presented
an integrated approach to intelligent feature selection.

Feature selection techniques can be separated into two categories:
filter and wrapper. Filters are algorithms in which a feature subset
is selected without involving any learning algorithm. Wrappers are
algorithms that use feedback from a learning algorithm to determine
which feature(s) to include in building a classification model. Wrap-
per methods differ from filter-based feature selection in that they use a
learner when evaluating the features, either separately or as subsets. In
this study we focused on wrapper-based feature selection. Typically,
wrapper-based feature selection uses subset evaluation, which looks
at the possible subsets of features and tests them for their ability to
differentiate between the classes. It should be noted that in order to
test each possible subset, one would have to perform 2n − 1 tests
(there is no point is testing an empty set) where n is the number
of features. Search algorithms can reduce this space significantly,
they do not resolve the problem of necessitating many evaluations,
however.

Very limited research exists on wrapper-based feature subset se-
lection in the software quality and reliability engineering domain.
Chen et. al. [9] have studied the applications of wrapper-based feature
selection in the context of software cost/effort estimation. They
conclude that the reduced dataset improved the estimation. Rodrı́guez
et al. [5] applied attribute selection with three filter models and two
wrapper models to five software engineering datasets. It was stated
that the wrapper model was better than the filter model; however,
that came at a very high computational cost. Their conclusions
were based on evaluating models using cross-validation. Their work
is very limited since the same performance metric was used both
inside and outside the wrapper. Although they performed ten runs
of ten-fold cross validation for final classification, when performing
wrapper feature selection (within the cross-validation process), the
goodness of the wrapper learners was evaluated against the exact
same data used to train them. In our work, we evaluate five wrapper-
based subset evaluators, with these wrappers differing based on the
choice of performance metric used in the model evaluation process
inside the wrapper. We used five-fold cross-validation to build the
learners within the wrapper, in addition to ten runs of five-fold
cross-validation used to evaluate our overall classification models:
within every run and fold of external (classification) cross-validation,
we perform separate folds of internal cross-validation to evaluate
subsets of features inside the wrapper. We also evaluate our final
classification models using the five different performance metrics,
and our choice of datasets enables us to study three different levels
of class imbalance. An extensive comparative study of feature subset
selection techniques is very unique to this paper, especially within
the software engineering community.

III. METHODOLOGY

In this study, we focus on wrapper-based feature subset selec-
tion techniques and apply these techniques to software engineering

datasets. Five performance metrics are used to evaluate the models
built during the wrapper selection process giving a total of five
different wrappers. The final classification models are also evaluated
using these same five performance metrics. Logistic Regression is
used to build classification models both inside and outside the
wrapper.

A. Classifier

Classification is used to build a model that can accurately classify
instances. The goal is to build a model which minimizes the number
of classification errors. The first step of classification is to build a
classification model that can describe the predetermined set of data
classes, and in the second step, the classification model is evaluated
using an independent test dataset. In this study, the software quality
prediction models are built with logistic regression [10] both inside
and outside the wrapper. Logistic Regression (LR) [10] is a statistical
technique that can be used to solve binary classification problems.
Based on training data, a logistic regression model is created which
is used to decide the class membership of future instances. LR was
selected because of its common use in software engineering and other
application domains, and also because it does not have a built-in
feature selection capability. We use default parameter settings for the
learner as specified in WEKA [11].

B. Wrapper-based Feature Selection

Filter-based feature selection techniques have been studied ex-
tensively in the past [12]. By comparison, very little research has
been focused on wrapper-based feature selection. The wrapper-
based feature selection methods employ some predetermined learning
algorithms (classifiers or learners) to evaluate the goodness of the
subset of features being selected. The performance of this approach
relies on three factors: (1) the strategy to search the feature space for
possible optimal feature subsets; (2) the learner; and (3) the criterion
to evaluate the classification model built with the selected subset of
features.

Suppose a large set of n features is given, we need to find a small
subset of features for future model building. Inspecting all candidate
subsets (2n) is impractical. There are some strategies that can solve
the problem. One way is to use a search algorithm to generate the
possible feature subsets. Based on preliminary experimentation, we
chose the Greedy Stepwise approach, which uses forward selection to
build the full feature subset starting from the empty set. At each point
in the process, the algorithm creates a new family of potential feature
subsets by adding every feature (one at a time) to the current best-
known set. The merit of all these sets are evaluated, and whichever
performs best is the new known-best set. The wrapper procedure
terminates when none of the new sets outperform the previous known-
best set.

During the search process, classification models are built using
a potential feature subset and using the performance of this model
as a score for the merit of that subset [13]. For our experiments
the wrapper process uses five-fold cross-validation: the training set
is divided into five equal folds (partitions), a classifier is trained
on four folds, then tested on the last (fifth) fold. This process is
repeated five times, and the results are averaged to give the merit of
the potential feature subset. In this study, logistic regression is used
within the wrapper-based feature subset selector. The classification
model is assessed on the performance of the model based on five
different performance metrics (Overall Accuracy (OA), Area Under
ROC (Receiver Operating Characteristic) Curve (AUC), Area Under
the Precision-Recall Curve (PRC), Best Geometric Mean (BGM),
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and Best Arithmetic Mean (BAM)). All five performance metrics
associated with each potential feature subset are obtained.

C. Performance Metrics

In a two-group classification problem, such as fault-prone and
not fault-prone, there can be four possible prediction outcomes:
true positive (TP), false positive (FP), true negative (TN) and false
negative (FN), where positive represents fault-prone and negative
represents not-fault-prone. The numbers of cases from the four sets
(outcomes) form the basis for several other performance measures
that are well known and commonly used for classifier evaluation. We
used five of them for the wrapper-based feature subset selection in
this study. They are:

1) Overall Accuracy (OA): It provides a single value range from
0 to 1. It can be obtained by |TP |+|TN|

N
, where N is the total

number of instances in the dataset.
2) Area Under ROC (Receiver Operating Characteristic) Curve

(AUC): It has been widely used to measure classification model
performance [14]. AUC is a single-value measurement that
ranges from 0 to 1. The ROC curve is used to characterize
the trade-off between true positive rate (defined as |TP |

|TP |+|FN| )
and false positive rate (defined as |FP |

|FP |+|TN| ). A classifier that
provides a large area under the curve is preferable over a clas-
sifier with a smaller area under the curve. A perfect classifier
provides an AUC that equals 1. It has been shown that AUC
has lower variance and is more reliable than other performance
metrics (such as precision, recall, or F-measure) [15].

3) Area Under the Precision-Recall Curve (PRC): It is a single-
value measure that originated from the area of information
retrieval. Precision and Recall are two widely used performance
metrics in the context of classification tasks. The closer the area
is to one, the stronger the predictive power of the attribute [16].
The PRC graph depicts the trade off between recall and
precision. A classifier that is near optimal in AUC space may
not be optimal in precision/recall space.

4) Best Geometric Mean (BGM): The Geometric Mean (GM) is
a single-value performance measure that ranges from 0 to 1,
and a perfect classifier provides a value of 1. GM is defined
as the square root of the product of true positive rate and true
negative rate (defined as |TN|

|FP |+|TN| ). It is a useful performance
measure since it is inclined to maximize the true positive
rate and the true negative rate while keeping them relatively
balanced. Such error rates are often preferred, depending on the
misclassification costs and the application domain. The Best
Geometric Mean (BGM) is the maximum Geometric Mean
value that is obtained when varying the threshold between 0
and 1 [17].

5) Best Arithmetic Mean (BAM): The Arithmetic Mean is just
like geometric mean but using the arithmetic mean of the true
positive rate and true negative rate instead of the geometric
mean. It is also a single-value performance measure that ranges
from 0 to 1. The Best Arithmetic Mean (BAM) is just like the
BGM, but using the maximum arithmetic mean that is obtained
when varying the threshold between 0 and 1, instead.

D. Cross-Validation

In the experiments, we use ten runs of five-fold cross-validation
to build and test the final classification models. That is, the datasets
are partitioned into five folds, where four folds are used to find the
appropriate feature subset and train the classification model, and the
model (using the chosen feature subset) is evaluated on the fifth. This

TABLE I
SOFTWARE DATASETS CHARACTERISTICS

Project Data #Metrics #Modules %fp %nfp
E2.0-10 208 377 6.1% 93.9%

Eclipse-I E2.1-5 208 434 7.83% 92.17%
E3.0-10 208 661 6.2% 93.8%
E2.0-5 208 377 13.79% 86.21%

Eclipse-II E2.1-3 208 434 11.52% 88.48%
E3.0-5 208 661 14.83% 85.17%
E2.0-3 208 377 26.79% 73.21%

Eclipse-III E2.1-2 208 434 28.8% 71.2%
E3.0-3 208 661 23.75% 76.25%

is repeated five times so that each fold is used as hold out data once.
In addition, we perform ten independent repetitions (runs) of each
experiment to remove any bias that may occur during the random
selection process. In total, 50 training subsamples are generated for
each dataset. Note, feature selection is performed inside of this cross-
validation procedure. That means, wrapper feature selection is applied
to each of the training subsamples. Furthermore, the one run of
five-fold cross-validation discussed in Section III-B is in addition
to these ten runs of five-fold cross-validation: within every fold of
external (classification) cross-validation, we perform separate folds
of internal (wrapper) cross-validation, to evaluate the quality of our
feature subsets. In addition to the models built during the wrapper
process, a total of 2700 (9 datasets × 5 wrappers × 10 runs × 5 folds
cross-validation + 9 datasets × 10 runs × 5 folds cross-validation)
final classification models are trained and evaluated during the course
of our experiments. The classification results reported in the next
section represent the average across these ten runs of five-fold cross-
validation.

IV. EXPERIMENTS

A. Experimental Datasets

The software metrics and fault data for this case study were
collected from a real-world software project, the Eclipse project [18].
We consider three releases of the Eclipse system, where the releases
are denoted as 2.0, 2.1, and 3.0. In particular, we use the metrics
and defects data at the software package level. We transform the
original data by: (1) removing all nonnumeric attributes, including the
package names, and (2) converting the post-release defects attribute
to a binary class attribute: fault-prone (fp) and not fault-prone (nfp).
Membership in each class is determined by a post-release defects
threshold t, which separates fp from nfp packages by classifying
packages with t or more post-release defects as fp and the remaining
as nfp. In our study, we use t ϵ {10, 5, 3} for release 2.0 and 3.0,
while we use t ϵ {5, 4, 2} for release 2.1. These values are selected
in order to have datasets with different levels of class imbalance. All
nine derived datasets contain 208 independent attributes (software
metrics). Releases 2.0, 2.1, and 3.0 contain 377, 434, and 661
instances respectively. A different set of thresholds is chosen for
release 2.1 because we wanted to maintain relatively similar class
distributions for the three datasets in a given group. Table I presents
key details about the different datasets used in our study. The three
groups of datasets exhibit different class distributions with respect
to the fp and nfp modules, where Eclipse-I is relatively the most
imbalanced and Eclipse-III is the least imbalanced.

B. Experimental Design

We first used five wrapper-based feature subset selectors (LR +
one of five performance metrics) to select the subsets of attributes.
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TABLE II
PERFORMANCE SUMMARIZATION FOR ECLIPSE-I

Wrapper Metric
Classifier Metric

OA AUC PRC BGM BAM
Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev

OA 0.9352 0.0055 0.8388 0.0278 0.4467 0.0485 0.7915 0.0244 0.7951 0.0228
AUC 0.9368 0.0063 0.8274 0.0410 0.4746 0.0560 0.8054 0.0331 0.8086 0.0311
PRC 0.9355 0.0065 0.8374 0.0408 0.4561 0.0472 0.8033 0.0328 0.8078 0.0296

BGM 0.9392 0.0066 0.8471 0.0343 0.4970 0.0503 0.8192 0.0211 0.8221 0.0202
BAM 0.9395 0.0071 0.8528 0.0315 0.5018 0.0433 0.8209 0.0232 0.8234 0.0230

TABLE III
PERFORMANCE SUMMARIZATION FOR ECLIPSE-II

Wrapper Metric
Classifier Metric

OA AUC PRC BGM BAM
Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev

OA 0.9065 0.0082 0.8885 0.0172 0.6723 0.0250 0.8344 0.0171 0.8356 0.0168
AUC 0.9028 0.0095 0.8574 0.0278 0.6343 0.0404 0.8193 0.0230 0.8214 0.0213
PRC 0.8965 0.0095 0.8575 0.0242 0.6160 0.0382 0.8168 0.0231 0.8184 0.0226

BGM 0.9069 0.0065 0.8911 0.0199 0.6759 0.0253 0.8426 0.0158 0.8432 0.0156
BAM 0.9071 0.0064 0.8896 0.0202 0.6766 0.0263 0.8438 0.0176 0.8450 0.0174

TABLE IV
PERFORMANCE SUMMARIZATION FOR ECLIPSE-III

Wrapper Metric
Classifier Metric

OA AUC PRC BGM BAM
Mean Stdev Mean Stdev Mean Stdev Mean Stdev Mean Stdev

OA 0.8367 0.0087 0.8762 0.0130 0.7597 0.0194 0.8110 0.0103 0.8122 0.0097
AUC 0.8348 0.0092 0.8644 0.0129 0.7467 0.0169 0.8065 0.0116 0.8076 0.0118
PRC 0.8295 0.0113 0.8519 0.0158 0.7284 0.0229 0.7923 0.0151 0.7940 0.0151

BGM 0.8387 0.0060 0.8783 0.0128 0.7654 0.0146 0.8159 0.0128 0.8170 0.0122
BAM 0.8385 0.0072 0.8789 0.0108 0.7655 0.0127 0.8160 0.0103 0.8170 0.0096

Subsequently, the reduced dataset with the selected feature subset
was used to build the respective final classification model. Note
that the same learner (LR) is used within and outside wrapper. The
experiments were conducted to discover the impact of (1) wrappers
with different performance metrics; (2) different combinations of
performance metrics used inside and outside the wrappers; and (3)
three different groups of software metrics datasets with different
class-imbalance levels from the software quality prediction domain.
We implemented wrapper-based feature subset selection in WEKA
and used it for the defect prediction model building and testing
process. In the experiments, ten runs of five-fold cross-validation were
performed. The five results from the five folds were then combined
to produce a single estimation.

C. Results and Analysis

Tables II to IV list the mean value and standard deviation for
every classification model constructed over ten runs of five-fold cross-
validation for each dataset group with different level of imbalance.
Each column represents one choice of performance metric used to
evaluate the final classification model, while each row is one choice
of performance metric used within the wrapper. Within each column,
the row which shows the best classification performance is indicated
in boldfaced print, while the worst performance is italic.

The first notable observation from these experimental results is that
BAM is the best wrapper metric for all of the classification metrics.
This was true across all different levels of imbalanced datasets for
13 out of 15 cases. Typically, BGM was the second-place wrapper
metric, except for two cases when it was the best metric. Nonetheless,
based on these results, we recommend BAM as the wrapper metric
which will produce the best classification performance.

TABLE V
CLASSIFICATION MODEL PERFORMANCE ON FULL DATA

Dataset OA AUC PRC BGM BAM
Eclipse I 0.8811 0.6346 0.1975 0.6428 0.6638

Eclipse II 0.8178 0.7129 0.3282 0.7099 0.7168
Eclipse III 0.7261 0.7142 0.4817 0.6738 0.6804

In addition to finding the best wrapper metrics, we also observed
that PRC is the worst wrapper metric for the datasets with a moderate
amount of class imbalance (that is, the Eclipse-II and Eclipse-III
collections) regardless of which classification performance metric is
used and was true for nine out of ten choices. For the most imbalanced
datasets (the Eclipse-I collection), accuracy is the least favorable
wrapper metric for four of five choices where the only exception
is in the case of AUC. When AUC is used as both wrapper, and
classification metric, it shows the worst performance.

We also performed experiments on the original datasets and results
were shown in Table V. From these tables, we can conclude that
the reduced feature subsets can have better prediction performance
compared to the complete set of attributes (original dataset). This
implies that software quality classification and feature selection were
successfully applied in this study.

It is noted that Accuracy does not take class imbalance into
account, while all four other metrics do so. So from the tables we
can observe that accuracy suffers a much larger drop between the
Balanced/Slightly Imbalanced datasets and the Imbalanced datasets
than other performance metrics, such as AUC, have. We performed
an ANalysis Of VAriance (ANOVA) F test to statistically examine the
various effects on the performance metrics used inside the wrapper.
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TABLE VI
ANOVA ANALYSIS: OA

Eclipse-I

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.00048 4 0.00012 1.13 0.3467

Error 0.01556 145 0.00011
Total 0.01604 149

Eclipse-II

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.00243 4 0.00061 6.61 6.49E-05

Error 0.01335 145 0.00009
Total 0.01578 149

Eclipse-III

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.0017 4 0.00042 1.26 0.2883

Error 0.0488 145 0.00034
Total 0.0505 149

TABLE VII
ANOVA ANALYSIS: AUC

Eclipse-I

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.01131 4 0.00283 1.21 0.3078

Error 0.33809 145 0.00233
Total 0.3494 149

Eclipse-II

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.0377 4 0.00943 7.21 2.53E-05

Error 0.18957 145 0.00131
Total 0.22728 149

Eclipse-III

Source Sum Sq. d.f. Mean Sq. F Prob>F
Wrapper 0.01632 4 0.00408 5.73 0.0003

Error 0.10324 145 0.00071
Total 0.11956 149

An n-way ANOVA can be used to determine if the means in a set of
data differ when grouped by multiple factors. If they do differ, one
can determine which factors or combinations of factors are associated
with the difference. We built our one-way ANOVA model for final
classification model performance metrics OA and AUC (due to space
consideration, we only represents results for these two performance
metrics) on three different group of datasets separately. The factor
A represents five wrappers. The ANOVA model can be used to test
the hypothesis that the OA (or AUC) for the main factor A are equal
against the alternative hypothesis that at least one mean is different.
If the alternative hypothesis (i.e., that at least one mean is different)
is accepted, multiple comparisons can be used to determine which of
the means are significantly different from the others. In this study,
we performed the multiple comparison tests using Tukey’s honestly
significant difference criterion. All tests of statistical significance
utilize a significance level α = 0.05.

The ANOVA results for the OA and AUC metrics are presented
in Tables VI and VII, respectively. From the tables, we can see that
for Eclipse-I-OA, Eclipse-I-AUC, and Eclipse-III-OA, the p-values
(last column of the tables) for the main factor is greater than a
typical cutoff value of 0.05, which implies no significant difference
exists between the five wrappers across all 3 datasets in each group.
The p-values for Eclipse-II-OA, Eclipse-II-AUC, and Eclipse-III-
AUC are less than the typical cutoff value of 0.05, indicating that for
the classification performance, the alternate hypothesis is accepted,
namely, at least two group means are significantly different from each
other for at least one pair of groups in the corresponding factors or
terms.

Additionally Tukey’s HSD test based multiple comparisons for the
main factor were performed to investigate the difference among the
respective groups (levels). The test results are shown in Figure 1
(for OA) and Figure 2 (for AUC), where each sub-figure displays
graphs with each group mean represented by a symbol (◦) and 95%
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Fig. 1. Multiple Comparisons for OA

confidence interval. The results show the following facts: In general,
wrapper with PRC performed worst among the 5 wrappers and BAM
and BGM performed best.

V. CONCLUSION

Identifying a small set of software metrics for building high accu-
racy software defect predictors can help reduce software development
costs and produce a more reliable system. In this study, wrapper-
based feature subset selection techniques have been used to find
small subsets of attributes to build software defect prediction models.
We used logistic regression as our learner both inside and outside
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the wrapper. Five performance metrics are used to evaluate models
within the wrapper and also were used to evaluate the respective final
classification models.

Our findings show that BAM is very reliable as a performance
metric to evaluate models built within the wrapper. This is true for
datasets with different degrees of imbalance.

Future work may include experiments using more classifiers,
other feature subset search methods, and additional software metrics
datasets from the software engineering domain. Given the imbalanced
nature of the datasets studied in this paper, the use of sampling can
also be considered to determine whether it will have any effects on

model performance with feature selection.
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Abstract— In this research we use a data stream approach to 
mining data and construct Decision Tree models that predict 
software build outcomes in terms of software metrics that are 
derived from source code used in the software construction 
process. The rationale for using the data stream approach was to 
track the evolution of the prediction model over time as builds 
are incrementally constructed from previous versions either to 
remedy errors or to enhance functionality. As the volume of data 
available for mining from the repository was limited, we 
synthesized new data instances through the use of the SMOTE 
oversampling algorithm. The results indicate that a small number 
of the available metrics have significance for prediction software 
build outcomes. It is observed that classification accuracy steadily 
improves after approximately 900 instances of builds have been 
fed to the classifier. At the end of the data streaming process 
classification accuracies of 80% were achieved, though some bias 
arises due to the distribution of data across the two classes. 

Keywords- SMOTE, Data Stream Mining, Jazz, Software 
Metrics, Software Repositories. 

I.  INTRODUCTION 

The Mining Software Repositories (MSR) field analyses the 
rich data available in software repositories to uncover 
interesting and actionable information about software systems 
and projects. This enables researchers to reveal interesting 
patterns and information about the development of software 
systems. MSR has been a very active research area since 2004 
[4]. Until the emergence of MSR as a research endeavor, the 
data from software repositories were mostly used as historical 
records for supporting development activities. Analysis of 
MSR research has shown that the approach of extracting 
knowledge from a repository has the potential to be a valuable 
method for analyzing the software development process for 
many domains [5]. However there are a number of data related 
challenges, one of which is how to deal with repositories that 
contain insufficient or imbalanced data because the project is 
still immature or because data is discarded over time. 

Our previous work [21] developed an approach for 
applying data stream mining techniques to overcome the 
challenge of discarded data utilizing the Jazz repository [1]. 
The Jazz repository stores data, including source code, related 
to each software build attempt and retains the build outcome, 
categorized as success or failure. As the volume of data 
associated with each build is large only a limited number of 

build instances are actually stored in the repository on a first-in, 
first-out basis. Traditional data mining methods are tailored to 
static data environments where the data is retained. The first 
major challenge in mining software repositories is dealing with 
dynamic data that arrives on a continuous basis. Our previous 
work [21] addressed this challenge by modeling the 
development process as a data stream to deal with software 
project data that is produced continuously and accumulated 
over a period of time before being discarded. The data stream 
mining approach was shown to be effective at maintaining 
knowledge related to the project even after data is discarded.  

This paper attempts to extend our work to address the 
second challenge, namely to deal with the limited volume of 
data and improve the accuracy of the prediction event. In order 
to boost the training power of the limited quantity of available 
data the SMOTE [2] oversampling algorithm was applied to 
synthesize new data instances from the available instances prior 
to inducing a decision tree model implemented via the 
Hoeffding [3] tree method. For the simulation to be realistic the 
naturally occurring distribution of successful and failed build 
instances occurring in the original population was maintained 
in the oversampling process. Future work will consider 
applying SMOTE to alter the balance of the dataset to increase 
the representation of the minority class. 

The dynamic nature of software and the resulting changes 
in software development strategies over time causes changes in 
the patterns that govern software project outcomes. This 
phenomenon has been recognized in many other domains and 
is referred to as concept drift. Changes in a data stream can 
evolve slowly or quickly and rates of change can be queried 
within stream-based tools. This paper describes an attempt to 
improve build outcome prediction accuracies for the Jazz 
project by synthetically creating data to boost the training 
power of the data stream mining approach while taking into 
account concept drift that occurs as part of the stream. 

II. BACKGROUND AND RELATED WORK 

This research draws from multiple areas to inform the 
inquiry, in particular it is placed in the context of other Mining 
Software Repositories research, specifically in the context of 
the Jazz repository. In addition, it uses experience gained 
applying data stream mining and synthetic data generation in 
other domains to improve the current prediction models. 
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A. Mining the Jazz Repository 

The Jazz development environment has been recognized as 
offering new opportunities in terms of MSR research because it 
integrates the software source code archive and bug database 
by linking bug reports and source code changes with each other 
[6]. Whilst this provides much potential in gaining valuable 
insights into the development process of software projects, 
such potential is yet to be fully realized. To date, much of the 
work focused on the Jazz repository is related to predicting 
build success, either through social network analysis [7] or 
source code metrics [21, 22]. As is common with much MSR 
research, the goal of working with the Jazz repository is in line 
with a key direction identified in the field [23], which is the 
transformation of software repositories from static record-
keeping ones into active repositories in order to guide decision 
processes in modern software projects. 

B. Data Stream Mining 

The mining of data streams has arisen as a necessity due to 
advances in hardware/software that have enabled the capture of 
different measurements of data in a wide range of fields [24]. 
Data streams are typically generated continuously and have 
very high fluctuating data rates. The storage, querying and 
mining of such data sets are computationally challenging tasks 
[24]. Research problems and challenges that have been arisen 
in mining data streams can be solved using well-established 
statistical and computational approaches that can be 
categorized as either data-based or task-based ones. In data-
based solutions, only a subset of the whole dataset is examined 
or the data is transformed to an approximate smaller size 
representation. Task-based solutions involve applying 
techniques from computational theory to achieve time and 
space efficient solutions. Data-based solutions include 
Sampling, Load Shredding, Sketching and Aggregation. Task-
based solutions include Approximation Algorithms and Sliding 
Window approaches, all of which have received considerable 
attention by researchers [28]. The discarding of data from the 
Jazz environment and the relatively low data rate lends itself to 
a Sliding Window solution.  

In addition, various data mining approaches can be applied 
to mining data streams, including clustering, frequency 
counting and classification. The nature of the data, which 
includes a classifiable attribute in terms of build outcome, lends 
itself to a classification method. In this work, we have applied 
the Hoeffding tree incremental learner in conjunction with the 
Adaptive Sliding Window (ADWIN) concept drift detector. 
ADWIN is a parameter-free adaptive sliding window drift 
detector that compares all adjacent sub-windows in given data 
window in order to detect concept drift [29]. This method is 
recognized to produce high true positive and low false positives 
rates while, having low detection delay times in comparison to 
other drift detectors proposed in the data mining literature [29]. 

C. Synthetic Data Generation 

Many of the challenges associated with data stream mining 
are related to dealing with high volumes of data in relatively 
short timescales. It therefore seems counter-intuitive to deploy 
synthetic data generation techniques in conjunction with a data 
stream mining approach. However, the discarding of data from 
Jazz does not encourage the use of static classification 

approaches in practice, even though such approaches can be 
deployed on any given snapshot of the repository [22]. 
Deploying a data stream method in conjunction with synthetic 
data generation allows a consistent approach to be used in 
practice for new projects. Synthetic data can be generated from 
the limited quantity of actual data that is available in the early 
stages of development, and a gradual phasing out of such 
synthetic data can be carried out when larger volumes of real 
data become available. Such consistency is important if data 
mining approaches are to be useful to software practitioners. 

Synthetic data generation has been a research area for some 
time, with the literature containing many examples of random 
or pseudo-random data generation [25]. However, the goal of 
our research is such that synthetic data must be representative 
of the real data and therefore a more refined generation 
approach is required. Such approaches include DataBoost-IM 
[26], ADASYN [27] and SMOTE [2] to name but a few. Many 
of these approaches are based on similar sampling algorithms 
and in this work we have elected to apply the standard SMOTE 
algorithm as it has been effectively applied in many domains. 

III. THE JAZZ DATASET 

IBM Jazz is a fully integrated software development tool 
that automatically captures software development processes 
and artifacts. The Jazz repository contains real-time evidence 
that allows researchers to gain insights into team collaboration 
and development activities within software engineering 
projects [1, 7]. The Jazz repository artifacts include work items, 
build items, change sets, source code files, authors and 
comments. A work item is a description of a unit of work, 
which is categorized as a task, enhancement or defect. A build 
item is compiled software to form a working unit. A change set 
is a collection of code changes in a number of files. In Jazz a 
change set is created by one author only and relates to one 
work item. A single work item may contain many change sets. 
Source code files are included in change sets and over time can 
be related to multiple change sets.  

One of the challenges associated with working with the 
Jazz repository is that the data contains holes and misleading 
elements which cannot be removed or identified easily. This is 
because the Jazz environment has been used within the 
development of itself; therefore many features provided by Jazz 
were not implemented at early stages of the project. This 
sparseness of the data has driven the decision to focus on using 
software metrics as the predictor attributes. Whilst features of 
the Jazz environment may not have been present during early 
phases of development, there has always been source code and 
therefore a consistent set of data can be created. 

IV. THEORETICAL FOUNDATIONS 

Software metrics have been generated in order to deal with 
the sparseness of the data. Metric values can be derived from 
extracting development code from software repositories. Such 
metrics are commonly used within model-based project 
management methods. Software metrics are used to measure 
the complexity, quality and effort of a software development 
project [8-12]. In the Jazz repository each software build 
contains change sets that indicate the actual source code files 
that are modified during the implementation of the build. 

547



Source code metrics for each file are computed using the IBM 
Software Analyzer tool. The builds after state was utilized in 
order to ensure that the source code snapshot represented the 
actual software artifact that either failed or succeeded. 

The Jazz repository consists of various types of software 
builds. Included in this study were continuous builds (regular 
user builds), nightly builds (incorporating changes from the 
local site) and integration builds (integrating components from 
remote sites). As a result the following basic, average basic, 
dependency, complexity, cohesion and Halstead software 
metrics were derived from the source code files for each build: 

 Basic Software Metrics: 
 Number of Types Per Package, Number of Comments, Lines of Code, 

Comment/Code Ratio, Number of Import Statements, Number of 
Interfaces, Number of Methods, Number of Parameters, Number of Lines, 
Average Number of Attributes Per Class, Average Number of Constructors 
Per Class, Average Number of Comments, Average Lines of Code Per 
Method, Average Number of Methods, Average Number of Parameters. 

 Dependency Metrics: 
 Abstractness, Afferent Coupling, Efferent Coupling, Maintainability index, 

Instability, Normalized Distance. 

 Complexity Metrics: 
 Average Block Depth, Average Cyclomatic Complexity. 

 Cohesion Metrics: 
 Lack of Cohesion 1 (LCOM1), Lack of Cohesion 2 (LCOM2), Lack of 

Cohesion 3 (LCOM3). 

 Halstead Metrics: 
 Number of Operands, Number of Operators, Number of Unique Operands, 

Number of Unique Operators, Program Volume, Difficulty Level, Effort to 
Implement, Number of Delivered Bugs, Time to Implement, Program 
Length, Program Level, Program Vocabulary Size. 

A. Synthetic Minority Over-sampling TEchnique (SMOTE) 

When working with real world data it is often found that 
data sets are heavily comprised of “normal” instances with only 
a small percentage representing interesting findings. As a result 
the “abnormal” instances have a negative impact on a models' 
performance as they have a greater probability of 
misclassification using data mining methods [2, 13]. Data 
instances that introduce noise within the data are often found 
within the minority class [14, 15]. In order to overcome this 
limitation synthetically under-sampling the majority class may 
improve a classifiers' performance. However, in doing so 
valuable data may be lost and model over-fitting may occur, 
resulting in majority instances being wrongly classified as 
minority instances when new, unseen data is presented to the 
classifier model that was induced [14]. Another solution is to 
provide the classifier with more complete regions within the 
feature space via creation of new instances that are synthesized 
form existing data instances.  

SMOTE enables a data miner to over sample the minority 
class to achieve potentially better classifier performance 
without loss of data [2, 13]. While other over-sampling 
methods exist, such as Rippers Loss Ratio and Naive Bayes 
methods, SMOTE provides better levels of performance as it 
generates more minority class samples for a classifier to learn 
from, thereby allowing broader decision regions and coverage 
[13]. SMOTE has been utilized within the software research 
community and compared with other sampling techniques in 
software quality modeling (random under-sampling, random 

oversampling, cluster-based oversampling and Borderline-
SMOTE) and has yielded encouraging results [5, 8]. SMOTE 
has also been applied as a sampling strategy for software defect 
prediction where data sets from NASA software project data 
sets [10,16-18] and fault-prone module detection using the MIS 
telecommunication systems [24]. For this work SMOTE is 
applied as a supervised instance filter using the Weka [19] 
machine learning workbench. 

In order to avoid the over-fitting problem while expanding 
minority class regions SMOTE generates new instances by 
operating within the existing feature space. New instance 
values are derived from interpolation rather than extrapolation, 
so they still carry relevance to the underlying data set. For each 
minority class instance SMOTE interpolates values using a k-
nearest neighbor technique and creates attribute values for new 
data instances [8]. For each minority data a new synthetic data 
instance (I) is generated by taking the difference between the 
feature vector of I and its nearest neighbor (J) belonging to the 
same class, multiplying it by a random number between 0 and 
1 and then adding it to I. This creates a random line segment 
between every pair of existing features from instances I and J, 
resulting in the creation of a new instance within the data set 
[13]. This process is repeated for the other k-1 neighbors of the 
minority instance I. As a result SMOTE generates more general 
regions from the minority class and decision tree classifiers are 
able to use the data set for better generalizations. 

B. Hoeffding Tree 

The Hoeffding tree is an incremental decision tree 
induction method. Using the Hoeffding bound, it ascertains the 
number of instances that are needed to split a given (decision) 
node of a tree and operates within a certain precision that can 
be predetermined [3]. This method has potential in terms of 
predicting future outcomes of software builds with high 
accuracy while working with real-world data. Rather than using 
training and test sets, instances are represented as streams. The 
Hoeffding tree is commonly used for classifying high speed 
data streams. The algorithm that it uses generates a decision 
tree from data incrementally by inspecting each instance within 
a stream without the need to store instances for later retrieval. 
The tree resides in memory during each iteration and stores 
information in its branches and leaves, potentially growing 
from “learning” every new instance. The decision tree itself can 
be inspected at any time during the streaming process. The 
quality of the tree itself is comparable to that used by 
traditional mining techniques, even though instances are 
introduced in an incremental manner.  

Just as with traditional decision tree learners, the Hoeffding 
tree is easy to interpret, making it easier to understand how the 
model works. In addition to this, decision tree learners have 
proven to provide accurate solutions to a wide range of 
problems that are based on multi-dimensional data. For 
Hoeffding trees each node of a decision tree undergoes a test 
which may result in it being split into two or more child nodes 
and sending each instance down a relevant branch to its 
destination child node, depending on the values of its attributes. 
The split test is implemented through the use of the Hoeffding 
bound which is expressed in equation 1. 
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The Hoeffding bound expressed in (1) above states that 
with confidence (1- , the population mean of R lies in the 
interval, 	-∈, 	+∈ , where	  is the sample (observable) mean 
of the random variable R. In the context of decision tree 
induction R refers to information gain. The Information gain 
function ranges in value from 0 to , where c is the 
number of classes. Since c=2 in the mining problem that we 
undertake (since only the outcomes, success and failure are 
possible), R reduces to 1. The variable n refers to the number of 
data instances seen up to the point that the test was carried out. 
The bound holds is true irrespective of the underlying data 
distribution generating the values and only depends on a range 
of values, number of observations made and a split confidence 
level. The Hoeffding tree uses the Hoeffding bound to 
determine whether an existing (leaf) node should be split as 
follows. Suppose that after n data instances have arrived, the 
difference in information gain between the two highest ranking 
attributes Xa and Xb with	∆ ̅ 	 ̅ ̅  (i.e. Xa is 
the attribute with the highest information gain), then with 
confidence (1- ,  the Hoeffding bound guarantees that the 
correct choice to spilt the given leaf node is attribute Xa if 
∆ ̅ ∈, where  is a tie threshold parameter. 

In this research we use the Hoeffding tree implementation 
from MOA [13], a real time analytics tool for data streams was 
used for mining data streams. 

V. EXPERIMENTAL STUDY 

The original software metric data set consists of 199 Jazz 
build instances. From these instances there are 127 successful 
builds and 72 failed builds. Build instances are sorted by date 
to ensure accurate simulation of a development team working 
over time. SMOTE is then applied twice at 900%, increasing 
the number of instances to 1,990 (1270 successful builds and 
720 failed builds). The first application increases the number of 
minority class instances (failed builds) and the second 
application increases the temporarily “new” number of 
minority class instances (successful builds). The instances are 
then encoded into data streams which are utilized by the 
Hoeffding tree for the data mining process. Three parameters 
were set for the tree induction. The Hoeffding tree uses a grace 
period parameter which stipulates the frequency with which 
checks for leaf node splits are carried out, the greater the value 
the higher the efficiency of the process. We use a setting of 200 
for the grace period parameter. The tie threshold parameter,  
that controls the degree of splitting, was set to 0.05.  

Figure 1 presents the classification accuracy obtained with 
the use of after state metrics for builds. The classification 
accuracy at the start of the time series was 65.2% and at the end 
of the stream the accuracy grew to 80.25%. The average overall 
accuracy over the entire time series was 70%. This indicates 
that the there is potential for the accuracy of prediction to 
improve as more real data emerges. 

 
Figure 1.  Hoeffding Tree Overall Classification Accuracy.  

The initial instability in classification accuracy is an 
interesting phenomenon, given the initial grace period of 200 
builds is intended to provide stability in the emerging model. 
Upon examination of the synthetic data it can be observed that 
the data maintains comparable instances of each class up until 
900 builds. After 900 builds, the data contains an increasing 
proportion of successful builds. This is shown in Figure 2. 

 

Figure 2.  Build Distribution over Time 

Figure 3 presents the classification accuracies of successful 
builds. It is observed that the general trend for classifying 
success initially declines to reach a minimum at approximately 
900 instances, after which there is a gradual improvement that 
appears to be trending towards a stable value of around 80%. 
Figure 4 displays the sensitivity ratings for successful builds 
over time. For successful builds the accuracy at the beginning 
of the data stream time series was 66.38% and ended with 
79.1% (with an average of 64%). 

 
Figure 3.  Hoeffding Tree Classification Accuracy for Successful Builds.  
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Figure 4.  Hoeffding Tree Sensitivity Measurements for Successful Builds.  

Figure 5 shows the classification accuracy over time for 
failed builds and the corresponding sensitivity ratings for failed 
builds are shown in Figure 6. Accuracy for failed builds started 
at 63.5% and at the end of the time series was 82.2% (with an 
average of 78%). The false positive values between 700 to 
1000 trained instances appear to peak when classifying failed 
builds, due to over-fitting the model at earlier time segments. 
The false positive value then proceeds to decrease over time 

 
Figure 5.  Hoeffding Tree Classification Accuracy for Failed Builds.  

 
Figure 6.  Hoeffding Tree Sensitivity Measurements for Failed Builds.  

Interestingly, the distribution of build instances across the 
two classes has marginal impact on the overall classification 
accuracy when compared to the impact it has on the individual 
classes themselves. When the distribution of classes in the 
synthetic data is roughly equal there is an increase in the 
classification accuracy of failed builds that is accompanied by a 
decrease in classification accuracy of successful builds. This 
seems at odds with the observation of previous work [21, 22, 
30] that suggests that failed builds are harder to classify than 

successful builds. This work suggests that failed builds may be 
harder to classify when there is a significantly larger number of 
successful builds that dominate the classification model.  

Figure 7 illustrates the final decision tree using the 
Hoeffding Tree stream mining technique on the extended RSA 
after state software metrics data set. In this case the tree is 
larger than the previous software metric based Hoeffding tree, 
with a depth of 7. Upon inspecting the tree there are common 
sense classifications being made, for example a higher number 
of interfaces tend to be associated with failure. This is intuitive 
because if there are too many Java interfaces it can become 
tedious when debugging an error as the actual implementation 
of the error may be in an obscure location. Interfaces also add 
to the collection of files within the system and if an interface is 
“dead” (not used) and not removed it leads to a less elegant 
system design. The number of interfaces has a direct influence 
on dependency metrics, i.e. Abstractness.  

 
Figure 7.  Final Hoeffding Tree for After State Software Metrics.  

In comparison with the results obtained without applying 
SMOTE [21], the overall accuracy has increased as has the 
complexity of the classification tree, though the metric 
“Average number of attributes per class” is still significant. 

VI. LIMITATIONS AND FUTURE WORK 

The Jazz repository contains holes and misleading elements 
which cannot be removed or identified easily. There is a great 
challenge in dealing with such inconsistency and the 
methodology has adopted an approach that delves further down 
the artifact chain than most previous work using Jazz. It is a 
premise that the early software releases were functional, so 
whilst the project “meta-data” may be missing details (such as 
developer comments) the source code should represent a stable 
system that can be analyzed to gain insight regarding the 
development project. Even when comparing to other Jazz 
studies there are concerns over validity that arise from the 
possibility of different extraction techniques being applied. 
However, the approach for creating a predictive model by 
mining data streams that relate to software data can be applied 
to other repositories and as such is a generalizable process. 
Similarly, the process of using the predictive model to identify 
build outcome risk and proactively manage the build scope and 
activities is equally applicable to other projects. The actual 
prediction models are likely to be different for other projects, 
but the techniques for developing them are generic. Other 
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limitations from this study are products of the relatively small 
sample size of build data combined with the sparseness of the 
data itself. For example, the ratio of metrics (42) to builds 
(199) is such that it is difficult to identify significant metrics. 
Even though a SMOTE is applied to increase the number of 
instances, it is not possible to assess the extent to which the 
generated data reflects real-world data as there is the likelihood 
of unpredictable events in software development projects. 

VII. CONCLUSIONS 

The goal of synthetically generating data was to explore 
what might happen if there was more data available for mining 
and specifically to see if classification of builds. While the use 
of SMOTE may not be a “true” representation of future real 
world data, it does however interpolate values between existing 
instances to generate new data that may be considered at 
representative of existing data. This provides insights into what 
may occur if there were no “new” anomalies encountered 
during the project. This may not be entirely realistic given that 
the causes of failure are not predictable and that new failure 
modes are likely to appear over time. From previous data 
mining experiments it was observed that build failure metrics 
were often overlapped in value with those of successful builds, 
thus challenging the ability of a classifier to distinguish 
between these two types of build outcomes. This indicates that 
if more data is available accuracy for classifying builds may 
improve over time. The results obtained support other studies 
where software build outcome prediction accuracy and stability 
both increased when adopting the use of SMOTE [10, 11, 20] 
on other project software metrics. While this research has gone 
some way to addressing the challenges associated with mining 
software repositories, there is still much potential for future 
work in understanding success and failure patterns. 
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Abstract—[Context] Empirical software engineering (EMSE) re-
searchers conduct systematic literature reviews (SLRs) to build 
bodies of knowledge (BoKs). Unfortunately, valuable knowledge 
collected in the SLR process is publicly available only to a limited 
extent, which considerably slows down building BoKs incremen-
tally. [Objective] In this paper, we introduce the Systematic 
Knowledge Engineering (SKE) process to support building up 
BoKs from empirical studies efficiently. [Method] SKE is based on 
the SLR process and on Knowledge Engineering (KE) practices to 
provide a Knowledge Base (KB) with semantic technologies that 
enable reusing intermediate data extraction results and querying 
of empirical evidence. We evaluated SKE by building a software 
inspection EMSE BoK KB from knowledge acquired by controlled 
experiments. We elicited relevant queries from EMSE researchers 
and systematically integrated information from 30 representative 
research papers into the KB. [Results] The resulting KB was effec-
tive in answering the queries, enabling knowledge reuse for anal-
yses beyond the results from the SLR process. [Conclusion] SKE 
showed promising results in the software inspection context and 
should be evaluated in other contexts for building EMSE BoKs 
faster. 

Keywords-Empirical software engineering, systematic knowledge en-
gineering, systematic review, software inspection. 

I. INTRODUCTION  
Researchers in Empirical Software Engineering (EMSE) col-

laborate on research topics, such as defect detection methods for 
software inspection [1], to build up a body of knowledge (BoK). 
An EMSE BoK includes theory models [2], hypotheses derived 
from the theory models, and results from empirical studies that 
test those hypotheses [3], to explain and/or predict EMSE phe-
nomena. 

A consequence of the growing number of EMSE studies is 
the need to adopt systematic approaches for aggregating research 
outcomes in order to provide an objective summary of evidence 
on a particular topic [4]. In this context, systematic literature re-
views (SLRs) have become a widely used research method [5]. 
However, the main public result of a SLR is, in general, a spe-
cific research synthesis report [6], while the accumulated 
knowledge in the SLR working material, generated from heter-
ogeneous empirical study data sources [7], is not available to 
other researchers. Therefore, each new SLR project has to over-
come knowledge sharing issues and rebuild large parts of exist-
ing knowledge from previous SLRs, making building a BoK 

considerably less efficient than necessary. Moreover, meta-anal-
yses are limited to the presented research synthesis, not allowing 
other researchers to explore the underlying extracted infor-
mation in different ways in order to answer questions related to 
their specific research goals. 

Fig. 1 illustrates EMSE BoK building research challenges 
with key stakeholders, artifacts, and technologies. EMSE BoK 
researchers produce SLR and empirical study reports, available 
to general readership through digital libraries. However: (1) data 
extracted during the SLR process usually stays in a local archive 
and (2) the SLR report contains a specific research synthesis and 
there is seldom a way for other researchers to access the ex-
tracted data to apply different analyses and research synthesis 
methods, or to extend the data in the BoK. 

 
Figure 1. EMSE BoK research challenges. 

In this paper, we address these challenges by introducing the 
Systematic Knowledge Engineering (SKE) process, which ena-
bles systematically building up EMSE BoKs from empirical 
studies. SKE builds on the SLR process [8], improving data 
management by storing knowledge on BoK domain concepts 
typically used for theory building [2] from EMSE studies [3] in 
a Knowledge Base (KB). The semantic technology used in SKE 
facilitates researchers to identify relevant knowledge in the BoK 
through semantic queries (e.g., on synonyms and related con-
cepts). Thus, SKE allows truly building up knowledge incre-
mentally as researchers can access and reuse knowledge from 
past studies and integrate new contributions. Also, the KB ena-
bles researchers to explore knowledge aggregated from EMSE 
study reports through an extensible set of queries.  

For evaluation we instantiated SKE to build a “Software In-
spection” EMSE BoK KB based on a specific type of empirical 
study: controlled experiments. First, we elicited a set of relevant 
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query candidates in a survey with EMSE BoK researchers. Then, 
we modeled BoK topics related to software inspection theory 
and a common data model for controlled experiment data on 
those topics, defining the relevant information to extract. Fol-
lowing SKE’s search process, 102 software inspection experi-
ments were identified. An independent team extracted infor-
mation from the 30 most recent papers for data import and query 
resolution by a knowledge engineer. 

Major findings were: (1) SKE was effective in identifying 
and characterizing inspection experiments and their results, (2) 
it was possible to build the software inspection KB from pub-
lished experiments, and (3) the KB was effective in providing 
answers to the required queries. Additionally, we compared the 
SKE and SLR processes, when applied to building EMSE BoKs. 
In this context, the SKE KB facilitates reusing and exploring the 
extracted data based on semantic search capabilities not availa-
ble for SLR reports. While the data extraction effort is compara-
ble, SKE requires a knowledge engineer for data modeling, map-
ping, and providing query facilities. This overhead is offset by 
benefits of the KB, which can be used among researchers in and 
beyond a work group to incrementally build EMSE BoKs. 

The remainder of this paper is organized as follows. Section 
2 summarizes related work. Section 3 motivates the research is-
sues. Section 4 introduces SKE. Section 5 presents the evalua-
tion. Section 6 discusses results and lessons learned. Section 7 
concludes the paper. 

II. RELATED WORK 
The quality and speed of building up a body of knowledge 

(BoK) in an EMSE research area depend on the ability of re-
searchers to discover the existing content in a BoK, e.g., empir-
ical studies investigating a set of hypotheses or variables. Cur-
rently, online searching for content is supported by syntactic 
full-text search on specialized databases, such as digital libraries. 
However, support for semantic searching is limited and re-
searchers may not discover all relevant content. 

Although some effort has been spent on repositories for em-
pirical studies (e.g., CeBASE [9] and ViSEK [10]), they did not 
show significant progress since their introduction. To our 
knowledge, there is no related work on using SLR-based study 
identification and KB integration for bottom-up EMSE BoK 
building to facilitate reuse and semantic search. Therefore, this 
section describes work related to the theoretical foundations of 
this research’s main constructs: Systematic Literature Reviews 
(Section II.A) and Knowledge Base Design & Population (Sec-
tion II.B). Further, we describe the foundations on Software In-
spections (Section II.C) as basis for the evaluation use case. 

A. Systematic Literature Reviews 
Kitchenham and Charters [8] developed guidelines for per-

forming Systematic Literature Reviews (SLRs) in the software 
engineering (SE) domain. Those guidelines state that the main 
reasons for conducting SLRs are (a) summarizing existing evi-
dence concerning a treatment or technology; (b) identifying gaps 
in current research; and (c) providing background to appropri-
ately position new research activities. The first reason is directly 
related to building BoKs by gathering evidence-based 
knowledge. In the context of this research, the main advantage 
of using SLRs is allowing systematically summarizing 

knowledge on a specific BoK scope and enabling incremental 
updates on top of previous SLRs. An example of such updates is 
available in [11], where four independent SLR trials were con-
ducted to incrementally build evidence-based defect causal anal-
ysis guidelines. Lessons learned from applying SLRs to the SE 
domain are reported by Brereton et al. [4]. 

The SLR guidelines [8] summarize three main phases of a 
systematic review: Planning the Review, Conducting the Re-
view, and Reporting the Review. The stages related to each of 
those phases are: (a) Planning the Review: identification of the 
need for a review, commissioning a review, specifying the re-
search questions, and developing a review protocol; (b) Con-
ducting the Review: identification of research, selection of pri-
mary studies, study quality assessment, data extraction and mon-
itoring, and data synthesis; and (c) Reporting the Review: spec-
ifying dissemination mechanisms, formatting the main report, 
and evaluating the report. The PICO (population, intervention, 
comparison, outcome) strategy [12] is suggested [8] for detailing 
the research question elements in order to support developing the 
review protocol.  

SLRs have become a widely used and reliable research 
method [5]. However, the main public result of a SLR is, in gen-
eral, a specific research synthesis report by the authors. Unfor-
tunately, reusable SLR packages that include the working mate-
rial, which holds the accumulated knowledge, are available only 
seldom. The working material includes the data extracted from 
the primary studies (commonly stored in spreadsheets). There-
fore, new SLRs have to rebuild large parts of existing 
knowledge, making the addition of knowledge less efficient than 
necessary. Even if such knowledge were available, data integra-
tion mechanisms to enable making the knowledge available for 
further use by other EMSE BoK researchers have not been dis-
cussed in this context. In summary, the reuse value of SLR 
knowledge to help building EMSE BoKs is limited. 

B. Knowledge Base Design and Population 
The process of building a KB may be seen as a modeling activity 
[13]. For creating a KB, it is essential to capture domain 
knowledge through content-specific agreements, so both human 
and knowledge-based systems can access and use the infor-
mation [13]. For this purpose, formal ontologies have been suc-
cessfully used since the 1990s [14]. Ontologies can provide 
standard terminologies and rich semantics to facilitate 
knowledge sharing and reuse [13]. OWL DL (Web Ontology 
Language - Description Logic) is the most used language for on-
tologies as it has the capability of supporting semantic interop-
erability to exchange and share context knowledge between dif-
ferent systems, and keeps a balance between expressiveness and 
automated processing. In addition, ontology enhances searching 
mechanisms, which may refer to precise semantic concepts ra-
ther than simple syntactic keywords, facilitating the use of the 
knowledge stored in the ontology [15]. 

Many methodologies have been proposed to design ontolo-
gies [16]. However, only a few of them consider collaborative 
and distributed construction of ontologies, such as the Collabo-
rative Design Approach [17], which addresses the issue of col-
laborative construction of the ontologies by identifying and in-
volving a diverse panel of participants.  
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Once the ontology or the data model of the KB is defined, it 
is necessary to capture the extracted data from information re-
sources in accordance to the KB. This process is called KB pop-
ulation, and involves the creation, transformation and integration 
of individuals (instances) into the KB. In our case, the infor-
mation resources for creating the KB are empirical study reports. 
The KB population process may face integration problems if the 
information resources use heterogeneous representations of the 
same concepts. The Interchange Standard Approach has been 
recommended as one of the best solution options for semantic 
integration [18]. Currently available tools to manage ontologies 
usually require ontology experts. Therefore, ontology non-ex-
perts need effective and efficient interfaces for both, importing 
and exporting knowledge, and for querying. 

C. Software Inspections 
Software inspections (SI) improve software quality by the 

analysis of software artifacts, detecting defects for removal be-
fore these artifacts are delivered to following software life cycle 
activities [1]. The traditional SI process by Fagan [19] involves 
a moderator planning the inspection, inspectors reviewing the 
artifact, a team meeting to discuss and register defects, passing 
the defects to the author for rework, so they can be corrected, 
and a final follow-up evaluation by the moderator on the need of 
a new inspection. 

Over the years, many contributions on SI have been pro-
posed, including alternative SI processes, SI methods to improve 
the effectiveness and efficiency of inspectors in detecting de-
fects, models and guidelines supporting tasks of the inspection 
process that involve decision making, and tool support [20]. 
Much knowledge on those contributions has been acquired by 
conducting empirical studies and can be considered part of a 
BoK in the SI area. However, such knowledge is currently not 
organized in the context of a BoK. Therefore, it still takes con-
siderable expertise and effort to identify studies and study results 
relevant for a given topic in the scope of SI. To support the SI 
community in building up their BoK, specific BoK topics can 
help to define the scope of knowledge. The IEEE Software En-
gineering BoK (SWEBoK) [21] breaks down the Testing BoK 
into the following topics: Fundamentals, Test Levels, Test Tech-
niques, Test-Related Measures, Test Process, and Software Test-
ing Tools. SI relates to Test Techniques in the IEEE SWEBoK. 
Nevertheless, they can be seen as a similar topic of interest and 
a hierarchical structure for them could be useful to facilitate or-
ganizing knowledge.  

A fixed BoK topic structure may be limiting, since it is pos-
sible to apply several variant options of SI. Laitenberger and 
DeBaud [22] provide some parameters that help define SI vari-
ant options based on an early literature review on SI experi-
ments: SI artifacts (e.g., requirements, design or code), SI  pro-
cess (e.g., SI with or without a group meeting), and SI methods 
(e.g., reading techniques). Such a list of parameters could be 
used as a starting point for a SI EMSE BoK topic structure.  

III. RESEARCH ISSUES 
The overall SKE goal is to enable incrementally building up 

an EMSE BoK by providing a process for knowledge acquisition 
and querying. Therefrom we derive three research issues.  

Research Issue RI-1: SKE Requirements Analysis. Which 
queries to knowledge on empirical studies are most relevant to 
EMSE BoK stakeholders?  

EMSE researchers want to synthesize EMSE BoKs but tend 
to focus on conducting empirical studies and seem to spend 
much less effort on considering data management to provide 
their EMSE BoK community with suitable access to the created 
knowledge [7]. Building on typical hypothesis patterns reported 
by Sjøberg et al. [2] we conducted an informal survey with 
EMSE BoK researchers from six active work groups on queries 
to knowledge on empirical studies that they need for their work. 
We are aware of the limitations of this survey and see the survey 
outcome as a preliminary working result, which is still useful to 
drive the SKE research at this stage, and can be extended by a 
future more formal survey in a wider scope. 

Research Issue RI-2: SKE Process and Data Modeling. How 
can the traditional SLR process be adapted to support incremen-
tally building EMSE BoKs? Which data elements are necessary 
to address the most relevant queries of EMSE BoK researchers? 

The SKE process builds on the traditional SLR process [8] 
and on the Collaborative Design Approach (CDA) [17] for 
knowledge engineering. Key idea is to loosen the tight connec-
tion between SLR data extraction and data synthesis in order to 
allow collecting knowledge from EMSE studies in a KB, as in-
put to a range of research synthesis methods in a BoK commu-
nity. Second key goal is to enable incrementally building up 
knowledge in the context of an EMSE BoK. We evaluate the 
resulting SKE process regarding effort and added benefits.  

SKE aims at designing a common KB data model that cap-
tures both, concepts from the BoK domain (e.g., software in-
spection), and from the selected types of EMSE studies (e.g., 
controlled experiments). We evaluate the SKE data model re-
garding the effectiveness to answer the queries of EMSE BoK 
researchers identified in RI-1. 

Research Issue RI-3: SKE Tool Support. Which functions are 
necessary to automate key steps in the SKE process, i.e., effi-
cient data integration and querying?  

For automating SKE a knowledge base (KB) is a major element 
to provide the desired semantic capabilities. The SKE KB is 
based on semantic technology with ontologies. Using ontologies 
makes the KB model extensible and facilitates semantic search 
[15]. Based on the requirements coming from RI-1 and RI-2 and 
discussions with SLR researchers the user interface for data im-
port should be based on spreadsheet technology and for querying 
based on web technologies. We evaluate the tool support regard-
ing the effectiveness and efficiency of data import and querying 
when applying the SKE process. 

IV. SYSTEMATIC KNOWLEDGE ENGINEERING 
This section presents the SKE process and its application to 

build a Software Inspection EMSE BoK KB based on contribu-
tions from controlled experiments. The following subsections 
provide details on how each research issue (requirements analy-
sis, SKE process and data modeling, and SKE tool support) was 
addressed. 
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A. SKE Requirements Analysis (RI-1) 
Fig. 2 shows how SKE addresses the challenges posed in Fig. 

1 by introducing a KB and the role of a knowledge engineer. In 
this context, researchers extract data from empirical studies pub-
lished in digital libraries and have that extracted data integrated 
into the KB by the knowledge engineer. Therefore, the 
knowledge collected is then available for semantic querying 
from the KB also to the general readership, including other re-
searchers and practitioners.  

 
Figure 2. EMSE BoK stakeholders and technology with SKE. 

To identify the most relevant query candidates to be an-
swered by the software inspection EMSE BoK KB, we focused 
on EMSE BoK researchers as main stakeholders, who conduct 
meta-analyses on study reports or conduct empirical studies and 
need to be aware on relevant research in their area.  

Based on an informal survey with software inspection EMSE 
BoK researchers in six research groups (located in Austria, Bra-
zil, Chile, Ecuador, and Spain), we identified a set of query can-
didates. The selection of most relevant queries was based on a 
limited budget of value points, which each stakeholder could 
spend on the query candidates. Then the query candidates were 
sorted in descending order by the total number of points of each 
query. Overall, 10 researchers from the 6 research groups con-
tributed to this selection process. The six most relevant stake-
holder queries were: 
• Q1: Which inspection methods were effective (or efficient) in 

finding defects in requirements artifacts? 
• Q2: What are the results of experiments that report on a given 

BoK Topic Parameter <BTP>, e.g., inspection method PBR? 
• Q3: Which experiments were conducted with the response 

variable <RV>, e.g., number of defects? 
• Q4: Which hypotheses include the domain concept <DC> 

(and its synonyms), e.g., effectiveness? 
• Q5: Which synonyms have been used for domain concept 

<DC>, e.g., effectiveness? 
• Q6: Who are researchers working on topics with response 

variables in their experiments similar to the domain concept 
<DC>, e.g., efficiency? 

B. SKE Process and Data Modeling (RI-2) 
Fig. 3 compares the phases and stages of the SLR [8] and 

SKE processes. The key innovation of the SKE process comes 
from decoupling data extraction from data synthesis and inte-
grating extracted data into a KB designed for EMSE BoK build-
ing, rather than using the data to apply a particular synthesis 
method for answering a specific research question in the format 
of a SLR report (keeping the extracted data from the BoK re-
search community). Thus, the approach allows the community 

to extend the knowledge gathered during data extraction and re-
using it, with the KB’s semantic search facilities, as building 
blocks for a variety of analyses. 

 
Figure 3. Comparison of the SLR and the SKE processes. 

Details on each of the three SKE process stages and how they 
could be applied to build the software inspection EMSE BoK 
KB follow. 

1) Planning EMSE BoK Creation. Similar to conducting a 
SLR, the first SKE phase starts with identifying the need and 
commissioning the creation of the EMSE BoK. Since SKE has 
a pre-defined purpose of building an EMSE BoK, instead of 
specifying research questions, SKE just needs to specify the 
BoK (topics) and the types of empirical studies of interest. In 
the case of building the inspection EMSE BoK, the BoK was 
software inspection and the empirical studies of interest were 
controlled experiments. Then, the SKE protocol is built based 
on a specific configuration of the PICO (population, inter-
vention, comparison, outcome) strategy [12] to derive search 
strings that can be applied to digital libraries in the “P and I and 
C and O” format. In this configuration, the population 
represents the specified BoK or some of its topics, in our case 
Software Inspection. The intervention represents the specified 
empirical study types, in our case Controlled Experiments. The 
comparison is blank and the outcome represents the elements to 
extract from the empirical studies (e.g., hypotheses, findings), 
in our case experimental study results.  

As in SLRs, the protocol includes the search strategy with 
the definition of sources of primary studies (e.g., digital librar-
ies), the study selection criteria and procedure, the quality as-
sessment procedures, and the data extraction strategy. In our 
case a single digital library was chosen: Scopus, which claims to 
be the largest database of abstracts [8] and seems sufficient for 
our study purpose. The study selection and quality assessment 
criteria were: the study should be an experiment published in a 
peer-reviewed publication medium. The search string to be ap-
plied on Scopus was derived from the PICO synonyms, adding 
two specific operators: (i) TITLE-ABS-KEY, avoiding search-
ing in the reference metadata; and (ii) W/2, allowing a distance 
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of up to two words between keywords. The resulting search 
string was: 

TITLE-ABS-KEY ((software W/2 (inspection OR "defect de-
tection" OR "reading technique")) AND ("experimental study" 
OR "experimental evaluation" OR "experiment" OR "empirical 
study" OR "empirical evaluation") AND ("hypothesis" OR "evi-
dence" OR "finding" OR "result")) 

If there is already a BoK KB to build on, the search concepts, 
including synonyms, can be derived from the BoK KB. 

For data extraction, a spreadsheet was prepared to gather rel-
evant experiment data, according to the information to be loaded 
into the KB common data model on inspection experiments. 
Once the protocol is defined, the next SKE phase, Conducting 
Data Extraction, can be accomplished. 

2) Conducting Data Extraction. This phase consists of 
following the protocol’s search, selection, and assessment 
strategies for extracting relevant data. In our case, we executed 
the search string in Scopus. Overall 156 papers were retrieved. 
After filtering by title and abstract, a set of 102 papers 
containing experiments on software inspections were identified, 
ranging from 1985 to 2013.  

A sample consisting of the 30 most recent papers (ranging 
from 2006 to 2013) was chosen as criteria for data extraction. 
Six independent local EMSE experts extracted information from 
those papers into spreadsheets, with an extra expert acting as a 
data checker. Data extraction took on average about 2 person 
hours per paper. Data checking took additional 0.5 person hours 
per paper. As data synthesis is in SKE decoupled from data ex-
traction, the goal is integrating the data into a KB so the BoK 
community can reuse the knowledge. Thus, the next SKE phase 
concerns creating the EMSE BoK KB. 

3) Creating/Updating EMSE BoK KB. In this phase, the 
knowledge engineer (KE) has to design (or update) the KB 
common data model and then integrate the extracted data. This 
role is also responsible for providing query facilities.  

For building the software inspection EMSE BoK KB, EMSE 
experts and the KE designed the data model applying CDA [17] 
and derived the data extraction spreadsheets. Then the KE pro-
vided the KB query facilities to address the most relevant stake-
holder queries. More details on the KB common data model for 
hosting information on software inspection experiments follow. 

Data Modeling for an EMSE BoK KB. Fig. 4 shows a high-
abstraction view on the context in which empirical studies are 
conducted. Empirical studies have data and artifacts, contribute 
to a Body of Knowledge (BoK) on specific topics, and are per-
formed by researchers who provide publications. Fig. 5 shows 
the entities for hosting data on experiments in UML (see [23] for 
UML-to-OWL transformation), based on these areas and on ex-
perimental concepts described by Wohlin et al. [3].  

To organize the aggregated knowledge in a flexible way and 
link knowledge from the empirical studies (in this case, experi-
ments) to inspection BoK topics, each topic was designed as re-
lating to a set of inspection parameters, extended from the list of 
parameters by Laitenberger and Debaud [22]. For instance, 

knowledge on requirements (artifact) inspections applying PBR 
(inspection method) during individual preparation (activity) 
when conducting Fagan inspections (process). This tailoring is 
shown in Fig. 6. Note that this final step has to be redone for 
BoKs in other research topics. 

 
Figure 4. Major areas of the SKE data model. 

 
Figure 5. KB data model overview. 

 
Figure 6. Empirical studies linked to inspection BoK topics. 

The resulting model allows querying knowledge acquired 
from experimental studies. Such queries can list hypotheses of 
experiments related to specific BoK topics parameters (or their 
synonyms), the results for each hypothesis in the available ex-
periment runs (confirmed/rejected) and information on their sta-
tistical confidence. Moreover, measurements that led to each of 
those results can also be obtained. 

C. SKE Tool Support (RI-3) 
The KB was implemented using the Protégé framework and 

uses semantic technology with ontologies to facilitate semantic 
searches. Besides the KB, the tool support comprises a spread-
sheet data contribution interface and a web prototype for query-
ing. The data contribution interface was automated in Java by 
using a spreadsheet reader library (Apache POI) and an ontology 
library (Apache Jena). The Interchange Standard Approach [18] 
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can be applied for integrating heterogeneous data. The queries 
of the web prototype were implemented using SPARQL query 
language. Using ontology-specific features, the knowledge en-
gineer enhanced the KB by implementing semantic search func-
tions (e.g., searching on domain concepts, their synonyms and 
related concepts). Additionally, a glossary tool to facilitate iden-
tifying and defining domain concepts was also designed and im-
plemented.  

The material related to this Section, including the list of que-
ries, the complete data model, the SKE online query prototype 
and the glossary tool is available online1. 

V. EVALUATION RESULTS 
This section reports on the evaluation of the results regarding 

RI-2 and RI-3 based on the required queries coming from RI-1.  

A. SKE Process Evaluation 
For evaluation, we applied and measured the SKE process 

steps with tool support to build a software inspection EMSE 
BoK KB based on knowledge acquired from controlled experi-
ments. Information was extracted from 30 typical research pa-
pers and integrated into the KB. While the authors of this paper 
provided the SKE process and data model design, the data ex-
traction was conducted by an independent expert team. 

1) SKE Process Feasibility. The feasibility of applying each 
SKE phase (planning, data extraction, and building the EMSE 
BoK KB) was evaluated. The planned SKE PICO configuration 
effectively supported the identification of relevant experiments 
on software inspections. The accuracy of the derived search 
string was evaluated by comparing its results against the 
software inspection review described in [24]. The experiments 
reported in this review and indexed in Scopus were successfully 
retrieved. Therefore, we see the identified papers also 
representative for new inspection experiments. 

Data extraction into spreadsheets containing information on 
software inspection experiments based on the common KB data 
model was successfully achieved. Thus, the common data model 
built for software inspection experiments was effective in char-
acterizing the inspection experiments (modeling similarities and 
variations) and their results. 

Finally, concerning EMSE BoK KB creation, it was possible 
to create the software inspection KB from published experiment 
reports. A knowledge engineer conducted the integration of the 
data from the local spreadsheets into the common KB data 
model. The resulting EMSE BoK KB was effective and efficient 
in providing answers to the required queries. 

2) SKE Process Effort. Based on our previous SLR 
experiences, we found the overall effort of applying the SKE 
process comparable to the effort of conducting SLRs (around 
90 person hours). However, the effort of extending the SKE 
results is likely to be considerably lower (especially if done by 
other researchers, by allowing directly reusing and extending 
the extracted data, currently in many SLRs not publicly 
available). Table 1 shows the effort spent on each SKE phase to 

                                                           
1 SKE Prototype: http://cdlflex.org/prototypes/ske 

build the software inspection KB and an informal effort 
comparison to the corresponding SLR phase. Planning takes 
slightly less effort, since SKE applies a predefined PICO 
configuration. Although in SKE data extraction from primary 
studies probably takes somewhat more effort than for the SLR, 
the overall conduct phase takes about the same effort, since 
SKE does not apply data synthesis in this phase. Finally, 
creating the EMSE BoK KB is not considered in SLRs. 

TABLE I. SKE INSPECTION KB PROCESS EFFORT. 
SKE Effort (person hrs) Effort Description SKE vs SLR  

Planning EMSE BoK 
Creation 

8 Building the protocol. ↓ (- 10% to -5%) 

Conducting Data Ex-
traction 

80 Filtering primary studies 
and data extraction. 

↔ (-5% to +5%) 

Creating EMSE BoK 
KB (Population) 

< 0.05 KB data integration (au-
tomated). 

N/A 

3) SKE Process Added Value. We are aware that SKE and 
SLR processes have different purposes (SLRs usually seek for 
evidence-based answers to research questions, while SKE 
focuses on building EMSE BoKs) and that one does not replace 
the other. However, since SLRs are widely used [5], we 
ascertain that, given the similar effort, it makes sense to apply 
SKE for building EMSE BoKs. Moreover, in this specific 
context, when compared to SLRs, SKE presents the following 
benefits: 
• SKE integrates extracted data into a KB and facilitates the re-

use of the aggregated knowledge by other researchers accord-
ing to their specific goals. SLRs usually focus on specific re-
search syntheses and extracted data is mostly stored in local 
spreadsheets, seldom publicly available. 

• SKE facilitates building up knowledge incrementally by inte-
grating new extracted data into the KB.  

• The SKE KB allows exploring the gathered empirical evi-
dence using semantic search capabilities that cannot be per-
formed on SLR reports. For instance: “Which results were 
obtained for hypotheses investigated in BoK topic <BT> us-
ing the response variable <RV> (or any of its synonyms)?” 

Note that SKE required some setup effort by the knowledge 
engineer for creating the KB’s ontology model, creating the 
spreadsheet importer, providing the query facilities, and devel-
oping a suitable user interface. Table 2 shows this setup effort. 

TABLE II. KNOWLEDGE ENGINEER EFFORT. 
Know. Eng. Effort (person hrs) Effort Description 

Creating EMSE BoK 
KB ontology model 

16 Specifying the ontology model based 
on the common data model.  

Spreadsheet Importer 
Creation 

40 Developing the spreadsheet importer 
tool based on Apache Jena and POI. 

Query creation  32 Translating queries into SPARQL. 
UI Development 40 Developing a querying user interface. 

 
B. SKE Data Model Evaluation 

Having evaluated the feasibility of applying the SKE pro-
cess, interest sprouts in evaluating the resulting software inspec-
tion EMSE BoK KB and its underlying common data model 
against the required queries coming from RI-1. Therefore, the 
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knowledge engineer formulated the queries in the KB language 
so that results for them could be obtained. To evaluate these re-
sults, an independent researcher built a set of query test cases 
based on the 30 papers included in the KB. Queries Q2 to Q6 
could be directly formulated, listing experiment results, experi-
ments, hypotheses, synonyms, and research groups. The related 
test cases passed successfully with the query results, which can 
be accessed in the online prototype1. 

However, query Q1: “Which inspection methods were effec-
tive (or efficient) in finding defects in requirements artifacts?,” 
addressing a practitioners’ need could not be answered directly 
and had to be translated into terms of the underlying data model. 
The first decision was to focus on experiments that reported on 
effectiveness or efficiency (or synonyms) in their hypotheses or 
response variables and that were related to BoK Topics associ-
ated to inspection methods and to the artifact type requirements. 
For allowing semantic search on synonyms the additional do-
main concepts KB technology and the glossary were used. The 
test case built for this query was related to identifying the right 
set of experiments and passed successfully. Then, to answer the 
query, it was split into two separate queries that would provide 
an overview on the knowledge of interest out of those experi-
ments. Q1.1 was to list the hypotheses and their results in all 
experiment runs. Q1.2 was to show the findings of all papers re-
lated to them.  

Fig. 7 shows results of Q1.1 enabling stakeholders to see 
which inspection methods were reported as effective. Stakehold-
ers can also see other focused and interesting information. For 
instance, that defects detected with PBR are more evenly distrib-
uted over the document, when compared to using checklists. Re-
garding Q1.2, it provided an insightful overview on findings of 
the papers on effectiveness of inspection methods. Thus, the 
evaluation of all required queries passed successfully in the 
scope of the SKE research prototype. 

 
Figure 7. Prototype screenshot answering the query Q1.1. 

C. SKE Tool Support Evaluation 
This evaluation concerned the support for data importing and 
querying. The spreadsheet data contribution interface was effec-
tive in enabling contributions from researchers and efficient by 
requiring low effort and little time for such contributions to be 
imported. Data from 6 spreadsheets, containing data on 30 ex-
periments and including over 6,000 data elements (cells) were 
integrated into the KB in less than 3 minutes. The simple web 
interface prototype allows stakeholders to easily retrieve query 
results within a few seconds.  

VI. DISCUSSION 
In this section, we discuss for each research issue the evalu-

ation results, possible limitations, and lessons learned. 

A. RI-1: SKE Requirements Analysis  
The SKE process and its resulting KB support users well in 

locating empirical evidence and reusing it according to specific 
needs. However, it is important to state that support for meta-
analyses and for applying specific research syntheses methods 
are beyond the scope of SKE. Moreover, the relevant queries of 
our evaluation were chosen focusing on a survey with a specific 
type of stakeholder, the EMSE BoK researchers. Other stake-
holders may have different information needs. Jedlitschka et al. 
[25], for instance, gathered empirical study information needs 
from 175 managers from industry. According to their findings, 
there are three categories of information needs for these stake-
holders from experiment reports: technology, context, and im-
pact. We believe that these information needs could be provided 
by semantic queries applied to the SKE KB. However, address-
ing practitioners’ needs still has to be evaluated. 

B. RI-2: SKE Process and Data Modeling 
The SKE process evaluation showed the feasibility of build-

ing a software inspection EMSE BoK KB from controlled ex-
periments. Moreover, the overall effort was comparable to the 
effort of conducting a SLR and, for the specific purpose of build-
ing EMSE BoKs, several advantages of using SKE could be con-
firmed. However, it is important to state that the SKE and SLR 
processes have different purposes. The suitability of applying 
one or the other will depend on the specific research goals. In 
fact, if an EMSE BoK is built following SKE, the resulting KB 
may be used as input to an SLR protocol to identify relevant re-
search on a specific topic, exploring semantic search facilities 
usually not available in digital libraries. SLR data extraction 
sheets, on the other hand, can be used as input for extending the 
knowledge contained in the SKE KB. 

C. RI-3: SKE Tool Support 
The simple user interface for data importing and querying 

enables researchers to contribute building up additional 
knowledge, and to query for knowledge with low effort. Using 
ontologies facilitates extensions of the underlying KB common 
data model and semantic search. The querying capabilities were 
found efficient in the evaluation on answering the EMSE BoK 
researchers’ most relevant queries.  

D. Threats to Validity and Lessons Learned  
The performed evaluation faces some threats to validity. A 

major threat is related to the decision of applying the approach 
on building a software inspection EMSE BoK based on study 
reports from controlled experiments. Software inspections are 
widely spread in academia and industry and many empirical 
studies were conducted in this area, which may have facilitated 
building up the EMSE BoK. Additionally, SKE can also be ap-
plied to gather knowledge from other types of empirical studies 
but the feasibility of this process needs to be investigated. Be-
sides, the relevant queries used to evaluate the KB were obtained 
from a limited and informal survey. 

Main lessons learned relate to success factors for applying 
SKE. A major success factor is properly involving a knowledge 

558



engineer. The overhead of this new role is likely to be offset soon 
by benefits obtained by the established KB. Another success fac-
tor is getting the EMSE BoK community involved for long-term 
collection and use of data. Therefore, incentives and benefits of 
contributing should be clarified. 

VII. CONCLUSIONS 
In this paper we introduced the Systematic Knowledge En-

gineering (SKE) process, which supports building up EMSE 
BoKs from empirical studies. SKE builds on the Systematic Lit-
erature Review (SLR) process and provides a Knowledge Base 
(KB) as storage for extracted data. By decoupling data extraction 
from data synthesis and providing a KB, SKE allows the com-
munity to extend gathered knowledge (even if the original au-
thors are no longer available) and reusing it with semantic search 
facilities, as building blocks for a variety of analyses.  

SKE was evaluated by building a software inspection EMSE 
BoK from knowledge acquired through controlled experiments. 
Information was extracted from 30 research papers and inte-
grated into the KB. The resulting software inspection EMSE 
BoK is available online1. Main evaluation results were: 
• SKE’s suggested PICO configuration was successful in iden-

tifying relevant experiments on software inspections. 
• Data extraction of inspection experiments into spreadsheets 

based on the common data model was successful.  
• It was possible to create the software inspection EMSE BoK 

KB from published experiment reports.  
• The KB was effective and efficient in answering the most rel-

evant stakeholder queries.  
• SKE enables knowledge reuse (by applying queries) for anal-

ysis and meta-analysis purposes. Moreover, new knowledge, 
i.e., new data from literature, can be included in the KB as a 
foundation for a growing EMSE BoK. 

The SKE process showed promising results in the software 
inspection context and should also be evaluated in other con-
texts. The overall effort of applying SKE is comparable to the 
effort of conducting SLRs and, for the specific purpose of build-
ing EMSE BoKs, several advantages of using SKE could be 
identified. As future work we propose: (a) investigating to ad-
dress different EMSE BoK stakeholder needs; (b) extending the 
set of empirical studies on software inspections in the KB; (c) 
instantiating SKE in other contexts; and (d) setting up a platform 
to allow building on the collective intelligence of the research 
community for quality assurance & recommendation. 
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Abstract—The periodic execution of process performance 

analysis represents an important step for an organization to 

achieve quality in their processes and products. However, it is 

possible to notice that few software development organizations 

can establish and maintain this practice effectively. Many of the 

difficulties in executing performance analysis are related to the 

lack of knowledge in the field and difficulties of learning that are 

due to limitations and dispersion of currently available literature. 

In this sense, this paper presents the definition of a body of 

knowledge in process performance analysis, which will be made 

available through a knowledge-based system, aiming to support 

the execution of performance analysis in software development 

organizations. Particularly, we highlight the description of which 

knowledge the system must provide, as well as the ways how this 

knowledge is being captured and presented. For helping the 

understanding of the body of knowledge, an example of use is 

illustrated. 

Keywords- Process Performance Analysis; High Maturity 

Practices; Body of Knowledge; Knowledge-based Environment; 

Knowledge Management 

I.  INTRODUCTION 

In software development organizations that are looking for 
improvement in their processes and products, the adoption of 
techniques for process performance analysis is essential, since 
these techniques allow them to learn about their process, as 
well as control and predict them through the process metrics 
and statistical techniques [1]. 

There are many works in the literature that discuss the 
application and benefits of using process performance analysis 
in software, e.g. [2][3][4]. However, it is possible to see that 
few software development organizations adopt this practice in 
their organizational culture. An evidence of this scenario is the 
low number of evaluated software organizations in CMMI 
levels 4 or 5; according to [5], only 8% of the organizations 
evaluated are/were on these levels. Furthermore, few works in 
the literature show the effective implementation of process 
performance analysis in the software field [6]. 

The main difficulties pointed by the organizations for not 
implementing process performance analysis are: (i) lack of 
planning and collection of adequate software metrics; (ii) lack 
of knowledge on the techniques and methods to execute 
process perform analysis; and (iii) lack of knowledge about the 
data required to adequately perform the analysis [3][6][7]. 

As it can be seen in the literature reviews and in practice 
through consulting experience, process performance analysis is 
a human-dependent activity, as it requires several decision-
making actions that cannot be completely solved by a 
computer. Due to this, knowledge becomes a critical success 
factor [8]. These decision-making actions require deep 
technical knowledge of performance analysis and a good 
understanding of the process being analyzed. 

In fact, for an effective process performance analysis, it is 
mandatory for those responsible for this activity to have 
technical knowledge of the concepts and techniques to carry 
out performance analysis; one should also have knowledge of 
both the process and the organizational context in which the 
analysis will be performed, as otherwise the benefits of the 
analysis may not be achieved. As it can be seen, knowledge is 
one of the most important assets in an organization that seeks 
for excellence in the development of its products and services 
[1]. Thus, it must be properly managed, so that such 
organization can take advantage from its several benefits. 

In this sense, knowledge management practices can play an 
important role to support this kind of activity by collecting, 
storing and applying the right knowledge to the right people at 
the right time. In order to support performance analysis by 
using knowledge management practices, a knowledge-based 
environment named SPEAKER (Software Process 
pErformance Analysis Knowledge-based EnviRonment) is 
being developed. This environment aims to provide a body of 
knowledge on the concepts, tasks, and techniques of process 
performance analysis, designed to support software 
development organizations to perform this analysis properly. 

Thus, this paper aims to describe the body of knowledge 
that will be made available through the proposed environment, 
as well as how this environment must deal with the 
management of such knowledge. To this end, the paper aims to 
answer the following questions: (Q1) which knowledge should 
be made available for supporting the execution of process 
performance analysis? and (Q2) how this knowledge should be 
documented in SPEAKER? 

The remainder of this paper is structured as follows: 
Section II presents basic concepts about performance analysis 
and knowledge management. In Section III, the body of 
knowledge for software process performance analysis is 
described, and a hypothetical example of its use is presented in 
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Section IV. Some considerations on how the proposed 
knowledge-based environment will manage this knowledge are 
presented in Section V. Section VI presents some related 
works. Finally, Section VII provides some final remarks. 

II. BACKGROUND AND MOTIVATION 

Process performance analysis involves a set of methods and 
techniques first targeted at understanding the process and then 
analyzing its stability [1]. The execution of process 
performance analysis is one of the requirements defined by 
maturity models (such as CMMI-DEV [9] and MR-MPS-SW 
(the Reference Model of the Brazilian Software Process 
Improvement Program for Software) [10]) and quality 
standards (such as ISO 15504 [11]). 

In order to use measures to predict future results or as a 
basis for process improvement, it should be ensured that the 
process behavior is stable [12]. A process is stable when its 
variability is due only to common causes, i.e., caused by 
inherent factors that are part of the process. If the process is 
unstable, variability is caused by special causes (also called 
assignable causes), i.e., caused by events that do not usually 
occur during the process execution, and thus should be 
prevented [1][12]. When variability is due only to common 
causes, the process behaves between known limits and thus it 
becomes possible to predict it [12]. 

According to [1], a process performance analysis aiming at 
continuous process improvement can be accomplished by 
executing the following tasks: (i) clarify business goals; (ii) 
identify and prioritize process issues; (iii) select and define 
measures of processes or products; (iv) collect, verify and 
retain data on process execution; (v) analyze process stability; 
and (vi) analyze process capability. 

The main tools used for analyzing process stability are 
control charts [12]. From them, it is possible to verify whether 
the process variability is due only to common causes or not. 
There are many types of control charts, and each one can be 
more appropriate for a specific context. For an adequate control 
chart, one needs to check the question to be answered, the type 
of data measured (variables or discrete), the size of subgroups 
(if applicable), the data distribution model, among others [1]. 

Although each type of control chart has some rules for 
detecting if a process is stable, they are difficult to analyze 
when the responsible for the analysis is not aware of both the 
process and the organizational context. Moreover, the wrong 
type of control chart can lead to mistakes in the analysis (e.g., 
indicating that a process is stable when it is not). In such cases, 
only an expert may be able to notice this issue and analyze the 
data with another type of control chart. 

In order to support a non-expert person in the execution of 
performance analysis activities, a knowledge-based system 
(KBS) can be used. It aims at imitating human reasoning in 
problem-solving for assisting decision making [13], with a 
combination of artificial intelligence techniques and a database 
of specific knowledge. The concept of KBSs is widespread 
amongst academics and researchers [14]. Particularly, many 
knowledge management initiatives have been proposed in 
software engineering, such as [15] and [16]. These studies 
illustrate the synergy between these two areas. 

Basically, knowledge-based systems seek to implement 
knowledge management activities in an organization. Usually, 
the main activities are knowledge identification, knowledge 
acquisition, knowledge development, knowledge 
dissemination, knowledge utilization, and knowledge 
maintenance [17]. However, such activities may vary 
depending on strategic goals and the organizational context. 

Knowledge management deals with two kinds of 
knowledge: explicit and tacit. Explicit knowledge, also known 
as “codified knowledge”, can be easily described in a textual or 
symbolic form. Tacit knowledge, in turn, is on people’s minds 
and is hard to express [17]. In this work, both kinds will be 
captured and made available in the body of knowledge. 

III. A BODY OF KNOWLEDGE FOR SOFTWARE PROCESS 

PERFORMANCE ANALYSIS 

Based on the execution of a systematic mapping study 
(briefly described in the Section VI), in addition to literature 
reviews, it could be noticed that there is a lack of works that 
support process performance analysis by knowledge 
management practices. Moreover, there are only a few papers 
in the literature that describe process performance analysis in 
software, as pointed out in [6]. This scenario makes the 
learning and adoption of process performance analysis by 
software organizations more difficult, even for those 
organizations that already have achieved intermediate maturity 
levels (e.g., CMMI level 3 or MR-MPS-SW level C). 

The knowledge base is a major component of a KBS. 
Therefore, for developing SPEAKER, the knowledge to be 
made available was identified and organized in a body of 
knowledge. Such body of knowledge is presented in the 
following subsections, highlighting the knowledge required for 
executing properly the performance analysis (answering Q1 
showed in Section I), as well as how this knowledge is being 
documented in SPEAKER (answering Q2). 

A. Knowledge required to process performance analysis 

Based on the technical literature about performance 
analysis in software (e.g. [1][9][10]) and also in non-software 
area (mainly in manufacturing area) (e.g. [12]), a set of 
activities and tasks was identified. They served as input for the 
identification of the required knowledge to execute software 
process performance analysis. The main activities and tasks are 
listed in Table 1. This knowledge involves the breakdown of 
activities and tasks, and the description of techniques or 
methods that can be used for supporting the execution of 
performance analysis. It also involves the requirements 
expected by maturity models and quality standards. The 
description of each technique or method has the following 
structure: name, description, application context, data 
characteristics to which the method applies (variable or 
attribute, sample size, data distribution, etc.), and a practical 
example in the software area. 

For composing the body of knowledge, both types of 
knowledge (explicit and tacit) are intended to be captured. In 
the context of this work, explicit knowledge is that spread in 
books, papers, journals and academic theses, while tacit 
knowledge is collected from interviews with experts. 
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Table 1. Activities and Tasks for Performance Analysis 

Activities Tasks 

Preparing for 

Performance Analysis 

Identify quantitative goals of process quality 

and performance  

Identify critical processes 

Assess the adequacy of the process for 

performance analysis 

Verifying Process 

Stability 

Group data of similar projects 

Select appropriate type of control chart 

Construct the control chart 

Apply stability and trends tests 

Identify and execute corrective actions to 

stabilize the process (if necessary) 

Confirm process stability (if necessary) 

Establish performance baseline 

Verifying Process 

Capacity 

Determine process capacity 

Compare capacity results with quantitative 

goals of process quality and performance  

Identify and execute corrective actions to 

make the process capable (if necessary) 

Establishing 

Performance Model 

Identify dependent variable 

Identify possible independent variables 

Select appropriate analysis method according 

to variable types 

Develop the regression equation, 

probabilistic model, or simulation 

Calibrate and test the performance model 

Monitoring Process 

Stability 

Collect new measures 

Update control chart 

Check need to recalculate performance 

baseline 

Apply stability and trends tests 

Confirm process stability 

Monitoring Process 

Capacity 

Monitoring Process Stability (activity) 

Verifying Process Capacity (activity) 

The explicit knowledge involves technical knowledge about 
quantitative and statistics methods, and is present in the 
literature on process performance analysis in both software and 
not related to software areas. In the body of knowledge, when 
such knowledge comes from an area not related to software, an 
analysis is made to verify whether it has been already applied 
to software or not, and if some adjustment is necessary. In 
order to verify if the knowledge to be stored in SPEAKER is 
correct and adequate, peer reviews with experts in the 
corresponding key areas are planned. Thus, it is expected to 
minimize the risk that the knowledge provided by the 
environment does not achieve its purpose. 

Tacit knowledge, in turn, is rarely described in books or 
papers and it is difficult to capture [17]. However, tacit 
knowledge can be partially converted to explicit knowledge 
and then be managed by a knowledge system [8]. To this end, 
in this work, tacit knowledge is collected and enriched by 
performing successive interviews with experts, who describe 
how one executes each performance analysis activity and in 
which context. After that, the collected knowledge is included 
in the body knowledge of the system, becoming an explicit 
knowledge. These experts are involved in the implementation 
of high maturity level in software organizations or are certified 
appraisers to lead appraisals for organizations aiming to attain 
high maturity levels. Therefore, this knowledge will allow 
SPEAKER works as an assistant, allowing the practitioner to 
think about aspects that usually would be overlooked. 

B. Knowledge documentation 

Besides identifying which activities and tasks must be 
supported and which knowledge must be comprised in the body 
of knowledge, it is necessary to identify the format this 
knowledge must be organized and displayed to practitioners. 

The way this knowledge is documented and presented 
influences the ease of its understanding and use. Therefore, the 
knowledge must be documented in a format that is suitable for 
practitioners. In this sense, SPEAKER must allow different 
ways of documenting and presenting the knowledge related to 
performance analysis activities, as follows: 

 Process: The knowledge about activities and tasks related 
to process performance analysis should be documented in 
the form of a process, so that they can be described with 
their goals, input and output criteria, their responsible 
members etc. Besides, the sequence and dependencies 
between activities must also be evidenced. 

 Recommendations: The suggested techniques for 
supporting the execution of each performance analysis 
activity should be presented through descriptions and 
examples of use. Tips and points of attention related to the 
execution of those activities must be presented as well. 

 Rules: A result of a previous activity can affect or limit the 
options to execute the next activity. This knowledge is 
presented through rules. 

 Best practices: Describe the consensus between experts in 
executing certain aspects of process performance analysis. 

 Lessons learned: After executing performance analysis 
activities in the organizational context, it should be 
possible for the practitioner to describe lessons learned 
about this execution. This way, the initial knowledge base 
of the environment can be constantly fed back. 

IV. EXAMPLE OF USE 

Aiming to present how the body of knowledge can help a 
software development organization in executing performance 
analysis, a fictitious scenario of use is given. It was derived 
from professional experience of the authors and findings from 
the literature. Due to space limits, only the activity “Preparing 
for Performance Analysis” (shown in Table 1) is described. 

The Alpha organization develops corrective and evolutive 
improvements of its products. It has achieved CMMI level 3, 
and the top management decided to start the implementation of 
level 4. As the organization does not have a consultant for 
supporting the necessary improvements, it was decided that 
Alpha’s software engineering process group (SEPG) should 
study the necessary concepts for applying the performance 
analysis and implement the process. For supporting the SEPG, 
the body of knowledge (to be provided by SPEAKER) is used.  

The activity “Preparing for Performance Analysis” aims to 
identify which critical subprocesses (and their attributes) must 
be subject to performance analysis. The body of knowledge 
must then comprise all the tasks that must be executed to this 
end. Such tasks are listed in Table 2. The necessary knowledge 
to perform each task (whose samples are also described in 
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Table 2) provides some definitions, a description of applicable 
techniques, some examples and the lessons learned related to 
the task at hand. Further information on a concept or a specific 
technique will also be provided for helping its understanding. 

Table 2. Tasks and related knowledge 

Tasks Corresponding Knowledge 

Identify quantitative goals of process quality and performance 

Define/clarify the organization’s 

vision and mission 

Definition and examples of vision and 

mission 

Identify strategic goals and their 

indicators 

Balanced Scorecard (description and 

example) 

Goal-Question-Metric (GQM) (description 

and example) 

Analyze external environment 

(market, clients, competitors etc.). 

SWOT analysis (description and example) 

Porter Forces (description and example) 

Analyze internal environment 

(organization’s strengths and 

weaknesses) 

SWOT analysis (description and example) 

Identify medium term tactical 

software goals 

Definition and example of medium term 

tactical goals 

Identify short term tactical 

software goals 

Definition and example of short term 

tactical goals 

Identify quantitative goals of 

process quality and performance 

Definition and example of quantitative 

goals of quality and performance 

Identify critical processes 

Establish selection criteria for 

subprocesses 

Examples of selection criteria 

Recommendations from maturity models 

Evaluate subprocesses regarding 

the degree of compliance with the 

criteria 

Delphi technique (description and example) 

Weighted Multi-voting (description and 

example) 

Pareto Analysis (description and example) 

Prioritize critical subprocesses - 

Assess the adequacy of the process for performance analysis 

Identify attributes related to each 

critical subprocess 
- 

Evaluate the suitability of each 

attribute to performance analysis 

Requirements needed for performance 

analysis 

Identify and execute corrective 

actions for adjusting measures to 

performance analysis (if 

applicable) 

Recommendations of corrective actions 

Results of corrective actions previously 

adopted by the organization 

Define list of processes for 

performance analysis, with their 

related attributes and priorities 

- 

From the information provided through the body of 
knowledge, the SEPG establishes along with top management 
the following organization’s vision and mission. 

Mission: “Develop high quality software in the medical 
field, providing clients with more agility in their processes, and 
providing resources for a more effective decision making. This 
way, we hope that our clients can have a high productivity in 
their consultations and value the preservation of their patients’ 
health with confidence”. 

Vision: “Be recognized as a company of excellence in the 
development of software in all sectors of the medical domain, 
reaching a continuous and sustainable growth”. 

Proceeding with the tasks set out by the body of knowledge, 
the SEPG identifies strategic and tactical goals (both short and 
long term) from successive decompositions. An example of 
these goals is shown in Figure 1 (for illustration purposes, only 
one requirement is derived at each step). For decomposing the 
short term software goal in quantitative goals of quality and 
performance, the SEPG needs to identify which subprocesses 

are related to this goal, as recommended in the body of 
knowledge. In the example shown, the subprocesses Software 
Coding and Software Testing are identified. 

 

Figure 1. Alpha’s Goals 

In order to assist the organization in properly defining 
quantitative goals, the information necessary for their 
completion are presented with an example indicating how they 
should be filled out. The quantitative goals of quality and 
performance identified by Alpha are presented in Table 3. 

Table 3. Quality and performance quantitative goals for 

the Alpha organization 

Subprocess Action Value Measurable Element 

Software Coding decrease 10% rework effort 

Software Testing decrease 5% rework effort 

For selecting critical subprocesses, a set of criteria 
identified in the literature is presented, which may be used 
according to the organizational context, as well as 
recommendations from maturity models, e.g., CMMI’s 
suggestion stating that a minimal set of subprocesses must 
encompass at least: a subprocess for each stage of the life cycle 
(product engineering activities), a subprocess for project 
management and a subprocess for supporting processes.  

From the information provided, the SEPG establishes a set 
of criteria to be adopted, and choose to use the Weighted Multi-
voting technique [18]. After applying the technique, the 
subprocesses Software Coding, Software Testing and 
Requirements Specification are identified as critical. In order to 
assess whether the critical subprocesses and their attributes are 
suitable for performance analysis, a checklist is presented for 
evaluating their attributes. Table 4 presents the application of 
the checklist to the subprocess Software Coding by the SEPG. 

Table 4. Results from the evaluation of the subprocess 

Software Coding 

Attribute Result Problem 

Coding effort Suitable N/A 

Rework effort Suitable N/A 

Schedule Not suitable 
Data are collected in a non-

standard way 

From the results, the SEPG cannot execute performance 
analysis with the attribute “schedule”, but can establish 
corrective actions, so that such attribute can be properly 
collected (hence properly analyzed) in future projects. The 
body of knowledge comprises recommendations that can guide 
the SEPG in this task. Examples include (i) a proper training 
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focused on the responsible for the data collection and (ii) the 
definition of clearer collection procedures. 

Thus, at the end of the activity “Preparing for Performance 
Analysis”, Alpha has a list with critical subprocesses identified 
and prioritized. From this list, the organization can begin 
performance analysis with the verifications of stability of the 
first subprocess (as shown in Table 1), with regards to an 
attribute considered a priority. 

V. TOWARDS A KNOWLEDGE-BASED ENVIRONMENT FOR 

SOFTWARE PROCESS PERFORMANCE ANALYSIS 

Aiming to minimize the difficulties faced by software 
organizations for implementing process performance analysis 
(as pointed in the previous sections), we are developing 
SPEAKER, a knowledge-based environment for supporting the 
execution of software process performance analysis. By using 
this environment, we expect to help software organizations in 
analyzing their process properly, taking into account the 
organizational context and correctly applying the concepts and 
techniques of process performance analysis. Through 
SPEAKER, the presented body of knowledge must be accessed 
and maintained effectively by practitioners.  

The main module of SPEAKER is the Knowledge-Based 
System (KBS), which aims to provide the knowledge about 
performance analysis and perform the knowledge management 
activities. Such activities involve the capturing, storage, 
recovery, and maintenance of the knowledge and rules 
described in the body of knowledge. In the context of the KBS, 
the main knowledge management activities will be performed 
as follows: 

 Knowledge identification and acquisition: This activity 
involves both explicit and tacit knowledge, and also covers 
the knowledge identification, when the required knowledge 
to execute the process performance analysis is identified. 
For the construction of the initial knowledge base of the 
environment, this activity has been performed through 
successive technical literature reviews and interviews with 
experts. After the environment is set up and used by an 
organization, the practitioners will be responsible for this 
activity by registering their understanding of performance 
analysis execution, or as a result of the knowledge 
maintenance activity; 

 Knowledge organization and storage: The knowledge is 
organized and stored so that it can be available and 
understandable by practitioners. To this end, different 
knowledge formats will be adopted depending on the 
performance analysis activity being executed at the time. 
These formats include lessons learned, best practices, case 
studies, examples and stories; 

 Knowledge retrieval and utilization: This activity allows 
the knowledge to be used by practitioners to support them 
when a performance analysis activity is executed. The 
knowledge related to this activity is displayed to better 
assist its execution. Thus, only the knowledge that is 
relevant at the time is presented to the users, in order to 
avoid information overloading. Besides, one can search for 
a particular knowledge that is not being presented; 

 Knowledge maintenance: While the knowledge is used to 
execute performance analysis, users can evaluate the 
usefulness and accuracy of such knowledge. Thus, 
knowledge with low scores can be reviewed or excluded 
from the knowledge base. This evaluation may also 
indicate the lack of a specific knowledge; in such case, a 
new round of the knowledge identification and acquisition 
activity can be conducted. 

SPEAKER also consists of two other modules (not detailed 
in this paper): a process components library and a tool for 
process instantiation and execution. They are responsible for 
defining and storing the execution history of the process 
performance analysis and establishing the communication 
between the KBS and the user. 

VI. RELATED WORKS 

In order to explore how knowledge management practices 
are used in software process performance analysis, a systematic 
mapping study was conducted. Such study, also known as 
Scoping Study, is designed to provide a wide overview of a 
research area [19]. The main goal of this study was to identify 
papers that (i) report difficulties, problems or challenges 
regarding knowledge issues in the process performance 
analysis, and (ii) suggest or adopt knowledge management 
methods or techniques to deal with these issues. The planning 
and results of this study are described in [20]. 

Through this systematic mapping study, only one approach 
that deals with some knowledge management practices to 
support process performance analysis was identified. This 
approach, called “SPC-Framework”, proposes to adapt the 
original statistical process control concepts for application in 
the software development scenario [21]. 

To achieve this purpose, this framework comprises [21]: (i) 
Test set: the selection of a test set, amongst those presented in 
the SPC literature, along with its rearrangement in logical 
classes; (ii) Test interpretation: the interpretation of every test 
in each class, from the software process point-of-view; (iii) 
Investigation process: a process to guide software process 
monitoring and stability investigation; and (iv) Experience 
Base: a framework of an experience base for collecting 
experience in the use of the SPC, based on Decision Tables. 

Based on the few results of the study, non-structured 
reviews in the literature were made to better ground the 
proposed system. These reviews took into account areas non-
related to software, and some works were identified, especially 
in the manufacturing area. One of them is an expert system [22] 
which aims to support pattern recognition in a control chart. 
According to the authors, this system allows plotting control 
charts, identifying instabilities patterns, calculating the 
capability index, identifying possible root causes, and 
suggesting improvement actions. 

Another work in the manufacturing area is an advisory 
system aimed at capturing and disseminating knowledge to 
support the selection of an adequate control chart in a specific 
situation [23]. This system is based on pre-set rules that drive 
the user to make the selection. 
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The few identified ones have some significant drawbacks 
that can harm the execution of process performance analysis, 
namely: (i) they generally consider only one type of control 
chart; (ii) they do not deal with the whole performance analysis 
process, but only some tasks; and (iii) they do not take into 
account the context information during the analysis. 

VII. CONCLUSIONS 

This paper presented how a body of knowledge on process 
performance analysis was organized. By integrating it into 
SPEAKER, software development organizations can be 
properly supported in carrying out performance analysis. 

After the complete organization and structuring of the body 
of knowledge, the next research steps are the development of 
SPEAKER, based on the infrastructure provided by CORE-KM 
(Customizable Organizational Resources Environment with 
Knowledge Management) [24], a customizable environment 
that supports the definition, customization and execution of a 
knowledge management system that is specific for each 
organization. This environment was developed by our research 
group at COPPE and was already used in academic contexts 
and in Brazilian organizations for creating knowledge-based 
environments that support their business processes. 

A survey was conducted with some experts in software 
process performance analysis, aiming to verify the activities 
and tasks identified as required for executing performance 
analysis. 4 out of 10 participants answered the survey. All of 
them stated that the proposed activities are indeed necessary. 
They also agreed with the sequence of these activities. 
However, according to them, the representation of iterations 
between activities should be emphasized, and the verification 
of the process capability should be better explained. One 
respondent indicated that statistical tools should be 
recommended as well. Some of these improvements are already 
being incorporated into the body of knowledge. 

In addition to the evaluation of the knowledge identified 
and organized in the system, the SPEAKER environment will 
be evaluated as a whole. To this end, it is planned to use 
SPEAKER in the context of a real software development 
organization that is preparing to adopt performance analysis in 
their processes. The evaluation will include aspects such as (i) 
the sufficiency of the knowledge provided by SPEAKER when 
supporting non-experts in executing process performance 
analysis, and (ii) the adequacy of the knowledge representation 
format with respect to the stakeholders’ needs. 
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Abstract

Information and content is described using content or docu-
ment models. Content production always has a particular pur-
pose, target audience and language. Often various forms of rep-
resentations are created in different data formats and all overlap
in content and structure. Fragments of such content have relations
across different origins. Such relations refer to a finer granularity
than the elementary unit of most management tools. Thus man-
agement tools are unable to provide automated support for such
relations and consistency must be manually ensured during main-
tenance.

Using the example of learning and teaching content this pa-
per outlines key challenges of the problem domain, fundamental
characteristics of content production and management and neces-
sary concepts of content and document models to address these
problems. Related work on content and document models as well
as management approaches is discussed and an approach for a
repository architecture is presented to target these problems on
management level.

1. Motivation

Digital learning and teaching materials are usually the
result of target oriented content production processes. They
are created using appropriate editing tools (Office-Tools like
Word, Powerpoint, Apache OpenOffice, LibreOffice, image
processing applications, special tools to produce SCORM-
based e-learning content, and more) and managed using the
specific data format of the tools.

Every kind of knowledge transfer pursues an intention
and follows a didactic approach. Thus teaching in pres-
ence (presentation slides), self-study (lecture notes) and in-
teractive online learning (web content) demand all different
kinds of content representations. The purpose of materials
is significantly characterized by the learner as target audi-

The work was funded by the European Union and the Free State of
Saxony.

ence. Thus materials differ by means of the didactic design,
prior knowledge, expert and non-skilled target audience or
fundamental or advanced knowledge.

To create such forms of content within a reasonable time
copy and paste is usually used to reuse content fragments by
duplication. In addition the use of materials in international
cooperation demand translation and localization.

On update or revision of content the consistency of par-
tially redundant content fragments spread across different
document files need to be ensured manually. The process of
locating related content, detecting differences and collect-
ing content for refreshing translation and localization must
be done by hand and leads inevitably to time consuming
maintenance of content.

This paper focuses on requirements of content and doc-
ument models as well as content management approaches.

2. Key Challenges in Problem Domain

The process of producing learning and training content
starts by defining a main learning path through the knowl-
edge domain. According to this path the material is struc-
tured and created using an didactic approach (see [1]). Thus
different documents are produced (e.g. presentation slides
and scripts) sharing the same structure but contain different
representations of the content. During content maintenance
the common structure must be ensured manually to keep the
materials consistent.

During the production of materials with a similar target
audience copy and paste is usually used to reuse content by
duplication. Thus content fragments are stored redundantly
in different document files. During update or revision all
duplicated content fragments must be maintained manually
to ensure consistency. The same applies to derived con-
tent. Content fragments are duplicated and subsequently
changed to better fit other purposes or author styles. Dur-
ing change of the comprised knowledge all derived content
must be considered for manual maintenance.

Multilingual materials with a high rate of change need
frequent refreshing translations and localizations. When the
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latest updates are not yet available, one must deal with in-
completely translated and localized materials.

Approaches to address these challenges involve docu-
ment and content models as well as content management
approaches.

3. Fundamental Characteristics of Content
Production and Management

3.1. Reuse of Content

By using copy and paste content can be reused by dupli-
cation. This results in redundant storage and thus content
updates have to be done manually on each copy to ensure
consistency.

Content references allow to reuse content without dupli-
cation and redundant storage. Instead of the content itself
just a reference to it is stored1. Whereas copy and paste is
a feature of the editing tool, content references are a feature
of the document model and must be supported by it.

3.2. Granularity in Content Production

In this context granularity is understood as the extend
of content. Document models define concepts to structure
content (e.g. headings for hierarchical structures in text doc-
uments or slides in presentation software) and capture con-
tent (e.g. text in text boxes or paragraphs). Each concept
represents a level of granularity. Thus there are levels with
finer and coarser granularity.

Especially in document oriented content production pro-
cesses resulting document files are tailored to particular pur-
poses and have a coarse granularity. Within learning object
based content production processes Hamel et al. states that
the granularity should be relatively small [2]. In addition
Duval et al. states that learning objects with finer granular-
ity are more easily reusable [3].

3.3. Granularity in Content Management

All management tasks including versioning, categoriza-
tion, meta data management as well as translation are based
on an elementary content management unit. Document
Management Systems (DMS) and versioning tools use sim-
ple files as management unit. Due to the coarse granularity
of document files such tools are not suited to address the
key challenges of section 2. Content Management Systems
(CMS) use the concepts of their content model as manage-
ment unit. Thus they provide finer levels of granularity but
prescribe particular content models.

1links in contrast serve as navigation

4. Solution Approaches in Content Production

To address the key challenges content or document mod-
els need the following mechanisms.

4.1. Content References

The document model must provide support for content
references. To use them they must be allowed on the desired
position and the type of content must be supported.

There are two kinds of content references: references to
files and references to file fragments. In the latter case just
the referenced fragment is included instead of the whole
file. This requires mechanisms to address content fragments
defined by the referenced document model.

4.2. Content Aggregations

Mechanisms to aggregate content are based on content
references and allow to compose documents out of other
documents and document fragments. In addition to con-
tent inclusion the content is adapted to the current context if
required, i.e. it is included on the desired position in the hi-
erarchical structure of the document and the document wide
layout and formatting settings are applied. Layout and for-
matting settings particularly defined for the included con-
tent are not adjusted.

4.3. Content Filtering

Mechanisms for content filtering allow for conditional
content inclusion. Some kind of configuration settings spec-
ify whether or not particular content fragments are included
or not. Usually such mechanisms evaluate meta data at-
tached to content fragments.

4.4. Separation of Content and Presentation

There are two common approaches to separate content
and presentation. First, the content contains meta data
referencing presentation details. A presentation engines
resolves these references and renders the content appro-
priately. Examples are the HyperText Markup Language
(HTML) which references Cascading Style Sheets (CSS)
files or Open Document (ODF) which defines format tem-
plates referenced by content.

Second, there are transformation based approaches. The
content is either described by an XML based document
model or an implemented content model. Transforma-
tions are described using the Extensible Stylesheet Lan-
guage Transformations (XSLT) or an appropriate template
language. An XSLT or template processor takes the con-
tent and transformations as input and produces output doc-
uments. Examples are DocBook, DITA or CMSs.
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5. Proposed Content Management Approach

To provide automated tooling support for the key chal-
lenges mention in section 2, content management must de-
tect and manage content references and content aggrega-
tions and must support meta data for content filtering on a
fine level of granularity. The proposed approach focuses
on a repository architecture to manage fine granular content
fragments and to capture content references and aggrega-
tions in a document and content model independent manner.

5.1. Content Structure Layer

The structural aspects of content are captured by this
layer, illustrated in figure 1. Opaque content represents any

Asset

ContentNode OpaqueContent

Figure 1: Content Structure Layer UML Sketch

unstructured content and can be compared to the manage-
ment unit of other management approaches. Content nodes
are used to represent structured content in form of a tree
by having any number of children nodes. Content can be
attached directly to content nodes or by referencing other
assets. All assets are identifiable by an URI (Uniform Re-
source Identifier), may have any number of arbitrarily meta
data attached and store content binary.

5.2. Semantic Layer

All assets are resources in the semantic sense. This layer
is used to classify content and to capture all kinds of con-
tent relationships. It resembles a large graph with nodes
being content assets or concepts defined by semantic tech-
nologies. The edges constitute relationships between con-
tent assets, relationships to semantic meta data as well as
relationships between semantic concepts.

This layer enables the use of existing meta data stan-
dards like Dublin Core [4] or LOM (Learning Object
Metadata)[5] as well as their extension or supplement
with custom concepts, categories, terminologies or tax-
onomies defined using SKOS (Simple Knowledge Orga-
nization System)[6], RDFS (Resource Description Frame-
work Schema)[7] or OWL (Web Ontology Language)[8].
Having all content assets and semantic meta data acces-
sible in one huge graph allows for simple querying using
SPARQL[9] or gremlin[10] as well as easy exploration for
similar content.

5.3. Data Storage Layer

The main purpose of this layer is to persist data. All data
is stored as binary stream. A separate data storage layer is
suited to support deduplication and distribution of data to
enable the use as distributed repository.

5.4. Repository Architecture

An adapter mechanism is used to map content into the
proposed management model. File based adapters build
appropriate content structures based on content or docu-
ment model concepts as well as content meta data. A
plug-in mechanism supports extensible file based mappings.
Adapters may be integrated into content production envi-
ronments like Office-Suites as well.

The adapter concept allows for type as well as instance
based mappings. Thus individual content fragments of the
same content type may be mapped differently. Furthermore
adapters may overcome the limitations of document models
by providing extensions to support content references and
aggregation mechanisms.

6. Related Work

LATEX supports content references to files and separates
content and presentation. It does not support content aggre-
gations (because explicit outline level for headlines), con-
tent filtering and references to file fragments.

DocBook 5[11] supports content references to files, con-
tent filtering and separates content and presentation. To-
gether with XInclude[12] and XPath[13] content references
to document fragments are supported as well as limited con-
tent aggregations2. In future DocBook 5.1[14] will support
content aggregations.

DITA[15] supports content references to files and docu-
ment fragments, content filtering, separation of content and
presentation as well as content aggregations directly.

Document models of office suites support content ref-
erences basically to images, multimedia and OLE objects
(Object Linking and Embedding). Content aggregations are
not supported. OLE is used to include document fragments
of other OLE supported applications in a display oriented
manner. If no appropriate application is available, included
document fragments are usually replaced by images. Open
Document[16] text documents provide the concept of sec-
tions for modular editing. It allows to include fragments of
other documents by reference and replaces the document
wide style settings. Because outline levels are explicitly
stated it cannot be considered as content aggregation mech-
anism.

2the element section can be nested and specifies the outline level
relatively
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Only DITA provides mechanisms for all solution ap-
proaches mentioned in section 4. All other document mod-
els are not suited by default to target all key challenges of
section 2. In addition content management approaches lack-
ing support too.

According [17] there are different kinds of CMSs but
there is no clear distinction between them. In accordance
with [18] related kinds of CMS are Web CMS, Learning
CMS, and Document Management Systems (DMS). Web
CMS as well as Learning CMS are limited to web technol-
ogy based publishing[18]. They might be suited to manage
content for interactive online learning but not for materials
used for teaching in presence like presentation slides or lec-
ture notes. The proposed approach is suited for any kind of
content model and don’t have such limitations.

DMSs are designed to manage document files. They do
not consider their internal structure. Thus they are not capa-
ble of detecting and managing content references and con-
tent aggregations. Alfesco[19] as example provides support
to manage translations on document level. Thus it supports
the third key challenge with file-based granularity. The pro-
posed approach is able to manage content with relations on
any level of granularity. The management software edu-
sharing[20] is a distributed repository for teaching content.
It is based on Alfresco and therefore bound to the same con-
tent management approach [21].

7. Summary

Document oriented production of learning and teaching
materials is still prevalent in institutions of higher educa-
tion like universities. With ”documents must die” criticized
[22] such approaches almost 10 years ago and states that ef-
forts for share and reuse based on simple file oriented doc-
ument models are bound to fail. He argued that we need
more sophisticated content and document models. Though
many content and document models evolve to open stan-
dards, they still have limitations and need to be supported
by a flexible yet scalable content management approach.

Further research includes the mapping of content and
document models to the management model including the
analysis of consequences, its eligibly and effort as well
as feasibility to extend document models with aggregation
mechanisms.
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[21] Michael Klebl, J. Bernd Krämer, Annett Zobel, Matthias Hupfer, and

Christian Lukaschik. Distributed Repositories for Educational Con-
tent. eleed, 7(1), 2010.

[22] Erik Duval. We’re on the road to ... In Lorenzo Cantoni and Cather-
ine McLoughlin, editors, Proceedings of the ED-MEDIA 2004 World
Conference on Educational Multimedia, Hypermedia and Telecom-
munications, pages 3–5, Lugano, Switzerland, 2004. AACE.

569



Flood Citizen Observatory: a crowdsourcing-based 

approach for flood risk management in Brazil 
 

Lívia Castro Degrossi, João Porto de Albuquerque 

Dept. of Computer Systems, ICMC  

University of São Paulo 

São Carlos, Brazil 

{degrossi, jporto}@icmc.usp.br 

Maria Clara Fava, Eduardo Mario Mendiondo 

São Carlos School of Engineering  

University of São Paulo 

São Carlos, Brazil 

mclarafava@usp.br, emm@sc.usp.br

 

 
Abstract—The number and intensity of floods have increased 

worldwide due to climate change, causing more damage, deaths 

and economic impacts than any other natural disaster. Coping 

with this type of disaster requires up-to-date, complete and 

accurate information about the current state of environmental 

variables. To make a contribution in this context, this paper 

proposes a crowdsourcing-based approach for obtaining useful 

volunteer information for the context of flood risk management. 

Furthermore, an experimental evaluation was performed in 

order to verify the effectiveness of this approach. 

Keywords- Flood Risk Management; Volunteered Geographic 

Information; VGI; Crowdsourcing; Citizen Observatory 

I.  INTRODUCTION  

Climate change is increasing the number and intensity of 
natural disasters around the world [1]. Between 2000 and 2012, 
natural disasters caused approximately U$ 1.7 trillion in 
economic losses and affect 2.9 billion people and cause 1.2 
million deaths [2]. The occurrence of natural disasters is linked 
not only to environmental characteristics, but also to the 
vulnerability of the social system [3]. In this perspective, 
disaster management (DM) aims to reduce or avoid potential 
losses and provide assistance to the victims. In particular, 
spatial information consists of an essential resource in the 
whole process of DM [4], e.g. to reduce the impacts caused by 
the disaster or identify its imminence. To accomplish this, 
information must be reliable, accurate and updated [4], [5]. 

In particular, floods represent 30% of the natural disasters 
that occur worldwide, causing more damage, deaths and 
economic impacts than any other event [6]. In Brazil, floods are 
intensified during the rainy season, between the months of 
December and March. Flood Risk Management (FRM) is the 
process of managing a situation of existing flood risk by 
controlling the impacts caused by it and being prepared for it 
[7]. Thus, information about the current state of the 
environmental variables is needed to allow the simulation of 
the effects and severity of a disaster [6], [7]. In addition, 
continuous monitoring of flood risk requires specific local 
information, such as precipitation and water height, to assess 
the potential flood risk. However, such information is difficult 
to obtain in developing countries such as Brazil.  

Spatial information obtained from volunteers, so-called 
Volunteered Geographic Information (VGI) [8], is being used 

as a data source for disaster management. This is due to the fact 
that VGI offers a potentially large number of volunteers who 
act as “sensors”, recording important local parameters for DM 
[9]. In particular, crowdsourcing platforms are used as a tool to 
assist organizations involved in DM to assist victims of natural 
disasters, collecting information from volunteers. In the past 
few years, different crowdsourcing platforms were deployed to 
map earthquakes (e.g. Haiti 2010), floods (e.g. Pakistan 
2010/2011), among other hazards. However, to the best of our 
knowledge, there is not a crowdsourcing-based approach 
adapted and empirically evaluated for the reality of the 
informational needs of floods in Brazil. Thus, this paper 
proposes and evaluates a crowdsourcing-based approach to 
obtain useful volunteer information for context of flood risk 
management in Brazil. 

The remainder of this paper is structured as follows:  
Section II presents the theoretical background for this work. In 
section III, the crowdsourcing-based approach proposed herein 
is explained. Section IV presents the empirical evaluation in 
detail. Finally, Section V concludes the paper and suggests 
directions for future work. 

II. BACKGROUND 

In this section, we present the concepts and underlying 

principles related to this work.  

A. Flood Risk Management 

Flood Risk Management is the process of managing a 
situation of an existing flood risk. The main goal is to control a 
flood, being prepared for it and minimizing its impacts [7]. The 
FRM comprises actions before, during and after a flood occurs. 
These actions involve early warning and forecasting scenario, 
contingency plans and restoration [10].  

In the FRM, the preparation phase has as main objective 
reduce the residual risk through early warning systems and 
measures that can be taken to minimize the flood impacts. For 
this, the constant monitoring of the risks and the assessment of 
the danger, arising from recent information, is required. Every 
dollar invested in flood prevention reduces in U$ 25 dollars the 
damage incurred in a natural disaster [10]. 

Currently, geographic information and related technologies 
play a fundamental role in all phases of FRM. Natural disasters 
are typically monitored using different devices such as sensors, 
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satellites, seismometers, among others. In particular, different 
information is used in the development of model-based 
prediction for flood warning systems. In this context, local and 
up-to-date data is essential for supporting decision-making. A 
crucial challenge is the availability of data at all points 
considered strategic. However, volunteer information, as well 
as sensor data, can be entered in the model for forecasting, 
since volunteers can act as human sensors [11]. Thus, it is 
possible to statistically calculate the confidence intervals 
between the actual and estimated value. This provides 
probabilistic information for the following iterations of the 
prediction for the filling of the points where there is no real-
time measurement. Still, it is possible to use these data with 
monitoring data to develop predictive methods correlating the 
information available. Furthermore, volunteers may provide 
information about important parameters of local conditions on 
the verge of occurring a natural disaster. This information can 
help to provide a more effective and immediate response. 

B. Volunteered Geographic Information 

With the advancement of Internet and mobile devices, users 
not only start to use the geographic information available 
online, but also provide it. Formerly, geographic information 
was created only by official agencies. However, with the 
increase of interactions made possible by the Web 2.0, the 
widespread use of devices equipped with GPS (Global 
Positioning System) and the availability of broadband access to 
the Internet, geographic information is being produced by 
people who have little formal qualification. This type of 
information is called Volunteered Geographic Information 
(VGI) [8]. Among the advantages associated with VGI, 
researchers emphasize its use to enhance, update or 
complement existing geospatial datasets [8]. 

Recent natural disasters have shown that volunteered 
information, provided through the Internet, can improve 
situational awareness by providing an overview of the present 
situation [9]. This fact occurs because VGI offers a great 
opportunity to raise awareness due to the potentially large 
number of volunteers, more than six billion people, that can 
potentially act as “sensors”, recording important parameters for 
disaster management in a local environment [8], [9].  

VGI has been widely used in the context of disaster 
management. Some examples are the floods in Pakistan in 
2010, Queensland in 2010/2011, Thailand in 2011, the Haiti 
earthquake in 2010, forest fire in France in 2009, among others 
[13]–[17]. [9] used information provided by the affected 
citizens by the flood of 2002 in the city of Eilenburg, Germany, 
to estimate impacts. Furthermore, the use of volunteered 
information proved essential after the earthquake in Haiti in 
2010, because the existing maps of the city of Port au Prince 
(worst affected area) were outdated and did not contain 
sufficient information, making it difficult to coordinate the 
rescuers’ activities [18]. 

Despite the potential of VGI, data quality is a major 
concern. Information from many individuals can lead to doubts 
about their credibility [19]. According to [20], the credibility of 
VGI can be understood as a subjective concept that describes 
whether a piece of information can be trusted, considering any 
possible intentional or unintentional omission or exaggeration 

error. Moreover, it is not known beforehand how and 
wherefrom the information will be provided. Another challenge 
faced refers to the location, because volunteers are in constant 
movement. Furthermore, VGI is often regarded as poorly 
structured, documented and validated [20]. 

In this scenario, different software platforms have been 
employed in order to collect volunteered information, allowing 
its visualization and analysis. In particular, these are used as 
tools to help the victims of natural disasters.  

C. Citizen Observatory 

Currently, several crowdsourcing platforms support 

disaster management, enabling the gathering of information 

from citizens about the affected areas, as well as their analysis 

and visualization. The term crowdsourcing refers to a way of 

organizing the work, which involves an information system to 

coordinate and monitor tasks performed by people [21]. 

Moreover, this term can be understood as a production model 

where the intelligence and knowledge of volunteers are used 

to solve problems, create content and develop new 

technologies. Using volunteers to perform a specific task, such 

as environmental monitoring, collectively make a Citizen 

Observatory (CO), where data can be collected, collated and 

published [21]. Thus, the term Citizen Observatory can be 

understood as a software platform in order to obtain 

volunteered information about a specific topic through 

different devices (e.g. web browser, mobile application and 

SMS), and allow their visualization. In this manner, a CO can 

be used to share information about flood risks, such as water 

height in the riverbeds or flooded areas. 

Different COs were used in the context of flood risk 

management. In 2011, during the floods in Queensland, the 

Australian Broadcasting Corporation launched a CO to map the 

flooded areas [14]. This allowed individuals to send 

information about the flood through email, text messages, 

Twitter, or the platform itself, being this information available 

to anyone with Internet access. Still, other COs were employed 

during the floods in Pakistan
1
 in 2010 and Boulder

2
 (USA) in 

2013. While these observatories were used to provide 

information about the impacts caused by floods and their 

victims, they do not provide information to prevent or 

minimize the impacts of flood events. In addition, these 

observatories do not have any kind of integration with Spatial 

Data Infrastructures (SDI) as they are employed only to obtain 

volunteered information. 

III. FLOOD CITIZEN OBSERVATORY 

In order to fill the gaps identified in the previous section, 

this paper presents a crowdsourcing-based approach to obtain 

useful volunteered information for the context of flood risk 

management in Brazil, which includes the definition of 

mechanisms to help volunteers to better interpret the 

environmental variables (i.e. the water level). In this section, 

                                                           
1 http://pakreport.org/ushahidi/ 
2 https://boulderflood2013b.crowdmap/ 
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the interpretation mechanisms developed are presented along 

with the proposed crowdsourcing platform. 

A. Interpretation Mechanisms 

Due to the vast extent of Brazilian rivers and inability to 
provide resources to make measurements of the environmental 
variables at all required strategic points, four mechanisms were 
proposed which aim at supporting volunteers to better interpret 
those variables. These mechanisms were jointly designed by an 
interdisciplinary team composed of computer scientists and 
hydrologists. Three different scenarios were considered so the 
volunteer can interpret environmental variables in various 
situations, which are described as follows. 

The first scenario corresponds to a controlled point, i.e. a 
point where there is an interpretation resource that enables the 
volunteer to perform the measurement more accurately. In this 
scenario, there is a water level ruler (Fig. 1, item 1) laid down 
in the riverbed which supports the measurement of the water 
level at that point. Rulers were installed in fourteen points 
located in the five most relevant water streams of the urban 
area of São Carlos/SP. Each of them has at least two points, 
one in the upstream and one in the downstream, before the 
confluence with other streams. 

The second scenario corresponds to a semi-controlled point, 
i.e. a point where there is an interpretation resource for 
determining the value of the water level in the riverbed in a less 
precise way. In this scenario there are two types of 
interpretation resources, a puppet similar to the human figure 
and multi-color bands (green, yellow, orange and red). The 
color bands (Fig. 1, item 3) correspond to the hazard index 
(HI), i.e., the danger which the population is exposed, the risk 
of human instability. This risk represents the forces exercised 
on an individual in water currents, i.e., the individual's 
vulnerability level exposed to floods [22].  

In addition, a puppet was proposed to assist the volunteers 
to determine the water level more easily (Fig. 1, item 2). Thus, 
the volunteer can use it as a visual resource to determine the 
water level, because this is painted on the riverbed in some 
points of the streams of São Carlos/SP city or as imaginary 
resource, helping to determine the water level at points where 
there is no available resources. In the puppet, water level 
measurement is carried out according to pre-defined tags, i.e., 
ankle, knee, waist, neck and above the head (the whole body). 
The three proposed mechanisms for the scenarios described 
above are shown in Fig. 1, item 2. 

Finally, the third scenario corresponds to an uncontrolled 
point, i.e., there is no recourse in the riverbed which could help 
the volunteers to interpret the water level. For this mechanism, 
tags (low, normal, high and overflowing) were adopted that are 
of simple determination and approach to popular knowledge. 
These tags are commonly cited in Brazilian media to report the 
water level of a river. Thus, it is expected that the volunteers 
can interpret this environmental variable more easily. 

B. Flood Citizen Observatory 

The Flood Citizen Observatory (FCO) (Fig. 2) is a 
crowdsourcing-based approach that enables the collection of  

 

Figure 1. Resources for determining the water height in the river bed 

volunteer information. This approach is inserted in a research 
project about flood risk management called AGORA

3
. Its main 

objective is to obtain useful volunteer information related to 
flood risk management,  more  specifically about flooded areas 
and water level in the riverbed, in order to provide those 
information for decision-making. FCO is based on the Ushahidi 
crowdsourcing platform, which is used worldwide by activists, 
emergency agencies and citizens to map extreme events [23]. 
In addition, in this platform, volunteers are considered “human 
sensors” since these can observe important parameters of flood 
risk management in a local environment.  

In order to facilitate the information provision about flood 
risk in FCO, the interpretation mechanisms are represented by 
different categories, whereas the tags for each mechanism are 
represented by subcategories. Thus, the volunteer can identify, 
more easily, the category that best represents the observed 
scenario. 

To send a report, volunteers can use both a mobile 
application and a Web site. Sending a report requires that 
volunteers provide the following mandatory information: 

 Title: represents the subject addressed in the 
report; 

 Description: represents the observation 
performed by the volunteer, for example, the 
water level or flooded area; 

 Category: represents the mechanism used to 
interpret the environmental variable, which 
provides information about the water level in the 
riverbed; 

 Place’s name: represents the place where from 
the volunteer is sending the report. 

Due to the uncertainty about the credibility of this 
information, reports are checked before they are made available 
online. The purpose of this verification is to reduce the number 
of false or inaccurate information disseminated to the public 
and emergency agencies. 

                                                           
3 http://www.agora.icmc.usp.br 
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Figure 2. Crowdsourcing platform Flood Citizen Observatory 

Thus, before the reports are made available online, the 
authors of this work approve the reports inserted into the 
platform. As such, the authors of this study initially play the 
platform administrator role, checking and approving reports 
inserted on it. However, it is expected that the emergency 
agencies involved in flood risk management will play this role. 

IV. EXPERIMENTAL EVALUATION 

The approach proposed in this work is aimed at obtaining 
useful volunteered information for the context of flood risk 
management through a crowdsourcing platform. An experiment 
was conducted with the objective of evaluating our approach. 
In the pursuit of this goal, two questions were formulated by 
the authors of this work, in order to direct the execution of the 
experiment. The first question refers to the effectiveness of the 
platform in obtaining volunteer information for the context of 
flood risk management. Thus, this question was defined as: 

Q1) Is the crowdsourcing-based approach, Flood Citizen 
Observatory, effective in obtaining useful volunteer 
information for the context of flood risk management?  

The second question was formulated in order to check if the 
difference between the average of the information provided by 
volunteers and the average of data acquired from sensors is 
significant. This is important for if there is a significant 
difference, volunteered information may not reflect the real 
state of the environmental variable observed, resulting in 
erroneous predictions about the flood risk. Thus, the following 
question was elaborated:  

Q2) Is the difference between volunteered information and 
sensor data significant? 

Once they were formulated, for each question was defined a 
null hypothesis, which the authors wanted to refute with the 
most possible significance, and an alternative hypothesis, 

which the authors intended to prove. Regarding the 
effectiveness of the crowdsourcing platform (Q1), we intended 
to refute the statement that the percentage of useful volunteered 
information obtained by platform is less than or equal to 50% 
(Null Hypothesis). Furthermore, we attempted to demonstrate 
that the percentage of useful volunteer information obtained by 
the platform is more than 50% (Alternative Hypothesis). 
Volunteered information is considered useful if it can be used 
for hydrological models or for decision making by emergency 
agencies. As regards to the difference between the average of 
the volunteered information and the average of sensor data 
(Q2), we attempted to refute the statement that the average of 
the volunteered information is different from the average of 
sensor data (Null Hypothesis). Furthermore, we tried to prove 
that the average of the volunteered information is equal to the 
average of sensor data (Alternative Hypothesis). 

After defining the experiment variables, metrics were 
developed to measure those variables. A criterion was defined 
in order to determine the usefulness of the obtained information 
to the context of flood risk management. For this, three 
different values were assigned to the following grades: 0 (the 
category does not represent the scenario observed, i.e. the 
selected category does not match to the report description), 5 
(the category partially represents the scenario observed, i.e. the 
volunteer selected more than one category), 10 (the category 
completely represents the scenario observed, i.e., the volunteer 
selected only one category that represents exactly the scenario 
observed). Thus, the effectiveness of the platform is calculated 
by the percentage of volunteered information that has grades 
greater than or equal to five in this criterion. Moreover, the 
average values of the volunteered information is calculated by 
summing the values contained in the report description, 
referring to the water level on the water level ruler, and divided 
by the number of reports with this information. On the other 
hand, the average of sensor data is calculated by the sum of the 
measurements carried out by it during the period of time that 
the volunteers performed the observations, and divided by the 
number of measurements taken during this period. 

The participants were strategically selected, in order to 
include participants with different levels of experience and 
expertise in the area of flood risk management. Before the 
execution of the experiment, participants attended a training 
about the crowdsourcing platform and the mechanisms used for 
the interpretation of the water level in the riverbed. 
Furthermore, participants were also shown how to insert a new 
report in the crowdsourcing platform. After the training, all 
participants were asked to insert reports about the water level 
observed in the water level ruler of one of the controlled points, 
and a second report about the water level in the same point as 
observed with the assistance of one of the interpretation 
mechanisms to be chosen by the volunteer. 

For the analysis and interpretation of the results, three 
statistical tests were used. First, the Shapiro-Wilk [24] was 
used to verify the normality of the samples. Then the Levene 
Test [25] was applied to verify homoscedasticity of the sample, 
i.e., if different samples have equal variance. Finally, the T 
Test [26] was applied in order to statistically reject or accept 
the null hypothesis. According to [27], it is possible to reject 
the null hypothesis based on statistical test results. 
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A. Results 

The experiment was conducted with ten volunteers 
(participants), with different levels of experience and 
knowledge in the flood risk management area (TABLE  I), in a 
point of the watershed of São Carlos/SP city. During the 
execution of the experiment, the volunteers inserted fifteen 
reports on the platform.  

First, the reports were analyzed regarding to the category 
selected by the volunteer in order to verify the effectiveness of 
the approach. For each report, a grade was assigned according 
to the number of selected categories and if those represented 
completely, partially or even not represented the scenario 
observed (see previous section). Among the reports inserted, 
nine had only one category selected, which completely 
represent the observed scenario. For these, it was assigned the 
value 10. Two reports had more than one category selected, 
which partially represent the observed scenario. For these 
reports, it was assigned the value 5. Finally, four reports had 
one or more categories selected, however these did not 
represent the observed scenario, being assigned to them the 
value 0. Thus, eleven reports obtained note greater than or 
equal to five, i.e. approximately 73% of the inserted reports can 
be used in the context of flood risk management. Thus, the null 
hypothesis was rejected, i.e., the platform is effective in 
obtaining useful volunteer information for the context of flood 
risk management. Since the volunteers attended to a training 
before the execution, we can assert that the training was 
sufficient to enable volunteers to produce useful observations 
for the context of flood risk management in our approach. 

The reports related to the water level observed in the ruler 
were analyzed to verify if the difference between the average of 
the volunteered information and the average of sensor data was 
significant. For this, only ten reports were considered, since 
only those have the value of the water level in the ruler. First, a 
correspondence between the values observed by the volunteers 
and the values measured by the sensor was performed. For this, 
the authors of this work made two observations on different 
days regarding to the water level in water level ruler at the 
same point where the experiment was conducted. Each 
observation was compared to the value measured by the sensor 
to determine the difference between those values (TABLE  II). 
Thus, it was established that there is a difference of 7 cm 
between the value observed by volunteers and the value 
measured by the sensor. This difference was added to each of 
the observations made by the volunteers before performing the 
statistical tests. 

The Shapiro-Wilk Test was performed to determine whether 
the samples had normal distribution. The results (TABLE  III) 
showed that the volunteer information does not have a normal 
distribution, since the value of Sig. (p-value) is less than the 
significance level

4
 adopted (5%). In contrast, sensor data has 

normal distribution, because the value of Sig. is greater than the 
significance level. 

 

                                                           
4 The significance level corresponds to the probability of rejecting the null 
hypothesis, being this true. 

TABLE  I. PARTICIPANTS' EXPERIENCE IN THE CONTEXT OF 

FLOOD RISK MANAGEMENT 

Experience Number of Participants 

0 month 5  

1 month 1 

7 months 1 

12 months 2 

240 months 1 

 

For samples with normal distribution, the most appropriate 

hypothesis test is the T Test, in its parametric unpaired 

version. According [26], this test can also be applied to 

samples that did not have a normal distribution as long as 

these do not contain to many elements. Thus, this test was 

selected to determine whether the difference between the 

average of the volunteer information and the average of sensor 

data was significant. 

 To perform the t test, first it was performed the Levene test 

to analyze the homoscedasticity of the samples, i.e., to analyze 

if the samples have equal variance. The value of Sig. (p-value) 

(TABLE  IV) shows that the samples do not have equal variance, 

since this value is less than the significance level. Then, the t 

test was performed to check whether the difference between 

averages was significant. The result obtained (TABLE  IV) 

shows that the difference between the averages is not 

statistically significant because the value of Sig (2 - tailed) is 

greater than the significance level. Thus, it was possible to 

reject the null hypothesis. However, it is noteworthy noticing 

that the water level ruler was not firmly attached to the river 

bed (Fig. 1), so that the threat cannot be ruled out that this  fact 

may have introduced a bias in the observations of volunteers. 

Thus, we conclude that the Flood Citizen Observatory 

facilitates the provision of useful and accurate information for 

flood risk management. 

V. CONCLUSION 

In this work, we propose a crowdsourcing-based approach 

for obtaining useful volunteer information for the context of 

flood risk management. In this approach, volunteers are  

TABLE  II. DIFFERENCE BETWEEN THE VALUE OBSERVED BY THE 

VOLUNTEER AND THE VALUE MEASURED BY TH SENSOR 

Date 
Value observed 
by the volunteer 

Value measured by 
the sensor 

Difference 

10/02/2014 7 cm 14,12 cm 7,12 cm 

12/02/2014 6 cm 13,82 cm 7,82 cm 

TABLE  III. SHAPIRO-WILK TEST'S RESULTS 

Variable Tested Instrument 

Shapiro-Wilk Test 

Number of elements Sig. 

Water Height Volunteer 10 0,004 

 Sensor 5 0,494 
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TABLE  IV. RESULTS OF THE LEVENE TEST AND T TEST 

Variable 

Tested 

Levene Test T Test 

Sig. Sig. (2-tailed) 
Mean 

Difference 

Water Height 0,002 0,093 -2,799 

 

considered human sensors, providing information about the 

environment, such as water level and flooded areas.  

Based on the experimental validation, the authors found that 

this platform is effective in obtaining useful and accurate 

volunteer information, since volunteers can easily provide 

information about the water level in the riverbed through the 

platform categories. This is an important step since in certain 

regions of Brazil there do not exist water gauges to perform 

such measurement in real time.  

The present work thus fills the gap of empirically evaluated 

crowdsourcing approaches in the context of flood risk 

management in Brazil. However, it is necessary to move 

forward not only in obtaining volunteered information about 

flood risk, but also in the automated processing of this 

information to estimate the likelihood of a flood. Additionally, 

the development of a risk map for the affected population 

based on the acquired information is an essential goal for 

future work. 
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Abstract— Risk management in software engineering has 

become a recognized project management practice but it seems 
that not all companies are systematically applying it. At the same 
time, agile methods have become popular, partly because 
proponents claim that agile methods implicitly reduce risks due 
to for example, more frequent and earlier feedback, shorter 
periods of development time and easier prediction of cost. 
Therefore, there is a need to investigate how risk management 
can be usable in iterative and evolutionary software development 
processes.  This paper investigates the gathering of empirical data 
on risk management from the project environment and presents 
a novel approach to manage risk in agile projects. Our approach 
is based on a prototype tool, Agile Risk Tool (ART). This tool 
reduces human effort in risk management by using software 
agents to identify, assess and monitor risk, based on input and 
data collected from the project environment and by applying 
some designated rules. As validation, groups of student project 
data were used to provide evidence of the efficacy of this 
approach. We demonstrate the approach and the feasibility of 
using a lightweight risk management tool to alert, assess and 
monitor risk with reduced human effort.  

Keywords- software risk, risk management, agile projects. 

I.  INTRODUCTION 

The Oxford dictionary defines ‘risk’ as an exposure to 
danger, harm or loss. Risk can also be seen as an event with a 
negative impact that may or may not occur in future. On the 
other hand, risk can also be positive and invites opportunities 
[29]. In estimating and measuring risk, Boehm [1] defines 
Risk Exposure as a fundamental concept that can be used to 
quantify risk:  Risk Exposure (RE) = Prob(UO) x Loss(UO) 
where  Prob (UO) refers to the probability of an unsatisfactory 
outcome and Loss (UO) refers to the impact of the 
unsatisfactory outcome. A lower risk exposure can be obtained 
by reducing the probability or by reducing the associated loss. 
Risk management is a process that involves identifying risk, 
assessing and prioritizing risk, as well as monitoring and 
controlling risk. Risk is a necessary evil in the software 
processes, even those that are claimed to inherently reduce risk, 
such as in agile methods [5]. 

II. RESEARCH PROBLEMS 

A. Traditional Risk Management 

More than a decade ago it was recognized that there should 
be a change and new risk management discipline developed 
[2]. This was around the same time as agile methods started to 
become popular. Little work has been done to date on the role 
of risk management in agile methods. This may be due to a 
common theme in research on risk management e.g. Higuera 

and Haimes (1996) [3] stated that risk management is difficult 
to implement and is complex. The implication made is that 
existing heavyweight risk management is contrary and to the 
philosophy of agile. Thus, a lightweight or improved risk 
management method would be more likely to be adopted.  

In a survey done in 2009 [4], we gathered responses from 
companies in Northern Ireland as part of an investigation of 
the barriers to risk management. The results concluded: 

 There is no standard or commonly adopted risk 
management process and/or tool being used in every 
software development situations. 

 Risk Identification was the most effort intensive process 
and 30% agreed that Risk Monitoring is most difficult 
and needs more effort. 

 The most recognized barrier was that where visible (and 
tangible) development costs get more attention than 
intangibles like loss of net profit and downstream 
liability. 

Overall, traditional risk management processes is 
multifaceted, complex and traditionally a heavyweight 
process. 

B. Risk Issues in Agile Software Projects 

Due to the fact that agile methods depends a lot on the 
credibility of the people involved in the projects [5][6] as well 
as their motivation in applying the agile practices [7][8], most 
issues encountered relate to the people and the practices 
involved. This echoes one of the values in agile manifesto i.e. 
“individuals and interactions over processes and tools” (Agile 
Manifesto). This implies that not having the right people doing 
the right process will be a source of risk.  

Cho [9] developed some research work on issues and 
challenges of agile software development with Scrum, among 
which the following points are discussed: (i) forming a Scrum 
team with relevant skills; (ii) one individual with multiple 
responsibilities and overloaded tasks; (iii) lack of 
accountability where team members do not take responsibility 
for delayed tasks, coupled with a lack of supervision and (iv) 
Daily scrum meeting and monthly sprint planning are 
considered to be a waste of time or taking too much time.  

Cockburn and Highsmith [5] highlighted that one of the 
most important success factors in a project is individual 
competency emphasizing the qualities of the people involved 
in the project. This is also supported by Boehm and Turner 
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[10] where people issues are the most critical and it is very 
important to address them before adopting and integrating 
agile practices into a project. Deemer and Benefield [11], 
discuss challenges of the ability of a team to provide 
estimation of effort in their development work especially when 
it is done for the first time. There are also many studies 
addressing issues with agile skills and personnel turnover as 
well as job dissatisfaction [12][13][14]. Individual motivation 
is important in Scrum as this leads to the team adhering to 
agile process practices, for example attending Daily Scrum 
Meetings [16]. Team member behavior, where teams fail to 
comply with practices, can provide early sign of risks e.g. low 
morale expressed during the daily meeting or avoiding 
discussing problems when behind schedule [17].  

III. SOLUTION APPROACH 

Based on the research problems discussed in the previous 
section, there is a strong motivation to improve the 
management of risk in agile projects without unduly 
threatening the agility of projects. In reality, contemporary risk 
management should be looked as an integral part of the agile 
process and decision making. This includes taking into 
account human factors such as developer skills and ability as 
well as their behavior in performing tasks. In the following 
subsections, we will explain the architecture of the Agile Risk 
Tool (ART) and the process flow of our approach. 

A. The architecture of Agile Risk Tool(ART) Prototype 

The ART model can be described in terms of two main 
architectural components: 

(i) The Agile Risk Tool refers to the main engine of the tool 
which consists of the graphical user interface (GUI) for the 
Input and Output, the Rule engine and the ART agents. It 
interacts with the ART template, which is a template that is 
used to define the environment data. Once the ART template 
file that contains environment data is uploaded, this data can 
be modified using a GUI.  Further explanation on ART 
template is discussed later. 

(ii) Environment Data refers to the data from the project 
environment. Changes in this data stimulate dynamic reaction 
from the ART agents. To achieve this, an ART template must 
be created for the project environment and data from the real 
project environment must be translated into this template. The 
categories of data used for this work were ‘Project’, ‘Team’, 
‘Task’ and ‘Progress’. Any risks triggered will be stored in a 
risk data repository so that this data can be used in future to 
support risk decisions. 

1) Agile Risk Tool elements 
The architecture of the main engine of the Agile Risk Tool 

(ART) prototype has three main elements; the Input/Output, 
the ART agents, and the Rule engine.  

a) Input/Output. Previously, issues in agile projects were 

discussed (Section B) and it was found that most of the 

problems related to the people involved and their motivation 

and skills in software development. Indeed Agile relies heavily 

on the competency of the people involved. Therefore we 

converted these issues to risk factors i.e. situations or events 

that may cause a loss to occur and therefore that we need to 

monitor in a project.  

 

Table 1: Mapping Problem Identified to the Sprint Goal of the Project  

Sprint Goal Problems Identified Identifier 

In Sprint X, Task Y 

should be assigned to 

appropriate number of 

developers once Sprint 
X is started 

 Pair programming 

 No accountability or 
ownership 

 Collective code 

ownership 

G1: Task 

ownership 

In Sprint X, Task Y 

should be assigned to a 

proper skilled team 
member 

 Not enough people 

skilled in agile / 
forming Scrum team 

with relevant skills  

 Insufficient agile 
training 

G2: Skills 

and 

Experience 

In Sprint X, developer 

should focus on one role 
and one project at a time 

 Multiple responsibilities  

 

G3: 

Resources 

In Sprint X, developer 

should attend Daily 

Scrum Meeting and 
provide task Y progress 

 Personnel turnover 

 Daily meetings in 

Scrum ceremonies – 

inefficient meeting, 
waste of time because 

sometimes involves 

more time than usual 

G4: 

Progress 

Further, there is a need to specify the input for the project, 
which consists of the type of risks and the risk indicators as 
well as the environment data which can be used to identify the 
risks for the project. Thus the issues discussed earlier are 
transformed into a set of sprint goals (Table 1).  These will 
later be used to define the risks and their indicators thus 
allowing risks to be monitored continuously.  

In order to identify the sprint goal for this project, we 
grouped the list of issues found earlier and assigned an 
appropriate goal for each item. An identifier was assigned for 
each goal and this identifier is used throughout this work 
(Table 1). Sprint goal rather than project goal was used to 
allow each sprint to have different goals and different risks 
associated to each goal. For this project, we adopted and 
reused the first three layers of the GSRM model [18] for 
translating the project goals into problem scenarios (Figure 1).  

At the top layer (Goal/Sub-goal layer) of the model, we 
developed a set of sprint goals. For this work, we proposed 
four sprint goals based on the problems identified (Table 1) 
and mapped this to the problem scenario and risks (Risk-
Obstacle layer) that could possibly threaten the sprint goal. 
Further, we mapped accordingly between the risk and possible 
indicators (Assessment layer) that could later provide an alert 
which will trigger a risk.  

 

Figure 1: The Agile Risk Tool (ART) GSRM Model 
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In a real world situation, each project might have different 
goals and risks associated to the goals. However, we limited 
the set of goals proposed for this work to the problems 
identified in the literature. An example of how the ART 
GSRM model is applied is shown below. 

 

b) ART agents. As discussed in the previous section, a 

lightweight risk management approach was introduced to 

reduce barriers to risk management application. One way to 

move towards automation is to give agents responsibility to 

identify, assess and monitor risk. These agents ideally should 

be able to autonomously react to environmental changes, 

where the environment in this case is the software 

development environment, including the set of tools being 

used. 

There are four ART agents: Manager Agent, Identify 
Agent, Assess Agent and Monitor Agent. The goal and 
purpose of each of these is discussed below. 

 Manager Agent acts as an intermediary between the other 
three agents. It manages and executes rules, notifies the 
Identify agent if any risk is triggered, gets data from the 
Environment and passes data requested from the agents. 

 Identify agent is notified if any risk is triggered. It requests 
from the Manager agent what risk has been identified and 
notifies the Assess agent. 

 Assess agent is invoked by the Identify agent and its goal is 
to estimate the Risk Exposure (RE) of the identified risk 
where RE = Probability (P) x Impact (I). The identified 
risk will then be ranked as High, Medium or Low and the 
Monitor agent is notified to take subsequent action. 

 Monitor agent is invoked by the Assess agent with some 
data: RE and rank of the identified risk. The Monitor agent 
will establish the location of the identified risk along with 
the owner of the risk. These data are then displayed in the 
Risk Register.  

The Risk Register acts as a screen to display all identified 
risk data. Data displayed in the Risk Register can be recorded 
and saved in the Risk data repository. The documented risk 
data can be used in future to plan and mitigate risks for the 
future projects.  

Table 2: Rule template 

Goal The sprint goal that needs to be defined before the 

project starts 

Problem 

scenario 

A possible risk event that associated with the sprint goal 

Consequences The penalty if the risk is occurred 

Indicators The events or measures that forewarn of the risk event 

and their values 

Repository/ 

Data 

The list of repository of environment data involve in this 
risk event 

Rule(s) The list of rule(s) that trigger the risk event 

Risk name The unique name for the risk 

 

c) Rule engine. In this subsection, we use two methods: risk 

drivers and generated rules to identify input for the Rule 

engine. 

Earlier, we summarized problems and issues and mapped 
these to a set of sprint goals. In the ART GSRM model 
presented earlier, we derived a set of indicators for the 
identified problems and risks. As such, we used the indicators 
to generate rules to then develop inputs for the rule engine. 
The indicators are determined beforehand using the Rule 
template. Table 2 shows the template of a rule and risk drivers 
(indicators) for a problem scenario. Each problem scenario 
proposed one or more possible risk event that is associated 
with a sprint goal for the project. Sprint goal is important in 
the sense that using sprint goals to identify how this 
environment data could be used as indicators of threats to the 
goals and trigger the risks. Therefore, we generated the rules 
that use the indicators / risk drivers to identify events that 
cause loss (delay/extra cost/loss of value) i.e. risks.  The 
problem scenario was derived from the research problem 
discussed in previous Section B and summarized in Table 1.  

This also represents a standard template that allows the 
manager to define the Sprint Goal, Problem Scenario, 
Consequences, Indicators, Repository, Rules and Risk Name 
before the project starts. Each problem scenario proposes a 
possible risk event that is associated with a sprint goal for the 
project. Defining a sprint goal is important in that it allows us 
to identify how data from the development environment can 
serve as an indicator to a risk event in the project. Hence, the 
rules were generated using the indicators to identify risk based 
on the objects defined in the environment data. For this work 
we started by employing details from the ART GSRM model 
which consists of sprint goal, problem scenario, risks and 
indicators and further defined the consequence of each 
problem if the risk where to occur. Subsequently, the rule is 
constructed to produce an alert for the risk.  

2) The Environment data 
As far as the agile development process is concerned, XP 

and Scrum are the most widely used agile methodologies 
[19][20].  

Table 3: List of selected data used in this work 

Data/ Objects List of Attributes 

Product / 
Project* 

Project ID / Name 
Project Start date / End date 

User Story ID / Name 

User Story Estimation 
User Story Priority 

User Story Owner ID / Name 

Task ID / Name 
Task Estimation 

Task Priority 

Task Owner ID / Name 
Task Status 

Task Paired By (Pair Programming) 

People** Team Member ID / Name 

Total no. of Role in a Project 
Total no. of Project Involved 

Programming Skill Level 

Agile Experience Level 

Progress** Attendance in Daily Standup Meeting 
Daily Progress Report on Assigned Task  

*Refers to data available in both EM and RS 

**Additional data collection that is required in this work 

Goal 1 (G1): In Sprint X, Task Y should be done in pairs 

Problem Scenario (PB1): During the sprint, the developer does not 

practice pair programming 
Risk 1: Pair programming is not applied, single expert risk occurs 

Indicator 1.1: When the sprint cycle is started, a task being selected in the 

sprint and the selected task has no pair with another developer   
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Further an agile development survey [20], stated that agile 
companies use a wide variety of agile tools and 60% of them 
are currently using an agile project management tool. The tool 
choice might be different ranging from a simple spreadsheet to 
commercial tools such as VersionOne. Tools help the project 
manager to have better visualization in delivering the project 
and in more interactive manner. Therefore, we studied two 
agile project management tools, Rally software (RS) and 
Extreme manager (EM), considering what is accessible in 
terms of configuring their product features and data design . In 
both cases information was gathered on the environment data 
model to include their process model, the objects used, and the 
attributes and values for those objects. The outcome from this 
was a more generalized definition of the available data.  

Since the list of data available was massive, we have 
screened it and show only the data that are used, as shown in 
Table 3. Both tools when compared, have almost the same 
objects and attributes, although the naming convention used 
might be slightly different. These data were then translated 
into the ART template in form of objects and attributes, where 
the value of each attribute can be collected from the real 
project.  The ART template represents as data within the 
project environment in which changes in the project 
environment are captured dynamically by the ART agents. 

B. ART Process  

In order to support the ART process the ART prototype tool 
was developed and used to demonstrate the reactions of the 
ART agents towards the changes in the environment data 
following the execution of the set of rules built from 
consideration of goals. The ART process flow is depicted in 
Figure 2. 

 

Figure 2: ART Process describing the flow or steps starting from defining 

the Input and storing the Output in the Risk data file 

1) Input. This process is started at the Input stage. At this 

stage, there are two main inputs needed: defining the 

environment data available for the project and defining the 

rules and risk indicators to monitor risks.  

a) Defining the environment data available for the project 

Firstly, one should define what environment data is 
available in the project. Since we are constrained by the 
modern Software Engineering environment and the need for 
agility, we are limited to data can be easily collected. An 

example of the form of environment data in a project includes 
user stories name and id, task name and id, task priority, task 
owner and so on. The collected data are then translated into 
the ART template. The ART template consists of objects and 
attributes used in this work as shown previously in Table 3. It 
contains data and values collected from the project 
environment.  

b) Defining the rules and risk indicators  

The definition of rules and risk indicators for the project 
allows one to identify what risks to monitor for this project 
and from which data or indicator that the risks could possibly 
be triggered. At this stage, one can either add new rule or add 
an existing rule where the rule was created from a previous 
project.  

2)  Process 
At the Process level, the ART agents will monitor the risk 

by acknowledging any rules or risk indicators triggered as 
informed by the ART template. The ART agents will initiate 
communication between them. Messages are passed according 
to request and each agent will notify another agent in 
prompting any further action to be taken. 

Rules and the environment data are dynamically editable. 
In the event where changes need to be made, one can modify 
the environment data (which has been translated into the ART 
template earlier) as well as the risk rules and indicators using 
the provided main screen area. On the other hand, when 
developing possible risks associated with rules and risk 
indicators, one might find the environment data used to be 
insufficient to detect certain risks. In some cases, a small 
change in collection of the environment data would allow 
defining or detecting more risks. For example, adding the 
information on developer’s skill will allow monitoring the 
developer’s programming capability especially in completing 
high priority task. An example of a rule syntax that can be 
used is, “IF the developer skill level is ‘Low’ AND the 
developer involved with a ‘High’ priority task, THEN there is 
probability a risk of the task cannot be completed on time 
because of the developer’s poor programming skill”.   

ART agents will react dynamically to input data, process 
the input by assessing any risk triggered and produce a risk 
result in the Risk Register.  

3) Output. At the Output stage, the risk data are stored in the 

Risk data repository. The risk data also can be captured daily 

up to the i no. of days in a sprint and the data will be saved in 

spreadsheet format. Later, one can use this risk data, analyse 

the risk according to project and use the analysed data as an 

input for identifying future project risk as shown earlier in 

Figure 2. 
This application tries to support Continuous Risk 

Management (CRM) [21]. Applying the ART process 
accompanied with the designated tool will help the project 
manager to manage risk continuously. This is where, when 
changes take place in the environment data, these are captured 
by the ART agents who constantly run updates on the risk data 
and display the results in the risk register. As far as the CRM 
is concerned, manual implementation of this technique can be 
minimized and the monitoring is moved towards being 
autonomous.  
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IV. CASE STUDIES 

Two case studies were used to validate the approach and 
tool support. The first case study was developed in 2011 
involving 38 undergraduate students, assigned into 6 teams 
with 6 or 7 developers each. The second case study was 
developed in 2012 and involved a total of 56 undergraduate 
students with eight groups and each group consisting of 5 to 8 
developers. The case studies were used to demonstrate the 
ART Process Flow (Figure 2) and the tool. All groups were 
required to develop the same product requirements. Likewise, 
all groups were given the same product requirements, in both 
case studies. In the theoretical part of the course, students 
received lectures on general agile development practices with 
an emphasis on Scrum. During the course, students were 
required to build a large software artefact using 
Microsoft.NET technologies using an industrial strength 
environment adopting both agile project and software 
engineering practices. This includes applying important Agile 
project management practices such as Pair Programming, Test 
Driven Development, Release and Iteration Planning and 
Refactoring in their software project. 

The most vital part of the process is to determine its 
environment data and risk rules for the project. The sources 
used in this case study are as shown in Table 3, the actual 
physical sources being: 

 Hartmann-Orona Spreadsheet [15] – a widely used 
spreadsheet tool, here providing data to capture Sprint 
Backlog Information on tasks, their estimates and 
progress status. It also provides team member information 
such as working time and activity details; 

 Sprint Backlog – a document containing a list of user 
stories, story points and dependencies; 

 Scrum Minutes of Meeting (Daily) – teams were required 
to keep data on ScrumMaster and work progress. In Agile 
Life Cycle tools this data would likely be available from 
the tool; 

 SVN [25]  Repositories - Directory and Files Versioning, 
Commit Files/Code, Details of commits and changes;  

 Source Code (C#) & Resharper [26] quality metrics. 
 

A small sample of the risk rules defined on the data using 
the ART prototype is shown in Figure 3. 

Risk Name Rules [Object.Attribute] == 
[Value] 

Prob 
Score 

Imp 
Score 

Pair programming PROJECT.PROJECTSTATUS = 
Completed, 
TASK.PAIREDBY = “” 

3 5 

Task ownership PROJECT.PROJECTSTATUS = 
Completed, 
TASK.TOTALOWNED > 2 

1 1 

High priority task 
assigned to 
inappropriate team 
member cannot be 
completed on time 

TASK.PRIORITY = High, 
TEAM.SKILLLEVEL = -1 

5 4 

Overload tasks can 
cause difficulty in 
time management 

PROJECT.PROJECTSTATUS = 
Completed, 
TEAM.TOTALNOROLE > 1 

5 1 

Developer absent in 
meeting possible of 
employee turnover 

PROJECT.PROJECTSTATUS = 
Completed, 
PROGRESS.DAILYMEETING = N 

1 3 

No progress report PROJECT.PROJECTSTATUS = 1 3 

Completed, 
PROGRESS.IMPEDIMENTDATA 
= N 

Unable to 
understand agile 
process and meet 
the target 

PROJECT.PROJECTSTATUS = 
Completed, 
TEAM.AGILE = false 

3 3 

Unable to comply 
with the agile 
process 

TEAM.AGILE = true 
TEAM.AGILE_EXPERIENCE=Ver
y Poor 

1 1 

Figure 3: Sample of Risk Rules used in Case study 

Running the tool will then generate a risk repository at any 
point. Figure 4 shows a sample screen shot of the risk register 
showing risks that have been identified at the end of a sprint.  

Given the novelty of this study, it was expected that there 
would be some issues raised while performing it. The first 
issue that we found at this stage was the difficulty in matching 
the data from the studied tools with the data available in the 
student project artefacts. The archived artefacts available 
however, did not provide as much data as the studied tools. 
Nevertheless, we found that the archived artefacts contained 
enough useful information, particularly related to the sprint 
backlog and the user stories, breakdown of the tasks, details of 
the developer responsible for a task and so on. In addition, the 
goal of the study was to demonstrate the approach and tool 
support, not applicability to every data item collected in 
mainstream tools. 

Based on the lessons learnt from the first case study, some 
improvements were made to data collection but also rules were 
modified. One rule on pair programming rule was modified 
dues to the observation that not using pair programming in 
very small tasks did not constitute a significant risk. The 
ability to modify the rules as needed demonstrates that the 
solution approach and tool support can dynamically respond to 
changes, as is required in agile projects. 

 
Figure 4: Risk Register 

Risk data derived using the tool displayed in a Risk 
Register and can also be recorded and saved in the Risk Data 
Repository. A further output from the tool is a means of 
assessing the total risk in the project at any point or in a post 
sprint review as shown in Figure 5. This includes information 
on the breakdown of risk identified each day. Total Risk Score 
is a metric based on the generic severity score of a risk item 
and size of the task it is related to. It provides results on 
counting of risk daily and cumulative risk counting in a sprint. 
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Normally one would expect risk should decrease (burn down) 
over a sprint, but using Figure 5 a sprint review for Team Alp1 
would demonstrate clearly that that particular sprint for that 
team was problematic. Further, the reports provide useful 
insights in correlating identified risks to agile practices. 

 

Figure 5: Total Risk Score graph of Case Study Alpha (Sprint 2) 

V. STUDY VALIDITY 

Since the study presented introduces a new approach in 
managing risk in agile project, the main issues are focused on 
the internal threats. The first internal threat is in terms of the 
accuracy of the measured data, especially because the data 
used was based on historical artefacts. Further, confirmation of 
this data was not possible as the project had already been 
completed at the time of analysis. Secondly, the approach used 
entailed manual collection and translation of data from 
archived artefacts into the ART tool. This human effort was 
required before the ART agents could begin reacting towards 
environment data as they were designed to work in. This effort 
could be minimized by selecting a proper individual in the 
team to conduct this process, for example the Scrum Master in 
a Scrum project. One step taken to ensure the quality of the 
study was that cross checking was done from time to time with 
the Product owner to confirm perception based on his 
observation. Considering external validity threats, the risk 
management approach and tool supports were designed to be 
as general as possible so that this is applicable in general to 
agile project environments. This includes taking into account 
two popular agile project management tools studied for this 
work so that the approach is as applicable as possible to other 
contexts but also lightweight and unobtrusive to the team daily 
activities. Nonetheless, no claim can be made of good fit with 
tools not studied. Additionally, the study used student project 
data rather than industrial data. Hence, there will be arguments 
whether this is applicable to a real world environment.  

VI. CONCLUSION 

In this paper we presented a novel approach to manage risk 
in agile projects. We provide a contemporary and lightweight 
risk management approach which consists of the ART 
prototype and process flow. We validated the approach by 
using student project artefacts.  An interesting by product of 
the research is a series of observations on how non-compliance 
with agile principles can increase risk to a project and also 
negatively affect the quality of the software product. This will 

be a subject of further analysis. In future, we plan to improve 
this approach by adding knowledge therefore helping in 
automatic learning and, decision support regarding risks, as 
well extending to other risk management steps.  
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Abstract—Risk management is widely accepted as a routine 

activity in software project management. Many project risks are 

often complex and intertwined. Once some risks are materialized, 

they spawn active issues which can cause some other risks to 

occur. Moreover, these risks will have stronger impact than they 

could happen alone. Such snowball effect has been well known in 

risk management; however, few studies have addressed their 

impacts to risk mitigation plan. This paper will apply the 

autoregressive model to estimate the snowball effect on six risk 

mitigation strategies. 

Keywords-Scheduling strategy, Risk mitigation, Time element, 

Risk management, Software project management 

I.  INTRODUCTION  

The positive correlation between effective risk management 
and project success was emphasized in [1, 2, 3]. The adoption 
of risk management practices can help to increase the success 
rate of project and then enhance the competitiveness of 
organizations. Risk factors are often intertwined [4] making 
any assumption of their independence underestimate the 
complexity of risk problems in the end. When we consider that 
the impact of a risk is brought forward from some other 
previously materialized risks, which is named as “snowball 
effects.” In order to manage this kind of accumulated effect, 
one may add a number of risk review sessions from time to 
time. For example, agile software development, which is a 
highly iterative process, intends to reduce risk 
interconnectedness or snowball effect in different development 
phases [5].  

Risk mitigation is essential for risk management because it 
aims to reduce or eliminate risks. To make the best use of 
project resources and to prioritize which risk factors should be 
dealt with, a scheduling strategy for risk mitigation is needed to 
determine the risks to be mitigated and when to mitigate them. 
The three basic strategies for scheduling risk mitigation are risk 
value first strategy, emergency first strategy and lowest-effort 
first strategy [6]. For easy reference, these strategies are 
denoted as “V”, “E” and “L” in this paper, respectively. As in 
V strategy, risks are scheduled for mitigation according to their 
risk values (i.e. Risk Exposure) [7] so that risks with higher 
risk values will be treated earlier. As in E strategy, risks are 
scheduled for mitigation according to possible time they may 
occur. As in L strategy, the mitigation is based on how much 
effort we will need to control each risk factor so that higher 
productivity throughput can be achieved earlier. Although a 

risk mitigation plan in reality is a highly customized 
combination of V, L and E based on not only resources but also 
project politics and project experience, understanding the three 
basic strategies is still helpful. 

How the three mitigation strategies perform in different 
situations has been studied through a computer simulation [6]. 
However, one unrealistic assumption has been made: risk 
factors are independent and a risk can only be considered 
mitigated as far as the mitigation process for that risk is done. 
Such limitation is huge and it hinders the development of a risk 
software management tool in practice, in which users work out 
a list of risk factors with probability and impacts, and a 
customized mitigation plan, the tool will perform the 
simulation and address the overall impact as feedback.  

This paper aims to investigate different scheduling 
strategies for risk mitigation by a computer simulation. The 
impact of risks is accumulated as an autoregressive model 
AR(1) [8] and a partial mitigation is allowed. 

The paper is organized as follows. We briefly review the 
risk process and simulation model of risk management process 
(SMRMP) in section 2. In section 3, we formally present 
different scheduling strategies, the autoregressive model of risk 
management process and partial risk mitigation. The next 
section compares the performance of identified strategies with 
or without snowball effects. In the final section, we conclude 
our study. 

II. BACKGROUND 

A. Risk Management Process and Simulation Tool 

Risk management aims to identify risks and take actions to 
reduce or eliminate their probability and/or impact so that the 
project is kept from being damaged by risks. There are many 
models and standards to guide the risk management practice, 
such as risk management paradigm developed by Software 
Engineering Institute, PMI framework, IEEE Std 1540, AS 
NZS 4360  and ISO 31000. Although these models and 
standards address the risk management processes in different 
manners, they can be mapped to each other to a large extent. 
Generally, these paradigms, models and standards follow the 
cyclic process shown in Fig. 1. 

Risk Management Planning defines how to conduct risk 
management practices throughout the project. Risk 
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identification aims to identify risks that would affect the project 
objectives and document their characteristics. It is expected 
that a list of risk factors can be identified at this stage. The risk 
analysis aims to understand the identified risks and provide 
data to assist in managing them. Generally, risk analysis 
includes: (1) estimate the probability, impact, and the expected 
timing of the risk; (2) establish a risk mitigation plan. Risk 
monitoring and control aims to tracking the change of all 
identified risks and identifying new risks, monitoring residual 
risks, and evaluating risk response effectiveness and 
performance of risk management.   

Figure 1.  Cyclic Process of Risk Management and Simulation Tool 

When a risk simulation tool is in place, it enhances the 
cyclic process of risk management shown in the right part of 
Fig 1. A risk manager can input several risk mitigation plans 
together with a list of detailed risk factors and the overall 
impact for each draft on the project can be estimated. He/she 
may then revise and finalize the mitigation plan. As mentioned, 
a risk mitigation plan often takes project politics and 
organization culture into account. Thus it may not be practical 
to have a fully optimized plan generated by a system. This 
paper will propose an autoregressive model for risk simulation.   

B. Simulation Model of Risk Management Process (SMRMP) 

Few studies have explicitly modeled the time elements of 
risk. [6] proposed variants of risk, presented a model of risk 
lifecycle, and gave the relationship between the risk variants by 
explicit consideration of the occurrence time of risk. 

A stochastic simulation model of risk management process 
called SMRMP with due consideration of time elements of 
risks is defined in [6]. The simulation model can be used for 
many risk management issues, such as understanding of risk 
management process, predicting risk management outcome, 
and making informed risk management decision. 

 

 

 

 

 

 

 

Figure 2.  Architecture of SMRMP 

Fig. 2 shows the “Simulation Model of Risk Management 
Process” (SMRMP). The first level is the risk level which 
focuses on a single risk. The second level is the project level 
which considers all risks of the whole project. There are four 
different distributions to generate the random number. 
Algorithms are also developed to compute output of the 
simulation from the input parameters. 

There is one major limitation. Each risk is independent to 
each other. The simulation process is a strictly static and the 
expected variance is constant.   

III. METHODOLOGY 

A. Modeling of Risk Mitigation 

A project may have a number of phases and each phase can 
have its cycle of risk management. It is possible that one cycle 
of risk management crosses the whole project. For easy 
explanation, we will consider one project phase. Although each 
project phase has different length of time, it can be easily 
normalized so that each phase has 100 time units. A risk (r) 
occurrence period will be a closed time interval [teo, tlo] within 
the phase. The risk can only be materialized within its 
occurrence period. Surely some risk will cover the whole 
length; however, the more precise information can be defined, 
the better estimate can be obtained. The probability (p) to 
occurrence of a risk is 0 to 1. Each risk impact scale (i) is 0 to 
1. The mitigation effort (eff) to input is person-day and it can 
be converted into person-time-unit as a project phase always 
has 100 time units. 

Once a detailed list of risks has been identified, a risk 
manager based on the manpower resources can work out a risk 
mitigation plan. Fig 3 illustrates the relationships between a 
risk mitigation plan and a risk. In Fig 3, a risk r1 with [teo =40, 
tlo =90] and eff=20 person-unit-time has been identified at the 
stage of analysis of a cyclic process of risk management given 
in Fig 1. Assume that the risk would be materialized and 
identified at time k. There are four cases of a risk mitigation 
plan for r1. Case 1 is preferred. The duration of case 2 has 
passed teo which stands for a chance that the risk r1 might be 
materialized before its full mitigation. Case 3 illustrates that the 
mitigation for r1 is not yet complete. In this situation, we 
consider that the impact has been proportionally lessened. Case 
4 is unfavorable since the r1 occurs at time k.  

The work is supported by Hong Kong Polytechnic University grant G-
YK27. 
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Figure 3.  Cases for a mitigation plan 

From Fig 3, we know that how the mitigation plan is 
defined could affect the outcome. Although mitigation plans 
involve a number of factors including organization culture and 
project politics to dominate which risks should be mitigated, it 
will be still practical and beneficial that a risk manager defines 
several draft plans and a simulation engine based on an 
autoregressive model estimates the overall impacts for each 
draft. 

In this paper, we will adopt three different risk mitigation 
strategies to develop six mitigation plans. The objective is to 
understand whether some of six mitigation plans may 
substantially affect the overall impact as outliners. These plans 
should be taken out of consideration. It should be noted that 
one should not look for an optimized mitigation plan. It is 
impractical because many risk factors and values in a project 
are subjectively defined. Their values are not objectively 
obtained by measurement. 

The three mitigation strategies are discussed below. 

1) Risk value first strategy (V strategy): It is 

straightforward. Risks are prioritized by their impact scales. 

The V strategy does not consider the time elements or efforts 

taken for mitigation. 

2) Emergency first strategy (E strategy): We order all 

risks according to their teo, and then risks with an earlier teo 

will be treated earlier. For example, a risk with teo=30 will be 

mitigated before one with teo=40. This strategy attempts to 

mitigate the risk before it would occur. 

3) Lowest effort first strategy (L strategy): We schedule all 

risks according to the efforts needed for mitigating the risk, 

then risks requiring a lower effort will be treated earlier. For 

example, a risk with eff=40 person-unit-time will be handled 

before one with eff=80. This strategy can mitigate more risks 

within the same time period because mitigating a risk with 

lower effort will use less time 
The combination of V, E and L generates three more 

strategies as VE, VL and EL. For example, EL is defined as 
from i · teo. In this paper, we adopt a naïve approach as our 
goal is to discover any significant difference between strategies 
after the snowball effect by AR(1) rather than optimization for 
mitigation strategy. 

B. Snowball Effects Simulation 

Snowball effect is a figurative term for a process that 
accumulates from earlier effects or impacts and builds upon 
them. In this regard, the autoregressive model AR(q) [8] is 
adopted. The model is a stochastic process in which the 
variable at time k depends linearly on its own previous values 
at k-1. It is a special case of the more general ARIMA(0,0,q) 
model of time series. It has been used to describe certain time-
varying processes in nature and economics. The AR(q) model 
is generally defined as: 

where are the parameters of the model, c is a 

constant, and Ɛt is white noise. 

In this paper, the snowball effect to accumulate the overall 

impact is an AR(1) model defined as: S
k 

= α S
k-1 

+ i
 k 

- m
k
, 

where S
k
 is the accumulated project impact at time k, α is a 

constant, i
k
 is the planned impact scale of an identified risk at 

time k and m
k
 is an mitigation effect for i

k
. Fig. 4 illustrates a 

snowball simulation with k consecutive integers from 1 to 100, 

α=1, i
 k

 =|N(0,1)| and m=0.  

Figure 4.  Snowball Simulation Using AR(1) 

IV. PERFORMANCE OF RISK MITIGATION STRATEGIES 

A. Results of Simulation 

We generated 1000 projects with different risk parameters. 
According to the risk sets and six scheduling strategies, we 
establish a set of six mitigation plans for each project. The 
implementation was written in R which is a tool for statistical 
computing and provides libraries for the AR process and 
quantitative risk management. The implementation platform 
was R Cloud Workbench. The service is provided by European 
Bioinformatics Institute [9].  
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The result is given in Fig 5. We include a normalized curve, 
labeled “No Mitigation”, which accumulated all the planned 
impacts along time without mitigation or snowball effect as a 
baseline. 

Figure 5.  Normalized Impacts by Autoregressive Model AR(1) 

B. Discussion 

Without snowball effect, the impact range of those 
strategies is 0.24, calculated by (Highest – Lowest)/Lowest. 
This is consistent with the results of average overall impact 
(Zhou and Leung, 2012), in which (Highest – Lowest)/Lowest 
is 0.26. Although we can do the ranking in order to select better 
strategies, it may not be very practical as (1) many (if not all) 
risks are subjectively defined by a risk team and they are not 
objectively measured variables (2) the overall impacts vary in a 
range smaller than three standard deviations provides little 
meaning that there is a statistical significant difference between 
them.  

Once the snowball effect is considered, two groups “E, L, 
VE & V” and “VL & EL” are formed. Their difference is 
substantial and the VL and EL can be considered as outliners. It 
is recommended that a risk manager should not select VL or 
EL.  

V. CONCLUSION 

Modeling and simulation for the purpose of software 
development risk management has been considered as quite 
limited [10]; however, this paper proposes a practical way to 
enhance software development risk management. Given a 
cyclic process of risk management in Fig 1, a risk team defines 
a set of detailed risks and several mitigation draft plans. The 
team can adopt our proposed simulation engine as a tool to 

estimate which mitigation plans should be taken out. The risk 
manager can select one of the remaining plans and then finalize 
the plan before execution. The approach maximizes the usage 
of risk information. Although risk items and mitigation plan are 
often subjectively defined, it is valuable and effective to reduce 
unpleasant surprises [11, 12]. In this paper, we are even able to 
quantitatively compare the overall impacts of different 
mitigation plans on the project so that worse plans can be 
eliminated. In addition, the paper illustrates that the simulation 
engine should include the snowball effect; otherwise, many 
mitigation plans will have no statistical significant difference. 
As the nature of risk is uncertain, such simulation engine 
provides little practical values to risk management process in 
reality. With snowball effects, mitigation strategies can vary 
significantly. We can be better informed by the tool and take 
out those mitigation plans when their overall impacts are huge. 
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Abstract—Intelligent systems continuously analyze their con-
text to autonomously take corrective actions. Building a proper
knowledge representation of the context is the key to take ade-
quate actions. This requires numerous and complex data models,
for example formalized as ontologies or meta-models. As these
systems evolve in a dynamic context, reasoning processes typically
need to analyze and compare the current context with its history.
A common approach consists in a temporal discretization, which
regularly samples the context (snapshots) at specific timestamps
to keep track of the history. Reasoning processes would then
need to mine a huge amount of data, extract a relevant view,
and finally analyze it. This would require lots of computational
power and be time-consuming, conflicting with the near real-time
response time requirements of intelligent systems. This paper
introduces a novel temporal modeling approach together with
a time-relative navigation between context concepts to overcome
this limitation. Similarly to time distortion theory, our approach
enables building time-distorted views of a context, composed
by elements coming from different times, which speeds up the
reasoning. We demonstrate the efficiency of our approach with
a smart grid load prediction reasoning engine.

Keywords—Temporal data, Time-aware context modeling,
Knowledge representation, Reactive systems, Intelligent systems

I. INTRODUCTION

An intelligent system needs to analyze both its surrounding
environment and its internal state, which together we refer
to as the context of a system, in order to continuously adapt
itself to varying conditions. Therefore, building an appropriate
context representation, which reflects the current context of a
system is of key importance. This task is not trivial [1] and
different approaches and languages are currently used to build
such context representations, e.g. ontologies [2] or DSLs [3].
Most approaches describe a context using a set of concepts
(also called classes or elements), attributes (or properties), and
the relations between them. Recently, in the domain of model-
driven engineering, the paradigm of models@run.time [4], [5]
has rapidly proved its suitability to safely represent, reason
about and dynamically adapt a running software system. Nev-
ertheless, context representations (or models), as abstractions
of real system states and environments, are only able to reflect
a snapshot of a real system at a specific timestamp. However,
context data of intelligent systems rapidly change and evolve
over time (at different paces for each element) and reasoning
processes not only need to analyze the current snapshot of their
contexts but also historical data.

The research leading to this publication is supported by the National
Research Fund Luxembourg (grant 6816126) and Creos Luxembourg S.A.
under the SnT-Creos partnership program.

Let us take a smart grid as an example. Due to changes in the
production/consumption chain over time, or to the sporadic
availability of natural resources (heavy rain or wind), the
properties of the smart grid must be continuously monitored
and adapted to regulate the electric load in order to positively
impact costs and/or eco-friendliness. For instance, predicting
the electric load for a particular region requires a good under-
standing of the past electricity production and consumption in
this region, as well as other data coming from the current
context (such as current and forecast weather). Since the
electrical grid cannot maintain an overload for more than a
few seconds or minutes [6], it is important that protection
mechanisms work in this time range. This is what we call
near real-time.
It is a common approach for such systems to regularly sample
and store the context of a system at a very high rate in order
to provide reasoning algorithms with historical data. Fig. 1
shows a context —represented as a graph (inspired by object
graphs)— sampled at three different timestamps, ti, ti+1, and
ti+2. Each graph in the figure represents the context at a given
point in time, where all context variables, independently from
their actual values, belong to the same time. Therefore, each
graph lies in a horizontal plane (in time).
This systematic, regular context sampling, however, yields to
a vast amount of data and redundancy, which is very difficult
to analyze and process efficiently. Moreover, it is usually
not sufficient to consider and reason just with data from
one timestamp, e.g. ti or ti+1. Instead, for many reasoning
processes, e.g. to investigate a potential causality between two
phenomena, it is necessary to simultaneously consider and
correlate data from different timestamps (i.e. ti and ti+1).
Reasoning processes therefore need to mine a huge amount
of data, extract a relevant view (containing context elements
from different snapshots), and analyze this view. This overall
process would require some heavy resources and/or be time-
consuming, conflicting with the near real-time response time
requirements such systems usually need to meet.
Going back to the smart grid reasoning engine example: In
order to predict the electric load for a region, a linear regression
of the average electric load values of the meters in this region,
over a certain period of time, has to be computed. Therefore,
reasoning processes would need to mine all context snapshots
in this time period, extract the relevant meters and electric load
values, and then compute a value.

To address these issues, we propose to make context
models aware of time i.e. to allow context elements (data)
from different timestamps in the same model. We refer to such
contexts as time-distorted contexts. Fig. 2 shows such a context
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representation, again represented as a graph. Here, the context
variables —again independently from their actual values—
belong to different timestamps. Such a context can no longer be
represented as a graph lying entirely in one horizontal plane (in
time). Instead, graphs representing time-distorted contexts lie
in a curved plane. They can be considered as specialized views,
dedicated for a specific reasoning task, composing navigable
contexts to reach elements from different times. In contrast to
the usage of the term view in database communities we do not
aggregate data but offer a way to efficiently traverse specific
time windows of a context.
Physics, and especially the study of laser [7], relies on a
time distortion [8] property, specifying that the current time
is different depending on the point of observation. Applied to
our case, this means that context elements can have different
values depending on the origin of the navigation context,
i.e. depending on the timestamp of the inquiring actor. We
claim that time-distorted context representations can effi-
ciently empower continuous reasoning processes and can
outperform traditional full sampling approaches by far.
The contribution of this paper is to consider temporal
information as a first-class property crosscutting any con-
text element, allowing to organize context representations
as time-distorted views dedicated for reasoning processes,
rather than a mere stack of snapshots. We argue that this
approach enables many reasoning processes to react in
near real-time (the range of milliseconds to seconds).

The remainder of this paper is as follows. Section II
introduces the background of this work. Section III describes
the concepts of our approach and section IV the details on
how we implement and integrate these into the open source
modeling framework KMF. The provided API is presented in
section V. We evaluate our general approach in section VI
on a concrete smart grid reasoning engine for electric load
prediction. After a discussion about the approach and related
work in section VII the conclusion of the paper is presented
in section VIII.

II. BACKGROUND

Over time different languages, formalisms, and concepts
to build and represent the context of intelligent systems have
been developed and used [1], [9], [10] for different purposes.
Entity-relationship models [11], as a general modeling concept
for describing entities and the relationships between them, are
widely used for building context representations. Ontologies,
RDF [12], and OWL [13] are particularly used in the domain of

the Semantic Web. These allow to describe facts in a subject-
predicate-object manner and provide means to reason about
these facts. Over the past few years, an emerging paradigm
called models@run.time [4], [5] proposes to use models both
at design and runtime in order to support intelligent systems.
At design time, following the model-driven engineering (MDE)
paradigm [14], models support the design and implementation
of the system. The same (or similar) models are then embed-
ded at runtime in order to support the reasoning processes
of intelligent systems, as models offer a simpler, safer and
cheaper [15] means to reason. Most of these approaches (RDF,
OWL, models) have in common that they describe a context
using a set of concepts (also called: classes, types, elements),
attributes (or properties), and the relations between them.
We refer to the representation of a context (set of described
elements) as a context model or simply as model and to a single
element (concept) as model element or simply as element.
The concepts of our approach are, in principle, independent
of a concrete context representation strategy. However, the
implementation of our approach and the provided API are build
on a models@run.time based context representation approach
and are integrated into an open source modeling framework,
called Kevoree Modeling Framework [16] (KMF 1). KMF is
the modeling pillar supporting the Kevoree models@run.time
platform [17]. We decided to leverage a models@run.time
based approach for several reasons: First of all, models provide
a semantically rich way to define a context. Second, models
can be used to formally define reasoning activities. Last but
not least, the models@run.time paradigm has been proved to
be suitable to represent this context during runtime [4], [5].

KMF is an alternative to EMF [18] and specifically de-
signed to support the models@run.time paradigm in terms of
memory usage and runtime performance. Two properties of
KMF are particularly important for the implementation of our
approach: First, in KMF, each model element can be accessed
within the model by a path (from the root element of a model
to a specific element following containment [19] references),
which defines the semantic to efficiently navigate in the model.
Our contribution extends the path of model elements with
temporal data in order to provide seamless navigation, not
only in the model but as well in time. Second, in KMF each
model element can be serialized independently, using paths to
represent elements of its relationships. We use this property
in our implementation to incrementally store model element
modifications.

1http://kevoree.org/kmf
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III. ENABLING TIME-DISTORTED CONTEXTS

Our hypothesis is that temporal knowledge is part of a
domain itself (e.g. electric load or wave propagation prediction,
medical recommender systems, financial applications) and that
defining and navigating temporal data directly within domain
contexts is far more efficient and convenient than regularly
sampling a context and independently querying each model
element with the appropriate time. Therefore, we provide a
concept to define and navigate into the time dimension of
contexts. Most importantly, we enable a context representation
to seamlessly combine elements from different points in time,
forming a time-distorted context, which is especially useful
for time related reasoning. We claim that our approach, which
weaves time directly into the context model, as opposed to a
full sampling and classic data mining approach, is compatible
with near real-time requirements. In the following we present
the concepts to enable time-distorted context models.

A. Temporal Validity for Model Elements

Instead of relying on context snapshots, we define a context
as a continuous structure. Nevertheless, each context (model)
element of this structure can evolve independently. We first
define an implicit validity for model elements. Therefore, we
associate a timestamp to each model element. They reflect
a domain-dependent notion of the time at which a model
element was captured and can be accessed on the element
itself. In other words, a timestamp defines a version vme

(t)
of a model element me at a time t. If a model element now
evolves, an additional version of the same element is created
and associated to a new timestamp (the domain time at which
the new version is captured). Timestamps can be compared
and thus form a chronological sequence. Therefore, although
timestamps are discrete values, they logically define intervals
in which a model element can be considered as valid with
regards to a timestamp. A model element is valid from the
moment it is captured until a new version is captured. New
versions are only created if necessary, i.e. if the model element
changed. Fig. 3 shows two model elements, me1 with two
versions and me2 with one version, and their corresponding
validity periods. As represented in the figure, version me1(t1)
is valid in interval [t1, t2[. Since there is no version of model
element me1, which is captured later than t2, the validity of
version me1(t2) is the open interval [t2, +∞[. Accordingly,
version me2(t3) is valid in [t3, +∞[. Since model elements
now have a temporal validity, a relationship r from a model
element me1 to me2 is no longer uniquely defined. Instead, the
timestamps of model elements have to be taken into account
for the resolution of relationships (described in III-C). The
association of each model element with a timestamp and thus

a validity, provides the foundation for a continuous context
representation. Although model elements are still sampled at
discrete timestamps, the definition of a continuous validity
for each model element allows to represent a context as a
continuous structure. This structure provides the foundation
for our time-distorted context models.

B. Navigating through Time

Based on the idea that it is necessary for intelligent systems
to consider not only the current context but also historical data
to correlate or investigate potential causalities between two
phenomena, we provide means to enable an efficient navigation
into time. Therefore, we define three basic operations for
model elements. These can be called on each model element:
The shift operation is the main possibility to navigate a model
element through time. It takes a timestamp as parameter, looks
for the model version of itself, which is valid at the required
timestamp, loads the corresponding element from storage (can
be RAM) and returns the loaded version.
The previous operation is a shortcut to retrieve the direct
predecessor (in terms of time) of the current model element.
The next method is similar to the previous operation but
retrieves the direct successor of the current model element.
These operations allow us to shift model elements indepen-
dently from each other through time. This makes it possible to
create context models, combining model elements from differ-
ent points in time. Now only the last step is missing to have
time-distorted context models for efficient runtime reasoning
processes: A concept to take the time of model elements into
account when navigating between model elements.

C. Time-relative Navigation

Navigating temporal data is a complex task, since a rela-
tionship r from an element me1 to an element me2 is no longer
uniquely defined. Instead —depending on the timestamps t1
and t2 of me1 and me2, and depending on the set of versions
of me1 and me2— a relationship r from me1 to me2 can
link different versions of me2. This means which version
of me2 is related to me1 by r depends on the timestamp
t of me1. Processing this time-relative navigation manually,
e.g. to correlate or investigate potential causalities between
two phenomena, is complicated and error-prone. We therefore
provide a concept to automatically resolve relationships, taking
the time aspect into account, while navigating the context
model. This time related resolution is completely transparent
and hidden behind methods to navigate in the context model.
Hereby, a context time can be defined (the curve in fig. 2)
and each model element is then resolved accordingly to this
definition while traversing the model. For example, the context
time can be defined as the current time of a model element
minus one day. When navigating from model element me1 at
timestamp ti to element me2, the version of me2, which is valid
at timestamp ti − 1 day is resolved. In case that at timestamp
ti, object me2 does not exist, the prior existing version of me2

is returned. Considering model elements in the context of a
specific time interval creates a navigable time dimension for
model elements. This time relative data resolution is one of
the novel concepts of this contribution. Unlike in previous
approaches (e.g. relationships in MOF [19] or predicates in
RDF [12]), the navigation function is not constant but yields
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timestamp path tracekey value

Fig. 4. Key/value structure for time-relative storage

different results depending on the navigation context (i.e. the
current observation date). This distortion in terms of navigable
relations finally enables what we call a time-distorted context.

IV. INTEGRATION INTO KMF

In this section we describe how we integrate our time-
distorted modeling approach into the open source modeling
framework KMF. We rely on two properties to integrate the
time dimension as a crosscutting concern into model elements:
i) each model element must be uniquely identifiable, and
ii) it must be possible to get a serialized representation of
all attributes and relationships of each model element, with
no relativity to a time. To ensure the first property, KMF
defines a path for each model element, starting from the root
element of a model to the element following the containment
relationships, as a unique identifier. Since the containment
graph is actually a tree (each element, except the root, has
to be contained exactly once), the path is a unique full
qualified identifier. For the second property, KMF serializes
models and model elements into traces. A trace defines a
sequence of atomic actions to construct a model element,
using the path concept (including relationship information).
Each model element can be transformed into a trace and vice
versa [20], [21]. As stated in III-A we inject a timestamp
into all model elements. We do that by extending the KMF
generator to automatically generate a timestamp attribute for
all model elements. As a consequence, a model element, or
more precisely a version of a model element, is now no
longer simply defined by its path alone, but by a combination
of its path and timestamp. Using the path together with a
timestamp as key and the trace as value allows us to store
and retrieve model elements within their time dimension in
a simple key/value manner. The resolution (and storage) of a
model element is therefore always relative to the context time.
This is shown in fig. 4.

This context data organization allows us to use technologies
eligible for big data to efficiently store and load context data.
The data can be stored using different back ends, e.g. key/value
stores, relational databases, or simply in memory (as a cache).
In our implementation we use Google LevelDB2 since it has
proven to be suitable for handling big context data and, most
importantly, it is very fast for our purpose (see VI). The storage
implementation itself, however, is not part of our contribution.
We intend to provide an efficient layer for runtime reasoning
processes, on top of already existing storage technologies.

Since data captured in context models usually evolve at a
very high pace (e.g. milliseconds or seconds), and our approach
foresees to not only store the current version of model elements
but also historical ones, context models can quickly become
very large. In such cases, context models may no longer fit
completely into memory, or at least it is no longer practical

2https://code.google.com/p/leveldb/

to do so. Therefore, based on our storage concept and the
uniqueness of KMF paths in a model, we implement a lazy
loading3 mechanism to enable efficient loading of big context
models. We use proxies3, containing only path and timestamp,
to reduce the overall memory usage. Attributes and referenced
elements are only loaded when they are read or written. To
enable this we extend KMF so that, while the context model
is traversed, relationships are dynamically resolved. First, it
must be determined which version of a related model element
must be retrieved. This depends on the timestamp of the
model element version (and the context time) from which
the navigation starts (discussed in III-C). Second, the actual
model element version must be loaded from storage. Our
implementation allows to manage context models of arbitrary
sizes efficiently and it hides the complexity of resolving —and
navigating— temporal data behind an API.

V. API

Modeling approaches use meta-model definitions (i.e. con-
cept descriptions) to generate domain specific APIs. The
following section illustrates our API on a simplified smart
grid meta-model definition. The model consists of a smart
meter with an attribute for electric load and a relationship
to reachable surrounding meters. In addition to a classical
modeling API, our time-distorted context extension provides
functions for creating, deleting, storing, loading, and shifting
versions of model elements. Applications can use this API
to create new model elements, specify their timestamps, store
them, change their attributes and relationships, and store new
versions (with different timestamps). In addition, the API can
be used to specify the context time on which elements should
be resolved while traversing the model. One can imagine the
definition of the context time as the curve shown in fig. 2.
Listing 1 shows Java code that uses a Context ctx (abstraction
to manipulate model elements) to perform these actions.

// creating and manipulating model elements
m1 = ctx.createSmartMeter("m1","2014/3/1");
m1.setElectricLoad(125.6);
m1.addReachables(ctx.load("m2"));
m1_2 = m1.shift("2014/3/2");
m1_2.setElectricLoad(193.7);
// definition of the context time
ctx.timeDef("m1","2014/3/1");
ctx.timeDef("m2","2014/3/2");
r_m1 = ctx.load("m1");
assert(r_m1.getElectricLoad()==125.6);
r_m2 = r_m1.getReachables().get(0);
assert(r_m2.getTime()=="2014/3/2")

Listing 1. Usage of the time-distorted modeling API

The API provides a seamless way to create, manipulate, and
navigate in time-distorted context representations.

VI. EVALUATION

To quantify the advantages of our approach, we evaluate it
on a smart grid reasoning engine to predict the electric load in a
region based on current load and historical data. This problem
is taken from our cooperation with Creos Luxembourg S.A.
and led to the research behind this approach.

3http://wiki.eclipse.org/CDO
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TABLE I. BENCHMARK USING FULL SAMPLING

Scenario Reasoning Insert
Small Deep Prediction (SDP) 1075.6 ms

267 sSmall Wide Prediction (SWP) 1088.4 ms
Large Deep Prediction (LDP) 180109.0 ms
Large Wide Prediction (LWP) 181596.1 ms

TABLE II. BENCHMARK USING TIME-DISTORTED CONTEXTS

Scenario Reasoning Insert
Small Deep Prediction (SDP) 1.8 ms

16 sSmall Wide Prediction (SWP) 0.8 ms
Large Deep Prediction (LDP) 187.0 ms
Large Wide Prediction (LWP) 157.6 ms

Smart grids are infrastructures characterized by the intro-
duction of reactive entities modernizing the electricity distri-
bution grid. Smart meters, entities installed at customer sites
to continuously measure consumption data and propagate it
through network communication links, are one of the main
building blocks of smart grids. Based on the electrical con-
sumption smart meters can determine the electrical load. The
load is regularly sampled, which leads to big context models.
The idea for this reasoning engine is to predict if the load in
a certain region will likely exceed or surpass a critical value.
Our experimental validation focuses on two key indicators: (1)
performance of the reasoning process and (2) insertion time.

Experimental results: We implemented the reasoning
engine case study leveraging our approach on top of the
KMF framework, presented in IV. It has been implemented
twice, once with a classical systematic sampling strategy, and
once using a time-distorted context model. The full sam-
pling approach is implemented using the same data storage
(Google LevelDB) as our time-distorted context representation
approach. Our context model definition consists of one con-
cept, a smart meter, one attribute for the electrical load, and
a reachable relationship, which connects smart meters. The
context model under study contains 100 smart meters with
10000 values history each, resulting in one million elements
to store and analyze. This amount of data corresponds to
roughly 140 days history. The experimental validation consists
of an electrical load prediction for a specific point of the
grid. We define two kinds of predictions both based on a
linear regression: 1) deep uses a deep history (in time) of the
meter, 2) wide uses history and in addition the electric load
of surrounding meters. These two strategies are each executed
with two different ranges: 1) small using ten hours of history
(30 time units), 2) large uses a history of two months (4800
time units). Using the two strategies and two ranges for each,
we create four different test series (SDP, SWP, LDP, LWP) that
represent typical use cases for our case study. The experiments
were carried out on a MacBook Pro i5 2.4 Ghz, 16 GB RAM.
The results using full sampling are presented in table I, the
results leveraging time-distorted contexts in table II. As shown
in the tables, our time-distorted context strategy leads to a
reduction of the reasoning time by factors of: 598 for SDP,
1361 for SWP, 963 for LDP, and 1152 for LWP, compared to
the classic full sampling strategy. The insert time (for storing
the context values) has also been significantly improved by a
factor of 17. The two reasoning strategies (full sampling and
time-distorted models) predict the same electric load values for

all tests. Our evaluation shows a reasoning time in the order of
magnitude of minutes for regular sampling and milliseconds
for time-distorted contexts, to analyze a particular section of
the grid. Moreover, according to our smart grid case study,
this electric load prediction has to be continuously performed
on several hundred grid points. Thus, our solution reduces the
computation time from hours to a few seconds, compatible
with the near real-time requirements of smart grid overload
capacity. The huge gains compared to full sampling can be
explained by the fact that time-distorted contexts allow to
directly navigate across the time dimension without costly
mining the necessary data from different context models.

VII. DISCUSSION AND RELATED WORK

The lack of a temporal dimension in data modeling has
been discussed in detail, especially in the area of databases. In
an early work Clifford et al. [22] provide a formal semantic
for historical databases. Rose and Segev [23] suggest to extend
the entity-relationship data model into a temporal, object-
oriented one, incorporating temporal structures and constraints
in the data model itself rather than at the application level.
They also propose a temporal query language for the model.
Ariav [24] suggests a temporally-oriented data model as a
restricted superset of the relational model. He adds a temporal
aspect to the tabular notion of data and provides a framework
and a SQL-like query language for storing and retrieving data,
taking their temporal context into account. Works of Mahmood
et al. [25] and Segev and Shoshani [26] take a similar direction
and seek to extend the relational model with temporal aspects.
In an earlier work Segev and Shoshani [27] examine semantics
of temporal data and corresponding operators independently
from a data model. In a more recent work, Shih et al. [28]
describe how including time in a context model helps trig-
gering and handling exceptions in system processes. Selig
et al. [29] describe an interesting mathematical approach to
examine time-dependent association between variables. In the
Bigtable [30] implementation, Google incorporates time at its
core by allowing each cell in a Bigtable to contain multiple
versions of the same data, associated to different timestamps.
All this work addresses mainly efficient storage and querying
of time related data but largely ignores handling of time in the
application domain itself. However, considering time in reason-
ing processes, like correlating causalities between phenomena,
is complex and time-consuming, conflicting with the strict
response time requirements intelligent systems usually face.
The need to represent and reason about temporal knowledge
has also been discussed in RDF [12], OWL [13] and the
Semantic Web. Motik [31] suggests a logic-based approach
for representing validity time in RDF and OWL. He also
proposes to extend SPARQL to temporal RDF graphs and
presents a query evaluation algorithm. We suggest to add a
time dimension directly into the knowledge representation of
a domain itself, i.e. into the core of context models. Therefore,
we not only efficiently store and query historical data (what
is done in other works before), but we propose a way to use
time-distorted data sets specifically for intelligent reasoning.
Also, we do not extend a specific data model (e.g. the re-
lational data model) with temporal structures but use model-
driven engineering techniques to integrate a time dimension
as crosscutting property of any model element. We do not
rely on a complex query language for retrieving temporal data.
Instead, our approach aims at providing a natural, query-less
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and seamless navigation into the time dimension of model
elements, allowing a composition of different time-related val-
ues to build a dedicated context model for reasoning purposes
(inspired by temporal logic [32]). Like version control systems,
e.g. Git4, our approach stores incremental changes (over time)
rather than snapshots of a complete system.
Our approach is especially useful if model elements evolve
at different paces. If all elements of a context evolve at the
same pace the main advantage is the navigation concept as
well as the lazy loading mechanism. In future work we want
to improve and optimize our implementation. Especially the
insertion of new model element versions between two existing
versions has to be improved. In addition, we want to investigate
how to distribute storage across multiple machines and how
this affects the performance of our approach.

VIII. CONCLUSION

Considering time as a crosscutting concern of data mod-
eling has been discussed since more than two decades. How-
ever, recent data modeling approaches mostly still rely on a
discrete time representation, which can hardly consider model
elements (e.g. context variables) coming from different points
in time. In this paper, we presented a novel approach which
considers time as a first-class property crosscutting any model
element, allowing to organize context representations as time-
distorted views dedicated for reasoning processes, rather than
a mere stack of snapshots. By introducing a temporal validity
independently for each model element we allowed model ele-
ments to evolve independently and at different paces, making
the full sampling of a context model unnecessary. Instead
of introducing a dedicated querying language we provided
operations to move model elements independently through
time, enabling the creation of context models, which combine
model elements from different timestamps. Finally, we added
a time-relative navigation, which makes an efficient navigation
between model elements, coming from different timestamps,
possible. This allows us to assemble a time-distorted context
model for a specific reasoning purpose and seamlessly and
efficiently navigate along this time distortion without manual
and costly mining of the necessary data from different context
models. Our approach has been implemented and integrated
into the open source modeling framework KMF and evaluated
on a smart grid reasoning engine for electric load prediction.
We showed that our approach supports reasoning processes,
outperforms a full context sampling by far, and is compatible
with most of near real-time requirements.
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Abstract— Energy consumption of computer-based systems is a 
growing concern, especially for large scaled distributed systems 
that operate in data centers and server farms. Currently, there 
exist many hardware implementations that holistically measure 
the consumption of energy for hardware and software systems. 
These approaches are limited as they measure the current power 
consumption of the overarching system - an approach that does 
not necessarily assist in making the underlying software more 
power-aware while under operation. This paper introduces the 
algorithm and process of calculating the energy consumption of 
Java applications at runtime. This approach is evaluated using a 
new energy profiler tool that is designed to integrate with a Java 
application leveraging the underlying physical architecture of the 
hardware. By incorporating the awareness of energy 
consumption within the software application, then that 
application can dynamically choose the most energy-efficient 
processing paths within its operations. 

 
Keywords - power consumption; java; energy; distributed systems; 
software profiling 

I.  INTRODUCTION 
Energy consumption is a significant global challenge. Data 
centers and servers in the United States consume huge 
amounts of energy and consequently challenge the 
sustainability of our natural resources [8,9,10]. The use of 
enterprise service-oriented systems has only exacerbated the 
challenges [7,16].  Furthermore, on an individual basis with 
the prevalence of mobile devices, it is important to optimize 
software operations in order to extend battery capabilities. 

 What attributes are required and which are most 
effective in calculating energy consumption in a 
runtime environment of a Java application? 

 What are the challenges for disambiguating residual 
power consumption from the hardware platform with 
power consumed by the targeted software 
application? 

 Are there approaches for reducing the amount of 
residual power calculated within the software 
application-specific calculation? 

 

To address these research questions, we introduce a unique 
method for profiling applications in terms of their runtime 
power consumption. To support this method, we 
conceptualized and developed a novel Energy Profiler for Java 
applications. The profiler integrates with Java applications in 
such a way that provides an energy consumption estimate for 
the software in question. The profiler leverages the energy 
model described in [1], where the authors estimate the power 
consumption of a computational model with N number of 
processors, a separate cache memory for each processor and 
main memory. This approach enables software developers to 
use energy efficiency as a key performance metric influencing 
their software design decisions.  Moreover, software engineers 
will be able to abstract design practices and patterns that 
decrease the energy footprint of applications. We evaluate this 
model by comparing estimated values produced from the 
energy profiler with measures produce from a physical power 
consumption meter. Using varying programming constructs to 
implement the same function, we show a significant degree of 
accuracy with our model and implementation when comparing 
energy consumption trends to processing intensity. 

II. RELATED WORK 
Many frameworks have been proposed to profile power and 
energy consumption across different types of computer 
systems. These frameworks utilize both hardware and software 
techniques for profiling energy and target both servers and 
mobile devices. In the early work of one of the co-authors of 
this paper, a method was proposed that leveraged design-time 
testing of web services using generic loads of web traffic.  The 
energy was measured during a training phase and was used to 
develop a model for a specific web service at various server 
and software states [5].  The work described in [5] and [6] 
uses a more predictive model applied towards the efficient 
power management of web services and redundantly deployed 
cloud environments. 

Some of the previous efforts in this area evaluate the overall 
system energy usage [11,12], while others have the capability 
of applying more granular measurement techniques to isolate 
and profile individual components.  The authors in [2] 
introduce the PowerPak Framework; a combination of 
hardware and software components capable of low-level 
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energy profiling of parallel scientific applications on multi-
core, multi-processor distributed systems. They use physical 
instrumentation including sensors, meter circuits and data 
acquisition devices for measurement. Software components 
consist of drivers for physical meters, sensors, and a user level 
API for automated power profiling and synchronization of 
code. The framework is also capable of producing direct and 
derived measurements and isolating individual component 
consumption through the use of fine-grained systematic power 
measurements. PowerScope is a tool proposed by the authors 
in [3] to profile the energy usage of mobile applications 
through statistical sampling. A digital multi-meter is used to 
sample both the power consumption and system activity and 
passes this information to a data collection computer running 
the energy monitor. An energy profile is then generated and 
the data is analyzed offline to remove profiling overhead.  
In [4], researchers at Microsoft present a Windows based fine-
grained energy profiler by implementing and integrating a 
workload manager, an event logger and an energy profiler. 
Event tracing is started by the workload manager, which 
executes code under fixed loads of data. Tracing includes 
kernel level tracing of components such as the CPU, Disk I/O, 
page faults, heap range creation and context switches. The 
event logger simply logs all events generated by the workload 
manager and the energy profiler is then used to correlate 
system resource usage of an application.  

Some other efforts on the hardware level make use of 
Dynamic Voltage and Frequency Scaling (DVFS). DVFS is a 
widely used technique for power manipulation [13,15]. Its 
basic idea is to decrease the CPU frequency to allow a 
corresponding change in the supplied voltage. This in turn 
results in a reduction of the overall power consumption. DVFS 
is being used mainly to control the power consumed by the 
CPU cores rather than main memory. Despite this fact, the 
writers of [14] successfully developed a memory frequency-
scaling algorithm that could reduce the power consumption of 
main memory by around 14% on average without any 
noticeable performance degradation. 

Unlike the previous approaches, our tool does not require 
the use of external instrumentation for measurement. Our 
approach for application profiling utilizes a plug-in that 
operates in real-time and produces an estimate of the total 
energy consumed by the application. The plug-in is provided 
as a JAR file that can be imported into Java applications. This 
approach extends the state of the art as it allows application-
level estimations. The profiler allows the applications to be 
more self-aware of their own energy signatures. We use a 
mathematical model that estimates the energy usage given a 
set of parameters describing the underlying hardware.  We 
validate our model’s accuracy by comparing the estimated 
values to the ones measured by an energy meter. 

III. ENERGY MODEL 
According to our model, the energy consumed by a software 
system has 3 main components: 

 Computational Energy: EPI * TCPU * X 

 Memory access energy: Em * TActive * (The amount of 
memory used in bytes) 

 Leakage Energy: El * TActive * X 

where, EPI is the energy consumed per CPU instruction (in 
the instruction set of the CPU), TCPU is the total time the CPU 
is active, Em is the energy consumed for a single memory 
access, El is some hardware constant, TActive is the total time the 
system is active (including CPU idle time) and X is the CPU 
clock frequency.  

This energy model is loosely based on the one described in 
[1], and relies on the values obtained from the Java Virtual 
Machine (JVM). The computational energy component is 
computed as the product of the CPU frequency, the total time 
the CPU is active – where these two terms provide the total 
number of instructions executed – and the energy consumed 
per instruction, which is a chipset constant. The JVM provides 
the total time the CPU is active, while the user is responsible 
for providing the CPU frequency, and the energy per 
instruction value, if available. Some assumptions are made 
while calculating the computational energy component. The 
system used for testing has an Intel Core 2 mobile chipset and 
it is assumed that the CPU performed one instruction per 
cycle. It is also assumed that the microprocessor is the sole 
energy consumer and that other parts of the chipset – like the 
north/southbridge – is not taken into account since the energy 
model in [1] does not incorporate them. The Graphics 
Processing Unit (GPU) is not incorporated in the model either, 
and is not taken into account. However, the tests presented in 
later sections do not call for any GPU usage.  

As for the memory access energy, since there is no direct 
way of computing the exact number of memory accesses, and 
since the JVM provides the total amount of memory it uses 
directly, an approximated calculation is used as described 
above. The total memory access energy is calculated as the 
product of the amount of memory used by the JVM, the total 
time the application is active – where these two terms provide 
the total amount of memory that needs to be sustained for the 
lifetime of the application – and the energy consumed per 
memory access, which is also a chipset constant. The JVM 
provides the total amount of memory used, and the total time 
the application is active is calculated as the difference between 
the end and start times of the application obtained directly 
from the JVM. The user provides the energy per memory 
access value, if available.  

The leakage energy component is calculated in the exact 
same manner as described in [1], which is the product of the 
CPU frequency, the total time the application is active, and El, 
which is a hardware constant value provided by the user if 
available.  

IV. DESIGN AND ARCHITECTURE 
An energy profiler plug-in that implements the energy model 
described in Section 3 was developed in Java. It is available as 
a JAR file which can be easily integrated into other Java 
applications.  As shown in Figure 1, the plug-in gathers the 
data it needs from two sources, user input about chipset 
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specific constants and CPU and memory performance 
information from the JVM. The plug-in then applies this data 
to the energy model to produce the energy consumption 
information.  

As shown in the class diagram described in Figure 2, the 
application is split into three classes. The CPUMonitor class is 
responsible for fetching CPU utilization information from the 
JVM. The MemoryMonitor class gathers memory utilization 
information from the JVM. The EnergyCalculator class 
collects the data retrieved by these two components, plugs 
them along with the hardware constants into the energy model, 
and provides a total consumption estimate in Joules. The 
hardware constant values EPI, Em and El are hardware-specific 
and should be provided by the developers. If not provided, the 
plug-in uses default values specific to the Intel Core 2 Duo 
processor architecture. In order to use the plug-in to gather 
energy consumption data, some steps need to be performed. 
Before the code block whose energy consumption needs to be 
analyzed, an object of type EnergyCalculator is declared and 
the current CPU frequency in GHz is passed as a parameter to 
its constructor. If the hardware constants EPI, Em and El are 
known, another constructor is provided that accepts them as 
parameters alongside the CPU frequency. If these constants 
are not provided, default values are used as described earlier. 
After the code block that is being examined, the method 
PlugDataIntoModel() is called from the previously defined 
EnergyCalculator object. This method returns a string value 
that represents the energy consumed by the enclosed code 
block in Joules. 

Listing 1 shows how an EnergyCalculator class object can 
be used to profile the energy usage of Java code. As explained 
earlier, the EnergyCalculator class object has to be initialized 
before the code block in question and a call to the 
PlugDataIntoModel() method after the code block will 
provide the energy consumption estimate. Listing 2 shows the 
pseudo-code of the EnergyCalculator class. 

 
 
 

 
 

Figure 2. System Class Diagram. 
 

 
 
EnergyCalculator calc(OperatingFrequency, EPI, 
                                        Em, El); 
 
<Profiled Java Code> 
 
 
String Energy_Consumption =  
                       <calc.PlugDataIntoModel>; 

 
Listing 1. Energy Profiler’s Usage. 
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Listing 2. Energy Profiler’s Pseudo-code. 

 
 

 

 
 

Figure 3.  Picture of the Watts-Up Measurement Devices. 
 

V. EVALUATION 
The energy profiler can be used to estimate the energy 
consumed by Java applications as well as compare the 
consumption of different implementations of the same 
algorithm. To validate our estimates, we compared energy 
consumption output from the profiler to energy consumption 
figures obtained from the WattsUp meter 
(https://www.wattsupmeters.com), a physical device that 
measures the real time energy consumption of electronic 
devices in Watts. The WattsUp meter is shown in Figure 3. 

Figures 4 and 5 provide sample results illustrating the usage of 
the profiler. Figure 4 illustrates a comparison between the 
estimated energy calculated by the energy profiler and the 
actual readings obtained using the WattsUp meter. The test is 
conducted on a simple TCP implementation in Java. Figure 5 
provides a similar comparison using a recursive 
implementation of a Fibonacci sequence calculator.  
As noted in Figure 4, the estimated and measured energy 
consumption values increased consistently with the rise in the 
number of packets sent. The difference between estimated and 
measured values increased as the load on the system increased. 
This difference increased from around 10% on lighter system 
loads to approximately 18% with the highest tested load. We 
anticipated a slight delta between the estimated and measured 
energy consumption since the energy profiler only measures 
the consumption of the application in question, whereas the 
WattsUp meter measures the entire system’s consumption. 
Figure 5 shows that the estimated and measured values also 
increased consistently with the increase in the value of the 
Fibonacci term. This pattern demonstrates the same behavior 
as the one seen in Figure 4. 

To better understand calculated energy, we decomposed the 
calculation into the components defined in Section 3. The 
average relative contributions of computational energy, 
memory access energy and leakage energy are approximated 
to 85%, 10% and 5% for the TCP simulation application and 
90%, 3% and 7% for the Fibonacci sequence calculator 
application. The level of contribution of each component is 
reasonable with respect to the results presented in the related 
works [17] and [18]. The obtained increase our confidence in 
the validity of the profiler. Within each experiment, the 
percentages are consistent as the load increased and the results 
are also consistent across different applications. 

 

 
 

Figure 4. Estimated vs. Actual Energy Readings for a Simple TCP 
Implementation. 

 
Figures 6, 7 and 8, illustrate the results obtained when the 
profiler is used to measure the energy consumption of both 
recursive and iterative implementations of a Fibonacci 
sequence calculator.  

 
public EnergyCalculator (CPUFrequency, EPI, Em, El) 
{ 
     CPUMonitor myCPUMonitor; 
     MemoryMonitor myMemoryMonitor; 
     double StartTime = <now>; 
     double OperatingFrequency = <CPUFrequency>; 
     double EPI = <user input or default value 
                   from Datasheet>;         
     double Em = <user input or default value 
                   from Datasheet>;         
     double El = <user input or default value 
                   from Datasheet>;         

} 
private void CalculateEnergyConsumption () 
{ 
     double memoryUsage = <myMemoryMonitor. 
                                 GetUsedMemory()>; 
     double cpuUsage = <myCPUMonitor. 
                                 GetCPUUsageTime>; 
     double EndTime = <now>; 
     double TotalTime = <EndTime – StartTime>; 
} 
public String PlugDataIntoModel() 
{ 
     CalculateEnergyConsumption(); 
     double E_comp = <EPI * cpuUsage * 
                                OperatingFrequency>; 
     double E_mem = <Em * TotalTime * memoryUsage * 
                                              1024>; 
     double E_leak = <El * TotalTime *  
                                OperatingFrequency>; 
     double TotalEnergy = <E_comp + E_mem + E_leak>;  
     return TotalEnergy.toString(); 
} 
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Figure 5. Estimated vs. Actual Energy Readings for a Recursive Fibonacci 
Implementation. 

 

 
Figure 6. A Comparison between Recursive and Iterative Fibonacci 

Implementations on Microsoft Windows 7. 

 

 
Figure 7. A Comparison between Recursive and Iterative Fibonacci 

Implementations on Mac OS X 10.8.5. 

 

 
Figure 8.  A Comparison between Recursive and Iterative Fibonacci 

Implementations on Ubuntu Linux 11.10. 
 

The average energy consumption values for each Fibonacci 
term (from 25 to 55 in increments of 5) are recorded over 12 
runs. The tests are repeated across three major operating 
systems; Microsoft Windows 7, Mac OS X 10.8.5 and Ubuntu 
Linux 11.10. The results for all three operating systems 
demonstrated the same pattern. The nature of complexities of 
the recursive and iterative Fibonacci implementations is 
evident in the graphs, where the complexity of the iterative 
implementation grows linearly while that of the recusrive 
implementation grows exponentially.  The results obtained 
demonstrate the expected behaviors of both implementations. 

VI. DISCUSSION 
The results of our experiments demonstrate that the energy 
profiler tool is effective in providing estimates that compare 
favorably to real measurements. Although many factors are 
involved when it comes to measuring the energy consumed by 
different kinds of hardware, the profiler allows for the 
specification of the hardware constants EPI, Em and El of the 
underlying chipset as well as the CPU operating frequency. 
For the sake of consistency and accuracy of the results, all of 
the experiments are conducted on the same hardware with no 
other applications running except the operating system itself.  

 
A. Estimating Energy Consumption 

The first of the two major functionalities of the profiler is 
to provide absolute estimates of the energy consumed by a 
certain Java application. Figures 4 and 5 illustrate how those 
estimates compare to real measurements. It is worth 
mentioning that in these figures, the energy usage estimates 
obtained from the profiler are actually higher than those 
collected by actual measurements. This would not normally be 
expected since the profiler measures only the energy usage of 
the Java application under investigation, while the WattsUp 
meter measures the consumption of the whole system. This 
could be explained by the fact that no other applications were 
running while the experiments were being conducted - only 
the application under investigation and the OS processes - and 
by the fact that a margin of error in the estimation is expected 
since many hardware factors and constants are involved in the 
calculation. Taking these facts and factors into consideration, 
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the difference between the estimated and actual figures is 
negligible on lighter levels of system load, however acceptable 
at the higher load levels.  
      When it comes to measuring the absolute energy 
consumption values, the hardware constants described earlier 
in the energy model play a major role in the correct estimation. 
The constants that are the hardest to collect are EPI, Em and El. 
These constants are chipset dependent and have to be collected 
form the chipset datasheet. We successfully found the values 
of EPI and Em for the Intel Core 2 mobile chipset, but we 
couldn’t find an exact value for El and its value is estimated 
based on information we obtained from the datasheet of a 
similar chipset to the one we used. The authors in [19] provide 
the EPI values for different Intel microprocessors. In its 
current form, we believe the energy model we use should 
provide highly accurate results as long as all the variables in 
the model are as accurate as possible. 
 
B. Comparing Algorithm Implementations 

Figures 6, 7, and 8 demonstrate how the profiler can be 
effective for another purpose, which is comparing different 
implementations of the same algorithm from the point of view 
of energy consumption. This could prove to be very important 
in real world applications as it provides the capability of 
comparing the energy consumption of complicated algorithms 
without having to analyze their complexities thoroughly. It 
could be considered as a black box technique of analyzing 
algorithms. The task illustrated (computing the Nth Fibonacci 
term) provides a good example of such usage. As anticipated, 
the recursive implementation consumed much more energy 
than the iterative one, especially as the load on the system 
increased with the increase of the value of the Fibonacci term. 
The results are also consistent across different platforms. The 
marginal error contained in the estimation technique is 
somewhat irrelevant when comparing different algorithms, 
since the magnitude of the delta between the estimations is the 
decisive factor for comparison, rather than the absolute 
figures.    

VII. CONCLUSION AND FUTURE WORK 
This paper presented the experience, method and 

application of creating an energy profiler tool with the ability 
to isolate the energy consumption of a specific Java 
application.  Initial experimentation demonstrates that this 
approach and toolset compare favorably to real measurements.  
Future work will focus on tweaking the energy model to take 
into account the internal workings of the JVM, and 
consequently decreasing the gap between the actual and 
estimated values. The model can also be expanded to 
incorporate more hardware component, like the GPU, Video 
RAM and IO components. We plan to leverage the energy 
profiler in developing a body of work that describes energy 
concerns when using specific design patterns for certain types 
of infrastructures.  We believe that this energy profiling 
approach at the application-level can be used as a training aid 
for software engineers and developers when it comes to 
developing sustainable software. 
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Abstract— Sustainability should be supported by modern 

software engineering methods to guarantee reliability of the 

running systems. Dynamic reconfiguration is an important 

technology implementing the sustainability goal. However, 

building dynamic reconfigurable software system cost-effectively 

and in a predictable manner is a major engineering challenge. 

Aiming at solving this problem， this paper combines AOSD 

approach and feedback control theory to explore how 

sustainability goal can be obtained through dynamic 

reconfiguration. At the same time, a case study is employed to 

illustrate and evaluate our approach.  

Keywords- dynamic reconfiguration; AOP; feedback loop; 

sustainability;  runtime 

I.  INTRODUCTION 

Variability is an essential characteristic of software 
systems. Providing high-quality software in the face of 
uncertainties (such as dealing with new user needs, changing 
availability of resources, and faults that are difficult to predict) 
raises fundamental challenges to software engineers. For 
making software system can run continuously and can 
continuously provide service, the system should dynamically 
adapt its behavior at run-time in response to changing 
requirements of users and running environment. This is a 
fundamental requirement that many modern systems must 
satisfy [1, 20]. 

Dynamic reconfiguration is a key technology guaranteeing 
the sustainability of the systems. In recent years, dynamic 
reconfigurable software systems have been researched and 
applied in different application domain, and have made a lot of 
achievements. However, building dynamic reconfigurable 
software system cost-effectively and there are numerous 
remaining research problems in developing this kind of 
systems. 

An obvious research problem is that current works address 
dynamic reconfiguration often loses sight of the existence of 
system crosscutting concerns (e.g. the quality attribute), 
causing the system hard to maintain and evolve. Aspect-
oriented Programming (AOP) can ease this kind of problem. 
With the application of AOP [2], the crosscutting concerns can 
be cleanly encapsulated into aspects and modeled as 
components, and improve the modularity of software.  

Another research problem is: how can we effectively design 
software so that it can respond to changes in execution 
environments, without human intervention? Over the past 
century, feedback control loop has been proposed as an 
effective model for controlling dynamic behavior of 
mechanical, electrical, fluid and chemical systems in the 
corresponding fields of engineering. Inspired by these works, 
we bring it into the development of dynamic reconfigurable 
software systems. 

In this paper, we take the advantages of AOP technology 
and feedback control theory to explore how sustainability goal 
can be obtained through dynamic reconfiguration. In our 
approach, AOP and feedback loop are regarded as first-class 
entities. A simplified on-line train ticket reservation system is 
employed to illustrate our approach throughout this paper.  

The remainder of this paper is organized as follows: Section 

Ⅱ provides some background knowledge. Section Ⅲ presents 

how to implement system’s sustainability goal from the 
perspective of dynamic reconfiguration by applying Aspect-
oriented Software Development (AOSD) approach and 

feedback control theory. Section Ⅳ  introduces the 

implementation work and evaluates our approach. And some 

related works are discussed in section Ⅴ. Finally, conclusion 

and future work are presented in section Ⅵ. 

II. BACKGROUND KNOWLEDGE 

Our research work is founded on MAPE-K control loop, 
AOSD approach and feedback control theory. 

A. MAPE-K Control Loop 

Dynamic reconfiguration systems modify themselves at 
runtime in order to control the satisfaction of their requirements 
under changing environmental conditions. Therefore, they are 
required to monitor themselves and their context’s 
environment, detect significant changes, decide how to react, 
and act to execute such decisions. All of these behaviors are 
typically realized using a control loop, which is by means of 
four components that are responsible for the primary functions 
of dynamic reconfiguration: Monitor, Analyze, Plan, and 
Execute, often referred to as the MAPE loop [3]. 
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Figure 1 exemplifies an autonomic controller based upon 
the MAPE-K loop (monitor, analyze, plan, and execute), 
whereby data collected by probes is utilized to produce a model 
of the system and its environment. Through the analysis of 
such models, we are able to detect system’s state and its 
environmental conditions, and diagnose performance problems 
or to detect failures, deciding on how to resolve the problem 
(e.g., via dynamic load-balancing or healing), and acting to 
effect the planning decisions made [4]. 

Planner

Knowledge

Executor

Analyzer

Monitor

Goals Violations

Solutions Models

(State)

1. probe data

2. update model

3. notify of 

model update

4. analyze for 

violations in state

5. identify relevant 

solutions

6. send solutions

8. select and plan a 

solution

7. Assess solutions

9. send

plan

10. identify 

effectors

11. execute plan

 

Figure 1.  The MAPE-K control loop 

B. AOSD Approach 

“Join point” and “aspect” are very important concepts to 
modularize crosscutting concerns in AOSD. A join point is a 
well-defined point in the code at which our concerns crosscut 
the application. Typically, there are many join points for each 
concern. An aspect specifies a set of join points in the target 
application where the normal execution is altered and describes 
the additional behavior that should be executed. The aspect 
logic is weaved into the target application by aspect weavers. 

In existing AOSD approaches, there are different 
alternatives to tackle the separation of concerns issue, even 
though the final goal is always the same. These approaches 
differ mainly with regard to when aspects are applied (before, 
after or around), the join points where aspects are applied, 
where the weaving information is placed, whether the weaving 
process is static or dynamic [5]. 

Recent years, there are many dynamic AOP techniques 
being developed. Dynamic AOP (e.g. Spring AOP [6], 
AspectWerkz [7]) extends static AOP by providing dynamic 
weaving mechanism, without stopping the whole system. And 
our implementation is based on Spring AOP. A complete 
description of AOSD technologies can be found in [8]. 

C. Feedback Control Loop 

The feedback control loop (closed loop) is the cornerstone 
structure for building controllers for different kinds of dynamic 
software systems [9]. Controllers are used to maintain specified 
properties of the outputs of the target system at (sufficiently 
near) the given reference values called the set points. 

Figure 2 shows a classic feedback loop structure for a target 
system. This feedback loop performs dynamic control by 
comparing the target system output to the control objective 
given as desired state (the set points), yielding the control error 
(delta), and then adjusting the controlling input based on the 
output from a sensor, to make the target system to behave 
closer to the set points. 

Desired State

Controller Target System
Error Control Input System Output

Sensor
Feedback

+
-

 

Figure 2.  The classic feedback control loop structure 

III. THE APPROACH 

In this section, we discuss how to implement system’s 
sustainability goal from the perspective of dynamic 
reconfiguration, including how to heal system and how to 
optimize system’s performance under changing operating 
environment. 

We employ an on-line Train Tickets Reservation System 
(TTRS) to illustrate our approach. TTRS is a kind of 
application that must be continuously available for online 
users, especially during the access peak, like Chinese Spring 
Festival travel period.  

A. AOP-based Dynamic Reconfiguration 

In this section, we describe how to implement dynamic 
reconfiguration by using AOP technology. Specifically, we will 
exemplify how system modifies its own structure or behavior 
to response to the changing internal states and the external 
environment dynamically. 

At first, let us illustrate how to implement dynamic 
reconfiguration to response to the changing system internal 
states. Consider such a scenario: there are two message 
notification components DisImg and DisTxt. DisImg is 
employed to display vivid graphical information to online-users 
when the load on the server is normal. DisTxt is used to display 
pure textual information when the server is highly loaded. 
Under normal condition, the system instantiates and loads 
DisImg to provide better service. However when the system 
comes under heavy load, e.g. during peak times, we assume 
that the system will instantiate and load DisTxt for improving 
the request-response time. And if the system load drops to a 
normal state again, the system needs to adjust itself back to 
graphical mode dynamically. From this scenario, the system 
should be dynamic reconfigurable to ensure it can switch back 
and forth from textual mode to graphical mode automatically. 
That is to say, the system should load and unload DisImg and 
DisTxt dynamically for balancing server utilization with 
service response time. 

Figure 3 shows the strategies for dynamic reconfiguration. 
DisImg and DisTxt are loaded/unloaded dynamically according 
to different strategy. 

Strategy SwitchToGraphicalMode() {
    condition{

sys.Load < concurrAcce_Threshhold
    }
    action{

for(BComp: rBusinessComps){
    BComp.setGraphicalMode(true);
}

    }
    effect{

for(BComp: rBusinessComps){
    BComp.isGraphicalMode();
}

    }
} 

Strategy SwitchToTextualMode() {
    condition{

sys.Load >= concurrAcce_Threshhold
    }
    action{

for(BComp: rBusinessComps){
    BComp.setTextualMode(true);
}

    }
    effect{
          responseTime <High_T

for(BComp: rBusinessComps){
    BComp.isTextualMode();
}

    }
}  

Figure 3.  The strategies for dynamic reconfiguration 
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Notice that these two message notification components 
affect some business functions, e.g. register/login an account, 
pay for orders, and reserve tickets. Therefore, both of DisImg 
and DisTxt have relationships with other basic components of 
the system. This means that they crosscut the others 
components. For making the system easier to maintain and 
evolve, we employ AOP technology to solve this problem. 
Concretely, system crosscutting concerns are encapsulated into 
aspect beans and implemented as aspects components. An 
aspect bean is an extension of the Java Bean component that 
specifies crosscutting behavior in a reusable manner. 

Figure 4 shows part of the XML-based configuration file 
for graphical display mode. It’s very efficient to implement the 
dynamic reconfiguration scenario we mentioned above, just by 
modifying (the values of “bean id” and “ref”) and reloading the 
corresponding configuration file at runtime. 

<?xml version="1.0" encoding="UTF-8"?>
<beans xmlns="http://www.springframework.org/schema/beans"
       xmlns:xsi="http://www.w3.org/2001/XMLSchema-instance"
       xsi:schemaLocation="http://www.springframework.org/schema/beans
       http://www.springframework.org/schema/beans/spring-beans-2.5.xsd">

    <bean id="showGraphicalMessage"
          class="org.springframework.aop.support.NameMatchMethodPointcutAdvisor">
        <property name="advice" ref ="DisImg" />
        <property name="mappedNames">
           <list>
                <value>UserRegister</value>
                <value>OrderPayment</value>
                <value>TicketReservation</value>
           </list>
        </property>
    </bean>

 

Figure 4.  The XML-based configuration file for graphical display mode 

Then, we describe how to implement dynamic 
reconfiguration to cope with the problems caused by external 
environment. Suppose that there are various e-bank online 
payment service components provided by different banks (e.g. 
BOC, ICBC, ABC, CCB, etc.). Usually, online-users would 
like to choose a specific e-bank online payment component 
(e.g. ICBC) to pay for their order.  

As all we know that banks server often need to upgrade 
their service. If one bank server need to be upgraded on 
someday, and cannot provide payment service to their 
customers during the upgrade. It is unacceptable for the online 
users that they couldn’t finish their payment after they submit 
their ticket order due to the service unavailable caused by 
upgrade, particularly in the case of emergency. In this situation 
in order to ensure the TTRS application system can continue to 
provide payment services for all the users, we need to improve 
sustainability by reconfiguring the target system at runtime to 
adapt to the environmental failure. 

As an online third-party payment platform, AliPay can deal 
with payment transactions for more than one hundred banks 
and financial institutions. Assume that AliPay also supports 
this bank which is in the process of being upgraded. Therefore, 
the service requests to the upgrading bank will not be refused if 
we can redirect all the requests to AliPay dynamically. In this 
scenario, this kind of redirection crosscuts all the e-bank online 
payment components that AliPay supports. So, we can 
encapsulate it into a redirection aspect component.  

In our work, we model the system in terms of components 
and connectors for supporting dynamic reconfiguration. A 
component is an encapsulation of a computational unit. And it 
specifies its provided services and required services by its 
provide interfaces and require interfaces. Connectors mediate 
interactions among components by establishing the rules 
governing component interaction and specifying any auxiliary 
mechanisms required [10]. 

Figure 5 shows the interactions among e-bank online 
payment components, redirection aspect, and AliPay server. In 
this interaction diagram, each e-bank online payment 
component uses services provided by AliPay, and calls the 
services through connectors, which forward the request to 
AliPay via the redirection aspect and pass the result to e-bank 
online payment components. During the process of updating 
the e-bank server, all the requests from its online-user are 
buffered and redirected to AliPay to handle sequentially. When 
the update is finished, all the buffered requests will be 
redirected back to this e-bank server if these requests have not 
been handled yet. 
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Figure 5.  The interactions among e-banks, redirection aspect, and AliPay 

server 

B. Feedback Loop based Dynamic Reconfiguration 

As the previously mentioned scenario, the value of the 
concurrent accesses threshold (concurrAcce_Threshold) is a 
key factor to decide when and how to reconfigure the target 
system at runtime. In most of the existing approaches, this 
value is set statically at design time that is very difficult to 
guide the system to reach an optimal state.  

If the value is estimated too high, it will cause the system 
overloads or even collapses. While if the value is estimated too 
low, it will lead to a waste of system resources. Therefore, we 
need to set this value dynamically according to the runtime 
environment. Here we employ feedback control loop to help us 
to implement that the system can run reliably and the system 
resources can be used efficiently. 

Desired State

Monitor

Sensed Information

Analyzer
Dynamic Configurator

Error

Planner Executor

Target 

System

Control Input

System Output

 

Figure 6.  The feedback control loop with architectural components of the 

MAPE-K loop 

Figure 6 shows the feedback control loop with architectural 
components of the MAPE-K loop. This diagram establishes the 
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mapping relationship of functional elements between feedback 
loop and MAPE-K loop. 

Monitor is responsible for sensing information that is 
relevant to dynamic reconfiguration, including the target 
system’s internal variables corresponding to quality attribute, 
and also the external context. In our work, we use probes to 
collect data from the executing system and its context about its 
current state.  

Analyzer based on the high-level system requirement and 
the sensed information which is transferred from monitor, 
compares target system performance and desired state, 
determines whether a reconfiguration must be triggered, and 
infers the control error (delta) and forwards this error to 
Dynamic Configurator.  

Planner selects strategies and generates the reconfiguration 
plan according to the error information. In this case, the plan 
refers to how to set the value of concurrAcce_Threshold. 
Meanwhile, planner computers the necessary control actions to 
be instrumented into the target system. 

Executor interprets and executes each of the operations 
specified in the plan and instruments them into the target 
system. Thereby adapts target system to obtain the desired state. 

IV. IMPLEMENTATION AND EVALUATION 

We have designed our experimental study to evaluate our 
work. Our experiment environment is Apache Tomcat 8.0.5 
running on a server with Intel(R) Core(TM) i7 CPU and 6G 
memory.  

We implement our AOP-based dynamic reconfiguration 
approach based on Spring framework. And we adopt the 
Interface ServletContextListener and the Class TimerTask to 
implement the feedback control loop. We use JMeter to 
perform stress test and simulate the runtime environment. 
During the test, a lot of business operations are recorded in the 
Tomcat’s configuration file (server.xml). We analyze the 
recorded data and produce more runtime state information, like 
the response time, the total number of requests, and the 
system’s throughput, etc.  

In our case study, we compared the performance of the 
original system which does not have the dynamic 
reconfigurable ability and the system which has been 
instrumented with our dynamic reconfiguration approach based 
on the original system. From the analysis data, we found that 
the response time of the dynamic system is a bit slower than the 
original one when the concurrent access less than 200. But the 
dynamic system has an obvious better performance than the 
original system when the concurrent access exceeds 500. It 
shows a significant improvement for highly concurrent 
application system. 

V. RELATED WORK 

This work has been inspired by many other approaches. For 
instance, [11] presented a component and aspect model that 
combines CBSD and AOSD disciplines. This model introduces 
aspects as special connectors between components. It achieves 
a high degree of independence between components and 
aspects, which makes them more reusable. Therefore, based on 

this model, developers can build complete application systems 
in a short time. 

In [12] Eddy Truyen and Wouter Joosen demonstrated 
where and how AOP can be applied in the architecture of self-
adaptive systems. In [13], Tesanovic et al. proposed a novel 
concept of aspectual component-based real-time system 
development (ACCORD) and applied it successfully in the 
development of a real-time database system. 

In [14], Shen JR et al. demonstrated how to use the model 
to guide the implementation of dynamic update in a J2EE 
application server. In our approach, we borrow the redirection 
idea from their Dynamic Update Connector (DUC) to 
implement self-healing dynamically. 

D.Sykes et al. proposed a dynamic architectural 
reconfiguration approach in [15] where self-managed software 
architecture is one in which components automatically 
configure their interaction in a way that is compatible with an 
overall architectural specification and achieves the goals of the 
system.  

D.Menasce et al. [16-17] proposed a model-driven 
framework (SASSY) for runtime self-architecting of 
distributed service-oriented software systems. This framework 
automatically generates candidate software architectures and 
selects the one that best serves stakeholder-defined, scenario-
based quality-of-service (QoS) goals. Self-architecting occurs 
during initial system deployment and at runtime, thus making 
systems self-adaptive, self-healing, self-managing, and self-
optimizing.  

In [18], Yuriy Brun et al. explored feedback loops from the 
perspective of control engineering and within existing self-
adaptive systems in nature and biology. At first, they 
investigated feedback loops as a key aspect of engineering self-
adaptive systems. Then they outlined basic principles of 
feedback loops and demonstrated their importance and 
potential benefits for understanding self-adaptive systems. 
Finally, they described control engineering and biologically 
inspired approaches for self-adaptation. 

In [1], A.Filieri et al. explored how continuous 
reconfigurations through dynamic binding can be obtained as 
the solution of a discrete-time feedback control problem. They 
regarded software system as a broken down into constituent 
blocks having no hard-wired connectors. Connector is created 
dynamically when the binding between two blocks is 
established. They applied control theory to automatically derive 
how the bindings must evolve over time.  

[19] applied AI planning and implemented a general closed 
control loop for selecting a configuration and deciding how to 
change the system at runtime. Their approach worked well for 
small examples, but they encountered a critical complexity 
limit, depending on the number of used “objects” (resources) 
and the number of “exists” operators. 

Danny Weyns et atl.[20] investigated the question whether 
external feedback loops provide more effective engineering 
solutions than internal mechanisms. And they claimed that 
external MAPE loops do simplify the design in terms of control 
flow primitives for the processes. The significant reduction of 

601

http://jakarta.apache.org/jmeter/
app:ds:demonstrate


control flow complexity increases understandability of the 
design, and can improve maintainability and testability of the 
system. The use of external MAPE loops reduces fault density. 
Reduced fault density increases the quality and reliability of the 
software design, and adds to customer satisfaction. And 
external MAPE loops realize a separation of concerns, which 
yields easier to understand designs, having a positive effect on 
productivity.  

VI. CONCLUSION AND FUTURE WORK 

In this paper, we presented an approach which combines 
AOSD technology and feedback control theory to implement a 
dynamic reconfiguration software system to achieve system’s 
sustainability goal.  

We have discussed how to implement dynamic 
reconfiguration under different application scenarios by using 
AOP and feedback control theory respectively. The main 
advantages include that: Firstly, our work complies with the 
"separation of concerns" principle. We separate the dynamic 
reconfiguration concern from the business function code by 
using AOP. It makes the system easier to maintain and reuse. 
Secondly, we use feedback control technology to set the values 
of key variables dynamically. Comparing to most of existing 
methods which set the values statically at design time, it can 
reflect the changing environment in real time and provide a 
more reasonable way to guide the system to run in an optimal 
state. 

However, we just study how to reconfigure system at 
runtime driven by a single object. In real-world applications, 
we often need to take into account multiple objects at the same 
time, and even include conflict objects (e.g. security vs 
response time). Therefore, we will research runtime tradeoff 
about different quality objects and functional objects in our 
future work. 
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Abstract— Safety-critical embedded systems have assisted people 

in the execution of daily tasks, causing a search for security 

approaches in the initial phases of the development. The elicitation 

of security requirements in such systems is a key element for the 

definition of secure software. Nonetheless, security requirements 

are mostly ambiguous, incomplete or even not considered, which 

may be the reason of accidents. In this sense, it is essential to 

provide a good comprehension of peoples’ roles within the 

development process, and the interactions with the safety-critical 

embedded systems. This paper presents the Persona Security 

technique which aims at aiding software engineers in the elicitation 

of security requirements. We have performed a pilot study to verify 

the perception and relationship between the easiness of eliciting 

security requirements, and find out improvement points. The initial 

results indicate that dividing the requirements into both system and 

users allows the software engineer to have a clearer and more 

general view of the system. However, we also identified 

improvement opportunities such as: (a) the need for identifying 

requirements related to users and generating their traceability with 

the software requirements; and (b) the need for the identification of 

the security requirements that are most relevant for the problem 

domain, showing their dependencies and their selection impact. 

Keywords: Security Requirements; Safety-critical Embedded 

Systems; Software Requirements; Requirements Elicitation, 

Personas. 

I. INTRODUCTION 

Safety-critical embedded systems (SCESs) are systems in 
which there is a possibility to cause accidents [1]. Increasingly, 
SCESs are assisting people in the execution of everyday tasks 
in areas such as [2]: aircraft flight control, medical devices, 
weapons, and nuclear systems. Safety-critical software is 
commonly embedded into some greater technical system [3]. 
Thus, they represent systems or applications in which failures 
and errors can lead to severe consequences, harm to properties 
or the environment, or even death [2]. 

The major cause for accidents pertinent to SCESs is 
associate to the poorly performed requirements elicitation or 
inconsistencies in what the software should do [4]. In this 
sense, the requirements elicitation is one of the knowledge 
areas in software requirements [5]. According to Lahoz et al. 
[6], the elicitation should be capable of producing requirements 
that preserve the security system’s behavior at any stage, 
condition or circumstance. The application of good practices 

for elicitation can avoid errors in the identification and 
comprehension of requirements [6]. 

Functional requirements specify what the system should do 
or should make happen. On the other hand, security 
requirements specify what the system should not do or what 
must be kept from happening [7]. In this sense, security 
requirements are considered the main non-functional 
requirements that must be provided in a project on SCESs [8]. 
According to Firesmith [9], security requirements are 
frequently ambiguous, incomplete or even not treated, which 
may be the cause of accidents. Consequently, such 
requirements are considered an essential element to prevent 
errors and security attacks [10]. 

In order to assist software engineers in the elicitation of 
security requirements for SCESs, we have proposed the 
Persona Security technique. This paper presents how we 
developed the Persona Security technique and how to apply it 
through an example. The initial results show that the fact of 
dividing the requirements into system and requirements related 
to users provides a general and clearer view of the software to 
be developed. The functional requirements and the 
requirements related to users were listed and also traced. 
Moreover, in the security requirements lists, we noted a 
difficulty in verifying which requirements were more 
important, since all requirements were considered 
representative due to the criticality of the software. We also 
verified the need for improving the security requirements list, 
by identifying the security requirements that are more relevant 
to the problem domain and providing their dependencies. Such 
improvements will aid software engineers in the selection of 
security requirements prioritized according to the analyzed 
critical system. 

The remainder of this paper is organized as follows. Section 
II presents the theoretical background and related work, our 
findings suggest a deficiency to approaches elicitation of 
security requirements. In Section III we describe the proposed 
Persona Security technique. Then, in Section IV we present the 
results from a pilot study in order to identify improvement 
opportunities in our proposal. Finally, Section VI presents the 
final remarks for this paper. 

II. BACKGROUND  

Safety-critical embedded systems are present in software 
for cars, trains, airplanes, and possibly within hundreds of 
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critical security components [10]. Due to the increasing 
demand on security software, eliciting security requirements 
has turned into an important task. In most cases, such 
requirements are included in a system in order to verify [11]: 

 Authority problems: in which access to the system 
must only be granted to authorized users; 

 Integrity problems: in which the integrity of the system 
must be maintained in order to avoid accidental or 
malicious attacks. 

Generic requirements are one of the categories of security 
requirements [12]. In this sense, generic security requirements 
are a collection of characteristics and design restrictions to 
solve security problems in common software. Such 
requirements are used in different programs and environments, 
and can be extracted based on good practices and previous 
experience in well succeeded projects [13]. In this sense, Yang 
[14] classified generic security requirements into eight 
categories according to their content: dangerous command-
related, initialization-related, data processing-related, detection 
of failure-related, control of safety critical functions-related, 
assurance of safety state-related, human-computer interaction-
related, and other generic safety requirements. 

According to Barry [15], “Requirements Engineering 
approaches assume that a system is designed for users”. Human 
Computer Interaction (HCI) covers getting acquainted with 
people as members of groups or organizations, the conditions 
under which subjects are likely to want to use their device, as 
well as the characteristics involved in this interaction [16]. In 
this sense, Personas is a technique proposed in HCI that offers 
an understanding of the users of the system regarding their 
characteristics, needs and goals [17]. Therefore, it defines a 
persona, which is a profile of a user that is described though 
data elicitation with users by applying techniques such as 
interviews or observations [15]. 

The Personas technique can improve the requirements 
engineering activities, by identifying the users’ needs [16]. In 
this context, Castro et al. [18] developed Persona*, which 
consists of a set of inter-related activities that lead to the 
creation of personas. In this sense, Persona* can allow the 
elicitation of generic requirements. However, it does not focus 
on the elicitation of security requirements.  

Aiming at developing secure and useful systems, we 
identified two main challenges in the literature: (a) how can we 
understand the involved roles in the development process, and 
their interaction with the safety-critical embedded systems? 
[2][19] and, (b) how can we consider the security of the system 
in the requirements engineering process of critical systems? 
[15]. In order to meet these challenges, we have developed the 
Persona Security technique.  

III. THE PROPOSAL OF THE PERSONA SECURITY TECHNIQUE 

The Persona Security technique is composed of a set of 
grouped activities that lead to the creation of personas and aid 
in the elicitation of security requirements. In order to minimize 
risks in the development of software, the Persona Security 
technique offers a categorized list of generic security 
requirements. Such requirements were extracted from the 

Marshall Space Flight Center (MSFC) [12] and have been 
classified according to Yang’s [14] approach. It is noteworthy, 
that this list was checked by another experienced software 
engineer. 

To facilitate its application, the Persona Security technique 
also provides an execution guide, which explains the steps to 
be followed when applying it. This way, whoever uses the 
document will have both instructions and examples within a 
single document. In this sense, Fig. 1 and 2 show part of the 
categorized list of the security requirements and part of the 
execution guide, respectively.  

Category ID Generic Security Requirements 

Human-Machine 
Interaction 

SR01 

The software must provide status on 
all controllable restrictions to the 
technical team, or to the control 
executive. 

SR02 

The software must incorporate the 
capability to identify and show status 
alerts for each software restriction 
related to critical commands. 

Dangerous 
Command-Related 

SR06 
Rewriting commands must require 
multiple actions from the operator. 

SR12 
The software must provide a unique 
and independent command to control 
each controllable restriction. 

SR13 
All software restrictions that are 
associated to a command must have a 
unique ID. 

Initialization-
Related 

SR17 
The software must start and restart 
replaceable units in a safe state. 

Figure 1: Part of the categorized list of the security requirements 

You received two documents: (1) a scenario composed of a list 

of functional requirements for the persona (profile) and the 

safety-critical embedded systems; (2) the categorization of the 

generic security requirements. Based on that, you must map the 

functional and security requirements using the instructions 

contained within this document.  

Initial Procedures: 

 Describe the persona profile – see document (1) – scenarios 

with functional requirements 

o << The description of a persona is composed of: attitudes, 

goals, needs and behavior >> 

 Example: “John is a 64 year old man who values his 

family. He is an experienced driver. Other people see him 

as a rational, practical and self-confident man with 

authority. He can easily get annoyed with drivers of other 

vehicles and (…). 

 Add the ID of the Functional Requirements of the persona 

(Profile) – scenarios with functional requirements  

o Example: FR01, FR02. 

 List the ID of the Functional Requirements for the safety-

critical embedded systems – scenarios and functional 

requirements 

o Example: FR11, FR09. 

 Add the ID of the Security Requirements for the safety-

critical embedded systems -  see document (2) -  

categorization of security requirements 

o Example: SR01, SR02. 

 
Figure 2: Execution guide for the Persona Security technique 
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Fig. 3 shows the execution process of the Persona Security 
technique, describing the interaction between its activities: 

 

Figure 3- Ativities for applying the Persona Security technique 

In this sense, the activities for applying the Persona 
Security technique are: 

 This activity is framed in the requirements elicitation 
phase [20]. The requirements elicitation aims at 
identifying the origin of the requirements and how to 
collect them [20]. According to Kasirun and Salin 
[21][1], there are several elicitation techniques: 
interviews, focus group, scenarios, discussion groups, 
prototyping and  Joint Application Development 
(JAD);  

 Activity 1 – Define Personas: Based on the results 
from the previous activity, the users’ needs from the 
critical system are groups. In the end, each profile will 
represent a persona and will be used to create a persona 
document. This activity is included in the following 
phases [20]: Requirements Elicitation, Requirements 
Analysis, Requirements Specification and 
Requirements Validation; 

 Activity 2 – Select Security Requirements: During this 
activity, a list of categorized generic requirements (as 
shown in Figure 1) is provided to the interviewees.  
Then, the interviewees must select the requirements 
that can be applied to the system; 

 Activity 3 – Identify security requirements patterns: 
The main goal of this activity is to identify a list of 
security requirements that is representative of the 
SCES; 

 Activity 4 – Validate the existence of redundancies and 
integrity: During this activity, the analyst or the client’s 
representative will verify the generated documents in 
order to identify the existence of redundancy or 
omission. This activity includes the requirements 
validation phase; 

 Activity 5 – Define Types of Personas: The created 
personas will be prioritized to determine the most 
important user profile, or the primary persona [16]. In 
the case that the critical system possesses only one user 
profile (persona), that will be the primary persona. 
Then, we must add the list of representative security 
requirements (see Activity 3) in order to create a 
security persona. In this sense, the definition of a 
persona involves the activities of [9]: requirements 
analysis and requirements specification. 

IV. THE EXPERIMENT 

Our main motivation for performing this study is to verify 
if the Persona Security technique aids in the elicitation of 
security requirements in safety-critical embedded systems. 
Since this was a preliminary evaluation of the technique, the 
pilot study was performed in an academic environment. We 
choose an academic environment since we would not require 
spending real software practitioner’s hour costs. Also, an 
academic environment is smaller and allows the observation 
and testing of new technologies to be transferred from academy 
to industry [22].  

This pilot study was performed following three well-
defined activities which will be explained bellow: 

Planning: First, we defined the goal of this study based on 
the GQM (Goal-Question-Metric) [23] paradigm, as shown in 
Table 1. 

TABLE I.  GOAL OF THE PILOT STUDY BASED ON THE GQM PARADIGM 

Analyze Persona Security Technique  

For the 

purpose of 
Characterize 

With respect to 

The perception over: (a) ease of use/assistance for the 

eliciation of security requirements; (b) aspects that aid or 
constrains in the application of the technique; (c) 

reccomendations in the utilization of the technique to elicit 

security requirements 

From the point 

of view 
Software Engineering researchers 

In the context 

of 

A security requirements eliciation of a safety-critical 

embedded system performed by a high experienced 

doctorate student 

 

After defining the goal of this study, we characterized it by 
describing the activities to be performed, the resources and the 
trainings to be ministered in order to carry out the study. 
Finally, we prepared the characterization form, the Consent 
Term, and post-experiment questionnaire. The characterization 
form serves to verify: a) knowledge level in requirements 
elicitation and critical systems; b) their working experience in 
projects and software development to critical systems 
(measured in number of projects); c) working time in software 
development. The consent term informs about data 
confidentiality and voluntary participation. Lastly, post-
experiment questionnaire aims to gather the practitioners’ 
opinions. 

 Execution: We carried out the pilot study with a highly 
experienced doctorate student from Federal University of 
Amazonas (Ufam). He was enrolled in one of the Informatics 
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doctorate programs in Brazil. According to his characterization 
form, this student had more than 4 years’ experience in 
developing software (both industrial and academic). Also he 
had worked in several development projects as an analyst and 
had prior knowledge with the development of non-functional 
requirements, mainly usability. 

We handled the subject instructions on how to apply the 
technique. Also, we provided the guide for using the Persona 
Security technique, which is shown in Fig. 2. Such guide 
already illustrates an utilization example. The guide for using 
the Persona Security technique shows examples on how it 
should be filled. We also provided a scenario of a safety-
critical embedded system composed of functional requirements 
and a persona (profile). Such scenario is from a real software 
development process from an Unmanned Ground Systems. In 
this sense, part of the scenario is shown in Fig. 4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, the subject received a list of categorized generic 
security requirements. Fig. 1 shows part of the categorized 
generic security requirements list. Then, we gave the subject 
the template of the Persona Security technique so that he could 
list: (a) the critical system functional requirements; (b) 
requirements for the personal profile; and (c) security 
requirements relevant to the analyzed scenario. Finally, the 
subject answered a questionnaire regarding ease of use, aspects 
that could aid and any constrains with the applicability of the 
Persona Security technique. Fig. 5 shows part of such 
questionnaire. 

Analysis and Results: In this stage we analyzed the results 
from this study using qualitative analysis procedures. 
Qualitative studies allow a wider comprehension of the studied 
phenomenon, which is necessary for analyzing complex 
questions in software engineering [24]. Besides the possibility 
of answering research questions that involve variables that are 
difficult to quantify; and supporting answering the reason for 
research questions that were approached in other quantitative 
studies, qualitative methods allow the researcher to deepen into 
the complexity of the problem instead of abstracting it [24]. We 
have analyzed the data from the evaluation questionnaire using 
concepts from Grounded Theory (GT) [25].  

GT is a qualitative method for data analysis, in which a 
theory is derived from data, systematically gathered and 
analyzed by means of the research process. The GT method is 
based on coding – the analytic processes through which data 
are fractured, conceptualized, and integrated to form a theory 
[25]. The data analysis began with the open coding of the 
questionnaires (Fig. 5). The qualitative analyses of the results 
from the study are described as follows. 

V. RESULTS FROM THE PILOT STUDY 

During the execution of the study, two researchers observed 
the subject while he applied the Persona Security technique. 
Through observation, the researchers were able to verify and 
make notes regarding how the subject applied the technique. 
Right from the beginning of the application of the technique, 
the subject asked if he could relate (map) the requirements 
from the persona profile with the robotic mobile vehicle. Since, 
we were interested in verifying improvement opportunities and 
understand how would the Persona Security technique would 
be applied, the researchers answered that the subject could list 
the requirements in the way that would be more suitable and 
easier to use for him.  

In this sense, the researchers notes that the subject applied 
the following strategy:  

 First, the subject created a representation to relate the 
requirements using arrows allowing make the 
traceability between requirements involved, where: 

a) A  B: meaning that B is necessary in order to 

achieve A; 

b) A  B: meaning that A and B are mutually 

necessary for each other . 

 Then, the subject identified the requirements regarding 
the persona profile and related such requirements using 
the approach described above; 

 After that, the subject identified the requirements 
regarding the critical system and related them using the 
same approach. In this sense, the relationship was 
made for both the persona and the critical system 
functional requirements; 

In Fig. 6 we show part of the document as how it was filled 
by the subject.  

When analyzing the results from the elicitation and the 
relationships created by the subject, we noticed the importance 
of requirements traceability. The fact that it is necessary to first 

1. In your opinion, the Persona Security technique 

facilitated/assisted in the elicitation of security requirements? 

Please Comment. 

2. Would you change anything in the Persona Security technique? 

Please Comment.  

3. Would you apply the Persona Security technique again? Please 

Comment. 

4. Would you recommend the Persona Security technique? Please 

Comment. Figure 5: Evaluation Questionnaire 

1. Description 

This document describes the requirements for a robotic mobile vehicle, 

which represents an example of unmanned system where even if it has 

automated actions, it still depends on the control of an operator. (…) 

The system shall meet the following functional requirements: 

 (...) 

 FR08:The system shall allow the robotic vehicle to send data and 

that it is remotely controlled following wireless networks patterns 

(Wi-Fi); 

 FR09:The system shall provide the operator with an adequate way 

to control the vehicle; 

 FR10:The system shall allow the vehicle to be remotely controlled 

though a computer; 

 FR11:The system shall allow the vehicle to be remotely controlled 

though a cellphone; 

 FR18:The system shall allow the vehicle to transport an object in 

order to perform specific activities; 

 FR24: The system shall allow the operator to remotely start, or 

interrupt the vehicle’s functioning. 

 (...) 

Figure 4: Part of the scenario of the robotic vehicle 
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identify the persona requirements and then map such 
requirements with critical system made it easier for the subject 
to understand how the system works and what it must do. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
In this sense, when comparing the list of requirements from 

the subject with those in the oracle (in this context, a document 
containing the corrected elicited requirements, which is used to 
verify the subjects answers), we verified that the subject 
managed to identify all requirements from the persona and the 
robotic system correctly. On the other hand, the subject was not 
able to trace four requirements (three from the persona and one 
from the system). Therefore, one identified future research 
question for this research is: “Tracing the requirements from 
the persona with those for the critical system allows a better 
understanding of how the system works?” Moreover, another 
research question is: “Relating the requirements facilitates the 
identification of which security requirements are more critical 
for the system?” 

When identifying the security requirements for the system, 
the subject ended up selecting and rejecting the requirements 
directly in the provided document. Thus, we verified that such 
document should be improved. Initially, we thought this 
document would be used as a reference document (see the 
original version in Fig. 1), however, it acts as a checklist and 
we must add check squares in order for it to be operationalized. 
By doing such change, software engineers applying the 
Persona Security technique will not waste time listing the 
requirements. 

We noticed that the subject had difficulties in identifying which 
security requirements would be suitable for the system, as he 
considered that all of them were important. The following 
quote shows such concern: 

“(..) I don’t know where exactly the security 
requirements would fit, since I actually want to accept and 
include them all” – Subject  

Regarding ease of use / assistance of the Persona Security 
technique to elicit security requirements, the subject stated that 
the technique facilitates its use.  

“The fact of dividing the requirements both for the 
persona and the automated part allowed me to have a 
clearer view of the system…” – Subject  

It is noteworthy that when knowing about the criticality of 
the system, the subject also became insecure regarding the 
identification of security requirements. 

“(..) when I knew how critical the system was, and 
imagining use situations, I wanted to mark all security 
requirements” – Subject  

Based on these answers, we noticed that the list of generic 
security requirements will need to be modified. In this sense, 
when asked about if he would change the Persona Security 
technique, the subject answered: 

“Yes, I would change it. I would categorize the security 
requirements according to their priority and would verify 
with the client” – Subject  

To make this changes, we will map the security 
requirements that are more relevant to the problem domain, and 
which are its interrelated requirements and which are not 
necessary. For instance: 

 For the mobile robotic system the SR01 requirement is 
essential. When selecting that requirement, the 
requirements SR08, SR09 and SR22 are mandatory. 
Moreover, requirements SR34 and SR35 are not 
important for this problem domain. Then, requirements 
SR01, SR08, SR09 and SR22 will be selected. 

When asked about Using the Persona Security technique 
Again, the subject added: 

 “Yes, I would use it to know the system. But I am not 
quite sure in which part the security requirements would 
fit…” – Subject  

The subject’s answer to this question allowed us to verify 
the need to improve the list of generic security requirements. In 
this sense, a further research question would be: “Categorizing 
the list of generic security requirements by essentiality and 
priority would facilitate the elicitation process?”  

The subject also stated that he would Recommend the 

Persona Security technique: 

“Yes, but a generic approach to aware the 
development team of the importance of the security 
requirements, which can be defined based on the list” – 
Subject  

Although, the subject was able to correctly identify all 
requirements regarding the persona profile, it was not clear for 
him why this was necessary: 

“Why do a need a single persona? What is the 
influence of such persona in the elicited requirements? 
This was not clear.” – Subject  

The creation of a persona profile allows the presentation of 
the user needs and how an interface must be designed to meet 
them. The scenario presented in this pilot study was limited to 
just one persona, which restricted the analysis of the integration 

Document TEMPLATE  for the Persona Security technique  

 

Persona 
description 

Peter is a 37 year old man that works in 
research for NASA. Peter is very careful 
and is very solicitous about the 
equipments that are left under his 
supervision. (...) 

  
Functional 
Requirements of 
the Persona 
(Profile) 

  FR24        FR09          FR26          FR27 
 
      FR10       FR11       FR12 

  
Funtional 
Requirements of 
the Mobile 
Robotic Vehicle 

 
  FR10       FR11       FR12   FR18 
        
                                              FR20 

  
Security 
Requirements 
for the Mobile 
Robotic Vehicle 

It will be marked the requirements directly 
into the list. 

 
Figure 6: Requirements List on Persona Security 
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of the Personas technique to the proposed Persona Security 
technique. After improving the Persona Security technique, we 
will perform a feasibility study to verify the acceptance of the 
approach. In this context, a new scenario will be investigated 
with more than one persona profile in order to verify the 
importance of such profiles in the elicitation of security 
requirements. 

VI. CONCLUSIONS 

This paper presented the Persona Security technique, which 
proposes to support the elicitation process of generic security 
requirements of Safety-critical embedded systems. We have 
carried out a pilot study to verify the way in which the 
technique can be applied to identify the system’s requirements 
of the persona profile, as well as the security requirements. 
Such study was performed with a doctorate student in the 
Informatics program at Federal University of Amazonas. The 
subject had knowledge in the requirements elicitation process. 

We have analyzed the results using qualitative analysis 
approaches. Thus, we identified that the Persona Security 
technique aided the subject in understanding the critical 
embedded system as a whole, and even have a view of what 
risks can be involved in the chosen scenario. An interesting fact 
was that the subject traced/mapped the requirements, and this 
helped him to get to know the system. Moreover, the subject 
had difficulties in identifying which security requirement was 
needed in the critical embedded system, showing that there is 
still room for improvement in the development of the proposed 
technique. 

As future work, we intend to: (a) perform a systematic 
review on security requirements elicitation in SCESs, to make 
possible to compare the technique with other proposals in the 
field of security requirements elicitation, and evolve the list of 
generic security requirements, providing an indicator of which 
security requirements can be applied depending on the specific 
context of the application; (b) carry out a new empirical study 
with a higher number of subjects to validate and evaluate the 
improvements on the Persona Security technique; (c) verify 
whether the addition of traceability to the technique is feasible; 
(d) figure out if it is possible to automate parts of technique. 
Thus, by adding such suggestions in Persona Security 
technique, we intend to improve its value, allowing software 
development teams may add greater certainty for safety-critical 
embedded systems. 
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Abstract—Fine-grained address space layout randomization 

has recently been proposed as a method of efficiently mitigating 

ROP attacks. In this paper, we introduce a design and 

implementation of a framework based on a runtime strategy that 

undermines the benefits of fine-grained ASLR. Specifically, we 

abuse a memory disclosure to map an application’s memory 

layout on-the-fly, dynamically discover gadgets and construct the 

desired exploit payload, and finish our goals by using virtual 

function call mechanism—all with a script environment at the 

time an exploit is launched. We demonstrate the effectiveness of 

our framework by using it in conjunction with a real-world 

exploit against Internet Explorer and other applications 

protected by fine-grained ASLR. Moreover, we provide 

evaluations that demonstrate the practicality of run-time code 

reuse attacks. Our work shows that such a framework is effective 

and fine-grained ASLR may not be as promising as first thought.  

Keywords-code reuse; security; dynamic; fine-grained ASLR 

I.  INTRODUCTION 

Software vulnerabilities have been a major cause of 
computer security incidents. Buffer overflows [3, 5], integer 
overflows and heap overflows were used to pose a significant 
threat to modern operating systems [1]. Format string 
vulnerabilities [2] allow an attacker to control the first 
parameter to a function of the printf-family, which can be used 
to store pointers to specific addresses if it is placed on the stack. 
Despite differences in the style and implementation of these 
exploits, they all share a same goal: to achieve the control-flow 
hijacking attempts within the vulnerable application. Nowadays, 
numerous defenses have been implemented to limit the scope 
of these attacks. However, well motivated attackers still 
succeed in their intent. So the cat and mouse game plays on. 

To thwart such attacks, many mitigation techniques have 
been developed. Address Space Layout Randomization (ASLR) 
[9] and Data Execution Prevention (DEP) are very real thorns 
in the side of an attacker. DEP makes locating shellcode 
difficult; the attacker must find a page with executable 
permission and find a way to write to it when it has writable 
permission and figure out the location. Attackers then redirect 
to code reuse attacks. This new strategy utilizes code already 
present in memory, instead of relying on code injection. The 
canonical example is return-to-libc [6, 8], in which exploits 
redirect control-flow to existing shared-library functions. But if 

the base address of the memory segment is randomized, then 
the success rate of such an attack significantly decreases. 
Shacham [7] introduced a new approach named return-oriented 
programming, which chains together short instruction 
sequences ending with a ret instruction (called gadgets) that 
already exists in the memory of the application and executes 
some specific computation. The key idea of ASLR is to 
randomize the base address of the stack, heap, code, and 
dynamic libraries at load and link time, which offered a 
plausible defensive strategy against these attacks. But a 
drawback of this approach is that not all memory regions have 
been protected with ASLR, the address space for 32bit binaries 
is small which opens the possibility of probabilistic attacks [17]. 
Besides that, ASLR on 32-bit architectures only leaves 16 bit 
of randomness, an attacker might attempt to perform a brute-
force attack. 

After that, smart defenders have been busily working to 
fortify perimeters by designing fine-grained randomization 
strategies [21] for repelling the next generation of wily hackers. 
Some approaches introduce randomness at compile time. For 
example, compilers can be modified to generate code without 
ret instructions [25]. But these mechanisms fail to handle 
attacks leveraging jmp instructions. Marlin, introduced by 
Gupta [18], randomizes the function-level structure of the 
executable code, so denying attacker the necessary a priori 
knowledge of instruction addresses for constructing such a 
desired exploit payload. Other approaches have also been 
proposed to randomize processes. STIR [19] and XIFER [26] 
defend against ROP by randomizing at the basic block 
granularity. ILR [24] randomizes the location of each 
instruction in the virtual address space and uses a process-level 
virtual machine to find the called code, which imposes a 
significant on-going performance cost. Therefore, the attacker 
is unaware of how exactly permutation is randomized for the 
currently executing process image. So the radiance of 
traditional ROP attack is fading away. We define these 
mitigations of ROP embodied by fine-grained ASLR. 

In this paper, through memory disclosure, we implement a 
completely new variant of code reuse attack wherein we gather 
code chunks and retrieve them to the desired payload 
dynamically from memory layout during the vulnerable 
application is running. Then treating the calling of virtual 

This work is funded by National Natural Science Foundation of China 

under Grant No.61373010 
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function as the trampoline, replace the address of function in 
vtable with gadget’s first addresses in proper sequence. Finally 
trigger the call of function to complete our ROP attack on-the-
fly. We show strong evidence that our variant ROP attack can 
entirely bypass all fine-grained randomization scheme and 
ROP mitigation. Based on the above findings, we argue that the 
fine-grained ASLR strategies still have loopholes. Meanwhile, 
we hope that our work will inspire others to explore more 
comprehensive defensive strategy than what exists today. 

II. BACKGROUND 

We review the necessary technical background information 
before introducing the methodology behind our attack. 

A. Code Reuse Attacks 

The fundamental factor for code reuse attack is that the 
relative offsets of instructions in the application’s code are 
constant. That is to say, if an adversary knows any symbol’s 
address in the application code, then the location of all gadgets 
and symbols in application’s code is deterministic. 

Return Oriented Programming [14] is generalization of 
return-to-libc attack [6, 8], which involves an adversary 
redirecting the program execution to an existing library 
function [12]. The general principle of any ROP attack is to 
combine short instruction sequences found in memory (or 
whatever code is not randomized), called gadget, and allowing 
an adversary to perform arbitrary computation. Recently, this 
concept was overthrown by removing the reliance on return 
instructions [13]. However, we show the basic idea of code 

reuse using ROP for simplicity in Figure 1. Steps ① to ⑦ 
show the entire procedure of ROP attacks.  

Program Memory

SP

Stack

Heap

Return Address 1

Return Address 2

Return Address 3

Heap Vulnerability

Libraries

Add Gadget ret

Load Gadget ret

Store Gadget ret

Stack Pivot ret

SP

Stack growth

1

Adversary

2

4

3

5

6

7

 
Figure 1.   Layout of a sample ROP attack on the heap using a sequence of 

single-instruction gadgets. 

Jump Oriented Programming (JOP) [10, 29] is similar to 
ROP in that JOP manipulates the control flow of the 
application. Jump oriented data is not limited to stack 
overflows but uses modified indirect control flow transfers to 
construct the chain of executed gadgets. Indirect control flow 
transfers are used in the application to support, e.g., library 
calls, function pointers, and object oriented programming. JOP 
has similar limitations like ROP. In addition, JOP needs to 
redirect control flow to the first JOP dispatcher. ASLR 
severely limits the initial redirection for JOP. 

B. Fine-Grained Randomization for Exploit Mitigation 

A widely accepted countermeasure against code reuse 
attacks is that the defender randomizes the application’s 
memory layout. This scheme randomizes the base address of 
segments such as the stack, heap, shared libraries, and the 
executable code itself. As is shown in Figure 2, the start 
address of an executable is changed and sequence of gadgets is 
shuffled between consecutive runs of the same application, 
which is not intended by the attacker. So the adversary must 
guess the location of the instruction sequences needed for 
deployment of their code reuse attack. 

0x07500000

0x06500000

Program Memory

Program Memory

Executable

Add Gadget ret

Load Gadget ret

Store Gadget ret

Stack Pivot ret

Executable

Stack Pivot ret

Store Gadget ret

Add Gadget ret

Load Gadget ret

 

Figure 2.  Mitigation of ROP attack by fine-grained memory and code 

randomization 

Unfortunately, current ASLR implementations only 
randomize on a per-module level, which suffer from two main 
problems: first, ASLR can be bypassed by means of brute force 
attacks [15, 17] because the entropy on 32-bit systems is too 
low. Furthermore, upgrading to 64-bit is simply not feasible. 
Second, all ASLR solutions are vulnerable to memory 
disclosure attacks [11, 16] where the attacker gains knowledge 
of a single runtime address and uses it to re-enable code reuse. 
Therefore, some gadgets from a disclosed region can be 
organized deliberately by the adversary offline before 
deploying the exploit. To confound these attacks, Industrious 
defenders put forward a number of fine-grained ASLR and 
code randomization schemes [18, 19]. The broadly idea in 
these works is to randomize the data and code structure, for 
instance, by shuffling address of functions or basic blocks. 
Figure 2 depicts that the performance of these approaches are 
that the location of all gadgets is randomized. 

We assume target platform uses the following mechanisms 
to mitigate the execution of malicious computations: 
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 Non-Executable Memory: We assume that the target 
vulnerable application is under the protection of non-
executable memory (also called NX or DEP) applied 
to the heap and the stack. It will make the traditional 
code-injection attack ineffective. We also assume that 
this mechanism prevents adversary from tampering all 
executables and native libraries, in order to stop one 
from overwriting existing code. 

 Base Address Randomization: We assume that the 
target platform randomizes base addresses of library 
and executable segments effectively. Mappings have 
been eliminated. 

 Fine-Grained ASLR: We assume that the target 
platform deploys strong fine-grained memory and 
code randomization scheme on executables and 
libraries. First, target platform shuffles the order of 
functions [18] and basic blocks [19]. Second, target 
platform swaps registers and replaces instructions [20]. 
Third, target platform randomizes the location of each 
instruction [23] and performs randomization upon 
each execution of vulnerable application [19]. 

III. OVERVIEW OF RUNTIME CODE REUSE ATTACK 

Snow [30] has put forward the concept of runtime code 
reuse and implemented a framework that can launch exploit 
on-the-fly. But the drawback in this framework is very 
obvious. First, Snow did not give out the detail about how to 
obtain the entry point of memory disclosure. Second, Just-in-
time compilation is simply too heavy-weight to be consider in 
a runtime framework. In our framework, we explain how to 
disclose code segment in detail, propose a new method to 
chain every gadget which getting rid of dependence on stack 
and proved to be light-weight.  

The overall work flow of our runtime exploit is shown in 

Figure 3. In Step ①, we arrange objects on the heap in order by 
defragmenting system heap. Next, we perform an overflow on 
JS object to disclose the memory and construct our code 
chunks when target vulnerable application is running. Then we 

pick up some useful gadget sets from code pages. In Step ②, 
through setting up fake objects on the heap, we embedded 
serialized code chunks in our vtable. Through utilizing 
mechanism of virtual function call in target program, unordered 
gadget sets become malicious ROP payload. At last, we inject 
all above information in our exploit script to trigger our 

malicious attack in Step③. 

A.  Disclosing Memory 

Because we assume our target application is running on the 
most fine-grained platforms, so memory layout of application 
is totally different at each execution. Therefore, the attempt to 
apply static code analysis is useless and futureless. The entire 
procedure of our attack is happening during the vulnerable 
application is executing. We need to arrange objects on the 
heap in the following order: (i) buffer to overflow, (ii) string 
object, (iii) JS object. The state of a process’s heap depends on 
the history of allocations and deallocations that occurred during 
the process’s lifetime. Unfortunately, we do not know the heap 
state resulting from a specific sequence of previous allocations. 

 
Figure 3.  Workflow of memory code reuse attack against a script-enabled 

application protected by fine-grained ASLR 

We can image that there are many holes of free memory. To 
overcome this hurdle, we must defragment the heap. Our 
purpose is to fill up these ―holes‖ which are bigger than we 
allocate later on. This can be done by allocating a large number 
of blocks of the size we will use. After that, every time we 
allocate new blocks from the end of the heap. Thus the 
behavior of the allocator will be equivalent to starting with an 
empty heap. 

One important exception is the data for JavaScript string 
object which is stored as BSTR [27] used by the COM 
interface. BSTR strings are stored in memory as a structure 
containing a four-byte size field, followed by the string data 
and a two-byte null terminator. The first block is the following 
string object. We take advantage of unsigned int overflow, so 
that actually used size in block is smaller than we allocated 
earlier. Then we fill the last four-byte with ―0xffffffff‖. So the 
following string object’s first four-byte is overflowed and 
string length will cover entire 32-bit address space layout. This 
will allow us to read bytes at any relative address in memory. 
As the relative offset from string object to button object is 
known, we can use the relative read to reveal the absolute 

611



address through self-reference first 4-byte field in third block. 
We implement a method that, given a relative address, switches 
it to an absolute address and reveals the corresponding data. In 
short as memory is discovered, there will be many code chunks 
in code pages for us to build a useful payload, which we 
elaborate on in the next sections. 

B. Gadget Discovery 

Now our task lies in finding out a number of gadgets to use 
as our code reuse payload. Not every instruction sequence can 
be used as a gadget. We choose our usable gadgets in the 
following three steps: 

1) Upon with the code pages dynamically discovered in 
process’s memory, we generate the sequence of instruction 
gadgets ended with ret by adapting the Galileo [4] algorithm 
and record them in a trie. 

2) Discover the gadget that has the same semantic 
definitions [28] with our desired gadget of payload in the trie. 
If not found, we disclose the memory to glean new code pages 
and return to the first step. 

3) We filter the gadgets discovered in step two using a kind 
of instruction dependence method which will be illustrated later. 
If no gadgets left after the filtration, we return to the first step.  

Since fine-grained ASLR mitigation may change the 
module of code pages on each execution, we could not have 
much energy to analyze the code chunks offline. What we 
could do is dynamically collect gadgets at the time exploit runs. 
Furthermore, we must do this work as quickly as possible 
because our attack must run in real-time before the victim 
machine terminates the vulnerable application. Unfettered 
access to extensive memory address space enables us to search 
for gadgets. We iterates over the code pages to collect useful 
gadgets by adapting the Galileo [4] algorithm. After that we 
use semantic definitions to match gadgets and introduce a kind 
of instruction dependence method to filter them. In terms of the 
instruction dependence method, we define the dependence (Insi, 
Insj) as following. 

 If there exists a register Rega which serves as a 
destination register in Insm and as a source register in 
Insm+1, so the execution of Insm depends on Insm+1, we 
define Insm depends on Insm+1. 

 If Insm+1 is a jump instruction, we define Insm depends 
on Insm+1. For example, jnz eax, Insm+1 strictly 
associates with Insm, which sets up flag 
register %eflag. 

 If register is involved in accessing memory, that is, 
Insi, Insj corresponding to opcode regsrc, [eax+Imms]; 
opcode [eax+Immt],regdes;  if value in the register is 
not changed and Imms = Immt, we define Insi depends 
on Insj; if value is changed, we define Insm depends on 
Insm+1. 

 If Insm and Insm+1 correspond to stack operation 
instruction sequence, such as pop and push instruction, 
we define Insm depends on Insm+1. 

A gadget can be determined as usable or not after we check 
every adjacent two instructions’ dependence according to the 

above principle. If there are some gadgets left after the three 
steps, we choose them as our final gadgets and will use their 
addresses in the runtime attack. 

C. Forging Virtual Function 

The next challenge is how to effectively use the collection 
of gadgets to satisfy the exploit target program. The traditional 
sense of the ROP attack lies in a stack-based buffer overflow. 
A ROP attack constructs a set of stack invocation frames that 
are popped one after another. Each stack invocation frame 
prepares a set of parameters on the stack and targets a gadget 
that uses the parameters and executes some malicious 
computation. ROP works around DEP but relies on static 
addresses for the stack and for the gadgets. In addition ROP 
needs to initially redirect control flow to the first ROP 
invocation frame.  

The core notion of our attack is that we replace function 
addresses in virtual function table with some gadget’s address. 
When the target application use the associated object, the first 
virtual function is been called, control-flow is redirected by 
sequentially executing the gadgets in memory which was found 
in previous step to fulfill adversary’s goal. We do not need to 
arrange gadgets on stack that ends with ret instruction with the 
stack pointer, %esp, to execute the next gadget. This method 
can totally negate the effect of stack protection strategy. 

We allocate one blocks of memory on the heap for a fake 
vtable. In figure 4, fake vtable is an object similar to String 
object. It has 4-byte head, following by 4-type padding content, 
next the virtual function addresses, and a 2-byte null terminator. 
Any virtual function call starts at offset 8 in the vtable. So if we 
put our gadget’s first instruction address in this position, virtual 
function call through the vtable will jump to a location of our 
choosing. 

Figure 4.   Data structure of fake vtable 

Another data structure, called fake object, contains the base 
address of our fake vtable. This procedure has involved 
lookaside lists maintained by the system memory allocator. The 
cache consists with a number of bins, each holding 6 blocks of 
a certain size range. When a block is freed, it is stored in one of 
the bins. If the bin is full, the smallest block in the bin is freed 
and replaced with the new block. In terms of our needs, we 
apply a certain amount of blocks from memory, which size 
equals to our vtable, in order to make this size on the lookaside 
list empty. Now let’s free this size of block containing a vtable, 
so there is a free block whose content is original vtable on the 
lookaside list and lookaside head will point to this block. We 
construct the fake object by assigning the lookaside head 
address to the fake object pointer. 

D. Trigger Vulnerability 

We overwrite the object pointer with lookaside list base 
address called fake object pointer in Figure 5. Now the fake 
object pointer points to the virtual function address in vtable 
that has been overwrote with our first gadget’s base address in 
memory. Every time we call a virtual function, corresponding 
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addr
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Paddings Terminator
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addr
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gadget will be executed. We put a number of object pointers 
into an array. So if an adversary wants to do high-level 
malicious computation, he just successively uses these pointers 
to call virtual functions. 

Memory

Some Gadget

for(…){
    object pointer array[i] -> func();
} fake object (lookaside head)

vtable

object pointer array

fake object pointer Func()

 

Figure 5.   Workflow of virtual function call 

Because the times of virtual functional calls determine the 
scale of our payload constructed by gadgets, if one object is not 
enough for us, we can construct more objects which include the 
virtual function calls to increase the power of our attack. After 
we finish the above steps, what we need is only to invoke 
vulnerable object which is used by the running application. 
Finally it will trigger our runtime attack.  

E. Implementation 

To prove the power of our framework, we use it to exploit 
Internet Explorer (IE) 10 running on Windows 7 using CVE-
2013-2551. The vulnerability is an integer overflow within 
certain object to achieve code execution in the context of IE 
10 sandboxed process. We put our desired objects on the heap, 
dynamically traverse code pages, semantically pick up gadgets 
and executing a serialized payload useable through a serious 
of virtual function calls. All performed at runtime in a script 
environment.  

In Step ① , we develop a JavaScript library called 
HeapEasy that encapsulate the system allocation operations. 
For example, the implementation of HeapAlloc interface 
ensures each blocks allocation comes from the system heap, 
and implements a HeapLookAside interface to add blocks of 
the specified size to the lookaside list. Next, iteratively using 
the charCodeAt() function to read data from the memory code 
pages and implement a DiscloseAbsAddr interface that 
translates a relative address to an absolute address. We 
snapshot the memory state in our hashmap which contains the 
absolute address of every instruction. At the same time, we 
dynamically filter the useable gadgets which adapts the criteria 
from Schwartz [28]. After that, we construct the fake vtable by 

using HeapVTable interface in Step②.  

Generally speaking, a virtual function call needs a 
MoveRegG to get the vtable address from register ecx, and a 
JumpG to invoke the function at offset 0x8 in the vtable. Our 
library enables us to figure out the heap base address and the 
absolute address of a jmp ecx or equivalent instruction through 
the debug library called DbgHelp. When IE 10 is running on 

the target machine which uses the vulnerable ActiveX widget, 
our script, included in any HTML or other document-format 
supporting carriers, starts by an amount of bootstrap code. At 

last, our payload begins execution in Step③. 

IV. EVALUATION 

We evaluated the proposed attack of our framework by 
applying it on real-world application under the protection of 
fine-grained randomization. Overall, the evaluation 
demonstrated the wide-scale applicability of our runtime code 
reuse framework against Internet Explorer in Windows and 
other popular applications. 

A. On Runtime Performance 

We performed five tests of our framework. The first test 
uses integer overflow vulnerability in the context of IE10 
sandboxed process. The second, third and fourth tests exploit 
the Internet Explorer plugin on windows. We use a DebugLog 
function that includes format string vulnerability in the second 
test. We employed the family of printf functions because of no 
warnings were reported. In the third test, we took advantage of 
an arbitrary sequence of commands. So we chose the Windows 
calculator program. The vulnerability in the fourth test is 
triggered by creating an ActiveX object and calling its 
KeyFrame method with an argument overflow larger than 
0x07ffffff. The fifth test demonstrates the native performance 
of our framework. 

B. Evaluation of the Defense against Our Framework 

Table 2 shows the popular mitigations used in current 
operation system. First, our framework does not need to 
arrange each gadget’s first instruction address on the stack and 
overflow the return address in EIP. So GS strategy loses her 
efficiency. The same principle applies to SafeSEH. Second, 
DEP strategy introduces a no-execute bit (NX) to prevent stack 
from code-injection attack. Our framework utilizes code 
already present in memory, so NX strategy does no harm to our 
framework. In the academic circles, randomization technique at 
various levels of granularity –function level, block level and 
instruction level were put forward recently. However, our 
framework glean code chunks at the same time , the target 
vulnerable application was loaded in memory. That is to say, 
the step of collecting gadgets happens after the application was 
randomized. The runtime feature of our framework determines 
the fine-grained ASLR strategy is short-sighted. 

Table I  RUNTIME FRAMEWORK AGAINST POPULAR ATTACK MITIGATIONS 

 Attack Mitigations Runtime 

framework 

GS Stack cookies √ 

Variable reordering √ 

SafeSEH SEH handler validations √ 

Permanent SEH √ 

DEP NX √ 

ASLR Function-level √ 

Instruction-level √ 

 

613



V. CONCLUSION 

 

Fine-grained ASLR has been introduced as an efficient 
strategy to defense the code reuse attacks like ROP. In this 
paper, we introduce a dynamical framework that trigger a 
runtime code reuse by exploiting the virtual function call. Our 
framework consists of memory disclosure, gadget discovery 
and fake virtual function call construction. All work is executed 
after the vulnerable program begins, so the ASLR can hardly 
affect our experiment. We demonstrate the efficiency and 
complete some attacks using this framework. This kind of 
strategy may be a potential signal that future hacker will use 
the same or similar way to bypass the ASLR and do something 
dangerous. We hope our work will attract more researchers’ 
attention and inspire them to bring forward more 
comprehensive defense. 
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Abstract 
 

Cloud computing offers many conveniences at reduced 

costs, which has motivated many organizations to migrate 

their data and services to cloud platforms.  Security breaches 

that plague these cloud transactions, however, can threaten 

widespread migration to the cloud. In this paper, we study 

data loss incidents over the last decade to discover the vul- 

nerabilities that organizations face when moving their data 

and computations to the cloud. These data loss incidents 

are collected  and documented in the DataLoss project led 

by the Open Source Foundation.  Our industry-wise anal- 

ysis focuses on understanding the types of breaches and 

data loss modes encountered by organizations in the busi- 

ness, educational,  government,  and medical  sectors. For 

each industrial  sector, we also measure the impact of these 

breaches in terms of the number of lost records and the es- 

timated costs. We summarize the findings of our analysis 

into a set of recommendations for the four sectors. We ex- 

pect that these recommendations will guide organizations in 

developing policies and practices that can prevent security 

breaches and stem the resulting  losses. 
 

 

1 Introduction 
 

 
With the advent of cloud computing, many organizations 

have begun to store their data and applications in the cloud. 

A majority of these cloud transactions involve sensitive in- 

dividual information including but not limited to name, so- 

cial security  number, credit card details, and health and 

medical data. Regardless of the involvement of such sensi- 

tive information, migration to the cloud exposes these orga- 

nizations and their transactions to security breaches poten- 

tially resulting in a loss of valuable personal data of their 

clients.  Such data loss can, at the very least,  harm the 

reputation of these organizations,  lead to financial  conse- 

quences, and in the worst case invite potentially damaging 

lawsuits. A 2005 survey by the Federal Bureau of Inves- 

tigation [1] approximated  the annual loss due to computer 

crimes at 67.2 billion dollars  whereas a more recent study 

estimates this cost at 112 billion [2].  These two surveys 

clearly indicate the magnitude of the problem posed by data 

loss incidents. Instances of high-profile  security breaches 

and resulting  losses of sensitive data abound. For example, 

a recent security breach experienced by the South Carolina 

Department of Revenue exposed millions of Social Secu- 

rity numbers, hundreds of thousands of credit and debit card 

numbers and business tax records. 
 

Organizations must therefore make an informed decision 

about migrating  their data and transactions to the cloud by 

building an extensive knowledge  of the types and likeli- 

hoods of the breaches they might face and the types and 

magnitude of data losses that these breaches might  precipi- 

tate. The thousands of data loss incidents that have already 

occurred over the past decade may offer important  clues into 

building this knowledge repository. Lessons drawn from 

these historical  incidents  can guide these organizations  in 

the development of appropriate data handling and protec- 

tion procedures.   These lessons may also help cloud sub- 

scribers and providers to avoid future data loss incidents and 

mitigate the impact of such incidents should they occur. 
 

In this paper, we analyze historical data loss incidents, 

documented in the DataLoss project [3], which is led by 

the Open Security Foundation (OSF) [4] with the goal of 

creating a database of physical and electronic data breaches 

experienced worldwide.  Our analysis searches for the com- 

mon types of security  breaches and seeks to understand if 

particular  data states or loss modes are specifically  likely. 

Finally, we seek to find the impact of the breaches and 

loss modes in terms of the number of records and esti- 

mated costs.  Along each of these dimensions,  we explore 

and compare industry-specific  trends for the business, ed- 

ucational,  government and medical sectors. Our lessons 

indicate that: (i) the business sector is most vulnerable to 

databases and data storage hacks;  (ii) the educational and 

government sectors are commonly victims of stolen user de- 
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vices; and (iii) the medical sector evenly experiences hacks, 

stolen devices, and data interceptions over the network. 

The rest of the paper is organized  as follows: Section 2 

provides an overview of the DataLoss project. Section 3 an- 

alyzes the breach types. Section 4 analyzes the loss modes. 

Section 5 analyzes the impact of the breach types and loss 

modes. Section 6 summarizes our findings into a set of rec- 

ommendations for each sector. Section 7 compares related 

work. Section 8 concludes the paper and identifies  direc- 

tions for future research. 
 

 

2 DataLoss Project 
 

 
The DataLoss project was established with several objec- 

tives [3]. Curators of the data wanted to raise awareness of 

the threats posed by data security and identity  thefts to im- 

prove consumer protection.  They believed that organized, 

unbiased public information  would assist corporations and 

government organizations in making decisions and planning 

consumer protection efforts. They also wanted to provide 

citizens with objective data to evaluate the effectiveness of 

laws that require disclosure of breaches. 

Data about breaches is collected by searching through 

news feeds, blogs, and other websites for data loss inci- 

dents. The incidents  so complied  are either emailed to 

project members or posted on Twitter. The project’s admin- 

istrators also request breach notification  documents from 

various states  through the Freedom  of Information Act 

(FOIA) [5]. Significant information  about each incident is 

recorded, the details can be obtained from elsewhere [11]. 

We summarize the fields relevant for our study here. 
 

•    Number of Records: The number of records lost or 
affected by the breach. 

 

•    Industry/Sector: Primary organization impacted, 

from one of the following: business (Bus), education 
(Edu), government (Gov), medical (Med). 

 

•    Incident Classification: This classification details the 

method of breach and type of media compromised. We 
use the following framework to describe  these cate- 

gories, x ∈   X={Computer, Document, Drive, Laptop, 
Media, Mobile, Tape}. For example: 

 

– Disposal x:  Data on x  ∈    X was not properly 
sanitized prior to disposal. 

– Lost x: x ∈  X was lost with data still on it. 

– Missing x: x ∈   X missing, but unknown or dis- 
puted whether lost or stolen. 

– Stolen x:  x  ∈    X either reported or known to 
have been stolen by a third party. 

– Email/Fax/Snail Mail: Email, fax, or snail mail 

exposed to unintended third party. 

– Fraud/SE (Social  Engineering): A  fraud or 

scam, often insider-related. 

– Hack:  Computer-based  intrusion, where data 

may or may not be exposed to public access. 

– Skimming:  Theft of credit or bank card infor- 

mation with a small undetected electronic device 

(skimmer)  used to steal the credit or bank card 

information of a victim when swiped. 

– Snooping:  An employee exceeds privileges  to 

access confidential  records they were unautho- 

rized to view. 

– Unknown: Unknown or unreported breach type. 

– Virus: Exposure of personal information  from a 

virus or trojan  such as a keystroke  logger. Sev- 

eral incidents belonging to this class may also be 

classified  as hacks. 

– Web: A computer or web-based intrusion  per- 

formed with data commonly  available to the pub- 

lic such as search engines and public  pages. 

•    Estimated  Costs: Estimated cost based on Ponemon 
Institute Direct Costs Estimate [6]. 

 
3 Analysis of Breach Types 
 

Table 1 summarizes the different types of breaches, fur- 

ther classified according to industrial sectors. The table 

shows that the business sector has experienced three times 

as many breaches as compared  to the educational, medical, 

and government  sectors.  Hacks is the most frequent type 

of breach experienced by the business and medical sectors; 

this highlights the vulnerability of sensitive personal, finan- 

cial, and health-related  data stored in electronic form. On 

the other hand, stolen laptop is the most frequent breach ex- 

perienced by the educational sector and stolen drive is the 

most common breach in the government sector, suggesting 

that these two sectors are plagued more by physical rather 

than cyber breaches. For the business sector, Fraud and So- 

cial Engineering comes second, followed  by Stolen Laptop. 

Hacks is the second most common form of breach for the 

educational sector, however, a particularly  unsettling find- 

ing is that a significant  percentage of breaches in this sector 

remain unclassified.  The government and educational sec- 

tors rank stolen laptop and web as the second most frequent 

types of breaches, followed by disposal document. 

 
4 Analysis of Loss Modes 
 

The digital data in enterprises generally exists in three 

states, which correspond to three loss modes [7]. The first 
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Table 1. Breach Types Per Industrial Sector  

 

 

Breach Type Industry 

 Bus Edu Gov Med 

Disposal computer 7 (0.22%) 5 (0.45%) 5 (0.45%) 3(0.32%) 

Disposal document 231 (7.24%) 81 (7.32%) 81 (7.27%) 38(4.10%) 

Disposal drive 4 (0.12%) 5 (0.45%) 5 (0.44%) 1(0.11%) 

Email 90 (2.81%) 43 (3.89%) 43 (3.86%) 53(5.71%) 

Fax 0 (0.00%) 2 (0.18%) 2 (0.18%) 0(0.00%) 

Fraud/SE 509 (15.88%) 92 (8.32%) 92 (8.26%) 35 (3.77%) 

Hack 898 (28.02%) 117 (10.58%) 123 (11.04%) 261(28.13%) 

Lost computer 7 (0.22%) 45 (4.07%) 45 (4.04%) 0(0.00%) 

Lost document 54 (1.69%) 36 (3.26%) 36 (3.23%) 14(1.51%) 

Lost drive 27 (0.84%) 12 (1.09%) 12 (1.08%) 19(2.05%) 

Lost laptop 20 (0.62%) 53 (4.79%) 53 (4.76%) 1(0.11%) 

Lost media 43 (1.34%) 18 (1.63%) 0 (0.00%) 12(1.29%) 

Lost tape 48 (1.50%) 7 (0.63%) 18 (1.62%) 2(0.22%) 

Missing document 8 (0.25%) 6 (0.54%) 7 (0.63%) 1(0.11%) 

Missing laptop 4 (0.13%) 0 (0.00%) 0 (0.00%) 0(0.00%) 

Missing media 6 (0.19%) 75 (6.78%) 6 (0.54%) 0(0.00%) 

Snail mail 134 (4.18%) 44 (4.00%) 76 (6.82%) 29(3.13%) 

Stolen computer 125 (3.90%) 48 (4.34%) 44 (3.95%) 54(5.82%) 

Stolen document 68 (2.12%) 17 (1.54%) 49 (4.40%) 24(2.59%) 

Stolen drive 32 (1.00%) 156 (14.10%) 17 (1.53%) 16(1.72%) 

Stolen laptop 416 (13.00%) 12 (1.08%) 156 (14.00%) 110(11.85%) 

Stolen media 14 (0.44%) 4 (0.36%) 12 (1.08%) 11(1.19%) 

Stolen mobile 2 (0.06%) 58 (5.24%) 0 (0.00%) 0(0.00%) 

Stolen tape 26 (0.81%) 13 (1.18%) 4 (0.36%) 2(0.22%) 

Unknown 152 (4.74%) 155 (14.01%) 58 (5.2%) 14(1.51%) 

Virus 42 (1.31%) 2 (0.18%) 13 (1.17%) 30(3.23%) 

Web 237 (7.39%) 0 (0.00%) 157 (14.09%) 198(21.34%) 

 
category labeled “Data in Motion” includes data that moves 

through the network to the outside world via email, in- 

stant messaging, peer-to-peer (P2P), FTP, or other commu- 

nication  mechanisms.  The second category labeled “Data 

at Rest” includes data residing in file systems, distributed 

desktops and large centralized  data stores,  databases, or 

other storage centers. Finally, the third category labeled 

“Data in Endpoints” includes data residing at network 

endpoints  such as laptops,  USB devices, external drives, 

CD/DVDs,  archived tapes, MP3 players, iPhones, or other 

highly  mobile devices that are under users’ control.  Accord- 

ing to these definitions, we partitioned the incidents that in- 

volve electronic data into three modes as shown in Table 2. 

The remaining types of breaches did not involve electronic 

data, and hence, were excluded from the classification. 

Table 3 shows the classification of incidents according 

to these three modes for each industrial  sector. In the busi- 

ness sector, data residing  in central storage is breached most 

commonly. This observation, combined with the findings 

from Section 3 suggest that the business sector  is most 

plagued by database or data storage hacks.  For the educa- 

Table 2. Breach Types Per Loss Mode 
 

Data in Motion Email, Web 

Snail mail 

Data at Rest Hack, Virus 

Data in Endpoints Disposal computer 

Lost drive 

Lost computer 

Lost laptop 

Stolen computer 

Stolen drive 

Stolen laptop 

Stolen mobile 

 

 
tional and government sectors, it is the data in the endpoints 

that is compromised most frequently. The common ground 

in both the loss modes and types of breaches between the 

educational and government sectors could be attributed to 

the lack of resources to ensure physical security allowing 

easy access to portable devices. Finally,  data in the medical 

sector is breached almost evenly across all the three modes. 

617



Table 3. Loss Modes per Industrial Sector  

 

Mode Industrial  Sector 

Bus Edu Gov Med 

Data in Transit 461 (22.46%) 87 (11.68%) 276 (36.51%) 280 (36.18%) 

Data in Storage 940 (45.79%) 119 (15.97%) 136 (17.99%) 291 (37.60%) 

Data in Endpoints 652 (31.76%) 539 (72.35%) 344 (45.50%) 203 (26.22%) 

 

 

 
 
 
 
 
 
 

5 Analysis of Impact 
 

 
Next, we analyze the impact of these incidents,  mea- 

sured in terms of the number of records lost and the esti- 

mated costs. Figure 1, which shows year-wise trends in the 

number of lost records, indicates that prior to year 2002, 

the business sector lost a modest number of records every 

year, the medical  and educational sectors showed no loss 

of data, and the government sector recorded only sporadic 

losses. These trends could arise because while many busi- 

nesses did have an online  presence before 2002, educational 

and medical organizations have moved online only within 

the last decade. Overall,  the number of records lost in all 

the sectors grew significantly after 2002, which could be 

attributed to the rapid migration of many organizations to 

the cloud. Figure 2 shows the year-wise estimated costs for 

each sector, which follow similar trends as the number  of 

lost records shown in Figure 1. 

 

 
 

Figure 1. Sector-wise Yearly Avg. # Records 

Lost 
 

 
Table 4 shows the average number of records lost and 

average estimated cost per incident  across the four sectors. 

The average number of records lost is the highest in the 

business sector, which is an order of magnitude higher than 

the educational and government sectors, which in turn are 

higher by an order of magnitude than the government sec- 

tors. The average estimated cost follows a different  trend. 

Starting with the largest value for the business sector, the 

government sector ranks next followed  by the medical and 

educational sectors. The business sector ranks at the top 

both in terms of the number of lost records and the esti- 

mated costs possibly  because businesses are not fined for 

data loss and lobby vigorously  against such penalties. 

 

 
 
 
 
 
 
 

 
 

Figure 2. Sector-wise Yearly Avg. Est. Cost 
 

Table 4. Summary of Impact 
 

Sector Average 

Num. of Records Est. Cost 

Bus 611710 $36, 702, 654 

Edu 24341 $1460518 

Gov 698 $11, 330, 302 

Med 64263 $3, 855, 785 

 
6 Summary and Recommendations 
 

 
In this section, we summarize the findings of our analysis 

into a set of recommendations for each industrial  sector. 
 

•    Business sector:  Hacks of databases or data storage 

is the most common type of breach in this sector. The 

number of records lost as a result of the breaches is two 

to three orders of magnitude higher than the other three 

sectors.  Thus, the business sector can benefit signifi- 

cantly from prevention strategies for data in storage. 
 

•   Educational and Government   sectors:   Physical 

thefts of user devices such as a laptops  and drives  is 

most prevalent in these two sectors. Correspondingly, 

data in the endpoints is the most commonly compro- 

mised. Therefore,  securing these endpoints by limiting 

access can offer a good pay off in alleviating the loss 

of data in these two sectors. 
 

•    Medical sector: This sector shows a uniform  vulner- 

ability to breaches such as hacks, physical  violations 

caused by the thefts of devices, and interception of data 

while it is in transit. Thus, data in all three modes is 
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vulnerable, calling for uniform investments in prevent- velopment of data protection  policies and procedures. We  

 

ing hacks on databases, stolen devices, and encryption 

of data  as it passes over the network. Moreover,   a 

deeper understanding of the significant  percentage of 

breaches that remain unclassified is necessary in order 

to avoid them. Preventing the loss of medical data is 

especially important  because this loss usually  causes 

permanent damage by compromising  users’ privacy. 

As a result,  this loss can potentially  expose organiza- 

tions to regulatory and litigation  threats [7]. 

 
7 Related Research 

 
Cloud computing paradigms have given rise to new se- 

curity challenges and there is an ever growing  body of lit- 

erature on methods for ensuring privacy and security in the 

cloud. For example, Yang and Jia [8] developed an auditing 

framework for cloud storage systems and an accompanying 

privacy-preserving auditing protocol to reassure data own- 

ers that their data are correctly  stored in the cloud. Seo et 

al. [9] propose a mediated certificateless encryption  (mCL- 

PKE) scheme without pairing operations to improve effi- 

ciency while preserving confidentiality  of the content and 

the keys with respect to the cloud. Ni et al. [10] demon- 

strated  a flaw in the recently published dynamic auditing 

protocol of Yang and Jia [8] and suggested a revision,  which 

preserves the properties of the original protocol. 

While advanced techniques such as the above continue to 

evolve and mature, significantly less attention has been ded- 

icated to broader studies to understand the computing indus- 

try’s historical track record on data loss. Such analysis can 

offer valuable lessons to policy  makers of public and private 

organizations to better defend themselves as well as their 

customers and clients from data theft. Our own prior work 

has taken a step in this direction by analyzing the incidents 

in the DataLoss project to explore data security, recovery, 

arrest, and lawsuit statistics in an effort to identify practices 

that could improve  the chances of data recovery [11]. We 

extend this prior work with a focus on devising policies to 

prevent the occurrence of such incidents by understanding 

the likelihood of different types of breaches, modes of data 

loss, and their impact in terms of the number of lost records 

and estimated costs for each sector. 

 
8 Conclusions and Future  Research 

 
This paper analyzed the incidents recorded in the Dat- 

aLoss project to find common  breaches, loss modes and 

their impact on organizations in the business, educational, 

government,  and medical  sectors.  A set of recommenda- 

tions based on our findings  were offered for each sector. 

Our future work will focus on mining the reports associ- 

ated with the incidents to gain further insights into the de- 

will also study the correlation between data loss disclosures 

with short- and long-term loss of stock value. In the absence 

of legislation that holds organizations accountable for data 

loss, this analysis may motivate organizations to invest in 

the prevention of data loss incidents out of self interest, to 

protect their finances and reputation. 
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Abstract

Bug fix is an important and challenging task in software
development and maintenance. Bug fix is also a dangerous
change, because it might induce new bugs. It is difficult to
decide whether a bug fix is safe in practice. In this paper,
we conducted an empirical study on bug inducing analysis
to discover the types and features of fault prone bug fixes.
We use a classical algorithm to track the location of the
code changes introducing the bugs. The change types of the
codes will be checked by an automatic tool and whether this
change is a bug fix change is recorded. We analyze the s-
tatistics to find out what types of change are most prone to
induce new bugs when they are intended to fix a bug. Final-
ly, some guidelines are provided to help developers prevent
such fault prone bug fixes.

Keywords: bug inducing, bug fix, mining software
repository, software maintenance

1 Introduction

Bug fix is an important and challenging task for industri-
al and open source software. Developers may change some
code in some specific files to fix bugs. These changes could
be various, such as, changing certain lines in an existing
function, changing the accessibility of a function from pri-
vate to public or reorder the parameters of a function, etc.
These modifications may bring potential danger into soft-
ware. They may cause exceptional behavior later. In order
to record and fix bugs well, software configuration manage-
ment system and bug tracking system are used to control
the process of constructing software and the flow of bugs re-
spectively. software configuration management could coop-
erate with bug tracking tools and they indicate which com-
mit fixes a specific bug in the bug tracking system.

It is valuable to automatically identify commits that may
induce bugs. It enables developers to quickly and efficiently
validate many types of bug fixes. However, it is challeng-
ing to find the bug inducing changes accurately. SZZ is
introduced to automatically identify bug-introducing com-

mits [11]. This algorithm is improved to provide a pro-
cess for automatically identifying the bug inducing prede-
cessor lines that are changed in a bug-fixing commit [6].
The procedure of the SZZ algorithm firstly identifies the
lines modified or deleted in a bug-fixing commit. It is easy
to mine a software repository to find the commit that fixes
a bug. We can finish it through examining the log mes-
sage in each commit and check whether it has the keywords
“Bug” and “Fixed” [8] or has symbols of bug reports like
“#31245” [2] [4] [11], and then identify the bug-inducing
change using annotation graph.

We adopt and improve the SZZ algorithm for our em-
pirical study. We classify bug inducing changes into bug-
fix ones or non-bug-fix ones. We analyse the change types
of bug inducing changes to investigate the laws in the phe-
nomenons. We can figure out that what kinds of change
types to fix a bug are more easily to bring in new bugs later.

The main contributions of this paper are as follows.

• We compare the proportion of change types be-
tween bug-inducing change which is bug-fix and bug-
inducing change which is not bug-fix to figure out what
kinds of change types are more dangerous in bug-fix
change.

• We do not only focus on the common changes, but al-
so study special changes appeared in object-oriented
programs.

• Ratio of bug-fix bug-inducing changes is counted so
that we could know what percentage of bugs are in-
duced by bug fixes.

The rest of paper is organized as follows. Section 2 de-
scribes bug inducing analysis method in our study. The ex-
periment design and the result analysis are presented in Sec-
tion 3. We discuss the practical guidelines and related work
in Section 4. The last section is the conclusion and future
work.
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2 Bug Inducing Analysis

2.1 Change and Bug Fix

Bug fix commits could be identified by examining the
commit log messages that whether it includes the keyword-
s like “Bug”, “Fixed” or has a specific bug report number
corresponding to bug tracking system. Deleted changes and
modified changes in bug fix commits are assumed as bug fix
changes. Our experiment will use this method to find both
bug fix changes and bug inducing changes.

Object-oriented programming languages are widely used
in software development and they also present many chal-
lenges for software maintenance. There are some useful
but risky characteristics, which are difficult to handle s-
ince some code changes may cause unexpected and non-
local effects [10]. In change impact analysis, a key as-
pect is to transform source code edits into a set of atom-
ic changes [10]. Some change types come from classical
object-oriented change analysis, e.g., lookupChange [10]
and changes related to variable initializers [9], which are
checked manually. Others are distinguished by automatic
tool. We combine these change types together, all change
types are shown in Table 1. The second column shows that
whether we check them manually or not.

2.2 Bug Inducing

The situation that developers do a lot of bad changes just
to fix one tough bug occurs frequently especially when time
is limited. Some complicated bugs are hard to fix. Devel-
opers may use special ways, which may not be consistent
with the original design patterns involved. Obviously these
kinds of change types are dangerous. As a consequence,
more bugs will be induced and the whole software gets in-
to chaos gradually. In this study, we trace a bug-inducing
change and identify whether the change is a bug fix change.
These changes are classified into two types as follows.

• Bug Inducing Change (BIC): A change that induced
a bug and is a bug-fix change itself.

• Non Bug Inducing Change (NBIC): A change that
induced a bug and is not a bug-fix change itself.

NBIC may be the Addition of new features, enhance-
ment or other changes which are not aimed to fix a bug.

2.3 Fault Prone Analysis

The SZZ algorithm uses CVS annotation feature to trace
bug-inducing changes. Developers could match a line

Table 1. Atomic Change Type Checked
Type Name Manually

methodAdded N
codeChanged N
codeAdded N

typeDeclarationAdded N
innerClassAdded N

fieldAdded N
importAdded N

parameterAdded N
returnTypeChanged N

accessChanged N
constructorAdded N

throwsAdded N
parameterTypeChanged N

variableChanged N
importSectionAdded N

parameterNameChanged N
parameterReordered N
methodBlockAdded N

accessAdded N
modifierChanged N
lookupChanged Y

instanceFieldInitializerChanged Y
staticFieldInitializerChanged Y

instanceInitializerAdded Y
emptyInstanceInitializerDeleted Y

instanceInitializerChanged Y
staticInitializerAdded Y
staticInitializerDeleted Y
staticInitializerChanged Y

which is changed in bug fix changes to its most recent mod-
ification so that they finally find where the bug inducing is.
However, there may exist some biases judging bug induc-
ing just by the most recent modifications since those mod-
ifications are likely to be non-behavior changes, e.g., for-
mat changes. The improvement of SZZ [6] removes biases
caused by non-behavior changes in order to get a higher ac-
curacy. And annotation feature is replaced with annotation
graph at the same time, which is more precise. We use the
improvement of SZZ in our empirical study.

SZZ algorithm is used to locate the bug inducing changes
based on bug fix changes. When the commit has been lo-
cated, we use the same method to judge whether the located
change is a BIC or NBIC. This step does matter since when
we find out that the change is BIC and we can analyze its
change types. Some types of changes may be dangerous in
a degree. We call them fault prone bug fix changes. Count-
ing change types does let the developers know what kind-
s of bug fix change types are fault prone while others are
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Table 2. Project Information
Project Name Source Lineofcode NumofVersions Brief Introduction

JEdit SourceForge 186326 23520 linejEdit is a programmer’s text editor written in Java
Protostuff Googlecode 122277 1677 Protostuff is the stuff that leverages google’s protobuf.

Encog Github 122723 3241 Machine learning framework

relatively safe. Hence developers could fix a bug in the
right way since this way prevents another bug from being
induced.

3 Empirical Study

We conducted three detailed case studies for further in-
vestigate what kinds of change types are more dangerous
in BIC than NBIC. These three projects are open source
projects implemented by java, detail information of them is
shown in the Table 2. As for JEdit1, there are too many
revisions for us to examine all of them, so we choose to s-
elect revisions randomly. For Protostuff2 and Encog3, we
investigate the whole revisions of them.

3.1 Experiment Procedure

Bug-fix commits are identified by their log message.
Deleted and modified changes are being tracked backward
using annotation graph so that we can find out where the
corresponding bug-inducing change is. Then we judge
whether the bug-inducing change is a BIC with the same
method. Some bugs are induced in ordinary commit or ini-
tial import. They are caused by NBIC, while others are
caused by BIC, which we count for percentage. After we
locate the bug-inducing change, we use a tool diffJ4 to judge
what atomic change types it includes. However, some atom-
ic change types from object-oriented perspectives cannot
be distinguished by automatic tool. So we manually check
them.

3.2 Result Analysis

The statistics are shown in Table 3. The data tell us that
in each project, there exist some BIC which lead to more
bugs later.

Then we separate BIC from NBIC, comparing the differ-
ences between the proportion of each atomic change type in
BIC and NBIC respectively. The results are shown in Figure
1, 2 and 3 in descending order. It could be concluded that

1http://sourceforge.net/projects/jedit/
2https://code.google.com/p/protostuff/
3https://github.com/encog/encog-java-core
4https://github.com/jpace/diffj

Table 3. Overall Experimental Results
Project Name NBIC(#) BIC(#) BIC(%)

JEdit 466 144 23.61%
Protostuff 180 71 28.29%

Encog 298 39 11.57%

codeAdded and codeChanged appeared in BIC are much
more than NBIC, which means that these change types are
more prone to cause other bugs later if they appeared in
BIC.

To discover more detailed information, we conduct fur-
ther investigation on the atomic change types codeAdded
and codeChanged since they appear more in BIC than N-
BIC. In that case, we manually check the BIC which in-
cludes atomic change type codeAdded or codeChanged
in order to conclude, in which context these change type-
s will show up. For example, adding or changing an if
conditional statement, adding or modifying the parameter-
s of the method, removing or changing the value of some
local variables. Our statistics are shown in Table 4.We
list the percentage of all the change types they related to.
Some minor changes are combined together, for example,
adding and modifying the parameters of method are com-
bined to parameters. The total number of codeAdded and
codeChanged , method invoke changes and return value are
listed as total,method and return respectively.

3.3 Threat to Validity

One threat to external validity is mainly due to the qual-
ity of open source project. Well managed project will do
good to our research, while bad one will make biases. As
for our experiment, the project encog initially imports 605
files together into repository, which leads to a lot of bugs
tracked backward to the first revision. Obviously the first
version is not a bug-fix commit. As a result, percentage of
BIC is relatively small compared to the other projects.

Furthermore, we investigate only three projects and all
of them are open source projects, which may not be enough
to support our conclusion. Our experiment results may not
be representative, because there may exist great difference
in design between open source software and industrial soft-
ware.
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Figure 1. Proporation Difference of Each Change Type between BIC and NBIC in JEdit
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Figure 2. Proporation Difference of Each Change Type between BIC and NBIC in Protostuff
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Figure 3. Proporation Difference of Each Change Type between BIC and NBIC in Encog
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Table 4. Detail statistics about codeAdded and codeChanged changes
Project total if method local variable return type cast parameters file path loop exception
JEdit 68 42.6% 8.8% 23.5% 2.9% 1.5% 7.4% 1.5% 4.4% 2.9%

Protostuff 26 69.2% 15.4% 3.8% 3.8% 0 7.7% 0 0 0
Encog 21 38.1% 23.8% 9.5% 0 0 19% 0 9.5% 0
Overall 115 47.8% 13.4% 16.5% 2.6% 0.86% 9.5% 0.86% 4.3% 1.7%

Another threat is that all the three projects conducted
are implemented by Java. Although Java is a representa-
tive object-oriented language, other languages may include
some special features which java language does not include,
and we do not take them into consideration.

We manually check some kinds of change types in
object-oriented programs. However, manual checks may in-
clude errors.

4 Discussion

In this section, some interesting findings from our statis-
tics will be discussed, in order to provide some guidelines
in the software development and debugging practice.

4.1 IfElse Clauses Are Dangerous

As shown in the Table 4, changes related to if conditional
statement occupy a large proportion of both codeChanged
and codeAdded.

These changes include adding some new if-else blocks
between the lines of a method, making some modifications
of the conditional statements and applying combination or
separation on the original statements. According to our s-
tatistics, the proportion of these changes on if conditional
statements accounts for nearly 50% in both codeChanged
and codeAdded changes, while other kinds of change type-
s are in minority, which reveals that it should not be con-
ceived an ignorable issue during the process of bug-fix. All
of these changes on if conditional statements cast great dan-
ger on the lines just added or modified. Chances are that the
conditional statements run normally under current circum-
stances, however, the coverage of the condition may not be
integrate.

As the percentage of changes related to if conditional
statements is so high in the bug-prone changes in our ex-
periment, we sincerely suggest the programmers to avoid
these kinds of changes in their software development prac-
tice. One effective solution is to apply widely recognized
software design patterns and strict object-oriented rules on
the program during the beginning period of the project in
order to decrease the modifications on initial codes of a
class or method. For example, using strategy pattern would

decrease the number of if conditional statements in one
method. Thus, the complexity of the business logic of a
class and the possibility of changing the conditional state-
ments to fix a bug will be reduced.

4.2 Open/Closed Principle

From the statistics, we can see that the percentage of
typeDeclarationAdded in BIC is much lower than N-
BIC. Thus, we can make the assumption that typeDeclara-
tionAdded may be a much safer way to fix a bug. There is
a famous principle in object-oriented software development
supporting our idea, and that is the so-called Open/Closed
Principle.

The Open/Closed Principle states that ”software enti-
ties (classes, modules, functions, etc.) should be open for
extension, but closed for modification”. [7]. That means if
we want to add some new functions or fix the existed bugs,
such entities should allow these behaviours without altering
its source code. If a project is constructed under the Open/-
Closed Principle strictly, there will be an increasing trend
in BIC which can be completed by declaring new types or
extending the current interface but not modifying them. As
a result, changes like codeChanged or codeAdded which
are prone to induce new bugs in BIC will be greatly pre-
vented.

4.3 Related Work

As concluded in the work of Mockus [8], Cubranic [2]
and Fischer [4], commit in software configuration manage-
ment system can be judged whether it is a bug-fix one by
the log message. Some key words, e.g., ”Bug” or ”Fixed”
even bug report number ”#31245” can serve as symbol-
s of a bug-fix commit. Based on their work, Sliwerski et
al. [11] presented SZZ algorithm to find out the position of
bug-inducing changes according to the position of bug-fix
changes. Kim et al. [6] improved SZZ algorithm by using
annotation graph and ignore the changes which is meaning-
less just like blank line changes and format changes so that
it became much more precise. The improvement of SZZ
is currently the best available algorithm for automatically i-
dentifying bug-inducing commits. The algorithm does great
contributions to related researches. Kim et al. [5] evaluate
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whether a change is risky by using SZZ to track the origi-
nal change. D’Ambros [3] visually reveals the relationship
between bugs and software evolution. Williams et al. [13]
revisited SZZ algorithm, using SZZ algorithm to track bug-
inducing changes and identify change types of them, which
is similar to our work. Ryder et al. [10] analyse the impact
of object-oriented changes. Ren [9] does the similar work
as Ryder, which defined some object-oriented change types
that we use in our paper. Spacco [12] used lining mapping
which make the tracking of bug inducing fix more precise-
ly. A differencing technique and tool for object-oriented
programs: JDiff [1] provide us the tool support. [12]

5 Conclusion and Future Work

In this paper, we apply the SZZ algorithm on a series of
projects to find out what kinds of bug-inducing changes ex-
ist higher possibilities to become a great threat when they
are marked as bug-fix changes. Based on the empirical s-
tudies operated on three open source projects, our statistics
show that the codeAdded and codeChanged changes, es-
pecially addition or modification of the if conditional state-
ments in bug-fix commits are apt to cause more bugs in the
future.

Our future work may include the following aspects: A
much wider selection of projects are going to be researched
to further validate the conclusion we drew. Other change
types except for codeAdded and codeChanged may al-
so reveal some regular patterns as the number of projects
grows.
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Abstract — Flow cytometers are instruments for analyzing blood 

cells individually and have been widely used for clinical 

diagnostics and research discovery. A flow cytometer is able to 

acquire signals of several independent physical or chemical 

parameters of each cell altogether. Therefore, synchronization of 

data acquisition among all parameters of each cell is required for 

a reliable flow cytometer. Most advanced flow cytometers use 

complex electronic design to ensure the data synchronization in 

the beginning of signal acquisition, but signals could still be 

corrupted during transmission or storing. In this paper, we 

present a software solution based on a dynamically sliding 

window protocol for data synchronization in a flow cytometer. 

Our solution is used for either a supplementary or a replacement 

of the hardware solution. The overhead due to the computing of 

sliding window is minimal. The design, implementation and 

testing of the solution is described in this paper, which shall be 

useful for others who are developing similar systems. 

Keywords- sliding window protocol; flow cytometer; data 

acquisition; software testing 

I. INTRODUCTION 

Flow cytometer is a high performance medical instrument 
for analyzing blood cells individually. Since it was invented in 
1960s, it has been the premier instrument for analyzing single 
cells, and it is able to analyze blood cells from several hundred 
to 30 thousands every second [7]. Most flow cytometers detect 
blood cells with optical parameters coming from interaction 
between cells and laser beams.  The optical parameters include 
forward scatters, side scatters, and different fluorescence 
signals. Flow cytometers have been widely used for clinical 
diagnostics and research discovery for over than 40 years. 
Because flow cytometers are able to analyze cells one by one 
with multiple parameters, they are effective and efficient for 
analyzing many immune related diseases such as HIV-infection 
and leukemia. For example, flow cytometers have been widely 
used for CD3+, CD4+ and CD8+ screening [6]. They are also 
used for apoptosis analysis and pharmaceutical discovery. The 
marketing value of flow cytometers including instruments, 
reagents, software and services in the world was over than $2.6 
billion in year 2010, and it will grow over than 10% annually in 
the next decade. However, flow cytometers are expensive, and 
the price of a cheap instrument with basic features could be 
over than $50,000, and the service and reagents cost for each 
instrument could cost another $30,000 easily each year. The 
price of an advanced flow cytometer system including a sample 
preparation station could be over than $500,000. HIV-infection 
now is a serious problem in many developing countries, and 

flow cytometers are the most effective and highly efficient 
device to detect the infection in the early phase. Unfortunately, 
flow cytometers are too expensive for users in the developing 
countries who are suffering of HIV-infection. Building an 
affordable flow cytometer is important to improve the life 
quality in developing countries. In this paper, we describe a 
flow cytometer we are building with affordable and 
comparable performance in mind. We particularly discuss the 
sliding window protocol that we designed for the data 
synchronization in the system.  

A flow cytometer detects several parameters such as
forward scatter and fluorescence for each cell to discover 
different information in the cell. Each parameter is detected by 
an independent signal detector like photomultiplier tube 
(PMT). The signals of the multiple parameters for a cell have to 
be acquired together. Missing a signal of any parameter will 
mess up the data of other cells and then the analysis result of 
the sample will be incorrect. The worst situation is that a user 
may unable to detect the error. Most existing flow cytometers 
have a complex electronic design for synchronizing the 
multiple parameters so that signals of all parameters have to be 
acquired together or none. Some inexpensive flow cytometers 
do not have any synchronization mechanism to ensure the data 
synchronization, which may produce potential error results.  

In this paper, we present a sliding window protocol for 
synchronizing the data acquisition of multiple parameters in a 
flow cytometer. The protocol can be used as a supplementary 
of the hardware solution or an addition to a flow cytometer that 
does not implement data synchronization. The overhead of the 
calculation of the synchronization in the software is ignorable. 
Our experiments have shown that our design of the sliding 
window protocol for data synchronization is both effective and 
efficient. 

The main contribution of this paper is due to the design and 
analysis of the dynamically sliding window protocol for the 
data synchronization in a flow cytometers. We introduce the 
background of flow cytometers and the issue regarding the data 
synchronization among multiple parameters. We describe the 
detail of design and implementation of the sliding window 
protocol, and we also validate the effectiveness and efficiency 
of the design and implementation using different techniques 
such as testing, simulation and model based testing. The 
design, implementation and validation of the sliding window 
protocol for the data synchronization could be useful to others 
who are building similar systems. 
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The rest of this paper is organized as follows: Section 2 
presents a brief introduction of flow cytometers and data 
acquisition in flow cytometers. Section 3 describes the design, 
implementation and validation of the dynamically sliding 
window protocol. Section 4 is the related work, and Section 5 
concludes this paper. 

II. BACKGROUND

In this section, we give a general description of flow 
cytometers.  

Figure 1. A schematic of a flow cell [10] 

A. Flow Cytometers 

Although the origins of flow cytometers can be tracked to 
19th century, the development of flow cytometers became 
feasible until late of 1970s when reliable lasers, commercially 
produced monoclonal antibodies and inexpensive computer 
became available [7]. Cytometry is about the measurement of 
physical and chemical as well as biological characteristics of 
cells, and flow cytometry is a process for measuring individual 
cells when they pass through detectors in a fluid steam [9]. 
Flow cytometer is an instrument of flow cytometry for 
measuring size, internal complexity, and fluorescence of cells 
based on measurement of electronic and optical parameters 
obtained as a result of the interrogation of flowing cells and 
lights [9]. A typical flow cytometer includes several major 
components: (1) a sample handling component for taking 
blood from sample tubes or wells; (2) a flow cell for building 
the blood sample into a fluid stream where the cells pass the 
light sources, (3) an optical component consisting of one or 
more laser light sources, (4) signal detection component for 
acquiring light scatter signals and fluorescence signals, and (5) 
a software system for instrument management and data 
analysis. A schematic representation of a flow cell for a 
typical flow cytometer is shown in Figure 1. The cell sample is 
sent to a tiny tube and then injected into the stream of sheath, 
which ensures the cell sample remain in the center according 
to laminar flow principle [8]. The cells in the sample 
interrogate with laser lights when they pass through them 
individually. Corresponding signal detectors acquire the 
scatted lights and fluorescence signals when a cell passes 
through a light source. Forward scatted lights are proportional 
to the surface area and size of the cell, and side scatted lights 
are proportional to the granularity and internal complexity of a 
cell. When a cell is prepared with monoclonal antibody and 
the antigen of the cell binds to the antibody, the cell will 
activate fluorescence in particular wavelength when it 
interacts with a laser light.  Fluorescence signals are used for 

recognizing specific antigens in the surface of cells. In a flow 
cytometer, fluorescence with each different wavelength is 
filtered with an optical lens and mirrored to a fluorescence 
detector, which normally is PMT. Figure 2 shows a typical 
configuration of a flow cytometer, where structure of the 
optical and signal detection components are shown in detail. 
An embedded software system is used to automate and control 
the instrument. Acquired signals in the instrument are sent to 
the application software system of the flow cytometer via 
network, and users manage the cell analysis and the instrument 
via the application software.   

Figure 2. A schematic of a flow cytometer [10] 

B. Data Acquisition in Flow Cytometers 

In this section, we describe the data acquisition and 
synchronization in flow cytometers. 

Figure 3. An illustration of data display and analysis 

When a cell passes through the flow cell and interrogates 
with a laser beam, it generates signals like forward scatter 
signals or fluorescence signals. Each signal detector acquires 
the signals of a particular parameter. We build the set of 
signals of all parameters for each cell as a record, and each 
item in the record is a signal value of a parameter. If the value 
of an item is 0, then we know that the corresponding detector 
of the parameter did not get the signal of the cell. The 0 value 
of a parameter maybe caused by weak signal or problem of the 
detector, and it may occur many times. The system processes 
each record to exclude noise signals such as those coming 
from debris or other irregular particles. Each processed record 
is put into a buffer, and then the records are packaged and 
delivered to the workstation for data analysis and additional 
processing. The data analysis software stores the data records 
into a file or database in a standard format such as FCS 3.0 so 
that the data can be exchanged among different systems.  At 
the same time, the data are displayed in different graphic 
formats such as two dimension dot plots or density plots or 
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one dimension histograms. Users are able to display the plots 
with different combinations of the parameters in the 2 
dimension plots or histograms for different parameters. The 
classification of the cell population in the sample can be 
observed in the plots in some cases. In many cases, users need 
to select partial of the cell population or divide the cell 
population into several regions in the plots for further 
processing, and the procedure is called gating [9]. Statistics 
such as mean value, cell count, standard derivation or 
percentage of a cell type in a sample are calculated based on 
gating. Figure 3 shows a sample of data display and analysis 
plots in a flow cytometer. The left plot in Figure 3 is a 
histogram of a parameter, and the right plot is a dot plot of 
side scatter v.s. forward scatter, and it is gated with R1.  

Table 1: Sample data collected for each parameter 

FS SS FL1 FL2 FL3

cell1 1 1 1 1 1 

cell2 x 2 2 2 2 

cell3 3 3 x 3 x 

cell4 4 x 4 4 4

cell5 5 5 5 5 5 

Table 2: Sample records built for each cell in Table 1 

FS SS FL1 FL2 FL3

cell1 1 1 1 1 1 

cell2 3 2 2 2 2 

cell3 4 3 4 3 4

cell4 5 5 5 4 5

cell5 5 

Although cells in a flow cytometer pass detectors 
individually, data analysis is still performed on a collection of 
cells like 1000 cells or 5000 cells.  Therefore, the signals 
records are continuously acquired and stored when cells are 
passing in the fluid stream. Ideally, when a cell passes through 
a light beam, each detector detects one and only one signal of 
a particular parameter and all detectors get their signals 
altogether at the exact same moment and then reset themselves 
for next acquisition. However, one detector may not detect a 
passing cell, and other detectors do. In this case, the next 
signal acquired by the detector that missed the previous one 
will be accidently put into the previous position that is 
supposed to be occupied by the missing value of last cell. The 
problem will only be found at the end of the sample analysis 
due to some missing values of the last several cells. Then the 
analysis data of the whole sample have to be discarded. In the 
worst situation, each detector missed the same number of 
signals, and then the problem even will not be found easily.  

Let’s explain the problem in details with examples. We 
assume the instrument collects 5-parameters signals for each 
cell. The 5 parameters are forward scatter FS, side scatter SS, 
fluorescence 1 FL1, fluorescence 2 FL2, and fluorescence 3 
FL3. Each parameter has a signal detector for, and each 

detector collects data independently when a cell interrogates a 
laser beam. Table 1 shows the acquired signals of 5 cells, 
where x represents a lost signal, and an integer number means 
a valid value that is collected. Then the program is going to 
build a record for each cell, and each record has 5 parameter 
values representing the analysis result. Since no one is aware 
of the lost values due to the high speed of data generation 
(most existing flow cytometers process around 10000 cells 
each second), the positions of the lost signals are filled by 
signals of coming cells. The 5 records built based on data 
collected in Table 1 is shown in Table 2, where we found the 
records of cell2, cell3, cell4 and cell5 are all wrong. Therefore, 
the analysis result of the whole sample has to be discarded.  

Some hardware design can solve the data synchronization 
problem mentioned above. For example, one detector (it is the 
detector of FS in most cases since FS has the strongest signals) 
is designed as the master detector and it facilitates the 
synchronization among all detectors. When the master detector 
detects its signal, the corresponding position of each parameter 
in the record is filled with the signal values the detectors 
detected or a default value 0. If the master detector was not 
trigged by a passing cell, then none of other detectors will be 
trigged either. However, signals still could be lost during the 
data transmission or storing. For enhancing the quality of the 
instrument we developed, we designed a dynamically sliding 
window for implementing the data synchronization. It could 
be particularly useful for instruments that do not have a 
hardware based data synchronization design.  

III. SLIDING WINDOW PROTOCOL

In this section, we discuss the design, implementation and 
validation of the dynamically sliding window for data 
synchronization in a flow cytometer.  

A. Design 

When a cell interrogates a light beam, it may or may not 
trigger the signal detectors. If one detector loses a signal, then 
the data acquired for a sample are messed up. In some cases, 
the messed up of acquired data may even not be found at the 
end of the analysis. In order to solving the problem, we 
designed a dynamically sliding window for checking the data 
integrity at real time. We assume the instrument acquires 
values of 5-parameters signals of one light source for each cell. 
If the instrument has two laser light sources, then there are 10 
signals total when a cell interacts with 2 laser lights each time. 
We discuss the instrument that has only one laser light, and the 
design can be easily extended for systems that have multiple 
laser lights. The 5 parameters we defined as FS, SS, FL1, FL2, 
and FL3. The missing of a signal could happen at any time.
Therefore, the size of the sliding window is 1 in the beginning, 
and it increases if no missing of signals occurs next time, and it 
continuously increases the size until it reaches to a preset 
limitation as soon as no signal is lost. If a signal is lost, then the 
size of the sliding window is reduced until it reaches to 1 if 
losing of signals is continuously found. When the size of the 
window is larger than 1, and the numbers of missing signals for 
each parameter is same, then unfortunately our design is unable 
to detect the problem. However, the possibility of the case in a 
small size of window is extremely rare; we don’t consider the 
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solution of the case. Here is the design of the dynamically 
sliding window: 

1. As soon as the data acquisition of a sample starts, the size 
of the slide window is set to 1. A data buffer that has 5 
fields is dedicated for storing data collected from each 
detector, and each detector is assigned with a field. Figure 
4 shows how each detector stores its signal values into the 
fields in the buffer, where the arrow line means the 
direction of data pumping, and the dash line represents 
data stored in the buffer. 

Buffer  F1 F2 F3 F4 F5 

Storing 

Detectors FS SS FL1 FL2 FL3 

Figure 4 An illustration of data storing in a buffer 

2. According to the speed setting of the fluid system in the 
flow cytometer and the sample type, we are able to 
calculate the minimal time interval of 2 cells passing 
through a laser beam. We set the time interval s as the cut 
off time for checking the sliding window. Since each 
detector gets its signal in near to light speed, we consider 
all detectors get their signals at the exact same moment.  

3. When the first signal of FS is received and stored in the 
buffer, the program starts clock t. As soon as t = s, the 
program checks the buffer, if each field has one value, the 
analysis result is complete; otherwise, the fields that don’t 
have signals are filled with value 0. This step is to ensure 
that no value is lost in the first line.  

Buffer  F1 F2 F3 F4 F5 

Sliding 

Window 

Detectors FS SS FL1 FL2 FL3 

Figure 5 An illustration of sliding windows

4. The program increases the size of the sliding window to 
10 so that the buffer will accept additional 10 cells. As 
soon as the program finds that the buffer already stored 
additional 10 values of FS, it immediately checks all other 
fields. During the time, if new signals are coming, they are 
stored in a temporary buffer that has the same data 
structure as current one. Normally it will not happen since 
it takes much less time for checking the synchronization in 
a window than the time interval s of two cells passing 
through the light. 

5. The program counts the number of signals for each field 
in the buffer. If an inconsistency of number among fields 
is found, it means some detectors missed signals for some 
cells. Since FS is the master parameter, the number of 

signals in other fields could be over than the size of the 
window if FS lost some values.  

6. If the program finds a missing signal in the window, the 
analysis results of all cells in the window have to be 
discarded because the program does not know which cell 
that really missed a signal. The size of the window is 
reduced to half of the current window until the size is 
reduced to 1 if missing of values is keeping occurring. 

7. If every field has the same number of signal values within 
the window, the size of the window is doubled until it 
reaches to 100, which is the maximal size of the window, 
as soon as no missing signal is found. A flow cytometer 
normally analyzes around 10000 cells for each sample; 
therefore, discarding 100 cells of 10000 cells is still 
acceptable. The users can decide whether to continue 
acquire data from the sample until it reaches to a preset 
criterion. The idea of the dynamically sliding window is 
shown in Figure 5, where the rectangles represent sliding 
windows.  

8.  If there are some items in the temporary buffer at the end 
of analysis, the program just simply counts the number of 
signals in each field. If the number is same for every field, 
the data is appended to the data in the original buffer. If 
inconsistency is found, the data in the temporary buffer are 
discarded. 

B. Implementation 

The main embedded program of the flow cytometer we 
developed has only one process that is implemented in an 
ARM single board computer, and the data acquisition program 
is implemented in a FPGA board. The sliding window program 
is implemented in the FPGA board with data acquisition 
programs.   

The program sets a buffer according to the number of cells 
to be processed in a sample. For example, if a user needs to 
analyze 10000 cells from a sample, the buffer size is 200KB 
considering each value of a parameter is a 32 bits number. The 
real buffer is 400KB since each detector actually acquires two 
different signal values for each cell. We don’t discuss the case 
since the sliding window only needs one signal for each 
parameter. Each acquired datum is processed for multiplying or 
digitalizing by the detector, and then the datum is stored in a 
particular position of the data buffer. The sliding window 
program monitors the number of FS data, stores and records the 
position of the current processing. As soon as the number of FS
data in the window equals to the size of the window, which 
starts from the next position ws of the last processed position in 
the buffer to position we, which is ws pluses the current size of 
window sw (we shall be the last item in the current buffer). 
When the program counts the number of items in each field in 
the window, it counts all items from position ws to the last item 
we of the field in the buffer. During the counting period, 
incoming data are stored in a temporary buffer. If a missing 
value is found, the data from position ws to the last one in the 
buffer are deleted, and the size of the window is reduced to half 
of sw or 1 if sw is 10. If data in the window are complete, then 
ws is set to the next position of we, and the size of the window 
is set to the smaller one between sw and 100.    
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C. Validation 

Although implementing the dynamically sliding window is 
easy, testing the program is challenged due to several reasons: 
(1). Missing of values from each signal detector is very rare so 
that it is very difficult to reproduce missing of values; (2). The 
data generation from each detector is very fast, usually one 
signal for each parameter every 0.05 millisecond or less; (3). 
The data are produced at real time, and testing has to be 
performed at real time; (4). The time period between two 
subsequent values of a parameter could be less than 0.05 
millisecond, and it is difficult to control the time period during 
the testing; and (5). The number of data items for a sample 
could be 10000 or more, which makes the verification of the 
testing result fairly difficult. 

  In order to test the implementation of the sliding window 
thoroughly, we test the program with three different ways [11]: 
(1). System testing; (2) Special cases based testing; and (3) 
Model based testing.  

System testing. If some signal values of a parameter are lost 
in the early phase of the data acquisition, the analysis result of 
the sample will be messed up (see the explanation in section 
2.B). We can prepare two exact same blood samples such as 
some standard quality control kits [7]. Then we run one sample 
in a reference flow cytometer that has been tested and 
calibrated, and run another sample in the flow cytometer that 
has the sliding window under test. We compare the analysis 
results such as patterns in the dot plots, histograms and 
statistics from two tests like those shown in Figure 6. If a 
significant difference of the two results is found, then 
something must be wrong in our program or design. However, 
it is not necessary that the messed-up data due to missing of 
values during the data acquisition will cause a significant 
difference of two analysis results. In many cases, the difference 
between two analysis results might be very difficult to be 
observed.  Considering the fact that missing values in the data 
acquisition is fairly rare, system testing does not work well for 
testing the sliding window program. 

Special cases based testing. It is impossible for us to 
interrupt some detectors to disable the data acquisition of some 
cells at real time due to the high speed of data acquisition. In 
addition, the rate of dropping signals is so low that no any 
signal may be lost even running the analysis for several days 
without interruption. It is difficult to change the firmware in the 
instrument for dropping signals. However, we can work around 
the problem via changing the setting of the instrument and 
testing. For example, we may set a very large buffer such as 
1MB for storing the acquired data, and dilute the blood sample 
to such as 20% of the original one. Then it will take about 25 
times of time to acquire enough data to fill the space in the 
buffer. We also set the size limitation of the sliding window to 
1000 instead of 100. Based on above configuration, we have 
enough time to turn off one detector and then turn on it 
immediately during data acquisition. Then we can check 
whether the final result has discarded the cells that have 
incomplete data, and number of items for each field is same. If 
we turn off a detector before the data acquisition starts, we can 
check whether the missing value in the field of the first cell has 
been filled with 0 as we designed. The speed of fluid stream 

can be adjusted in some instruments, and then we can also 
increase the time interval between two passing cells via 
reducing the speed of the fluid stream. However, it is still 
difficult to test a situation that a detector only drops one or two 
cells since many cells have passed the light during we turn on 
and off the detector even with above modifications. In addition, 
it is almost impossible to test the case that signals are dropped 
from two or more detectors randomly.     

Model based testing. In order to thoroughly testing the 
sliding window protocol, we developed a program to simulate 
the data acquisition and the sliding window. The simulator 
generates a signal for each parameter and pumps it into the 
buffer every 0.05 millisecond or less, and randomly drops a 
datum in the buffer for any parameter. The simulator is able to 
simulate many different cases such as dropping a signal in the 
beginning or at the end of data acquisition, or dropping several 
signals of multiple parameters together. We run and test the 
simulation program in a PC environment. We shall test many 
different cases via combining different scenarios based on 
combinatorial testing technique [5]. The scenarios could 
include ones like missing data items in the beginning, missing 
just one data item for a parameter, missing several data items 
altogether for multiple parameters, missing 2 or more data 
items altogether for a parameter, and the time interval of 
generating signals of two cells could be set as 0.05 millisecond, 
0.03 millisecond, 0.01 millisecond, and others between the 
range. However, it is difficult to know when the program is 
adequately tested. In this research, we used model-based testing 
technique to generate adequate tests.  

The tool we used in this project is called MISTA [12], 
which is a model-based testing tool for automated generation of 
executable test code in model level and program level. It uses 
function nets (a type of PrT nets extended with inhibitor arcs 
and reset arcs) [12] for specifying test models so that complete 
tests can be automatically generated. The detail of MISTA can 
be found in [12]. Figure 6 is a function net model of the sliding 
window protocol in MISTA. In the model, place Signals and 
transition Generator are used for generating signals, and 
transitions SendSS, SendFS, SendFL1, SendFL2, and SendFL3
are used for sending corresponding signals to the buffer of each 
parameter. Transitions Drop1, Drop2, Drop3, Drop4, and 
Drop5 are used for simulating randomly dropping signals 
during transmission.  When a signal is dropped, and the size of 
the sliding window is reached, transition DoReset is used for 
discarding signals in buffers within the sliding window. If no 
signal is lost within current sliding window, then transition Sent
delivers all signals to place Success. The size of the sliding 
window is set by the guard conditions in transitions DoReset
and Sent. After compiled and inspected executions of the 
model, we generated tests according to different adequate 
criteria including reachability tree, state overages and transition 
coverage.  Through mapping the function net model to the Java 
implementation of the simulator with sliding window, MISTA 
automatically generated tests for testing the implementation 
based on the tests generated from the model. Due to the 
limitation of the space, we don’t discuss the details of the tests 
in this paper. 
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Figure 6 A function net model of the sliding window protocol

The result of the model based testing has shown 
effectiveness of the design and implementation of the sliding 
window protocol. 

IV. RELATED WORK

There are many tutorials on flow cytometers, and the one 
[9] by Shapiro might be the most referred one. The quality of 
flow cytometers software is critically important to the quality 
of the instrument. The software normally is designed to 
enhance features and ensure the quality of the instrument. 
Therefore, it is important to develop a rigorous approach to 
ensure the software quality. In this paper, we designed a 
sliding window protocol for data synchronization in flow 
cytometers, and analyzed the design using different 
approaches to ensure the correctness. Sliding window 
protocols have been proposed for reliably transforming data 
packets in-order [2], but the sliding window protocol proposed 
in this paper is relatively simple since the delivering of signals 
in-order is not an issue.  Formal modeling of software systems 
provides a solid foundation for formally analyzing software 
systems. Although formal analysis provides a rigorous way for 
verifying correctness of software systems, it is infeasible for 
analyzing large software systems due to the state explosion 
issue. Software testing is still the most widely adopted 
technique to check the quality of software, but it lacks 
rigorousness in many cases. Many researches have been done 
on combination of formal analysis and testing such as the one 
discussed in [3] and [4]. The analysis approach used in this 
paper combines both advantages of software testing and 
formal analysis. Tests were generated based on formal 
analysis results and testing bridges the gap between simulation 
and formal analysis. More important, tests generated from the 
model not only were used for testing the model, but also were 
used for generating code level tests so that the consistency 
between a model and its implementation is well ensured [12]. 

V. SUMMARY AND FUTURE WORK

Data acquisition and analysis is the most important part in a 
flow cytometer system [6]. In order to facilitate data 
synchronization among multiple parameters, hardware design 
has been used in many flow cytometers. We designed a sliding 
window protocol to ensure the data synchronization. The 
purpose of our sliding window is used for detecting missing of 
data during data acquisition. One of the difficulties comes from 
the high speed of data generation and the independence of data 
acquisition of each detector, and another difficulty comes from 
the requirements for rigorous techniques to ensure high quality 
of the system design and implementation. We address both of 
the difficulties in this paper. Our validation results show that 
our solution was able to be used for either a supplementary or a 
replacement of the hardware solution. The overhead due to the 
computing of sliding window is minimal. The design, 
implementation and validation of our solution described in this 
paper shall be useful for others who are developing similar 
systems. 

ACKNOWLEDGMENTS

We thank Dr. Xinhua Hu at East Carolina University and 
Eric Statler from Beckman Coulter for numerous discussions.  
This research is supported in part by award #CNS-1262933 
from the National Science Foundation. Junhua Ding’s research 
was also partially supported by the guest professorship grant 
from school of computer sciences at China University of 
Geosciences. 

REFERENCES

[1] P. K Chattopadhyay, M. Roederer, Cytometry: today's technology and 
tomorrow's horizons, Methods, Vol. 57, pp. 251- 258, July 2012. 

[2] D. E. Comer, Internetworking with TCP/IP, Volume 1: Principles, 
Protocols, and Architecture, Prentice Hall, 1995. 

[3] J. Ding, X. He, Formal Specification and Analysis of an Agent-Based 
Medical Image Processing System, Intl. Journal of Soft. Eng. and 
Knowledge Eng., Vol. 20, No. 3, pp. 1 – 35, 2010. 

[4] X. He, H. Yu, T. Shi, J. Ding, and Y. Deng, Formally Specifying and 
Analyzing Software Architectural Specifications Using SAM. Journal of 
Systems and Software, vol.71, no.1-2, pp.11-29, 2004. 

[5] R. Kuhn, R. Kacker, Y. Lei, J. Hunter, Combinatorial Software Testing, 
IEEE Computer, vol. 42, no. 8, August 2009. 

[6] E. Lugli, M. Roederer, and A. Cossarizza, Data Analysis in Flow 
Cytometry: The Future Just Started, Cytometry A. 77(7): 705–713., July 
2010. 

[7] M. G. Macey (Ed.), Flow Cytometry, Principles and Applications, 
Humana Press, 2007.Transfus

[8] F. F. Mandy, M. Bergeron, T. Minkus, Principles of Flow Cytometry, 
Transfus. Sci, Vol. 16, No. 4, pp. 303 – 314, 1995. 

[9] H. M. Shapiro, Practical Flow Cytometry, 4st edn. Wiley-Liss, 2003.  

[10] http://www.usuhs.mil/bic/cytometry/pdf/tutorial.pdf, last accessed on 
March 16, 2014. 

[11] S. Vance, Quality Code: Software Testing Principles, Practices, and 
Patterns, Addison-Wesley Professional, 2013. 

[12] D. Xu, A Tool for Automated Test Code Generation from High-Level 
Petri Nets. 32nd Int. Conf. on Apps. and Theory of Petri Nets, 
Newcastle, UK, June 20-24, 2011.

631



An Empirical Study on the Test Adequacy Criterion
Based on Coincidental Correctness Probability∗

Xiaoli Zhou†, Linzhang Wang†, Xuandong Li† and Jianhua Zhao†§
†State Key Laboratory of Novel Software Technology

Dept. of Computer Sci. and Tech. Nanjing University, Nanjing, Jiangsu, P.R. China 210093
Email: zhaojh@nju.edu.cn

Abstract—Coincidental correctness occurs when a fault is
executed but no failure is detected. Coincident correctness is
prevalent and adversely affects the effective of testing. In this
paper, we improve the test adequacy criterion based on coinci-
dental correctness probability which is proposed in our previous
work and make an empirical study comparing our test adequacy
criterion with two coverage-based test criteria. We take the
Pearson Correlation Coefficient between the adequacy level and
the capability of the test suite to find errors as a metric of the
effectiveness. Our experiment involved 20 seeded versions of the
programs from SIR. The results consistently approve that our
test adequacy can effectively quantizes the capability of test suite
to find errors.

I. INTRODUCTION

Currently, coverage-based test adequacy criteria are widely
used both in academia and industry. However, high code
coverage does not mean high test adequacy regarding to the
defect removing. An empirical study reports that there does not
exit a causal relationship between code coverage and defect
coverage [1].

Coverage-based testing for white box assume that the
execution of faulty statement has a high probability to result
in observable incorrect output. However, this is not necessarily
always the case. A fault can be observed during testing, if and
only if the following conditions all be met: 1) the defect is
executed or reached, 2) the program has transitioned into an
infectious state, 3) the infection has propagated to the output
[2]. When 1)is met and 2) is not met, the coincidental correct-
ness occurs[3][4]. The error may be hidden even if the faulty
statement is executed. The main reason is the existence of
coincidental correctness. Many experimental evidences show
that, coincidental correctness is prevalent and responsible for
reducing effectiveness of testing [3][4].

In our pervious work [5][6], we propose a test adequacy
criterion based on coincidental correctness probability (CCP
for short). In this paper, we make an improvement and an
empirical study on the CCP-based test adequacy criterion. The
main contributions of this paper can be concluded as follows:

i) We improve the algorithm to evaluate the coincidental
correctness probability with a refined control-flow
analysis.

iii) We take the Pearson Correlation Coefficient as an
evaluation metric and make a comparison case study

∗This work is supported by the National Natural Science Foundation of
China (No.91118007, No.61328491, No.61170066), and by the National 863
High-Tech Programm of China (No.2012AA011205)
§Corresponding author

against the test adequacy criteria based on the state-
ment coverage and branch coverage. Experiments in
this paper can more accurately reflect the situation
in practice, and shows that CCP-based test adequacy
criterion has a stronger correlation with errors than
other criteria.

Section II shows the approach to estimate the CCP-based
adequacy in detail. Section III presents the experimental work
and results. Finally, Section IV discusses some related works
and presents our conclusion and future works.

II. AN APPROACH TO ESTIMATE THE CCP-BASED TEST
ADEQUACY CRITERION

This section describes how to estimate the CCP, and
presents the definition of CCP-based adequacy criterion. The
basic idea is the same with previous works [5][6], and we
improve the algorithm with a refined control-flow analysis.

An execution of a statement is called a statement instance.
During the execution, statement instances load or store values
in some memory units. Testers usually directly or indirectly
check some memory units which are called check points at
the end of the execution to determine whether the test is
passed. The value stored in a memory unit is defined in some
statement instances and then used in other statement instances.
Thus these instances have a use-definition dependence for their
correctness. If an error is triggered and generates an incorrect
value, this incorrect value may be stored into some memory
units. If other statement instances use these incorrect memory
units, the incorrect values may be transferred till the end of
this run or may be covered by other statement instances.

Before everything begins, here are two hypotheses:
i) We estimate the test adequacy only for the test suite

which is passed in testing.
ii) We assume that a program has only one error.

A. Instrumentation and static analysis

We identify variables and operations in statements for
instrumentation. For every variable, we instrument to get its
runtime variable values, its memory address and how it is
related (use or definition). Also, we build the static control-
flow graph of the program.

B. Build dynamic dependencies

In this section, we described how to construct the dynamic
use-definition and control-flow dependencies for runtime state-
ment instances after running the instrumented program.
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1) Build the dynamic use-definition dependence graph:
We build a dynamic use-definition dependence based on the
memories used or defined by instances. The detailed method
is described in [5].

2) Build the control-flow dependence: Control-flow can
indirectly affects the correctness of the output of a program.
If the conditional expression generates an incorrect value,
some statements will be mistakenly executed while some other
statements will be mistakenly unexecuted. The influences on
the mistakenly unexecuted instances are ignored in this paper
as they are difficult to analysis.

Conditional transfer statements and loop statements are two
kinds of typical control statements. For a statement instance
R, CE(R) denotes the set of control statements on which R
is dependent. CE(R) is computed as follows:

i) If R is an instance of a statement in a branch of an IF
statement, the corresponding instance of conditional
expression of this IF statement is in CE(R).

ii) If R is an instance of a statement in the body of
a WHILE statement, all instances of the conditional
expression of the WHILE statement from the start of
the WHILE statement to R are in CE(R).

If R is in more than one branches or bodies of IF/WHILE
statements, CE(R) will be computed for every IF/WHILE
statement according to the above rules.

C. Impact factors for correctness possibility

In this section, we describe how the use-define and control-
flow dependencies have an impact on the correctness of the
outputs of a program execution and specify the degrees of
these effects.

1) Impact factors of Operations: The impact of use-define
dependence mainly arises from operations which may cover the
incorrect intermediate results. The result of an operation has
a probability to be correct even if its operands are wrong. We
specify the probabilities that an operation generates an correct
result under different situations. Because of space limitation,
we only describe how the probabilities about binary operations
are specified.

TABLE I. THE EFFECT DEGREES FOR BINARY OPERATORS

Correctness of Correctness of Effect degree
Left Operand(a) Left Operand(b)

T T Q1 = 1.0
T F Q2

F T Q3

F F Q4

We use “a#b” to represent an binary operation with an
operator “#” and two operands a, b. In Table I, Q1, Q2, Q3 and
Q4 are the conditional probabilities that the result of “a#b”
is correct under different situations. When a and b are both
correct, “a#b” is definitely correct. So Q1 is always 1.0. The
values of Q2, Q3 and Q4 are differently specified for different
operators.

Assuming that Pa, Pb and Pa#b are the correctness prob-
abilities of two operands and the result respectively, Pa#b can
be estimated by:

Pa#b =Pa ∗ Pb ∗ 1.0 + Pa ∗ (1− Pb) ∗Q2

+(1− Pa) ∗ Pb ∗Q3 + (1− Pa) ∗ (1− Pb) ∗Q4
(1)

2) Impact factors of control-flow: Control-flow dependence
is used to revise the correctness probability estimated from
use-definition dependence. For an instances R, the revision is:

P
′
(R) = P (R)×(ΠR′∈CE(R)P (R

′
)+

(1− ΠR′∈CE(R)P (R
′
))× AdjED))

(2)

Here, P (R) and P (R)′ are the correctness probabilities of
R before and after the revision, and AdjED is the effect
degree to adjust the probability. If any instances in CE(R) is
incorrect, the result of R has a small probability to be correct.
Thus, we set the AdjED as 0.2 to adjust the probability of R
under the situation of incorrect runtime control-flows.
D. An algorithm to estimate the coincidental correctness prob-
ability

The algorithm to estimate the CCP of one program execu-
tion is described as Figure 1. For an execution, we estimate
one CCP for each statement in the program assuming that this
statement contains an error and all other statements are correct.

Given a serial program and a test case, we collect runtime
information by executing the instrumented program. For a
statement instance R, we use the UG(R) and CG(R) to
denote the set of memory units that used or changed by R.
We suppose that the UG, CG and CE of each instance are
already computed as described in previous sub-sections. In
the algorithm, we estimate the correctness probability of each
instance by order. Finally, the CCP of an execution is the
probability that all check points are coincidentally correct.

Input:
S: The statement is assumed to contain an error.
InstancesList: The runtime instances sequence.
MemorySet: The memory unit set used/updated by instances.
Checkpoints: the set of check points.

Output: CCP of the program execution
1: Initialize correctness probability of all memory units in MemorySet as 1.0;
2: for each node R in InstancesList do
3: if Ri is an instance of S then
4: /*the result value of Ri is wrong by default.*/
5: Set the correctness possibility of memory units in CG(R) as 0;
6: else
7: /* 1. Estimation based on use-define dependence*/
8: Estimate the correctness possibility of memory units in CG(R) based on the

correctness probability of memory units in UG(R) and effect degrees according
to the formulation (1);

9: /* 2. Revision with control-flow dependence*/
10: if CE(R) 6= ∅ then
11: Revise the correctness probability of memory units in CG(R) according

to formulation (2);
12: end if
13: end if
14: end for
15: return CCP = ΠK∈CheckpointsP (K)
16: /*P (K):the correctness possibility of the value in check point K*/

Fig. 1. The algorithm to estimate the CCP of a program execution

The CCP of a program execution w.r.t. a statement denotes
the probability that there is an error in this statement and it’s
triggered but not observed by testers. A higher CCP means
that we need more test cases to verify the suspect statement.
The granularity of our approach is statement level.

E. The CCP-based adequacy criterion

For a statement S, we get a set of CCPs, one for each test
case. The test adequacy level of a test suite TS for statement
S is defined as the following formulation:

AC(S) = 1− ΠT∈TSCCP (S, T ) (3)

Here, AC(S) is the adequacy level of the test suite for the
statement S. CCP (S, T ) denotes the probability that the error
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in S is hidden by coincidental correctness after running a
single test case T . ΠT∈TSCCP (S, T ) is the probability that
all the test cases in TS fail to find the error. The lower the
ΠT∈TSCCP (S, T ) is, the higher the probability of finding
errors will be. Thus, the AC(S) denotes the probability to
find the error in the statement S if the error exists. For a test
suite, we collect a set of ACs, one for each statement in the
program.

For an adequacy level AL of the whole program, the
test suite satisfy adequacy level AL only when all ACs of
statements is higher than AL. This means that, when a test
suite satisfy the adequacy level AL, all the probabilities that
an error is hidden in each statements are lower than 1−AL.

III. EXPERIMENTAL WORK

A. Tool implementation and subject programs

Our experimental tool contains three modules: variable
instrumentation module, runtime information analysis module
and CCP-calculator. The variable instrumentation module is
built on the grammar tool ANTLR. This module identifies
variables and operations in statements and instruments the
program for collecting runtime information. After running the
instrumented program, runtime information analysis layer col-
lects runtime information to build the dynamic use-definition
and control-flow dependencies as described in the subsection
II-B. The CCP-calculator computes the CCP of each test case
assuming an error in each statement and finally gives the test
adequacy level of the test suit. Because of the time and efforts
limitation, programming language treated by our tool is limited
to a subset of GNU C[7].

We involved 20 seeded versions of the selected two C pro-
grams with suitable size and the corresponding test suites from
Software-artifact Infrastructure Repository (SIR)[8]. Table II
provides the basic information about the subject programs
and the test suites, including the sizes of the programs, test
suites size(|T |), the number of failed test cases(|TF |) and the
percentage of failed tests. All seeded versions of programs
contain an error.

TABLE II. SUBJECT PROGRAMS

Program Size |T | |TF | |TF |/|T |
(LOC,Procedures)

tcas v1.c

173, 9 1608

308 0.19
tcas v2.c 252 0.16
tcas v3.c 158 0.1
tcas v4.c 319 0.52
tcas v5.c 139 0.09
tcas v6.c 132 0.08
tcas v7.c 36 0.02
tcas v8.c 36 0.02
tcas v9.c 126 0.08
tcas v10.c 239 0.15
tcas v11.c 128 0.08
tcas v12.c 142 0.09
tcas v13.c 190 0.12
totinfo v1.c

565, 7 1052

29 0.03
totinfo v2.c 199 0.19
totinfo v3.c 36 0.03
totinfo v4.c 227 0.22
totinfo v5.c 145 0.14
totinfo v6.c 45 0.04
totinfo v7.c 71 0.07

B. Metric of Criterion Effectiveness and Experiment Design

Test adequacy aims to reflect that to what extent the test
suite can prove the correctness of program. If the correlation

between the test adequacy level and the capability to find errors
is strong, we think this test adequacy criterion can accurately
reflect the capability of the test suite to find errors and also the
capability to prove the correctness of the program. Hence, to
investigate the effectiveness of our adequacy criterion, we take
the correlation between the adequacy level and the probability
to detect the error as a main metric.

1) Foundation knowledge about correlation: To quantify
the correlation and dependence between two factors, we cal-
culate the Pearson correlation coefficient(PCC for short). In
statistics, Pearson correlation coefficient is widely used in the
sciences as a measure of the strength of linear between two
variables, giving a value between +1 and −1 inclusive.

Definition 1: Let X and Y be two zero-mean real-valued
random variables. PCC is defined [9] as follows:

ρX,Y =
cov(X,Y )

σXσY
(4)

Where cov(X,Y ) is the covariance of the two variables,
σXand σX is the standard deviations of X and Y respectively.

If |ρX,Y |=0, then X and Y are said to be uncorrelated. The
closer the value of |ρX,Y | is to 1, the stronger the correlation
between X and Y . Generally, when the absolute value of
correlation is bigger than 0.8, this correlation is considered
to be extremely strong.

2) Experiment Design: We compare the CCP-based ade-
quacy criterion with the statement coverage-based and branch
coverage-based adequacy criterion.

For every seeded version of programs, we get the PCC
between the adequacy level and the capability to find errors,
by the following steps:

i) Get the preliminary information. We increase the
adequacy level from 0.1 to 0.9 with a gap of 0.1. For
each adequacy level, a test suite is built by adding
distinct test cases from the test-case pool provided
by SIR till the adequacy level is reached. For each
adequacy level, we build 10000 test suites and record
the percentage of test suites that can find the error.
For each criterion (CCP-based criterion, statement
coverage and branch coverage), we can get the 9 pairs
of (AdqLevel, ErrFindProb), where AdqLevel
ranges from 0.1 to 0.9.

ii) Calculate PCC. For each criterion, we calculate the
PCC between the AdqLevel and the ErrFindProb
using the formulation (4).

C. Result and analysis

This subsection shows the results of the experiments de-
scribed in III-B2.

1) The preliminary information of correlation: The couples
of (AdqLevel, ErrF indProb) of CCP-based criterion are
showed in Figure 2. Every line in the graph presents the 9
couples of (AdqLevel, ErrF indProb) for a seeded version
of programs. The detailed results for other two criteria is not
presented here because of space limitation. For all seeded
programs, the ErrFindProb grows consistently with the
AdqLevel. For most seeded versions of programs, when the
AdqLevel tends to be 1, ErrFindProb also tends to be 1.
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2) Pearson Correlation Coefficient: Based on Figure 2, we
can get a PCC for every seeded version of program. Every
line in Figure 2 can be converted to a PCC value. p Figure
3 presents the PCC of different seeded versions of programs
using three test adequacy criteria respectively. Table III provide
a summary of the data in Figure 3.

TABLE III. THE OVERVIEW OF THE PCC RESULTS

Object
PCC with PCC with PCC with

CCP-based Criterion Statement Coverage Branch Coverage
Average Max Min Average Max Min Average Max Min

tcas.c 0.9028 0.9535 0.7093 0.8084 0.8792 0.7680 0.5787 0.8864 0
totinfo.c 0.9637 0.9863 0.9418 0.7778 0.8115 0.7460 -0.2682 0 -0.6371

total 0.9241 0.9863 0.7093 0.7977 0.8792 0.7460 0.28 0.8864 -0.6371

From Figure 3, we can observe that for almost all seeded
versions, CCP-based test adequacy criterion has a higher PCC
than others. In Table III, the average, the maximum and the
minimum of the PCC with CCP-based test adequacy are all
the highest among the three test adequacy criteria. The average
of PCC with CCP-based coverage is 0.9241 which means
the correlation between CCP-based test adequacy and the
probability to find errors is very strong.

The results in our experiment approve that, CCP-based test
adequacy has a very strong correlation with the capability to
find errors for a test suite and this correlation is stronger than
the correlations of statement coverage and branch coverage.

IV. RELATED WORK AND CONCLUSION

An empirical study[3] shows that coincidental correctness
is prevalent and is a safety reducing factor for coverage-based
fault localization. Almost all the related works[4][10][11][12]
focus on the improve efficiency and accuracy of coverage-
based fault localization by taming coincidental correctness.
Most of existing methods to identify coincidental correctness
are selecting tests from the passed tests based on the similar
behaviors between coincidental correct tests and failed tests.

These methods can not identify the coincidental correctness
independently and their accuracy relies on the whole test
suites. Boundary value analysis also suffers from coincidental
correctness. Work in [13] studies the cases where shifts in
boundaries can get undetected due to coincidental correctness
and proposes a solution to generate tests that not suffer from
predictable coincidental correctness.

In our previous work[5][6], we propose a new test adequacy
criterion based on coincidental correctness probability. In this
paper, we make an improve the estimation algorithm and make
a empirical study which shows that our adequacy criterion has
a stronger correlated relationship with bugs found than other
criteria based on the statement coverage and branch coverage.

The effect degrees of operators and the control-flow in this
paper are specified according to our intuitive knowledge. In the
future, we will try to find more appropriate effect degrees for
different operators and the control-flow using some approaches
like data mining/machine learning.
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Abstract—Online social networks(OSNs) become important
platforms of information diffusion. People forward links pointing
to interesting content, and share them with friends. Browsing
links is generally considered as the previous step for forwarding
links. However, few studies have confirmed this hypothesis before.
The deep understanding of forwarding links can help OSNs to
improve current forwarding mechanism, and allow people to read
more information and forward more links.

In this paper, we study the relationship between forwarding
links and browsing links. We crawled a connected graph com-
ponent of 42.1 million users, and 2.1 billion links forwarded
by them. Moreover, we collected browsing records of 50,000
active users. Based on these datasets, we observe that 42% of
users forward more than 50% of links without browsing links.
Browsing links is often unnecessary for forwarding links. This
finding changes the traditional concept of link dissemination in
OSNs. We also find that when users directly forward links, they
have more time to leave more comments and forward more links,
which promotes the spreading of links. OSNs should encourage
people to read snippets and directly forward links.

Keywords-Forwarding links, online social networks, measure-
ment

I. INTRODUCTION

Online social networks have brought to the public a new
style of social lives parallel to offline activities, and they have
the potential to alter the way people interact with the internet.
The popularity of online social networks (OSNs) makes them
major platforms of information diffusion. 1 million links are
shared in Facebook every 20 minutes 1.

The explosive growth in OSNs has given researchers op-
portunity to obtain massive quantities of data for empirical
analysis. Initial studies have measured the characteristics of
information diffusion in Flickr [1], Facebook [2], [3], Twit-
ter [4], [5] and other online social networks. Some works
focus on people and analyze user’s uploading or retweeting
activities [6], [7], [8], [9].

As shown in Figure 1, normal steps of link diffusion are as
follow [2]: Firstly, users primarily interact with information
through an aggregated history of their friends’ recent activities,
which is called as the news feed. Majority of these activities
contain links to content, which are identified by URLs. Ac-
cording to the content, snippets are automatically generated
and displayed below links. People may also find links by
external events, such as e-mails or instant messages. Secondly,

1http://www.statisticbrain.com/facebook-statistics/

External events

User browses link X

User forwards link X

News feed
Link 1

Snippet 1

Link X

Snippet X

...

...

Fig. 1. Link diffusion

users read snippets and decide to browse some links. Finally, if
the content is interesting, people forward links and recommend
them to friends.

Search engines display snippets of search results. People
sometimes find enough information from snippets, and do not
take a further step to visit web pages. Since OSNs provide
similar snippets, we ask the question: Do users often forward
links after browsing links, or directly forward links without
visiting the links? To our knowledge, no one has studied
the relationship between browsing links and forwarding links
before. Measurement results can help OSNs to improve cur-
rent forwarding mechanism, and allow people to read more
information and forward more links.

Our study. We collect and analyze large-scale traces in
Renren social network 2, one of the largest and most popular
OSNs in China. We crawl an exhaustive snapshot of 42.1
million users and capture 2.1 billion links forwarded by these
people. We also obtain browsing records of 50,000 active
users. These datasets give us an opportunity to gain valuable
insights in OSNs.

We provide a number of insights into the relationship
between forward links and browsing links, including:

• 42% of users forward more than 50% of links without
browsing links.

• From 6 AM to 8 AM, people forward 68% of links
without browsing links. Users prefer to directly forward
links in the morning, when they are busy at work.

2http://www.renren.com
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• When people forward links without browsing links, they
leave more comments and forward more links.

Our findings change traditional concept of link dissemina-
tion: Normal steps in Figure 1 do not apply for all links.
In fact, browsing links is sometime unnecessary before for-
warding links. Moreover, forwarding links without browsing
content is beneficial for link dissemination. It saves user’s
time of browsing web pages, and provide users more time
to read snippets, forward links and leave comments. OSNs
should generate good snippets, provide enough information,
save user’s time of browsing links, and allow them to forward
more links.

II. COLLECTION METHODOLOGY

Before diving into detailed measurement, we provide back-
ground information about the Renren social network. Then we
introduce our collection methodology.

Renren is one of the biggest and oldest OSNs in China [10].
Renren can be best characterized as Facebook’s Chinese twin,
with a similar user interface and most or all of Facebook’s
features [11]. Users maintain personal profiles and establish
bidirectional friend relationships. They publish different types
of content, such as blogs, photos and albums. When people
find interesting content, they forward links of the content. This
function is similar to the ’share’ function in Facebook. In user’s
news feed, Renren automatically displays snippets below links.
Snippets are generated based on the content type, which is
similar to the search engine. More specifically, a small part of
texts are extracted for blogs, and thumbnails are generated for
photos and albums.

In order to study the relationship between forwarding be-
havior and browsing behavior, we find opportunities to collect
datasets from Renren: Firstly, people forward links in Renren,
and these links are organized into completely open pages.
Therefore, we collected 2.1 billion links forwarded by 42.1
million users. We use these datasets to understand forwarding
behavior. Secondly, we build long-time collaboration with
Renren. We directly obtain browsing records of 50,000 active
users from Renren, and use them to understand browsing
behavior. Different from forwarding records, browsing records
are not displayed in profiles and they cannot be collected
by traditional measurement techniques. Therefore, few works
have studied whether browsing links is necessary before for-
warding links. The collaboration with Renren provides us this
special opportunity.

Crawling forwarding records. Friend relationships were
public in the past. This allowed us to perform an exhaustive
crawl of the largest connected component with 42.1 million
users [10]. We seed crawlers with these 42.1 million users
and proceed to crawl their links. We record the username,
the link identifier, the forwarding time and the number of
comments on this link. Renren labels the link’s type, such
as blog, photo and album. The type of link is gathered too.
In total, 42,115,509 users forward 2,052,205,513 links. Some
links are same, because they are forwarded for by different

(b) Before-browsing

Forward link3

t5
© Without-browsing

Time

Browse link1

t1

Forward link1

t2
(a) After-browsing

Time

Browse link2Forward link2

t3 t4

Time

Fig. 2. Definition of three forwarding modes

people. After filtering out same links, we gather 118,228,021
unique links.

Collecting browsing records. Our group has built long-
term collaboration with technical teams in Renren. We ran-
domly select 50,000 active users who forwarded at least 20
links from January to June of 2012. We manually check 100
users, and none of them are spammers. Then Renren provides
browsing records of 50,000 users between January and June
of 2012. The browsing record includes the username, the link
identifier and the browsing time. These datasets provide us an
opportunity to gain valuable insights of user behavior.

We focus on user behaviors and do not need any actual
content. Therefore, we wait for crawls to complete, then go
through data to anonymize user IDs and strip any private data
from our datasets to protect user privacy. Moreover, all user
IDs are hashed to random IDs. link addresses are mapped to
hash values. All timestamps are replaces with relative sequence
numbers.

III. FORWARDING LINKS WITHOUT BROWSING LINKS

In user’s news feed, OSN automatically displays snippets
of links recommended by friends. People read snippets and
choose to visit some web pages pointed by links. Then people
find some interesting web pages and forward their links.
Figure 1 describe these normal steps of link dissemination.
However, snippets already provide summary of web pages, and
we doubt whether users must browse links before forwarding
them. We ask the question: Do users often forward links after
browsing links, or directly forward links without visiting links?
In order to answer this question, we study the relationship
between forward links and browsing links.

A. Definition and Basic analysis

As shown in Figure 2, we classify forwarding behaviors into
three modes:

• After-browsing: The user browses the content of the link,
and then forwards the link. This mode is considered as
normal.

• Before-browsing: The user forwards the link, and visits
the link later. When the user reads the interesting snippet,
he or she may not have enough time to browse the link
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immediately. Therefore, the user forwards the link, and
later visits the link.

• Without-browsing: The user directly forwards the link,
without browsing the link. If snippet provides enough
information, the user immediately shares the link with
friends, but never visits the original web page.

If the user browses the same link for several times, we consider
the first visit here. For example, a user browses the link at first,
then forwards the link, and later browses the link again. This
forwarding behavior is still classified as the after-browsing
mode.

As described in section II, our datasets include forwarding
records and browsing records of 50,000 active users. We
use these datasets and classify forwarding behaviors into
appropriate forwarding modes. According to username and
the link identifier, we match forwarding record and browsing
record. If the forwarding record does not match any browsing
record, it means that the link is directly forwarded without
browsing content. Therefore, the forwarding activity belongs
to without-browsing mode. If the forwarding record matches
a browsing record, then we compare the forwarding time
and the browsing time. If the the forwarding time is before
the browsing time, the forwarding activity belongs to before-
browsing mode, otherwise the forwarding activity belongs to
after-browsing mode.

For every user, we compute the percentage of links forward-
ed in each mode. Then we aggregate all users the percentage
and plot results in Figure 3. 49% of users forward less than
50% of links after browsing links, while other 51% of users
forward more than 50% of links after browsing links. The
after-browsing mode is common in online social networks.
In contrast, the forwarding before browsing mode is rare.
92% of users forward less than 10% of links before browsing
links. Surprisingly, 42% of users forward more than 50% of
links without browsing links. This important finding shows
that the forwarding without browsing mode is common in
online social networks. Some forwarding activities do not
follow normal steps. Users read snippets of links, and then
directly share links without browsing links. This finding has
significant implication: Snippet generation becomes important
in the forwarding mechanism. Good snippets can provide

After

 browsing

Before

 browsing

Without

 browsing

65%

3% 32%

39%

10%
51%

29%

3%

68%

Fig. 4. Transition probability between forwarding modes

enough information and replace content pointed by links.

B. Transitions between different modes

In this subsection, we take a further step and explore
transitions between different modes. We ask the question: If
the user shares the link in a forwarding mode, will this user
forward the next link in the same mode? For every user, we
compute the transition probability from a forwarding mode to a
forwarding mode. For example, the user forwards 5 links, and
their forwarding modes are: after-browsing, after-browsing,
without-browsing, after-browsing, without-browsing. The user
has 3 after-browsing behaviors. 1 after-browsing behavior is
followed by the after-browsing behavior, and 2 after-browsing
behaviors are followed by without-browsing behaviors. There-
fore, the transition probability from the after-browsing mode to
the after-browsing mode is 33%, and the transition probability
from the after-browsing mode to the without-browsing mode
is 67%. Since the user does not forward links before browsing
links, we do not compute the transition probability from the
before-browsing mode to any modes.

For all users, we calculate these transition probabilities.
Then we compute average value of all users and plot re-
sults in Figure 4. The transition probability from the after-
browsing mode to the after-browsing mode is 65%. If people
forward links in the after-browsing mode, they are likely to
forward next links in the after-browsing mode. The transition
probability from the without-browsing mode to the without-
browsing mode is 68%. Results show that both after-browsing
and without-browsing activities are stable. When people are
free, they may continually forward links after they browse
links; when they are busy, they may also successively forward
links without browsing links. The before-browsing mode has
39% probability of moving to the after-browsing mode, and
51% probability of moving to the without-browsing mode. The
before-browsing mode is unstable, and quickly moves to other
modes.
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C. Time Distribution

Next, we study the time distribution of forwarding modes.
First of all, we study daily patterns of links forwarded in
different modes. We group links by the hour of day, and plot
the percentage of links forwarded in each mode in Figure 5.
For example, 0 in the horizontal axis stands for links forwarded
between 0 AM and 1 AM. From 0 to 4, the percentage of links
in the without-browsing mode is slightly larger than that of
links in the after-browsing mode. From 5 to 11, the percentage
of links in the without-browsing mode is much larger than that
of links in the after-browsing mode. More specifically, people
forward 68% of links in the without-browsing mode from 6
AM to 8 AM, While people only forward 28% of links in the
after-browsing mode from 6 AM to 8 AM. From 12 to 17, the
percentage of links in the without-browsing mode is slightly
smaller than that of links in the after-browsing mode. From 17
to 23, the difference value between without-forwarding curve
and after-forwarding curve is bigger than 5%. The percentage
of links in the before-browsing mode is the smallest all the day.
We guess this phenomenon is probably because that people
are busy at work in the morning, and they prefer to quickly
read snippets and forward links directly. People are free in the
evening and have enough time. They prefer to browse links
and forward links. The time of the day has the significant
effect on forwarding modes.

Some links are are forwarded after browsed. For these links,
the interval time is calculated as the forwarding time minus
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Forwarding mode Number of comments
After-browsing 0.15

Before-browsing 0.18
Without-browsing 0.27

TABLE I
AVERAGE NUMBER OF COMMENTS PER LINK

the browsing time. For example, the interval time is t2− t1 in
Figure 2 (a). For every user, we compute the average interval
time of all links which are forwarded after browsed. Then
we aggregate all users the interval time and plot results in
Figure 6. 63% of users have the interval time less than 20
minutes, but 23% of users have the interval time more than
300 minutes (5 hours). A majority of people forwards links
immediately after they browse links, while a small part of
people share links a long time after they visit links. This
minority of users do not forward links immediately after they
browse links. Their activities are also strange and need further
study in future work.

Some links that are forwarded before browsed. For these
links, the interval time is calculated as the browsing time
minus the forwarding time. In Figure 2 (b), the interval time is
t4− t3. Figure 7 shows the CDF of interval time for links that
are shared before visited. 25% of users have the interval time
less than 1 day, but 26% of users have the interval time more
than 10 days. People may forward links to make bookmarks.
They firstly forward links and add links as favorites. Then they
visit links when they are free.

D. Activity

In this subsection, we analyze activities related to different
forwarding modes. When people forward links, they some-
times write comments to express opinions and attract friends’
attention. For every user, we compute the number of comments
for links forwarded in each mode, divided by the number
of links forwarded in each mode. The result is the average
number of comments per link in each mode. Then we compute
the average value of all users and plot results in Table I. For
links in the after-browsing mode, people only leave the 0.15
comments per link. For links in the before-browsing mode,
people leave 0.18 comments per link. For links in the without-
browsing mode, people leave 0.27 comments per link, which is
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nearly twice as the value of links in the after-browsing mode.
In the without-browsing mode, people do not spend time in
browsing links, but have more time to express opinions and
leave comments. In news feed, comments are displayed in
links’ snippets and attract friends’ interest. Results show that
the without-browsing mode promotes the spreading of links in
OSNs.

Next, we explore how forwarding modes impact the fre-
quency of forwarding behaviors. For every user, we compute
the percentage of links forwarded in each mode. We find
the maximum percentage and the corresponding forwarding
mode. Then we classify the user into the type of maximum
forwarding mode. For example, the user forwards most of links
in the without-browsing mode, and the user is classified as
the without-browsing type. For users in each type, we plot
the number of forwarded links in Figure 8. People seldom
forward links before browsing, and only 3 people are classified
into the before-forwarding type. For the after-browsing type,
63% of users forward less than 100 links, and other 37% of
users forward more than 100 links. For the without-browsing
type, only 39% of users forward less than 100 links, and
other 61% of users forward more than 100 links. Users in the
without-forwarding type share more links than users in the
after-forwarding type. When people prefer to forward links
directly, they spend little time in visiting links, and have
additional time to read more snippets and share more links
with friends. Results further show that the without-browsing
mode is beneficial for the link dissemination in OSNs.

E. Content type

Links point to different types of content. We wonder
whether people prefer to forward links belonging to the same
type. 97.8% of links belong to blogs, photos or albums, while
only 2.2% of links belong to other types. Therefore, we focus
on these 3 types and analyze their impacts on forwarding
modes.

First of all, we examine whether people mainly forward a
certain type of links. For every user, we rank the type based
on the number of links forwarded in each type, and calculate
the percentage of links in the biggest type. For example, a user
forwards 3 blogs, 10 photos and 7 album. The biggest type is
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Fig. 9. Concentration of content type

Type % of Users
Blog 80%
Photo 12%

Album 8%

TABLE II
THE DISTRIBUTION OF THE BIGGEST TYPE

photo, and the percentage of links in the biggest type is 50%.
We compute the percentage of forwarded links in the biggest
type, and plot results in Figure 9. 30% of users forward less
than 50% of links in the biggest type, while other 70% of users
forward more than 50% of links in the biggest type. People
concentrate links into the biggest type.

We take a further step and find the biggest type for every
user. Then we calculate the percentage of users who like each
type most and plot results in Table II. The blog is the most
popular type. 80% of people forward most of links pointing
to blogs. 12% of users prefer to spread photos, and other 8%
of users like albums most. In order to satisfy user’s interests,
OSNs can identify user’s favorite type and recommend links
belonging to the corresponding type.

Finally, we study the distribution of forwarding modes in
various content types. For every user, we compute the number
of blogs’ links forwarded in the after-browsing mode, divided
by the total number of blogs’s links of this user. We also
compute the percentage of blogs’ links in other forwarding
modes. Then we calculate the average value of all users.
For links pointing to photos and albums, we also compute
the percentage of links forwarded in each forwarding mode,
and plot results in Figure 10. For links pointing to blogs,
45% of links are forwarded after browsed, while 52.3% of
links are forwarded without browsing content. When people
forward blogs, they are more likely to directly read snippets
and forward links. For links pointing to photos, 57.8% of links
are in the after-browsing mode, while 36.8% of links are in
the without-browsing mode. Users are more likely to visit
links and then forward links. For links pointing to albums,
the percentage of links in the after-browsing mode is as high
as 66.5%. We compare different types and observe that people
mostly prefer without-browsing mode for blogs, and like after-
browsing mode for albums. The type of content has obvious
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impacts on forwarding activities.

IV. RELATED WORK

Much effort has been put into understanding of informa-
tion propagation in online social networks. Photo’s spread in
Flickr [1], [12], dissemination of pages in Facebook [13], [3],
product adoption in Instant Messaging [14], individual invi-
tation in games [15], ’gesture’ diffusion in Second Life [16],
linking pattern through the blog [17], propagation of tweets
in Twitter [4], [5] and forwarding emails in a social sensor
system [18] all report on information dissemination. These
works mainly explore characteristics of information cascades,
such as dissemination scope and speed.

Some studies analyze user’s uploading or forwarding behav-
iors. Ding et al. examine the uploading behavior of YouTube
users [6]. Yang et al. understand retweeting behaviors in
Twitter [7]. Previous works [8], [9] compare different kinds
of content recommendation, and study their effects on user’s
forwarding behaviors.

We measure the relationship between forwarding behaviors
and browsing behaviors. To our knowledge, this is the first
study of forwarding links without browsing links in OSNs.

V. CONCLUSIONS

In this paper, we study the relationship between forwarding
links and browsing links. We observe that 42% of users for-
ward more than 50% of links without browsing links. People
sometimes read snippets and directly forward links, without
browsing links. This finding changes the traditional concept of
link dissemination in OSNs. We take a further step and observe
characteristics of the without-browsing mode: 1) Users prefer
to directly forward links in the morning, when they are busy
at work. 2) In the without-browsing mode, people leave more
comments and forward more links. These findings suggest that
without-browsing mode is beneficial for link dissemination.
Users do not spend time to browse links, and have more time to
read snippets and forward links, especially when they are busy
at work. It implies that snippet generation becomes important
in the forwarding mechanism. OSNs should generate good
snippets to provide enough information of links, save user’s
time of browsing links, and encourage the without-browsing
mode.
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Abstract

Associating geo-coordinates with the content of social
media posts can enhance many existing applications and
services and enable a host of new ones. Unfortunately,
a majority of social media posts are not tagged with geo-
coordinates. Even when location data is available, it may
be inaccurate, very broad or sometimes fictitious. Contem-
porary location estimation approaches based on analyzing
the content of these posts can identify only broad areas such
as a city, which limits their usefulness. To address these
shortcomings, this paper proposes a methodology to nar-
rowly estimate the geo-coordinates of social media posts
with high accuracy. The methodology relies solely on the
content of these posts and prior knowledge of the wide ge-
ographical region from where the posts originate. An en-
semble of language models, which are smoothed over non-
overlapping sub-regions of a wider region, lie at the heart of
the methodology. Experimental evaluation using a corpus
of over half a million tweets from New York City shows that
the approach, on an average, estimates locations of tweets
to within just 2.15km of their actual positions.

1 Introduction

The information shared by users over Online Social Net-
works (OSNs) such as Facebook and Twitter offer unique
insights into their thoughts, emotions, and opinions. The
richness of these posts has motivated numerous organiza-
tions to harvest the content embedded within them in sup-
port of value-added services. Associating geographic loca-
tions with the information extracted from these posts can
offer both theoretical and practical benefits. Theoretically,
this association can facilitate sociological studies to exam-
ine how online behaviors, relationships, and interactions are
influenced by their offline socio-spatial counterparts [17].
Practically, the linking of location to content can enhance
existing services such as location-based advertising [12]

and disaster response [20] and conceive novel ones.
Social media posts may be tagged with location infor-

mation in two ways. First, users may choose to automati-
cally tag their posts shared via GPS-enabled mobile devices.
Second, many OSNs allow users to include their current lo-
cation [16] through fields such as “location” or “from” in
their social media profiles. If users diligently and authenti-
cally use one of these two methods, then accurate location
information can be extracted easily. However, currently, a
vast majority of users do not enable tagging of their mo-
bile posts [4] and choose not to include their locations in
their profiles, perhaps for privacy reasons. Some users who
do populate this field may specify it broadly in terms of a
state or a country, while some may intentionally provide in-
accurate or fictitious positions [9]. Thus, in practice, only
a small percentage of social media posts are accompanied
by rich and accurate location data. To alleviate this short-
coming, contemporary approaches that need the location
of posts estimate it by analyzing their content. These ap-
proaches, however, estimate broad regions of the order of a
city, or location “types” such as restaurants, offices, homes,
or stores [6, 13]. Finally, a few efforts that try to estimate
the actual positions or geo-coordinates of social media posts
are accurate within a radius of 80-100 km [4, 14, 5], essen-
tially identifying only broad regions.

Once the broad region from where a social media post
has originated is identified either through tagging, by find-
ing keywords corresponding to famous landmarks and in-
teresting events, or by using an aforementioned contempo-
rary approach, pinning it down narrowly to within a small
radius around its actual geo-coordinates may add signifi-
cant value. For example, such local geo-tagging can shed
light on how people within a neighborhood think similarly
as they are exposed to common events, and participate in
richer and meaningful offline friendships [15]. Identifying
localities can also provide more accurate information on an
event or a disaster which can be highly beneficial to first
responders [20]. Law enforcement can also use such fine
geo-tagging to approximate the location of a suspect, who
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is known to be present in a town or a city. Finally, it may be
feasible to identify the geo-coordinates of a post with high
accuracy once its broad region is known because this prior
knowledge limits the range of possible positions.

In this paper, we present a methodology to accurately es-
timate the geo-coordinates of a social media post based on
its content, once the broad region from where it originates is
known. The methodology consists of partitioning the broad
region into a grid of non-overlapping sub-regions, build-
ing probabilistic language models over each sub-region, and
then applying geo-smoothing to improve the accuracy of the
location estimates. We train and evaluate the language mod-
els over a corpus of tweets collected across downtown and
midtown Manhattan, and find that the approach, on an aver-
age, pinpoints the positions of tweets to within 2.15km, or
just 4% of the size of the total region from which they are
known to originate.

This paper is organized as follows. Section 2 describes
our estimation methodology. Section 3 presents experimen-
tal evaluation. Related work is compared in Section 4. Con-
clusions and future work are offered in Section 5.

2 Estimation Methodology

In this section, we describe the two steps in the method-
ology to estimate geo-coordinates.

2.1 Building Language Models

The topics, thoughts, words, and expressions embed-
ded within social media posts are influenced by the inher-
ent properties and circumstances of the locality from where
users share these posts. For example, people may share their
opinions of a restaurant while seated there. They may also
share about an accident or a noteworthy public event as it
occurs. The culture and social norms of a local area may
also modulate these posts. As an example, posts from Lit-
tle Italy in New York City may be pre-dominantly influ-
enced by Italian norms and culture, while those from Times
Square may instead overwhelmingly share the excitement
of visiting the city. Thus, both the language and the content
of social media posts shared from different, smaller sub-
regions within a broad region will be varied.

To expose these local variations, we partition a broad re-
gion of interest L into a collection of equally sized, non-
overlapping sub-regions `i, which are defined by a g × g
grid. We then build an ensemble of models; one per sub-
region to represent the language of its posts. This ensemble
is inspired by recent approaches including our own [7, 8],
that have demonstrated its promise in capturing the lin-
guistic variations in the content of social media posts. A
language model defines a probability distribution over n-
grams, where an n-gram is an ordered sequence of n words

(w1, ...., wn). The maximum likelihood estimate of an n-
gram, computed over a corpus of posts within `i ∈ L, is
given by [1]:

P`i(w1, ..., wn) =
c`i(w1, ...wn)

c`i(w1, ..., wn−1)

where c(.) is the number of times the sequence appears in
the posts. The probability that a sub-region generates a
phrase T = (w1, ..., wk) is computed as the product of the
probabilities of the n-grams that comprise T :

P (T |`i) =
k−n+1∏
j=1

P`(wj , wj+1, ..., wj+n−1)

Contextual information increases with n because longer
sequences of words can be considered. However, because
social media posts are short, specific long word sequences
appear with low frequency, and hence, prevalent approaches
use only unigrams to model these posts. Although uni-
grams or 1-grams model the distinct vocabulary, indepen-
dent of the order of words [2], they lack the ability to
capture context within a language. For example, a uni-
gram model trained over “going to work” can represent
how one discusses the concept of “work”, and the action
of “going”, but cannot associate the concept with the ac-
tion. Language models trained over bigrams “going to” and
“to work”, however, can capture additional context of going
somewhere, and applying an action or a verb to the concept
of “work”. We limit to bigrams although higher order mod-
els can capture even more details, because estimating higher
order models may be inaccurate using a corpus of social me-
dia posts that are typically short but refer to a broad variety
of topics.

To improve the accuracy of the language models, we in-
terpolate the probability of a bigram with the probability
of the unigram that completes it. This interpolation com-
pensates for the low count of a bigram by incorporating
the expected higher count of the unigram that completes it.
For example, if the unigram “driving” is used frequently
in a training corpus, we should expect that bigrams com-
pleted by this word (e.g. “love driving”) are more likely
to be seen even if the bigram does not appear often. Thus,
for a sub-region `i, the probability of observing the bigram
(wj−1, wj) is given as:

P`i(wj−1, wj) = λ1
c(wj−1, wj)

c(wj−1)
+ λ2

c(wj)

|W (`i)|

where λ1 +λ2 = 1, |W (`i)| is the number of distinct words
in all posts in `i and c(wj)/|W (`i)| is the estimate of the
unigram that completes the bigram [1].

We further compensate the language model to account
for future unseen bigrams by diverting some of the prob-
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ability of the training bigrams to those that are as yet un-
observed. We use the Modified Kneser-Ney (MKN) al-
gorithm [11] for this compensation because it offers the
best performance for interpolated language models [3]. The
MKN algorithm subtracts a constant d̂ from the observed
frequency of every known bigram. It then estimates the
likelihood that an unknown bigram (wj−1, wj) will appear
with a modified estimate of the unigram wj , where only the
number of distinct bigrams thatwj completes is considered:

Pc(wj) =
|{w : c(w,wj) > 0}|∑
v |{w : c(w, v) > 0}|

Pc(wj) is then weighted by the probability mass λ(wj−1)

that is taken by subtracting d̂ from the counts of known bi-
grams:

λ(wj−1) =
d̂|{w : c(wj−1, w) > 0}|

c(wj−1)

Thus, under the MKN algorithm the probability of observ-
ing a bigram becomes:

P`i(wj−1, wj) =
max(c(wj−1, wj)− d̂, 0)

c(wj−1)
+λ(wj−1)Pc(wj)

If (wj−1, wj) is unknown, the probability is just given by
λ(wj−1)Pc(wj), and if it is known, the probability is given
as a linear interpolation of the modified bigram and unigram
estimates. Note that the modified unigram estimate Pc(wj)
is superior to c(wj)/|W (`)| because under Pc(wj), words
that appear frequently but within few distinct contexts will
not strongly influence the probability of the bigram. We
estimate d̂ such that the log-likelihood that the model gen-
erates a given bigram is maximized:

d̂ = arg max
d

∑
v

c(v, wj) logP`(v, wj)

This has a closed form approximation depending on
whether c(wi−1, wi) is equal to 1, 2, or ≥ 3 [19]. Us-
ing these approximations, we set d̂ equal to d1, d2, or d3

respectively: d1 = 1 − (2n2/(n1 + 2n2)), d2 = 2 −
(3n3n1/(n2(n1 + 2n2))), and d3 = 3− (4n4n1/(n3(n1 +
2n2))) where ni is the number of bigrams that appear with
frequency i. Subsequently, we define the probability that
a social media post T is generated from a sub-region `i
P (T |`i) as:

P (T |`i) =
k∏

j=2

P`i(wj−1, wj)

2.2 Estimating Geo-Coordinates

After training the language models over tweets from
each sub-region, the ensemble is queried to compute the

probability that a social media post T is generated from a
sub-region `i using Bayes rule:

P (`i|T ) =
P (T |`i)P (`i)∑
j P (T |`j)P (`j)

P (`i) is the prior probability that a social media post is from
sub-region `i and is given by N(`i)/N(L). N(`i) is the
number of posts in `i and N(L) is the total number of posts
in the entire city L. The geo-coordinates of a post T may
be estimated as the center of the sub-region whose posterior
probability P (`i|T ) is the highest, that is, we may choose
the center of `∗ where `∗ = arg maxi P (`i|T ).

Previous works suggest that the proximity to an ob-
ject increases the propensity of the users to post about
it [6, 18]. In other words, it is feasible that the language
of a sub-region may be influenced by the landmarks and
events within its neighboring sub-regions. Thus, although
we can naively use the highest P (`i|T ) to estimate the geo-
coordinates of a post, we introduce a geo-smoothing func-
tion Θ◦(`i|T ), which combines the posterior probabilities
of the neighboring sub-regions to capture their influence on
the language in `i. Based on this geo-smoothing function,
we select `∗ as `∗ = arg maxi Θ◦(`i|T ). Popular func-
tional forms for Θ◦ include a decay component that reduces
the contribution of neighbors as they get increasingly away
from `i [13]. Such geo-smoothing performs best when the
decay component takes a polynomial form [6, 18]. Thus,
in this preliminary study, we consider the simplest polyno-
mial shown to be effective in geo-locating documents [18].
Letting Ωk(`i) be the set of neighbors of `i whose distance
is k cells away, and P`i(T ) = P (`i|T ), our geo-smoothing
function is defined as:

Θ◦(P`i(T );α, d) = (1− α)P`i(T )

+ α

d∑
k=1

∑
ω∈Ωk(`i)

Pω(T )

(2k + 1)2 − 1

whereα ∈ [0, 1] is the smoothing weight and d is smoothing
diameter, that is, the largest distance from which a neighbor
can be located.

It is important to note that the accuracy of the estimated
geo-coordinates is limited to the resolution of the g× g grid
chosen to divide the region into sub-regions. Increasing g
will decrease the size of the sub-regions and allow for more
accurate estimation, however, the number of posts available
within each sub-region may be insufficient to train the mod-
els. On the other hand, decreasing g increases the size of
individual sub-regions so that they contain more posts, but
limits the estimation accuracy. Similarly, increasing α and
d respectively increase the importance and number of the
neighboring sub-regions. Ifα and d are very high, neighbor-
ing sub-regions may dwarf the candidate sub-region. How-
ever, if they are too low, they may not adequately capture

644



users’ reactions on the local events and objects. We empir-
ically choose the values of the three hyperparameters g, α
and d to balance these competing concerns.

3 Experimental Evaluation

In this section, we describe the data, its pre-processing,
hyperparameter fits, and evaluation results.

3.1 Data Pre-Processing

We collected over half-million geo-tagged tweets using
Twitter’s Streaming API 1 across New York City over a
three-month period (January 29th - April 7th, 2013). The
tweets were collected across a 51.44km2 region that in-
cludes downtown and midtown Manhattan because it in-
cludes popular residential and commercial districts as well
as tourist destinations. We expect that because of this diver-
sity tweets from this region will capture varied thoughts rep-
resenting the perspectives of long-term city residents, com-
muters, and visitors.

For every tweet, we eliminated all non-English words
and characters. We also eliminated hashtags because al-
though they may indicate topic and content, they may also
include shorthand or concatenated words (i.e. “#WestEnd”)
that the language models cannot decipher. We further pre-
processed the tweets by converting all words to lowercase
and by stripping punctuation, username replies, and links
to Web pages. We also produced a stopword list of the
200 most frequently used words such as “at”, “the”, and
“or”, which lack contextual information, and hence, intro-
duce noise into the estimation of bigrams. We choose a
limited stopword list that is approximately equal to 1% of
the number of distinct words across the data collection re-
gion. We also include a “catch all” unigram “<misc>”
to aggregate the probability of words that occur only once.
This term thus accounts for the many miscellaneous, short-
hand, mis-spelled, and other user-specific notations that are
uniquely common to Twitter. Of the 574,948 tweets, we
reserved 408,095 (70%) for training the language models,
83,990 (15%) for evaluation, and another 82,863 (15%) as
hold-out data for fitting the hyperparameters.

3.2 Hyperparameter Fits

We find values for the three hyperparameters, namely,
the grid size g, smoothing weight α, and smoothing diam-
eter d such that the average estimation error of Θ◦ across
the set of hold-out tweets is minimized. We define the av-
erage estimation error as the geo-distance (in km) between

1https://dev.twitter.com/docs/api/1.1/post/
statuses/filter

the actual GPS coordinates of a tweet to the center of the
sub-region that the model estimates it is from. The pa-
rameters were fit via a standard grid search where α and
d were varied within their range of possible values, namely,
α ∈ {0.1, 0.2, ..., 1.0} and d ∈ {1, ..., g}. We chose to vary
g ∈ {5, 6, ..., 15} because the estimation error increased
when g was outside this range regardless of α and d.

As we simultaneously varied α, d, and g in these ranges,
we found that irrespective of g and d, α = 0.9 consistently
minimized the estimation error. In other words, only 10%
of the posterior probability that a tweet T originated from
a sub-region `i can be attributed to its own language model
P`i(T ), while the rest is contributed by the language mod-
els of the neighboring sub-regions. Furthermore, for every
value of g, estimation error over the hold-out set is mini-
mized at d = g. We thus set the grid size parameter g equal
to d and α = 0.9. Figure 1 shows the mean error for dif-
ferent values of g. We achieve the best performance across
the hold-out data when we set g = 8, where the city is par-
titioned into 64 sub-regions each with an area 0.803km2.
With g set to 8 and α = 0.9, we then estimate the the pa-
rameters of the interpolated bigram language models using
the method described in Section 2.
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Figure 1. Mean Hold-out Errors –α = 0.9, d = g

3.3 Evaluation Results

We experimentally explore the influence of d on the
overall estimation error over the test set comprising 82,863
tweets. Table 1 shows that the average estimation error de-
creases as d rises. Thus, even a simple polynomial function
can appropriately decay probabilities from sub-regions as
they get farther away from `i and significantly enhance es-
timation accuracy. We note that the mean error does not
change for d ≥ 5 because as the diameter of geo-smoothing
increases to include sub-regions d = g/2 cells away, cen-
tral sub-regions in the city begin to consider almost every
other sub-region in its set of neighbors. Further increases
in d thus do not change P`i(T ) for a growing number of
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sub-regions, causing the mean estimation error to converge.

Diameter 1 2 3 4 5+
Mean Error 3.38 2.39 2.18 2.16 2.15

Table 1. Mean Estimation Error (km)

We evaluate the distribution of error estimates as a func-
tion of d in in Figure 2. At d = 1, where only directly adja-
cent neighbors are considered, the estimation errors are bi-
modal with small peaks at approximately 0.7km and 3.8km.
The error distribution has a very wide variance; except for a
decrease between 1 and 3km, the error terms are generally
distributed uniformly in the range 0 and 6km. The bi-modal
behavior disappears for d = 2 and most of the mass accu-
mulates at errors less than than 2km. For d = 3, the peak
sharpens even further at approximately 1.75km, which is
less than the mean estimation error of 2.18km. The den-
sities for d ≥ 3 are nearly identical because the estimates
change only for a very small number of tweets as d increases
from 1 to 3.

Diameter 1

Error Distance (km)

D
e
n
s
it
y

0 2 4 6 8

0
.0

0
0
.1

0
0
.2

0
0
.3

0

Diameter 2

Error Distance (km)

D
e
n
s
it
y

0 2 4 6 8

0
.0

0
0
.1

0
0
.2

0
0
.3

0

Diameter 3+

Error Distance (km)

D
e
n
s
it
y

0 2 4 6 8

0
.0

0
0
.1

0
0
.2

0
0
.3

0

Figure 2. Error Densities vs. d

Finally, we evaluate how frequently our model is accu-
rate to within a given distance in Figure 3, where we plot the
CDF of estimation errors for d = 1, 2, and ≥ 3 on semi-log
scale. The shape of the distribution function becomes linear
for d > 2, which suggests that the density function takes
an exponential form as the smoothing diameter increases.
We also find that the estimation accuracy increases only
marginally beyond d ≥ 2, suggesting that smoothing over
neighbors more than 2 sub-regions away offers diminishing
returns. Furthermore, the semi-log plots confirm monotonic
behavior. In other words, there is no special case or specific
instance for which a smaller value of d outperforms a larger
value d. The overall accuracy of our approach is promising;
at d = 3 the model can estimate the geo-coordinates of a
tweet to within 4km with probability 80%, to within 2km at
over 50%, and to within 1km at 20%.

Figure 3. Error Distributions

4 Related Research

In this section, we review contemporary techniques ac-
cording to whether they estimate the locations or geo-
coordinates of social medial posts.

Broadly, the techniques that identify user locations either
zero in on the “home” locations of users or location “types”
from where users check-in and update. These methods rely
on spatial word usage and language models [6], posting be-
haviors and external data on locations [14], and inferences
based on unified discriminative models [13]. Estimation of
specific geo-coordinates also use varied techniques includ-
ing language models [18, 4], spatial word distributions [4],
sequences of check-ins from social network friends [16], in-
tegrating mobile phone data [5], and mapping latent topics
from across regions [10].

Despite the integration of data from separate sources,
and the aid of sophisticated probabilistic models, both types
of approaches can identify only broad areas. By contrast,
the methodology proposed in this paper can narrowly esti-
mate geo-coordinates while relying solely on the content of
the posts and on prior knowledge about the wide area from
where they originated.

5 Conclusions & Future Work

In this paper, we presented a methodology to narrowly
estimate the geo-coordinates of a social media post, given
the knowledge of the much broader region from where they
originate. An experimental evaluation using tweets col-
lected from New York City shows that on an average the
methodology can estimate geo-coordinates of social media
posts to within 2.15km, or just 4% of the size of the broader
region. Future work will examine the accuracy of the ap-
proach over regions with distinct geographic features, sizes,
and population distributions. We also propose to investigate
the accuracy of alternative geo-smoothing methods.

646



References

[1] L. R. Bahl, F. Jelinek, and R. L. Mercer. A maximum
likelihood approach to continuous speech recognition.
IEEE Transactions on Pattern Analysis and Machine
Intelligence, (2):179–190, 1983.

[2] S. Chandra, L. Khan, and F. Muhaya. Estimating twit-
ter user location using social interactions–a content
based approach. In Intl. Conf. on Social Computing,
pages 838–843. IEEE, 2011.

[3] S. Chen and J. Goodman. An empirical study of
smoothing techniques for language modeling. In Proc.
of Association for Computational Linguistics Annual
Meeting, pages 310–318. Association for Computa-
tional Linguistics, 1996.

[4] Z. Cheng, J. Caverlee, and K. Lee. You are where you
tweet: a content-based approach to geo-locating twit-
ter users. In Proc. of Intl. Conference on Information
and knowledge management, pages 759–768. ACM,
2010.

[5] E. Cho, S. A. Myers, and J. Leskovec. Friendship
and mobility: user movement in location-based social
networks. In Proc. of Intl. conference on Knowledge
discovery and data mining, pages 1082–1090. ACM,
2011.

[6] N. Dalvi, R. Kumar, and B. Pang. Object matching
in tweets with spatial models. In Proc. of Intl. Con-
ference on Web search and data mining, pages 43–52.
ACM, 2012.

[7] D. Doran, S. Gokhale, and A. Dagnino. Human Sens-
ing for Smart Cities. In Proc. of Intl. Conf. on Ad-
vances in Social Network Analysis and Mining, pages
1323–1330, 2013.

[8] D. Doran, S. Gokhale, and A. Dagnino. Understand-
ing Common Perceptions from Online Social Media.
In Proc. of Intl. Conference on Software Engineering
and Knowledge Engineering, pages 107–112, 2013.

[9] B. Hecht, L. Hong, B. Suh, and H. E. Chi. Tweets from
justin bieber’s heart: the dynamics of the location field
in user profiles. In Proc. of Intl. Conference on Human
Factors in Computing Systems, pages 237–246. ACM,
2011.

[10] L. Hong, A. Ahmed, S. Gurumurthy, A. J. Smola, and
K. Tsioutsiouliklis. Discovering Geographical Topics
in the Twitter Stream. In Proc. of Intl. Conf. on World
Wide Web, pages 769–778, 2012.

[11] R. Kneser and H. Ney. Improved backing-off for
m-gram language modeling. In Intl. Conference on
Acoustics, Speech, and Signal Processing, volume 1,
pages 181–184. IEEE, 1995.

[12] B. Kolmel and S. Alexakis. Location based advertis-
ing. In Intl. Conference on Mobile Business, 2002.

[13] R. Li, S. Wang, H. Deng, R. Wang, and K. C.-C.
Chang. Towards social user profiling: unified and
discriminative influence model for inferring home lo-
cations. In Proc. of Intl. Conference on Knowledge
discovery and data mining, pages 1023–1031. ACM,
2012.

[14] J. Mahmud, J. Nichols, and C. Drews. Where is this
tweet from? inferring home locations of twitter users.
In Proc. of Intl. Conference on Weblogs and Social
Media, volume 12, pages 511–514, 2012.

[15] D. Mok, B. Wellman, and J. Carrasco. Does distance
matter in the age of the internet? Urban Studies,
47(13):2747–2783, 2010.

[16] A. Sadilek, H. Kautz, and J. Bigham. Finding Your
Friends and Following Them to Where You Are. In
Proc. of Intl. Coference on Web Search and Data Min-
ing, pages 723–732, 2012.

[17] S. Scellato, A. Noulas, R. Lambiotte, and C. Mascolo.
Socio-spatial properties of online location-based so-
cial networks. In Proc. of Intl. Conference on Weblogs
and Social Media, volume 11, pages 329–336, 2011.

[18] P. Serdyukov, V. Murdock, and R. Van Zwol. Plac-
ing flickr photos on a map. In Proc. of Intl. Conf. on
Research and Development in Information Retrieval,
pages 484–491, 2009.

[19] M. Sundermeyer, R. Schlüter, and H. Ney. On the es-
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Abstract—Traditional search engines are typically keyword-
based, which cannot understand the semantics of a query or 
relationships among queried concepts, causing much of the 
related information to be absent from the search results. As 
opposed to traditional keyword-based search engines, in this 
paper, we introduce an approach to developing a smart search 
engine using ontology-based semantic reasoning. The search 
engine can understand the semantics of a concept or multiple 
concepts entered by a user, and classify and reason about the 
concepts within a knowledge domain specified using ontology. 
The search engine consists of two levels, namely the semantic 
reasoning level and the traditional keyword searching level. The 
semantic reasoning level supports reasoning about subsumption, 
supersumption, semantic equivalency and property relationships 
among concepts. Once new concepts related to the queried 
concepts have been inferred from the ontology, they can be 
further matched using a traditional keyword-based search 
mechanism. To demonstrate the feasibility of our approach, we 
adopt the domain of computer science courses for semantic 
search, and show that our approach may produce more relevant 
search results to user queries.  

Keywords-Search engine; smart search; semantic reasoning; 
ontology; domain knowledge. 

I.  INTRODUCTION 

The growth of Internet has made search engines one of the 
most frequently used web applications over the past decades. 
Search engines can be used to search information on the web, 
including documents, images, audios, videos, and related web 
pages. Traditional search engines such as Google search 
engine, typically use the keyword-matching approach and 
ranking algorithms to retrieve the desired information for user 
queries. They have been quite successful by providing users 
simple search interface and useful search results. However, 
since traditional search engines cannot understand the 
semantics of a query or relations among queried concepts 
entered by a user, they often offer low recall and precision, 
with much of the related information being absent from the 
search results or too many irrelevant and ambiguous results 
being presented [1],[2]. For example, the word “Football” may 
refer to the sport played in North America with an oval ball or 
the Olympic sport played with a spherical shape ball known as 
soccer in America. When a user types the query “Football 
Leagues” into a traditional search engine, expecting some 
search results related to the Olympic sport, the highly ranked 
search results are unfortunately all about American football 

leagues with no relation to the Olympic sport. In order to 
return desirable results (e.g., the European Football League) 
for this user, it is required that the search engine can clearly 
understand the ambiguous meaning of the word “Football.” In 
another example, suppose a computer science student wants to 
search for information related to a concept called “pushdown 
automaton.” Unfortunately, the student cannot remember this 
terminology, though he knows that such a model contains 
some states and a stack. Using semantic search, when the 
student types a pair of concepts “State” and “Stack” within the 
domain of computer science courses, the reasoner should 
efficiently infer the concept of “pushdown automaton” and 
present it to the student for further querying. Different from 
traditional search engines, semantic search engines utilize 
semantic information of certain domain knowledge specified 
using ontology. With the support of domain knowledge, user 
queries are precisely and unambiguously analyzed in order to 
provide better precision and recall rates for search results. 
Thus, ontology-based semantic search can highly improve 
search accuracy of the query and deliver results that are more 
relevant to the user queries. 

In this paper, we propose an ontology-based methodology 
combined with traditional keyword-matching approaches to 
obtain more accurate and relevant search results for user 
queries. The proposed smart search engine model consists of 
two levels, namely the semantic reasoning level and the 
traditional keyword searching level. As one of the advantages 
of our approach, users are not required to be familiar with the 
exact concepts to be searched when formulating queries. 
Instead, the smart search engine can automatically infer the 
desired concepts by analyzing and reasoning about user-
provided concepts within the given knowledge domain. To 
demonstrate the advantages of our approach, we develop a 
prototype smart search engine that supports reasoning about 
subsumption, supersumption, semantic equivalency and object 
property relations among concepts, and adopt the domain 
knowledge in computer science courses to demonstrate how 
semantic search may benefit computer science students. 

Although there have been many efforts on semantic search, 
research on this topic is still in its premature stage. SHOE 
search engine [3], introduced by Heflin and Hendler, has a 
standalone architecture and is one of the first form-based 
semantic search engines. It provides sophisticated web forms 
that allow users to specify queries. Similar to SHOE, the 
OntoIR system [4] proposed by Garcia and Sicilia also belongs 
to the form-based semantic search engine category. It improves 
the SHOE approach by providing a selection-based interface 
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for the users. Although the above form-based approaches can 
be useful for those who are familiar with the domain ontology, 
they are not quite usable for typical Internet users. In contrast, 
our approach is not form based and does not require users to be 
familiar with the domain knowledge; thus, our approach allows 
users to interact with the system in a similar way to traditional 
search engines. There are also a few semantic search engines 
with standalone architecture and a RDF-based querying 
language. Swoogle is a crawler-based semantic web search 
engine that discovers and indexes documents containing RDF 
data [5]. When a new semantic web document is discovered, 
Swoogle analyzes it and extracts the needed data, and then it 
computes the metadata and derives the statistical properties. 
Similar to Google, Swoogle uses two ranking algorithms, 
namely OntoRank and Term Rank, to rank search results. 
Likewise, SWSE (Semantic Web Search Engine) consists of 
components that support web crawling, data enhancing and 
indexing, search interface, and browsing and retrieval of 
information [6]. It operates over RDF web data, and adapts 
large-scale web search engines to the case of structured data. 
Although the semantic search engines mentioned above can 
operate on RDF data, they do not support reasoning about 
relations among concepts in order to infer new knowledge. In 
contrast, our approach uses the Web Ontology Language 
(OWL) to specify domain ontologies, which is a knowledge 
representation language for authoring ontologies or knowledge 
bases. Thus, our approach supports reasoning about user 
queries, and can classify and infer related concepts to enhance 
search performance. 

II. ONTOLOGY DEVELOPMENT  

Ontology can be used to formally and explicitly specify a 
conceptualization, and precisely describe the concepts and 
relationships that exist in a particular domain of knowledge. 
Ontology allows computers to understand and infer about 
meaning of information by providing an organized framework 
for classification and reasoning of given concepts and 
relationships. In the following sections, we describe important 
relations between concepts, and show how to use object 
property restrictions to define new concepts. 

A. Concept Definition and Class Hierarchy 

Ontology is typically organized as a hierarchical structure, 
which contains a set of concepts and relationships that can be 
inherited to their child elements. The combination of all 
concepts and their relationships constitute the knowledge base 
of the domain. Concepts can be represented in the form of 
classes organized within a class hierarchy, where classes are 
connected with each other by class-level relationships, namely, 
subsumption relation (i.e., is-subsumed-by or is-subclass-of, 
denoted as ⊑), supersumption relation (i.e., is-superclass-of, 
denoted as ⊒), and semantic equivalence (i.e., is-equivalent-to, 
denoted as ≡) [7]. We follow a top-down approach to develop 
the class hierarchy for the domain knowledge. The top-down 
development approach starts with the definition of the most 
general concepts in the domain and subsequent specialization 
of the concepts. In an ontology-based class hierarchy, class-
level relations between concepts are explicitly defined using 
the keywords subClassOf and equivalentClass. For 
example, the class FiniteAutomaton can be defined using 

ontology language OWL as a subclass of the Automaton class. 
Since it has the same semantic as a finite state machine, it is 
also defined as an equivalent class of the FiniteState-
Machine class. Based on the above definitions, a reasoner can 
infer that all properties of the Automaton class and the 
FiniteStateMachine class are also properties of the 
FiniteAutomaton class due to subsumption and semantic 
equivalence relations among the classes, respectively. 

B. Relation Between Concepts 

Concepts defined as classes in a hierarchical order are not 
sufficient for describing certain domain knowledge. Properties 
between instances of classes may also be needed to describe 
further relations between different concepts. Relations between 
concepts can be specified using object properties in OWL, 
which are usually defined as actions. For example, the two 
concepts Automaton and Language can be defined as the 
domain and the range of the object property relation 
recognizes, respectively. Since all subclasses inherit the 
properties of their superclasses, when defining the domain and 
the range of an object property relation, we usually choose the 
most general classes that satisfy the relation from the class 
hierarchy. In addition, we also define the object property 
recognizes as an inverse relation of the object property 
isRecognizedBy since a language can be recognized by an 
automaton. Furthermore, the object property recognizes can 
be defined as a functional property because each automaton 
recognizes only one language, i.e., the language of an 
automaton is unique. 

C. Class Definition Using Property Restriction 

When we declare that class α satisfies condition φ, it is 
equivalent to say that α is a subclass of α’ that satisfies a 
necessary and sufficient condition φ. This is because all 
instances of α must also be instances of α’ since they all satisfy 
the necessary and sufficient condition of class α’, namely, 
condition φ. Similarly, when concept c has property p(c, c1), 
where c has an object property relation p with concept c1, 
concept c can be defined as a subclass of concept c’ with 
property p(c’, c1) as its necessary and sufficient condition. In 
OWL, concept c’ is called a property restriction, which is 
usually kept as an anonymous class. For example, when we 
define PDA that contains some Stack, we could specify PDA as 
a subclass of property restriction r1 that satisfies property 
contains(r1, Stack). Similarly, we can specify PDA as a 
subclass of a property restriction r2 that satisfies property 
isCoveredBy(r2, CIS361) since the concept PDA is covered by 
undergraduate course CIS361. 

III. ONTOLOGY-BASED TWO-LEVEL SMART SEARCH ENGINE  

A. Architectural Design 

The framework for the two-level smart search engine is 
illustrated in Fig. 1. The system consists of a user interface 
module,  a query handler, the domain ontology and two major 
levels, called the semantic reasoning module (Level 1) and the 
keyword-based query matching module (Level 2), respectively. 
In this paper, we focus on the first level, i.e., the semantic 
reasoning,  and adopt an existing keyword-matching traditional  
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Figure 1.  A framework for the two-level smart search engine 

search engine, such as Google, Yahoo, Bing or DogPile, as the 
searching mechanism at the second level. 

As shown in Fig. 1, the user interface allows a user to type 
in a single or multiple concepts in the form of string(s). The 
user inputs are filtered and parsed by the query handler, and 
matched with concepts defined in the domain ontology. When 
the user inputs are matched with a single concept, it is 
processed by the semantic reasoning module directly. On the 
other hand, when the user inputs are matched with two or more 
than two concepts, paired concepts are generated, and each pair 
of concepts is processed by the semantic reasoning module 
individually before the reasoning results are combined. For 
either a single concept or paired concepts, the semantic 
reasoning module first classifies the concept within the class 
hierarchy of the domain ontology, and infers the concepts that 
have the subsumption, supersumption, and semantic 
equivalence relations with the input concept(s). We called such 
inferred concepts classified concepts. Then it analyzes the 
properties of the input concept(s), and infers any concepts that 
are related to the input concept(s) by object properties. We call 
such inferred concepts related concepts. Once we derive all 
classified concepts and related concepts, they are displayed on 
screen to allow a user to select the most desired concept for 
further concept matching. In the second level of the smart 
search engine, a user-selected concept can be again sent to the 
semantic reasoning module (this option is not shown in Fig. 1) 
or it can be sent to a keyword-based query matching module, 
e.g., the Google search engine, to search for relevant 
information to the user query from the Internet.       

B. Semantic Reasoning for Single-Concept Query 

When a query contains a single concept, we call it a simple 
query. For example, if a user types in “Automaton,” we 
consider it a simple query since “Automaton” represents a 
single concept. For a single concept sc, an inferred concept 
can be either a classified one or a related one. A classified 
concept subsumes, supersumes or is semantically equivalent to 
sc; while a related concept could be inferred due to a 
someValuesFrom or allValuesFrom restriction. In the 

following defined enumerated single concept relation, the 
aforementioned five different types of relations are denoted as 
SUB, SUP, EQ, SOME or ALL, respectively,  

enum SingleConceptRelation { // for a single concept 
   SUB, SUP, EQ, SOME, ALL}  

The SimpleRelation and InferredConcept classes are 
defined in the following. Note that we also define an abstract 
class Relation, which serves as a superclass of the 
SimpleRelation class as well as more complicated relations 
described in Section III.C. 

class SimpleRelation extends Relation { 
   SingleConceptRelation sRel; 
   OntClass queriedConcept; 
   Relation getRelation() { … } 
} 

abstract class Relation { 
   abstract Relation getRelation();  
} 

class InferredConcept { 
OntClass concept;  // the ontology class 
Relation relation; // relationship with the          
                      concept(s) to be queried 

} 

The algorithm for inferring new concepts for a single 
concept is presented as Algorithm 1. When a user inputs a 
single concept, it is first processed (e.g., removing the space in 
the input string “Finite Automaton”), and matched with a 
predefined concept (i.e., FiniteAutomaton) within the 
domain ontology. Then the system uses a semantic reasoner to 
infer all classified concepts that subsume, supersume, and are 
semantically equivalent to the input concept. In the following 
steps, the algorithm checks all restrictions that are superclasses 
of the input concept, and infers all related concepts that have 
object property relations with the input concept by 
someValuesFrom or allValuesFrom restriction. Once all 
classified and related concepts are identified, they are returned 
as a list of inferred concepts for further processing.   

Algorithm 1: Inference of New Concepts (Single Concept) 

Input: User input representing a single concept sc 
Output: A list of inferred concepts lic related to sc 

1.   match user inputs with single concept sc in the domain ontology 
2.   initialize lic to an empty list  
3.   infer all concepts such that each concept c ⊏ sc, c ⊐ sc or c ≡ sc, 
      and store them in sets sSub, sSup, and sEq, respectively. 
4.   for each c in sSub 
5.     set c.relation.sRel to SUB, and add c into lic 
6.   for each c in sSup  
7.     set c.relation.sRel  to SUP, and add c into lic 
8.   for each c in sEq  
9.     set c.relation.sRel to EQ, and add c into lic                       
10. let lres be the list of restrictions from the set of superclasses of sc
11. let inferc be an instance of InferredConcept 
12. for each restriction res in lres  
13.    if res is a someValuesFrom inferc.concept restriction 
14.       set inferc.relation.sRel to SOME, and add inferc to lic 
15.    else if res is an allValuesFrom inferc.concept restriction 
16.       set inferc.relation.sRel  to ALL, and add inferc to lic 
17.  return list lic  
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C. Semantic Reasoning for Multi-Concept Query 

When a user types in a query that involves two or more 
concepts, we call it a complex query. In this case, the semantic 
reasoning module first generates all possible paired concepts 
for efficient processing, and for each pair of concepts (c1, c2), 
it checks the following special cases that require only 
searching for a single concept. 

Special Case 1 (SP1). When concept c1 is equivalent to 
concept c2 (i.e., c1 ≡ c2), we only need to search for single 
concept c1 or c2, and all classified concepts and related 
concepts for both c1 and c2 will be inferred. 

Special Case 2 (SP2). When concept c1 and c2 have a 
subsumption relation (i.e., c1 ⊑ c2), we only need to search for 
single concept c1 since c1 inherits all properties of c2. In this 
case, all classified and related concepts of c2 will be 
automatically inferred for concept c1. Similarly, when c2 ⊑ 
c1, we only need to search for single concept c2. 

Special Case 3 (SP3). When there exists an object property 
relation p(c1, c2) between paired concepts c1 and c2, we only 
need to search for single concept c1 since in this case, c2 will 
be automatically inferred as a related concept of c1. 

On the other hand, if the relation between c1 and c2 does 
not belong to any of the above special cases, new concepts 
must be inferred using both of the two concepts. Four typical 
relations between an inferred concept c and the pair of 
concepts (c1, c2) are defined as follows. 

Common Supersumption (CSUP). Concept c is an inferred 
classified concept such that c ⊐ c1 and c ⊐ c2, i.e., c is a 
proper superclass of both c1 and c2. Note that in this case, c ≢ 
c1 and c ≢ c2; otherwise, the relation must belong to either 
SP1 or SP2. For example, if c ≡ c1 and c ⊒ c2, we have c1 ⊒ 
c2, i.e., c2 ⊑ c1, which is defined as SP2. 

Common Subsumption (CSUB). Concept c is an inferred 
classified concept such that c ⊏ c1 and c ⊏ c2, i.e., c is a 
proper subclass of both c1 and c2. Note that in this case, c ≢ 
c1 and c ≢ c2; otherwise, the relation must belong to either 
SP1 or SP2. For example, if c ≡ c1 and c ⊑ c2, we have c1 ⊑ 
c2, which is defined as SP2. 

Property Relation (PROP). Concept c is an inferred related 
concept, and ∃ p1(c, c1) and p2(c, c2), where p1 and p2 are 
object property relations between c and c1, and c and c2, 
respectively. Note that p1 and p2 can be either the same or 
different object property relations. 

Property-Subsumption Relation (PROP-SUB). Concept c is 
an inferred related concept such that c ⊏ c2 and ∃ p1(c, c1) or 
p1(c1, c), where p1 is an object property relation between c and 
c1; or c ⊏ c1 and ∃ p2(c, c2) or p2(c2, c), where p2 is an object 
property relation between c and c2. 

Note that we do not need to consider the case of Property-
Supersumption Relation, where an inferred related concept c is 
a superclass of c1 (or c2), and there exists an object property 
relation between c and c2 (or between c and c1). This is 
because in such cases, the relation must belong to the special 

case SP3. For example, in a paired concept (c1, c2), if concept 
c is a superclass of concept c2, and there exists an object 
property relation p1(c, c1), there must exist an object property 
relation p2(c2, c1) since c2 inherits all properties of c. This is 
exactly the case defined in special case SP3; therefore, we 
only need to search for single concept c2. 

The algorithm for inferring new concepts from multiple 
concepts can be designed in a similar way by considering the 
special cases and the CSUP, CSUB, PROP, and PROP-SUB 
relations (due to page limitation, the algorithm is not presented 
in this paper). Briefly, the algorithm first generates a list of 
paired concepts, and then infers classified and related concepts 
for each pair of concepts (c1, c2). Note that in the special 
cases when c1 is equivalent to c2, c1(c2) subsumes c2(c1), or 
c1 and c2 has an object property relation, the algorithm 
automatically executes Algorithm 1 that infers classified and 
related classes for a single concept. Otherwise, the algorithm 
first infers classified concepts, namely, the common 
superclasses csup that subsume both c1and c2, and the 
common subclasses csub that supersume both c1and c2. Then 
the algorithm checks whether there exists any concept c that 
has object property relations with both c1 and c2. Finally, it 
infers any possible concept c that has a property-subsumption 
relation with the pair of concepts (c1, c2). All inferred 
concepts will be added into a list of inferred concepts, and 
returned as output of the algorithm. 

IV. CASE STUDY 

To demonstrate the feasibility of our proposed approach to 
developing the two-level smart search engine using ontology-
based semantic reasoning, we present a case study of semantic 
search in the domain of computer science courses. In particular, 
we have defined the domain ontology based on two computer 
science courses taught by the first author for over 10 years at 
the University of Massachusetts Dartmouth (UMassD). The 
two courses are the undergraduate course CIS 361: Models of 
Computation and the graduate course CIS 560: Theoretical 
Computer Science. We expect a feasible smart search engine in 
such a knowledge domain can greatly benefit our computer 
science students in understanding fundamental concepts and 
their relations in computer science. 

The smart search engine was developed using the Pellet 
reasoner as a Java-based OWL-DL reasoner, which provides 
reasoning services for OWL ontologies. The Pellet OWL2 
Reasoner for Java works with the Jena framework that provides 
a programmatic environment for RDF, OWL, SPARQL, and 
includes a rule-based inference engine. The smart search 
engine processes a user input as concept(s) rather than 
keywords, and infers classified and related concepts. A user 
may select an inferred concept for further semantic reasoning 
or send it to a traditional search engine for retrieving related 
information from the Internet.  

Once we have defined the domain ontologies for the 
course contents in CIS 361 and CIS 560, we can use our 
prototype two-level smart search engine for semantic search. 
Suppose a computer science student wants to search for some 
concepts that are related to a pair of concepts (Stack, State), 
some partial semantic search results for the paired concepts 
will be displayed as in Fig. 2.  
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Figure 2.  Seach results for a paired concepts “Stack; State” 

From the search results, we can see that both Stack and 
State are subclasses of CS_Concept. The commonly related 
concepts inferred according to the Property Relation defined 
in Section III.C include PushDownAutomaton and PDA 
because both contain some State and some Stack. By 
clicking on the links of PushDownAutomaton and PDA, they 
can be further processed as a single concept. Alternatively, 
when an associated “Search” link is clicked, the corresponding 
single concept (e.g., PushDownAutomaton) can be searched 
as a keyword using a traditional search engine. 

In another scenario, when a computer science student 
wants to search for the type of language that can be recognized 
by a PDA, he/she can simply type in a pair of concepts 
(Language, PDA) into the smart search engine, and some 
partial semantic search results will be displayed as in Fig. 3. 

 

 
Figure 3.  Seach results for a paired concepts “Language; PDA” 

From the search results, we know that both the concepts 
ContextFreeLanguage and CFL are commonly related to 
the paired concepts (Language, PDA). The inference of these 
two new concepts is based on the Property-Subsumption 
Relation defined in Section III.C since both of them are 
subclasses of Language and can be recognized by PDA. By 
clicking on the link of ContextFreeLanguage or CFL, the 
inferred concept can be further searched as a single concept. 
Alternatively, when an associated “Search” link is clicked, the 

corresponding concept (e.g., ContextFreeLanguage) can be 
searched as a keyword using a traditional search engine. 

V. CONCLUSIONS AND FUTURE WORK 

In this paper, we present an ontology-based methodology 
for semantic search that can produce more accurate and 
relevant search results for a concept-based query. The smart 
search engine consists of two levels, namely the semantic 
reasoning level and the traditional keyword searching level. 
The semantic reasoning level can understand the meaning of a 
concept or multiple concepts entered by a user, and classify and 
reason about the concepts in the corresponding knowledge 
domain specified using ontology. Once the semantic reasoning 
module infers the concepts related to a user query, in the 
second level, a traditional search engine can be used to search 
for addition information from the Internet. One major benefit of 
our approach is that a user does not have to be familiar with the 
domain knowledge when making queries. Instead, the smart 
search engine can reason about user queries, and produce those 
concepts that are closely related to the user inputs. To 
demonstrate the feasibility of our smart search engine 
approach, we develop a prototype smart search engine as well 
as ontologies in the domain of computer science courses. The 
case studies show that the smart search engine can effectively 
infer concepts that are semantically related to user queries. 

As future work, we plan to develop a set of more complete 
domain knowledge for the computer science courses taught at 
UMassD, and show that such smart search engine can greatly 
help students to understand difficult computer science 
concepts. In addition to dealing with paired concepts, we will 
also design algorithms that can directly process a complex 
query with more than two concepts. Such algorithms should 
efficiently infer new related concepts from the given multiple 
concepts by reasoning about their relations with each other.  
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Abstract—Identifying the hub nodes (the most influential 

users) in an information diffusion network is a central research 

topic in social influence analysis. In [2], we developed the 

Multi-task sparse linear influence model (MSLIM) to 

automatically select topic-sensitive influential nodes in an 

implicit network. Our method firstly needs to determine the 

active node set to model the global volume of the contagions of 

the entire network nodes. The active node set is chosen by a 

simple rule in [2]. However different set leads to different 

model performance. [4] proposed a new framework called Slow 

Intelligence System, which can continuously learn, search the 

appropriate method and propagate information according to 

the environment to improve the performance over time. In this 

paper, we develop a slow intelligence based active user 

definition system by utilizing user profile visualization to help 

interactively determine active node sets in MSLIM model.  We 

apply our system on a set of 2.6 million tweets of 1000 users on 

twitter. We show that our system can efficiently utilize user’s 

profile visualization techniques to facilitate determining the 

appropriate active node sets. 

Keywords-Slow intelligence system, Data mining, Social 

influence analysis, Visualization 

I.  INTRODUCTION 

      Modeling the diffusion of information has been one of 

core research areas for analyzing social network. One 

important question in modeling information diffusion is how 

to find influential nodes in the network. Most algorithms [7], 

[8], [9], [10], [11] rely on a strong assumption that the entire 

structure of the network is known as prior knowledge and 

information can only spread over the edges of the underlying 

diffusion network. However, in many scenarios, the diffusion 

network is implicit or unknown. Recently, linear influence 

model (LIM) [3] was proposed to analyze the information 

diffusion with an unknown network structure. LIM models 

the global influence of each node through an entire implicit 

network. However it cannot identify the influential users. 

     We firstly extended the LIM by utilizing the sparse 

learning framework to develop Sparse Linear Influence 

Model (SLIM) [1] so that we can identify the most global 

influential nodes in an implicit information diffusion 

network. However, both LIM and SLIM use a global 

influence function for each node, which is based on an 

underlying assumption that each node has the same influence 

across all the contagions. Clearly, this assumption could be 

too restrictive for many applications. For different types of 

contagions, the set of the most influential nodes could be 

very different. Some users might be active on some topics 

but are less influential on the other topics. To achieve 

contagion-sensitive node selection in an implicit network, we 

extended our SLIM model to the multitask sparse learning 

setting and proposed the Multitask Sparse Linear Influential 

Model (MSLIM), which can automatically select the hub 

nodes for different contagions in an implicit network. 

    In MSLIM model, we firstly need to select a number of 

users out of total users to construct the so-called active node 

set for modeling the total volume of contagions. In the 

experiments, we selected N twitter users with at least 1,000 

tweets during the certain time period. However this active 

user set may not be optimized. Selection of active user sets is 

important for our model, since different set can lead to 

different performance. In this paper, we utilize the slow 

intelligence system with two visualization techniques (e.g. 

histogram and choropleth map) to help us define the active 

node set, which further facilitates the MSLIM model to 

reduce prediction error and improve contagion-sensitive 

influential user selection.  
Recently, Chang [4] proposed a general intelligent 

framework called slow intelligence system (SIS). Chang et. 
al also presented the design of component based SIS [5] and 
the user interface design to produce and manage the SIS 
system [6]. In this paper, we propose a SIS-based active node 
set definition system, which uses visualization techniques for 
different user profile properties. Our system can choose 
active user sets according to different properties, e.g. 
locations, friends counts, etc. It searches the best active user 
set based on the model prediction error and propagates the 
learned knowledge over iterations. Furthermore, it can 
combine different methods into one hybrid system to better 
define the most suitable active node sets. The proposed 
system can be applied to many various sources of social 
media. In this paper, we specifically apply our system on the 
twitter dataset. The experiments show that our system can 
efficiently utilize user’s profile visualization techniques to 
facilitate selecting the proper active node sets. The rest of 
this paper is organized as follows.  We present the 
background of MSLIM model and Slow Intelligence System 
in Section II. In Section III, we introduce our SIS-based 
active node set definition system. In Section IV, we present 
the experimental results on real twitter dataset. Section V is 
the conclusion and future work. 

II. BACKGROUND 

A. Multitask Sparse Linear Influence Model (MSLIM) 

    Following the notations in LIM model [3], we assume 

there are  active nodes (corresponds to  active users) 

and   contagions diffused over the network (corresponds 
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to   topics).   Assuming the entire time intervals are 

normalized into units: .  is the 

indicator function to present whether the node  got infected 

by the contagion  between the time interval  and . 

Furthermore, let  denote the total volume of contagion 

 between  and . Multi-task linear influence model can 

be formulated as: 

 

Where  is the maximum lag-length and  is the non-

negative influence factor of user  on contagion k at the 

time-lag  and  is the i.i.d. zero-mean Gaussian noise.  

Following [3],  and  can be organized into the 

matrix form  and . We further define the contagion-

sensitive node influence function  which is a -

length vector representing the influence of the node  on the 

contagion . For each contagion , let  be the 

vector obtained by concatenating ,. For each 

node , we further define the influence matrix for the node 

: . Given the contagion-

sensitive influence function, we assume a linear relationship 

between  and :  



    We formulate the problem of contagion-sensitive 

influential node selection into a convex optimization 

problem, which jointly minimizes the square loss and a non-

smooth sparsity-inducing penalty. In particular, we estimate 

the non-negative vector   for all active nodes and 

contagions by multitask sparse linear influence model 

(MSLIM) [2]: 





In particular, for a specific contagion , one can identify the 

most influential nodes  with respect to this contagion as: 

 

where   is the optimal solution of (3). 

 

With the estimated  , one can predict the total volume of 

the contagion  at  by 

Volume 

 of a contagion  can be viewed as a time series in . 

We thus evaluate MSLIM on a time series prediction task 

using the prediction mean-squared error (MSE) as the 

evaluation metric: 

  

Where  is the predicted total volume for the contagion 

 at the time  using the data from previous time. 

   In (1),  models the total volume over the entire nodes 

(e.g. all Twitter users), while  denotes a small subset of 

nodes of interest.  In particular,  is a function of a small 

active node set.  Thus, defining this active set is the first step 

in applying MSLIM for contagion-sensitive influential 

nodes detection. In [2], we simply define the active node set 

as the twitter users with at least 1,000 tweets during the 

certain time periods. However, this may not be optimal 

strategy. Twitter offers the API [12] to crawl the profile for 

each individual twitter user, including the full name, 

followers count, the location, friends count, the account 

created time, etc. It is a feasible way to determine active 

node sets by different user profile proprieties, e.g.  choosing 

the twitter users located at North American as the active 

node set.   

B. Slow Intelligence Systeem 

    A slow intelligence system (SIS) [4] is a general-purpose 

system characterized by being able to improve performance 

over time through a process involving enumeration, 

propagation, adaptation, elimination and concentration. A 

SIS is a system with multiple decision cycles such that 

actions of slow decision cycle(s) may override actions of 

quick decision cycle(s). The main purpose of SIS system is 

to test multiple/single approaches in each cycle and choose 

algorithms with better performance and discard the worse 

ones. Algorithms are classified into different cycles. 

Algorithms within one cycle do the same job for the same 

input testing data. Cycle  and Cycle  can do the same 

job or different jobs. If two consecutive cycles do the same 

job, cycle  should improve the performance with the 

advanced algorithms or hybrid approach which adopts the 

advantages of algorithms from previous cycle . A SIS 

system typically includes the following five system 

components: Enumerator, DataSender, Verifier, Eliminator 

and TimeController. Enumerator enumerates algorithms on 

cycle basis. Algorithms could be instantiated sequentially or 

in parallel. DataSender sends testing data to algorithm 

instances created by Enumerator. Verifier evaluates 

algorithm instance outputs and sends evaluation result to 

Eliminator. Eliminator eliminates algorithm instances by 

their performances on cycle basis. TimeController 

determines which cycle(s) to execute.  

   A component-based SIS architecture and operational 

characteristics are presented in [5]. We also developed a 

visual specification approach using dual visual 

representations, and designed the user interface to produce 

and manage this dual visual representations for component- 

based SIS system [6].   
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Figure 1.  SIS-Based Active Node Sets Definition System 

III. SIS-BASED ACTIVE NODE SETS DEFINATION SYSTEM  

A. System Architecture 

The SIS-based active node sets definition system is 

illustrated by the UML deployment diagram shown in Fig. 1.  

The SIS Server controls slow intelligence system 

components such as Enumerator, Eliminator, Concentrator 

and Time Controller. The SIS server provides different 

GUIs with the visualization techniques to help define active 

node sets. There are two cycles in SIS system. The first 

cycle contains four GUI interfaces while the second cycle 

has one hybrid GUI interface. Each GUI communicates with 

a learning software package which computes the indicator 

function matrix  of the active nodes set and implements 

the MSLIM model. A universal interface prjRemote is 

provided for debugging purpose.  

B. GUI interfaces for determining active node sets 

In cycle one, there are four individual GUI interfaces 

enumerated by SIS system. Each GUI utilizes one property 

of twitter user’s profile to help define active node sets, e.g. 

follower count, friend count, location, created time. We 

apply proper visualization techniques in each GUI to 

facilitate the task. Three GUIs, follower counts, friend 

counts and created time use histogram to visualize the 

distribution of defined active node sets while location GUI 

uses the choropleth map [13], as shown in Fig. 2. Each GUI 

has following functions: 1) enable designer to define the 

range of corresponding property and filter the data set. For 

example, designer can select the active users with a certain 

range of followers count from 5000 to 15000, as shown in 

Fig. 2(a). In GUI, the left panel lists the filtered twitter user 

list and the right panel shows the active users that designer 

selected. 2) For each twitter user, GUI shows the short 

biography on the bottom which helps designer decide 

whether to choose it as the active node. 3) “Build” button is 

to create a text file, which contains the user names of active 

node set in right panel. This is the output of our system in 

the first step. 4) Designer can simultaneously visualize the 

distribution according to each property when the active node 

sets is updated, as shown in Fig. 2 right column. 5) After the 

active node set is determined, designer can click on “Result” 

button to execute our MSLIM algorithm. The GUI can show 

the final predicted MSE to help designer evaluate his 

strategy and further improve the way to choose more 

appropriate active user set.  

In cycle one, we only use each individual property of 

twitter user’s profile to facilitate designer defining active 

node sets. However this is too limited. Considering four 

attributes together, we can state the logical conditions to 

filter the twitter users. For example, if designer hope to 

define active user sets that have less than 10000 followers 

count and created from 2011 to 2012 and located in USA. 

The designer can firstly formulate three conditions: C1: 

followers count< 10000; C2:  Created time  [Sat Jan 01 

00:00:01 2011, Sat Dec 31 23:59:59 2012]; C3: location = 

“USA” and then use boolean operators "AND" and "OR" to 

define the above logic as C1 AND C2 AND C3. Thus in 

cycle two, we develop a hybrid GUI interface incorporating 

four properties together and allow designer to define active 

node sets by any logic conditions, as shown in Fig 3. The 

conditions can be combined randomly or by user defined 

logic rules.  

 

 
Figure 3.  Hybrid GUI Interface 

C. Scenario of SIS-based active node set defination system 

    We describe the operation process of the whole system 

which includes two cycles. SIS server accepts the entire 

twitter users list and enumerates four GUI interfaces 

according to four properties of twitter user profile. In cycle 

one, designer can design the arbitrary conditions for each 

property in individual GUI and choose the active user sets to 

run MSLIM model. For each GUI, designer can try different 

strategies to define active user set until the predicted MSE 

satisfies the designer’s expectation (e.g. a certain threshold). 

Meanwhile, designer can use histogram or colorpleth map to 

analyze the distribution of selected active user set and fine 

tune his strategy to meet the desired distribution for certain 

profile property. In the end of cycle one, each GUI has one 

final proper condition rule  to choose active node sets and 

the SIS server selects the optimal condition rule based on 

predicted MSE.   
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(a) Followers Count GUI (b) Histogram Visualization for Follows Count 

 
 

(c) Friends Count GUI (d) Histogram Visualization for Friends Count 

  

(e) Created Time GUI (f) Histogram Visualization for Created Time 

 

 

(g) Location GUI (h) Colorpleth world map for location 

Figure 2.  GUI Interfaces with visualization methods for determing active node sets. 
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Figure 4.  Scenario of SIS-based active node set defination system

In cycle two, the hybrid GUI interface enables designer 

define any rules by considering four properties together. 

There are two scenarios: 

 Scenario 1: By utilizing the conditions (strategies) 
C1, C2, C3, C4 developed in cycle one, designer can 
design any logic expressions and filter the user list to 
select the active user sets.  

 Scenario 2: designer can freely design the four 
conditions based on four attributes (Followers Count, 
Friend Count, Created time, Location) and apply 
logic operators (AND and OR) on them to filter the 
user list.  

Cycle two can be terminated until the predicted MSE from 
active user sets is smaller than the minimum MSE achieved 
in cycle one or the improvement of MSE satisfies the 
designer’s requirement.  

IV. EXPERIMENT 

In this section, we evaluate the performance of our 
system on the twitter data set. Twitter is an online social 
network used by millions of people around the world to stay 
connected to their friends, family members and co-workers 
through their computers and mobile phones.  

A. Dataset Collection 

    We follow our work [2] to crawl and collect the Twitter 

data. In particular, we extracted a list of 1000 Twitter 

usernames from TechCrunch (http://techcrunch.com/). 

Using the Twitter search API [12], we crawled all the tweets 

of these twitter users between January 2009 and November 

2011, which include the full text, the author, and the time-

stamp for each tweet. In addition, we collected the profile 

for each individual user, including followers count, friends 

count, the created time, the location, a short biography, etc. 

We took the LDA [14] to extract interesting topics from 

tweets and set the number of topic . 

B. Experimental setup 

In the experiments, we set one day as the time unit, and 
set the time lag L = 5 (i.e., influence of a node decays to zero 
after 5 days). We use our SIS-based active node sets 
definition system to determine the active user sets. Then we 
can directly construct the matrix , where  is the 

number of times that the active user  mentioned the topic  

in . The volume  is defined by the total number 

of tweets that the topic  appears in  over the entire 

1,000 users. We can apply our MSLIM model to compute 
predicted MSE and simultaneously identify the topic-
sensitive influential users. The detailed experimental setting 
of MSLIM model is explained in our previous work [2]. In 
this experiment, we focus on the first step of MSLIM, i.e. 
active user sets definition.  

In cycle one, we test the following experimental 
scenarios as shown in Table I. For each property, we develop 
the particular ranges as conditions in individual GUI to filter 
the total user list data. For each range, we select the entire 
users as the active node sets and run MSLIM to get the 
predicted MSE. These ranges are designed to ensure the 
number of users follows uniformly distribution based on 
each property. In the experiment, designer can design any 
conditions (data ranges) and select any subset of users in 
each range. Here, we intend to compare the experimental 
results when we use our system to select active node sets 
based on different ranges of entire data. From table I, for 
each GUI, designer compares different ranges of active node 
sets and selects the proper conditions indicated in bold when 
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setting predicted MSE threshold as 15. We call these four 
appropriate conditions as C1, C2, C3, C4. In the end of cycle 
one, SIS server can select the optimal strategy that the active 
node set are located in North America.  

TABLE I.  PREDICTED MSE OF DIFFERENT CONDITIONS IN CYCLE ONE 

Follower 
Count 

(0,1500] (1500,3000] (3000,10000] >10000 

19.741 13.939 15.745 16.477 

Friend 
Count 

(0,500] (500,1000] (1000,3000] >3000 

20.275 14.185 15.599 15.096 

Created 
Time 

Before 2007 (2007,2008] (2008,2009] After 2009 

14.161 16.114 16.298 19.333 

Location North 
America 

Europe Asia Other areas 

13.079 18.594 15.372 15.788 

 
   In cycle two, we use C1, C2, C3, C4 in previous cycle and 
construct the logical expressions with these four conditions, 
as shown in Table II. We design five different rules to filter 
the user list and construct the active node sets. Note that 
designer can develop any other rules over these four 
conditions and also construct new conditions C1’, C2’, C3’, 
C4’ for each property and combine them in logical 
expressions. The first two rules are designed in the purpose 
of comparing the union set and intersection of four 
conditions. Since C4 is the optimal strategy followed by C1 
in cycle one, thus we make the third rule to satisfy C4 and 
any one in [C1, C2, C3] and rule 4 & 5 are to make boolean 
operations over these two optimal and suboptimal conditions.  
From table II, the union set of these four conditions achieve 
the best performance, which is better than the optimal result 
in previous cycle.  The result is also superior to the result in 
our previous work [2], where we selected the active twitter 
users with at least 1,000 tweets during the certain time 
period. The result indicates that this active node set is more 
suitable for MSLIM model in our twitter dataset.  

TABLE II.  PREDICTED MSE OF DIFFERENT CONDITIONS IN CYCLE 

TWO 

 Predicted MSE 

 N/A (Empty set) 

 12.988 

 14.589 

 13.035 

 15.896 

V. CONCLUSIONS AND FUTURE WORKS 

   In this paper, we develop an efficient SIS-based active 
node sets definition system to facilitate MSLIM model for 
prediction and influential user selection task in an implicit 
information diffusion network. By utilizing slow intelligence 
system, we develop two cycles which enable designer 

evolutionarily searching for a proper condition to construct 
active node sets to improve MSLIM model performance. We 
also incorporate two visualization techniques histogram and 
choropleth map in GUIs to help designer analyze the 
distribution of selected active node sets and further fine-tune 
his strategy. The result shows that our system can efficiently 
help determine the active node sets and incrementally 
improve the predicted mean square error of MSLIM model 
in two cycles. One future work is to extend our system to 
other social network datasets. The key challenge is that the 
user profile properties are different for various datasets. One 
needs to develop the particular GUI to visualize the different 
property. But our SIS-based system is very flexible to 
incorporate the individual GUI as a component in the whole 
system.  
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Abstract—Twitter is a microblogging website with specific 

characteristics not found in other social network services. This 

platform contains a good deal of valuable content, and users can 

access this content using Twitter search. However, Twitter search 

returns only time-descending ordered content including 

keywords. Thus, we propose a linear-time method of measuring 

the influence of Twitter content considering not only time, but 

also characteristics of each Twitter account. In analyzing these 

characteristics, we have found that the number of retweets can 

measure shareability, while the number of followers held by the 

content author can measure spreadability. We perform 

experiments using real Twitter data for proving the effectiveness 

of the proposed method. We demonstrate that this proposed 

method is effective at finding up-to-date content. Further, in 

comparing our method with analysis via PageRank, we 

demonstrate that our method is more effective at accurately 

measuring influence. 

Keywords-Twitter; Contents Search; Retweet; Follower, 

Contents Influence 

I.  INTRODUCTION 

Twitter is a microblogging website that allows only posts of 
140 characters or less (called tweets) to create content. This 
service has a well-defined markup vocabulary. Unlike other 
social networking services, however, Twitter supports one-
sided relationships between users. If one user wants to view 
another user’s contents in real-time, that user can add the other 
user to the user’s social network list without approval of the 
other user. This behavior is referred to as ‘following’ the other 
user, with the following user called the ‘follower’. The main 
sharing mechanism of content on twitter is what is referred to 
as ‘retweeting’. A retweet keeps the information of the original 
content while also including the opinion of users who 
retweeted that content. Those simple mechanisms, though 
restricted to making various types of contents, but those lead to 
the development of Twitter. Those are easy to make sharing of 
information on Twitter and, making it easy to writing content 
succinctly.  

In 2012, about 140 million tweets a day were created on 
Twitter [1]. Literally, it is very big data, and therefore, of 
course, users face problems in finding useful information on 
this social network [5, 8]. Twitter does provide a content search 
service, through which users can search for content on Twitter 
by entering relevant keywords and receive the corresponding 
content in a time-descending order (see figure 1). Twitter also 

provides advanced search offering four categories of options: 
‘words’, ‘people’, ‘places’, and ‘other’. The ‘words’ category 
provides options related to specific keywords, the ‘people’ 
category provides options related to specific accounts, the 
‘places’ category provides options related to specific locations, 
and the ‘other’ category provides options limiting results to 
those including positive or negative emoticons or to questions, 
as well as an option to include otherwise-excluded retweets in 
the results (see figure 2). Still, advanced search also provides 
content only in a time-descending order, with no attention to 
relevancy. Up-to-date information is important in Twitter; 
however, Twitter search needs to consider not only time, but 
other characteristics as well [3, 5, 8]. We focus on the problem 
of improving Twitter search, and in this research, we propose a 
method of measuring the influence of individual Twitter 
content using characteristics of individual Twitter accounts in 
content search.  

 

II. RELATED WORKS 

The most representative studies on Twitter analyze 
characteristics like follower count, followee count, and retweet 
count [2-5]. There exists considerable research on Twitter 
search based on these characteristics. 

[2] attempted to measure user influence of Twitter accounts, 
finding three contributory factors: number of followers, number 
of retweets, and number of mentions. A large number of 
followers implies a large audience for the user. More 
specifically, it means a large audience receives a user’s content 
directly. Number of followers, then, measures a user’s ability to 
spread information. Number of retweets demonstrates the 
ability of the user to make content with pass-along value; a 
retweet means that there is worth to be shared. Number of 
mentions demonstrates the ability of the user to relate to others 
in a conversation; it shows advertisement value. 

[3] researched the possibility of Twitter serving as a news 
media. They found that number of retweets is the chief measure 
of user influence, and number of followers is the chief measure 
of user popularity. Further, they found that trends on Twitter 
match up with new media trends fairly closely (about 85%); as 
a result, they claimed that the role of Twitter is not only social 
networking service, but also news media.  

659



[5] researched differences between microblog search and 
web search by analyzing search log information. They found 
that users using Twitter search want to find ‘timely 
information’, ‘social information’ and ‘topical information’. 
Queries in Twitter searches are shorter than web searches, but 
words are longer, and Twitter search users use site-specific 
grammar (for example, using ‘@’ or ‘#’). [8] suggested that 
Twitter search should reflect characteristics of the users. In 
surveying users, they found that users of Twitter search most 
often want to find events, trending topics, or specific people. 

In this research, we use characteristics of Twitter extracted 
in previous research to produce a method for measuring the 
influence of a single post that can be used via Twitter search 
and mining. 

III. CHARACTERISTICS OF TWITTER AND A METHOD OF 

MEASURING CONTENT INFLUENCE 

We want to solve the problem that Twitter content search 
only reflects time of posting. We chose characteristics of 
Twitter and created a method for measuring the influence of 

content using these characteristics. In Ⅲ.A, we describe the 

specific characteristics of Twitter that are used in our proposed 

method. In Ⅲ.B, we explain our proposed method.  

A. Characteristics of Twitter 

Content influence is a value that measures to what degree a 
piece of content contains meaningful information for users. We 
choose three factors for measuring influence. The first factor is 
spreadability of content. In Twitter, content is delivered to the 
author’s followers; thus, the number of followers shows how 
many users were delivered that content. Previous research 
showed that the number of followers measures popularity of 

author [3, 5]. Therefore, we can say it is similar for the ability 
to spread information, and therefore, we use the number of the 
author’s followers as spreadability. The second factor is the 
value of content information. Value of information can be 
measured using number of times shared, because if the content 
is valuable, it will be shared with others. In Twitter, the retweet 
mechanism is the main method for sharing content, and 
therefore, we use retweet count to measure this factor. The last 
factor is the currency of the information. Newer content 
contains more valuable information than older content. Twitter 
is sensitive to up-to-date information [3, 8] and Twitter search 
shows results by time-descending order. This factor is very 
sensitive to use in our proposed method, because as we pointed 
out, this is a problem of Twitter search. However, it is a very 
important factor in news media and we treat this very carefully. 
We reflect this factor using the time information of the content. 

B. Method for Measuring Content Influence 

We use these three characteristics of Twitter in our 
proposed method: follower number as spreadability of content, 
retweet count as the value of content information, and time 
written as currency of information. The proposed method using 
these factors is as follows. 

I(𝐶𝑖) = α log(𝑅𝑇𝑖 + 1) + 𝛽 log(𝐹𝑖 + 1) + 𝛾 log
𝑘

𝑁𝑇−𝑊𝑇𝑖
  (1) 

※ α + β + γ = 1 

Here, 𝐶𝑖  is the ith piece of content, and I is the influence of 
content 𝐶𝑖 . In this equation, ‘ α log(𝑅𝑇𝑖 + 1) ’ represents 
shareability of 𝐶𝑖, where 𝑅𝑇𝑖  is the retweet count of 𝐶𝑖. We take 
a logarithm function to normalize, and we add 1 to ensure the 
output is always defined, because if we do not add 1, and 
retweet count is 0, then it will be negative infinity. 𝐹𝑖  is the 
follower number of the author of 𝐶𝑖, and therefore, ‘𝛽 log(𝐹𝑖 +
1) ’ represents the spreadability of 𝐶𝑖 . It takes a logarithm 

Figure 1. Results of Twitter search 

Figure 2. Twitter Advanced Search 
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function for the same reason as the previous factor. 

‘𝛾 log
𝑘

𝑁𝑇−𝑊𝑇𝑖
’ represents currency influence, where NT means 

‘now time’ and 𝑊𝑇𝑖  means ‘written time of 𝐶𝑖’. We calculate 
interval of time as a real number, where subtraction of hours is 
an integer value and subtraction of minutes is a decimal place. 
It also takes a logarithm function for the same reason as the 
previous two factors. We take the reciprocal to ensure that up-
to-date contents have a larger contribution than out-of-date 
contents. Taking a reciprocal, however, has the disadvantage 
that the currency factor becomes much smaller than the other 
factors. To correct this disadvantage, we multiply by a constant 

‘k’. In the equation ‘y = log
𝑘

𝑥
’, when x equals k then y is 0, and 

if x is smaller than k, then y takes a negative value. Therefore, 
if a user wants to find information about posts in the last k 
hours, then they need only fix the value of k in the equation. 
Finally, α, β and γ are mediators that adjust the power of each 
factor in the equation. We ensure that the summation of these 
terms is 1 in order to prevent one factor from being too much 
more influential than the others.  

 

IV. EXPERIMENTS AND EVALUATION 

 
We crawled Korean Twitter contents and set up 

experiments using that data. We describe the crawled dataset 

and experiments in Ⅳ .A, and then show the result of an 

experiment for content influence using our method in Ⅳ.B. 

A. Dataset for Experiments 

We used a crawled contents of Korean Twitter contents and 
user relation (followee information)  of Korean users from July 
1, 2012 to July 31. The size of the content dataset is about 
93.1GB, and the size of the user information dataset is 12.3GB. 
We saved content data using JSON data style, and user data by 
simple text style. Content data includes various pieces of 
information about a single piece of content: author, retweet 
count, time written, etc. (see figure 3) User data consisted of 
user-followee relationships (see figure 4) 

For our experiments, we extracted related content in two 
different domains: smartphones (Galaxy series and iPhone) and 
Psy (a Korean pop singer). We chose the first subject because 
the Galaxy series and the iPhone are presently the most popular 
models of smartphone, and the Galaxy S3 was issued in July 
2013. We chose the second subject because Psy released a new 

album, “Gangnam Style”, which has become a popular topic 
worldwide. We collected posts about smartphones (especially 
the Samsung Galaxy series and iPhone) and Psy using related 
Korean and English words: 12 for smartphones, and 5 for Psy 
(see table 1).  

TABLE 1. RELATED WORDS IN THE TEST DATA SET 

Topic Related Korean and English words 

Galaxy 

Series 

갤럭시,겔럭시,겔스,갤스,갤노트,겔노트,겔놋,갤놋,galaxy

(not case sensitive) 

iPhone 아이폰,iphone,I-phone(not case sensitive) 

Psy 
싸이, 강남 스타일, 강남스타일, Psy, Gangnam Style (not 

case sensitive) 

 

The number of collected smartphone-related posts is 
207,022, and the number of collected Psy-related posts is 
118,521. We extracted 10 times more retweeted content, and 
deleted content for which we could not get a user profile for 
effective experimentation. Finally, we selected 558 posts about 
smartphones and 421 about Psy. 

After resizing, we classified posts by the nature of the 
user’s identity into one of four categories: public user, personal 
user, bot, and unclassified data. A public user is a spokesperson 
of a specific community or group. For example, ‘samsung’, 
‘SBS8news’ and ‘YTN24’: ‘samsung’ is the ID of the 
SAMSUNG Corporation, and ’SBS8news’ and ’YTN24’ are 
broadcasting companies in the Republic of Korea. A personal 
user is a personal user’s ID. A bot is a program used to produce 
automated content, generally called a Twitter bot. Finally, 
unclassified refers to any IDs whose category could not be 
determined. Contents as classified by user identity are 
presented in table 2. 

TABLE 2. CLASSIFIED DATA SET BY USER’S IDENTITY 

 

We also classified posts according to their relation to the 
keywords, sorting into one of four categories: direct, indirect, 
private, and unrelated. A direct post is directly related to the 
topic. An indirect post does not contain direct information 
about the topic, but does have relevant information such as a 
related event, music video or so on. A private post contains 
personal information. Finally, an unrelated post contains 
information unrelated to the topic. Classification of relation to 
keywords is presented in table 3 with examples of content type 
in table 4.  

TABLE 3. CLASSIFIED DATA SET BY INFORMATION OF CONTENTS 

Topic Public Personal Bot Unclassified 

Smart phone 205 198 18 37 

Psy 115 172 36 98 

Topic Direct Indirect Private Unrelated 

Smart phone 166 157 130 105 

Psy 205 298 18 37 

Figure 3. Example of contents files  

Figure 4. Example of relationship files 
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TABLE 4. EXAMPLE OF CONTENTS DIVIDED BY INFORMATION 

 

B. Experiments 

Before our experiments on the applicability of our proposed 
method, we first had to demonstrate that there is a difference 
between retweet in-degree and follower in-degree, as if those 
two in-degrees are linearly correlated; we do not need to use 
both factors. We thus first performed an experiment on the 
independence of retweet and follower in-degree, and then 
perform our experiment on the effectiveness of the proposed 
method. 

1) Independence of retweet count and follower number : 

First, we used Pearson correlation coefficient as a measure of 

correlation between two data sets (See equation (2)) 

 

r =
∑ (𝑋𝑖−�̅�)(𝑌𝑖−�̅�)𝑛

𝑖=1

√∑ (𝑋𝑖−�̅�)2𝑛
𝑖=1 √∑ (𝑌𝑖−�̅�)2𝑛

𝑖=1

                   (2) 

 
The Pearson correlation coefficient has a value between −1 and 
1. If the absolute value of r is close to 1, there is a significant 
linear relationship, but if the absolute value of r is close to 0, 
there is no linear relationship between data sets. After 
performing the correlation test, we found that the coefficient of 
follower and retweet in-degree was close to 0, and therefore, 
follower and retweet in-degree had no linear relationship. (See 
table 5) 

TABLE 5. RESULT OF PEARSON CORRELATION COEFFICIENT 

Topic r 

Smart-phone -0.0348392 

Psy 0.17547095 

 

2) Influence with retweet and followers: Next, we 

performed experiments to measure the level of shareability and 

spreadability, and interrelation of both. Before our experiments, 

we created a modified PageRank based on follower-followee 

relationship for comparison with the proposed method [10], 

substituting followee for out-degree and follower for in-degree. 

The initial value of the modified PageRank is then the number 

of followers, and d-value is 0.85 as previous research (see 

equation 3) [10]. The number of smartphone domain authors is 

312 (312 nodes, 12376 edges), and the number of Psy domain 

authors is 306 (306 nodes, 3004 edges). We calculated content 

PageRank using this equation about three times recursively. 

PR(i) =
(1−𝑑)

𝑇𝑜𝑡𝑎𝑙𝑁𝑢𝑚 𝑜𝑓 𝑈𝑠𝑒𝑟
+

                𝑑(∑
𝑃𝑅(𝑗)

𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝑁𝑢𝑚 𝑜𝑓 𝑗

𝑓𝑜𝑙𝑙𝑜𝑤𝑒𝑟𝑁𝑢𝑚 𝑜𝑓 𝑖
𝑗=1          (3) 

 

For these experiments, we assumed that users want to find 

direct and indirect information [8]. In other words, users do 

not want to find private and unrelated information. Based on 

this assumption, we calculate F-measure with results as shown 

in figures 5 and 6 (in this experiment we do not consider time 

influence; therefore, γ is zero) 

 

Type of 

relationship 
Contents 

Directed 

Korean 갤럭시 S3' 발화 사건, 단순 해프닝으로 종결 

English 
Galaxy S3 bun-in incident is ended just 
happening 

Indirect 

Korean 

[대한민국 올림픽 선수단 응원 이벤트] 응원 

메세지 보내고, 금메달 개수를 맞추세요. 

갤럭시 S3의 주인공이 되실 수 있습니다. 

English 

[Korean Olympic team cheers up event] Send a 

cheer up message and guess the number of 
Olympic gold medals. You can be an owner of 

Galaxy S3. 

Private 

Korean 

RT))여수엑스포에서 갤럭시노트 화이트  

잃어 버렷어요 엑스포에 분실 신고 했으니까 

거기에 맡겨주세요 제발제발 부탁드립니다. 

English 

RT))I lost my white galaxy note in Yeosu Expo. 

If you find my phone, please leave it lost-and-

found center. 

Unrelated 

Korean 
갤력시 익스프레스의 미국투어 다큐 

<반드시 크게 들을 것> 

English 
The America tour documentary of Galaxy 
Express <Listen loudly> 

Figure 5. Result of Smart-phone Domain 

Figure 6. Result of The Psy Domain 
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In figures 5 and 6, the x-axis measures the value of the 

mediator term β, and the y-axis measures the value of the F-

measure. Both results show that our proposed method is more 

effective than modified PageRank. In the case of the 

smartphone domain, the greatest F-measure value is occurred 

when α (shareability) is zero, indicating that β (spreadability) 

may be more important than α. However, as you can see from 

other values in the case of the smartphone domain and of the 

Psy domain (see figure 5 and 6), the shareability impact on 

measuring the influence of contents is greatest when α is 

between 0.5 and 0.6. Therefore, we can find that retweet count 

and author follower number are both useful in measuring the 

influence of content.  

As a note, the result of the Psy domain is worse than 

smart-phone domain because there is considerable garbage 

data in that dataset. The reason for garbage data is that there is 

a social network service, ‘Cyworld’, whose pronunciation ‘Cy’ 

is same as ‘Psy’ in Korean language, and whose Korean 

character is written the same, giving many false positives in 

the Psy domain. Nevertheless, despite the garbage data in the 

experiment set, the proposed method is still more effective 

than the comparison function.  

Through this experiment, we have found that retweet count 

and follower number are both useful for measuring the 

influence of Twitter content, and without the recursive 

calculation needed in a method such as PageRank. Instead, it 

needs only linear time if the search system already knows 

some information about the content. 

3) Influence with time: The influence of Twitter should 

reflect not only the influence of content but also how up-to-

date the information is [5]. In this section, we want to discover 

time influence in Twitter content. More specifically, we want 

to discover time influence of Twitter content in specific k-hour 

(detailed meaning of ‘k’ is in the Ⅲ.B). To experiment, we 

focused on a burn-in incident that occurred in the middle of 

July 2012. Burn-in is a failure of a screen caused by displaying 

the same image on the screen for an extended period, creating 

an after image that remains on the screen afterwards. The 

Galaxy S3 had a burn-in problem, but the manual of it 

contained a note stating that the company is not responsible 

for burn-in failure. However, the company corrected that 

sentence and announced a new policy that they will provide 

service for burn-in failure. We assume that some user wanted 

to find information about the burn-in problem and Galaxy S3 

at July 11, 18:00 and that the user wanted to find up-to-date 

information over the last 5 hours from that time. We extracted 

contents that have Korean keywords–‘Galaxy’ and ‘image-

remain’–and calculated each score using our proposed method 

both with time (α=0.16, β=0.24, γ=0.6, k=5) and without time 

(α=0.4, β=0.6, γ=0, k=0). The result of this experiment is 

shown below (see table 6). 

The results show that if a user has many followers and 

high retweet counts, then time influence is not important (see 

C1-C5, C7-C8). However, if the user has a small number of 

followers and their retweet counts are very small, then their 

influence score is very small even if they have up-to-date 

information about the topic (see C6). If content influence 

includes time, however, then this result is changed. C6 has the 

second smallest in the result without time influence even 

though it has up-to-date information. However, if the 

measurement of content influence considers time, C6 gets a 

higher score than older contents (C1-C4) even though they 

have more followers and a higher retweet count. This 

experiment shows us that our proposed method reflects time 

effectively with shareability and spreadability in k-hour.  

 
TABLE 6. RESULT OF EXPERIMENT WITH INFLUENCE OF TIME 

 

V. CONCLUSION AND FUTUREWORKS 

In this research, we hoped to aid Twitter content search that 
presently returns results in only time-descending order. To 
solve this problem, we analyzed characteristics of Twitter 
content, and proposed a method for measuring influence of 
each post. We used crawled data about Korean Twitter contents 
and user relation data from July 1, 2012 to July 31, extracting 
content on two subjects: smartphones and Korean pop singer 
Psy. We refined this extracted content, classifying by author’s 
identity (public, personal, bot, and unclassified) and type of 
information (direct, indirect, private, and unrelated). We then 
performed experiments using our proposed method, comparing 
it with PageRank to demonstrate that our approach is more 
effective and more computationally efficient in measuring 
influence of Twitter content, running in linear time on search 
results given associated information. We also performed 
experiments with our proposed method incorporating time 
influence, showing that our proposed method is effective when 
a post comes from a user with a smaller number of followers 
and a lower retweet count than other users, but still has more 
up-to-date information.  

In the future, we would like to incorporate other 
information about the Twitter account, such as friendship of 
users, the feeling expressed in a post, and the closeness 
between users. Through this, we hope to create a more 

Con- 

tent# 
Content  

Written 

Time 

Re-

tweet 

Foll-

ower 

Score  

with 

time 

Score 

with- 

out 

time 

C1 

No AS 
for burn-

in 

7.10 
12:36:38 

27 872 0.475762 2.343471 

C2 
7.11 

07:33:25 
34 106320 1.261351 3.633598 

C3 
7.11 

08:05:23 
21 120437 1.255733 3.585427 

C4 
7.11 

09:01:40 
13 12733 1.015891 2.921430 

C5 

Offer AS 

for burn-
in 

7.11 

16:19:09 
64 122936 1.795269 3.778974 

C6 
7.11 

16:35:05 
12 1622 1.277328 2.371768 

C7 
7.11 

17:42:14 
34 135214 2.211606 3.696242 

C8 
7.11 

17:51:59 
19 142715 2.358965 3.613095 
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advanced search and mining method for not only Twitter, but 
other social network services as well.  
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Abstract—MOOC is a crucial platform for improving ed-
ucation; students are able to browse various presentation
contents through the Web. Any single presentation content
can only cover a small fraction of knowledge in a specific
domain by a given query, and thus offers a limited depth
of information. Students then have to go through series
of presentation contents, but this would be time-consuming
and difficult to explore relevant information from various
presentation contents. Therefore, we aim to build a novel
exploratory search tool based on a meaningfully structured
presentation, called “iPoster.” The system places elements such
as text and graphics of slides in a structural layout with a
zooming user interface (ZUI) by semantically analyzing the
slide structure. Through this, iPoster can support students
interactively browsing slides, for retrieving and navigating
information from other presentation contents by considering
the students’ browsing behavior. In this paper, we discuss
two types of exploratory search, (1) focused searching based
on well-matched browsing behavior that enables users obtain
details of specific topics; and (2) exploratory browsing based
on partially-matched browsing behavior that enables the users
find various relevant information on topics of interest.

Keywords-exploratory search; presentation contents; iPoster;

I. I NTRODUCTION

Slide-based presentation tools, such as Microsoft Power-
Point or Apple Keynote is now one of the most frequently
used tools for educational purposes. A huge amount of slide-
based educational materials for MOOC, are freely shared
on Web sites such as Coursera1 and SlideShare2. Thus, not
only students who missed a lecture or presentation, but also
anyone interested in a topic can study the presentation on
their own. Therefore, techniques are in demand that will
efficiently find appropriate information worth learning from
the vast numbers of presentations available. Although many
techniques for searching and recommending presentation
slides have been proposed, some problems remain from the
viewpoint of exploratory search. One problem is current
slideshow mode of presentations does not allow users op-
erate freely on the presentations for stimulating the users’
interests. Recently, Prezi3 utilizes a ZUI as an alternative

1https://www.coursera.org/
2http://www.slideshare.net/
3http://prezi.com/

Figure1. Conceptual diagram of an exploratory search tool by iPoster

to the traditional slides, allowing users easily operate the
presentations. Another problem is any single educational
material only cover a small fraction of knowledge in a
specific domain by a given search query, and thus offers
a limited depth of information. The users then have to
go through various presentation contents, but this will be
time-consuming and difficult to find relevant information
from multiple presentation contents. Therefore, users will
be required to browse them in structural layouts with ZUIs,
and easily obtain information meets the users’ specific needs
by considering user browsing behavior.

As depicted in Figure 1, we present an exploratory search
tool that generates a meaningfully structured presentation
by using the slides, which is called an iPoster. With our
exploratory search tool, (1) users can interactively browse
an iPoster, therefore, (2) the iPoster can explore information
from other presentations by considering user browsing be-
havior; and (3) represent and navigate information meets the
users’ specific needs. To achieve our goal, the iPoster can be
implemented by 1) extracting textual and graphic elements
in slides and semantic relationships between them; and 2)
organizing elements in structural layouts with zooming and
panning transitions based on a idea of Prezi. In semantic
structure analysis, we first extract elements by examining
the presentation context of the particular elements in the
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slides. The semantic relationships between these elements
are determined using implicit hyperlinks in slides, based on
slide structures. Specifically, we derive the slide structure
by focusing on the itemized sentences in the slide text. For
providing an overview of the content, we utilize a hierar-
chical structure, combined with a stacked Venn. Finally, our
iPoster is generated in a structural layout based on semantic
relationships, using a ZUI, which can enable users to explore
the presentations easily and efficiently.

The next section reviews related work. Section 3 describes
our semantic structure analysis model. Section 4 explains
iPoster generation. Our exploratory search on presentations
and conclusions are given in Sections 5 and 6, respectively.

II. RELATED WORK

A variety of applications address the weaknesses of the
current slideware tools in the presentation and authoring
domains. Our approach in an iPoster builds on the strength of
exploratory search. Lanir et al. [1] proposed a MultiPresenter
application that leverages spatial reasoning capabilities to
relate content through dual-screen projection. Although the
iPoster does not adopt the dual-audience-display paradigm, it
addresses the need to navigate through elements dynamically
during the presentation. NextSlidePlease [2] creates and
delivers presentations in a nonlinear fashion. The iPoster is
similar to this work, as we utilize a structural layout with
the ZUI, rather than one or more slide lists, to allow users
interactively browsing and automatically navigating.

Exploratory is constantly being changed and shaped by
a range of related research. White et al. [3] suggests that
browsing is a cognitive and behavioral expression of ex-
ploratory behavior and she claims that it has four elements:
(1) glimpse a scene; (2) target an element of a scene visually
and/or physically; (3) examine items of interest; and (4)
physically or conceptually acquire or abandon examined
items. Therefore, our method according to this, offer an
overview (glimpses), the ability to operate the content
through various presentations (exploratory browsing). Detlor
et al. [4] developed a model of information seeking that com-
bines both browsing and searching. It suggests that much
of Ellis’s model [5] is already implemented by components
currently available in Web browsers. We then applied this
model to search presentations by considering user browsing
behavior.

III. SEMANTIC STRUCTUREANALYSIS

A. Element Extraction

There are two elements, i.e., textual elements and graphic
elements, from presentation slides based on itemized sen-
tences based on the XML files of slides. We define the slide
title is the 1st level, the first item of text within the slide body
is the 2nd level, and the depth of the sub-items increases with
indentation level (3rd level, 4th level, etc.).

1) Textual Elements:We define textual elements as topics
that focus on noun phrases in slides. Based on the presen-
tation context, a topic that frequently appears at the higher
levels (i.e., slide title) in neighboring slides. The topics that
appear in the title of a slide and the body of other slides
can be considered to indicate its context in a presentation.
Then, we extract topics by locating the same noun phrases in
different slides, at varied levels. If a noun phrasek appears
at different levels in slidessi andsj , thenk is a candidate
for being one of the topicsT in the presentation.

T = {(k, si, sj)|lmax(k, si) ̸= lmax(k, sj)} (1)

where,T is a bag of noun phrases that can be considered as
candidates for topics.lmax(k, si) returns the highest level of
k in si. For instance, when the highest level is the title, i.e.,
the 1st level, thenlmax(k, si) is 1; and when the highest
level is the 3rd level, thenlmax(k, si) is 3. Whenk appears
at different levels,k is determined as a candidate for topics
by Eq. (1). Then, the weight ofk in T is defined using the
levels ofk, and the distance betweensi andsj , as follows:

I(k) =
1

lmax(k, si)
+

∑
k,si,sj∈T

(
1

lmax(k, sj)
· 1

dist(si, sj)

)
(2)

wheredist(si, sj) corresponds to the strength of the associ-
ation betweensi andsj , and it denotes the distance between
si andsj . If k appears at a high level insi andsj , and the
distance betweensi andsj is short,I(k) of k is high.

2) Graphic Elements:When compared to pure textual
elements, images are more attractive, appealing and in-
formative from a psychological standpoint. Therefore, we
define graphic elements as images corresponding to the topic
candidates in slides, given that the surrounding text of the
images are similar to the topic candidates. We considered
that the images used to describe the content in slides, and
a slide title can be a subject of the content. When the
similarity exceeds a predefined threshold by calculating the
Simpson similarity coefficient, the images are recognized as
the corresponding images of the topic candidates.

B. Determination of Semantic Relationships

Semantic relationships between elements are determined
from a document tree of a presentation to enable users obtain
relevant information between the key elements. Preliminary
ideas are given in an algebraic query model [6] as well.

1) Basic Definitions and Algebra:The presentation con-
tent shown in Figure 2 is represented as a rooted ordered
treeD = (N,E) with a set of nodesN and a set of edges
E ⊆ N × N . There exists a distinguished root node from
which the rest of the nodes can be reached by traversing the
edges inE. Each noden, except the root, has a unique parent
node, it of the document tree is associated with a logical
component, i.e.,< title > or < sections >, based on
an XML file in the given presentation. Functionwords(n)
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Figure2. An example of pairwise fragment join of a document tree

returns the noun phrases of the corresponding component in
n. A partial tree ofD with a given noun phrase as its root
is defined as a fragmentf . It can be denoted asf ⊆ D. A
slide is a fragment by the slide title.< n1, n2, n3 > is the
set of nodes in slide2 and a fragment of the document tree.

To formally define the semantic relationships between the
extracted elements, we first define operations on fragments,
and sets of fragments using a pairwise fragment join [6].
Let Fx and Fy be two sets of fragments inD, then, the
pairwise fragment join ofFx andFy, denoted asFx ▷◁ Fy,
is defined to extract a set of fragments. This set is yielded
by computing the fragment join of every combination of an
element inFx and an element inFy, in pairs, as follows:

Fx ▷◁ Fy = {fx ▷◁ fy | fx ∈ Fx, fy ∈ Fy} (3)

An example of operation for pairwise fragment join. It refers
the sample document tree in Figure 2. For the given two
topicsx = nutrition andy = fruit, whereFx = {< n3 >,
< n5 >}, Fy = {< n4, n5, n6, n7 >, < n19 >}, Fx ▷◁ Fy

produces a set of fragments{< n3 >▷◁< n4, n5, n6, n7 >,
< n5 >▷◁< n4, n5, n6, n7 >, < n3 >▷◁< n19 >,
< n5 >▷◁< n19 > by Eq. (3).

2) Semantic Filters:We determine semantic relationships
between the given topics,x andy, using the set of fragments
produced by taking pairwise fragment join as semantic
filters. For this, we define four types of semantic filters by
considering the horizontal and vertical relevance, as well as
the structural semantics from the document tree.

Table I
SEMANTIC RELATIONSHIPS WITH SEMANTIC FILTERS

Types Horizontal Vertical Hierarchy Inclusion

x shows y < α either l(x) < l(y) either
x shows y ≥ α < β l(x) < l(y) either

x describes y < α either l(x) > l(y) either
x describes y ≥ α < β l(x) > l(y) either
x likewise y < α either l(x) = l(y) either
x likewise y ≥ α < β l(x) = l(y) either
x has-a y < α either either fx ⊇ fy
x has-a y ≥ α < β either fx ⊇ fy
x part-of y < α either either fx ⊆ fy
x part-of y ≥ α < β either fx ⊆ fy

• Horizontal distance: supposing,hdist(ti, tj) denotes
distance between the nodes of the slide titlesti and tj
in slides containingx andy, we set the threshold value
α at |N |/2, i.e., half the total number of nodes in the
document tree. Ifhdist(ti, tj) ≤ α, the distance be-
tween slides containingx andy is short (i.e., relevant).

• Vertical distance: when distance between the slides
containingx andy is long, and they are at the low levels
in slides, they can be less relevant in the document tree.
Supposing,vdist(r, q) denotes the distance between the
root noder and the node containingx or y, we set the
threshold valueβ at ave(depth), which is an average
of the depth of levels. Ifvdist(r, q) ≤ β, the level of
the node containingx or y is high (i.e., relevant).

• Hierarchy: we compare the levels ofx and y in the
fragments based on the theory of hierarchical seman-
tics. Whenl(x) < l(y), the level ofx is higher than
the level of y; x is a superordinate concept ofy (y
is a subordinate concept ofx). Contrarily, l(x) > l(y)
denotes that the level ofx is lower than the level ofy;
x is a subordinate concept ofy (y is a superordinate
concept ofx). Whenl(x) = l(y), the level ofx is same
as the level ofy; they have coordinate concept.

• Inclusion: whenfx ⊆ fy, the fragment ofx is included
in the fragment ofy, i.e., fx is a partial tree offy.

3) Semantic Relationship Types:We determine five types
of semantic relationships between the given noun phrases,x
and y, by combining the semantic filters of Table I. For
measuring the relevance betweenx and y, we focus on
the horizontal distance and thevertical distance. Here,
when thehorizontal distance between them is long, the
vertical distanceshould be short. We determine hierarchical
relationships,show, describe, and likewise, by focusing
on hierarchy. In x shows y, l(x) < l(y) meansx is a
superordinate concept ofy. In x describes y, l(x) > l(y)
meansx is a subordinate concept ofy. In x likewise y,
l(x) = l(y) meansx and y have coordinate concept with
each other. We determine inclusion relationships, which are
has-a and part-of , by focusing oninclusion. In x has-a
y, fx ⊇ fy means that the concept ofx includes the concept
of y. In x part-of y, fx ⊆ fy means that the concept
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of x is included in the concept ofy. When x and y fail
to match these determinations of semantic relationships,x
and y are independent. Therefore, a numbers of semantic
relationships betweenx and y are formed from a set of
fragments produced by taking the pairwise fragment join; a
semantic relationship is determined by majority.

We conduct multiple presentations based on this semantic
structure analysis, the semantic relationships follow a tran-
sitivity law, e.g., iff x shows y in presentationA, y shows
z in presentationB, then it is assumed thatx shows z.

IV. IPOSTERGENERATION

We generate an iPoster possessing two features: (1) an
overview of elements from the slides, retaining this feature
of traditional posters; and (2) a ZUI, promoting user inter-
action and reflecting the semantics of the elements.

A. Determination of Element Layouts

When hierarchical relationships between two elements,
reveal a hierarchy applied as to a hierarchical structure.
Show or describe maps a parent-child relationship, ifx
shows y (y describes x), then we markx in a parent
area andy in a child area, suggesting that the layer ofx
is higher than the layer ofy. Moreover, likewise maps
a sibling relationship, ifx likewise y, then we locatex
and y in the same layer. Inclusion relationships between
two elements, reveal a logical relationship of inclusion and
exclusion applied as to a stacked Venn. Ifx has-a y (y
part-of x), we conceive an area ofy that is included in an
area ofx, and that the area ofx is larger than the area ofy.

B. Determination of Element Transitions

To utilize a ZUI, (1) users can browse the iPosters with
their operations, such as zoom-in, zoom-out, and pan; (2)
users can browse the iPosters without their operations by
automatically navigations with transitions between elements.
The transitions discussed here explain the kinds of visual
effects that are applied to the semantic relationship types.

When show (describe) between two elements. Then,
firstly the view must be zoomed-out from the focused
element to an area of both, following which; it must be
zoomed-in to the target element. Therefore, the transitions
include passing through the area of both, which helps users
to easily grasp the super-sub relation existing between them.

Whenlikewise between two elements, the transitions be-
tween them include zooming-out from the focused element
to an area enclosing both the elements and their parent
element, and then zooming-in to the target element. Then,
the transitions provide their parent element helps users to
easily know they are subservient to the same concept.

Whenhas-a (part-of ) exists between two elements, the
transition between the two elements pans from the focused
element to the target element. Therefore, this simple and
direct transition between the two elements helps users to

easily understand that they are dependent on each other, and
that there exists an inclusion relationship between them.

The transitions between two independent elements include
zooming-out from the focused element to all elements, and
then zooming-in to the target element. These transitions help
the user to easily know that they are irrelevant.

As depicted in Figure 3, we generated iPosters using
actual Lecture♯1 4 for Database at Portland State University
by Prof. Laura Bright. We can easily find that this lecture
emphasized the content ofRelational Database.

V. EXPLORATORY SEARCH ON PRESENTATIONS

We build an exploratory search tool that aids users to
search multiple presentations in search results by a given
query: (1) focused searching and (2) exploratory browsing.
Then, we measure dependence of the structure of the iPoster
based on user browsing behavior, as follows:

D(H) =
1

|H| − 1

|H|−1∑
n=1

1

dist(en, en+1)
, en ∈ H (4)

Here,H is a browsing history based on user browsing be-
havior.en is a browsed element inH. We define the browsed
element, focusing on zoom-in operations of elements by
the users, that the elements can be considered as the users
are interested in. Then, we calculate a degree ofD(H) by
using average of relevance between the browsed elements.
Function |H| returns the number of the browsed elements,
|H| − 1 then denotes the number of edges between them.
dist(en, en+1) is a shortest distance betweenen and en+1

in an order, which is calculated by the number of edges
between the browsed elements on the structure of the iPoster,
then, dist(en, en+1) ≥ 1. When dist(en, en+1) returns1,
the relevance betweenen and en+1 is closest. In this case,
we set the threshold valueγ at |H|/|Ep|, |Ep| denotes
the number of nodes in a partial tree included all browsed
elements of the structure of the iPoster. IfD(H) ≥ γ,
the browsing behavior can be considered well-matched on
the structure of the iPoster; contrarily, ifD(H) < γ, the
browsing behavior can be considered partially-matched on
the structure of the iPoster.

A. Focused Searching of Presentation Contents

When a user browses along the structure of the iPoster
focused on a topic and its subtopics with zoom-in operations,
we assume that it is focused searching based on well-
matched browsing behavior, he wants to get details of the
focused topics. Algorithm 1 describes a procedure for fo-
cused searching in a sub-structural layoutFS = (Ed, R, P ).
Ed is a set of elements related tox by users’ operations as
an input. r is a type of semantic relationshipsR defined
in Table I. P is a set of presentations in search results
by a given query. This procedure representse′ related to

4http://web.cecs.pdx.edu/h̃owe/cs410/lectures/RelationalIntro 1.ppt
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Figure3. An Example of a generated iPoster based on our proposed method

Algorithm 1 ExploreFS = (Ed, R, P )

Require: x is an element in a given presentationp, last
browsed by a user with a zoom-in operation.

Ensure: R = {(e, e′, r)|e, e′ ∈ E, e, e′ ∈ p′}
R ⇐ ϕ
for all presentationp′ in a given domaindo

if r is show relationshipthen
e ⇐ x
R ⇐ (x, e′, r)
P ⇐ p′

end if
end for

x accordingto (x, e′, r), in which r is show for finding
details ofx.

B. Exploratory Browsing of Presentation Contents

When a user browses topics in apart on the iPoster, we
assume that it is exploratory browsing based on partially-
matched browsing behavior, he wants to get much relevant
information of the browsed topics. Algorithm 2 describes a
procedure for exploratory browsing in a sub-structural layout
EB = (Ew, R, P ). Ew is a set of elements related tox and
y by users’ operations as an input. This procedure represents
e′ related tox and y according to(x, y, r), in which r is
likewise for finding relevant information ofx andy.

Figure 4 illustrates an example of exploratory browsing, a
user firstly zooms-in to the area of ‘Forest Ecosystem,’ after
that zooms-out it and zooms-in to the area of ‘Food Chain,’
and zooms-out it and zooms-in to the area of ‘Products.’ We
considered that he wants to get a lot of information about
‘Food Chain’ and ‘Products’ along the content related to

Algorithm 2 ExploreEB = (Ew, R, P )

Require: x, y are elements in a given presentationp,
browsed by a user with a zoom-in operation.

Ensure: R = {(e, e′, r)|e, e′ ∈ E, e, e′ ∈ p′}
R ⇐ ϕ
for x, y such that(x, y, r) ∈ R in p do

for all presentationsp′ in a given domaindo
if r is likewise relationshipthen
e ⇐ x, y
r ⇐ describe
R ⇐ (x, e′, r) = (y, e′, r)
P ⇐ p′

if r is descibe relationshipthen
e′ ⇐ z
R ⇐ (e, z, r)
P ⇐ p′

end if
end if

end for
end for

‘Forests and Humans.’ Due to ‘Products’likewise ‘Food
Chain,’ and theydescribe ‘Forests and Humans,’ ‘Forests
and Humans’ has its details (i.e., ‘Products’ and ‘Food
Chain’) only inPA

5. In this work, we can extract ‘Nitrogen
Cycle’ and ‘Rainforest Animals’, whichdescribe ‘Forests
and Humans’ inPB

6, and represent a whole of ‘Forests
and Humans’ with its details (i.e., ‘Products,’ ‘Food Chain,’
‘Nitrogen Cycle,’ and ‘Rainforest Animals’). In addition,

5http://teacherweb.com/AB/GilbertPatersonMiddleSchool/MsDavid/Tree-
Types-2b-Posting-version.ppt

6http://www.marinepolicy.net/cparsons/Ecology/12-Forests.PPT
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Figure4. An example of exploratory browsing based on partially-matched browsing behavior

the iPoster can automatically navigate the whole of ‘Forests
and Humans’ to ‘Nitrogen Cycle’ and ‘Rainforest Animals.’
The iPoster firstly zooms-out from the area of ‘Food Chain’
(i) to the whole area of ‘Forests and Humans’ (ii) that
shows an overview of ‘Forests and Humans’ with ‘Nitrogen
Cycle’ and ‘Rainforest Animals.’ Next, the iPoster zooms-
in to ‘Nitrogen Cycle’ (iii) and ‘Rainforest Animals’ (v),
respectively. It helps the user to understand details ‘Nitrogen
Cycle’ and ‘Rainforest Animals’ of ‘Forests and Humans.’

In this way, when many elements are extracted, we need to
consider how to select candidate elements from presentation
contents such as weights of the elements.

VI. CONCLUSIONS ANDFUTURE WORK

In this paper, we built an exploratory search tool for
presentation contents based on iPoster generation, which
represents textual and graphic elements in a structural layout
with ZUIs, to promote user interaction. In order to generate
an iPoster, we introduced a semantic structure analysis
model for extracting elements and determining semantic
relationships between them from slides. The iPoster enables
users to browse and explore easily and efficiently through
various presentations.

In the future, we plan to consider a collaborative ex-
ploratory searching tool, which will provide a way to
summarize already encountered information. The tool could
tailor these summaries to the respective skill levels of
collaborators.
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Abstract—Software Product Line (SPL) engineering promotes
the systematic and large-scale reuse of design and implementation
artifacts. Feature models are one of the main artefact of SPLE
approach which essentially characterize the similar and variant
functional and operational specifications of the product family.
Given the complexity of the variabilities represented by feature
models, it is often hard for the stakeholders to analyze a feature
model and identify the features that are most important for their
purpose. So, given large-scale software product families, one of
the important questions is how and what features should be
selected for the target software product from the product family.
To address this problem, we adopt concepts from the domain of
goal-oriented requirement engineering and base feature selection
decisions on software stakeholders’ intentions and expectations.
In this work, we propose a framework to automatically map
stakeholders’ objectives, which can be captured in the form
of goal models, on feature models through the application of
semantic analysis methods. Our proposed approach not only
provides the means to systematically interrelate feature models
and goal models but also helps software practitioners in moving
from the stakeholders’ goals and expectations towards domain
model feature selection decisions in such a way that a more
desirable final product for the stakeholders is developed.

I. INTRODUCTION

A software product family provides the means for capturing
the commonalities of all possible products of a given domain
and also addresses variability by covering a comprehensive set
of dissimilarities between the products [16]. There are basically
two lifecycles in software product lines, namely domain engi-
neering and application engineering. While, domain engineer-
ing is concerned with the process of understanding the target
domain and developing a comprehensive formal representation
of the concepts in that domain, application engineering takes
the products of the domain engineering process and develops
an appropriate application instance by carefully choosing and
instantiating the right elements of the formal representation of
the domain model. The process of selecting the right set of
features and development of a new product from a software
product line during application engineering is referred to as
the configuration process [8].

Software product line configuration is an important step
in application engineering, which can be seen as a constraint
satisfaction process throughout which a product is being de-
veloped that needs to possess the highest number of desired
features and properties and the least number of excessive and

undesirable ones from the perspective of stakeholders [4].
The software product line research community has developed
effective methods for configuring product line models such
as feature models. The basic assumption of these methods and
tools is that the set of initial desirable features is already known
to the stakeholders or at least to the software product designers
[5]. However in reality regardless of the configuration process
itself, the selection of the initial set of desirable features is
both important and very difficult to do for the stakeholders and
product designers. The selection of these features depends on
the restrictions placed by and objectives of the stakeholders and
the requirements of the target deployment environment. There-
fore, an important research challenge is to develop methods or
processes that can help identify the set of desirable features to
fulfill the stakeholders’ needs.

In reality, stakeholders are more comfortable in explaining
their expectations from a software product in terms of their
objectives, intentions, and goals rather than very formally ex-
plaining the functionality that they expect [1], [9]. Therefore, in
the realm of software product line engineering where software
products are defined by their features, the gap between the
stakeholders’ intention space and the product family feature
space needs to be bridged. Kang [11] has mentioned that
feature elements represent system functionality in a domain
and the authors in [20] indicated that task elements in goal
models represent the operation or function that can be defined
for satisfying parent goals. Therefore, it is possible to integrate
feature and goal models by identifying conceptually related
pairs of task and feature elements.

In this work, we are interested in analyzing the early stages
of the software product application engineering process, i.e.,
we investigate how the most suitable set of software product
line features can be selected for the product configuration
process by examining the stakeholders’ needs and requirements
gathered through a standard requirement engineering process.
We propose a (semi) automated framework, which systemati-
cally maps the stakeholders’ objective and goals (which is in
the form of a goal model) to a domain feature model through
shared domain Semantic Web ontologies. To this end, we first
annotate feature and goal models’ elements with ontological
concepts through an annotation process and then integrate these
two models by identifying and connecting conceptually related
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elements e.g., pair of feature and task elements through a
mapping process. Note that, the information in feature and
goal models come from domain documents such as interview
transcripts, functional requirements documents, strategic plan-
ning documents, among others [12]. In the feature and goal
modeling process, domain analysts use these documents as a
source to derive the elements to design the feature and goal
models. Based on this assumption, we posit the existence of ei-
ther explicit or implicit relation between the domain documents
and the elements of feature and goal models. In order to have
precise annotations, we analyze such domain documents and
associate feature and goal model elements with their relevant
supporting texts (the part of the domain documents based
on which an element is contextualized). In the annotation
process, we benefit from text analysis methods to extract
important domain concepts from the associated texts and
automatically annotate the feature and goal model elements
with relevant ontological domain concepts. Afterwards, in the
mapping process, we utilize an explicit semantic similarity
function to measure the semantic relatedness of elements in the
feature and goal models and connect the conceptually related
elements. Finally, through the established mapping links and
using diagrammatic reasoning techniques it is possible to trace
between the intention and feature spaces and therefore find the
most relevant features of the target software product family in
the context of the stakeholders’ goals and requirements.

II. BACKGROUND

A. Feature Models

Features are important distinguishing aspects or character-
istics of a family of systems [16]. In a feature model, features
are hierarchically organized by Structural Constraints which
can be typically classified as: 1) Mandatory: a feature must
be included in the product if the parent feature is included;
2) Optional: a feature may or may not be included in product
if the parent feature is included; 3) Alternative feature group:
one and only one of features from the feature group can be
selected if the parent node is included; 4) Or feature group:
one or more features from a feature group can be included in
the product if their parent feature is included. In some case, the
cross tree mutual interdependencies among the features exist;
thus, additional constraints are often added to feature models
and are referred to as Integrity Constraints. The two most
widely used integrity constraints are: Includes - the presence
of a given feature (set of features) requires the inclusion of
another feature (set of features); and Excludes - the presence
of a given feature (set of features) requires the elimination
of another feature (set of features). Figure 1 depicts a small
feature model for the tablet domain.

B. Goal Models

Goal models have been introduced and widely used, as a
controlled approach for organizing and structuring stakehold-
ers’ intentions in a graph-like representation [9]. In essence,
goal models are fundamentally built over three important

Fig. 1. A sample feature model representing a tablet domain.

Fig. 2. A goal model representing stakeholders’ expectations from the tablet
domain.

concepts, namely goals, softgoals, and tasks. Goals are ob-
jectives related to the functional aspects of the system. In
contrast, softgoals refer to non-functional or quality attributes
of the system. Furthermore, tasks are ways to operationalize
stakeholders’ goals.

Goal models are often refined such that high-level goals are
expressed through finer grained goals. This is achieved using
decomposition links, i.e., each parent node is broken down
into smaller child nodes whose disjunction or conjunction will
satisfy the parent. In addition, since goals are operationalized
through tasks, they are interrelated through contribution links.
Tasks can also be refined using decomposition links. Moreover,
impact links are used to show to what extent the developed
tasks contribute to the satisfaction of a softgoal. Figure 2
shows a goal model representing some of the stakeholders’
expectations from the tablet domain.

III. A FRAMEWORK FOR FEATURE MODEL
PRE-CONFIGURATION

The overview of our proposed feature model pre-
configuration process is shown in Figure 3. Generally, the
domain level processes are involved to create an overarching
representation of the domain using feature models. Later, the
application level process takes the developed formal models,

Fig. 3. A framework for feature model pre-configuration.
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and also the needs, requirements and expectations of the
stakeholders, which are represented in a goal model, into
account in order to select a desirable set of features for a final
product.

As seen, the domain level process consists of three steps:
• (D1) Using an available standard domain analysis process

the set of all possible features and their dependencies
(structural and integrity constraints) will be identified.
As a result of this process, a formal representation of
the features of the target domain are developed, which is
referred to as the feature space.

• (D2) During the feature modeling process, domain doc-
uments are used as information sources for extracting
feature model elements. Based on this, our second step
will create the extended version of the feature model
in which the elements in the model are linked with
the sections of the domain documents from which the
elements are derived from. In other words, each model
element will be accompanied by textual snippets from
domain documents that justify the existence of the model
element.

• (D3) Once the feature elements are labeled with their
related domain texts, each element will be semantically
annotated with domain ontological concepts. We employ
an automated semantic text analysis method in order to
analyze the elements’ associated texts and cross-reference
the elements with a set of concepts that are identified from
the texts.

The main focus of the devised processes in domain engineering
is to develop a feature model whose elements are extended with
semantic concepts. Furthermore, in application engineering the
annotated feature model will be used as a basis of the mapping
process. In the context of feature model configuration, the
application engineering process is as follows:

• (A1) Communicates and understands the stakeholders’
needs and requirements by identifying and modeling
their intentions and goals through an available standard
requirement engineering process (the intention space).

• (A2) During the goal modeling process, application en-
gineers use domain related documents to derive goal,
softgoal, and task elements. Similar to step (D2), in this
step, the derived elements will be extended with their
related supporting texts for more clarification.

• (A3) Similar to step D3, here we benefit from semantic
text analysis methods in order to extract ontological
concepts from the associated supporting text and annotate
task elements in the goal model accordingly.

• (A4) In this step, the main concern is to identify the
possible correspondences between the task elements of
the intention space with feature elements of the feature
space and link them through appropriate mapping links.
In the D3 and A3 steps, both feature elements and
task elements have already been semantically annotated
with concepts from a shared domain ontology. Hence,
through the mapping process the pair of semantically
related task and feature elements can be identified. Here,

pairwise comparisons will be performed on the elements’
representative concepts in order to measure the conceptual
relatedness of each pair of elements. This process high-
lights a set of possible mappings between the models.

• (A5) Finally, diagrammatic reasoning techniques [10],
[17] are employed to trace between the intention and
feature spaces and therefore find the most relevant fea-
tures of the target software product family in the context
of the stakeholders’ goals and requirements. These set
of selected features can be used as appropriate input
for feature model configuration techniques that given a
feature model and a set of input features are able to create
a fully configured software product model.

In the following sections, the details behind each of these
steps are introduced.

A. Feature and Task Element Enrichment
In real world practice, domain engineers refer to a set

of textual assets such as interview transcripts, functional re-
quirements documents, strategic planning documents, as their
information source in order to design and develop a feature
and/or goal model. These documents are used as a source of
information to extract the model elements like features and
define relations among the derived elements [12].

During the design process, the rationale for extracting
elements is documented by building traceability links between
the derived elements and their supporting texts in the domain
documents. These explicit links help to keep track of the
reasons behind selecting the developed model elements, which
augment the maintainability of the model. Specifically such
augmented models will be more understandable and main-
tainable when they needs to be updated with new identified
requirements. Based on this, we consider that there is a
traceability link between the identified elements, e.g. features
or tasks, and the sources of information that the element is
derived from.

In the current literature, the typical approach for mapping
tasks and features has been to look at the syntactical similarity
or synonimity between feature and task element names. Our
approach takes this one step further by trying to find corre-
spondences between feature and task elements by looking at
their textual sources. In fact, we benefit from the traceability
link between task/features and their textual sources, developed
in the element enrichment step.

The result of the feature/task element enrichment is an
extended version of feature and goal models in which each
individual feature and task elements in the models is connected
to its appropriate supporting text. For instance, the “IOS”
feature can be extended with “IOS is an OS developed and
distributed by Apple Inc.” supporting text. In the following
section, we will explain how the associated supporting text
can be used in a semantic annotation process for identifying
the relevant ontological concepts of each element.

B. Feature and Task Element Annotation
The main task in this step is to annotate feature and

goal model elements with appropriate semantic concepts. For
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this purpose, we use each element’s supporting texts that are
added in feature/task element enrichment step (D2 and A2).
We employ a text semantic analysis method to automatically
extract semantic concepts from the texts and annotate the
feature/task elements with ontological concepts.

Various types of semantic annotation systems exist, which
can be used in our text semantic analysis process. The un-
derlying techniques of such systems rely on a combined use
of Natural Language Processing (NLP) and the large scale
knowledge bases like DBpedia [6]. In our work, we benefit
from Denote [7], a semantic annotation system, which employs
each element’s supporting text as input. For a given element’s
supporting text, the system automatically detects and identifies
the relevant phrases (spots) that are available in the support-
ing text and relates each of them to appropriate ontological
concepts. Accordingly, the element can be annotated with the
identified semantic concepts.

C. Mapping Process

The mapping process provides the opportunity to connect
feature space with goal space through identifying a set of
feature and task elements that are represented by related
ontological concepts. The underlying challenge of mapping
can be simply viewed as the problem of selecting the feature
and the task that are annotated with a set of most similar
concepts. The mapping process can automatically identify
the mappings in two stages: first, it calculates the relatedness
between all feasible combinations of tasks and features.
Second, using Integer Linear Programming (ILP) [13], the
best mappings are identified.

Stage 1: Calculating semantic relatedness

Lets assume that feature f 2 F is annotated with a set of
concepts Af = {hf, c1i, hf, c2i...hf, cni} and, task t 2 T

is annotated with At = {ht, c01i, ht, c02i...ht, c0ni}. In order to
be able to calculate the semantic relatedness between two
elements, we will need to measure and quantify the semantic
relatedness between their concept sets.

Relatedness(f, t) = Relatedness(Af , At). (1)

Equation (2) calculates the semantic relatedness between
two elements f and t based on their associated concept sets.
The similarity between each pair of concepts c and c

0 is
calculated through SIM(c, c0) function.

Relatedness(Af , At) =

|Af |X

i=1

(max

|At|
j=1SIM(ci, c

0
j)). (2)

As indicated by Strube et al. in [19], the measure for
computing semantic similarity between two ontological
concepts (c and c

0) can be categorized as: 1) path based
measures, 2) information content based measures, and 3) text
overlap based measures. To explain, path based measures
compute the relatedness of two concepts by calculating the
number of edges along the path between two concepts within
the taxonomy hierarchy. Information content based measures
compute the relatedness based on the extent in which two

concepts share information. Text overlap based measures
calculate relatedness based on the overlap exist between
the texts associated to each concept. Here, SIM function
calculates and quantifies the conceptual similarity between
two ontological concepts based on the combined measures
that are introduced in [19]. Interested readers are encouraged
to see this paper for details of the SIM function.

Stage 2: Find the mapping elements

We adopt the Integer Linear Programming (ILP) [13] method
to find the most relevant feature element for each task
element. We assume that, at most there is only one relevant
feature for each task. This problem can be formulated as one
variation of the classic assignment problem [13]. For a given
feature set F = {f1, f2...fn} and task set T = {t1, t2...tm} ,
the mathematical model is as follows:

Maximize

nX

i=1

mX

j=1

Relatedness(i, j) ⇤ xij (3)

nX

i=1

xij  1 j = 1, 2...m (4)

mX

j=1

xij  1 i = 1, 2...n (5)

Equation (3) represents the objective function, which is the
summation of xij as the decision variable where, xij = 1 if
feature i can be mapped on task j in the optimal solution and
0 otherwise. The Relatedness(i, j) represents the similarity
degree of feature i in compare to task j which can be calculated
based on Equation (1). Equation (4) shows the first set of
constraints, which ensure that every feature is mapped on only
one task and Equation (5) as a second set of constraints ensure
that every task is mapped on a feature. As a result of the
mapping process, each task t 2 T will be mapped onto a
semantically related feature element f 2 F .

D. Feature Selection

In the mapping process step, the stakeholders’ objectives
(intention space) is connected to the feature model (decision
space) through a set of mapping links. In fact, considering the
intention space can be helpful in selecting the most appropriate
set of features for the specific purpose of the stakeholders.
Here, the decision related to the selection of the best features
can be translated into which one of the available features
are related to the important goals of the stakeholders. Simply
stated, the features that are connected through some path to
the highly desirable goals of the stakeholders are considered
to be more attractive to be included the final product.

This approach to feature selection can be formally defined
through two types of diagrammatic reasoning approaches per-
formed over goal models [15]. The first approach is called the
backward label propagation algorithm proposed by Sebastiani
et al [17]. This algorithm accepts as input the desired degrees
of (dis)satisfaction of a set of high level goals, and propagates
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these degrees throughout the goal model over the lower level
goals and tasks. So, using the backward propagation algorithm,
the stakeholders can select a set of high level goals as highly
desirable, which will then be propagated through the goal dia-
gram until the utility of all of the related lower level goals and
tasks have been calculated. Now, since features are accessible
for the goal model through the task-feature mappings, the
desirability of each feature can also be calculated based on its
relation to the goal model’s goals and tasks. In this way, we
are able to calculate the degree of utility and desirability of the
feature model elements based on the stakeholders’ intentions.

The second approach is referred to as the forward label
propagation algorithm [10], which is introduced by Giorgini
et al. In contrast to the latter approach, this algorithm starts
from lower level goals and works its way to the top goals;
therefore, it is able to estimate to what extent high level goals
are satisfied given the satisfiability of the lower level goals
and tasks. The interpretation of this algorithm for our context
would be to select a specific feature and see how it relates to
the stakeholder goals and to what extent it is able to satisfy
the most important concerns of the stakeholders.

By benefiting from the backward and forward label prop-
agation algorithms on goal models and the mapping between
goal model and feature model elements, we are able to move
from the intentions of the stakeholders to actual decisions with
regards to the selection of the appropriate product features.
Hence, we are able to find the features that significantly
contribute to the satisfaction of stakeholders’ intentions and
objectives, and choose them as the most desirable ones.

IV. A DESCRIPTIVE CASE STUDY

Here, we intented to show how stakeholders’ objectives can
be translated into desirable software product line features using
our proposed framework. We benefit from the tablet feature
model (represented in Figure 1) and a related goal model
(represented in Figure 2) as a case study. We first explain
the processes in domain engineering and then discuss the
processes that need to be conducted in application engineering.

D1. Domain feature modeling: In this step, using a standard
domain analysis method a feature model is developed. Given
we already have the tablet feature model, we skip this process.
D2. Feature enrichment: Here, the leaf features in the feature
model will be extended with the related textual snippets
which come from the sections of domain documents that
the elements are derived from. The supporting texts that are
selected for each element support and describe the context
where the element is defined. In fact, during the feature model
development these textual snippets should already be linked
to each model element. Table I represents the supporting texts
that are associated to each elements.
D3. Feature annotation: Once the feature elements are
extended with their appropriate supporting texts, each
feature element will be annotated with domain ontological
concepts. We benefit from a semantic annotation system
named Denote for extracting semantic concepts. Denote gets

TABLE I
SAMPLE SUPPORTING TEXT FOR FEATURE ELEMENTS.

Feature Name Supporting Text
Retina Retina is liquid crystal display with high pixel density.

LCD LCD is a flat panel display that uses the light modulating
properties of liquid crystals.

WiFi WiFi technology allows tablet connect to other devices through
wireless communication.

3G 3G is mobile telecommunications technology, which provides
Internet access via cellular network.

Bluetooth Bluetooth is a wireless technology, which enables the devise
exchange file over short distances.

MMS MMS is a standard way to send messages that include video
and photo.

SMS SMS is a messaging service component for sending text in
mobile communication systems.

IOS IOS is an OS developed and distributed by Apple Inc.
Android Android is an OS that is developed by Google.

elements’ associated supporting text as input and identifies
the meaningful spots from the text. Furthermore, using
DBpedia, each spot will be linked to a proper concept URI.
Accordingly, each element will be cross-referenced with a set
of concept URI that are identified from the supporting text.
Table II represents the spots and the related concept URIs
that are associated to “WiFi” and “3G” features. For other
feature elements we can perform a similar process in order
to extract concept URIs from their supporting texts. Due to
space limitation, we only present the concepts extracted for
“WiFi” and “3G” features.

TABLE II
CONCEPT SET ASSOCIATED TO THE FEATURE ELEMENT.

Feature Name Spot Concept URI

WiFi

WiFi http://dbpedia.org/page/Wi-Fi
Technology http://dbpedia.org/page/Technology
Tablet http://dbpedia.org/page/Tablet computer
Device http://dbpedia.org/page/Electronics
Wireless http://dbpedia.org/page/Wireless

3G

3G http://dbpedia.org/page/3G
Mobile http://dbpedia.org/page/Mobile telephony
Internet http://dbpedia.org/page/Internet
Access http://dbpedia.org/page/Internet access
Cellular Network http://dbpedia.org/page/Cellular network

Once the tablet feature model is annotated with ontological
concepts, in the application engineering phase, this feature
model can be used as a basis for the mapping and feature
selection process. The application level processes can be
conducted as follows:
A1. Capturing stakeholders’ requirement: Here, we will
benefit from the goal model that is represented in Figure 2.
We assume that the stakeholders’ objectives are captured and
modeled based on a standard requirement engineering process.
A2. Task enrichment: Similar to step D2, in this step each task
element in the goal model will be extended with supporting
textual snippets. Table III represents the supporting textual
snippets that are associated to the task elements.

TABLE III
SAMPLE SUPPORTING TEXT FOR TASK ELEMENTS.

Task Name Supporting Text

Text messaging Text messaging is the act of sending electronic
message between mobile phones.

Video and photo messaging The video and photo content can be sent
from mobile system.

WLAN Using WLAN two or more tablet can be linked
using wireless interfaces.

Cellular Tablets can connect to cellular network in order to
transmit voice and data.

TABLE IV
CONCEPT SET ASSOCIATED TO THE TASK ELEMENT.

Task Name Spot Concept URI

WLAN WLAN http://dbpedia.org/page/Wireless LAN
Wireless http://dbpedia.org/page/Wireless

Cellular

Tablet http://dbpedia.org/page/Tablet computer
Cellular http://dbpedia.org/page/Cellular network
Voice http://dbpedia.org/page/Data
Data http://dbpedia.org/page/Data
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A3. Task annotation: Similar to step D3, here we benefit
from Denote in order to identify the ontological concepts
from the task elements’ supporting text. As represented in
Table IV, the “WLAN” and “Cellular” tasks are annotated
with related concept URIs. Due to space limitation, we
only present the identified concept URIs for “WLAN” and
“cellular” task elements.

A4. Mapping process: The main concern in the mapping
process is to connect the goal space to the feature space.
To do this, the mapping process automatically identifies
pairs of task and feature elements that are semantically
related. The mapping process is preformed in two stages: 1)
calculating semantic relatedness and 2) finding the mapping
elements. First, the semantic relatedness between all possible
combination feature and task pairs are calculated. For each
feature and task pair, semantic relatedness is computed. Table
V shows the calculated semantic relatedness for each feature
and task pair. For instance, the computed semantic relatedness
score between “Text messaging” task (T1) and “Retina”
feature (F1) is 48%.

TABLE V
SIMILARITY MATRIX (%)
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T1 Text messaging 48 45 53 64 60 66 80 49 52
T2 Video and photo messaging 51 55 54 58 55 75 60 47 48
T3 WLAN 47 48 70 59 63 46 56 48 53
T4 Cellular 57 54 70 77 72 62 66 55 61

In the second stage, we benefit from ILP and calculate
the mappings based on the available semantic relatedness
scores. The integer linear programming formulation for this
problem is represented in Table VI. The decision variables are
developed according to combination of Fi and Tj letters, e.g.,
F1T1, F1T2, and etc. The objective function P in this problem
is the summation of FiTj multiplied by the calculated semantic
related score between Fi and Tj , e.g., (0.48)F1T1. In addition,
based on Equations 4 and 5, constraints are developed to ensure
that a feature can only be mapped onto one task and also each
task can only be mapped onto one feature.

TABLE VI
ILP FORMULATION

Objective
function

P = (0.48) F1T1 + (0.51) F1T2 + (0.47) F1T3 + (0.57) F1T4 + (0.45) F2T1 + (0.55) F2T2
+ (0.48) F2T3 + (0.54) F2T4 + (0.53) F3T1 + (0.54) F3T2 + (0.70) F3T3 + (0.70) F3T4
+ (0.64) F4T1 + (0.58) F4T2 + (0.59) F4T3 + (0.77) F4T4 + (0.60) F5T1 + (0.55) F5T2
+ (0.63) F5T3 + (0.72) F5T4 + (0.66) F6T1 + (0.75) F6T2 + (0.46) F6T3 + (0.62) F6T4
+ (0.80) F7T1 + (0.60) F7T2 + (0.56) F7T3 + (0.66) F7T4 + (0.49) F8T1 + (0.47) F8T2
+ (0.48) F8T3 + (0.55) F8T4 + (0.52) F9T1 + (0.48) F9T2 + (0.53) F9T3 + (0.61) F9T4

Constraints

F1T1 + F1T2 + F1T3 + F1T4<=1, F2T1 + F2T2 + F2T3 + F2T4<=1,
F3T1 + F3T2 + F3T3 + F3T4<=1, F4T1 + F4T2 + F4T3 + F4T4<=1,
F5T1 + F5T2 + F5T3 + F5T4<=1, F6T1 + F6T2 + F6T3 + F6T4<=1,
F7T1 + F7T2 + F7T3 + F7T4 <=1, F8T1 + F8T2 + F8T3 + F8T4<=1,
F9T1 + F9T2 + F9T3 + F9T4<=1,
F1T1 + F2T1 + F3T1 + F4T1 + F5T1 + F6T1 + F7T1 + F8T1 + F9T1<=1,
F1T2 + F2T2 + F3T2 + F4T2 + F5T2 + F6T2 + F7T2 + F8T2 + F9T2<=1,
F1T3 + F2T3 + F3T3 + F4T3 + F5T3 + F6T3 + F7T3 + F8T3 + F9T3<=1,
F1T4 + F2T4 + F3T4 + F4T4 + F5T4 + F6T4 + F7T4 + F8T4 + F9T4<=1

The result for each decision variable FiTj would be 1 or
0 ( the value 1 indicates the Fi potentially can be mapped on
Tj and value 0 indicates otherwise). For better representation,
we show the obtained results in Table VII. The cells with
value 1 (gray cells) indicate the optimal mapping between the
corresponding feature Fi and task Tj elements. For instance,
the value for F1T1 is 0 which indicate that the corresponding

Fig. 4. Mapping the goal and feature spaces in the tablet product line.

“Text messaging” task (T1) cannot be mapped onto “Retina”
feature (F1). While the value assigned to F4T4 variable is 1,
which indicates that the “Cellular” task (T4) can be mapped
onto the “3G” feature (F4).

TABLE VII
MAPPING BETWEEN TASK AND FEATURE ELEMENTS.
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T1 Text messaging 0 0 0 0 0 0 1 0 0
T2 Video and photo messaging 0 0 0 0 0 1 0 0 0
T3 WLAN 0 0 1 0 0 0 0 0 0
T4 Cellular 0 0 0 1 0 0 0 0 0

A5. Feature selection: In order to identify the features
that are relevant to the stakeholders’ goals, the links between
the goal space and feature space can be employed. These
links allow us to trace from goals and their operational tasks
through to actually implementable features. Figure 4 shows
how goals can be decision rationale for choosing features. As
an example, “enable to connect to Internet” goal constitutes
the “WLAN” and “Celullar” tasks. If we follow the linkage
from this goal and its corresponding task to the feature space,
we will find the matching features, which are the “WiFi” and
“3G” features. Therefore, the justification can be made with
regards to the decision to choose the “WiFi” or “3G” feature,
which is because they are required to implement the “WLAN”
and “Cellular” tasks that are needed to satisfy the “enable
to connect to Internet” goal of the stakeholders. The process
described here simply starts from stakeholders’ high level goals
and works its way through the defined tasks and finds the
corresponding features from the feature space; therefore, this
approach is a form of backward label propagation algorithm.

V. RELATED WORK

Due to the importance of formally capturing and modeling
requirements in SPL lifecycles, the idea of employing goal-
oriented approaches has gained more attention in the product
line research community. Therefore, some authors have tried
to benefit from goal models as a early requirement engineering
products and use them as a foundation to develop a variability
model like the feature model [2], [18], [21], [22].

In [22], the authors describe how one can gradually enrich a
standard goal model with a set of notations and then using the
provided heuristic rules derive high variability design models
such as feature models, statecharts, and component models.
Furthermore, the authors in [21] present a tool that benefits
from the transformation rules described in [22] in order derive
feature models from goal models. Also, in [2], Antonio et al.,
propose an approach for constructing feature models using the
goal model represented in i* goal models. They define a set
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of high level processes for transforming i* elements and their
relationships to a feature model. Siva et al [18] also followed
a similar approach to Antonio et al in which the i* model
is extended with cardinality information and through a set
of heuristics rules the extended i* model is transformed to
a feature model.

Moreover, there has been interest in trying to employ goal
models in software system customization and configuration
process [14], [15], [23]. In [15], Liaskos et al. take into account
the user goals in the configuration process. They, first develop
a goal model on top of the software configuration options
and use them as a mediator between user and configuration
options. Then, through the qualitative reasoning on the goal
model, the appropriate configuration options can be selected
that satisfy the user’s high level goals. Similar to the work pre-
sented in [15], Yu et al. in [23] propose a requirement-driven
configuration process which consist of two steps: 1) establish
a goal model for software system and connect it to system’s
configuration items; and 2) configure a personalized software
by collecting user’s goal and expectations. Furthermore, in [14]
Lapouchnian et al. show how goal models can be used as a
basis for designing automatic software, which are able to self-
configure based on the changing operating environment.

In the light of the aforementioned significant achievements,
we propose a semi-automated framework in the context of
software product line for mapping goal models onto a domain
feature model. In our problem, we consider the stakeholders’
intentions and goals as a key factors in the feature selection
process in order to ensure that 1) a complete and comprehen-
sive set of initial features from the set of available features
is selected (that can be passed into automated feature model
configuration processes), which is due to the fact that we
can make sure that all stakeholders’ intentions, objectives and
concerns are covered and addressed by the selected features; 2)
irrelevant superfluous features are not included in the selected
features, since features that do not correspond with at least one
of the stakeholders’ goals will not be considered; and 3) the
rationale behind the feature selection process is clear for the
stakeholders.

VI. CONCLUDING REMARKS

In this work, we promote the consideration of early re-
quirements information in the form of stakeholders’ goals and
objectives in the process of selecting the right features for a
particular software product. The introduced approach can serve
as a best practice guideline that provides a convenient way for
capturing stakeholders’ intentions, mapping them as concrete
requirements into software features of the whole product line
family, and feeding the process of the software product line
configuration with a more accurate set of stakeholders’ desired
features. To support our approach, we have proposed an
automated framework to help application engineers identify
the most suitable set of features of a software product feature
model to be included in the final software product. We employ
semantic analysis methods in order to map stakeholders’ goals
onto feature models and then by diagrammatic reasoning tech-

niques one can trace between the intention and feature spaces
for making actual product functionality selection decisions. For
future work, we are interested in enhancing our framework
by considering softgoals as the decision criteria in the feature
selection process.

REFERENCES

[1] A.I. Anton. Goal-based requirements analysis. In Requirements Engi-
neering, 1996., Proceedings of the Second International Conference on,
pages 136–144. IEEE, 1996.
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Abstract—The enormous popularity of mobile devices in the 

society has motivated the development of mobile learning 

applications. In spite of the benefits with regard to teaching and 

training, the existing learning applications still have to address 

issues and challenges related to the development, reuse and 

architectural standardization. On the other hand, researches 

have been carried out to employ the Software Product Lines 

(SPL) approach through the development of mobile learning 

applications. A SPL focuses on software reuse and has been 

successfully applied for specific domains. In this context, this 

paper proposes M-SPLearning, one SPL particularly established 

to the mobile learning applications domain. The main goal of M-

SPLearning is to provide benefits with regard to the overall 

quality, domain comprehension, and reduction of the time spent 

in the development and maintenance of m-learning applications.  
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 INTRODUCTION 

In recent years, learning environments have shown an 
increasing importance, playing a fundamental role in teaching 
and training activities, both in academic and industrial settings. 
Together with the advent of ubiquitous and mobile computing, 
learning environments have also contributed for a new 
modality of education – the m-learning (mobile learning) [1, 2]. 
As an attempt to analyze the main motivations for m-learning, 
O’Malley et al. [3] emphasize the impact of technological 
advances, such as intelligent interfaces, contextual modeling 
applications and the recent progresses in the wireless 
communications area, which altogether have provided several 
new and innovative perspectives for technology users. 

M-learning introduces flexibility to the learning process, 
since the creation, exchange and access to information occur 
naturally due to the ubiquity of mobile devices. In this sense, 
apprentices are able to decide when, how and where they feel 
more comfortable to learn [3]. On the other hand, one of the 
main problems of m-learning is the lack of a well-defined 
standard with respect to the means of information access. Due 
to the large number of mobile devices available in the market, 
the production of content for these devices becomes strongly 
dependent of issues such as manufacturer and operating 
system, for instance [2]. 

In a different but related perspective, the introduction of 
object-oriented (OO) concepts, component-based development 
and service-oriented development have attracted the interest of 
the software community to the opportunities and benefits of 
code reuse. The success of such initiatives have stimulated the 

reuse in several stages of the software development process, 
including in artifacts such as documents, specifications and 
models, further increasing the perspective of cost reduction and 
return on investment (ROI) [4]. 

The evolution of these ideas has led to the concept of 
Software Product Line (SPL), which represents a paradigm 
change in the regard of the traditional software development. 
Instead of developing software “project-to-project”, 
organizations should now focus their efforts on creating and 
maintaining a core asset, which would be the basis for the 
construction of specific products for a given domain [5]. 

Motivated by this scenario, in this paper we propose a SPL 
for the development of m-learning applications, named  
M-SPLearning. The main goal is to investigate the benefits of 
systematic reuse of an SPL in the context of m-learning. At the 
very end, the idea is to promote the overall quality, domain 
comprehension, and reduction of the time spent in the 
development/maintenance of m-learning applications. 

This paper is organized as follows. In Section II, the 
background for our work is summarized. In Section III, we 
describe the main aspects of M-SPLearning through the 
process used for its creation. In Section IV, we discuss a 
preliminary evaluation of the proposed SPL. In Section V, we 
briefly discuss the threats to validity. Finally, in Section VI, we 
summarize our conclusions and perspectives for future work. 

BACKGROUND 

SPL represents a new paradigm in Software Engineering, 
providing expressive results in terms of cost, schedule and 
quality [6]. Linden et al. [5] describe a SPL as a set of software 
systems sharing common features that satisfy a specific need 
for a particular market segment, developed from core assets in 
a systematic way, usually formed by a software architecture 
and its components.  

The concept of SPL is suitable to domains in which there is 
a demand for products that have common features but which 
also contain a well-defined set of variabilities. Despite its 
relevance, the required activities to adopt the SPL concept are 
not trivial, demanding considerable time and effort. Krueger  
[7, 8] presents three different adoption models to support the 
establishment of a SPL: (i) proactive; (ii) reactive; and (iii) 
extractive. The proactive model is fully supported by the scope 
of the required systems, being appropriate when the 
requirements for the set of products to be developed are stable 
and can be previously defined. Therefore, each activity has to 
be finished before the next one be started. 
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In the reactive model, the SPL incrementally evolves 
whenever there is a demand for new products or new 
requirements are specified for the existing products. This 
approach is suitable when it is not possible to predict the 
requirements for each specific product. 

The extractive model reuses one or more existing software 
to the initial base of the SPL. To be an effective choice, this 
model should not require complex technologies for the 
development of the SPL and must allow the reuse of existing 
software without the need of a high level of reengineering. 

Other relevant concept refers to m-learning. This new type 
of electronic learning takes place when the interaction among 
the actors of the learning process is performed through mobile 
devices (tablets, smartphones, PDAs, etc). As a new and 
emerging paradigm, there are several attempts for defining it. 
According to O’Malley et al. [3], m-learning refers to any kind 
of learning that occurs when the apprentice is not in a fixed 
place, or when one takes advantage of learning opportunities 
provided by mobile devices, thereby relating technological and 
mobility concepts. Ozdamli and Cavus [9] describe  
m-learning as an activity that allows individuals to be more 
productive when they consume, create or interact with 
information, supported by mobile devices. 

No matter the definition adopted, the interaction with 
learning applications through mobile devices provides benefits 
that go beyond accessibility, convenience and communication 
[10]. However, in spite of the advantages offered and even with 
the increasing demand for m-learning applications, there are 
few works addressing development issues in this new learning 
setting. One of the researching initiatives in terms of the 
development of m-learning applications can be found in Duarte 
Filho and Barbosa’s work [11]. In short, the authors proposed a 
requirements catalog for m-learning environments. The catalog 
was established from the results of a systematic review 
conducted in this domain. To facilitate the understanding and 
the maintenance of the catalog, a three-level hierarchical 
structure (criteria, requirements and description) was adopted. 
Additionally, based on the knowledge of domain specialists, 
the requirements were prioritized in order to reflect the main 
experiences and needs in the m-learning setting. 

Duarte Filho and Barbosa [11] also suggest that the 
requirements defined in the catalog may serve as a basis for: 
(1) the specification of a quality model for m-learning 
environments; and (2) the establishment of a reference 
architecture for m-learning environments. Actually, quality 
standards can support the definition of requirements, thereby 
contributing to the establishment of a high quality architecture. 

The SPL architecture (PLA) plays a central role to 
successfully generate specific products taking into account the 
development and evolution of a SPL. It represents, in an 
abstract level, the architecture of all potential products for a 
specific domain. The PLA addresses the SPL design decisions 
by means of similarities and variabilities [12]. Thus, the PLA 
evaluation can be seen as one of the most important activities 
throughout a SPL life cycle [5]. In this sense, the requirements 
catalog proposed by Duarte Filho and Barbosa [11] and the 
adoption models proposed by Krueger [7, 8] have been 
investigated as the basis for the M-SPLearning construction. 

M-SPLEARNING: CONSTRUCTION PROCESS 

Before starting to develop M-SPLearning, we looked for 
some related works dealing with the construction of SPLs 
(Table I). Although considering different domains, all the 
works analyzed provide relevant information regarding the 
techniques and approaches used in the construction and 
adoption of SPLs. For the sake of space, these works will not 
be detailed herein. 

TABLE I.  SUMMARY OF THIS AND RELATED WORK 

Work Domain Adoption Model 
Architectural 

Base 

M-SPLearning M-learning Proactive Component 

Dalmon et al. 

[13] 

Interactive 

modules 

Extractive 

(5 applications) 
Component 

Marinho et al. 

[14, 15] 

M-guides 
Extractive  

(57 applications) 
SOA 

Pascual et al. 

[16] 

Pervasive 

systems 
Proactive 

Component and 

Aspect  
 

Linden et al. [5] claim that one of the most critical activities 
in creating a SPL refers to the scoping of the target domain. To 
define the initial scope of M-SPLearning, we mainly 
considered the requirements catalog proposed by Duarte Filho 
and Barbosa [11]. According to the authors, the catalog intends 
to reflect, in a high level basis, the experience gained from 
developers and researchers in this new modality of learning. 
Furthermore, the catalog is generic and embracing, benefiting 
its adoption for different purposes in the m-learning domain.  

Still with regard to scoping issues, since mobile 
applications can be built using a native development approach, 
the m-learning domain encompasses several different operating 
systems. Thus, to define an acceptable domain in terms of 
scope, we had to select a single operating system. Our choice, 
Android OS, was based on the amount of devices that each 
operating system controls. According to Llamas et al. [17], 
Android OS owns 68.8% of the world’s smartphones market, 
which represents nearly 500 million devices. 

Having delimited the scope, the adoption models proposed 
by Krueger [7, 8] were analyzed to identify the most 
appropriate to the construction of M-SPLearning. The 
specificities and features of the mobile domain, along with the 
existence of a requirements catalog for m-learning 
environments [11], have motivated the choice of the proactive 
model. Such a proactive approach comprises four main phases, 
described next. 

A. Domain Analysis 

According to Krueger [7, 8], at this phase the domain is 
analyzed in order to identify the variation in the specific 
products from a SPL. In this sense, requirements catalog 
proposed by Duarte Filho and Barbosa [11] was analyzed with 
respect to the ISO/IEC 25010 – International Standard for 
Software Product Quality (successor of the ISO/IEC 9126 
standard) [18]. The aim was to identify missing or disconnected 
requirements. 

From the analysis conducted, we noticed that most of the 
requirements were equivalent to the features/sub-features 
established by the ISO/IEC 25010 standard.  However, some 
requirements had to be rearranged and/or renamed and, in a 
fewer cases, added and/or removed.  
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Figure 1. The M-SPLearning Feature Diagram 

The following step consisted of identifying the variabilities 
incorporated by the specific products of the SPL. Variability is 
one of the most important issues in designing a SPL, reflecting 
the diversity and commonality of its artifacts [19]. Therefore, 
the precise and explicit representation of variabilities makes it 
possible the generation of specific products in a SPL.  

Variabilities may be identified and represented by the 
concept of features [20]. A feature is defined as a system 
characteristic that is relevant and visible to the end user [21].  
Features are usually represented by a feature model, i.e., a 
hierarchical representation that captures the structural 
relationships among the features of a specific domain. 

Feature models are visually represented by means of feature 
diagrams. Figure 1 illustrates the feature diagram representing 
the requirements catalog for M-SPLearning. The interpretation 
of the feature diagram is straightforward and its construction is 
in agreement with the concepts and guidelines proposed by 
Kang et al. [21]. Shortly, each requirement in the catalog was 
evaluated considering its relevance in the SPL domain and, if 
appropriate, mapped as feature. The primary features are 
summarized as follows: 

- Pedagogical: incorporates educational and pedagogical 
requirements in order to facilitate and support teaching and 
training activities. This feature and its sub-features are 
represented as mandatory due to their relevance in the mobile 
learning domain. The only optional sub-feature is interactivity, 
which allows communication with social networks; 

- Usability: addresses relevant issues with respect to the visual 
interface of a product, being crucial to the software market 
acceptance. This feature assures that all products generated by 
the SPL follow an usability standard, adding quality to the final 
product. Since usability is a global feature of the product and 
not a specific feature, it is defined as mandatory and abstract.  

- Compatibility: encompasses coexistence and the ability of a 
product to exchange information with other systems in the 
same operating environment. As the feature and its sub-features 
are crucial for mobile applications, they are defined as 
mandatory (and the coexistence feature is abstract);  

- Security: fundamental feature for any educational application. 
Due to the relevance of the features regarding integrity and 
confidentiality, they are defined as mandatory. The 
authentication sub-feature is optional; 

- Communication: supports the exchange of information among 
users enabling, for instance, message exchange, delivery of test 
results and even synchronization of activities performed in 
other mobile devices. It is an optional feature; and 

- Support: provides some supporting alternatives to the user 
such as help and internationalization. It is classified as optional, 
as well as it sub-features. 

B. Validation of the Domain Analysis 

Aiming at validating the requirements previously elicited, 
this phase suggests the application of a checklist to evaluate the 
main technical issues related to M-SPLearning. An online 
checklist, composed of twelve multiple-choice questions, was 
prepared and applied to domain experts. The first two questions 

were related to the participants’ experience in SPL and  
m-learning. The remaining questions were related to the 
requirements catalog resultant from the domain analysis. 

From the obtained results, taking into account the 
participants’ point of view, the requirements catalog was 
considered adequate (60.90%) or at least regular (39.10%) for 
all items evaluated. None of the questions related to the catalog 
was answered as unsatisfactory. 

Despite the positive results achieved, it is important to 
highlight that the requirements validation conducted is still 
preliminary. In this scenario, an empirical validation through 
experiments with qualified practitioners from industry and 
academia would be extremely relevant. These experiments 
have been planned and should be performed in short term. 

C. Architecture Definition 

The third phase involves the definition of a PLA for  
M-SPLearning. Ultimately, such architecture can serve as a 
basis for the derivation of all products defined in the scope of 
the SPL proposed.  

In short, we defined a component-based architecture aiming 
at bringing together the benefits of reuse and modularization to 
the systematic characteristics of SPLs. To do so, we take into 
account SMarty [22], a variability management approach for 
UML-based SPL. More specifically, we applied the UML 
profile that the approach provides, the SMartProfile, according 
to a set of guidelines from the SMartyProcess. 
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Figure 2. The M-SPLearning Architecture 

According to OliveiraJr et al. [22], the SMartyProfile 
contains a set of stereotypes and tagged values to represent 
variability in SPL models. This profile uses a standard object-
oriented notation and its profiling mechanism on order to 
provide an extension of UML and to allow graphical 
representation of variability concepts. Figure 2 illustrates the 
M-SPLearning architecture according to SMarty. 

From the architectural diagram, it is possible to identify the 
basic structure used in the construction of M-SPLearning. 
Notice that the assets package contains the components that 
correspond to the requirements of M-SPLearning. These 
components provide the concrete features, defined in the 
feature diagram (Figure 1). 

The components that represent the essential features were 
grouped as the core component. Thus, the idea is to unify all 
the fundamental modules to any product generated by  
M-SPLearning. Furthermore, the other components have a 
dependence relationship with the core, since they need the core 
to provide their functionalities. 

The application layer contains the component that 
represents M-SPLearning, showing their association with the 
assets package and making explicit the possibility of creating 
multiple products. Each generated product uses the components 
available in the M-SPLearning assets, thereby allowing that 
different configurations can be used according to the settings 
defined in application layer. 

The products communicate with the storage layer to 
perform the operations provided by SPL that require data 
access or data writing. Since the products generated can be 
manipulated by developers, they can also communicate with 
the storage layer in an external mode. This alternative can be 
useful, for instance, if it is necessary to implement a variability 
that is not supported by M-SPLearning. 

Next we summarize the design of the components that 
implement the concrete features of M-SPLearning. These 
components define the similarities and variabilities supported 
by M-SPLearning. 

D. Components Design 

The design phase completes the process of creating a SPL. 
According to Krueger [7, 8], variabilities and similarities 
among specific products of a SPL must be identified. 
Therefore, the features of the components stored in the 
repository should be designed and visually represented through 
a new component diagram, as shown in Figure 3. 

From the component diagram, it is possible to explore all 
the details of the concrete features covered by the SPL, 
detailing the variation points and identifying each component 
with its respective SMartyProfile stereotype. These stereotypes 
make it easier the understanding of the possible configurations 
of the m-learning applications resulting from M-SPLearning. 

The dependence relationship among components becomes 
explicit as well. As previously said, the core component fully 
unifies the mandatory features.  This is particularly necessary 
for security, communication and support components. 

Notice that the communication component is not directly 
dependent to the core. Actually, this dependence is 
intermediated by the security component, guaranteeing that all 
products have a secure communication. This ensures the 
architectural obligation that all components depend on the core 
component, which is responsible for providing the fundamental 
features of M-SPLearning. 

M-SPLEARNING: IMPLEMENTATION 

In order to preliminary evaluate the application of  
M-SPLearning, some of its features were implemented 
according to the SOA architectural pattern, which is frequently 
associated with the concept of SPL [14, 15, 23]. 

Basically, M-SPLearning presents a logical view of a SPL 
defined for the configuration and creation of Android 
applications. These applications were generated through the 
consumption of services, and mainly by the collaboration 
among the implemented modules. Three modules are 
particularly important, since their interactions and 
responsibilities characterize our SPL. Figure 4 highlights the 
adopted architecture, relating it to the initial architecture 
proposed by M-SPLearning. 

Figure 4. Main modules implemented in the  

architecture of  M-SPLearning 
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The RestApp module is based on the Representational State 
Transfer (REST), an architectural style that is characterized by 
the use of Web technologies and protocols for the creation and 
delivery of services [24]. This application accesses a remote 
database in which all the information of this case study was 
stored in addition to the features (similarities and variabilities) 
specified in M-SPLearning and used for the generation of 
customized products. 

A visual interface for creating the products is provided by 
the WebApp application. In this interface, it is possible to 
configure the variabilities and request the generation of a 
customized product. This module was implemented only using 
client-side technologies. The idea was to demonstrate 
interoperability in a SOA architecture, since RestApp module 
also communicates with an Android module (described next). 

Finally, the AndroidApp module was developed on the 
Android platform using the Java programming language. This 
application allows a service, available in RestApp module, 
executes a custom “build” according to the variabilities 
configured in WebApp application. So, it is possible to generate 
customized products, which can be installed on Android 
devices. 

The generated product is adapted, in run time, to the 
variabilities configured at time of its creation. Actually, each 
application carries its own similarities and variabilities. 

In our preliminary implementation, the compatibility 
feature and its sub-feature interoperability were built aiming to 
consumption of REST services. The security feature and all its 
sub-features were also available, allowing secure and reliable 
authentications. The interactivity feature, in turn, allowed the 
integration with social networks (Facebook and Twitter). 

Figure 5 illustrates two products generated by the 
implementation of M-SPLearning. The first product was 

generated with only the optional authentication feature; the 
second product was configured in a similar way, but including 
the interactivity feature. 

Although not all the features defined by M-SPLearning 
were implemented yet, it was possible to apply a set of concrete 
software architectures that altogether characterize a functional 
SPL, with some of the features presented in this paper. 

THREATS TO VALIDITY 

Regarding the preliminary validation of M-SPLearning, 
some threats have been identified: 

- Missing relevant requirements. The requirements catalog 
adopted [11] may have omitted important requirements to the 
m-learning applications domain. This threat was identified 
since there is no guarantee that the derivation of the original 
catalog [11] from the ISO [18] included all the features of the 
target domain. 

- Validation of domain analysis. In this phase a checklist was 
proposed. In spite of being answered by experts, this checklist 
may be not efficient in the case of the proposed questions be 
not really effective for this validation. 

- Similarities and variabilities. M-SPLearning is a proposal of 
SPL, i.e., it has not been fully implemented yet. This can 
represent a threat, since similarities and variabilities were still 
not applied in real products, making difficult to evaluate the 
proposed SPL in practice. 

Despite the threats observed, it is important to highlight that 
the derivation of a PLA from the requirements catalog and the 
feature diagram, both of them in agreement with the ISO 
quality standard [18], can significantly increase the quality of  
M-SPLearning. Controlled and systematic experiments should 
be conducted in the near future in order to formally validate  
M-SPLearning and its main aspects. 

Figure 3. The M-SPLearning Component Diagram 

682



CONCLUSIONS AND FUTURE WORK 

In this paper we describe M-SPLearning – a SPL for  
m-learning applications. M-SPLearning was developed through 
a process based on concepts and relevant practices of software 
engineering. Its main contribution relies on providing benefits 
with regard to the overall quality, domain comprehension, and 
reduction of the time spent in the development and 
maintenance of m-learning applications. 

As future work, M-SPLearning must be fully implemented 
and the generated products should be evaluated with regard to 
quality and compliance. In this sense, we point out the need of 
conducting a complete evaluation of M-SPLearning. This 
evaluation has been planned and will require efforts to develop 
a considerable set of m-learning applications. Quantitative 
studies involving detailed experiments to measure the effort 
required to use M-SPLearning should be conducted as well. 

Finally, we also intend to investigate other adoption 
models. For instance, the extractive model can be applied in 
similar products to those generated by M-SPLearning aiming at 
increasing the validity of similarities and variabilities specified. 
The reactive model can be investigated as an alternative to the 
evolution of the proposed SPL as well. 
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Abstract—this paper presents a novel approach for transforming 
Business Rules expressed with Semantic of Business Vocabulary 
and Rules (SBVR) into (BPMN) Business Process models. This 
transformation provides several benefits to Information System 
project stakeholders, such as: enhancing requirement validation 
and refinement, improving Business Processes documentation, 
and reducing their overall modeling effort. To bridge the gap 
between SBVR and BPMN, we propose novel transformation 
rules that cover structural and behavioral SBVR rules. We 
illustrate and discuss our transformations with the EU-Rent case 
study, provided in the OMG specification.   

Keywords-  Business Rules; Semantic of Business Vocabulary 
and Rules (SBVR); Business Process Model and Notation (BPMN); 
Model Driven Architecture (MDA). 

I.  INTRODUCTION 

 BPMN [1] is a widely used Business Process (BP) 
modeling language in Information System (IS) Engineering 
projects [3]. On the basis of Bunge-Wand-Weber (BWW) 
representation theory, Recker et al. [4] reveals that BPMN 
models cover a significant number of real word concepts.  

However, the current version BPMN 2.01  provides a 
sophisticated notation that could be quite complex for business 
experts. Feuto et al. [5] stress that business experts usually use 
Business Rules (BRs) to express their business needs. BRs 
specify the semantics of the business objects involved in 
business activities, the constraints (precondition/post condition) 
on these activities, the reactions to events, as well as the actor’s 
rights and responsibilities in a BP [2]. 

To facilitate communication between business and IT 
experts, the Object Management Group have proposed 
Semantic of Business Vocabulary and Rules (SBVR) 
specification [2]. This standard offers a meta model for 
documenting the semantics of business domain concepts and 
business rules, in an unambiguous and understandable way to 
humans as well as computer systems (as SBVR is grounded on 
first order and modal logic [2]). 

 Since SBVR and BPMN are fully integrated in the MDA 
approach and behave as Computer Independent Model (CIM), 

                                                           
1
 http://www.bpmb.de/images/BPMN2_0_Poster_EN.pdf    

we advocate that model to model transformation [3] could 
offer an interesting solution to bridge the gap between 
business and IT experts. Thus, instead of using BPs models as 
a requirement validation mean, we could use BRs natural 
language specification to communicate with business expert 
and then run transformations to generate the corresponding BP 
models.  

The main objective of this paper is to introduce a 
transformation methodology from SBVR meta model to 
BPMN Meta model, in order to ease the communication and 
the requirement validation step in BPM projects.  

Different strategies were used in the literature to address 
the relationships between Business Rules and Business 
Processes [7][8][9][10]. However, few works have focused on 
the automated transformation from SBVR to BPMN, without 
significant alteration of their original concepts. 

A. Raj et al. [11], Z. Wu et al. [13], Roover et al. [14], and 
B.Steen et al.[12] focus on behavioral aspects of BPs and 
neglect organizational and informational aspects [15]. 
Therefore, in this paper we address a more comprehensive 
coverage of SBVR Business Rules (i.e. structural and operative 
rules [2]) in order to generate more accurate BPs models. To 
this end, we have refined the above mentioned transformations 
and we have formalized basic ideas discussed in [2] [16] and 
[17] in our transformation methodology. 

The remainder of this paper is structured as follows. 
Section II summarizes SBVR and BPMN meta models. 
Section III presents and illustrates the new transformation 
rules from SBVR to BPMN with excerpts from the EU-RENT 
case study [2]. Section IV is devoted to the conclusion and 
presents future research directions. 

II. BACKGROUND: SBVR AND  BPMN METAMODELS 

This section summarizes the main SBVR and BPMN meta 
model elements that were used in our transformation approach.  

A.  Semantic of Business Vocabulary and Rules (SBVR)[2] 

The SBVR meta model is organized into two main 
elements:  
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 1) Business vocabulary: composed of noun concepts and 
verb concepts (fact types) used by a community or an 
organization.  

2) Business rules: Define the structure and the constraints 
on the business vocabulary. They are specialized into structural 
and operatives rules. The formers are definitional rules and 
express the claims of necessity (alethic modality). The later are 
related to business behavior (deontic modality). 

The specification also offers an English vocabulary for 
describing vocabularies and stating rules called SBVR 
Structured English. It is based on the use of font styles and 
there are of four formatting styles as follows: An object type is 
represented in underlined green, an individual concept is 
represented double underlined green, a fact type is represented 
in italics blue and keywords (cf. 2.semantic formulation) are 
represented in red. Example:  behavior rule: obligation: Each 
order must be processed within  one business day. 

SBVR specification offers a way to expresses the logical 
composition rules [2] called Semantic Formulation.  Semantic 
formulations are specialized into logical formulation and 
projection. In this paper, we use logical formulation to structure 
business rules; the projections were used in the literature to 
express questions, to formalize SPARQL queries [18].  

We focus on the five logical formulations that may structure 
BPs models, namely:  

• Atomic formulation which refers to propositions that are 
based on exactly one fact type. (example : EU-Rent purchases 
from General Motors Company). 

Example (mixing Logical operation: implications, and 
negation): If  the country of the pick-up branch of a rental is not the 
country of registration of the rented car then it is obligatory that the 
country of the return branch of the rental is the country of registration of 
the rented car.”). 

• Modal formulation which is a Logical formulation that 
formulates the meaning of another logical formulation. 
Each modal formulation embeds exactly one logical 
formulation. Modal formulations are further specialized 
into necessity, obligation, possibility and permissibility. 
The SBVR specification provides a set of keywords 
referring to these modalities. (example: It is prohibited 
that a rental is open if an estimated rental charge is not 
provisionally charged for the rental).  

• Quantification: introduces and constrains a variable in 
logical formulations, such as: existential quantification 

• Instantiation formulation which refers to proposition that 
is based on exactly one fact type and that embeds 
individual concepts. (example: EU-Rent is a car rental company) 

• Logical operation which refers to proposition that are 
based on one or many fact types. These fact types may 
formulate negation, conjunctions, disjunctions, 
implication, nor, nand and wether or not formulations.  

 

Figure. 1 shows an excerpt of the SBVR meta model [2]. 

 

 

Figure 1. SBVR Meta model excerpt  

B. Business Process Model and Notation (BPMN) 

 We use the current version BPMN2.0 [1] as a target 
meta model of our transformation approach. The BPMN 
meta model is depicted in figure 2. A  BPMN process model 
is a graph consisting of four types of elements.   

• Flow objects: consisting of activities, gateway and 
events  

• Connecting objects: Allow flow objects connections 
and are further specialized into: sequence flows, 
default flows, conditional flows, message flows and 
associations. 
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• Swimlanes: Allow flow object assignment to BPs 
participants. They are divided into pools and lanes 
(partition of pools). 

•  Artifacts: Dataobject and textAnnotation are artifacts that 
represent piece of information processed in a BPs and 
comments on BPs respectively 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. BPMN meta model excerpt 

III.  THE TRANSFORMATION APPROACH 

A. Overview of our approach 

Our ultimate aim is to define automated transformations 
from natural language to a BPMN model. But, in this paper, 
we focus on model to model transformation from a 
Structured English SBVR specification to a BPMN model. 
Text to model transformations proposed in [6] could be used 
as a starting point to our approach.  We make the assumption 
that the input SBVR SE specification is consistent and 
complete. 

Our approach is divided into two steps: 

• Business vocabulary supporting fact types to BRs is 
transformed to BPMN core BP constructs, namely: BP 
participants, activities, pre/post conditions, and data 
objects.(cf. subsection B) 

• Business Rules transformations are then applied to 
define the control flow of the identified core constructs, 
and to potentially refine them.  (cf. subsection C) 

B. Mapping Business Vocabulary  to BPMN primitives   

1) SBVR Fact Type transformation 
a) Binary fact type[11] [12] 

 
T1: Each binary fact type is mapped to a BPMN task  
T2: Each fact type role 1/individual concept role 1 of a binary fact type is 
mapped to a BPMN lane  
T3: Each fact type role2/individual concept role2 of a binary fact type 
complements the task name of the transformation T1 
 

b)Binary fact mapping refinement  
T4: Each binary fact type, synonym of sends /receives terms is mapped to a 
BPMN send/ receive task. If the task type is sends, then we add a message 
flow named as the fact type role or the individual concept represented in 
role2  
SBVR example:  Booking clerk sends rejection 
BPMN output: 

 

 
 
T5: Each binary fact type , synonym of create/read/update/delete terms 
(CRUD) is mapped to a BPMN user task attached to data object  
SBVR example: Sales creates contract  
 BPMN output: 

 
 
T6: Each is-property-of fact type is mapped to a BPMN annotation 
attached to a task to express a precondition/post condition  
SBVR example: Rental has at least one driver   
BPMN output:  
 

 
 
T7: each specialization fact type related to the identified lanes of (T2) is 
mapped to a BPMN Pool  
SBVR example: Sales specializes EU rent Enterprise    
BPMN output:  

 

c)Binary fact mapping refinement  
T8:  Each unary fact type (characteristic) is mapped to:  
 - Message initiating event if it belongs to the first business rule of the 
SBVR specification  
-Else it is mapped to an Exclusive gateway 

C. Mapping Business Rules to BPMN elements 

1) Mapping Structural Business Rules 
a) Mapping integrity rules 

T9: Each structural rule expressing integrity constraint is mapped to an 
annotation attached to a task to express precondition/postcondition. The 
logical formulation type is further specialized into atomic formulation, 
instantiation formulation, modal formulation and logical formulation except 
implications formulations.  
SBVR example: A customer of the car rental company EU-Rent must be at 
least 25 years old 
BPMN output:  
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b) Mapping derivation rules  
T10: Each derivation rule is mapped to a BPMN business rule 
task2(BPMN 2.0 extension); the steryotype business rule is added to a 
previously identified task with T1 ( based on underlying binary fact type of 
the dervication rules). 
 SBVR example: It is necessary that If customer is an enterprise , the renter 
discount is calculated  as (20%.of the rental price)  Else the renter discount 
is calculated  as ( 10%; of the rental price). 
BPMN output:  

 

NB: The enforcement of this rule simplifies the BPMN model as Business rule task 
replaces complex paths modeled with gateways 

2) Transforming operative Business Rules  
a) Transforming Reaction rules and production rules 

Except the event concept, reaction and production rule 
patterns are similar.  

• Reaction rule: <event><condition><action> 
• Production rule : <condition><action> 

This transformation addresses the behavior view of BPMN 
models. It links implication formulations 3

 to six basic 
control flow pattern5 of BPs models. T11 is an example of 
sequence pattern identification 
T11: Each implication formulation expressed as : If <atomic 
formulation1> then < atomic formulation 2> is transformed to a 
sequence pattern. 
Constraint : <atomic formulation 1) dosesn’t belong to the 
<antecedent> of another rule  
SBVR example: if the system display the welcome-screen then the 
user insert the card 

BPMN output:  

b) Transforming tranforming rules  
T12: Each operative rule expressing integrity constraint is mapped to an 
annotation attached to a task to express precondition/postcondition  
SBVR example: An employee’s age can change from 30 to 31, but not 
from 31 to 30 
BPMN output: 

 

IV.CONCLUSION  

In this paper, an automated approach to transform SBVR 
meta model to BPMN meta model is proposed. The main 
objective of this transformation is to assist business experts 
in the requirement validation phase, as BRs are expressed in 
natural language.  Literature review has revealed that SBVR 
to BPMN approaches address only the behavioral view of a 
BP.  We tried to offer a more unified view of a BP, by 

                                                           
2 A Business Rule Task provides a mechanism for the Process to provide 
input to a Business Rules Engine and to get the output of calculations that 
the Business Rules Engine might provide.” [1] 
3   http://www.workflowpatterns.com/ 

covering the main categories of BRs in our transformations. 
Future work will address validation issues in real industrial 
setting, prototype implementation and transformations 
refinement to BPMN2.0 choreographies and conversation 
diagrams. 
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Abstract

Software planning is becoming more complicated as the
size of software project grows, making the planning process
more important. Many approaches have been proposed to
help software project managers by providing optimal hu-
man resource allocations in terms of minimizing the cost.
Since previous approaches only concentrated on minimiz-
ing the cost, there has not been a study that considers the
practical issues affecting project schedule in practice.

We elicited the practical considerations on the human re-
source allocation problem by communicating with a group
of software project experts. In this paper, we propose an ap-
proach for solving the human resource allocation problem
using a genetic algorithm (GA) reflecting the practical con-
siderations. Our experiment shows that our algorithm con-
siders the practical considerations well, in terms of continu-
ous allocation on relevant tasks, minimization of developer
multitasking time, and balance of allocation.

1 Introduction

As the size of software project increases, software plan-
ning process becomes more complicated and important. In
addition, an inappropriate software plan often results in the
failure of a project [15]. For these reasons, software project
managers can significantly benefit from the human resource
allocation technique. The human resource allocation tech-
nique automatically allocates each employee to the tasks to
make an optimal plan of the project in terms of time and
money.

Many researches have been proposed to deal with the
human resource allocation problem. For example, Alba
et al. [1] and Chang et al. [6] suggested a genetic algo-
rithm (GA) approach for minimizing the project duration
and project cost. Chang et al. [7] suggested a fine-grained
representation of a human resource allocation result and

used GA to find a schedule minimizing payment and delay
penalty.

While these approaches only considered minimizing the
cost in terms of time or money, they did not consider practi-
cal issues which can affect the actual development process
when the plan is applied in a real world. We discussed with
a group of software experts to elicit practical issues that af-
fect the project schedule in practice. We then suggest a GA
approach to minimize the inefficient assignments which can
delay the schedule.

The rest of this paper is organized as follows. Section 2
explains the practical considerations for the human resource
allocation problem and Section 3 describes our genetic al-
gorithm. Section 4 presents a case study, Section 5 dis-
cusses threats to validity, Section 6 introduces related work,
and Section 7 summarizes our findings.

2 Practical Considerations

By consulting with an expert group, we elicited practi-
cal issues which can affect the project schedule. The expert
group consisted of managers and developers from a soft-
ware development and consulting company, military soft-
ware experts from a research institute, and a professor and
graduate students. The derived practical considerations are
described below.
C1. Short project plan The basic objective of human re-
source allocation problem is to generate a project plan that
can be finished within the minimum time span, in order to
reduce the entire project cost in terms of time and money.
C2. Minimization of multitasking time In practice, a de-
veloper can work on more than one task at the same time,
while many researches assumed that a developer can work
on only one task at a time [3, 9, 18]. Thus, we allow as-
signing developers to work on multiple tasks at the same
time. If a developer is involved in too many tasks at a cer-
tain moment, however, productivity will decrease since the
developer cannot concentrate on one task due to the fre-

688



quently switching tasks. In addition, a developer involved
in multiple tasks at the same time is more likely to introduce
bugs. [11].
C3. Assignment on relevant tasks Since the task prece-
dence relationship indicates closely related tasks, assigning
a developer to both of the pre-task and the post-task is ef-
ficient in terms of minimizing the context-switching cost.
If a developer should work on a series of tasks that are not
related to each other, the developer must learn the new con-
text for every assigned task, e.g., requirements or design of
an unfamiliar module.
C4. Balance of allocation Task size should be considered
in the human resource allocation problem. On the one hand,
if a few developers are assigned to a huge task, developers
will be overwhelmed by the heavy workload. On the other
hand, if too many developers are assigned to a small task,
the high communication overhead causes inefficiency. The
staff level (e.g., director/manager/engineer) of developers
also should be considered. Developers with high staff level
have more experiences than lower level developers, so they
will manage a task rather than concentrating on the imple-
mentation, which is the main work of a low staff level de-
veloper. To manage each task efficiently, developers having
different staff levels should be assigned together.

Previous project scheduling algorithms do not reflect the
inefficiencies caused by these practical issues, but in prac-
tice, project managers consider them very important. Our
GA approach takes into account of these practical consider-
ations by representing them as a part of the fitness function.

3 Human Resource Allocation with GA

3.1 Problem Description

Our problem is described by the tasks and develop-
ers. A software project consists of a set of tasks T =
{t1, t2, · · · , tn}. We use the task precedence graph (TPG)
to represent the precedence relationship between tasks. Fig-
ure 1 shows an example of a TPG. In Figure 1, task t1
must be completed before t2, t3 and t4 begin. Each task
ti(i = 1, 2, · · · , n) is defined by the following attributes.

• typei: The type of the task. In our research, four task
types which are the basic phases for software process
models are used: analysis, design, implementation,
and testing.

• efforti: The effort estimated by the project manager,
which is assumed to be available as an input. Project
manager can use existing effort estimation techniques,
such as COCOMO models [4, 5], or analogy-based
software effort estimation [16]. The unit of effort is
man-hours.

• PTi: A set of preceding tasks for the task. A task can-
not begin if any of the preceding task is not completed.
TPG is constructed based on the precedence relation-
ship.
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Figure 1. A Task Precedence Graph (TPG)

A set of developers D = {d1, d2, · · · , dm} is allocated
to tasks. We assume that the developer information is man-
aged by a database, and the project manager can access it
for planning a project. Developer dj(j = 1, 2, · · · ,m) is
defined by the following attributes

• slj : The staff level of the developer. In our problem,
we assume that there are three hierarchical staff levels
—director, manager, and engineer.

• abilitykj : The ability of the developer for task type k.
Developers have different levels of proficiency on each
task type. If a developer has 0.7 as the ability value on
the design task type, he decreases 0.7 remaining man-
hour per a time unit when he is only working on the
task.

A single allocation for a task is represented by
{ti, {dk, · · · , dl}}, and the assignment result consists of the
allocations for each task.

3.2 Genetic Algorithm

A genetic algorithm (GA) is an evolutionary search-
based heuristic algorithm introduced by Holland [12].
Many researches tried to utilize the GA to find an optimal
solution for the human resource allocation problem, which
has a very large search space [1, 2, 6, 7]. We develop a
GA approach reflecting the practical considerations to min-
imize inefficient allocations that can delay the schedule in
practice. Figure 2 shows the pseudocode of our GA. Each
step of the algorithm is explained in this section.
Representation We define a chromosome to represent an
assignment result as a fixed length of genes. The chromo-
some has |T | number of genes, where each gene records the
assigned developers for each task. For example, the first
gene contains a set of developers who are assigned to the
task t1. Figure 3 shows an example of a chromosome.
Initial population The first step of our GA algorithm is to
generate an initial population of chromosomes. The initial
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//Initial population
Generate initial population P0

Initialize generation counter g ← 0

while(g < the maximum number of generation counter){
Generate empty population Pg+1

//Assessment
Evaluate each chromosome in population Pg

//Elitism Selection
Copy a chromosome cbest which has the highest fitness

value from Pg

Copy cbest into Pg+1

while(the number of chromosome in Pg+1 != the number
of chromosome in Pg ){

//Tournament Selection
Select c1 and c2 from P0 using tournament selection

//Crossover
Generate c3 from Crossover c1, c2

//Mutation
for (genei in c3)

if (rand(0,1) < mutation rate) Mutate genei

Copy c3 into Pg+1

}
}
Evaluate each chromosome in population Pg

Copy cbest which has the highest fitness value from Pg

return cbest

Figure 2. Genetic algorithm

1 | totalpage

t1 {d1} t2 {d2, d4} t3 {d1, d2, d3} t4 {d3, d5}

gene1 gene2 gene3 gene4

Figure 3. An example of a chromosome

population comprises the populationSize number of chro-
mosomes. We randomly assign a developer to a task, until
every task has at least one assigned developer.
Assessment We evaluate each chromosome to identify a
superior one among the population. The fitness function
assesses a chromosome by simulating the solution and in-
specting the assignment structure. Details of the fitness
function is described in Section 3.3.
Selection Selection step identifies superior chromosomes
that should survive until the next generation and pass their
genes down to the next generation. On the one hand, the
elitism selection passes on the fittest chromosome of the
current generation to the next generation. It prevents degra-
dation of the fittest chromosome. On the other hand, the
tournament selection chooses a chromosome to be a parent
of the next generation. It randomly selects k (tournament
size) chromosomes from the current population, and picks
the fittest one among them. In this study, k=5 is used.
Crossover Crossover step generates chromosomes for the

next generation using two parent chromosomes selected by
the tournament selection. We use uniform crossover which
generates a new chromosome by randomly taking each gene
from the parents. We repeat the tournament selection and
crossover steps to make new chromosomes until the number
of chromosomes in the next generation becomes equal to the
predefined population size. Figure 4 shows an example of
the uniform crossover.

2 | totalpage

t1 {d1} t2 {d2, d4} t3 {d1, d2, d3} t4 {d3, d5}

t1 {d2, d3} t2 {d1} t3 {d1, d5} t4 {d1, d3, d5}

c1 :

t1 {d1} t2 {d1} t3 {d1, d2, d3} t4 {d1, d3, d5}

0.3 0.6 0.15 0.8

c2 :

cnew :

Random number :

Figure 4. An example of the uniform
crossover

Mutation Mutation step maintains genetic diversity. With
a certain probability of the mutation (mutation rate), each
gene is mutated using one of the three mutation operators:
assigning a random developer to the task, removing a ran-
dom developer from the task, and replacing an assigned de-
veloper with a random developer. In this study, we use 0.05
for the mutation rate.

3.3 Fitness Function

A fitness function assesses each chromosome to identify
a superior one among the population. The fitness function
encodes the requirements of our GA, which means the bet-
ter human resource allocation results in the higher fitness
score. The formula for our fitness function is as follows.

FitnessScore = w1 ∗CMscore+w2 ∗CEscore+w3 ∗
CCscore+ w4 ∗BAscore

Each wi represents the weight for each score, and each
score encodes our practical considerations. CM (Cost Min-
imization) score assesses whether the project cost is mini-
mized in terms of time, and CE (Concentration Efficiency)
score represents how many developers are involved in mul-
titasking at each time unit. CM and CE scores are calculated
with the scheduling simulation. CC (Concentration Con-
sideration) score assesses whether developers are assigned
to tasks that have precedence relationships, and BA (Bal-
ance of Allocation) score represents whether developers are
evenly allocated to tasks considering the task size and the
staff level. The CM, CE, CC, and BA scores reflect the
practical consideration C1, C2, C3, and C4, respectively.

3.3.1 Scheduling Simulation

We inspect the estimated time span of an assignment re-
sult and how assigned developers perform each task, using
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AllocationResult solution
List<Task> remainingTasks
List<Task> enabledTasks
List<Task> runningTasks
List<Task> completedTasks

Add tasks that do not have pre-task to enabledTasks
while(completedTasks.size() != totalNumOfTasks) {
TimeTick++
Assign developers to enabled tasks using solution
running task ← enabled task

for(runingTask in runningTasks){
// Perform task
Decrease remaining man-hour of running tasks
if (runningTask.remainingMH <= 0){

// Complete the task
completed task ← running task}

}
for(remainingTask in remainingTasks){
if (all preTask of a remainingTask is completed)

// Enable the task
enabled task ← remaining task}

}
}

Figure 5. Scheduling simulation algorithm

a scheduling simulation algorithm (Figure 5).
The allocation result (variable solution) is an input of

this algorithm. At the beginning of the algorithm, every
task is added to remainingTasks and then the task which
does not have any pre-task is added to enabledTasks.

At the beginning of the while loop, the time tick in-
creases. The start and finish time of each task are calcu-
lated with this time tick. The finish time of the last task is
regarded as total time span of a project.

For each task in enabledTasks, developers are assigned
as recorded in solution, and the task is moved to running-
Tasks. The remaining man-hour of each task in running-
Tasks is decreased by the sum of the assigned developers’
ability. The ability of the developer is assumed to exist as
an input. If a developer is working on more than one task,
his ability on each task is divided by the number of assigned
tasks, because his capability is divided among the tasks.

After decreasing the remaining man-hours of running
tasks, running tasks with its remaining man-hour less than
or equal to zero is moved to completedTasks. Tasks in re-
mainingTasks that every pre-task is completed are moved
to enabledTasks.

3.3.2 Fitness Scores

Cost Minimization (CM) Score The CM score assesses
whether the solution finishes early. (C1) The formula for
CM score is as follows.

CM score =
minTS(S)

TS(S)

minTS(S) =
∑

k∈types

∑
{ti∈T |typei=k} efforti

max(abilityk1 , · · · , abilitykm) ∗ |D|

The minTS(S) refers to the minimum time span, and
TS(S) refers to the time span of the solution S which can
be calculated by the simulation algorithm. The minTS(S)
is calculated with the assumption that every developer has
the highest ability among developers at the given task type
and there is no multitasking overhead or communication
cost. The CM score becomes higher if the time span of
the solution comes to the minimum time span.
Concentration Efficiency (CE) Score To assess the burden
of multitasking (C2), we calculate the number of tasks that
a developer has to deal with at each time unit. At a certain
moment, a developer might work on more than one task be-
cause the assigned tasks are performed at the same time, but
such multitasking can cause inefficiency in practice, which
delays the project progress behind the expected schedule.
The formula for the CE score is as follows.

CE score =
1

|D|
∑
dj∈D

|{∀t||#involve(dj , t)| ≥ 1}|∑finishTime
t=1 |#involve(dj , t)|

|#involve(dj , t)| refers to the number of tasks that de-
veloper dj is involved in at time t. For each developer, we
divide the total working time units by the sum of the num-
ber of involved tasks at those time units to get the partial
CE score. For example, if a developer performs [2, 1, 0, 4]
tasks on time unit 1 to 4, the developer level CE score is cal-
culated by 3 / 2+1+4. We average all the partial scores for
each developer to get the CE score. The CE score comes to
1.0 if every developer performs only one task at every time
unit that he works.
Continuity Consideration (CC) Score The CC score as-
sesses how well the human resource allocation result con-
siders the precedence relationship between tasks (C3). We
count the number of unit allocation uax = {tx, dx} that
do not consider continuity, in which the developer is not
assigned any pre-tasks of the task tx. The solution of hu-
man resource allocation S′ is represented by a set of unit
allocation (S′ = {ua1, ua2, ..., uan}), and the CC score is
calculated with the formula below.

CC score = |{uax∈S′|(∃(uak)∈S′)∧(tk∈PTx)∧(dk=dx)}|
|S′|

The numerator of the formula counts how many times
the developer of a unit allocation (dx) is assigned to any
pre-task of the task (PT x). The CC score comes to 1.0 if
every unit assignment considers continuity.
Balance of Allocation (BA) Score We assess how evenly
the developers are allocated to tasks considering the task
size and staff level using the BA score (C4). The BA score
uses Shannon entropy [17] which assesses the uncertainty in
a distribution. The normalized Shannon entropy is defined
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as: H = −
∑n

i=1(pi ∗ lognpi), where pi is the probability
that each element occurs (pi ≥ 0 and

∑n
i=1 pi = 1). The

value is maximized when all pis have the same probability,
i.e., pi = 1/n,∀i ∈ 1, 2, ..., n. We calculate the BA score
with the formula below.

BA score =

∑
s∈staff level Entropys

|{staff level}|
Entropys = −

∑n
i=1(p

s
i ∗ lognpsi )

psi =

#assigneds
i

efforti∑
tk∈T

#assigneds
k

effortk

Entropys represents the entropy value at each staff
level, and psi represents the normalized value for the num-
ber of assigned developers of the staff level s at task ti
(#assignedsi ) divided by the effort of the task (efforti).
The avearge of the entropy values for each staff level is cal-
culated to assess the BA score. The BA score becomes 1.0
if all pi are the same, meaning that the number of assigned
developers to a task is proportional to the effort of the task.

4 Case Study

We assess how well our GA reflects the practical consid-
erations, by comparing the result when the GA only con-
siders cost minimization (Casetime, weights for the fit-
ness score = {1, 0, 0, 0}), and the result when considering
all the objectives (Caseall, weights for the fitness score =
{0.25, 0.25, 0.25, 0.25}).

4.1 Experimental Setup

We generate three experiment sets. Set1, Set2, and Set3
consist of 11 tasks / 7 developers, 11 tasks / 10 developers,
and 21 tasks / 10 developers respectively. Table 1 and Ta-
ble 2 describe a task set T1 with 11 tasks and a developer set
D1 with 7 developers. The detail of a developer set with 10
developers and a task set with 21 task set is omitted because
of the space limit.

Our GA uses 100 population sizes, and we set the max-
imum generation count to 400. We inspect the tendency
of the fitness value along different GA parameters, then
we determine the appropriate parameters that GA explores
enough search space to get the optimal solution. Selecting
the optimal parameters is beyond the scope of this paper.

We compare 1) the time span of the result, 2) the aver-
age time units that each developer works on more than one
task, 3) the number of assignments not considering the task
precedence, 4) the number of tasks that only one level de-
velopers are assigned, and 5) the mean and variance of (the
number of assigned developers / efforti) for each task. We
repeat each experiment 100 times to compare the average
value. Table 3 summarizes the results.

ID typei efforti PTi

t1 Analysis 400
t2 Design 320 1
t3 Design 240 1
t4 Design 240 1
t5 Implementation 240 2
t6 Implementation 600 3
t7 Implementation 160 4
t8 Test 100 5
t9 Test 80 6
t10 Test 70 7
t11 Test 80 8,9,10

Table 1. Task set T1

ID slj
abilitykj

analysis design implementation test
d1 3 1.25 1 1.25 1.25
d2 3 1.25 1 1.25 0.75
d3 2 0.75 0.75 1 1
d4 2 0.75 1 1 0.75
d5 1 1 0.75 0.75 1
d6 1 0.75 1 0.75 0.75
d7 1 1 0.75 1 0.75

Table 2. Developer set D1

4.2 Experimental results

The time span of the result We find that Casetime take
5.99% to 12.07% shorter time span than Caseall. We sim-
ulate the time span of each solution, but in practice, several
issues can affect the actual time span, such as multitasking
overhead, context switching cost, and hierarchical manage-
ment efficiency. Considering that we minimize these prac-
tical issues that can delay the project schedule, we conclude
that the difference is acceptable.
The average multitasking time We investigate how long
developers are involved in multitasking, by studying the av-
erage time that a developer works on more than one task.
We find that the average multitasking time of each devel-
oper in Casetime is 3.51 to 6.94 times of Caseall. High
multitasking time represents that developers should work
more than one task at the same time for a longer time in
Casetime schedule than in Caseall.
Assignments not considering precedence relationship
We assess whether the human resource allocation result re-
duces the inefficiency of context switching, by comparing
the number of unit assignment (see section 3.3.3) which do
not consider the task precedence relationship. We find that
the number of assignments not considering precedence rela-
tionship in Casetime is 2.31 to 2.72 times of Caseall. The
result indicates that developers are assigned to a task of dif-
ferent context from previous task more often in Casetime
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Metric
Set1 Set2 Set3

#task=11 #dev=7 #task=11 #dev=10 #task=21 #dev=10
All Time All Time All Time

Time (h) 342.71 322.17 239.70 225.04 846.30 744.14
Multitasking Time (h) 28.96 101.76 12.49 54.94 58.38 404.93
# no precedence assignments 7.91 18.31 10.92 27.08 15.11 41.17
# tasks only one level asisgned 3.73 3.05 1.69 3.07 5.74 6.56
Mean (# assigned devs / efforti) 2.15e-02 3.50e-02 2.80e-02 4.70e-02 1.07e-02 1.88e-02
Variance (# assigned devs / efforti) 1.71e-04 7.47e-04 2.69e-04 1.48e-03 4.29e-05 1.24e-04

Table 3. Experiment results

than in Caseall
The number of tasks that only one staff level of develop-
ers are allocated To investigate whether developers having
different staff levels are evenly assigned to each task, we
compare the number of tasks that only one staff level of de-
velopers are assigned in Casetime and Caseall. We find
that the number is higher in Casetime than in Caseall for
Set2 and Set3, but the result is reversed on Set1. Because
the number of high level developer is limited and our GA
minimize multitasking time in Caseall, there is no signif-
icant difference of the number in Caseall and Casetime.
We find that the average multitasking time and the number
of tasks with only one staff level developers are inversely
proportional. The result shows that our GA in Caseall con-
siders the staff level slightly better than Casetime, but min-
imize multitasking time in Caseall significantly.
The mean and variance of (the number of assigned de-
velopers / efforti) for each task To identify how many
developers are assigned to each task proportional to the ef-
fort, and how stable the value is, we investigate the mean
and variance of # of assigned developers / efforti . Over-
all, the means and variances are higher in Casetime than in
Caseall. This results indicate that more developers are as-
signed when we only consider time, which can cause com-
munication overhead and longer multitasking time. More-
over, large variances indicate there are more cases that too
many developers are assigned to a small task or small num-
ber of developers are assigned to a large task.

5 Discussion

We use the task type to represent a type of the task, rather
than defining a skill set needed to do a task. Many previous
approaches [7, 8, 18] used skill sets to represent required ca-
pability of a task, but we abstract the skill sets using the task
type. Our assumption is that defining and inputting each
skill set and the capability of developers for each skill is
difficult for project managers, especially when the number
of skill is large. A project manager can use our tool by cat-
egorizing tasks into several types, and defining proficiency
of developers on each category type, which is simpler than

a skill set representation.
Our approach generates only one solution which is the

fittest one, not considering relative proportion of each sub-
scores. We can apply MOEA approach [13], which gener-
ates a set of non-dominated solutions when the fitness func-
tion comprises the weighted sum of multiple sub-scores.

6 Related Work

Duggan et al. [9] suggested a GA approach as an multi
objective evolutionary approach to consider package prece-
dence, full team utilization, and cross-communication over-
head. They only considered that the successor package
should be developed after the predecessor, not considering
that the developers should be assigned to tasks with a prece-
dence relationship to lessen the context switching cost. Bar-
reto et al. [3] suggested a optimization-based approach to
find teams satisfying constraints established by the software
development organization. These work assumed that devel-
opers can work on only one task at a time, which was unre-
alistic in practice. Their approaches required a fine-grained
project plan in which a task size was small enough to be
finished by a developer.

Chang et al. [7] proposed a human resource allocation
technique based on GA with the concept of time-line. The
assignment was represented by a three-dimensional array
with time, tasks, and employee axes. As time goes with the
pre-defined time unit, the human resources were allocated
to tasks. Genetic algorithm was used to search the sched-
ule that minimized payment and delay penalties. Chen et
al. [8] improved Chang et al.’s work [7] by introducing the
event-based scheduler and the ant colony optimization tech-
nique. These approaches could allocate human resources in
a fine-grained manner, but the allocation was often too frag-
mented. In addition, they only concentrated on minimizing
the cost, not considering practical issues that we consider in
this paper.

Gerasimou et al. [10] investigated the human resource al-
location problem using a particle swarm optimization tech-
nique. Their fitness function evaluated whether each task
finished before the deadline and whether an appropriate de-
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veloper was assigned to a task considering the ability of the
developer. Their approach allowed developers to work on
more than one task at the same time, but did not limit or
manage the number of tasks on which a developer can work.

Kang et al. [14] proposed a constraint-based approach
considering constraints that affected the project schedule.
Their constraints included continuous allocation to related
tasks, minimization of sharing developers among tasks, re-
striction on the number of developers assigned to a task, and
avoiding novice teams. These constraints encoded some of
practical considerations of ours, but they assumed that each
program module can always be developed in parallel, not
considering the precedence between modules and the inte-
gration of the modules.

7 Conclusion

Many approaches have been proposed to find optimal hu-
man resource allocations. The majority of them only con-
sidered minimizing the expected cost of the plan, and not
practical issues that can affect the actual schedule in prac-
tice. With a group of software experts, we elicited the prac-
tical considerations for the human resource allocation prob-
lem. We design a genetic algorithm to reflect the practi-
cal issues, by encoding them as a part of the fitness func-
tion. The fitness function consists of weighted sum of the
four fitness scores considering cost minimization, concen-
tration efficiency, continuity consideration, and balance of
allocation. Our experiment shows that when the four fitness
scores are considered altogether, our GA generates a prac-
tical human resource allocation result, in terms of less mul-
titasking time, less assignments not considering task prece-
dence, and more even allocations than an algorithm which
the objective only aims at minimizing the time span.

As future work, we will find the optimal parameters and
operations for GA, by studying the effect of mutation rate,
tournament size, and weight values for the fitness func-
tion, and investigating different selection, crossover, muta-
tion approaches. We will also identify more practical issues
that can be applied to our approach.
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Abstract — The theories of bounded rationality present the need for a 

collaborative decision-making process based on the coalition between 

different opinions. Reduction of decision uncertainty is associated with a 

shared perception of reality. The identification of this common sense 

depends on the representation of each stakeholder´s knowledge. Mental 

models (MMs) are structures that allow us to represent the knowledge of 

each agent involved in decision-making processes. The comparison 

between MMs is essential to obtain a shared description of the problem. 

This paper proposes a method to compare and analyze mental models. 

The method is based on a comparative technique for MMs and on the 

relevance of relations and elements of such models. It is summarized by a 

fuzzy knowledge base which proposes a quantitative and qualitative 

analysis of the models. This analysis allows the identification of similar 

models in order to arrive at a decision that considers several points-of-

view and reaches a consensus resolution. 

Keywords — Decision-making; Fuzzy Rules; Mental Models. 

I.  INTRODUCTION 

Organizational complex problems related to a high number of 
variables [1] imply the need for several problem solving perspectives 
that involve the analysis of conflicting information [2]. This context 
fosters uncertainty and makes the decision-making processes as 
complex as the issues to be solved by them themselves [3]. The need 
to consider different ideas, opinions and objectives was studied by 
the Carnegie School, and is mainly represented by theories of 
bounded rationality [4]. These theories relate increased efficiency and 
stability in organizations to a qualitative approach to their decisions. 
This approach comprises steps of a learning process [5] that is 
founded on the political coalition among decision makers. Thus, the 
satisfactory decision resides on the knowledge that is common to a 
representative number of stakeholders [6]. The identification of this 
common sense depends on knowledge representation.  
Mental models (MMs) are structures that allow the representation of 
knowledge of each stakeholder involved in the decision-making 
process [7]. Therefore, the comparison of models is essential for 
obtaining a shared description of the phenomena. MMs are 
constructed byelements that denote concepts connected by cause-
effect relations. The natural language on which these relations are 
based is one of the advantages of MM representation [8]. They are 
simple to be created and easily understood. However, the linguistic 
nature adds difficulty to the mathematical translation of these models, 
their elements and relations. A mathematical evaluation is needed to 
enable comparison between the models. This evaluation allows us to 
numerically measure the similarities between the models. The 
method used for mathematically comparing MMs is based on the 
work of [9]. Apart from a mathematical measure, the search for 
models with similar features should also consider their suitability to 
the problem description. Thus, this search must also observe the 
qualitative features used by each mental model.  
In order to achieve this, the present paper proposes the creation of a 
fuzzy rule base for MM analysis based on quantitative and qualitative 
parameters. Quantitative parameters are obtained when the models 
are pair-compared (inter-model comparative analysis) through the 
distance method presented in Section II. Qualitative parameters are 
obtained when a model is solely analyzed (intra-model analysis) 

through the fuzzy rule base described in the methodology section. 
Fuzzy rules should add flexibility [11] [12] to the analysis and take 
into account: the complexity of the decision-making process and the 
linguistic nature of MMs [13]. 

A. Mental Models: Basic Concepts 

The solution of a problem is necessarily related to the peculiar way in 
which each decision-maker understands and abstracts the problematic 
situation. This abstraction and knowledge generation comprise a 
cognitive process based on the integration of concepts and ideas that 
can explain the phenomena. According to [14], this cognitive process 
connects the decision-maker to the reality through the creation of an 
idiosyncratic knowledge that contains particular beliefs, values and 
principles. Although this knowledge is individual, it influences the 
entire decision-making process. The individual experience of the 
mind builds models that can also be used later on to predict similar 
events [15]. The mental model theory affirms that all human 
reasoning is established by means of logical artifacts that depict real 
events through the causal relations among them. These artifacts, or 
elements of causal relations represent concepts that describe the 
problem domain. Due to such characteristics, MMs are used here as 
representations of human reasoning, which are able to reproduce the 
idiosyncrasies of tacit knowledge that a decision-maker is willing to 
express [16]. This paper considers the representation of mental 
models based on System Dynamics (SD) notation [17] [18].  

II. RELATED WORK 

Two approaches of related works are presented in this section. The 
first one relates to methods of quantitative comparison between 
MMs. The second concerns the application of fuzzy logic for 
describing the relations between elements of MMs. 

A. Mental model’s comparison method 

Since organizational learning concepts were developed [5] and the 
Carnegie Model of decision-making (theories of bounded rationality) 
[4] was proposed, the comparison and analysis of MMs as a way to 
share knowledge have been subjects of interest to many researchers 
[19]. According to [9], MM comparison is possible through the 
calculation of distance ratios (DRs) [10]. The element distance ratio 
(EDR) is given by the ratio of real and potential differences between 
the elements of two models. Figure 1 shows two MMs A and B. Each 
model has a number of elements V (elements a in model A and 
elements b in model B), loops and their polarities (reinforcement or 
balancing). For each model there is an adjacency matrix v × v (a × a 
in the case of model A and b × b for model B). In each matrix, index i 
denotes rows and index j denotes columns. Each element of this type 
of matrix represents the existence (or non-existence) of a relation 
between two elements. The non-existence is represented by “0”; the 
reinforcement loop by “1” and the balancing loop by “-1”. The EDR 
is presented in (1) where vuA is the number of unique elements of 
mental model A; vuB is the number of unique elements of mental 
model B; and vC is the number of common elements to the two 
models compared. 
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EDR(A,B) = ∑diff(i, j) / (4vC 2 + (2vC (vuA + vuB) 

 +   vuA2+vuB 2) 

 – (2vC (vuA + vuB)))                       (1) 

 

Fig. 1. Mental models and their respective representation matrices 

The numerator of (1) represents the sum of relevant differences 
between the elements of the models. This number of significant 
differences is defined in (2), where VA is the set of unique elements 
of model A; VB refers to the set of unique elements of model B and 
VC is the set of common elements to both models. 

diff(i, j) = 0, if i = j and a = 1; 

= Γ(aij , bij), if i or j ∉ VC  and i, j VA or i, j VB; 

= |aij – bij| + δ, if aijbij < 0; 

= |aij – bij|, otherwise.           (2) 

The conditions of the function diff (i, j) determine that the difference 
is "0" for the cells located on the diagonals of the matrix, because 
there is no self-loops, i.e., an element cannot relate to itself. The 
difference between the common elements (VC) that comprise loops in 
which the polarity is not the same is given by the difference of the 
values. This difference can be considered important or not by the 
decision-maker. Thus, δ=1, if the agent considers the polarity 
difference to be  important, or δ=0 otherwise. The difference between 
the unique elements of the two models (VA and VB) must satisfy the 
conditions given by (3). Thus, γ=0 indicates that the decision-maker 
does not consider the difference to be important, whereas a 
meaningful difference is indicated by γ = 1. If the unique elements of 
the models are not related to any other element, the difference 
between the elements of the models is "0". 

Γ(aij , bij) = 0, if γ = 0; 

= 0, if γ = 1 and aij = bij = 0; 

= 1, otherwise.           (3) 

In (1), the EDR value belongs to interval [0, 1] where the minimum 
value represents full proximity of the elements and the maximum 
value expresses the absence of common elements. Although the 
comparison between the elements of two models is necessary, it is 
not sufficient to fully understand the differences between them [9]. 
Another comparison, which concerns the feedback loops and its 
polarities, is also useful. This comparison considers: the loop distance 
ratio (LDR) and the model distance ratio (MDR). 

The LDR indicates the difference value between the loops of the 
models. Again, the indication occurs over the interval [0, 1] where 
the minimum value expresses full similarity, and the maximum full 
difference. The LDR calculation considers: the EDR of the elements 
from loop m of model A and of the elements from loop n of model B, 
the difference between the number of delays LDD (m, n), and the 
difference between the polarities lpold (m , n). In System Dynamics, 

a delay indicates that the causality relation may not happen 
immediately. Equation (4) shows the elements of the LDR 
calculation.  

LDR (m, n) = η * ldd(m, n) + ι * lpold(m, n) 

+ κ * EDR(A, B)            (4) 

Parameter ldd(m, n) takes the value "0" if none or both of the 
compared loops have delays. If only one loop has a delay, ldd(m, n) = 
1. Parameter lpold(m, n) takes the value "0" if the loops have the 
same polarity, and "1" otherwise. Thus, if both compared loops have 
the same polarity, lpold (m, n) = 0, otherwise lpold (m, n) = 1. The 
weights η, ι and κ represent the importance of each parameter. These 
weights are assigned to the terms of equation (4) by the decision-
maker, considering η + ι + κ = 1. The ratio between the sum of all 
LDRs and the total number n of loops resultsthe MDR defined in (5). 
MDR is the consolidated index that indicates the level of similarity or 
difference between the models [13]. 

MDR(A, B) = ∑LDR(m, n) / n          (5) 

The values obtained through (5) are submitted to a scale of 
comparison that consists of three possible conditions results for 
compared models [13]: (a) Identical, if MDR(m, n) = 0; (b) Similar, if 
MDR(m, n) < 0.25; and (c) Different, if MDR(m, n) ≥ 0.25. 

The distance method presented provides a quantitative comparison of 
MMs that considers: elements, loops and types of loops. However, to 
obtain support for a collaborative decision-making process by using 
models with similar features, it is also necessary to consider the 
qualitative analysis of each model, which, in turn, should take into 
account the adequacy of the model representation to the problem 
description. The methodology proposed in this paper (Section III) 
presents additional concepts to the method of distance ratios 
discussed in this paper but differs from it as the proposal takes into 
account both the quantitative and the qualitative analysis of the MMs. 

B. Fuzzy logic applied to mental models 

When a mental model is structured by the decision-maker, the 
knowledge about the phenomenon is translated by means of cause-
and-effect loops. The loops are endowed with imprecision, since 
elements can be influenced at different degrees [19]. This granularity 
increases because MMs are essentially based on natural language. 
Fuzzy logic is presented as a suitable alternative for the formal 
representation of the uncertainty associated with variables and 
linguistic terms used in MMs [11]. 

In 1986, Kosko introduced the idea of Fuzzy Cognitive Map (FCM) 
[20]. His proposal aimed at simulations based on the analysis of 
Axelrod's cognitive maps (CMs). FCM is a graphical structure used 
to represent the causality between concepts, i.e., the elements. They 
are MMs whose causality relations assume fuzzy values. Another 
proposal, the concept of Rule-Based Fuzzy Cognitive Map (RB-
FCM), considers that the FCM approach does not explore the 
qualitative potential of Fuzzy Logic. Therefore, the RB-FCMs allow 
us to represent the causality between concepts by means of a fuzzy 
rule base [21]. The use of a rule base allows us to indicate the relation 
between concepts by associating the elements with linguistic 
variables that indicate the degree wherewith the concepts influence 
each other. A base is constituted by "If... then" rules. The antecedents 
and consequences of these rules have variables that are associated 
with membership functions corresponding to the linguistic values. 

The FCMs [20] and the RB-FCMs [21] use fuzzy logic and the 
construction of a fuzzy rule base, respectively, in order to refine the 
representation of a mental model. These strategies are used to 
represent the causal relations between elements in order to construct 
and simulate MM relations. The current work also uses these 
strategies; however, it proposes that fuzzy logic and a fuzzy rule base 
are used for MM analysis. This analysis is not intended to build or 
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simulate models, but to add a qualitative approach to the method of 
MM comparison [9]. 

III. METHODOLOGY: FUZZY RULE BASE FOR MENTAL MODELS 

ANALYSIS 

As previously mentioned, this paper proposes a method based on the 
development of a rule base, whose variables are parameters of 
comparison and analysis of MMs. The base execution result is a 
value associated with each mental model. This value indicates the 
degree of adequacy of the model to represent a problem domain. 

The rule base considers quantitative and qualitative parameters. The 
quantitative parameters are the ones presented in Section II: EDR 
(element distance ratio), LDR (loop distance ratio) and MDR (model 
distance ratio). The analysis is completed with qualitative parameters 
of this section. 

A. Qualitative parameters of mental models analysis 

The analysis of the internal features of a model takes into account the 
idiosyncratic nature of MMs [16] by considering the way wherewith 
decision-makers select and relate the concepts in order to describe 
reality. Some parameters that can aid this intra-model analysis, i.e. 
the analysis of the internal structure of models, were considered and 
are presented as follows. 

The agent proximity parameter measures the degree of knowledge of 
the decision-maker about the elements of a mental model. This input 
is informed by decision-makers according to their degree of 
knowledge and expertise regarding the elements of the model. In a 
mental model, some elements have greater influence on problem 
description than others. The problem proximity parameter concerns 
the  degree of influence of each element over the entire mental model 
that represents the problem domain. This other input is also informed 
by the decision-maker. Thus, each element is associated with the 
parameters: agent proximity and problem proximity. These two 
parameters generate a general proximity related to each element of 
the mental model. Furthermore, the comparison between elements of 
model A with the elements of another model must be considered in 
the calculation of the EDR. This comparison involves the intra and 
inter-model analysis of the element level, called element relevance. 

Relevance refers to the appropriateness of a certain element to 
describe a problem [22]. The relevance of an element is obtained 
from the general proximity and the EDR. The next parameter to be 
considered for the intra-model analysis concerns the relations of a 
model. The loop relevance is determined by the relevance of the 
elements. A loop consists of two elements and its relevance stems 
from the relevance of these two elements. Thus, loop relevance 
consists in the association of the relevance of each element, v1 and 
v2, in the example. The analysis is performed for all elements and 
progresses over all loops. Thus, the analysis emerges throughout the 
whole model. This time, the combination of intra-model analysis and 
inter-model comparison is made through the use of LDR and the 
search for an equivalent loop in another model. The presence of 
equivalent relations in two models in Fig. 1 allows us to assume that 
these relationships are more representative for a description of the 
problem than those which do not occur in another model. This is 
based on the fact that the recurrence of a particular descriptive 
structure shows a homogeneous and consensual perception of reality 
[23]. In this sense, the structure in question represents the ideas, 
views, visions, goals and interests of a significant number of 
stakeholders [6]. 

The representativeness analysis should progress through all the loops 
of mental model in order to obtain a general representativeness.  The 
complete amount of loops determines the consolidated 
representativeness, i.e., the consideration of the set of each general 
representativeness. Finally, MDR can also be used to combine the 
intra-model analysis and the inter-model analysis, which can be done 

by comparing the MM with the other model. The combination is 
performed through the use of the consolidated representativeness of 
model A and model B. These models are compared by means of 
MDR calculation used to obtain the representativeness of the 
analyzed model (model A). 

B. Rule base and linguistic variables 

The MM analysis method presented in this work is implemented by a 
knowledge rule base whose variables are the parameters for intra-
model analysis and inter-model comparison. The base execution 
result is a value for each mental model. This value indicates the 
degree of adequacy of the model to describe the problem. All 
parameters mentioned in sections II and III are considered to 
construct the rule base. The fuzzyfication of these parameters adds 
flexibility to the result. The fuzzyfication steps are presented below. 

Each parameter explained in sections II and III was transformed into 
a variable of the base. Table I shows each variable, its explanation 
and its level of analysis. The variable can refer to one of the three 
levels of analysis: element level, loop level (cause-effect relation) or  
model level. Linguistic values and their membership functions were 
assigned to each variable. The linguistic variables are composed of a 
set V= {Low, Medium, High}. The membership functions of 
linguistic values are presented in Fig. 2. For parameter MDR, three 
possibilities were considered [9] to compare models according to 
Section II: (a) Identical, if MDR(m, n) = 0; (b) Similar, if MDR(m, n) 
< 0.25; (c) Different, if MDR(m, n) ≥ 0.25. In this scale of 
comparison, variable MDR is only associated with the linguistic 
terms "High" and "Low". As can be seen in the graph in Fig. 4, these 
terms are denoted by membership functions fMDR = “High” and 
fMDR = “Low”, respectively. 

Each variable is associated with linguistic values represented by the 
membership functions of the graphs in Fig. 2 and Fig. 3. These 
variables comprise the antecedents and consequences of the rules. 
The chaining of rules enables the emergence of the analysis 
throughout the mental model. The antecedents are treated by 
operations of the Mamdani's inference method [24]. The two 
operations used are presented in (6) and (7). Equation (6) shows that 
the logical conjunction between two antecedent terms A and B results 
in a membership function fC(z) associated with a consequent term C. 
This consequent term is obtained through the minimum value of the 
membership functions fA(x) and fB(y) associated with the linguistic 
values. The activation of more than one rule implies a composition 
between those rules through the maximum value of these functions, 
which can be calculated by (7). The base was designed in forward 
chaining with operators of Mamdani’s inference method. The 
linguistic values of variables related to antecedent and consequent 
terms of the rules are shown in Tables II, III and IV. 

fC(z) = fA^B(x, y) = MIN [fA(x), fB(y)]  (6)  

fC(z) = MAX [fC1(z), fC2(z)]   (7) 

Table II shows the consequent linguistic values related to the variable 
GeneralProximity. GeneralProximity is obtained from the intersection of the 
variables AgentProximity and ProblemProximity, which are associated with 
the antecedent terms. This table also shows the linguistic values 
associated with the variable LoopRelevance. LoopRelevance results from 
the variable ElementRelevance referring to each element that comprises 
the loop. These terms have the same linguistic values associated with 
the variable GeneralRepresentativeness. GeneralRepresentativeness is obtained 
from the values related to the antecedent term variable 
LoopRepresentativeness. The general representativeness of the model 
emerges from the evaluation of pairs of loops and their 
representativeness. 

The linguistic values related to the variable ConsolidatedRepresentativeness 
are the same to those presented in Table II. These values are obtained 
from the GeneralRepresentativeness values of the antecedent terms. The 
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general representativeness values are consolidated to form a global 
analysis of the model. Table III shows the linguistic values related to 
the variable ElementRelevance. This variable is obtained from the 
intersection of the variables GeneralProximity and EDR. These variables 
are associated with the antecedent terms and the linguistic values are 
the same terms associated to variable LoopRepresentativeness. This 
variable is obtained from LoopRelevance and LDR antecedent terms. 
Table IV shows the linguistic values associated with 
ModelRepresentativeness. This variable is obtained from the intersection of 
variable ConsolidatedRepresentativeness and variable MDR. 

TABLE I.  LINGUISTIC VARIABLES 

Linguistic variable Variable meaning Level 

AgentProximity Index that refers to ability of the agent to 

act on the element 

Element 

Problemproximity Index that refers to the ability of the 

element to describe the problem 

Element 

GeneralProximity Consolidation of AgentProximity and 

ProblemProximity information 

Element 

EDR Element Proximity Ratio Element 

ElementRelevance Relevance of a particular element in the 

problem description, considering EDR 

Element 

LoopRelevance Relevance of a particular loop in the 

problem description 

Loop 

LDR Loop Proximity Ratio Loop 

LoopRepresentativeness Representativeness of a particular loop to 

the problem description, considering 

LDR 

Loop 

GeneralRepresentativeness General representativeness of the model 

through the consideration of more than 

one loop. 

Loop 

ConsolidatedRepresentativeness Consolidation of all the measures of 

general representativenesses of the model 

Model 

MDR Model Proximity Ratio Model 

ModelRepresentativeness Consolidated representativeness of the 

model for problem description 

considering MDR 

Model 

TABLE II.  LINGUISTIC VALUES OF THE CONSEQUENT VARIABLE 

GENERALPROXIMITY, LOOPRELEVANCE, GENERALREPRESENTATIVENESS AND 

CONSOLIDATEDREPRESENTATIVENESS  

AgentProximity/ProblemProximity 

ElementRelevance 

GeneralRepresentativeness 

High Medium Low 

High High High Medium 

Medium High Medium Low 

Low Medium Low Low 

After obtaining the linguistic value associated with membership 
function fModelRepresentativeness, it is necessary to transform the 
fuzzy value into a crisp value. This defuzzification process represents 
the interpretation of the fuzzy set that results from the inference 
process.  

 

 

TABLE III.  LINGUISTIC VALUES OF THE CONSEQUENT VARIABLE 

ELEMENTRELEVANCE AND LOOPREPRESENTATIVENESS 

GeneralProximity/EDR 

LoopRelevance/LDR 

High Medium Low 

High Medium High High 

Medium Low Medium High 

Low Low Low Medium 

TABLE IV.  LINGUISTIC VALUES OF THE CONSEQUENT VARIABLE 

MODELREPRESENTATIVENESS 

ConsolidatedRepresentativeness/MDR High Low 

High Medium High 

Medium Low High 

Low Low Medium 

 
Fig. 2. Membership functions associated with the linguistic values 

 
Fig. 3. Membership functions associated with MDR linguist values 

The values of the area of this set and their corresponding degrees of 
membership are converted into crispy numbers. Thus, the linguistic 
values are converted to a single precise value through the center of 
gravity method. Equation (8) illustrates this method and allows us to 
determine the central point G(C) of the function area associated with 
the output linguistic value. 

G(C) = zfC(zi) / fC(zi)         (8) 

 

IV. EXAMPLE OF APPLICATION OF METHODOLOGY 

An example of application of the method of Section III is presented 

here and involves three MMs: A, B and C. These models are 

proposed to describe the problem of soil erosion in any region. As 

can be seen in Fig. 4, the three MMs consider that erosion is 

influenced by vegetation. Model A and model C indicate the 

influence of deforestation on vegetation. Model A associates 

deforestation with logging, whereas mental model C indicates 

agribusiness as the main cause of deforestation. However, mental 

model B describes the influence of drought on deforestation as a 

consequence of global warming. 

 

Fig. 4. Examples of mental models to describe the erosion problem 
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A. Inter-model comparative analysis 

The quantitative comparative analysis of these models is given by the 
application of the method presented in Section III. All the models 
will be compared using this method. Table V shows a survey of the 
parameters relating to comparisons between models A, B and C. 
These parameters are applied to (1) to obtain the EDR for each model 
comparison. The EDR values are shown in Table V. 
Then the analysis advances to the loops that comprise each model. 
The comparison between the loops of the models begins with the 
search for similar loops. Table VI presents: the verification of  
existence of these loops, the difference between the number of delays 
(ldd), and the difference in the polarity of the loops (lpold). These 
parameters are applied to (4) to calculate the LDR related to each 
comparison between loops. The calculation can only be performed 
between loops that have the same elements in both models; otherwise 
the LDR automatically assumes the value "1". LDR values are shown 
in Table V. MDR can be calculated by (5) using the LDR calculation 
and the number of n cycles in each model. The values of MDR 
corresponding to each comparison are shown in Table VII. 

TABLE V.  COMMON ELEMENTS (VC), EXCLUSIVE ELEMENTS FROM EACH 

MODEL (VUA, VUB E VUC) AND EDR ASSOCIATED TO EACH COMPARISON 

Models Comparison vC vuA vuB vuC EDR 

A-B 2 2 2 - 0.083 

A-C 3 1 - 1 0 

B-C 2 - 2 2 0.083 

TABLE VI.  LOOPS COMPARISON AND LDR VALUES 

Models Loops Equivalent loops Ldd Lpold LDR 

 

A-B 

 

B1A –B1B YES 0 0 0.042 

B2A –B2B NO - - 1 

R1A –R1B NO - - 1 

R2A – R2B NO - - 1 

 

A-C 

 

B1A –B1C YES 0 0 0.042 

B2A –B2C YES 0 0 0.042 

R1A –R1C NO - - 1 

R2A – R2C YES 0 0 0.042 

 

B-C 

 

B1B –B1C YES 0 0 0.042 

B2B –B2C NO - - 1 

R1B –R1C NO - - 1 

R2B –R2C NO - - 1 

TABLE VII.  MODELS COMPARISON AND MDR VALUES 

Model Loops LDR n Loops MDR 

A-B B1A– B1B 0.042 8 0.380 

B2A– B2B 1 

R1A– R1B 1 

R2A–R2B 1 

A-C B1A– B1C 0.042 8 0.140 

B2A– B2C 0.042 

R1A– R1C 1 

R2A–R2C 0.042 

B-C B1B– B1C 0.042 8 0.380 

B2B– B2C 1 

R1B– R1C 1 

R2B-R2C 1 

B. Intra-model analysis 

The qualitative intra-model analysis occurs through the submission of  
models A, B and C to the base of rules presented in the fourth 
section. Table VIII provides the values assigned to the AgentProximity 
and ProblemProximity variables. These variables are informed by the 
decision-makers when their models are built. Thus, the values 
attributed to the variables become the input parameters for the 
qualitative analysis. 
These values are submitted to (6) of Mamdani's method. Some of the 
rules are activated by these values. For all the operations in this 
section, MIN [fA(x), fB(x)] = 1.  
As demonstrating the activation of all rules would be too tiring for 
the reader, the algorithm of Fig.5 is used to illustrate it. The 
algorithm demonstrates the analysis of model A through the 
comparison to model B. 

TABLE VIII.  INPUT PARAMETERS 

Model Element ProblemProximity AgentProximity 

A Logging 1 0.8 

Deforestation 1 1 

Vegetation 1 0.4 

Erosion 1 0.2 

B Global Warming 1 1 

Drought 1 0.8 

Vegetation 1 0.4 

Erosion 1 0.2 

C Agribusiness 1 0.8 

Deforestation 1 1 

Vegetation 1 0.4 

Erosion 1 0.2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Algorithm - Performs analysis of the representativeness of a mental 

model. 

Input: two mental models (A and B); a knowledge base consisting 
of 60 rules of inference, whose linguistic values of the variables are 
summarized in Tables II, III and IV.  
Output: values corresponding to representativeness degree of each 
model. 
1. Calculate EDR, LDR and MDR about the models A and B, using 
Equations (1), (4) and (5), respectively;  
2. For each element of the mental model A, do:  
2.1. Evaluate GeneralProximity considering AgentProximity and 
ProblemProximity, according to Table II;  
2.2. Evaluate ElementRelevance considering GeneralProximity and EDR, 
according to Table III;  
3. For each relationship between two elements of the mental model 
A, do:  
3.1. Evaluate LoopRelevance considering Elemento1Relevance and 
Element2Relevance, according to Table II;  
3.2. Evaluate LoopRepresentativeness considering LoopRelevance and 
LDR, according to Table III;  
4. For each pair of loops of mental model A, do:  
4.1. Evaluate GeneralRepresentativeness considering Loop1Representativeness 
and Loop2Representativeness, according to Table II;  
5. For all pairs of loops of mental model A, do:  
5.1.Evaluate ConsolidatedRepresentativeness considering 
General1Representativeness and General2Representativeness, according to 
Table II;  
6.Evaluate ModelRepresentativeness considering 
ConsolidatedRepresentativeness and MDR, according to Table IV;  
7. Apply G (C) in ModelRepresentativeness using Equation (8);  

8. Repeat steps 2-7 considering the mental model B. 
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This algorithm must be performed for all possible pairs of mental 
models related to the given problem. Therefore numerical values can 
vary for each comparison because EDR, LDR and MDR depend on 
the models being compared. Considering that model 
representativeness also varies according to the EDR, LDR and MDR, 
each model has a value G(C) associated with each comparison. 
Therefore, the measurement of representativeness of each model can 
be obtained by calculating the arithmetic mean of all the values of 
G(C). Thus, the average value of G(C) of a model must consider the 
total number of m MMs to which this model is compared. Table IX 
shows the values of G (C) associated to each comparison and the 
average values of each mental model. 

TABLE IX.  MEASUREMENT OF MODEL REPRESENTATIVENESS 

Model Comparison G(C) Comparisons Average 

A A-B 0.2 2 0.5 

A-C 0.8 

B B-A 0.2 2 0.2 

B-C 0.2 

C C-A 0.8 2 0.5 

C-B 0.2 

These results indicate that MMs A and C are more representative 
than mental model B. This is a reasonable indicator because these 
models describe the problem similarly. The description of model B 
presents the most significant differences with respect to the other two 
MMs. These differences imply less representativeness, which is 
confirmed in the values shown in  Table XIII. It is important to notice 
that the example considered three models. As the number of MMs 
increases, the representativeness should also increase.  

V. CONCLUSION 

The uncertainty resulting from the increased complexity of problems 
emphasizes the boundaries of the decision maker rationality. 
Therefore, several descriptions of the phenomena of reality must be 
considered. This collaborative decision process presents challenges 
associated with the consensus among many decision makers through 
common knowledge identification. Thus, the shared decision making 
depends on the comparison of MMs from several decision-makers.  
This paper proposes a method to address this linguistic dependence 
through an analysis that is grounded in fuzzyfication of model 
comparison rates. The fuzzyfication is obtained through a rule base 
design to analyze the elements and loops of the MMs. This work 
differs from other related works. Fuzzy logic and fuzzy rule base 
have often been used for the construction and simulation of MMs, 
whereas, in this paper, the fuzzy strategy was used for the 
composition of the model analysis method. Results showed that it is 
possible to use the methodology to compare MMs and that it is 
possible to identify more adequate MMs through the analysis of the 
mental model representativeness value. 
Authors are working on an automatic tool which will support the 
following functionalities: the inclusion of MMs; comparison of MMs 
according to the method presented here and presentation of the 
representativeness values of each model. This tool should support 
decision makers in organizational processes. After  the tool is 
finished, examples of larger MM bases will be executed in order to 
validate the method. 
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Abstract— Requirement engineering plays a very important role 
in software development life cycle (SDLC). Generally Software 
projects suffer with the problem of various types and categories 
of requirements and are also delimited by constraints like time 
and budget.  To deal with this type of requirement complexity, 
project  managers  need  to  prioritize  the  requirements  of  the 
proposed software effectively. To decide about prioritization and 
consideration of a set of requirements is a strategic concern. This 
process  is  known  as  requirements  prioritization.  This  paper 
proposes  a  novel  requirements  prioritization  approach  called 
Gradient Descent Ranking (GDRank), which combines project’s 
stakeholders preferences with Functional and Non - Functional 
requirements, their ordering and approximations are estimated 
through machine learning techniques.  For validation purpose the 
proposal is compared with various other prominent requirement 
prioritization methods. 

Keywords-Quality  Function  Deployment  (QFD),  Requirements 
Prioritization, Machine Learning

I.  INTRODUCTION AND RELATED WORK

Fred  Brooks  [1]  once  said,  “The  hardest  single  part  of 
building a software  system is  deciding what  to  build…. No 
other part of the work so cripples the resulting system if done 
wrong. No other part is more difficult to rectify later”. Hence, 
in order  to develop quality and cost  effective software,  it  is 
imperative to provide prioritization to customer’s requirements 
to select the best possible set of requirements from a set of all 
requirements  [2].  The  software  product  quality  is  often 
determined by the capability to satisfy the necessities of the 
customers and users [3, 4]. 

Fundamentally,  Functional  and  Non  -  Functional 
requirements are diverse in nature. The functional requirements 
illustrate the activities of the system as it relates to the system's 
functionality. It describes what a software system be supposed 
to  do  [5].  Whereas  Non  -  Functional  requirements  place 
restriction  on how the  system will  do so.  Non -  Functional 
requirements are habitually known as quality attributes in the 
field  of  software  architecture.  Quality  attributes  and 
functionality is orthogonal [6]. In this paper we study how to 
achieve a requirement prioritization while trying to assure both 
quality attributes and Functional requirements. The purpose of 
this  paper  is  to  present  a  novel  idea  for  Requirement 
Prioritization using machine learning technique. We proposed a 
method  called  Gradient  -  Descent  Ranking  (GDRank).  It 

acquires  a priority elicitation process  which is very flexible. 
Further,  a  comprehensive  literature  survey of  leading papers 
related to Requirement Prioritization is presented in this section 
and  is  shown  in  Table  I.  All  approaches  of  requirement 
prioritization discussed in [7, 11, 13, 14, 15, 16, 17, 18, 19, 20] 
works on assignment of rank to requirements set for a given 
candidate requirement set.  

TABLE I. PRIORITIZATION METHODS

II. PROPOSED METHOD

The  proposed  GDRank  method  sets  on  an  outline  first 
commence  in  [12]  that  prop  up  in  making  decisions  for 
ordering a set of items, like software requirements or product 
features. An iterative prioritization method is proposed by this 
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framework that can handle different ordering criteria as well as 
decisions by individual or group of decision makers (domain 
experts). 

A. Concept

We  take  a  finite  collection  of  Functional  Requirements 
FReq = {f1

+, …, fn
+} and Non - Functional Requirements NReq 

= {f1
-, …, fm

-} that is to be ranked and for that we describe the 
Universe of a set of requirement pairs Ų = {(fi

+, fj
-); i < j}. We 

entitle the organized relation among two requirements that can 
be obtained from stakeholder priority. It is then formally define 
in terms of the function θ(fi

+, fj
-) , where θ: Ų {-1, 0, 1}, with 

the following denotation for its assessments: θ(fi
+, fj

-) is equal 
to -1, if fj

- < fi
+; is equal to 1, if fi

+ < fj
- and is equal to 0, when 

there is no preference oof order between fi
+ and fj

-.

An  Unordered  Requirements  couple  is  a  couple  of 
requirements (fi

+, fj
-) for which priority is not known yet as the 

domain expert has not assigned a priority yet.

B. The Process of Prioritization

The  GDRank  prioritization  procedure  infuses  human 
behavior with machine calculation. The procedure is drafted in 
Fig. 4, where five footsteps are characterized as rectangles. The 
common  artifacts  in  effort  and  production  are:  the  set  of 
Requirements (FReq and NReq), the set of Ranking Functions 
(F),  the  Priorities  by experts  (£T),  encoding  the  requirement 
characteristics,  and  the  Approximated  Rank  (ĦT)  where  T 

corresponds  to  the  last  process  iteration  or  the  Final 
Approximated Rank (H). 

The process is based on five steps which are as follows:

1. Requirement  Elicitation.  We  consider  requirement 
Elicitation  by  Quality  Function  Deployment  (QFD) 
approach. Translation of subjective quality criteria into 
quantifiable  and  measureable  objectives  that  can  be 
used in designing & manufacturing the product is the 
main Goal of QFD. In this “The voice of the customer 
translated  into  the  voice  of  the  engineer  [7].”  QFD 
procedure  includes  putting  together  a  "House  of 
Quality"[8] like one shown in Fig. 1, which is for the 
advancement of a climbing harness [9].

2. Balancing  Functional  and  Non  -  Functional 
Requirement.  Balancing  of  Functional  and  Non-
Functional  Requirements  is  done  with  the  help  of 
Pattern  Driven  Architectural  Partitioning  (PDAP) 
[10]. Generally, choices over architecture that satisfy a 
functional  requirement  may  clash  with  a  quality 
attribute,  or  reverse.  Such  sides  effects  ought  to  be 
take  care  by product  architect  and  proper  balancing 
decisions should be made. Architectural pattern helps 
us to avoid such problem to a certain level.

3.  Pair Sampling. A set of Sampled Requirements Pairs 
is  selected  from the set  of  Requirements (Functional 
and  Non  –  Functional)  whose  relative  preference  is 
unknown.  Pair  Sampling  is  done  by  the  help  of 
Analytical Hierarchy Process (AHP) [11].

Figure 1. House of Quality defined by QFD [9].

Step1. Place n Functional Requirements in the rows and m 
Non-Functional  Requirements  in  columns  of  an  n  x  m 
matrix.  We  will  assume  four  Functional  Requirements: 
FReq1 to FReq4, and four Non-Functional Requirements: 
NReq1 to NReq4.

Step2.  Carry  out  pair  wise  comparisons  of  all  the 
Functional  and  Non-Functional  Requirements.  For  this 
purpose the primary scale used is shown in Table II. Insert 
determined relative intensity value for each set of pair of 
requirements  in  the  position  (FReq1,  NReq2)  where  the 
row  of  FReq1  meets  the  column  of  NReq2.  Insert  the 
reciprocal value in position (FReq2, NReq1) and insert “1” 
in all positions in the main diagonal. Thus, it look like as 
shown in Fig. 2:

NReq1 NReq2 NReq3 NReq4

FReq1 1 1/3 2 4

FReq2 3 1 5 3

FReq3 1/2 1/5 1 1/3

FReq4 1/4 1/3 3 1

Figure 2. Requirement in Matrix form.

Step  3.  To  represent  the  criterion  distribution,  guess  the 
eigenvalues  of  the  matrix  with  the  help  of  performing 
averaging over normalized columns as shown in Fig. 3:

NReq1 NReq2 NReq3 NReq4 Sum 

FReq1 0.21 0.18 0.18 0.48 1.05

FReq2 0.63 0.54 0.45 0.36 1.98

FReq3 0.11 0.11 0.09 0.04 0.34

FReq4 0.05 0.18 0.27 0.12 0.62
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Figure 3. Averaging over normalized column.

Afterward divide each row sum with the number of 
requirements to normalize the sum of the rows. This 
calculation  results  in  estimation  of  Eigen  values  of 
matrix and is referred to as the priority matrix.

Step  4.  Based  on  the  estimated  Eigen  values,  each 
requirement gets its relative value. 

4. Priority  Elicitation.  The  input  is  taken  by  the  Pair 
Sampling  step  as  a  collection  of  Sampled 
Requirements Pairs produced and produces output on 
the basis of the Priorities stated by a domain expert (or 
decision makers)   as  a  set  of  Ordered  Requirements 
Pairs.

5. Priority Learning. Given a set of Ranking Function and 
partial elicited stakeholder priority,  an approximation 
rank  of  the  known  preferences  is  produced  by  the 
learning  algorithm and then  the  Final  corresponding 
Approximated Rank for the requirement. 

The output gives an estimate of the exact ranking, knows as 
Approximated Rank, and may turn out to be the input for a 
further iteration of the process. The iteration stops when the 
result of the learning step is regarded as accurate,  and the 
output is considered as the Final Approximated Rank.

TABLE II. SCALE FOR PAIRWISE COMPARISONS

C. The Priority Learning Technique

This step yields an approximation of a preference structure, 
adapting the Ranknet approach described in [12]. The Ranknet 
method  is  capable  to  produce  more  accurate  rank  forecast. 
Next,  we  provide  an  instinctive  description  of  the  Ranknet 
approach  by  drawing  the  Ranknet  algorithm,  displayed  as 
pseudo code in Algorithm 1. 

Algorithm 1. A sketch of the Ranknet algorithm
Input:

Req’ = {r1,…, rn}
The set of elicited Requirements

 F = {f1,…,fk}
Partial  orders  defining  constraints  and 
priorities upon Req’

£ = {(ri, rj); i < j | θ(fi
+, fj

-) ≠ 0}
A  subsample  of  obtained  pair  -  wise 

preferences
Output:

H(r) (H: Req’  IR)
A ranking function described upon Req’

Begin 
1.  X = initialize (£)

Weighting of obtained pairs £
2. T = Maximum Number Of Cycles

Number of learning cycles
3.  For i = 1 to T
4. wi = learn wi that minimizes the square error

Where w is weight, E is error value, o is the 
output of the linear unit and t is the training 
example 

5. Calculate the gradient of E with respect to the vector 
{w0,…,wn}      

6.  w = w + ∆w
Where 

Here ƞ is the learning rate which is positive constant, 
which find out the step size in the gradient descent 
search.

7. End For
8. H(r) = synthesis of ranking function

9. return H(r)
End

    The GDRank algorithm performs T cycles  in which the 
input is the set of ranking function F and the output is Final 
Approximated Rank.

III. RESULTS

The  Result  is  generated  set  of  requirements,  which  are 
obtained  on  the  basis  of  graph  plotted  between  the  no.  of 
requirements  and  the  accuracy  in  rank  shown  in  Fig.5.  In 
GDRank approach,  exact  requirements  are  elicited  with the 
help of QFD approach. We consider the functional and Non - 
functional  requirements  of  the  obtained  requirements  and 
balance them. Therefore the ranks which are learned from this 
approach are more accurate as compared to the previous two 
approaches.  Finally,  in  Fig.  6  the  graph  which  is  plotted 
between the no. of requirements and the error rate, describes 
the gap between the previous rank and the current rank.
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Figure 4. Basic steps of the Requirements Prioritization in GDRank. 

Through this we can see the learning rate and the accuracy in 
results. 

Figure 5. The plot of the no. of requirements and the accuracy in rank.

Figure 6. The plot of the no. of requirement and the error rate.

IV. CONCLUSION AND FUTURE WORK

In this paper, we present a complement description of the 
proposed  GDRank  procedure  for  requirements  prioritization. 
The GDRank is used to learn the ranks of the ordered sets of 
requirements  which  provide  the  optimal  error  rates.  The 
GDRank procedure  has  been  sited with respect  to  the other 
methods which are available for requirements prioritizations, 
with  particular  reference  to  AHP  approach  and  CBRank 
approach. Some assumptions are made in this paper that the 

requirements are well elicited and no requirements are further 
going to be added. The potential advantage of GDRank method 
is the ranking with respect to Functional and Non-Functional 
Requirements. But on the other hand, as the set of requirements 
increases,  then  the  efforts  needed  by  the  human  evaluators 
when pair preferences are obtained grows rapidly. In future, the 
issues  like requirement  dependencies,  renewing requirements 
rank when new requirements are included and when the view 
of  the  expert  changes  and  Scalability  must  be  further 
considered.    
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Abstract— In database applications, database operations 

should be provided to maintain persistency of the data which is 

often represented as database attributes. Any missing, redundant 

or inconsistent operation performed on database attributes 

would indicate anomaly or even program bugs. Through 

characterizing operations performed in database transactions on 

database attributes, we extract a feature vector from code for 

each attribute. This paper proposes a clustering-based approach 

which analyzes the feature vectors to automatically detect 

anomalies in the usage of database attributes. Once an anomaly 

is detected, developers can perform investigation to take 

corrective actions if necessary. The evaluations on both industrial 

and open source database applications show that our approach is 

able to detect many types of anomalies in the usage of database 

attributes with a high detection rate (92.8% on average), and a 
low false positive rate (0.57% on average). 

Keywords—anomaly detection; database application; clustering; 

attribute usage. 

I. INTRODUCTION  

Database is a major component of many software systems. 
In database applications, adequate operations should be 
provided to maintain the persistency of data. Any missing, 
redundant or inconsistent operation performed on database 
attributes would indicate anomaly of a database application.  

Anomalies are instances that cannot be classified under any 
normal behavior. The PHP code snippet shown in Fig. 1, is an 
example of anomaly in database operations. 

In Fig.1 line 6, the attribute “family_name” is selected in 
order to update the attribute “family_name” in table 
tb_user_info in line 17. However, from the database schema, 
we found that the table “tb_user_info” requires non-null value 
for the attribute “family_name” but the table “tb_user_account” 
does not have such requirement. Furthermore, from 
investigation of the code, there is no program define the value 
of the attribute “family_name”. So the result of the SELECT 
operation contains a null value. Hence, the execution of the 
UPDATE operation would cause exception. It is desirable to 
detect such kind of anomaly. Our work aims to address this 
issue. 

This paper proposes an approach to detect anomalies in the 
use of database attributes by means of abstracting and 
characterizing database operations. We present a clustering-

based anomaly detection algorithm, which takes as inputs a set 
of unlabeled database attributes and finds anomalies within 
them. We make two general assumptions: 1) the number of 
normal attributes in the training set greatly exceeds the number 
of anomalous attributes, thus implying that the normal 
attributes should form larger clusters compared to the 
anomalous attributes; 2) attributes having the same type of 
anomaly should be close to each other in feature space under 
some reasonable metric, while attributes with different type of 
anomaly will be far apart. The above assumptions mean that 
any anomalous attribute would appear to be an outlier in the 
dataset due to its rarity and abnormality. 

1.  <?php 

2.  function do_query($query) 

3.  { 

4. return mysql_query($query); 

5.  } 

6. $sql = “SELECT family_name as fn FROM 

tb_user_account WHERE user_id=”; 

7.  if (isset($_POST[‘USER_ID’])) 

8.  { 

9.  $sql .= $_GET[‘USER_ID’]; 

10. } 

11. else 

12. { 

13.  $sql .= ‘0’; 

14. } 

15. $result = do_query($sql); 

16. $data = mysql_fetch_array($result); 

17. $sql = “UPDATE tb_user_info SET 

family_name=” . $data[‘fn’]; 

18. do_query($sql); 

19. ?> 

Figure1. PHP code example 

Our approach groups the database attributes together into 
clusters using a distance-based metric. Once the database 
attributes are clustered, we identify small clusters and label 
them as anomalous clusters. Cross-project validations are 
performed on three industrial database applications and seven 
open source database applications to verify the approach. The 
results show that our approach is able to detect many types of 
anomalies with an average detection rate 93.0%, while 
maintaining a low false positive rate.  

The paper is organized as follows. Section II introduces the 
extraction of the feature vector for attribute usage. Section III 
describes our approach. Section IV evaluates the proposed 
approach and reports the experiment result. Section V 
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discusses the performance of our approach. Section VI 
discusses the related work. Section VII concludes the paper. 

II. CHRACTERIZING DATABASE OPERATIONS USING 

FEATURE VECTORS  

A. Database Operations   

Since transaction is the atomic processing unit in a database 
application, we characterize the database operations performed 
on database attributes on a per-transaction basis. We classify 
the database operations into the following types: 

 Create (C): A value of an attribute is inserted. 

 Null Create (NC): A record that contains the attribute 
is inserted without defining the value of the attribute. 

 Control Update (COU): The value of an attribute is 
updated by a new value that is not influenced by the 
existing attribute value and inputs from user and 
database. 

 Overriding Update (OVU): The value of an attribute is 
updated to a new value that is influenced by user input 
but is not influenced by the existing value of the 
attribute. 

 Cumulating Update (CMU): The value of an attribute 
is updated to a new value that is influenced by the 
existing attribute value. 

 Delete (D): The value of an attribute is deleted as a 
result of deletion of a record containing it. 

 Use (U): The value of an attribute is used to support 
the insertion, updating or deletion of other database 
attributes or output to the external environment. It is 
not considered under this case if the value of an 
attribute is used to update itself. 

 Other Update (OU): If there are multiple database 
operations performed on a database attribute in one 
transaction, the database operation is classified as 
Other Update. 

We characterize the usage of a database attribute using an 
eight-element Boolean vector [m1, m2, m3, m4, m5, m6, m7, m8], 
where m1, m2, m3, m4, m5, m6, m7, m8 denote the existence of a 
transaction in which an operation performed on the attribute is 
of type C, NC, COU, OVU, CMU, D, U or OU respectively. 
This vector is called feature vector for attribute usage.  

B. Extraction of Feature Vector for Attribute Usage  

To automatically extract the database operations performed 
on each attribute in a transaction, static program analysis is 
performed on each path in a database application. Since PHP is 
a widely used scripting language, This paper uses PHP 
programs as subjects for demonstrations and experiments. 
However, the approach can be applied to any database 
application as it is based on basic control and data dependency 
analysis with regard to standard SQL statements. 

1) Query extraction  
In a database application, the SQL queries are commonly 

formed by dynamically concatenating several string literals and 

variables. From the inter-procedural control flow graph of the 
example code in Fig. 1, two paths can be found that perform 
database transactions, and both of which start from the MAIN 
function’s entry point, and reach the SQL execution function 
“do_query”. The actual queries executed in these two 
transactions are different. 

We follow the technique used in structural program testing 
by generating a set of basis paths using the baseline method 
proposed in [1]. Specifically, we traverse the loop body only 
once. For each path in the basis set, whenever we encounter a 
query execution function like “mysql_query”, the definition of 
every part of its parameter which is a query string is retrieved 
and concatenated in order. As an example, for the code in Fig. 
1, the extracted queries of the SELECT operation would be: 1) 
"SELECT family_name as fn FROM tb_user_account 
WHERE user_id=’__’"; 2) "SELECT family_name as fn 
FROM tb_user_account WHERE user_id=0". 

2) Extraction of Feature Vector 
After the queries are extracted, we analyse each query to 

obtain the characteristics of database operations using an SQL 
grammar parser. All the CREATE TABLE queries are first 
parsed. Then, we analyse the queries according to their 
operation types as follows: 

 SELECT: The SELECT query is parsed, table aliases 
are identified and restored by the actual table names, 
and the attributes are identified. The attribute names 
are extracted from the select list, JOIN expressions as 
well as the WHERE clause. The star-shorthand “*” is 
regarded as referencing all attributes. 

 INSERT: After parsing, the table name is identified. 
We then check whether there is column list in this 
query. When no column list is provided, it is assumed 
that values of all the attributes in this table are to be 
inserted. Those attributes declared in the schema as 
“auto incremental” or having not-null default values 
are also viewed as inserted by the query. 

 UPDATE: We not only collect the attribute names that 
are updated in one query, but also identify the update 
pattern for each attribute. We analyze the value string 
to determine the update type, i.e. either COU, OVU or 
CMU for the attribute. For example, the assignment 
expression name=$_POST[‘username’] is an example 
of OVU, whereas the expression balance=balance-
$withdraw is an example of CMU. 

 DELETE: We identify the table name, and mark all the 
attributes of this table as “Delete”. 

Besides, the attributes in the WHERE clause are 
characterized as “Use”. If an attribute has multiple operations 
in this transaction it will be marked as OU in this transaction; 
otherwise, it will be marked as one of the other seven features 
as described in Section II.A. After all transactions have been 
analyzed, the characteristics of database operations performed 
on each attribute are merged to generate its feature vector. For 
example, if an attribute experiences the type “Create” for at 
least one time, the first element of the feature vector would be 
1; otherwise, it is 0. 
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III. DETECTING ANOMALIES IN THE USAGE OF DATABASE 

ATTRIBUTES  

The extracted feature vectors are filtered and passed to the 
clustering algorithm. We use the training data to estimate the 
optimal parameters values. Based on the clustering result and 
optimal parameters values, normal and anomalous clusters are 
identified. Then the model can be used to detect anomalies in a 
new database application. The overview of the approach can be 
seen in Fig. 2. 

 

Figure 2. Overview of the proposed approach 

A. Clustering Method  

The extracted feature vectors have a relatively low 
dimensionality and the elements of the vector are binary value. 
Hence, we adopt a simple variant of single-linkage clustering 
method which proceeds as follows: given a fixed metric M and 
a constant cluster width W, the distance between C’s defining 
instance C and d can be computed as Euclidean dist(C,d). Here 
C is the feature vector that defines the centroid of that cluster. 
If the distance is within W, the instance d will be assigned to 
the nearest cluster. Otherwise, a new cluster would be 
generated and the attribute feature vector would become its 
centroid. The Euclidean distance used to measure the distance 
between a cluster C and an instance d is defined as: 

 

where n is the dimension of the vectors, and ci is the 
element of the centroid of C while di is the element of vector d. 

B. Labeling Clusters 

After clustering, it remains unknown which clusters consist 
of normal attributes and which ones contain anomalies because 
the attributes are unlabelled during clustering. In our work, we 
assume that an overwhelming majority of the training dataset is 
made up of normal attributes and small clusters are likely to 
consist of anomalies. Hence, we label the top P% largest 
clusters as ‘normal’, and the remaining clusters as ‘anomalous’. 

C. Detection of Anomalies 

Once the clusters are created and labelled, they can be used 
to detect anomalies in the use of database attributes. Given a 
new database application, we can extract the feature vector for 

each attribute. For each feature vector v, we find the cluster 
that includes v and assign this attribute with that cluster’s label. 
If v does not belong to any clusters discovered thus far, a new 
cluster would be generated and v would become its centroid. 
We will manually examine v and decide it is anomalous or 
normal. 

IV. EVALUATION AND RESULTS  

A. Training Dataset Description 

In our research, it was extremely difficult to find readily 
available dataset. Hence, we selected three matured, large-scale 
industrial database applications and seven open source 
database applications from sourceforge.net. The three selected 
industrial database applications come from different domains, 
including a membership management system, a school 
management system and a web-based e-commerce system. The 
open source systems include ChurchInfo, Front Accounting, 
CourseMS, Gliding Booking System, CiteCRM, 
AluminiServer and Hotel Booking Portal. We obtained a 
dataset with 8909 source code files, 1393K lines of code and 
3302 database attributes in total. All the experiments were 
conducted on a desktop PC with an Intel Core Duo 2.4GHz 
CPU and 4GB memory. 

For data collection, we have built our extraction tool on top 
of PHC [2], an open source PHP compiler. Our tool performs 
data flow analysis on the paths of the inter-procedural CFG for 
each system, and extracts all the database transactions from 
them. Feature vectors for all the attributes are then formed. 

B. Performance Measurement  

Two measures were computed over all labelled attributes to 
access the performance of our approach. 

 Detection rate = the number of anomalous attributes 
detected by the system / the total number of anomalous 
attributes presented in the testing dataset; 

 False positive rate = the total number of normal 
attributes that were wrongly classified as anomalous / 
the total number of normal attributes. 

To calculate these values, access to labels of attributes in 
the dataset was required.  Based on the database schema, we 
extracted the attributes in the database. After analysing the 
program code and based on the attributes extracted, we can 
identify whether proper and adequate operations have been 
conducted on each attribute and then labelled each attribute 
with “normal” or “anomalous”. We calculated these two 
measures over all labelled attributes. 

C. Filtering the Training Dataset  

We make use of 30% of the dataset (990 attributes) as our 
training dataset. Our first assumption states that the number of 
normal attributes greatly exceeds that of the anomalous 
attributes. Hence, in the resulting training dataset, the number 
of normal attributes (96.36%) greatly exceeds that of the 
anomalous attributes (3.64%). 

D. Fixing Parameters 

It is necessary to fix and optimize the values of two 
parameters first: the cluster width W and the percentage P. W 
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determines the minimum distance between two attribute feature 
vectors assigned to the same cluster, while the percentage P 
decides the top P% largest clusters that are labelled as ‘normal’. 

A series of tests was conducted on the training dataset for 
using a range of values of the two variables W and P. Table I 
shows the results for optimizing the values of W, and their 
corresponding measured performances. As we use the 
Euclidean distance measure, the cluster width W is set to a 
value slightly below each Euclidean distance value (such as 

√  √    √ ). 

TABLE I.  STATISTICS FOR EVALUATING W 

W P DR FPR W P DR FPR 

0.7 60% 94.4% 0.419% 2.2 60% 58.3% 1.992% 

1.4 60% 88.9% 1.048% 2.4 60% 47.2% 4.193% 

1.7 60% 80.6% 1.468% 2.6 60% 38.9% 5.241% 

1.9 60% 69.4% 1.572% 2.8 60% 33.3% 6.289% 

(DR=Detection Rate; FPR=False Positive Rate) 

We decided to use W = 0.7 in subsequent tests, since it 
produced a low false positive rate and high detection rate. To 
find the value for P, we conducted several tests on the same 
dataset. The results of some of the tests are shown in Table II. 

TABLE II.  STATISTICS FOR EVALUATING P 

W P DR FPR W P DR FPR 

0.7 80% 72.2% 0.314% 0.7 40% 97.2% 13.732% 

0.7 70% 80.6% 0.419% 0.7 30% 97.2% 24.738% 

0.7 60% 94.4% 0.524% 0.7 20% 100% 33.962% 

0.7 50% 94.4% 6.499% 0.7 10% 100% 50.524% 

From table II, it can be seen that the detection rates are the 
same when P = 50% or P = 60%, though the false positive rate 
is fairly lower when P = 60%. Therefore, P of 60% was chosen.  

The clustering results of the training dataset when P=60%, 
W=0.7 are shown in Table III. There are 32 clusters in total. 
Based on the value of P, we labelled the first 19 clusters as 
normal and labelled the rest as anomalous. After further 
investigate of the anomalous attributes, we classified them into 
the following four types: 

 Missing database operations (MI): For a database 
attribute, essential database operations (e.g., inserting a 
value of an attribute) are missing. 

 Inconsistent database operations (IC): It is essential to 
provide an transaction in a database application to 
correct the effect of a transaction that has been 
executed with erroneous input. For a transaction that 
updates an attribute through cumulative update, the 
correction should also be made through cumulative 
update for control purpose. Correcting the result of a 
transaction that updates an attribute by “cumulative 
update” using “overriding update” is a common 
inconsistency fault.  

 Redundant database operations (RD): For a database 
attribute, additional different types of database 
operations are performed on it. 

 No Update (NU): For a database attribute, the program 
does not provide any operation to maintain or use it. 

It can be seen from table IV that there are a total of 956 
attributes (96.57%) labeled as “normal” (NM) and 34 attributes 
(3.43%) labeled as “anomalous” (MI, IC, RD or NU). 

E. Cross Validation Testing 

Based on the parameters and clusters learned from the 
training process, we performed cross-project evaluation by 
using a variant of the cross validation method.  

We formed five subsets from the entire dataset, each 
containing approximately 660 attributes. It should be noted that 
no information about the attributes’ label was used during the 
clustering in the training process, therefore, the training set still 
can be used for testing. Since we require that the number of 
anomalous attributes should constitute a very small portion of 
the training dataset, it was found that there were two subsets 
failed to meet this requirement. Therefore for cross validation 
training only three of the five subsets are selected. The 
numbers of normal and anomalous attributes of each of the 
three subsets are shown in Table IV. 

Each time, one of the three subsets was chosen as the 
training dataset to perform the clustering process. Then the 
clusters are labeled and used to test each of the other two 
subsets. In this manner, the testing is conducted 6 times in total. 
The results are shown in Table V. 

Our evaluations show that the proposed approach can 
achieve a high detection rate with a low false positive. We 
believe that this technique is capable of detecting the anomalies 
in attribute usage in database applications. 

F. Some Examples 

The attribute “subject” in the table “as_newsletter” in 
AlumniServer is predicted as missing function. Which means 
this attribute is neither defined nor updated.  However, it is 
referenced and is declared as “default null” in the database 
schema. This could be a potential fault because null value 
frequently causes unexpected result or failure of the system. 

In the prediction results of ChurchInfo, we found several no 
update attributes in table “user_usr”. This table is used to store 
the information of users. There are eight attributes named 
“usr_CalNoSchool1”,“usr_CalNoSchool12”, … ,“usr_CalNoS
chool8” in this table. However, only the attribute 
“usr_CalNoSchool1” among the eight has UPDATE operation. 
It is reasonable to argue that this could be inappropriate. After 
carefully searching the system, we spotted the following code 
snippet in the source code file Default.php, which updates the 
table “user_usr”: 
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TABLE III.  CLUSTERING RESULTS OF THE TRAINING DATASET 

Cluster Center of clusters # of attribute Type Cluster Center of clusters # of attribute Type 

1 <1,0,0,1,0,1,1,0> 113 NM 17 <1,0,1,0,1,0,1,0> 26 NM 

2 <1,1,0,1,0,1,1,0> 94 NM 18 <1,1,1,1,0,0,1,0> 25 NM 

3 <1,0,1,0,0,1,1,0> 82 NM 19 <1,0,0,0,1,0,1,0> 23 NM 

4 <1,0,1,1,0,1,1,0> 76 NM 20 <1,0,0,1,0,1,0,1> 5 RD 

5 <1,1,1,0,0,1,1,0> 71 NM 21 <1,0,0,0,0,1,1,0> 4 NU 

6 <1,0,1,0,1,1,1,0> 65 NM 22 <1,0,0,1,1,0,1,0> 4 IC 

7 <1,1,0,0,1,1,1,0> 56 NM 23 <0,1,0,1,1,1,0,0> 3 IC 

8 <1,1,1,1,0,1,1,0> 48 NM 24 <0,1,0,0,0,0,1,0> 3 NU 

9 <1,1,1,0,0,0,1,0> 42 NM 25 <1,0,0,1,1,1,1,0> 3 IC 

10 <1,1,1,0,1,1,1,0> 41 NM 26 <0,0,0,0,0,1,0,0> 2 MI 

11 <1,1,1,0,1,0,1,0> 39 NM 27 <0,0,0,0,0,0,0,0> 2 MI 

12 <1,0,0,1,1,0,1,0> 37 NM 28 <0,0,1,0,1,1,1,0> 2 MI 

13 <1,0,0,1,1,1,1,0> 32 NM 29 <0,0,1,0,0,1,1,0> 2 MI 

14 <1,0,1,1,0,0,1,0> 30 NM 30 <0,0,0,1,0,0,1,0> 2 MI 

15 <1,1,1,1,0,1,0,0> 28 NM 31 <0,0,0,0,0,1,1,1> 1 MI 

16 <1,1,0,0,1,0,1,0> 28 NM 32 <0,1,0,0,0,0,1,0> 1 NU 

Total number of attributes: 990  

 

TABLE IV.  STATISTICS OF THE THREE SUBSETS 

Training Set #Normal attr #Anomalous attr 

T1 641 19 

T2 637 23 

T3 635 25 

TABLE V.  PERFORMANCE OF THE SYSTEM UNDER VARIOUS TRAINING 

AND TESTING DATASET COMBINATIONS 

Training 

dataset 

Testing 

dataset 

Detection Rate False Positive 

Rate 

T1 T2 91.3% (21/23) 0.63% (4/637)   

T1 T3 84.0% (21/25)  0.78% (5/635)  

T2 T1 89.5% (17/19)  0.62% (4/641)  

T2 T3 92.0% (23/25)  0.63% (4/635)  

T3 T1 100.0% (19/19)  0.47% (3/641)  

T3 T2 100.0% (23/23)  0.31% (2/637)  

 

$sSQL = "UPDATE user_usr SET …… 

if ($_SESSION['dCalNoSchool1'] != '') 

  $sSQL .= ", usr_CalNoSchool1 = '". …; 

if ($_SESSION['dCalNoSchool2'] != '') 

  //!wrong attribute name starting from here 

  $sSQL .= ", usr_CalNoSchool1 = '". …; 

if ($_SESSION['dCalNoSchool3'] != '') 

  $sSQL .= ", usr_CalNoSchool1 = '". …; 

…… 

if ($_SESSION['dCalNoSchool7'] != '') 

  $sSQL .= ", usr_CalNoSchool1 = '". …; 

if ($_SESSION['dCalNoSchool8'] != '') 

  $sSQL .= ", usr_CalNoSchool1 = '". …; 

After investigation, we found that the developer in fact 
intended to update all these eight attributes according to some 
conditions. However, all the strings in the concatenation were 

likely mistyped as “usr_CalNoSchool1”, resulting in no update 
operation for the other seven attributes. Aided by the prediction 
results, developers or maintainers can take corresponding 
actions to deal with this. 

G. Threats to Validity 

It can be argued that the values of the parameters we 
evaluated may depend on the domain. Therefore, to vindicate 
our approach, we have chosen database systems of different 
sizes and complexities from different domains. Ideally, we 
would like both of our assumptions mentioned in Section I to 
be satisfied. In reality, of course this assumption may not be 
fully satisfied and this is also one of the primary reasons that 
our method fails to detect 100% of the anomalous. However, 
we still believe that the proposed approach can be applied to a 
variety of database applications, and the best way to prove our 
conclusions is to replicate and extend our experiments. 

V. RELATED WORK 

Data mining methods have been well utilized in software 
engineering especially intrusion detection. Portnoy et al. [3] 
proposed a clustering method to detect intrusion by regarding 
intrusion as anomaly against normal behaviors. Eskin, et al. [4] 
investigated the effectiveness of three algorithms in intrusion 
detection. Furthermore, Eskin et al. [5] also applied machine 
learning method to learn a mixture probability distribution in 
order to model the anomalies for intrusion detection. 
Oldmeadow et al. [6] carried out further research based on the 
clustering methods mentioned in [4] and showed 
improvements in accuracy. 

Detecting anomalies in data has been studies in the 
statistics community as early as the 19th century. Chandola et 
al. [7] provided a comprehensive survey on the anomaly 
detection techniques. Our work is closely related to partitioning 
method which constructs k partitions of a database of n objects 
where each partition represents a cluster. Based on the 
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assumption that normal data instances belong to large and 
dense clusters, while anomalies either belong to small or sparse 
clusters, several approaches have been proposed [8-11]. All 
these studies show that most types of anomalies in programs do 
exhibit certain characteristics, and therefore by mining these 
characteristics, we can find the anomalies effectively. Our 
work also shows that anomalies in database operations can be 
discovered through data mining methods. 

Besides the above mentioned methods, other methods have 
also been proposed for anomaly detection. For example, Xie et 
al. [12] proposed to use hidden semi-Markov model for the 
purpose of network DDOS detection. Vigna et al. [13] 
proposed to detect web-based attacks by combining analyses 
on HTTP request and SQL queries. Zhang et al. [14] computed 
the anomaly score of a data instance as the sum of its distances 
from its k nearest neighbors. Their method differs from ours in 
that they only focus on the syntactic level of the queries but not 
system semantic level. Our work shows that anomalies in 
database operations can be discovered through data mining 
methods. 

Over the years, a lot of work has been done to investigate 
how to automatically detect faults [15-18]. In their methods, 
they adopted both the supervised and unsupervised pattern 
classification and multivariate visualization. Different from the 
above-mentioned approaches, our approach is to mine 
anomalies in database attribute usage from source code using 
unlabelled feature vectors. Our approach is able to efficiently 
detect anomalies in database applications. We have applied the 
proposed approach to ten large-scale database applications. 
These applications contain around 8900 source files and more 
than 1390KLOC. Hence, we believe our approach can be 
applied to large-scale database applications. Furthermore, our 
approach can be used in the verification and validation of 
database applications. To date, we believe that no such 
approach has been proposed before. In opposing to our earlier 
work on data lifecycle [19], this paper applies data mining 
techniques to systematically detect anomalies in database 
attribute usage, instead of using heuristic rules. 

VI. CONCLUSION 

In this paper, we have presented an approach for detecting 
anomaly in the use of database attributes based on feature 
vectors extracted from database applications. The proposed 
approach is able to detect the anomalies of attribute usage for 
database applications with high accuracy while keeping the 
false positive rate reasonably low. On average, the detection 
rate is 92.8%, and the false positive rate is 0.57%. The 
proposed approach can be used in the verification and 
validation of database applications. 

In future, we will conduct comprehensive experiments on a 
larger set of industry database applications to further validate 
the merits of the proposed approach. Currently, we are labeling 
the clusters based on the parameters we defined. Another 
possibility would be to label clusters which are outliers in the 
feature space as anomalous. Furthermore, we will also try to 
make the process of selecting optimal value of the parameter p 

automatically, by using statistical knowledge such as the mean 
value of the number of attributes in clusters. 
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Abstract—Refactoring is widely recognized as a method to 
improve the internal qualities of source code. However, manual 
refactoring is time-consuming and error-prone. Consequently, 
many tools to support automated refactoring have been 
suggested, but most support only unit and simple refactoring, 
making it difficult to perform composite refactoring (e.g., 
introducing a design pattern) where a refactoring set is applied at 
one position or the same refactoring operation is applied at 
multiple positions. In this paper, we propose a novel script 
language and its processor to describe how and where to refactor 
by a model expressing source code*1. Evaluations indicate that 
our language and processor allow refactoring steps to be 
described as scripts, which can be easily replayed and reused for 
multiple projects.  

Keywords: Refactoring; Code Manipulation; 

I.  INTRODUCTION 
Refactoring, which is defined as “a technique to improve 

the design of the internal structure of software without 
changing its external behaviors”, has become commonplace in 
recent years. Although the most common refactoring 
techniques (e.g. extract and change field names) have been 
organized into patterns, manual refactoring is time-consuming 
and error-prone. To resolve this problem, many automatic 
refactoring tools and methods have been proposed.  

     Here, we define the following two terms, basic refactoring 
and composite refactoring [6], to specify two types of 
refactoring. Basic refactoring refers to a simple refactoring that 
cannot be decomposed further. In this paper, basic refactorings 
indicate the standard refactoring features of Eclipse. On the 
other hand, composite refactoring refers to a combination of 
basic refactorings. Combinations include applying several 
refactorings in one place, the same refactoring to several 
places, or both.  

Although many current tools support automatic execution 
of basic refactoring, there is no mechanism to define and apply 
composite refactoring. As suggested by Vakilian et al. [9] in 
their survey on the trend of using refactoring in Eclipse by 
examining recordings, composite refactoring is very common. 

The complex composite refactorings such as introducing a 
design pattern were explicated in [4] and [5].  

However, manual composite refactoring has a high 
execution cost since programmers have to locate the target 
code and select a menu or use a keyboard shortcut to call a 
basic refactoring every time. Additionally, as the numbers of 
locations and refactorings increase, performing each basic 
refactoring correctly becomes more difficult, and the risk of 
omissions increases. Although many patterns have been 
established for refactoring, majority tools cannot record and 
reuse the processes of the patterns. Therefore, it is difficult to 
apply the frequently used composite refactorings to cross-
projects. Eclipse can record and replay refactoring operations 
as a script, but it is used to help programmers upgrade an older 
version of a library once a newer version is distributed. It is 
impossible to create a script arbitrarily and describe the steps of 
refactoring freely. 

In this paper, we propose RefactoringScript, which contains 
a script that can be used to describe the processes of composite 
refactoring and its corresponding processor to perform 
refactoring. We address the following research questions: 

RQ1 Is it possible to script and apply composite 
refactoring (locations and actions) concisely and 
accurately? 

RQ2 Compared to the case without this tool, is composite 
refactoring performed correctly? 

RQ3 Compared to the case without this tool, is the cost of 
composite refactoring reduced? 

RQ4 Is it possible to reuse the composite refactoring in 
cross-projects? 

The contributions of this paper are: 
• A RefactoringScript language to describe the 

processes of composite refactoring 

• A RefactoringScript processor to apply scripted 
composite refactoring 

• Implementation of a RefactoringScript language and 
its processor as an Eclipse plug-in 

• Evaluation of a RefactoringScript language and its 
processor to show its utility 

Our paper is organized as follows. Section II provides 
motivating examples. Then Section III describes the proposed 

*1  The preliminary idea of RefactoringScript has been originally proposed in 
[12] in Japanese. [12] has proposed the RefactoringScript with JRuby 
implementation and did not achieve the statement-level operations. In contrast, 
this paper introduces RefactoringScript with Scala implementation. Moreover, 
we have added the capability of manipulating statements to make 
RefactoringScript support more complicated refactoring.  
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RefactoringScript language and its processor, while Section IV 
presents the results and discussion of our experimental 
evaluation. Finally, Section V concludes the paper. 

II. BACKGROUND 
We consider three cases as motivating examples.  

A. Renaming Relevant Elements 
According to [9], a common combination of refactorings is 

renaming both of a field and its related elements. For example, 
after changing a field name, the names of its accessors should 
also be changed.  

However, current refactoring tools only change the 
definition and references when applying rename refactoring to 
a field. For instance, if rename refactoring is invoked to change 
the name of field “page” in Listing 1 to “pageCount”, the name 
of the corresponding accessor will not be changed 
automatically. Hence, programmers have to invoke the rename 
refactoring again for renaming the accessor. Figure 1 is an 
example of RefactoringScript to do these two refactorings. 

B. Applying Coding Conventions 
Many projects have their own coding conventions. To 

enhance maintainability of the entire code, especially for team 
development, all team members must observe the coding 
convention established before development. Reference [7] and 
[8] summarize some underlying rules, which can be used 
and modified freely. For example, one rule (27) places 
the underscore prefix or suffix of the name for a private, 
protected field, while another rule (44) avoids overloading 
the method. 

For a project with an already inflated scale, the following is 
necessary to apply these conventions: 

a) Among the protected or private fields, extract all 
names without an underscore prefix (or suffix), and execute 
the rename method.(Example script is shown in Figure 2.) 

b) Acquire all methods that have the same name and the 
same number of arguments from a specific class, and execute 
the rename method.  

Coding conventions can be used in multiple projects. When 
a new coding convention is applied to an existing source code 
or the old coding convention of a project is changed, the 
execution cost for refactoring all relevant places is very high. 
Furthermore, as the number of places that need refactoring 
increases, the risk of making mistakes increases. 

C. Introducing Design Patterns 
The transformation to introduce a design pattern involves 

many iterations of refactoring. For example, introducing a 
Visitor Pattern includes the following two types of refactoring: 

a) Move Method 
b) Rename Method (to avoid name collisions, add “visit" 

to the beginning of the name of the method that has been 
moved.) 

Listing 1.  Example of changing a field name and the corresponding 
accessor name (Left: original code; Middle: renamed field; Right: renamed 
accessor). 

private int page; 
public int getPage()  
{ 
     return page; 
}  

private int pageCount; 
public int getPage()  
{ 
     return pageCount; 
} 

private int pageCount; 
public int getPageCount()  
{ 
     return pageCount; 
} 

 

 
Figure 1.  Example script of renaming field and the corresponding accessor 

 
Figure 2.  Example script of applying coding conventions 

Even if only the above two refactorings are considered, 
operations like “Find the methods by the specified signature 
from subclasses of a specified class, and move to another class” 
and “Rename method that has been moved with a new name 
based on the name of the target class” are necessary. These 
operations will be performed repeatedly, which is clearly a high 
cost. However, these refactorings can be formally scripted. 

III. REFACTORINGSCRIPT LANGUAGE AND ITS PROCESSOR 
In this section, we describe the design of the proposed 

RefactoringScript language and its processor. 

A. Overview 
On account of the excellent features of Scala, such as the 

seamless Java interoperability and the scripting language. We 
adopted Scala as our script language and developed a DSL base 
on it. In addition, we employed Eclipse JDT to perform the 
basic refactorings provided by Eclipse. The RefactoringScript 
consists of two components. 

• RSCore*2:  The fundamental part, which includes 
elements of the RefactoringScript language and its 
processor. 

• RSUI:  The user interface part, such as an editor*3 to 
create or modify script, and a menu*4 to execute a 
script by inputting script into the interpreter of 
RefactoringScript in RSCore. 

The procedure for a user to apply a script to a workspace, 
and the interaction between the user and RefactoringScript 
processor are as follows: 

(1) User creates and edits the script in the editor. 

(2) User activates the core component by specifying a 
script file. 

(3) Processor inputs the script into the interpreter. 

(4) Interpreter runs the script and applies it to the user’s 
workspace 

*2  https://github.com/hugh3166/RSCore 
*3  https://github.com/hugh3166/RSEditor 
*4  https://github.com/hugh3166/RSLauncher 
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(5) User is notified of the script execution result. 

B. Language 
Herein, we describe the elements of the RefactoringScript 

language. 

1) Code Entity and Code Entity Collection 
Java elements of JDT provide APIs, which are suitable for 

searching a particular element from the workspace. However, 
the Java elements do not have APIs that allow the conditions to 
be specified in detail to determine the specified elements. Two 
types of APIs are added to Code Entity (CE) which is a class 
based on Java Element: 

• APIs to analyze and search. For example, the select 
method which we will describe later. 

• APIs to trace the tree structure of the code in the 
description similar to the simple natural language. For 
example, we prefer to use c.methods rather than 
c.getMethods() to acquire all methods of c. 

Table I shows the correspondence between Java Element 
and CE. An indentation in the table represents the containment 
relationship of the package or the class inheritance. It should be 
noted that RSWorkspace differs slightly from the other CEs; 
RSWorkspace represents a reference to the current workspace, 
and is a starting point to find the other CEs.  

The Code Entity Collection (CEC) represents a set of CEs 
and provides APIs that can search for CEs included in the set. 
An example script to perform a search is introduced in the next 
unit.  

2) Query Selector and Qualifier 
To search for a CE from CEC, we can use select method by 

combining SearchParams, QuerySelector, and Qualifier in the 
following format: 

CEC.select(QuerySelector (Qualifier (SearchParams))) 

QuerySelector ::= 
”By.name”|”By.namereg”|”By.modifier”|”By.typename”  

Qualifier ::= ””|”With.or”|”With.and”|”With.out” 

QuerySelector is a keyword that specifies the Search Key, 
which can be one of: name, regular expression of name, access 
modifier, and type name. Table II shows each CE and the 
corresponding combination of the search key and query 
selector, where O indicates that QuerySelector can search CE 
using the search key, and X indicates it cannot. For example, a 
set of RSProjects can be searched by key elements with a 
name, but cannot with an access modifier. Qualifier is a 
keyword to specify how to interpret the given search 
parameters with OR, AND, or NOT. However, it can be 
omitted when a qualifier is not required (if there is only one 
search parameter). Figure 3 shows three examples of using the 
select method. The select method has also been used in Figure 
1 and Figure 2 in the first line. 

3) Action 

 
Figure 3.  Examples of using the select method 

TABLE I.  CORRESPONDENCE BETWEEN THE ELEMENTS IN JDT AND CE 

org.eclipse.jdt.core  
    IMember RSMember  
       IType RSClass 
       IField     RSField 
       IMethod     RSMethod 
    IPackageFragment RSPackage 
    ILocalVariable RSParameter 
    IJavaProject RSProject 
org.eclipse.core.dom  
    Statement RSStatement 
org.eclipse.core.resources  
    ResourcesPlugin RSWorkspace 

TABLE II.  QUERY SELECTOR 

Search Key Name 
Regular 

Expression 
of Name 

Access 
Modifiers Type 

QuerySelector By.name By.namereg By.modifier By.typename 
RSStatement X X X O 
RSField O O O O 

RSMethod O O O O 
RSClass O O O X 
RSParameter O O X O 
RSProject O O X X 
RSWorkspace X X X X 

TABLE III.  TYPES OF SUPPORTED ACTIONS AND CORRESPONDING 
PARAMETERS 

Action Receiver Parameter 
rename RSField New name 

rename RSMethod New name 

encapsulate RSField - 

introduce_factory RSClass Destination Class 

introduce_factory RSMethod Destination Class 

introduce_parameter_object RSMethod Class Name of Object 

pull_up RSMethod Destination Class 

push_down RSMethod - 

change_return_type RSMethod New Type Name 

extract_method RSStatement New Method Name 

delete RSEntity - 

move RSEntity Destination Class 
A refactoring operation for CE / CEC is called an action. 

With parameters (params), an action is expressed in the 
following format: 

CE/CEC.Action(params) 
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TABLE IV.  COMPARISON OF NUMBER OF LINES OF SCRIPT IN 
REFACTORINGSCRIPT WITH JAVA 

 Java RefactoringScript 

EX1 42 10 

EX2 143 14 

EX3 107 9 

EX4 48 12 

Unit: Lines 

TABLE V.  COMPARISON OF EXECUTION TIME FOR REFACTORING BY 
SCRIPT AND MANUALLY 

Experiment P1 P2 P3 P4 P5 Average 

EX1(Manually) 7 - 5 - - 6.0 

EX1(Script) - 10 - 5 14 9.7 

EX4(Manually) - 17 - 9 13 13.0 

EX4(Script) 22 - 10 - - 16.0 

Unit: Minutes 

TABLE VI.  COMPARISON OF ACCURACY OF REFACTORING BY SCRIPT 
AND MANUALLY  

Experiment P1 P2 P3 P4 P5 Average 

EX1(Manually) 27 - 30 - - 28.5 

EX1(Script) - 30 - 30 30 30 

EX4(Manually) - 95 - 96 93 94.7 

EX4(Script) 96 - 96 - - 96 

Unit: Places 

TABLE VII.  APPLIED REFACTORINGSCRIPT TO OPEN SOURCE PROJECTS  

Project Experiment Number 
of Files 

Number 
of Lines Applying Places 

P1 EX1 3 68 16 fields 

P1 EX4 2 18 6 fields 
12 methods 

P2 EX3 6 20 6 classes 
6 methods 

 

 
Figure 4.  Example script of EX2 

An action parameter may be specified as the minimum 
required when performing refactoring. Table III summarizes 
the types of the actions which have been supported and the 
parameters which can currently be specified. For example, 

CE.rename(“newname”) will apply rename refactoring to CE. 
As we showed at line 3 and 4 in Figure 1, or line 5 in Figure 2. 

C. Processor 
In this tool, the RefactoringScript language can be regarded 

as an internal DSL of Scala, and its processor is also 
implemented with Scala. Programmers only need to focus on 
the descriptions of searching and handling CE, because Scala 
expressions and the built-in functions or libraries of both of 
Java and Scala are available in the script. Moreover, the Scala 
Interpreter was incorporated directly into the processor without 
implementing a new interpreter.  

IV. EVALUATION 

A. Evaluation Design and Results 
To evaluate the describability, accuracy, execution cost, 

and reusability of RefactoringScript, we conducted subject 
experiments and case studies for the four composite 
refactorings, which were selected by considering trends of 
refactoring [9] and coding conventions [7, 8]. 

EX1. Assign a prefix to the name of every private field for 
all classes in a specific package. 

EX2. Generate template method from subclasses into a 
superclass. 

EX3. Encapsulate classes with Factory. 

EX4. Change the name of a specified field in a package and 
the name of the corresponding accessor.  

1) Describability 
For EX1, 2, 3, 4, we measured the lines of code for 

processing refactorings in the Java language and the 
RefactoringScript language (Table IV). Note that the Java 
projects used as experimental objects are also the test data used 
for testing RSCore. 

For EX2, we used the simplified experimental code in 
Listing 2. Two subclasses have the same method name, 
“startGame”, but they have different conditional structures. For 
simplicity, we just extract the conditional structures to form 
two new methods with same name, and pull up the two 
“startGame” methods and one of the extracted methods into a 
superclass. Because the two “startGame” methods are the same 
method in the superclass, they can be regarded as a template 
method. Afterwards, the subclasses can change the behavior of 
the “startGame” by overriding the method “start” or “extract” 
without overriding the “startGame” method directly, such as 
the class Game2 shown at the right of Listing 2.  

2) Accuracy and Execution Cost 
We conducted the following subject experiments to 

compare the accuracy and execution of composite refactoring 
cost between using RefactoringScript and simply using Eclipse 
refactoring. The experimental objects are the sample projects 
prepared for the experiments. It should be noted that in 
consideration of the similarity of operation difficulty and the 
influence of prior knowledge, we only used EX1 and 4 as the 
experimental objects. In addition, for simplicity, we chose int 
type fields to be the target fields, and wrote the script to extract 
the fields by type in EX4. 
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Experimental Subjects: Five Information Engineering 
undergraduate and graduate students (P1~P5) 

Procedure: Divide subjects into two groups. Make one 
group conduct EX1 by Eclipse, then EX4 by RefactoringScript, 
and make the other group conduct EX1 by RefactoringScript, 
then EX4 by Eclipse. Then measure the time necessary to 
complete refactorings and the places where refactoring is 
applied correctly. 

Tables V and VI summarize the results of this subject 
experiment. Table V shows that subject P1 took seven minutes 
to do EX1 by Eclipse, 22 minutes to do EX4 by script, while 
Table VI shows that subject P1 applied refactoring correctly at 
27 of 30 places in EX1 by Eclipse, but 96 of 96 places in EX4 
by script. 

1) Reusability (Case Study) 
We applied the EX1, 3, 4 to open source projects P1*5 and 

P2*6 with both manual refactoring and RefactoringScript, and 
then got the mechanical differences. By verifying the results 
with the goals, it is confirmed that the proposed method is able 
to process the object refactoring. Because the focus is on only 
the refactoring operation, we selected projects with a moderate 
scale as the experimental material. Table VII lists the projects, 
kinds of experiments, numbers of files, numbers of lines 
affected by refactoring, and the applied places. 

B. Discussion 
1) Describability 

RQ1 Is it possible to script and apply refactoring 
operations (applying places and actions) concisely 
and accurately? 

In all four cases, the number of lines of script written in 
RefactoringScript is 1/4 to 1/10 of the script written in Java. 
The reduction is attributed primarily to two reasons: 

• API allows CE to be flexibly searched, and conditional 
statements are less likely to become a nest structure. 

• Processes not directly related to refactoring (e.g. 
acquiring workspace) do not have to be described. 

In EX2, the project, package, class, and method entities are 
searched by name, but a statement is searched by the type 
defined at the ASTNode class in JDT. Figure 4 shows the 
example script of EX2. Additionally, even on a scale like EX3, 
the number of lines of script written in RefactoringScript can 
be as few as 10. Because the RefactoringScript language is 
specialized to describe the processes and search locations for 
refactoring, concise scripting can be realized.  

2) Accuracy and Execution Cost 
RQ2 Compared to the case without this tool, is composite 

refactoring executed correctly? 
RQ3 Compared to the case without this tool, is the cost 

of composite refactoring reduced? 

With regard to the execution cost, manual refactoring 
required slightly less time in each experiment. Based on the 
feedback from the subjects, this is likely because learning 
RefactoringScript takes some time. In fact, some of the subjects 
commented: 

Listing 2.  Example to generate template method (Left: before refactoring; 
Right: after refactoring) 

package p; 
public class Game{ 
    protected int playerCount = 0; 
    public void start(){ 
        System.out.println("Game Start"); 
    } 
} 
 
public class Game1 extends Game{ 
    public void startGame(){ 
        start(); 
        if (playerCount != 0){ 
            System.out.println("Restart"); 
        } 
    } 
} 
 
public class Game2 extends Game{ 
    public void startGame(){ 
        start(); 
        if (playerCount >= 0){ 
            playerCount++; 
            System.out.println("Join"); 
        } 
    } 
} 

package p; 
public class Game{ 
    protected int playerCount = 0; 
    public void start(){ 
        System.out.println("Game Start"); 
    } 
 
    public void startGame(){ 
        start(); 
        extracted(); 
} 
 
    protected void extracted(){ 
        if (playerCount != 0){ 
            System.out.println("Restart"); 
        } 
    } 
} 
 
public class Game1 extends Game{ 
 
} 
 
public class Game2 extends Game{ 
    protected void extracted(){ 
        if (playerCount >= 0){ 
            playerCount++; 
            System.out.println("Join"); 
        } 
    } 
} 

• “I was confused by the script language idiom.” 

• “I think that RefactoringScript can reduce the time 
once I learned how to write with it.” (In this 
experiment, the answers to the examples and script 
pieces required by the experiment were distributed as 
material.) 

On the other hand, feedback regarding manual composite 
refactoring indicated a desire for an automatic method:  

• “I do not want to refactor more complex objects 
manually.” (For example, when the number of 
applicable places is enormous). 

• “Firstly, I prefer not to do simple mechanical work 
manually.” 

Therefore, we believe that once programmers become 
familiar with RefactoringScript, the burden of refactoring can 
be reduced.  

With regard to accuracy, all the scripts written by the 
subjects worked properly using the script case, whereas the 
manual composite refactoring with Eclipse contained the 
following mistakes: renamed fields that are not specified (EX1) 
and fields renamed correctly, but the names of the accessors 
were incorrect (EX4). These mistakes indicate that the script 
contributes to correct composite refactoring. 

3) Reusability 
RQ4    Is it possible to reuse the refactoring operations in 

*5  https://github.com/shigenobu/acbook-wa710 
*6  http://code.google.com/p/jslideshare/ 
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other projects? 

The scripts used in EX1 and EX4 can be applied to other 
projects without substantial modification. Most projects require 
the following changes: package name of the object and action 
parameters (e.g. in EX4, P1 changes field names ‘created’, 
‘updated’, ‘executed’ to ‘createdAt’, ‘updatedAt’, ‘executedAt’ 
as well as the corresponding accessor names). However, these 
elements are project-specific and are the minimum parameters 
that the user must specify for each project.  

C. Limitations 
1) Lazy Evaluation 

In this tool, it is impossible to reflect the effect of 
refactoring on the CE. When multiple actions are performed on 
the same CE, the specified CE must be searched in each case. 
This problem should be resolved by introducing the lazy 
evaluation, which is a mechanism to set aside the query search 
for CE until execution. In addition, there is almost no issue to 
apply many basic refactorings to a particular CE.  

2) Behavior Preservation 
We have tried to reduce the risk of breaking code by using 

Eclipse’s refactoring features in our tool. The preconditions 
provided by JDT are checked before performing every basic 
refactoring, and warnings will be prompted as well if 
operations will cause compilation errors. However, there are 
still some operations that may change the behavior of programs 
[13]. Thus, we cannot ensure that the behavior will not be 
changed while executing a script. Soares et al. [13] proposed an 
automated approach for testing Java refactoring engines based 
on program generation. It will help us to obtain more complete 
and more proper preconditions. Lahiri et al. [14] proposed a 
semantic differencing tool to help the developers understand 
the impact of changes faster. It is very useful for verifying 
behavior changes in a narrow scope such as inner functions. 
However, our focus is on helping programmers to perform 
refactoring more easily. After refactoring, a comprehensive test 
to check the behavior of a program is still essential. 

V. RELATED WORK 
Vakilian et al. [9] proposed Compositional Paradigm to 

implement composite refactoring by setting the operations in 
detail. Vakilian et al. [10] also reported that setting the dialog 
may disrupt coding workflow, bring about more overhead costs 
and decrease productivity. Mens et al. [11] reported that even if 
options can be finely set, extensions and settings to match the 
domain of the object are insufficient in current tools. 
RefactoringScript script was realized as an easy composite 
refactoring approach with minimized action parameters and 
simplified search methods.  

Li et al. [15][16] proposed a DSL for scripting refactoring 
in Erlang. Similarly, it uses a script that contains refactoring 
processes and locations to perform composite refactoring. It 
also executes scripted refactoring operations and checks 
preconditions successively like RefactoringScript. However, 
their refactoring locations scripting uses template-based pattern 
matching. As a result, it is difficult to apply to Java or other 
programming languages. Generally, pure object-oriented 
programming languages like Java can be represented in a tree 
structure intuitively with containment relationships between 

packages or classes, fields, and methods. Therefore, we believe 
it is more concise to use an interface searching a tree structure 
from the top down, such as XPath [17] and DOM selector of 
JQuery [18], in Java and many other languages. The search 
APIs of RefactoringScript are modeled after this.  

VI. CONCLUSION AND FUTURE WORK 
We have proposed a RefactoringScript language and its 

processor to script refactoring processes and apply them to 
appropriate places. By implementing the CE searching API and 
Scala, we realized a user-friendly scripting language. This tool 
should significantly reduce the cost of applying refactoring to 
many places or repeatedly applying refactorings across 
projects. We are currently working on improving 
RefactoringScript and developing a refactoring library, which 
should cover the most popular refactoring processes, based on 
this tool. Furthermore, although the refactoring types supported 
by RefactoringScript are limited to the refactoring features 
provided in Eclipse, we intend to expand it and realize more 
flexible code deformation. Besides, we will also design a new 
experiment excluding the learning time to evaluate our tool 
more accurately. 
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Abstract—Code refactoring technique focuses on enhancing the 
maintainability of software to extend its lifetime. However, there 
are other efforts to improve software qualities like performance 
or reliability as well as maintainability by using code refactoring 
techniques. Recently, as low-power software has become one of 
the critical issues in mobile environments, developing energy-
efficient software through code refactoring becomes an important 
one. This paper aims to investigate whether the existing 
refactoring techniques can support energy-efficient software 
generation or not. The refactored codes generated by the existing 
techniques can consume more power than original codes because 
they did not consider the power consumption in their refactoring 
processes. This paper analyzes the power consumption to 
investigate the energy efficiency of M. Fowler’s refactoring 
techniques. Our analysis result can provide useful information 
about energy-efficient refactoring techniques to software 
engineers, and support the development of software that has high 
maintainability and good energy efficiency. 

Keywords - code refactoring; power consumption; energy 
efficiency; maintainability  

I.  INTRODUCTION  

Comparing with general software systems, mobile and 
embedded systems have a characteristic of a limited battery 
capacity in their operations [1]. Therefore, in order to provide 
sustainable service to users, those systems have to manage the 
efficient use of the battery power. During the last five years, 
software power analysis as well as hardware-based power 
analysis has been one of interesting topics in power analysis 
research [2,3]. It is continuously increasing due to the wide use 
of smartphones and tablet PCs [4-6].  

Code refactoring is one of useful techniques to improve 
software maintainability, and it also was used to improve other 
software qualities such as performance or reliability of software 
[7,8]. In addition to such valuable approaches, the “energy 
efficiency” as a new software quality factor, should be 
considered in those refactoring techniques. For example, when 
software engineers refactor their legacy codes to improve 
maintainability, the refactoring can produce any code that 
consumes the power more than the original legacy code does. 
Therefore, it is difficult to intuitively apply the general or the 
existing refactoring techniques to mobile or embedded software 
which has low-power requirements. The motivation of this 
paper is to consider the improvement of energy efficiency as 

well as maintainability [9,10] when we refactor legacy code or 
open-source code. 

This paper investigates the power consumption conditions 
for the refactoring techniques suggested by Martin Fowler [11]. 
M. Fowler’s 68 refactoring techniques provide general and 
common concepts, and they also cover almost all industrial 
practices to software refactoring. Thus we believe that it is 
enough to decide which refactoring technique can be energy-
efficient by doing that experiments and analysis of the power 
consumption for M. Fowler’s techniques.  

In order to achieve our research goal, we firstly obtained 
the original codes from [11] and open-source site, and then 
developed the refactored codes – we will call it refactor code – 
from the original codes by the applications of Fowler’s 
refactoring techniques. Then, we estimated the power 
consumption of these two codes using a software power 
estimation tool, and briefly analyzed the reasons for the 
variance of the power consumption. These results can give 
useful information to software engineers when they want to 
refactor any legacy code with consideration of low-power 
consumption.  

II. RELATED WORK 

The representative studies on the relationship between code 
refactoring techniques and software energy efficiency have 
been performed by M. Gottschalk [12, 13] and W. Silva [14].  

M. Gottschalk [12] suggested various kinds of energy code 
smells that can be appeared in source code. He reappraised 
general code smells like “Loop Bug” and “Dead Code” in the 
view of power consumption. Also he proposed a method to 
minimize the power consumption through code restructuring. 
However his restructuring method is too general to support 
practical use, as one of the solutions of energy code smells.  

M. Gottschalk [13] also considered power consumption 
issue for Android applications by using a similar approach with 
his previous work [12]. He defined the conditions of power 
waste for a mobile application, and then he proposed a code 
refactoring technique to resolve the waste conditions. He also 
showed that the proposed technique is appropriate to improve 
energy efficiency. But he did not describe the detail refactoring 
process enough to other’s use.  
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The study on the energy efficiency of a specific refactoring 
technique, “Inline-Method,” was performed by W. Silva [14]. 
He investigated the changes of aspect in the relationship 
between performance and power consumption by using “Inline-
Method” refactoring technique. Even though the technique is 
common and easy to refactor legacy codes, there still remain 
various refactoring techniques to be used in practice.  

The existing studies considered the power consumption 
issue of software such as code smells, performance, and power 
waste conditions. However, software engineers in practice want 
more available refactoring techniques satisfying both 
maintainability and energy efficiency to support open-source 
based or reuse-based software development.  

III. POWER CONSUMPTION ESTIMATION 

We estimate the power consumption for every refactoring 
technique by M. Fowler. The estimation has been performed 
with original code and its refactor code, respectively to 
compare their power consumptions with each other. In this 
paper, energy efficiency means the degree of how less power 
can consume to provide the same service or functionality 
[15,16]. We represent the energy efficiency with the fluctuation 
of power consumption for intuitiveness.  

A. Estimation Subjects 
We estimate the power consumption for sources codes 

written in C++ programming language. The subjects of our 
estimation are 63 techniques which were selected from 68 
techniques by M. Fowler. The excluded five are as follows:  

• Change Unidirectional Association to Bidirectional, 
• Change Bidirectional Association to Unidirectional, 
• Replace Type Code with Subclasses, 
• Replace Type Code with State/Strategy, and 
• Encapsulate Downcast. 

We excluded the 5 techniques from our estimation process 
because it is difficult to implement in C++, and the frequency 
of practical use is low.  

B.  Estimation Environment 
To estimate the power consumption, we use a software 

power estimation tool, XEEMU [17] which supports C/C++ 
based estimation. The XEEMU is known as one of accurate 
tools that has 1.6% error rate in its estimation result when it is 
compared with actual measurement. Table I summarizes the 
platform specification of the XEEMU tool. 

TABLE I.  XEEMU PLATFORM SPECIFICATION 

CPU 
Intel XScale 80200 processor, 266 to 733 MHz in 
66MHz 

Architecture ARM pipelined RISC 

RAM 32 MB Micron SDRAM, 100MHz 

Cross Compiler arm-elf-g++ 4.1.1 

Measure. tap CPU core current, IO current, System peripherals 

C.  Design for Estimation  
We prepare 63 example source codes to use in the 

estimation of power consumption for the refactoring 
techniques. Those codes are developed with the sample codes 
that are used in M. Fowler’s studies [11]. We customized the 
codes to be executed without any external input because it can 
cause the differences of power consumption for each code. 
Also, we added basic declaration statements into the refactor 
code to compile and execute the code. 

Figure 1 shows the brief estimation process of the power 
consumption for refactoring techniques to get the variance of 
the consumptions in accordance with the application of M. 
Fowler’s techniques. 

 

Figure 1.  Estimation Process of Energy Consumption 

D. Estimation Results 
The power consumption values for the original code and the 

refactor code are listed in Table II to Table VII. Each table is 
grouped by catalogs of M. Fowler. The “Effect” field of the 
table represents the energy efficiency which is mentioned 
above. The field has the symbol,  when the power 
consumption is decreased, or the symbol,  when the power 
consumption is increased after a refactoring technique was 
applied. This variance is based on the output values of the 
XEEMU, and the values are truncated at 4 places of decimals.  

The 26 out of the 63 techniques reveal the decrement of 
power consumption, and the 7 techniques have no changes in 
their consumption. Others consume more power than those of 
original code. Figure 2 shows the distribution of the power 
consumption values for original and refactor codes.  

 
Figure 2.  Power Consumption Distribution for M. Folwer’s Refactoring 

Techniques 
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As shown in Figure 2, the group R18-R29 that is 
“Organizing Data” technique catalog in Table IV consumes 
more power than other catalogs do, on average.  

Also Figure 3 shows the ratios of the power consumption 
differential between original codes and refactor codes. The 
group R10-R17, “Moving Features Between Objects” catalog, 
has increased energy efficiency relatively.  

 
Figure 3.  Distribution of Differential Ratios for the Power Consumption by 

refactoring technique 

TABLE II.  POWER CONSUMPTIONS FOR “COMPOSING METHOD” 
TECHNIQUES 

No. Refactoring Techniques Consumption ( μJ ) Effect 
Original Refactor 

R1 Extract Method 83.077 83.622  

R2 Inline Method 44.059 43.980  

R3 Inline Temp 43.599 43.394  

R4 Replace Temp with Query 44.589 44.872  

R5 Introduce Explaining Variable 45.846 45.265  

R6 Split Temporary Variable 44.729 44.729 - 

R7 Remove Assignments to  
Parameters 43.767 44.216  

R8 Replace Method with Method 
Object 44.681 48.363  

R9 Substitute Algorithm 58.440 59.893  

 

TABLE III.  POWER CONSUMPTIONS FOR “MOVING FEATURES BETWEEN 
OBJECTS” TECHNIQUES. 

No. Refactoring Techniques 
Consumption ( μJ ) 

Effect 
Original Refactor 

R10 Move Method 70.066 69.786  

R11 Move Field 47.029 45.663  

R12 Extract Class 72.361 74.780  

R13 Inline Class 74.780 72.361  

R14 Hide Delegate 43.125 43.659  

R15 Remove Middle Man 43.659 43.125  

R16 Introduce Foreign Method 44.131 43.916  

R17 Introduce Local Extension 43.916 44.137  

TABLE IV.  POWER CONSUMPTIONS FOR “ORGANIZING DATA” 
TECHNIQUES. 

No. Refactoring Techniques 
Consumption ( μJ ) 

Effect 
Original Refactor 

R18 Self Encapsulate Field 43.565 44.032  

R19 Replace Data Value with Object 52.241 53.685  

R20 Change Value to Reference 53.685 55.372  

R21 Change Reference to Value 55.372 53.685  

R22 Replace Array with Object 53.884 55.622  

R23 Duplicate Observed Data 52.364 53.063  

R24 Replace Magic Number with  
Symbolic Constant 43.893 43.893 - 

R25 Encapsulate Field 53.970 53.128  

R26 Encapsulate Collection 90.200 84.104  

R27 Replace Record with Data Class 48.759 48.759 - 
R28 Replace Type Code with Class 51.533 52.188  

R29 Replace Subclass with Fields 44.590 44.475  

 

TABLE V.   POWER CONSUMPTIONS FOR “SIMPLIFYING CONDITIONAL 
EXPRESSIONS” TECHNIQUES. 

No. Refactoring Techniques 
Consumption ( μJ ) 

Effect 
Original Refactor 

R30 Decompose Conditional 45.981 46.387  

R31 Consolidate Conditional Expression 44.138 44.368  

R32 Consolidate Duplicate Conditional Fragments 45.600 45.278  

R33 Remove Control Flag 47.853 46.597  

R34 Replace Nested Conditional with 
Guard Clauses 43.730 43.730 - 

R35 Replace Conditional with 
Polymorphism 56.738 58.530  

R36 Introduce Null Object 65.987 65.758  

R37 Introduce Assertion 43.730 47.009  

 

TABLE VI.  POWER CONSUMPTIONS FOR “MAKING METHOD CALLS 
SIMPLER” TECHNIQUES. 

No. Refactoring Techniques 
Consumption ( μJ ) 

Effect 
Original Refactor 

R38 Rename Method 43.730 43.730 - 
R39 Add Parameter 44.222 44.748  

R40 Remove Parameter 44.748 44.222  

R41 Separate Query from Modifier 44.552 44.351  

R42 Parameterize Method 45.151 44.278  

R43 Replace Parameter with Explicit 
Methods 50.075 51.579  

R44 Preserve Whole Object 43.571 44.445  

R45 Replace Parameter with Method 44.747 44.148  

R46 Introduce Parameter Object 45.029 44.771  

R47 Remove Setting Method 49.985 49.327  
R48 Hide Method 43.902 43.902 - 
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R49 Replace Constructor with Factory 
Method 43.422 43.552  

R50 Replace Error Code with Exception 44.379 44.489  

R51 Replace Exception with Test 43.104 43.389  

 

TABLE VII.  POWER CONSUMPTIONS FOR “DEALING WITH 
GENERALIZATION” TECHNIQUES. 

No. Refactoring Techniques 
Consumption ( μJ ) 

Effect 
Original Refactor 

R52 Pull Up Field 51.781 51.579  

R53 Pull Up Method 51.579 51.456  

R54 Pull Up Constructor Body 49.627 50.368  

R55 Push Down Method 51.827 51.827 - 

R56 Push Down Field 50.164 49.673  

R57 Extract Subclass 51.574 52.204  

R58 Extract Superclass 54.885 55.967  

R59 Extract Interface 51.410 52.212  

R60 Collapse Hierarchy 52.400 51.967  

R61 Form Template Method 45.843 46.585  

R62 Replace Inheritance with Delegation 43.522 43.754  

R63 Replace Delegation with Inheritance 43.754 43.522  

 

IV. ESTIMATION RESULT ANALYSIS  

Basically, code refactoring techniques have the intention of 
maintainability improvement. Therefore, approximately half 
the techniques make the extraction of new module to 
encapsulate original module, or the replacement of original 
module with well-organized module. However, these 
techniques can give negative effects in power consumption. 
Likewise, we can intuitively recognize that some refactoring 
techniques cause more power consumption than one of 
original. But there also exists exceptions of them.  

A. Change Predictive Techniques  
Those refactoring techniques which were included in our 

estimation use one or more methods, listed in the following, for 
their refactoring.  

• Extraction or composition of module/variable, 

• Movement of module/variable, 

• Replacement of module/variable, and  

• Introduction or removal of module/variable. 

The module extraction of the above first method increases 
the power consumption - that is, decrement of energy 
efficiency because of the addition of the new module to the 
original code. It causes additional function calls and references 
to interact with each other. On the contrary, the module 
composition method decreases the power consumption because 
of the reduced interactions.   

The above second method means that a module can move 
to an adequate location to make better structure of original 
code. It also decreases the power consumption due to removal 
of unnecessary relationships inherent in original code.  

In the third method, the replacement means the substitution 
for original modules or variables with maintainable and 
understandable ones. Therefore, the power consumption varies 
depending on the changing forms. The last method is to 
encapsulate objects. It increases the power consumption when 
something is added and decrease when something is deleted.  

However, some techniques that support the module 
movement do not improve the energy efficiency. The 
technique, R54: Pull Up Constructor Body, increases the power 
consumption, but the technique, R53: Pull Up Method, 
decreases the power consumption. Although the R9: Substitute 
Algorithm technique reveals to be consuming more power after 
the refactoring, as seen from our estimation results, it does not 
really mean the rise of energy efficiency. These special cases 
are explained in the following sections. 

B. Substitute Algorithm Technique  
The technique, “Substitute Algorithm,” is used to replace 

an original algorithm with a well-suited or particular algorithm. 
However, even though any algorithm was selected to the 
replacement, it can lead to more power consumption due to the 
complexity of the algorithm [18]. For example, the energy 
efficiency rises when we replace bubble sort algorithm with 
quick sort algorithm for data sorting, but the efficiency is down 
when the bubble sort algorithm is replaced with selection sort 
algorithm [19].  

C. Pull Up Method vs. Pull Up Constructor Body 
The techniques, R53: Pull Up Method and R54: Pull Up 

Constructor Body can be used to refactor the inheritance 
relationship because they move the common member functions 
of subclasses to functions of superclass [20]. Although these 
two techniques have the same concept, the signs of the power 
consumption are contrary to each other. The power 
consumption is decreased when we applied the R53 technique, 
while R54 technique increases the consumption.  

When we use the method which moved from subclass after 
applying the R53 technique, the program counter is pointing to 
the method declaration in superclass. Therefore the number of 
low-level instructions is reduced, and it leads to the decrement 
of power consumption.  

The R54 technique supports that the subclass wants to use 
the properties of superclass. After applying the R54 technique, 
the constructor of subclass defines and uses the constructor of 
superclass, repeatedly. This causes the number of low-level 
instructions to increase. So the power consumption also 
increased. 

D. Energy Efficiency of the Techniques  
We re-categorize M. Fowler’s refactoring techniques into 3 

groups based on the energy efficiency of our estimation results 
as follows.  
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• Positive group for energy efficiency  

• Even-handed group for energy efficiency  

• Negative group for energy efficiency 

Table VIII and Table IX list the positive group and the 
even-handed group for the energy efficiency, respectively. 
These techniques total 33 refactoring techniques that are 
extracted from 63 techniques to be estimated. This corresponds 
to 50% of the whole estimated refactoring techniques. The 
software engineer, who wants energy-efficient refactoring, can 
refer to Table VIII and Table IX to select the appropriate 
technique.  

TABLE VIII.  REFACTORING TECHNIQUES OF POSITIVE GROUP 

No. Code Refactoring Techniques 

R2 Inline Method 
R3 Inline Temp 
R5 Introduce Explaining Variable 
R10 Move Method 
R11 Move Field 
R13 Inline Class 
R15 Remove Middle Man 
R16 Introduce Foreign Method 
R21 Change Reference to Value 
R25 Encapsulate Field 
R26 Encapsulate Collection 
R29 Replace Subclass with Fields 
R32 Consolidate Duplicate Conditional Fragments 
R33 Remove Control Flag 
R36 Introduce Null Object 
R40 Remove Parameter 
R41 Separate Query from Modifier 
R42 Parameterize Method 
R45 Replace Parameter with Method 
R46 Introduce Parameter Object 
R47 Remove Setting Method 
R52 Pull Up Field 
R53 Pull Up Method 
R56 Push Down Field 
R60 Collapse Hierarchy 
R63 Replace Delegation with Inheritance 

 

TABLE IX.  REFACTORING TECHNIQUES OF EVEN-HANDED GROUP  

No. Code Refactoring Techniques 

R6 Split Temporary Variable 
R24 Replace Magic Number with Symbolic Constant 
R27 Replace Record with Data Class 
R34 Replace Nested conditional with Guard Clauses 
R38 Rename Method 
R48 Hide Method 
R55 Push Down Method 

V. DISCUSSION 

A. Estimation Validity Threats  
The first issue to discuss for the threats of our estimation 

validity is on the tool. We used a software energy analysis tool, 
XEEMU 1.3 to estimate the power consumption for M. 
Fowler’s refactoring techniques. The values of power 
consumption of software can be different whenever we use 
other hardware platforms to execute the software. The 
XEMMU tool analyzes the power consumption based on an 
ARM pipelined RISC architecture using XScale 80200 
processor. However, even though we just estimated the power 
consumption using the XEEMU tool only, we can assert that 
our estimations are valid because it was done under consistent 
and/or same conditions. Estimating the power consumption 
based on another platform must be done in our next research 
step.  

The second issue is on the relationship between the number 
of applied techniques and the change of energy efficiency. Is it 
possible to say that it is more energy efficient when we apply 
several refactoring techniques to an original code? The answer 
is not always. For example, the energy efficiency is improved 
when we apply both techniques, R3 and R40, to the Huffman 
algorithm, while the R2 and R42 techniques lead to bad energy 
efficiency when applied to the encryption algorithm. Therefore, 
we can decide the energy efficiency through adequate and 
repeat estimations for which a combination of refactoring 
techniques can improve the energy efficiency.  

The last issue to be considered is on the difference of the 
power consumptions for the refactor codes. We developed a 
refactor code with a specific technique, but several versions of 
refactor codes can be developed using just one technique. For 
example, when applying the refactoring technique, “Introduce 
parameter object” to an original code, we can develop two or 
more refactor versions depending on how many parameters can 
be grouped into an object. The different versions can consume 
the different amounts of power. However the main concern of 
this paper is whether the refactoring technique can reduce the 
power consumption or not. Therefore we developed and 
selected the refactor code version toward maximizing the 
energy efficiency.  

As one of additional considerations, we carefully developed 
the original codes and refactor codes manually. Even though 
some CASE tools generate the refactor code automatically, and 
the generation is more systematic, we considered to develop 
more profitable refactor codes than automatic generations in 
the aspect of energy consumption.    

B. Developing Energy-Efficient Refactoring Technique 
When software engineers want to modify legacy code to 

enhance maintainability, they can refer to our analysis results 
of the power consumption to gain both maintainability and 
energy efficiency, even if they are limited to the techniques of 
M. Fowler. Table VIII and Table IX list the useful refactoring 
techniques in a view of power consumption to select adequate 
techniques by software engineers. However, if a software 
engineer wants to select the other technique which was 
excluded in both tables, it requires any other processing to 
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compensate the loss of energy efficiency. We propose the next 
two strategies to the compensation.  

• Strategy 1: substitute it for a possible technique which 
has good energy efficiency. 

• Strategy 2: redesign the refactoring process to improve 
energy efficiency. 

 
The example of the strategy 1 is that the technique, R17: 

Introduce Local Extension can be substituted with the 
technique R16: Introduce Foreign Method in M. Fowler’s one. 
Even though these two techniques have different notions to 
refactoring, they can be used to extend unamendable objects: 
the R17 extends the object using an inheritance mechanism, 
and the R61 uses a wrapper function for it. This substitute can 
easily put their energy efficiency into reverse.  

It requires more in-depth study for the strategy 2. However, 
the technique, R8: Replace Method with Method Object 
basically generates a dynamic object instead of long function or 
long method. Thus the dynamic object performs its operations 
in place of the long function. In the refactoring process, we can 
supplement the existing process by adding a part of the 
technique R1: Extract Method. The revised technique R8 can 
reduce the power consumption in its refactoring process.  

VI. CONCLUSION AND FUTURE WORKS 

Although code refactoring techniques, suggested by M. 
Fowler, have been used to enhance the maintainability of 
legacy code, we cannot be sure whether those techniques 
support energy efficiency. This paper estimated and analyzed 
the power consumption to M. Fowler’s 63 refactoring 
techniques, and recommended 33 techniques among them as 
energy-efficient refactoring ones.  

Even though our proposition can help software engineers to 
improve the qualities of their legacy code, there may exists 
some other techniques to be applied in their practice. Therefore 
it is important to consider energy efficiency as one of quality 
factors when we develop or maintain mobile or embedded 
software.  

Our future work is to develop energy-efficient refactoring 
techniques as mentioned in Section 5.B. Especially we will 
define the detail refactoring procedure with the consideration of 
power consumption for the negative group of energy efficiency. 
Additionally, we will confirm our current estimation results 
through estimating the energy consumption of M. Fowler’s 
refactoring techniques with another tool. We believe that this 
work gives practicality to software engineers in their code 
refactoring or maintenance works.  
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Abstract

Software testing is an expensive and important task.
Plenty of researches and industrial efforts have been in-
vested on improving software testing techniques, includ-
ing criteria, tools, etc. These studies can provide guide-
lines to select suitable test techniques for software engi-
neers. However, in some engineering projects, business
issues may be more important than technical ones, hence
we need to lobby non-technical members to support our
decisions. In this paper, a well-known investment model,
Nelson-Siegel model, is introduced to evaluate and fore-
cast the processes of testing with different testing criteria.
Through this model, we provide a new perspective to un-
derstand short-term, medium-term, and long-term returns
of investments throughout the process of testing. A prelim-
inary experiment is conducted to investigate three testing
criteria from the viewpoint of investments. The results show
that statement-coverage criterion performs best in gaining
long-term yields; the short-term and medium-term yields of
testing depend on the scale of programs and the number of
faults they contain.

Keywords: Investment, Nelson-Siegel model, Cost-
yields, Testing criterion.

1 Introduction

Testing is an important and labor-intensive activity in
software development life cycle. It always consumes from
30% to 50% of total development cost according to [1].
Many studies have been conducted to compare various test-
ing criteria and tools aiming at providing guidelines of test-
ing for practitioners[15]-[18]. Furthermore, a number of
models, such as APFD, were proposed to evaluate testing
criteria [2]. Commonly, these studies concern about the
technical issues, such as fault detection capability, execu-
tion time, etc. However, in industries, it is the customers
that invest and drive software development. For these cus-

tomers, business issues are more significant than technical
ones. Therefore, we need to provide business evidences
rather than technical guidelines for non-technical members
in companies.

Investment knowledge is a branch of economics. It con-
cerns about how to invest limited resources of individuals
or organizations to financial assets, like stock, national debt
and real estate, in order to gain reasonable cash flow and
risk-benefit ratio. The key point of investment knowledge is
finding the optimal equilibrium solution of personal assets
allocation, under the guidelines of utility maximization cri-
terion. Investment philosophy is widely accepted in daily
life, among which Return On Investment (ROI) [3] is a way
to consider profits of capital investment. Many ROI metrics
were proposed in the past century[19], which are widely
used to support marketing decisions in a lot of industries,
including software industry [4]. In this paper, we innova-
tively propose the concept that testing is an investment and
introduce a well-known model, Nelson-Siegel (NS) model
[5], to calculate ROI of several testing criteria. NS model
is a classical model to estimate the current term structure
of interest and forecast the future term structure, which has
been applied in many fields of finance [6][7]. In this paper,
we will use it to model the relationship between investments
and returns of testing.

The main contributions of this paper are as follows:

• To the best of our knowledge, it is the first time to use
investment model to quantitatively investigate invest-
ments and returns of software testing.

• An experiment is conducted to analyze the yields
of test activity and compare the yields among test-
ing criteria: random, statement-coverage and branch-
coverage.

The application of NS model has shown a potential
prospect albeit our experiments just achieve a fundamental
stage. The NS model, equipped with total economic indices
such as fault price and test cost, could completely reflect
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software testing to investment area. Thus a novel, practi-
cal and comprehensive testing evaluation method is created.
This model can firstly evaluate and forecast the yields of
software testing, secondly explore the greatest yields point
and moreover calculate the cost and risk of remained faults
according to the maximum long-term yields prediction. De-
tails will be discussed in Section 4.

The rest of paper is organized as follows. Section 2 pro-
poses the detail of our approach. The experiment design and
the result analysis are presented in Section 3. We discuss
the applicability of NS model in testing and some related
parameters in Section 4. The conclusion and future work
are presented in Section 5 and Section 6, respectively.

2 Approach

The NS model is proposed to optimally estimate, model
and forecast the term structure of interest rates using a flex-
ible, smooth and parametric function. It is capable of cap-
turing many of the typically observed shapes that the yield
curve assumes and is usually used in investment subject. If
the instantaneous forward rate at maturitym, denoted r(m),
is given as

r(m) = β0 + β1 ∗ e−m/τ + β2[
m

τ
∗ e−m/τ ] . (1)

Then the yield to maturity, denoted R(m), is the average of
the forward rates

R(m) =
1

m

∫ m

0

r(x)dx . (2)

So in Eq.1 the resulting function of integrating r(m) from
zero to m and being divided by m (Eq.2) is

R(m) = β0+β1
1− e−mτ

m
τ

+β2

[
1− e−mτ

m
τ

− e−mτ
]
, (3)

among which β0, β1, β2 and τ are parameters to be esti-
mated. It is easy to prove that

r(+∞) = β0 , (4)

and
r(+∞)− r(0) = −β1 . (5)

Thus, β0, β1, β2 are respectively the Level Factor, Slope
Factor (the absolute value of β1) and Curvature Factor of
the yield curve. From the perspective of dynamic period
yields, they are also long-term, short-term, and medium-
term components. The parameter τ controls the speed of

other parameters decaying, especially the extreme value of
the loading to which β2 attaches.

Assuming it can be applied to testing, NS model will be
able to model, evaluate and forecast the structure of testing
yield curve. To simplify and avoid contingent price differ-
ence, we assume that every test case in our approach has the
same investment-one unit and, similarly, every fault has one
unit return. Thus we respectively transform test cases and
faults to testing investments and returns. In NS model, m
refers to testing investments andR(m) stands for testing re-
turns. Furthermore, β0 which is a constant, can be regarded
as the maximum expected long-term yields in testing ac-
tivity. β1 and β2 respectively relate to the short-term and
medium-term yields of testing, namely, the faster the curve
reaches the stable limit, the faster the returns are gained; the
more convex the curve is, the greater the returns are. Since τ
controls the extreme value point of the loading to which β2
attaches and β2 has a completely positive correlation with
the curvature of NS model curve, τ refers to the point with
extreme yields, which can be treated as the primary testing
stopping point.

Nevertheless, the basic problem is whether the NS model
can be applied to testing activities as we assumed. Our ex-
periments of curve fitting described in Section 3, used non-
linear least square method on two programs with more than
51,000 lines of codes, and showed that approximately 83%
percent of the values of correlation coefficient R2 are be-
yond 0.9. This result verifies our assumption that NS model
can be used in testing.

3 Experiment

3.1 Subject Programs

Two programs are used in our empirical study:
NanoXML (version 2)1 and Checkstyle (version 5.3)2.
NanoXML is a small XML parser for Java and it is an easy-
to-use, non-GUI based system, which can be built from
source without external libraries. Checkstyle is a develop-
ment tool to help programmers write Java code that adheres
to a coding standard. The version of each program is se-
lected randomly. These two programs are both real world
open source programs and have self-validating test cases
available. The details of subject programs are listed in Table
1.

3.2 Test Cases

Test cases are downloaded together with corresponding
programs and they are all JUnit test cases. One test case has

1http://sir.unl.edu/portal/index.php
2http://checkstyle.sourceforge.net
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Table 1. Subject Programs
Program NanoXML Checkstyle

LOC 7646 43407
# Branches 26 2449

# Faults 7 687
# Test Cases 214 162

been split into several smaller ones according to every inde-
pendent testing method and the effectiveness of original test
suite will not change since no test method has been added
or removed.

In addition, the tool CodeCover3 has been equipped
on the source codes to help collect coverage information
of a System Under Test (SUT). CodeCover is an open
source testing tool which can measure statement, branch
and MC/DC coverage. The information of branches and
conditions can be accessed by the intermediate files gener-
ated by CodeCover. Thus we can generate coverage vector
of each test case: respectively, use 0 and 1 to represent cer-
tain statement or branch is covered or not.

Then Additional Greedy Algorithm is utilized to pick
test cases satisfied statement-coverage or branch-coverage
criteria. The fundamental logic of Additional Greedy Algo-
rithm is to select the next test case that covers the maximum
number of statements or branches that have not yet been
covered in past selections. The reason why we choose Ad-
ditional Greedy Algorithm is that it has been proven of high
effectiveness in a series of coverage-based test case prior-
itization techniques [13]. In addition, some other greedy
algorithms, such as 2-Optimal Algorithm, Hill Climbing,
Genetic Algorithms and so forth, cannot outperform sig-
nificantly than the Additional Greedy Algorithm, which is
considered as the cheaper-to-implement-and- execute algo-
rithm [14]. Therefore, we chose to implement this algo-
rithm.

3.3 Faults

Faults in NanoXML are all original faults while in
Checkstyle are mutations. In [8], Andrews et al. verifies the
feasibility of using mutation instead of real faults. Muta-
tions of Checkstyle are generated by the tool Jumble4. Jum-
ble is a class level mutation testing tool which is integrated
with JUnit. The number of mutants depends on the number
of test cases but not the size of programs since Jumble is as-
sociated with JUnit. Testing reports are produced by Jumble
automatically so that we can extract the data and then set up
fault vectors: using 0 and 1 to refer that this fault has been
detected or not, the same principle with coverage vectors.

3http://http://codecover.org
4http://jumble.sourceforge.net/

Figure 1. Framework of the Experiment

3.4 Curve Fitting of Nelson-Siegel Model

The numbers of test cases which are qualified by ran-
dom, branch-coverage or statement-coverage criterion are
counted and recorded as the variable m′. Then m′ is con-
verted to the independent variable m followed the principle
that one test case merits one unit in investment. So does the
corresponding number of faults-detected to dependent vari-
ableR(m). The nonlinear least square method is performed
to fit the NS model curve, then the value of correlation co-
efficient R2 and parameters to be estimated, namely β0, β1,
β2 and τ , are recorded.

3.5 Experiment Setup

The main process of experiments we design and conduct
is shown in Fig.1, which contains the following steps: (1)
Instrument subject programs using CodeCover; (2) Run test
cases of subject programs against instrumented version; (3)
Collect coverage information to generate coverage vectors,
including the granularities of statement and branch; (4) Run
test cases of subject programs; (5) Collect mutation infor-
mation and generate fault vectors; (6) Pick test cases which
satisfy random, branch-coverage or statement-coverage cri-
teria through Additional Greedy Algorithm; (7) Convert
data from step 5 and 6 to testing investments and returns;
(8) Operate curve fitting on NS model using the statistic
data from step 7.

3.6 Results

The values of parameters β0, β2, τ and correlation coeffi-
cient R2, and the the absolute value of β1 are listed in Table
2. R, S and B respectively represent random, statement-
coverage and branch-coverage criterion.

In Table 2, it is observed that 5 of 6 correlation coeffi-
cient R2 are greater than 0.94 and the rest is 0.846. In Fig.
2, the detail of the curve fitting on Checkstyle is depicted
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Table 2. Vaules of Parameters in NS Model and
Correlation Coefficient R2

Program Criterion R2 β0 |β1| β2 τ
R 0.988 411.40 435.3 759.5 69.57

Checkstyle B 0.991 594.20 607.9 339.2 55.81
S 0.977 613.80 616.9 -429.2 19.82
R 0.846 6.86 8936.0 8902.0 1.01

NanoXML B 0.959 7.21 7.4 -8.6 1.66
S 0.941 7.39 6.3 -13.1 14.95
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Figure 3. Curve Fitting Result of Checkstyle

as an example. And Fig. 3 marks the parameters of curve
fitting on Checkstyle branch-coverage criterion testing. For
the limited space, only Checkstyle is shown.

The maximum expected long-term yields component β0
tends to be the smallest in random testing and the largest in
statement-coverage criterion testing for both programs. For
Checkstyle, the absolute value of short-term component β1
has a regulation that S>B>R and the parameter τ , related
to the extreme yields point, appears to be S<B<R. Inter-

estingly, in NanoXML, β1 and τ present totally reversed
trends. At last, the medium-term yields component β2 are
positive in R, negative in S for both programs and has dif-
ferent sign in B.

3.7 Theats to validity

As a preliminary experiment, only two subject programs
are involved in our study, which can be extended in the fu-
ture. However, these subject programs, which are of rea-
sonable scale, are widely used in other studies, and are rep-
resentative to draw meaningful conclusions.

4 Discussion

4.1 Applicability of NS Model in Testing

From the experiment results in Section 3 that 5 of 6 cor-
relation coefficient R2 are greater than 0.94 and the rest is
0.846, it can be safely concluded that the NS model is able
to fit extremely well on the relationship between testing in-
vestments and returns. In other words, our introduction of
NS model to testing is feasible and all of the following re-
spective discussions of four parameters have reasonable and
reliable fundament.

4.2 The Parameter β0

As mentioned in Eq.4, the parameter β0 is the stable limit
of R(m) and it means the maximum expected long-term
yields in software testing. The experiment results show
that, when investments are saturated, statement-coverage
outperforms branch-coverage criterion and the latter out-
performs random criterion in long-term yields. Compara-
tively, in most of previous researches, branch-coverage cri-
terion tends to detect more faults than statement-coverage
criterion since it has fine-grained requirements on cover-
age [9] [10]. However, stricter requirements naturally mean
more test cases which lead to more investments. Compared
with branch-coverage (high investments and high returns)
and random (low investments and low returns), statement-
coverage criterion which acquires a balance turns out to be
the greatest yields choice.

4.3 The Parameter τ

As explained in Section 2, the parameter τ refers to the
maximum yields point which can be treated as the primary
testing stopping point. In Checkstyle, the value of τ is
S<B<R, which means the statement Ccoverage criterion
will reach the extreme yields point at first, followed with
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branch and random. However, it is interesting that the or-
der of the value of τ is just reversed in NanoXML. Con-
sidering the difference of program scale and the number of
faults between Checkstyle and NanoXML, the reason might
be that there are just 7 faults in NanoXML such that ran-
dom test cases can detect them easily. At the same time,
NanoXML has 7,646 lines of codes which means plenty
of test cases are required to satisfy statement-coverage re-
quirement, among which a large percentage is non-fault-
detected. So the yields of statement-coverage criterion in
NanoXML come later. On the contrary, Checkstyle has as
many faults as 687 and its ratio of LOC to the number of
faults is pretty smaller than the one in NanoXML. In other
words, faults in Checkstyle are much more saturated than
faults in NanoXML. So the advantage of random criterion
that innately has the even-distributed probability in cover-
ing each fault, fades away and more coverage of statements
stand out. To sum up, when testing investment is prelim-
inary, it is recommended to use random criterion in fault-
unsaturated programs while statement-coverage criterion in
relatively fault-saturated programs, according to the param-
eter τ .

4.4 The Parameter β1

The prophase yields of testing is positively related to
the primary testing stopping point. That means the short-
term component β1 should present consistent meaning with
τ and our experiment results just verified it. In terms of the
absolute value of β1, the bigger it is, the greater the short-
term yields are. So in Checkstyle, the absolute value of β1
is S>B>R, which means the prophase yields is S>B>R. It
is indeed consistent with the appearing order of the primary
testing stopping points. And this consistency is also suitable
in NanoXML.

4.5 The Parameter β2

The medium-term loading that β2 attaches is a function
that starts out at zero, increases at medium maturities and
decays to zero. Therefore, β2 is designed to create a hump-
shape. Similar to the meaning of β1, the medium-term com-
ponent β2 has a positive correlation with the medium-term
yields of testing. In our experiment, the value of β2 is pos-
itive in R, negative in S for both programs and has differ-
ent signs in B. As we all know, random criterion is uncon-
cerned with the structure of programs, so it displays a sta-
ble medium-term yields. In addition, it is supposed that the
fluctuation in medium-term yields causes the negative value
of β2. Studies about β2 could be paid further efforts.

Another interesting observation in our experiment results
is that in all of the yields comparison according to four pa-
rameters, branch-coverage criterion always lies in the inter-

mediate position, namely it performs neither the best nor the
worst. Therefore, if certain testing situation needs a trade-
off among short-term, medium-term, and long-term yields,
branch-coverage criterion will be a preferable choice.

5 Conclusion

Testing is as an investment. Focusing on the business is-
sues, investments and returns, rather than technical issues
of software testing, we firstly introduce the model Nelson-
Siegel to explore a novel and practical perspective of test-
ing. Then, an experiment is conducted on two programs,
with more than 51,000 lines of codes and nearly 700 faults,
and the results indicate that the NS model can fit well on the
relationship between investments and returns. Some useful
observations are summarized as follows.

• Statement-coverage criterion has stronger ability to
earn long-term yields than branch-coverage and ran-
dom criterion.

• For large-scale programs with saturated faults,
statement-coverage criterion tends to reach primary
testing stopping point at first and has the best prophase
yields, while random criterion does the best in small-
scale programs with unsaturated faults.

• Random criterion outperforms the other two criteria in
the medium-term yields of testing.

• Branch-coverage criterion can be a trade-off in choice
of combining all of the short-term, medium-term, and
long-term yields.

6 Future Work

Our experiment is preliminary but encouraging. The
prospect of testing as an investment and the application of
the NS model are promising, furthermore, there are some
aspects that could be improved and studied in the future.

• Some parameters of the NS model should be confined
within a concrete range to exclude non-practical situa-
tion such as negative investments.

• The transformation from testing data to economic data
should be studied. To be more practical, the cost
should take generation, execution and inspection of
testing into calculation. Faults should be classified
based on significance and type like GUI fault or logic
fault. Practitioners who use this NS model can adjust
the indices according to given programs.

• A base line can be depicted which means no gain and
no lose to be compared with certain testing curve to
figure out profit or deficit.

727



• NS model can be used to predict the risk in a released
version. The number of expected-detected faults de-
rived from β0 subtracts the number of have-already-
detected faults equals the number of have-not-detected
faults, which remain in codes. In other words, we have
already got current yields and could predict the stable
long-term yields, so the gap between them is the risk
remained in a released version.
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Abstract—This paper proposes an extension of the EVM 

technique through the integration of historical cost performance 

data of processes as a means to improve the predictability of 
projects cost. The proposed technique was evaluated through an 

empirical study, which evaluated the implementation of the 

proposed technique in 17 software development projects. The 

proposed technique has been applied in real projects with the aim 

of evaluating the accuracy and variation of the CPIAcum and 
consequently the EAC. Then it was compared to the traditional 

technique. Hypotheses tests with 90% significance level were 

performed, and the proposed technique was more accurate and 

more stable (less variation) than the traditional technique for 
calculating the Cost Performance Index - CPI and the Estimates 

at Completion - EAC. 

Keywords: Earned Value Management, Cost Performance 

Index - CPI, Measurement and Analysis, High Maturity 

I.  INTRODUCTION 

Currently, PMI estimates that approximately 25% of global  

GNP is spent on projects and that about 16.5 million 
professionals are directly involved in project management 

worldwide. Th is volume of projects and changes in the global 

scenario, increasingly competitive, generate the need for faster 
results, with higher quality, lower costs and shorter times [13]. 

To assess whether or not a project will achieve its cost and 
time objectives, various measures are collected during its 

execution, and various performance indexes are produced and 
periodically analyzed. When deviations above tolerable are 

found in some performance index, corrective actions are 

implemented in order to improve them. Among the main  
techniques to analyze cost and time performance, the Earned 

Value Management - EVM - is considered the most reliable  
[9]. 

EVM is a technique that integrates scope, time and cost 
data for measuring project performance and predicts its final 

cost and time based on the current team performance. The 

technique gained great importance when, in 1967, the U.S 
Department of Defense started requiring its use as a means to 

control the costs of contracted projects. [10]. 

Several formulae derived from EVM measurements are 
available and have been studied in the past 15 years [9]. 

However, traditional management methods  are not 

sufficient to predict the performance of processes involved in 
current and future projects. [4]. 

Particularly in Software Engineering some model 
references like CMMI-Dev [15] and ISO/IEC 12207 [8] 

requires the gathering of measures and a development of 
indicators of the most important processes, responsible for 

achieving the business goals of organization. 

This paper proposes an improvement in the EVM, it can be 
used like a performance model to predict the final cost of 

software projects, based in the CPI historical data of some 
processes. 

II. EARNED VALUE MANAGEMENT – EVM 

The earned value management technique allows the 

calculation of variances and performance indices of cost and 
time, which generate forecasts for the project, given its 

performance to date, making the implementation of actions 
aimed at correcting any deviations possible. This allows 

manager and project team to adjust their strategies, make 

balances based on goals, in the current performance of the 
project, in trends, as well as in the environment in which the 

project is being conducted [1]. 

 According to [12], EVM plays a crucial role in the success 

of projects, responding to managerial issues that are considered 
critical, such as: i) how efficiently are we using our time?, ii) 

when the project will be finalized? iii) ) how efficiently are we 

using our resources? iv) how above or below the budget it will 
be at the end of the project, given the current productivity of 

the team? 

EVM is based on three basic measures, which are derived 

to generate other measures and performance indexes. These 
basic measures are: i) Planned Value - PVAcum: which  

represents the Planned Costs accumulated up to a certain date, 
ii) Earned Value - EVAcum: which represents the Budgeted Cost 

of Work Performed  by a certain date, and iii) Actual Cost - 
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ACAcum : which represents the Actual Cost of the Work 
Performed by a certain date. [12]. 

The basic measures discussed do not allow making cost and 
time predictions to complete the project and answer the 

questions previously shown. For this, it is necessary to generate 

performance indexes, among which the most used are Schedule 
Performance Index - SPIAcum and Cost Performance Index - 

CPIAcum. 

The SPI is an indicator of actual progress compared to 

planned progress of a project [13]. It shows how efficiently the 
project team is using their time [1], and is calculated by: 

SPIAcum = ,     (1) 

CPI is a measure of the work performed compared to the 

actual cost or progress achieved in the project. [13]. It shows 
how efficiently the project team is using their resources [12], 

and is calculated by: 

CPIAcum = ,    (2) 

CPIAcum is considered the most critical EVM index because 
it measures the cost efficiency of the work performed [13], and 

can be used to provide a cost projection. 

As the project progresses, the project team can develop a 

forecast for the Estimate At Completion - EAC, which may be 

different from the Budget At Completion - BAC, based on 
project performance [18]. EAC provides the final cost 

estimation and is given by the following equation (where the 
premise is that the cost performance will remain the same): 

EAC = ,    (3) 

Thus, the CPIAcum is used to two purpose: i) to measure the 

cost efficiently (only analyzing the index), or to ii) make cost 
projections, thought EAC (see equation 3). 

The Figure 1 illustrates the measures and indexes discussed 
as well as the projections that may be made from indexes 

shown and Table 1 illustrates the other components of the 
earned value management technique that were not discussed 

and / or will not be used in the context of this work, but are 

important to your understanding. 

 
Figure  1 –Measures and performance indexes 

 

T ABLE  1 –OTHER EQUATIONS AND DEFINITIONS OF THE EVM TECHNIQUE 

Equation Definition 

BAC =  Budget At Completion, represents the 

baseline of the project cost. 
SAC or PAC Schedule At Completion or Plan At 

Completion, represents the final time 

to complete the project. 
TAC = PAC / SPIAcum Time At Completion represents the 

time projection calculated based on 

SPI. 

EAC = ACAcum + BAC – 

EVAcum 

When the premise is that CPIAcum is 

equal to 1. 

EAC = ACAcum + [(BAC – 

EV) / (CPIAcum x 

SPIAcum)] 

When one desires to consider both 

CPIAcum and SPIAcum indexes 

Related works are presented by Solomon [17] that 

evaluated which elements of the EVM technique has 
corresponding specific practices in the CMMI. These elements 

were then used to improve the implementation of specific 
practices of process areas in the levels 2 and 3 of the CMMI. 

Solomon [18] also proposed an extension of EVM that can be 

applied to IT projects. He used quality data of projects to 
improve its cost projection. 

III. PROBLEM DESCRIPTION 

The Earned Value Management technique makes use of the 

CPI to make cost projections at the end of the project. This 
index is the subject of several discussions on its applicability 

and reliability to make pro jections, as reported in works carried  
out by [2], [6], [9] and [24]. 

The major focus of the discussion is  the CPIAcum stability. 
Finding out whether the CPIAcum is stable or not is important 

because it is used to make cost projections (EAC = BAC /  

CPIAcum).  

According to [3], stability can be defined as a state of 

statistical control that provides with a high degree of 
confidence, the performance prediction of some variable in the 

immediate future. 

Florac [5] states that the stability of a process is considered 

by many as the core of the management of processes, and it is 

essential for companies to produce products according to what 
has been planned and to improve processes in order to produce 

better and more competitive products. 

A study reported in [2] evaluated the CPIAcum stability of 

several projects of the Department of Defense (DoD), and 
found that the index was stable after 20% of project execution. 

This study [2] generalized the result, concluding that any 
project could use the EVM technique reliably, after 20% of 

project execution. This information was used as a criterion for 

retaining or canceling projects in the U.S. government, which 
showed CPIAcum below 0.9 after 20% of project execution, 

because according to the study, the stability of the index was 
evidence that a project with poor CPI was unrecoverable (note 

that the upper and lower limits defined here, by DoD, 
represents a specification limit. They are not a natural limit of 
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the process. Thus, the stability of the CPIAcum is discussed here 
in terms of the customer or as specification limit). 

However, several other studies have questioned the 
generalization of these results in different contexts (projects 

developed outside the scope of DoD), and showed different 

results, i.e., they showed instability in  cost performance 
indexes for most of the project [6], [9], [21], [24]. 

Claiming that the CPIAcum is unstable and varies widely  
during the execution of a project avoids making accurate 

projections of cost estimate at the end of the project (EAC), 
unless one knows or has any expectation that this variation is 

due to factors already known. 

The proposal of improving the earned value management 
technique presented in the next section is based on the premise 

that any project is composed of a set of processes, which have 
different performances. This assumption was confirmed by 

several studies reported in [5], [14] and [11] and by results 
shown in Table 2. 

 
Figure  2 – Justification for the CPI instability 

Thus, one reason for the CPIAcum instability is the natural 
variation of the processes used, as illustrated in Figure 2, which  

shows that the CPIAcum is actually the result of the performance 
of different processes, thus, it is not expected that the CPIAcum 

is constant or equal to 1, but that varies due to the 

implementation of each specific process. Thus, it is possible to 
compose an equation that considers the historical performance 

data of processes, which have not yet been executed in the 
present project, (but will be futurely executed in the project), 

increasing the cost predictability, even for projects with 
unstable CPIAcum. 

IV. PROPOSAL OF THE HISTORICAL EVM 

The CPIAcum can be used with two purposes: i) to measure 

the cost efficiency (only analyzing the index), or ii) to make 
cost projections through EAC (see equation 3). This proposal 

shall be used only to perform cost projections using the EAC. 

If it is obvious that in the Budget At Completion - BAC is  
no longer viable, the project manager must prepare an Estimate 

at Completion - EAC. Developing an EAC forecast involves 
finding estimates or forecasts of future events and conditions 

for the project based on information and knowledge available 

at the time of prediction. Information on work performance 
includes past performance of the project and any informat ion 

that could impact it in the future [13]. 

This paper proposes the integration of the EVM with  

CPIAcum historical data of processes. This integration consists in 

gathering and using the CPIAcum historical data of each process 
of the software lifecycle, with traditional measures of the EVM 

technique, calculated separately to each process. 

The CPIAcum historical performance of the processes is 

important because it will be used to predict the future behavior 
of the project CPIAcum, which consists of the individual 

performance of each process. 

 Thus, given its performance and each EVM individual 
measure of processes, it is possible the equation below to 

calculate the CPIAcum projected to the final of project execution:  

CPIExp=   

 
 (4) 

Where: 

 EVAcumProject and ACAcumProject: are respectively the 
traditional EVAcum and ACAcum of the project, that can 

be calculated using the traditional EVM equations; 

 BACPN: can be calculated adding every PV activit ies 

of the process. It can be calculated using the equation 
below: 

o BACPN  =  (5) 

 EVAcumPN and ACAcumPN: are respectively the EVAcum 

and ACAcum of each process. It can be calculated 
adding every EV and AC of executed activities of the 

process, like the equation (5) presented previously; 

 ACExpected PN: is the ACAcum expected by each process 

after it be executed. The ACExpected PN use the historical 
CPIAcum of each process and can be calculated using the 

equation below: 

o ACExpected PN =  (6) 

This equation represents an evolution in relation to the 
preliminary first version that was evaluated through project 

simulations and the results were presented in [19] and [20]. 
Now it new version was evaluated through an empirical 

study. The methodology used in the empirical study and the 

results will be presented in the next sections. 

V. PREPARATION 

Measures from 17 software development projects were 

collected among March 2009 and January 2010. According to 

[4], in addition to collecting basic measures, information on the 
characteristics of projects must be recorded, such as total 

estimated size, programming language used, profile of the 
project team, development environment and process version 

used. This information will allow grouping the measures 
collected into different project categories, maintaining 
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homogeneity among members of each group. If the group is not 
homogeneous, the analyses can be compromised and lead to 

inappropriate conclusions. 

Thus, projects that were part of this study had the following  

characteristics: 

 They were from the same client, which was a 
multinational telecommunications company, 

 They used a lifecycle model, which included 4 
processes, namely: i) the Elaboration of Use Case 

Tests - UCT, ii) the implementation of functional 
requirements - IMP, iii) testing of these functional 

requirements - TES, using test cases produced and 
iv) correction of reported errors - COR; 

 They were developed using the same technology 

(MS Visual Basic and Active Server Pages) and 

 They were developed by professionals of similar 

profiles, which were interspersed among the 
projects. 

All size, effort and cost estimates of projects evaluated were 
performed using the Use Cases technique [16] after the 

development and validation of documents of use cases, 

approved by the client and the development team. 

As the largest cost component in a software project are the 

hours required for product development, all the basic measures 
and traditional EVM indexes were calculated based on 

estimated hours and actual hours, measured after the execution 
of activities. 

For each activity planned in the projects, planned costs - PV 
(through the estimated effort for the execution of the activity) 

and actual costs (through real effort calculated after performing 

the activity) were calculated. Based on this information and on 
the project progress, CPI'sAcum for processes and for the project 

as a whole were calculated. 

T ABLE  2 – PROJECT INFORMATION 

 CPIAcum of Processes Periods 

Projects UCT
*
 IMP

*
 TES

*
 CO R

*
 Period  

Project 01 2,02 1,48 1,62 2,95 11/03/09 a 01/04/09 

P1 

Project 02 2,48 4,46 3,43 2,98 16/03/09 a 06/04/09 

Project 03 1,84 - 2,71 1,53 23/03/09 a 16/04/09 

Project 04 1,75 1,14 1,85 7,05 26/03/09 a 17/04/09 

Project 05 3,90 4,30 1,06 1,06 20/04/09 a 19/05/09 

Project 06 1,54 - 1,50 1,85 20/04/09 a 19/05/09 
Project 07 1,46 1,22 1,08 1,61 20/04/09 a 13/06/09 

Project 08 1,98 1,61 1,81 2,17 29/04/09 a 15/05/09 

Project 09 - 2,43 1,43 1,00 29/04/09 a 20/05/09 

Project  10 1,98 1,77 2,39 2,14 21/05/09 a 09/06/09 P2 
Project 11 2,20 1,67 2,20 10,0 15/06/09 a 30/06/09 

P3 
Project 12 1,19 1,23 4,34 2,50 29/06/09 a 10/07/09 

Project 13 3,31 2,32 3,10 N.D.
**

 29/07/09 a 10/08/09 

P4 Project 14 2,24 4,37 2,40 1,85 11/08/09 a 20/08/09 

Project 15 1,01 1,48 - 1,54 12/08/09 a 20/08/09 

Project  16 - 1,90 5,25 3,44 21/08/09 a 04/09/09  
P5 Project 17 3,78 1,33 3,08 2,57 01/09/09 a 18/09/09 

(*) Note: data of CPIAcum of: i) Elaboration of Use Case Test, ii) 
Implementation of requirement, iii) Test and iv) Correction of bugs, 
respectively. 

(**) Note: Non Defined – N.D. There was no bug in this project and 
consequently no effort to fix them. 

The CPIAcum determined at the end of execution of each 

process of the lifecycle of projects, as well as the duration of 
each project is shown in Table 1. 

The proposed technique uses CPIAcum historical data in each  
utilized process in a software-lifecycle model to perform safer 

CPIAcum projections. Projects participating in this study were 
executed on different dates, and therefore were considered 

different periods for performing statistical analyses and for data 

availability for the performance of projections using this 
technique. During the study, each specific period used the 

average CPIAcum of the processes of projects previously 
executed. 

VI. VALIDATION TECHNIQUE 

One of the aims of this study was to answer the following  

question: "Does the earned value management traditional 
technique have higher EAC accuracy and lower CPI variation 

than the earned value management with historical 
performance?" 

Variat ion means that repeated measurement values are 

grouped together and exhib it little  dispersion. According to 
[13] accuracy means that the measured value is very close to 

the correct value. 

Thus, to measure the accuracy of the techniques, the EAC 

(Estimate At Completion) of each technique in each activity of 
the projects evaluated was compared with the AC (Actual Cost) 

measured at the end of the project e xecution using the equation 

bellow: 

ErrorEAC Activity(N) =    (7) 

The average error shown by each technique in relation to 

the final AC calculated was also evaluated, using the equation 

bellow: 

Average ErrorEAC =   (8) 

To measure the variation of the techniques, the CPIAcum 

variation was evaluated, which was calculated by the 
techniques, in relation to the last CPIAcum estimation, or, how 

much the CPIAcum estimation varied in relat ion to the previous 

one using the equation bellow: 

Variation CPIActivity(N) =    (9) 

The variation was measured by project activities, and for 

the hypotheses testing, the average variation of projects was 
calculated using the equation bellow: 

Average Variation = , (10) 

The EAC Error and CPI variation was calculated to both 

technique (traditional and the proposed technique). 

Thus, the following hypotheses were established to evaluate 

the accuracy of the techniques: 
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 H0Accuracy: the traditional earned value management 
technique provides accuracy equal to the traditional 

earned value management technique with historical 
performance. (Error EACTrad.– Error EACHist. = 0) 

 H1Accuracy: the traditional earned value management 

technique provides accuracy lower than the traditional 
earned value management technique with historical 

performance.(Error EACTrad.– Error EACHist.  > 0) 

A similar hypothesis was identified and tested to evaluate 

the CPIAcum variation in both techniques. 

The techniques shown in section iv were assessed through 

an empirical study, in which the goal was to measure the 
variation and accuracy of both techniques and compare them.  

At the end of each time of execution, historical data of 

processes (CPIAcum in each process as seen in the table 1) were 
collected, analyzed and used through the proposed technique to 

calculate a new performance cost index CPIHist (equations 4 to 
6). The average error of each project showed in the figure 3, 

was calculated using the equations 7 and 8. 

Figure 3 shows on X axis each of the 8 projects evaluated, 

and on Y axis, the average errors of EACHist. and EACTrad. for 

each project. The gain of accuracy using the proposed 
technique was 57.7% compared to the traditional technique in 

project 16, represented as point 7 in  Figure 3, and 11.3% lower 
than the traditional technique in project 13, represented as point 

04, also in Figure 3. 

No errors were collected from the 9 first projects, since they 

were supposed only to form the historical-data basis to perform 

index projections for the second period projects . 

 

Figure  3 – Average error (Accuracy of techniques) 

The project 13 (point 4 in the Figure 3) presented the worst 

accuracy among the evaluated projects, when the proposed 
technique was used. This result occurred because the 

“Correction” process was not executed, since the project did 
not have any bug (see Table 2). Since the process was not 

executed, the ACFinal of the project was lower then expected, 
and consequently the CPIAcum was greater than expected. The 

worst result displayed by the proposed technique in this project 
was caused by an abnormal behaviour in a specific process. 

Figure 4 show the average variation in the techniques. The 

average variation of each project showed in the figure 4, was 
calculated using the equations 9 and 10. It could be observed 

that the proposed technique showed no average variation 

greater than the traditional technique in any project in any of 
the periods tested, even when the historical database was still 

small. 

 

Figure  4 – Average Variation of CPIAcum 

In attempt to evaluate the previously shown hypotheses, 

statistical tests based in the data of the figures 3 (EACTrad and 

EACHist) and 4 (CPITrad and CPIHist) were performed to confirm 
that the differences in accuracy and variation found in applying 

the proposed techniques were significant. The Action tool was 
used to perform the hypotheses tests of T paired samples, with 

significance level of 90%. 

T ABLE  3 – ACCURACY AND VARIATION HYPOTHESIS TEST 

Hypothesis Tests T P Conclusion 

H0Accuracy 
ErrorEAC.Trad. – 

ErrorEAC.Hist. = 0 
2,219 0,03 Refute H0 

H0Variation 
VariationCPI.Trad – 

VariationCPI.Hist. = 0 
5,26 5,8 x 10

-4
 Refute H0 

The analysis of data in table 3 and figures 3 and 4 allows  

inferring that the proposed technique provides greater accuracy 

in cost estimations, considering the average error of EAC, and 
lower variation in CPIAcum. 

VII. VALIDITY THREATS 

According to [22] the internal valid ity observes if the 

treatments really cause the expected results. In this study, the 

expected results are: i) decrease the CPIAcum variab ility and 

consequently the EAC variability and ii) Decrease the error in  

the EAC estimate. Both expected results were achieved with  

the application of the proposed technique. 

However, it’s necessary to consider that, the technique was 

validated through an empirical study using industry data. This 

data were from only one software factory with similar 

projects. 

The proposed technique suggests a similar scenario for your 

application (data of pro jects that were executed using defined  

and stable processes, and preferentially with the same 

technology). However it  is important a more widely study with 

more companies, in different domain of application. 

According to [22], the conclusion validity evaluates the 

statistical significance. The main  problem in this study is the 

number of availab le projects to conduct the hypothesis test. 

This is a known problem in Software Engineering. Thus, the 

result cannot be considered conclusive, but just a clue that the 

technique works. Before using the technique the company it’s 
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recommended to make a similar study, intending to determine 

if the proposed technique provides better results to its projects. 

VIII. CONCLUSION 

This paper described the evolution of the EVM technique. 
The proposed technique integrates historical data of cost 

performance as a mean to improve the project cost 
predictability. An empirical study was carried out based on data 

from 17 projects of a software factory with the aim of 

identifying whether the technique showed better accuracy and 
variation in CPI and EAC compared to the traditional 

technique. To evaluate the proposed technique, several 
hypothesis tests about the research questions shown in section 

vi were performed. 

The empirical study showed that the proposed technique is 

more accurate and more stable (less variation) than the 

traditional technique, when using historical database with 
CPIAcum of each lifecycle process. All hypothesis tests 

conducted with historical database composed of at least 9 
projects showed significant results, at 90% significance level. 

As future works, we propose the use of the proposed 
technique in other companies, with different contexts, in order 

to generalize the results obtained here. 
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Abstract—Requirements engineering is a critical phase in 

software development that describes the customer needs and the 

specifications for the software solution. Requirements are 

gathered through various sources and the output is a list of 

requirements for a software product to be developed, written in 

Natural Language (NL). NL requirements are fault prone 

because stakeholders can interpret NL differently due to the 

inherent imprecision, ambiguity, and vagueness of NL. To 

address these problems, a model-based requirements verification 

method called NL to state transition diagram (STD) is proposed. 

This paper evaluates the ability of the NLtoSTD method to detect 

faults when used on NL requirements and to improve the 

software reliability. Overall, the result shows that the NLtoSTD 

is an effective requirements verification method.   

I. INTRODUCTION 

To ensure software reliability, it is important to detect and 
prevent different types of faults during the development of 
various software artifacts. Requirements are gathered from 
different stakeholders (technical and non-technical) and 
recorded in natural language (NL), that describes the customer 
needs and the specifications for the software solution. The 
output of this phase, a software requirement specification (SRS 
- a means of communication among stakeholders), is especially 
fault-prone due to the inherent imprecision, ambiguity, and 
vagueness of NL. Requirement faults if undetected propagate 
to the later phases where they are difficult to find and fix [1-3]. 

To ensure high-quality requirements, numerous fault-based 
verification approaches have been developed and validated for 
fault-detection effectiveness [3, 8-11]. In particular, software 
inspection, have been empirically validated [3, 9] for early 
detection of faults in software artifacts. However, it is 
estimated that the software development effort is still spent on 
fixing problems that should have fixed early in the lifecycle [1, 
2]. This rework stems from the fact that inspectors can have 
different interpretations of the requirements and may not notice 
the ambiguities and inconsistencies among other problems.  

Model based approach, if applied to NL requirements can 
be used for verification of NL specifications [6, 10]. However, 
building a model from NL requirements is highly subjective. 
Consequently, an erroneous translation of NL requirements can 
result in the wrong model due to the inherent incompleteness 
and ambiguities of NL [11] and, thus, can eventually produce 
software that stakeholders do not want. To address this, several 
researchers have proposed modeling techniques using an 
automated NL translation approach [4,6,10,12]. These methods 
include approaches based on translating goals to state machines 
[4], and scenarios to state machines [12]. Automation can 
certainly improve the translation process, but complete and 

error-free automation of this process is not possible because, 
often, NL requirements can be interpreted in multiple ways.. 

To address this problem, we propose a method that 
translates  NL  requirements  into  a  State  Transition  Diagram 
(STD)  in  an  incremental  manner  (NLtoSTD) and expose 
ambiguities, incompleteness, and inconsistencies in NL 
requirements. The NLtoSTD is carried out in two steps, where 
the first step turns each NL requirement into a STD building 
block (NLtoSTD-BB) and the second step then construct the 
STD using the STD-BBs (STD-BBtoSTD). Requirements 
engineers and stakeholders can detect faults during each step 
(NLtoSTD-BB and STD-BBtoSTD) and direct mapping from 
NL to model is preserved in the translation process. Each NL 
requirement becomes a segment of the STD so that 
adjustments made to the model can be directly made to the 
requirements, and visa-versa. The results from the previous 
study [5] validated the NLtoSTD-BB method and helped us 
make revisions. This paper presents an empirical study that 
evaluates the fault-detection ability of the revised NLtoSTD-
BB method, and extends the research by evaluating the fault-
detection ability of the STD-BBtoSTD method (used for the 
first time). Therefore, the complete NLtoSTD method (i.e., 
NLtoSTD-BB + STD-BBtoSTD) is evaluated in this paper.  

II. BACKGROUND  

This section describes the basic concepts of the NLtoSTD 

method, the revised NLtoSTD-BB, and STD-BBtoSTD step.  

A. NLtoSTD: Basic Concepts  

 The basic idea of our NLtoSTD method is to translate the 
NL requirements into an STD, so that the ambiguity, 
incompleteness, and inconsistencies or any problem) in the NL 
requirements can be easily detected. The NL to STD 
translation first translates NL requirements into STD-BBs 
(NLtoSTD-BB) and then creates an STD using the STD-BBs 
(STD-BBtoSTD). A high-level overview of the NLtoSTD 
method is shown in Fig. 1. Fig.1 highlights the “NLtoSTD-BB” 
translation (Step1) and the “STD-BBtoSTD” construction 
(Step2). We hypothesize that the NLtoSTD helps discover the 
problems in the NL requirements by examining the individual 
STD-BBs and the resulting STD.  

 As shown in middle part of Fig. 1, the three elements that 
make up a STD-BB (i.e., current state (Sc), next state (Sn), and 
transition (T)) are precisely extracted from an individual 
requirement. The selection of these elements was based upon 
the characteristics of an ideal requirement and an inspection 
scheme that can help detect the problems that are otherwise left 
undetected using traditional inspection methods. As illustrated 

This work was supported in part by NSF CAREER Award CCF-1149389 
to North Dakota State University. 
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in Fig. 1, each requirement is stated so that it directly maps to 
an STD-BB. Each requirement explicitly states its precondition 
in the form of the current state (Sc) and its post condition in the 
form of the next state (Sn). However, typical NL requirements 
do not explicitly state current and next states, thus a 
requirement’s preconditions and post conditions are often 
inferred causing ambiguities and incompleteness. Similarly, the 
absence of the explicit transition (T) can cause difference in the 
interpretations of a requirement by different stakeholders. The 
NLtoSTD method requires the stakeholders to identify the 
aforementioned three elements so that they can detect the 
requirement faults while building the STD and ensures that the 
requirements are as consistent and concise as possible.  

B. Step 1 - NLtoSTD-BB: Application for Fault Detection 

The first step of the NLtoSTD method transforms each NL 
requirement into an individual STD-BB. The STD-BBs act as a 
formalized version of the NL requirements and can lead to the 
detection of faults for two reasons: (1) a formalized version of 
the NL requirements has only one specific interpretation, 
exposing ambiguities in the NL requirements, and, (2) a 
formalized version exposes missing requirements more readily, 
as compared to a fault-checklist inspection of requirements.  

1) Original NLtoSTD-BB [5]  

As shown in Fig. 1, each NL requirement is translated into 

an STD-BB by extracting three elements {Sc, T, Sn}. The 

basis for this transformation is that a functional requirement 

should describe an entity transitioning from one state to 

another. For example, the requirement “While the car is 

moving forward, the driver shall be able to stop it by applying 

the brake.” would describe the Car (an entity) transitioning (T) 

from moving (Sc) to stopping (Sn), using an STD-BB. 

In the above example requirement, the three elements are 
explicitly stated, yielding definable values for Sc, T, and Sn. In 
practice, however, requirements often ambiguously imply one 
or more values for Sc, T, and Sn, thus identifying a value for 
each element would not be obvious. For instance, the prior 
requirement may have stated: “The driver shall stop the car by 
applying the brakes.” Note that Sc is not explicitly stated as 
“moving” but, rather, implied. In our original STD-BB, we 
used questions marks (???) to denote an element that is not 
documented. Thus, in this example, we would define the three 
elements as {Sc: ???, T: Applying Brake, Sn: Stop}. It may be 
safe to assume that the car is moving prior to stopping, but it 
requires an assumption. Undocumented assumptions can be 
erroneous and can cause serious defects (especially when the 
developers lack appropriate knowledge of the application 

domain). In this example, it is not clear whether we assume 
“moving forward,” “moving backward,” or both. It is important 
to document what may seem obvious, instead of allowing the 
possibility of an erroneous assumption. Therefore, the 
NLtoSTD-BB helps to expose undocumented assumptions. 

We developed a set of three questions to help users 
systematically identify the three elements for each requirement 
during this step [5]. Asking these three questions identifies 
explicit or undocumented values for {Sc, T, Sn}, resulting in an 
STD-BB. While the ambiguities and incompleteness may not 
be obvious in the NL requirements, they are made obvious in 
an STD-BB that stakeholders can work towards its completion. 

2) Revised NLtoSTD-BB  

The NLtoSTD-BB used during the Sudy 1 showed that the 

method was significantly more effective than the fault-

checklist based inspection, when the subjects correctly 

extracted the STD-BBs. The variations in performance during 

study [5] prompted us to re-evaluate the way that the three 

elements (Sc, T, Sn) were determined. This section dicuss the 

changes and the revised NLtoSTD-BB method. 

Fig. 2 illustrates the revised NLtoSTD-BB method using an 

example requirement. In the revised NLtoSTD-BB method, the 

three changes are briefly discussed along with their reasoning. 

The first change is that we explicitly added an entity to a 

state to represent Sc and Sn as follows: entity (state). Allowing 

for multiple entities would alleviate the problem encountered 

with requirements that are not atomic. Separating the concepts 

of an entity and its given states, also makes it easier to derive 

Sc and Sn, since the user could first decide which entity is 

being affected and then determine the entity states before and 

after the effect. Fig. 2 shows that the revisded NLtoSTD-BB 

method, can help identify three entities: unit, battery, and user. 

The second change in the revised NLtoSTD-BB method is 

allowing users to make an assumption. As shown in Fig. 2, 

“unit (normalOp?)” has a question mark. This indicates that 

the user can assume that it is the intended state and label it for 

follow up. This was done to improve the method’s ability to 

expose ambiguities. The third change is to allow users to add 

conditions when they describe the transition (T). This alleviates 

the problem when a requirement seems to state more than one 

transition. The revised NLtoSTD-BB method with five 

elements (entity, entity’s current state, entity’s next state, 

transition, condition for transition) is evaluated in this paper.    

C. Step 2 - STD-BBtoSTD: Application and Tool Support:  

The final step in the NLtoSTD method is the construction 

of STD based on the STD-BBs. The idea is to be able to both 

simulate the behaviours described in the requirements and to 

 
Fig. 1. NLtoSTD Method Overview  

 

 
Fig.2. Revised NLtoSTD-BB  
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analyze these behaviours through the production of path 

traversals through the STD. This would potentially expose 

inconsistent and/or incorrect behaviours, that can be readily 

traced back to the requirements. An incomplete STD would 

expose imcompleteness in the requirements verbage. Thus, the 

STD-BBtoSTD phase exposes potential faults by analyizing 

the STD’s static and dynamic properties.  

The STD’s behavior was simulated by computer in order 

to expose faults that may not be evident unless the STD is 

enacted. There STD can be analyzed automatically by 

examining the path traversals, for desired behavior. The 

STD’s construction was implemented through a software tool. 

The user enters the STD-BB data in an Excel spreadsheet, 

which is then read directly into the tool (by the tool’s use of 

COM automation). The STD is then displayed in a separate 

window, and can be kept opened as more STD-BB data is 

being entered. The tool updates the STD, as changes are made 

to the STD-BB data. This allows the user to view the STD, 

make changes to the STD-BBs that would correct any STD 

structural faults, and see the results of those changes in real 

time. The subject can record faults during this step. 

III. EMPIRICAL STUDY  

This study evaluated NLtoSTD-BB translation step at 
finding incompleteness and ambiguities during an inspection of 
NL requirements. This study also evaluated if additional new 
faults can be found during the construction of the STD. The 
complete NLtoSTD method was evaluated using a repeated-
measure design in which different student teams (with varying 
number of members) developed requirement documents for 
different systems. Next, each participant individually inspects 
the requirement document (that was developed by them) using 
the NLtoSTD-BB step and kept a log of ambiguous, and 
missing requirements for respective documents. During the 
next step, the student individually worked to create STD from 
the STD-BBs (using an automated tool) and then analyzed the 
resulting STD to log new faults that were not found previously. 

A. Research Questions and Hypotheses 

The following research questions were investigated:  
RQ1: Is the NLtoSTD-BB effective at detecting incomplete 
and ambiguous requirements during requirements inspection?  
RQ2: Does creating the STD model result in detection of the 
faults in addition to those found during the NLtoSTD-BB?  
RQ3: What are the problems faced by the subjects when using 
the complete NLtoSTD method?  

B. Variables and Measures 

Each subject performed an individual inspection of their 
requirements document using the NLtoSTD method. Our 
dependent variables include: Effectiveness - # of faults found 
and Efficiency - # of faults found per hour.  

C. Participating Subjects and Requirement Artifacts 

Sixteen computer science graduate students at North 
Dakota State University (NDSU) worked in teams to develop 
requirements document for different projects. Some students 
dropped the course resulting in this irregular size of student 
teams. There were two phases to this study. First, each team 

developed a requirement document for a particular software 
system (Table I). Second, each subject inspected the 
requirement document developed by their team using the 
NLtoSTD-BB followed by STD-BBtoSTD method.  

D. Study Procedure 

The study details are provided in the following subsections. 

1) Phase I – Development of SRS documents: The  

participants divided into 5 different teams of three or four 

participants developed the requirements documents for their 

identified software system. Details are provided in Table I.  

2) Phase II– Inspection  using NLtoSTD: During this step, 

the students in each team individually inspected their own 

SRS document using the NLtoSTD method. 

a) Training 1 -- NLtoSTD-BB: The participants were 

first trained on how to map the NL requirements to STD-BBs. 

Next, the participants were instructed how to document the 

building block elements on a spreadsheet using few examples. 

Next, the participants were instructed how to record 

“ambiguities” and “incompleteness” or any other requirement 

faults that are found during the application of NLtoSTD-BB. 

The subjects were asked to translate few requirements into 

STD-BBs and document the faults using the same spreadsheet.  

b) Step 1-- Inspection using NLtoSTD-BB: The 

participants used the information from Training 1 and 

individually inspected their own requirement document using 

the NLtoSTD-BB translation. This step  resulted in a list of 16 

individual speadhseets that contained the STD-BB elements 

and the faults found (one per participant). 

c) Training 2 - tool support for STD Creation: During 

this session, the participants learned about the STD tool. The 

subjects were instructed how to load the BBs (from step 1) 

into the tool and then, how to construct an STD from the BBs. 

The subjects were then instructed to examine the constructed 

STD. Finally, the participants learned to record the fault type 

in the fault spreadsheet. To ensure that subjects understood, 

the subjects practiced these steps through an example system.  

d) Step 2 – STD-BBtoSTD and inspectng STD: The 

subjects constructed the STD diagram from STD-BB. The 

output of this step was 16 individual STD diagrams (one per 

participant). The resulting STD diagrams were analyzed for 

potential incompleteness,  inconsistencies in the behaviours, 

or any other requirement faults. The participants analyzed and 

recorded the faults during and after the creation of STD. The 

students also documented the reason and classification of the 

fault (incompleteness, ambiguous, inconsistency or other) in 

the fault spreadsheet. This step resulted in 16 individual fault 

TABLE I. ARTIFACTS DEVELOPED BY STUDENT TEAMS  

Doc Team 

# 

No. of 

Subjects 

System Description Size 

(pages) 

A 1 4 Parking lot availability system 25 

B 2 4 Web portal for student residence  22 

C 3 3 Virtual story board system 28 
D 4 2 Matbus application for android 25 
E 5 3 Professional development 

management system 
32 
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lists. Finally, subjects provided feedback about the NLtoSTD-

BB and the STD-BBtoSTD. An in-class discussion with 

subjects helped researchers better understand the results. 

E. Data Collection 

The quantitative data included the ambiguous, missing, and 
inconsistent faults found by each subject in their SRS 
document during: a) translation of NL requirements to the 
STD-BBs, and b) construction of STD using the BBs. Each 
subject was provided 50 minutes during NLtoSTD-BB step and 
30 minutes during STD-BBtoSTD step. The timing data was 
used for analyzing the efficiency values. The qualitative data 
included student’s rating of NLtoSTD by answering a multi-
question questionnaire based on a 5 point likert-scale. We also 
collected feedback post-study with participating subjects. 

IV. DATA ANALYSIS AND RESULTS 

  This section analyzed the data collected during NLtoSTD-
BB,  STD-BBtoSTD, post-study questionnaire and interviews. 

A. RQ 1: Effectiveness and Efficiency of NLtoSTD-BB  

This section reports the effectiveness and efficiency of the 
NLtoSTD-BB during the requirements inspection. Before 
analyzing the fault data, the researchers determined the validity 
of the faults for each subject by reading through the fault 
spreadsheet reported by each participant to remove any false-
positives (or if any faults were unclear). Next, the number of 
“Missing Functionality (MF)” and “Ambiguous Information 
(AI)” faults reported by each subject during the application of 
NLtoSTD-BB for their respective documents were counted.  

Since each subject individually inspected their own 
document, the document (for each team) was inspected by all 
the subjects belonging to that team. Fig. 4 organizes results by 
the total number of AI and MF faults found by the member 
belonging to each team. Main observations from Fig. 4 follow: 

 Fifteen out of sixteen subjects found faults (AI or MF) 
during the NLtoSTD-BB based inspection of their 
requirements document. The subjects (numbered 6) 
reported a lot of faults but none of them represented real 
problems;  

 There were no consistent differences in the total number of 
AI vs. MF faults found by the subjects within each team. 
This was major improvement from the results in our 
previous study [5] where, the subjects using the NLtoSTD-
BB method consistently found larger number of MF faults 
than the AI faults. This is a positive result that the 
improved heuristics were able to find both types of faults 
when constructing the STD-BBs.   

 For each document, the average number of faults was 
calculated for each team by dividing the total number of 
unique faults by the number of subjects who inspected the 
document. The results showed that teams 1 through 5 
found an average of 15, 12, 18, 9, and 22 faults 
respectively. This demonstrates an improvement in the 
performance of student teams from the first study [5] when 
using the original NLtoSTD-BB method (teams found an 
average of 7 faults at most) as well as a improvement 
when considering the inspection results in [5] when using 
the fault checklist method (an average of 5 faults).     

Therefore, based on these results, fault detection 
effectiveness of the NLtoSTD-BB method has improved from 
its first evaluation. Additionally, the distribution of faults is 
more consistent across both fault types (AI and MF). The 
revised NLtoSTD-BB heuristics were able to highlight hidden 
ambiguities in individual requirements which are otherwise not 
detected when performing a traditional inspection process. 

Regarding the efficiency (faults/hour), the student teams 
found an average of 19, 7, 10, 10, and 26 faults per hour 
respectively. This is also an improvement in comparison to the 
results from the first study [5]. The high efficiency values 
reported in this study validate the ease of use of the revised 
NLtoSTD-BB method. Therefore, the NLtoSTD-BB is an 
effective and efficient method for verifying NL requirements.  

B. RQ 2: Fault Detection during the STD Creation 

The translation of BBs into STD can highlight the 
ambiguities and incompleteness in the NL requirements by 
examining the gaps (or disconnections) and inconsistent path 
traversals in the STD, and to identify the inconsistencies in the 
requirements that are not a focus during the NLtoSTD-BB.     

To investigate the validity of this step, we counted the 
number of new MF, AI and INC faults reported by each subject 
after the creation and analysis of STD for their respective 
documents. The result on the number of new AI, MF, and Inc 
faults found by each subject belonging to a team is shown in 
Fig. 5. Interestingly (Fig. 5), each subject found at least one 
new fault (AI or MF or Inc) after creating the STD. As 
expected, a larger number of “Inc” faults are found during this 
step as compared to the AI and MF faults. This is also 
consistent across all the teams. The subjects felt it was easy to 
observe the inconsistencies when looking at a complete STD as 
opposed to translating individual NL requirements (one at a 
time) to STD-BBs. Since, the loading of BBs to create the STD 
is an automated process (using a tool); it is not surprising that 
subjects were able to find additional faults by focusing their 
attention on examining the STD and recording faults. 

 To better understand the effectiveness of STD-BBtoSTD, 
we compared the percentage contribution of the STD-
BBtoSTD relative to the overall NLtoSTD  for each team. This 
was done by dividing the # of unique faults found during STD-
BBtoSTD by sum of total # of unique faults found during 
NLtoSTD-BB and STD-BBtoSTD combined. The student 
teams 1-5, after the creation of STD, found 18%, 22%, 14%, 
23%, and 12% of total faults respectively. To further verify the 
usefulness of the creation and analysis of STD, a one-sample t-

 

Fig. 4. Number of AI and MF Faults found by Subjects using NLtoSTD-BB 
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test was run separately for each team to determine whether the 
number of faults found during re-inspection using STD was 
significantly greater than zero (0). The result was found to be 
statistically significant (p < 0.001) and indicate a benefit of 
creating STD using the BBs, for finding requirement faults.   

C. Difficulties Faced by Subjects Using the NLtoSTD Method 

The qualitative data  collected during this study evaluated 
the usability of the NLtoSTD-BB method. To do that, the 
participants were asked to rate the difficulty level for finding 
the “Entity”, “Initial Status”, “Changed Status”, “How is Status 
Changed”,  and “Conditions for Change” for NL requirements.  

Using a 5-point likert scale (1-very difficult to 5-very easy), 
the participants rated the difficulty level for each of the five 
elements of an STD-BB. A One-sample Wilcoxon Signed-
Rank test determined whether the medians ratings were 
significantly greater than 3 (midpoint of the scale). The results 
showed that the NLtoSTD-BB method received positive 
ratings (i.e., median value greater than or equal to three), but 
not statistically significant. The subjects also rated the 
difficulty level during the construction of STD and analyzing 
the constructed STD for faults. The results showed that the 
STD creation received significantly positive ratings (p < 0.05). 

The complete NLtoSTD method was also evaluated using 
the feedback from subjects on the following seven attributes: 
Simplicity, Ease of Understanding, Ease of Use, Intuitiveness, 
Comprehensiveness, Usefulness, and Ease of finding faults. 
Each subject rated the attributes on a 5-point scale. The results 
from Wilcoxon Signed-Rank test revealed that the NLtoSTD 
received significantly positive ratings on Ease of 
Understanding, Ease of Use, and Ease of finding faults.  

Overall, the subjects felt that the NLtoSTD process helped 
them understand the major problems in requirements, and that 
the effort spent during the NLtoSTD inspection process was 
worthwhile. The potential improvements regarding the tool and 
the guidance to help analyze the STD diagram will be 
implemented in future evaluations.   

V. DISCUSSION OF RESULTS 

RQ 1: The NLtoSTD-BB method helped inspectors find 
inherent ambiguities and incompleteness in requirements. The 
comparison of the results against the previous research results 
[5] revealed that the subjects were able to find larger number of 
total faults (on average), and the distribution of faults across 
fault types (MF and AI) was more consistent. The results also 
showed that the NLtoSTD-BB method helped find the faults 
faster (i.e., efficiency) when compared to the results in [5].  

RQ 2: Based on the results, additional MF and AI fault 
types are uncovered during the examination of STD 
constructed from the BBs. In particular, the creation of STD 
aids inspectors at detecting a large number of “Inc” that are 
otherwise not apparent when looking at individual 
requirements. The construction of STD is useful for overall 
inspection effectiveness using the complete NLtoSTD method. 

RQ 3: The subjects provided insights in to the use of the 
NLtoSTD method and improvements that can help improve the 
performance in future studies. The subjects mentioned that the 
tool should guide the NLtoSTD-BBs translation and should at 
least highlight parts of STD that are completely disconnected. 
We plan to make this process as much automated as possible 
without losing the promise of inspections.     

VI. CONCLUSION AND FUTURE WORK 

Based on these results, the NLtoSTD method is effective 
method to detect AI, MF, and Inconsistency fault types during 
an inspection of NL requirements. We also identified the areas 
of improvement that would benefit the performance of subjects 
using the method. Our future work would include more 
replications, with a classic control group design so that we can 
understand how many faults found during the Phase III are 
solely due to the STD creation and not just due to the re-
inspection. We also wish  to  automate  as  much  of  the  
heuristics  as  possible,  including  the  NLtoSTD  building  
block  portion. The STD analysis could be automated as well, 
using a reasoning engine written in a logic language such as 
Prolog, and this has already been achieved to a certain degree.  
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Abstract: With the burst of open source software, software 

plagiarism has been a serious threat to the software industry. In this 

paper, we present the demo tool DBPD: Dynamic Birthmark-based 

Software Plagiarism Detection. Major features of DBPD could be 

summarized as: 1) dynamic birthmark. The execution process of 

software is captured to generate the birthmark reflecting intrinsic 

properties of software; 2) high availability. It is available for cross-

platform and binary executable’s plagiarism detection; 3) 

customizable. The birthmarks, similarity calculation metrics and 

detection criteria are configurable. The DBPD is implemented using 

C++ and Java, and currently can work under both Windows and 

Linux system. Three dynamic birthmarks are implemented in DBPD 

to identify the software according to its instruction, stack operation 

and system call. 

Keywords: software plagiarism detection, dynamic birthmark 

I.   INTRODUCTION  

Free and open source software projects allow users to use, 
change and distribute software under certain types of license 
such as the well-known GPL. However, driven by the huge 
commercial interests, some individuals and companies 
incorporate third party software or libraries into their own 
products without respecting the licensing terms. Recent 
incidents include the lawsuit against Verizon by Free Software 
Foundation for distributing Busybox in its FIOS wireless 
routers [1], and the crisis of Skype’s VOIP service for the 
violation of licensing terms of Joltid. The unavailability of 
source code and the existence of powerful automated semantic-
preserving code transformation tools, make the plagiarism an 
easy to implement but difficult to detect thing. 

Software birthmark, a set of characteristics extracted from a 
program that reflect the program’s intrinsic properties and that 
can be used to uniquely identify the program, is a promising 
way for solving the plagiarism detection problem. However, 
despite the tremendous progress of birthmark based plagiarism 
detection approaches, seldom tools are publically available. 
The rare few tools as far as we find are SandMark [2], Stigmata 
[3] and Birthmarking [4]. The former two are static birthmark 
based which are believed to be fragile faced with semantic-
preserving code obfuscation techniques, and the last one is 
dynamic birthmark based which is believed to have better 
performance than the previous two static birthmarks, yet they 
all suffer the problem of language dependence, since they’re 

only valid for java programs. Also, there are some mature tools 
such as the JPlag [5] that target at source code which is not 
always available, since plagiarists are not likely to provide their 
source code before certain evidences are collected. Thus more 
powerful and practical tools are in urgent needs to fill the gap 
of birthmark based plagiarism detection research and practice. 

It is a generally accepted fact that dynamic birthmarks 
being abstractions of runtime behaviors are believed to be more 
accurate reflections of program semantics than static 
birthmarks. Therefore, we implement a demo tool DBPD for 
plagiarism detection using dynamic birthmark techniques. 
Three dynamic birthmarks are implemented in DBPD to 
identify the software, including DKISB (dynamic key 
instruction sequence birthmark) [6], SODB (call stack 
operation dynamic birthmark) [7] and SCSSB (system call 
short sequence birthmark) [8]. Since all of them can work 
directly on binary executables, DBPD can analyze various 
programing languages.  

II. TOOL OVERVIEW AND IMPLEMENTATION 

A. Tool Overview 

Fig.1 shows the overview of the DBPD. It consists of three 

main modules: the dynamic analysis module, the birthmark 

generator, the similarity calculator and decision maker. The 

modular architecture qualifies it with good scalability of easily 

introducing new kinds of dynamic birthmark methods. 

Given two binary executables the plaintiff (original 

program), the defendant (suspicious program) and a set of 

inputs, DBPD executes both programs with the same input one 

by one. Meantime, the dynamic analysis module monitors the 

executions, performs dynamic analysis and collects execution 

profiles containing three kinds of events: key instructions, 

stack operations, and system calls. After sequences of both 

plaintiff and defendant programs are available, they are fed 

into the birthmark generator where noises are filtered, valid 

 
Fig. 1   Design overview of DBPD 
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Fig. 2   DBPD: the dynamic birthmark based plagiarism detection tool 

execution traces are constituted and either of the three kind 

birthmarks are extracted according to user configuration. Next, 

similarity scores are computed between the birthmarks of 

plaintiff and defendant in the similarity calculator. Finally, the 

decision maker judges whether the defendant is innocent or 

guilty according to the scores calculated and a given threshold. 

B. Implementation 

The dynamic analysis module is implemented based on the 

dynamic instrumentation framework Pin [10]. It consists of 

three sub-modules: DKISExtractor, StackTracer and 

SysTracer. They are responsible for the monitoring, analysis 

and collection of key instructions, stack operations and system 

calls respectively.  

Three sub-generators implemented in the birthmark 
generator are in charge of the extraction of the three kind 
dynamic birthmarks accordingly. The DKISB [6] is extracted 
using k-gram algorithm from dynamic key instructions which 
refer to instructions that are both value updating and input-
correlated. Since the underlying object that DKISB operates on 
is each assembly instruction, thus endows DBPD the ability of 
cross-platform plagiarism (for example, plagiarizing programs 
originally in linux platform to windows) detection. The SODB 
[7] is generated by analyzing the behavior of call stack during 
program executions. It utilizes the law of push and pop 
operation of call stack to uniquely identify a program, and 
believes that the laws of homologous programs are also the 
same. The SCSSB [8] is extracted from system call sequences 
which were originally widely used for intrusion detection to 
detect irregularities in the behavior of a program. Despite the 
high detection ability of DKISB, it suffers the scalability 
problem. For the other two birthmarks, only method calls need 
to be monitored, thus they have much lower overhead and 
better scalability. Therefore, for relatively larger programs, the 
other two birthmarks are preferred. This allows users to have 
more choices according to their requirements. 

Four different similarity metrics including Cosine Distance, 
Jaccard Index, Dice Coefficient and Containment are supported 
in the similarity calculator. There’s a default metric for each 
kind of birthmarks, but allows users to specify other metrics as 
the case may be. C++ is used for the implementation of the 
dynamic analysis module. The user interface and all the other 
modules are implemented in Java. Benefit from the support of 
pin for both the Windows and Linux systems, as well as the 

TABLE I.  Detection ability of three birthmarks adopting the default 

detection threshold of 0.25 

 Precision Recall F-Measure 

DKISB 1.00 0.96 0.98 

SODB 1.00 0.98 0.99 

SCSSB 1.00 0.83 0.91 

platform independence of Java, DBPD is able to work under 

both systems. Fig. 2 shows the interface of our DBPD. 

III. EVALUATION SETUP 

We evaluated the detection performance of DBPD under 

both Windows and Linux with plenty of experimental objects. 

Specially, all the three birthmark techniques implemented are 

assessed for ability of recognizing plagiarism utilizing various 

semantic-preserving code transformation techniques including 

adopting different compilers (llvm and gcc), using powerful 

tools such as the shelling tools (like UPX, ASProtect etc.) and 

the obfuscation tools (like SandMark, Allatori etc.), and the 

ability of distinguishing independently developed programs 

using plentifully programs that have similar and different 

functionalities. Totally 186 different versions generated from 

38 software are used for the evaluation. As summarized in 

Table I the precision, recall and F-Measure values of the three 

birthmark techniques, we can see that all the birthmark 

methods show high detection ability with rather low false 

classification rates. The usability of DBPD is also confirmed 

by eight intern students with no prior experience of plagiarism 

detection. 

IV. CONCLUSION AND FUTURE WORK 

In this demo, we present DBPD, a tool for software 
plagiarism detection using dynamic birthmarks. To the best of 
our knowledge, it’s and will be the first publically available 
plagiarism detection tool that can handle binary executables 
directly, and the first tool that support cross-platform 
plagiarism detection. In the future work, more static and 
dynamic birthmark techniques such as the thread-aware 
birthmarks [9] will be integrated to improve detection accuracy, 
and more programming languages will be supported in DBPD. 
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Abstract—Online games are recently gained attention according 

to the increase of the bandwidth of the Internet. On the other 

hand, when we develop an online game, we have to consider the 

time lag problem caused by the heterogeneous environments. In 

this poster paper, we try to apply MAPE loop model, which 

consists of four key activities (Monitoring, Analysis, Planning, 

and Execution) for adaptation, to help reduce the problem in the 

heterogeneous online game environment. In particular, we 

propose a MAPE loop control pattern for the heterogeneous 

client/server model. We experimentally embed the pattern into an 

online game application, and the results demonstrate that our 

MAPE loop control pattern will help to reduce the time lag 

problem in the online game application.  

Keywords- client/server online game; self-adaptive systems;  

MAPE loop control pattern;  time lag 

I.  INTRODUCTION  

The number of online games and their users are rapidly 
increasing. They provide rich and up-to-date contents; however, 
they require real-time processing and fast interactivity. The 
time lag problem by network communication delay is one of 
the most serious problems. The quality of an online game goes 
down under the situation where the time lag occurs. In 
particular, match-type fighting game and FPS (First Person 
shooter) game require fast reaction speed and operation 
accuracy of game player in real-time. This paper focuses on 
inversion of an order according to the difference of the time lag 
of individual client. Moreover, online games need high 
permanency. Consequently, online game systems require that 
server applications receive much attention because of their 
ability to cope with the changes of environment, failures, and 
unanticipated event. The systems with such capability are 
called self-adaptive systems [1][3]. Self-adaptive systems 
should have certain decision mechanisms and using control 
loops is one of the approaches. The MAPE loop is one of 
control loops, which consists of four key activities (Monitoring, 
Analysis, Planning, and Execution) for adaptation [2][5][6]. 
Self-adaptive systems include these components as subsystems. 
However, practical systems including these components still 
have many problems, such as those design methods, domain 
characteristics and few actual adaptation examples [2]. 

In this paper, we propose a novel MAPE loop control 
pattern that can reduce the time lag influence. This pattern can 
be applied to the client/server type systems. 

II. PROPOSED PATTERN 

We propose a MAPE loop control pattern for client/server 
type systems, such as client/server online games (Figure 1). In 
this pattern, we deploy a Monitor and analyze component 
collects the performance data of the client, and the Analyze 
component analyzes the current situation the client. We also 
deploy a Plan and Execute components in the server, so that the 
server can determine and change to a suitable behavior at 
runtime. 

A. The outline of a proposal pattern 

The bottom of Figure 1 illustrates an instance of our MAPE 
loop pattern with four clients. We can apply this pattern to 
client/server applications that requires high accuracy in real-
time but are deployed in heterogeneous environment. 
Heterogeneous environment means a distributed environment 
where the performance of hardware and software, or network 
bandwidth is different.  In such environment, the next situation 
of whole system is hard to predict. Therefore, it is not desirable 
to deploy Analyze component to server. This pattern is for the 
applications that perform complicated processing and the  

Figure 1.  Upper: Proposed control pattern.  Bottom: Instance 
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Figure 2.  The online game system by a proposal pattern  

server manages individual clients. Therefore, it is desirable that 
the server grasps the analysis result of each client so that, the 
server grasps the analysis result of each client so that, the 
server changes the system configuration and behavior. From 
these points, our pattern deploys Monitor and Analyze 
components in individual client nodes, and deploys Plan and 
Execute components in the server node, As a result, the 
Monitor components can acquire individual clients’ data and 
the Analyze components can analyze the current situation of 
individual clients, which is difficult to recognize at the server 
side at runtime.  

B. The self-adapting scenario to a time lag of an online game                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

This pattern is for the applications that perform complicated 
processing and the server manages individual clients.  When 
the server can update all clients’ data all at once and the clients 
can reflect the updated result in their side, the game keeps valid 
state. In this scenario, the server appropriately updates the 
updating cycle in consideration of the communication delay of 
individual client. When the delays of the client A and the client 
B are largely different, the server changes the updating cycle 
from w to w’ (w < w’). This change enables the server to 
receive more clients’ data in the same cycle (Figure 2). Monitor 
component in individual clients collects individual network 
delays. Based on the collected data, the Analyze components 
analyze whether inconsistency. Based on the analysis result, 
Plan component in the server determines whether the updating 
cycle should be changed. Execute component changes the 
updating cycle according to the determination.  

III. EVALUATION 

We experimentally implemented a virtual online game 
environment in Java and applied our MAPE loop pattern on 
application. In order to easily change delays of individual 

clients, we implemented the environment in a desktop PC. The 
delays are realized by using sleep method. In this environment, 
each client sends the selected command to server. The server 
updates to the current status based on the sent data from clients 
and send update status to the clients at the end of the updating 
cycle. In this experiments, we count inconsistencies that are 
occurred when there exists unreachable client data, which 
caused by the large difference of time lag among clients. We 
prepared two (experiment 1) and three (experiment 2) clients. 
In each experiment, we compared two applications; one was 
implemented without our MAPE loop pattern and the other 
included the pattern. Table 1 shows the experimental results.  
The results demonstrate that our MAPE loop pattern is 
effective to reduce the inconsistencies by suitably control 
updating cycles.  

TABLE I.  EXPERIMENTAL RESULT 

 

IV. CONCLUSION AND FUTURE WORK 

We proposed a MAPE loop control pattern for the client-
server applications in heterogeneous environments. In 
particular, we focused on online game applications and their 
time lag problems. We have experimentally evaluated the 
effectiveness of our MAPE loop pattern through the 
experiments in a virtual online game environment. In future 
work, we try to improve the accuracy of the updating cycle by 
taking into account the prediction of environment by 
introducing a machine learning mechanism. We also plan to 
introduce a programming framework that helps developers to 
embed the MAPE loop pattern into existing online game 
applications.  
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Abstract

Domain specific modeling languages have matured over-

time and are widely used, but facilities for collaborative

modeling are still limited. Hence, there is a demand for tool

supports that facilitates sharing of modeling artifacts (col-

laboration), conflict detection, reconciliation, and merging

of concurrently edited models. This paper presents a col-

laborative model editing framework called DiCoMEF.

1 Introduction

Domain Specific Modeling Languages (DSML) have

matured overtime and widely used as an efficient alternative

to General Purpose Modeling languages (e.g., UML, Petri

Nets) for modeling complex systems [2]. DSML describes

concepts at different levels of abstraction using models,

meta-models and meta-meta-models. A model is an ab-

straction of a software system and a meta-model is a lan-

guage that describes concepts and constraints of models. A

meta-meta-model is a minimum set of concepts which de-

fines languages (e.g. EMF/Ecore 1).

Several metaCASE tools have been developed to support

the use of models defined with DSML, but most of these

tools do not support collaboration [3]. Nevertheless, when-

ever the complexity of a problem increases, the diversity of

users in groups increases as well [4]. Hence, methods and

tools to facilitate the cooperative work of these users are re-

quired. A model version control system, which facilitates

sharing of modeling artifacts, conflict detection, merging,

and versioning of models, is then required. More particu-

larly, conflicts (textual, syntactic, or semantic [1]) that cause

inconsistency should be identified and resolved.

Different approaches have been adopted to ensure col-

laboration, for instance, a central repository (e.g. SVN)

with locking techniques and merging mechanism. However,

the locking technique is not scalable [1] and this approach

forces all users to be dependent on a central repository. This

might introduce unnecessary access right bureaucracy that

1http://www.eclipse.org/modeling/emf/

would lead to dissatisfaction among members. There is an-

other mode of collaborative work where each member has

his/her local copy of a shared modeling artifact and works

in isolation with other members. This approach provides

users a better control of modeling artifacts and mitigates the

problem of being dependent on a central server. However,

it is challenging to keep all copies of concurrently edited

models consistent. Most of available versioning tools de-

tect conflicts in text or tree based documents, but they are

not suitable for models that have a graph based nature [1].

2 DiCoMEF Framework

DiCoMEF is a distributed collaborative model editing

framework based on EMF/Ecore meta-model and it lets

each member of the group having his/her local copy of

(meta)model (see Figure 1) [3]. In DiCoMEF, modifica-

tions are controlled by human agents (controllers). They

manage the evolution of either models or meta-models de-

pending of their role in the cooperative work. Model (resp.

meta-model) controller roles are flexible meaning that they

can be assigned (delegated) to other members of a group as

long as there is one unique coordinator per group. When-

ever members of a group modify (meta-)models locally, el-

ementary change operations (create, delete, and update) are

stored locally. DiCoMEF extends a history meta-model of

EDAPT 2 to capture edit operations. These operations are

used later as a means of communication among members of

a group. A controller is used as a central hub of communica-

tion among a group, but members could still communicate

with other colleagues directly. Peer-to-peer communication

could hinder convergences of all copies of (meta)models.

DiCoMEF relies on two concepts (main-line and

branches) to ensure the communication framework. The

main-line stores different versions of a copy (meta-)model

locally at each editors site. Editors cannot modify (meta-

)models stored on the main-line; they can only adapt those

stored on the branch and send then their local modifications

2http://www.eclipse.org/edapt/
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Figure 1. DiCoMEF architecture

Figure 2. Extended architecture of DiCoMEF

to a controller as “change requests” so as to commit changes

on the main-line. DiCoMEF detects structural conflicts (us-

ing edit operations) (see Figure 3) and semantic conflicts

(with OCL constraints). Edit operations can be annotated

with multimedia files to describe rationale of modifications.

DiCoMEF framework could be extended to support a large

community of users as shown in Fig. 2, where an editor

acts as a virtual controller for other editors (side editors)

working under her/his supervision. These new roles (Virtual

controller and side editor) are transparent for the DiCoMEF

controller. Side editors could also modify (meta-)models

concurrently (e.g. by using the Cloud) but these modifica-

tions would be out of the scope of DiCoMEF.

3 Status and Evaluation

DiCoMEF framework is an eclipse plugin (54K LOC)

based on EMF/Ecore meta-model and it provides a fully

operational support for collaborative meta-modeling. The

DiCoMED plugin, along with screencasts and tutorials are

available online on the DiCoMEF Web site 3. We have con-

ducted a preliminary evaluation of DiCoMEF framework

3https://sites.google.com/site/dicomef/home

Figure 3. Merge tool

with master students to assess: (1) the feasibility of collab-

orative methods and processes with DiCoMEF, (2) the cor-

rectness of conflict detection mechanisms (recall and pre-

cision), (3) the usability of the merge tool and DiCoMEF

framework (4) measuring user efforts (time) needed to

merge concurrently edit meta-models manually and using

DiCoMEF merge tool. Overall result of the evaluation was

positive and it showed that DiCoMEF can be used for col-

laborative meta-modeling.

4 Future Work

The reconciliation process of DiCoMEF will be im-

proved by letting users work with concrete syntax editors

and meta-model semantics (i.e. OCL rules for instance).

Besides, more advanced collaborative workflows will also

be investigated and defined on top of DiCoMEF. In addi-

tion, we plan to conduct more experiments and evaluations

in the future.
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I. INTRODUCTION

Intelligent systems continuously analyze their context to
autonomously take actions. Building a proper knowledge rep-
resentation of the context is key to take adequate actions.
This requires context models, e.g. formalized as ontologies or
meta-models. As these systems evolve in dynamic contexts,
reasoning processes typically need to analyze and compare
the current context with its history. A common approach
consists in a temporal discretization, which regularly samples
the context at specific timestamps (snapshots) to keep track
of history. Fig. 1 shows a context sampled at three different
timestamps. Reasoning processes would then need to mine
a huge amount of data, extract a relevant view, and finally
analyze it. This would require lot of computational power
and be time-consuming, conflicting with the near real-time
response time requirements of intelligent systems. To address
these issues, we define time-distorted contexts as time-aware
context models. Fig. 2 shows a context representation, where
the context variables belong to different timestamps. Our
approach considers temporal information as first-class property
crosscutting any context element, and enables building time-
distorted views of a context composed by elements from
different times rather than a mere stack of snapshots. We
claim that these time-distorted views can efficiently empower
continuous reasoning processes and outperform traditional full
sampling approaches by far.

II. BACKGROUND

Over time different formalisms to represent the context
of intelligent systems have been developed [1], [2], [3] for
different purposes. Entity-relationship models [4], as a general
modeling concept for describing entities and the relationships
between them, are widely used for building context representa-
tions. Most of these approaches describe a context using a set
of concepts (classes, types, elements), attributes (properties),
and the relations between them. We refer to the representation
of a context (set of elements) as a context model and to a
single concept as model element. An emerging paradigm called
models@run.time [5], [6], [7] proposes to use models both
at design and runtime in order to support intelligent systems.
Models support the design and implementation of the system,
and are then embedded at runtime to support the reasoning
processes of intelligent systems, as models offer a simpler,
safer and cheaper [8] means to reason. Our implementation

The research leading to this publication is supported by the National
Research Fund Luxembourg (grant 6816126) and Creos Luxembourg S.A.
under the SnT-Creos partnership program.

and the provided API are build on a models@run.time-based
context representation approach and are integrated into an open
source modeling framework, called Kevoree Modeling Frame-
work [9] (KMF 1). KMF is an EMF [10] alternative specifically
designed to support the models@run.time paradigm.

III. TIME-DISTORTED CONTEXTS

We consider temporal knowledge as part of a domain itself
(e.g. electric load or wave propagation prediction, medical
recommender systems, financial applications) and think that
defining and navigating temporal data directly within domain
contexts is far more efficient and convenient than regularly
sampling a context and independently querying each model
element with the appropriate time. Here, we define concepts
to navigate into the time dimension of contexts and seamlessly
combine elements from different points of time.

Temporal validity: Instead of relying on context snap-
shots, we define a context as a continuous structure, where
each element can evolve independently. We define an implicit
validity for model elements by associating a timestamp to each
of them that defines a version vme (t) of a model element
me at a time t. If a model element evolves, an additional
version of the same element is created and associated to a
new timestamp. Timestamps can be compared and thus form
a chronological sequence. Although timestamps are discrete
values, they logically define intervals in which a model element
can be considered as valid (i.e. from the time it is captured until
a new version is captured). New versions are only created if
the model element changes. Because of this temporal validity,
a relationship r from a model element me1 to me2 is no longer
uniquely defined. Instead, the timestamps of model elements
have to be taken into account for resolving relationships.

Navigating in time: Based on the assumption that intelli-
gent systems need to consider not only the current context but
also historical data, we provide means to enable an efficient
navigation into time. We define three operations that can be
called on each model element. The shift operator takes a
timestamp as parameter, looks for the valid version of the
element at the required timestamp, loads it from storage and
returns the loaded version. previous and next are shortcuts to
respectively retrieve the direct predecessor and successor of
the current model element. These operations allow to shift
model elements independently from each other through time,
and make it possible to create context models combining model
elements from different points of time.

1http://kevoree.org/kmf
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Time-relative navigation: Navigating temporal data is
complex, since a relationship r from an element me1 to
an element me2 is not uniquely defined. Indeed, r can link
different versions of me2 depending on the timestamps t1 and
t2 of me1 and me2, and on the set of versions of me1 and me2.
This means that the version of me2 linked to me1 by r depends
on the timestamp t of me1. Navigating in the model, while con-
sidering this time-relative navigation manually is complicated
and error-prone. We therefore provide a navigation mechanism,
hidden in the navigation methods of the context model, that
automatically resolves the relationships transparently for the
user. Hereby, a context time can be defined (the curve in fig.
2) and each model element is then resolved accordingly to this
definition while traversing the model. For example, the context
time can be defined as the current time of a model element
minus one day. When navigating from model element me1 at
timestamp ti to element me2, the version of me2, which is
valid at timestamp ti−1 day is resolved. In case at timestamp
ti object me2 does not exist the prior existing version of me2

is returned. Considering model elements in the context of a
specific time interval creates a navigable time dimension for
model elements. This time relative data resolution is one of the
novel concepts of this contribution. Indeed unlike in previous
approaches (e.g. relationships in MOF [11] or predicates in
RDF [12]), the navigation function is not constant but yields
different results depending on the navigation context (i.e. the
current observation date). This distortion in terms of navigable
relations finally enables what we call a time-distorted context.

IV. IMPLEMENTATION AND EVALUATION

This approach has been integrated in an open source model-
ing framework: KMF. The integration relies on two properties:
i) each model element must be uniquely identifiable, and ii)
it must be possible to get a serialized representation of all
attributes and relationships of each model element, with no
relativity to a time. KMF offers a path mechanism to support
the i) property, and traces to address the ii) requirement.
Thanks to this integration, we ran an experimentation on a
smart grid example to evaluate our approach by comparison
with a full sampling strategy. To this end, we implement a
reasoning engine, which aim is to predict if the electric load
in a certain region will likely exceed or surpass a critical value.
Our validation focuses on two key indicators: (1) performance
of the reasoning process and (2) insertion time. In order
to cover several use cases, our experimentation involves 4
different set-ups varying a) the size of the area used in the
prediction (number of meters) and b) the size of the history.
Our experimentation shows that the insertion time, compared
to full sampling, is improved by a factor of 17 and that the

time required by the algorithms to finish have been improved
by factors from 598 to 1361.

V. CONCLUSION

Considering time as a crosscutting concern of data model-
ing has been discussed since more than two decades. How-
ever, recent data modeling approaches mostly still rely on
a discrete time representation, which can hardly consider
model elements coming from different points of time. We
presented an approach, which considers time as a first-class
property crosscutting any model element, allowing to organize
context representations as time-distorted views dedicated for
reasoning processes, rather than a mere stack of snapshots.
By introducing a temporal validity for model elements we
allow them to evolve independently and at different paces,
making the full sampling of a context model unnecessary.
Instead of introducing a dedicated querying language we
provided operations to move model elements independently
through time. Finally, we added a time-relative navigation,
which makes an efficient navigation between model elements,
coming from different timestamps, possible. Our approach has
been implemented and integrated into KMF.
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Abstract—In this demo, we present the implementation of a novel
Agent-based Modelling and Simulation approach for the Schema
Matching  problem  called  “Schema  Matching  Agent-based
Simulation”  (SMAS).  Our  solution  aims  at  generating  high
quality schema matchings with minimum uncertainty. As far as
we know,  there  is  no  previous  literature  describing  a  solution
approaching  the  Automatic  Schema  Matching  and  Mapping
problem  under  the  angle  of  Agent-Based  Modelling  and
Simulation.

Keywords-schema matching; multi-agent systems; agent-based
modelling and simulation

I.  INTRODUCTION

Schema  matching  is  to  find  a  pairing  of  attributes  (or
groups of attributes) from the source schema and attributes of
the target schema such that pairs are likely to be semantically
related. In many systems finding such a schema matching is an
early step in building a schema mapping. Although these tools
comprise  a  significant  step  towards  fulfilling  the  vision  of
automated schema matching, it  has become obvious that  the
user must accept a degree of imperfection in this process [1].

Agent based modelling and simulation (ABMS) is a new
modelling approach that has gained increasing attention over
the  last  decade.  In  ABMS,  active  components  or  decision
makers  are  conceptualized  as  agents,  being  modeled  and
implemented using agent-related concepts and technologies [2].

In a this demo, we propose a novel Agent-based Modelling
and Simulation  approach  for  the  Schema Matching  problem
called “Schema Matching Agent-based Simulation” (SMAS).
We believe that our solution can be an effective approach to
reduce  to  uncertainty  inherent  to  the  process  of  automatic
schema matching.

II. SCHEMA MATCHING AGENT-BASED SIMULATION (SMAS)

In  a nutshell  our idea is to model the Schema Matching
process as interactions,  within a self-organized environment,
between agents called “Schema Attribute Agent”. In the rest of
the  paper  we  are  going  to  refer  to  the  “Schema  Attribute
Agent” simply as agent. Each  schema attribute is modelled as
an  agent  belonging  to  one  of  two  groups:  source  or  target

schema group. Furthermore, the schema matching process is
modelled as the interaction between the two group's agents. 

The figure bellow illustrates how the schema source and
target attributes could be represented as agents in a simulation
environment.

Figure 1. Representation of Schema Attributes as Simulation Agents

In our model the agents have as a main goal to find the best
matching agent within the other group of agents. They execute
behaviors based on rules with some randomness (stochasticity).
The main randomness elements influencing the simulation are
as follows:

1. Similarity calculation based on a similarity measures
selected randomly from a similarity measures list.

2. Similarity  scores  aggregation  based  on  aggregation
functions  selected  randomly  from  an  aggregation
function list (MAX, AVERAGE, WEIGHTED). 

3. Similarity  score  validation  based  on  generated
random threshold value (within interval)

The  simulation  ends  when  each  agent  has  reached  a
consensus,  about its  candidate  matching,  with another  agent
(both agents are referring to each-other as candidate match).

As  opposed  to  deterministic  solutions,  for  schema
matching, the  nondeterministic  and  stochastic  nature  of  our
agent-based simulation increases the confidence in the quality
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of  the  matching  results.  Despite  the  fact,  that  the  agent's
behaviors are based on randomness (e.g. during the similarity
calculation), our model can often produce the right matchings
at the end of each simulation run.

Figure 2. Screenshot of SMAS prototype

The foundation of the rules governing the agents behaviors,
in our model, is stochasticity (randomness).  In fact, a certain
degree of randomness is present in each step executed by each
agent  during  the  simulation.  Below  are  the  steps  executed
during each tick of the simulation run:

 Step1 & Step2 - Calculation of the name and comment
similarity  (similarity  measure  is  selected  randomly
from  a  similarity  measures  list  and  the  score  is
compared  to a  random,  within  interval,  threshold
value)

 Step3 - Compare the best matches: If the best match
for  name  and  the  best  match  for  comment  are
converging to the same Agent (in the other group) then
the  scores  are  aggregated  and  the  agent's  status  is
changed  from  “NO_MATCH”  to
“CANDIDATE_MATCH” (the aggregation function is
selected  randomly from an aggregation  function list:
MAX, AVERAGE, WEIGHTED). 

 Step4 - Check for consensus:

 Consensus  watching:  check  if  a  consensus
was reached with another agent (both agents
are  referring  to  each-other  as  candidate
match).  If  so,  then  the  agent's  status  is
changed to “CONSENSUAL_MATCH”

 Consensus timeout: If after a certain number
of  ticks  (random value  within interval)  the
agent has not yet  reached a consensus with
another agent then the agent beliefs about the
candidate  match  are  reset  to  null  and  the
status is changed to “NO_MATCH”

 Step  5  -  Ending  the  simulation:  If  all  agents  have
reached  consensus  about  their  matchings  then  their

status  is  changed  to  “STABLE_MATCH”  and  the
simulation is ended.

We  developed  a  prototype  for  SAMS  model  (based  on
Repast Simphony (2.1) [3] and DKPro Similarity (2.1.0) [4])
and performed preliminary tests for which the results1 obtained
were  compared  to  the  expected  matchings  (provided  by  the
human  expert).  For  the  sample  schemas,  we  performed  the
experiments with, SMAS was able to successfully resolve all
the expected matchings. We also performed statistical analysis
on multiple simulation runs to develop confidence that what we
are seeing is not a fluke of one particular run but instead is
some  regularity  coming  repeatedly  and  robustly  out  of  our
model.

III. DISCUSSION AND CONCLUSION

Even though, the experiments we conducted so far are still
preliminary,  nevertheless  the  results  we  obtained  are  very
encouraging and reinforced our initial idea about the fact that
modelling schema matching as agent-based simulation could be
not only a novel way for resolving the problem but also can
contribute to the goal of coping with uncertainty inherent to the
automatic  schema  matching  process.  We  believe  that  many
intrinsic  properties  of  our  model,  derived  from  ABMS
paradigm, contribute efficiently to the increase of the matching
quality and thus the decrease of the matching uncertainty.  In
fact, we can summarize those intrinsic properties as follows: 

 Emergence:  The  emergence  of  the  macro  solution
(schema  matching)  from  local  behaviors,  rules  and
interactions between agents (micro solutions).

 Cooperation:  The  cooperation  of  source  and  target
schema attributes  (represented  as  agents)  to  reach  a
consensus about their best matchings.  

 Stochasticity (randomness): The randomness on which
the  model  is  based  makes  it  possible  the  ability  to
statistically  analyze  the  output  from  multiple
simulation runs.

The current  release  of  SAMS, uses  only the  lexical  text
similarity measures,  we are planning, for the next release,  to
add semantic similarity measures such as Vector Space Model
(VSM) and Latent semantic analysis (LSA).
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1 SMAS experiments animations as well as output files: 
http://www.researchgate.net/publication/262181441_Schema_Matching_Agen
t-based_Simulation_(SMAS)_Test_animation
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Bender, Lisa 478 

Biffl, Stefan 552 



SEKE2014 Authors’ Index 

A-2 

 

 

 

 

Blake, M. Brian 592 

Bouassida, Nadia 431 

Braga, Rosana 71, 459 

Brito Batista, Gleison 522 

Brito, Patrick 35 

Brooks, Marshall 470 

Burton, Henry 470 

 

Cagnin, Maria Istela 
 

459 

Campos, Edmilson 250 

Canada, Justin 470 

Cao, Bei 314 

Cassimiro, Dimas 82 

Castro Degrossi, Ĺıvia 570 

Cavalli, Ana 90, 393 

Chanda, Nagaprashanth 156 

Chang, Hung-Fu 274 

Chang, Shi-Kuo 511, 653 

Chang, Xuling 314 

Che, Xiaoping 90 

Chen, Dejian 528 

Chen, Deng 19, 121 

Chen, Guanling 217 

Chen, Jianxun 132 

Chen, Jinfu 121 

Chen, Lei 507 

Chen, Lin 144 

Chen, T.Y. 94 

Chen, Tsong Yueh 126 

Chen, Wen-Hui 511 

Chen, Xiangping 53 

Chen, Xiangqun 507 

Chen, Yin 443 

Chen, Zhenyu 620, 723 

Chourabi Tan Tan, Olfa 684 

Clua, Esteban 495, 522 

Colaço, Methanias 474 

Connor, Andy 546 

Conte, Tayana 235, 256, 603 

Correa, Alexandre 381 

Costa, Catarina 268 

Costa, Evandro 35 

Costa, Valeria 318 

Cox, David 86 

Cristina Silveira dos Santos, Djenane 729 

 

Da Silva Júnior, Jose Ricado 
 

495 

Da Silva, Luciano 459 



SEKE2014 Authors’ Index 

A-3 

 

 

 

 

Dagnino, Aldo 86, 642 

Dai, Yafei 636 

Dallilo, Felipe 387 

Daubal, Mohammed 292 

Davis, Delmar 292 

De Souza, Cleidson 235 

Deb, Debzani 49 

Delamaro, Marcio 199 

Ding, Junhua 626 

Ding, Zuohua 94 

Diniz Da Costa, Andrew 330 

Diniz De Souza, Adler 729 

Dony, Christophe 426, 447 

Doran, Derek 642 

Dos Anjos Borges, Vanessa 516 

Dos Santos, Marco Aurélio 603 

Du, Weichang 671 

Duarte, Marcos P. 82 

Duncan, Nathan 292 

 

Ekaputra, Fajar J. 
 

552 

El-Kharboutly,  Rehab 615 

Englebert, Vincent 744 

Eyal-Salman, Hamzeh 426, 447 

 

Fagerholm, Fabian 
 

478 

Falvo Junior, Venilton 678 

Fan, Ming 740 

Fang, Chunrong 723 

Fantinato, Marcelo 387 

Far, Behrouz 338, 365 

Farias, Mário André De Freitas 474 
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Gómez, Marta 250 

 

Habibi, Jafar 
 

168 

Hanna, Philip 324 

Hardt, Wolfram 566 

Harrer, Simon 31 

Hartmann, Thomas 586, 746 

Haubold, Tobias 566 

He, Keqing 371 

Hegde, Reshma 229 

Heydarnoori, Abbas 168 

Hirasaki, Yasuhiro 193 

Hong, Gwangui 688 

Hong, Jang-Eui 717 

Hou, Qiuju 132 

Hu, Jianpeng 314 

Huang, Linpeng 314 

Huang, Rubing 19, 121 

Huchard, Marianne 138 

Hung, Wen-Ping 511 

Hwa, Jimin 688 

Hyunsook, Do 397 

 

Jali, Nurfauza 
 

324 

Jarrett, Julian 592 

Jedlitschka, Andreas 250 

Jiang, Jing 636 

Jiang, Mingyue 94 

Jiang, Sheng 19 



SEKE2014 Authors’ Index 

A-5 

 

 

 

 

Jing, Nan 274 

 

Kalinowski, Marcos 
 

552 

Kamiya, Tomoyuki 711 

Kaur, Charanjeet 365 

Kawai, Yukiko 665 

Khoshgoftaar, Taghi 280, 540 

Kiesling, Stephan 355 

Kim, Jeong-Dong 659 

Klein, Jacques 586, 746 

Knauss, Eric 355 

Kojima, Hideharu 193 

Koshima, Amanuel 744 

Krishnamurthy, Diwakar 365 

Kroll, Josiane 412 

Kulesza, Uirá 250 
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