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FOREWORD 

Welcome to the 29th International Conference on Software Engineering and Knowledge Engineering (SEKE), in Wyndham 
Pittsburgh University Center, Pittsburgh, USA. In last 29 years, 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, it is my great pleasure to invite you to 
participate, not only in the technical program of SEKE 2017 and its rich assortment of activities, but also in enjoying the beautiful 
Pittsburgh Area. 

This year, we received 195 submissions from 34 countries. Through a rigorous review process where almost all of the submitted 
papers received at least three reviews, and only a few with two reviews, we were able to select 69 full papers for the general 
conference (35.3 percent), and 61 short papers (31.5 percent). Out of that, 9 papers have been accepted for the DBKE workshop, 
12 papers have been accepted for the DISA workshop, and 4 papers have been accepted for the CISS workshop. 130 papers are 
scheduled for presentation in thirty five sessions during the conference. In addition, the technical program includes two excellent 
keynote speeches and a plenary talk from the co-locating DMSVLSS2017 conference, 9 posters and demo presentations, as well 
as workshops on Big Data Research and Development in Knowledge Engineering (BDKE), Data Intensive Services based 
Application (DISA), and Conceptual Integrity of Software Systems (CISS). 

The high quality of the SEKE 2017 technical program would not have been possible without the tireless effort and hard work of 
many individuals. First of all, we would like to express my sincere appreciation to all the authors whose technical contributions 
have made the final technical program possible. We are very grateful to all the Program Committee members whose expertise and 
dedication made my responsibility that much easier. Our gratitude also goes to the keynote speakers 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, we 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. We are 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 2017. Our heartfelt appreciation goes to Dr. 
Jerry Gao, San Jose State University, USA, the Conference Chair, for his help and experience, and to the Program Committee Co-
Chairs, Dr. Oscar Pereira, University of Aveiro, Portugal, Angelo Perkusich, Federal, University of Campina Grande, Brazil, 
Huiqun Yu, East China University of Science and Technology, China for their outstanding team work. In addition, we am truly 
grateful to the workshop organizers Dr. Zheng Xu, Tsinghua University, China, Dr. Honghao Gao, Shanghai University, China, 
and Prof. Iaakov Exman, The Jerusalem College of Engineering, Israel for their great job in organizing Workshops on Big Data 
Research and Development in Knowledge Engineering, Data Intensive Services based Application, and Conceptual Integrity of 
Software Systems respectively. 

Moreover, we would like to express my great appreciation to all of the conference organization committee members, including the 
Publicity Chair, Dr. Robert Heinrich, Karlsruhe Institute of Technology, Germany, Demo & Poster Session Chair, Dr. Masoud 
Sadjadi, Florida International University, USA. Moreover, we would like to appreciate and recognize our Conference Liaisons in 
different regions for their important contributions: Asia Liaison – Hironori Washizaki, Waseda University, Japan; Australia 
Liaison – Aneesh Krishna, Curtin University of Technology, Australia; Europe Liaison – Raul Garcia Castro, Universidad 
Politecnica de Madrid, Spain; India Liaison – Swapan Bhattacharya, National Institute of Technology Karnataka, Surathakl, India; 
and South America Liaison - Jose Carlos Maldonado, ICMC-USP, Brazil. 

Last but certainly not the least, we must acknowledge the important contributions that the KSI staff members have made. Their 
timely and dependable support and assistance throughout the entire process have been truly remarkable. Finally, we wish you 
have productive discussion, great networking, effective presentation, and pleasant stay and travel in Pittsburgh to participate in 
SEKE 2017. 

Xudong He, Florida International University, USA, Program Committee Chair 
Oscar Pereira, University of Aveiro, Portugal , Program Committee Co-Chair 
Angelo Perkusich, Federal University of Campina Grande, Brazil, Program Committee Co-Chair 
Huiqun Yu, East China University of Science and Technology, China, Program Committee Co-Chair 
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Keynote 
 

Actor-Oriented Programming for the Internet of Things 
 

Professor Gul Agha 
Department of Computer Science 

Department of Electrical and Computer Engineering 
Coordinated Science Laboratory 

University of Illinois at Urbana-Champaign 
 

Abstract 
 
The Internet of Things involves networked embedded applications in an open distributed system. Critical requirements 
of IoT applications include scalability, robustness, real-time responsiveness, energy efficiency and adaptive control. 
These characteristics are common in biological systems--autonomous agents who symbiotically use model-based data 
acquisition and feeback control. Individual agents have partial information and coordinate in real-time to create a 
robust system. The Actor model has been used to build scalable software systems such as Twitter, Linkedin, Facebook 
Chat. The Actor model can be extended with probabilistic execution, continuous variables, control and coordination 
abstractions to facilitate building IoT applications. I will describe these extensions and then discuss how IoT systems 
with large numbers of actors can be tested and verified for parallel performance and energy behavior using techniques 
such as Runtime Verification, Statistical Model Checking and Euclidean Modeling Checking. 
 
 

 About the Speaker 
 
Gul Agha is Professor of Computer Science at the University of Illinois at Urbana-Champaign and co-founder of 
Embedor Technologies, a start-up providing solutions for civil infrastructure monitoring for smart cities. Dr. Agha is 
best known for his work on the Actor model: his thesis on actors, published by MIT Press, is the most widely cited 
work on the topic. Dr. Agha has developed a number of novel techniques in the areas of Statistical Model Checking, 
Euclidean Model Checking, an Energy complexity model for parallel algorithms, software testing and mechanisms for 
multi-actor coordination. Dr. Agha is a Fellow of the IEEE. He previously served as Editor-in-Chief of IEEE Parallel 
and Distributed Technology (1994-98) and ACM Computing Surveys (1999-2007), and is currently the Editor-in-
Chief of IEEE Computing Now.  
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Keynote 
 

User-centric Techniques for Big Data Exploration 
 

Professor Panos Chrysanthis 
Department of Computer Science 

University of Pittsburgh 
 

Abstract 
 
As the amount of data being generated every day increases exponentially, the term "Bid Data" has been adopted to 
represent the challenge of large-scale data processing. Given the volume of data, the challenge is how to avoid 
overwhelming the users with irrelevant results. In this talk, we will focus on recent research challenges and 
opportunities in the emerging area of Data Exploration that aim to guide users to reveal valuable insights from large 
volumes of data (e.g., financial and scientific databases). We will overview the recent data analysis techniques 
underlying some of the new data exploration tools, and we will introduce our new framework, called Preferential 
Diversity (PrefDiv), which is capable of generating results that are not only relevant to users' preference but are also 
diverse. We will also briefly present our annotation framework, designed for biological data, that enables users to 
collaboratively explore large data sets. 
 
 

 About the Speaker 
 
Panos K. Chrysanthis is a Professor of Computer Science and a founder and director of the Advanced Data 
Management Technologies Laboratory at the University of Pittsburgh. He is also an adjunct Professor at Carnegie-
Mellon University. His research interests lie within the areas of data management and has fostered interdisciplinary 
collaborations between computer science, medicine, astronomy and mechanical engineering, both within and outside 
the University of Pittsburgh. His research contributions in principles, algorithms and prototypes to data management 
have been documented in more than 150 papers in top journals and prestigious, peer-reviewed conferences and 
workshops. His editorial service includes VLDB J (2001-2007), IEEE TKDE (2010-present) and DAPD (2010-
present). Chrysanthis is a NSF CAREER award recipient, an ACM Distinguished Scientist and a Senior Member of 
IEEE. He was honored with seven teaching awards and in 2015, he received the University of Pittsburgh's Provost 
Award for Excellence in Mentoring (doctoral students). 
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José Rogério Poggio Moreira and Rita Suzana Pitangueira Maciel

Infrastructure Based on Template Engines for Automatic Generation of Source Code for
Self-adaptive Software Domain (S) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Gabriele Salgado Benato, Frank José Affonso and Elisa Yumi Nakagawa
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Abstract—Knowledge graphs have been widely adopted, in
large part owing to their schema-less nature. It enables knowl-
edge graphs to grow seamlessly and allows for new relation-
ships and entities as needed. Natural language questions are the
most intuitive way of formulating an information need. People
can formulate questions to express their information needs.
Natural language questions as a query language present an
ideal compromise between keyword and structured querying.
Questions can be used to express complex information needs
that cannot be expressed as keywords without a significant loss
in structure and semantics. Knowledge graph has abundant
natural semantics and can contain various and more complete
information. Its expression mechanism is closer to natural
language. We propose to clarify the expression of knowledge
graph as a whole. We use knowledge graph to solve the Five Ws
problems respectively which are guided by interrogative words
such as who/when, what, how and why. We also propose to
specify knowledge graph in a progressive manner as four basic
forms including data graph, information graph, knowledge
graph and wisdom graph.

1. Introduction

In terms of usability, questions are a more accessible
medium for expressing complex information needs. The
“What, How, Who, When, Why” (Five Ws) are questions
whose answers are considered to be the basis of information-
gathering and problem-solving. Traditionally, users interact
with search engines by providing keywords to the search
engine and obtaining a list of documents that best match
those keywords. The two major drawbacks of this pat-
tern are the answer to granularity and query expression
[1]. Keyword queries are highly “telegraphic” [2] which
means that they have limited expressiveness with missing
verbs, prepositions, clauses and phrase clues. With this
limitation, users cannot express complex information needs.

Knowledge graph has become a powerful tool to represent
knowledge in the form of a labelled directed graph and to
give semantics to textual information. A knowledge graph
is a graph constructed by representing each item, entity
and user as nodes, and linking those nodes that interact
with each other via edges. However, there is still a lack
of a standard definition of knowledge graph. In [10] the
authors elaborated conceptual approaches for defining data,
information, and knowledge. Data is acquired by observing
the basic individual items of numbers or other information,
but on their own, without context, they have no information.
Information is conveyed through the context of data and
data combinations, and may be suitable for analysis and
interpretation. Knowledge is the general understanding and
consciousness gained from the accumulated information,
and the experience is adjusted so that a new background
can be envisaged. Wisdom is an extrapolative and non-
deterministic, non-probabilistic process. It calls upon all
the previous levels of consciousness, and specifically upon
special types of human programming [12]. We propose
to clarify the expression of knowledge graph as a whole.
We use knowledge graph to solve the Five Ws problems
respectively which are instructed by interrogative words
such as who/when, what, how and why. Each of them can be
widely used to explore and evaluate a variety of knowledge
theories and systems. We show the progressive forms of
knowledge type in Table 1. Correspondingly, we propose
to specify knowledge graph in a progressive manner as
four basic forms including data graph, information graph,
knowledge graph and wisdom graph.

In the rest of this paper, we elaborate how to use knowl-
edge graph to solve the problem guided by interrogative
words including “who & when” “what” “how” “why” in
Section 2, 3, 4, and 5 respectively. The related works are
elaborated in Section 6. And we give our conclusions in
Section 7.
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TABLE 1. THE PROGRESSIVE FORM OF KNOWLEDGE TYPE

(rightside: general forms) data information knowledge wisdom

Semantic load not specified for
stakeholders/machine

settled for
stakeholders/machine abstracted on known information Known to unknown

format discrete elements related elements Probabilistic or categorization (frame or stylish expression)
knowledge answer who/when/where what how why

usage transmission communication reasoning prediction
Sub graphs data graph information graph knowledge graph wisdom pool

what

who/when
/where

how

why
Who/when/

where

What

How

Why

Data graph

Information 
graph

Knowledge 
graph

Wisdom pool

Understanding 
relations

Understanding 
patterns

Understanding
 principles

Figure 1. Relations between “Who/when/where”, “What”, “How” and
“Why”.

2. Relationship between “who/when/where”,
‘what”, “how” and “why”

In Fig. 1 we show the relationship between
“Who/When/Where”, “What” “How” and “Why”. We
use discrete points to represent data. Data represents a fact
or statement of event without relation to other things and
we can use data to give answers to the questions guided
by “Who/When/Where”. Data requires interpretation to
become information. To translate data to information,
several factors must be considered. The factors involved
are determined by the creator of data and the desired
information. Information is data that has been given
meaning by way of relational connection. This “meaning”
can be useful, but does not have to be. By organizing the
associated discrete data points together, we can provide
answers to ”what” questions. Knowledge is the appropriate
collection of information and it is considered to be of great
use. Knowledge is a deterministic process and can be tacit
as well as explicit. When people “memorize” information,
they have amassed knowledge. This knowledge has useful
meaning to them, but it does not provide for, in and of itself,
an integration such as would infer further knowledge. We
use knowledge to answer “how” questions. The first three
categories relate to the past and they deal with what has
been or what is known. Only the fourth category, wisdom,
deals with the future because it incorporates vision and
design. With wisdom, people can create the future rather
than just grasp the present and past [16]. But achieving
wisdom isn’t easy. People must move successively through
the other three categories. By assessing and understanding
the acquired knowledge, we infer what we did not know
before. Wisdom can provide answers to “Why” questions.

3. Using Knowledge Graph to Answer the
Question of “Who& When”

We represent entities with the logical predicate Ent(E).
We represent labels with the logical predicate Lbl(L).
Then an entity having labels can be defined as Ent(E) =
Lbl(L). Relations are represented with the logical predicate
Rel(E1,E2,R) where the relation R holds between the entities
E1 and E2, for instance, R(E1,E2). We define a knowledge
graph G as a set of triples of the form (s,r,t) where s,t ∈ E
and r ∈ R. When a user presents his/her information needs
by asking questions, we propose to segment questions and
recognize the basic entity E1, relationship type R, and type
of target entity E2. The query seeks target entity E2, where
R (E1, E2) holds and mentions of entities have been linked
to the corresponding knowledge graph. In general, we can
present a user’s question to a triad form. A triple pattern
query, or simply a query is a set of triple patterns Q =
q1, ..., qn and a projection set P(Q) of variables. We require
the join graph of Q, where qis are vertices and an edge exists
between every pair of vertices sharing a common variable,
to be a connected graph (to avoid computing Cartesian
products). P (Q) is a subset of the variables in Q, defining the
output structure, typically tuples of entities. We also refer to
the triple pattern set Q as a query when the projection set is
not relevant for the discussion. We adapt one of the figure
examples from [1] to explain. When a user enters “who is
the spouse of Robert Rossellini”, it can be expressed as (?x,
spouse, RobertRessellini). The corresponding triple pattern
query is

SELECT ?x WHERE ?x spouse Robert Rossellini.
According to the knowledge graph shown in Fig. 2 we

can learn that the answer to the question is P (Q) = Ingrid
Bergman. The denition of an answer to a query is a natural
extension of an answer to a single triple pattern.The method
of dealing with “when” questions is similar to that of “who”
questions.

4. Using Knowledge Graph to Answer the
Question of “What”

4.1. Inferring the property of an entity according
to rules

Compared with existing modelling tools such as UML
Class Diagrams, knowledge graph has abundant natural
semantics, and its expression mechanism is closer to natural
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Casablanca(movie)
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type

Humphrey 

Bogart

actedIn type

Figure 2. An example knowledge graph of people (only a fragment is
shown).

language. Knowledge graph can contain various and more
complete information. According to algorithm 1, we can
generate rules from a large number of training data sets.
When a user searches for an entity, if collection of the
entity

′
s (relation, label) value pair matches to a certain rule,

then we can know which class the entity belong to. For
example, we give a set of rules about verifying vertebrate
categories as shown below:

r1: (is a, flying animal) ∧ (has, feather) ∧ (is a, constant
temperature animal) → bird.

r2: (is a, aquatic animal) ∧ (has, squama) ∧ (breath with,
gills) → fish.

r3: (is a, variable temperature animal) ∧ (has, squama)
∧ (breath with, lung) → reptile.

r4: (is a, viviparous animal) ∧ (is a, constant temple
animal) → mammal.

r5: (is a, variable temperature animal) ∧ (is a, semi-
aquatic animal) ∧ (breath with, lung) → amphibian.

Algorithm 1 Extracting rules according to the data set
Require: Training record E;
Ensure: collection of relation-label value pair A(Ri, Li), an or-

dered set of classes Y0{y1, y2, , yk}, initial list of rules R={}
For every class y ∈ Y0 − yk do

while the termination condition is not satisfied do
1. generate a rule r ← (A, y);
2. remove the training records covered by r from E;
3. append r to the end of the rule list R: R ← R ∪ r

End while
End For

According to the above rules, we give partial knowl-
edge graph about the classification of vertebrates as Fig.
3 shows. Entity swallow and its labels can be represented
as Ent(swallow) = Lbl(flying animal), Lbl(feather). In Fig.
3, Ent(swallow) and Ent (bird) have two matching charac-
teristics, so we can recognize the swallow as a bird at the
probability of two-thirds. The probability, denoted as P can
be computed according to (1):

P =
|Ent(E1) ∩ Ent(E2)|

|Ent(E1)|
(1)

where |Ent(E1) ∩ Ent(E2)| indicates the number of com-
mon labels of entity E1 and E2, |Ent(E1)| indicates the
number of labels of entity E1.
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amphibian
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reptile

squama

 gills

Is a
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Is a
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Figure 3. Partial knowledge graph of vetebrates.

4.2. Establishing New Association through Knowl-
edge Reasoning

In knowledge graph we can establish a new association
between more entities through knowledge reasoning, so as
to expand relations between entities and increase the edge
density of the knowledge graph. Reasoning often requires
the support of relevant rules, such as ”spouse” and ”male” to
reason out ”husband”, from the date of birth and the current
time to reason out of age and so on. These rules can be
constructed manually by people, but often time-consuming
and laborious, and it is difficult to exhaust all the reason-
ing rules in complex relationships. At present, it mainly
relies on the co-occurrence of relations, and uses association
mining techniques to automatically find reasoning rules.
The classical method of using relational rule to achieve
relational extraction is Path Ranking Algorithm, which uses
each different relational path as a one-dimensional fea-
ture. By constructing a large number of relational paths in
knowledge graph, we are able to obtain the eigenvector of
relation classification and a relational classifier to extract
the relationship. For example, there is doubt that whether
it is correct to establish a relationship profession between
entity Charlotte Bronte and entity writer in Fig. 4. We can
calculate the rate of correctness of a relationship, denoted
as Cr(E1, R,E2), according to (2):

Cr(E1, R,E2) =
∑
π∈Q

P (E1 → E2, π)θ(π) (2)

where P(E1, E2) indicates one path between E1 and E2,
Q indicates all paths starting from E1 and ending with E2,
θ(π) represents the weight obtained by training.

4.3. Semantic links and active push of information

Knowledge graph as an important support for seman-
tic query includes a large number of named entities and
semantic relations. Knowledge graph can provide an open
knowledge access interface and to a certain extent it reflects
the real world of inter-entity relations. The graph structure of
knowledge graph is not restricted by form. Knowledge graph
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Figure 4. Partial knowledge graph of people.

can express abundant natural semantics and can supplement
related information among terms. The graph-based nature of
knowledge graph makes possible a linkage to other graphs
thus resulting in an easy integrating of multiple kinds of
information and an enhancement in integrity of information.
By exploring the graph, new connections and commonalities
between items and users can be discovered and exploited.
For example, in Fig. 5, when a user enters the question
“What happened to Air France on September 15?”, we can
find the corresponding entity nodes that are “Air France” and
“9.15” in the knowledge graph. Then we learn that there is
a staff strike event occurred in Air France on September
15. Through entity-relation links and relevant information
pushing, we can get an extended knowledge graph and show
the user more detail information such as flight numbers and
follow-up effects of the incident.

Event

walk out

Air France

9.15

Unknown

Airline
Flight 

dynamics

AF107

Cancel

Passenger

9.28

itinerary

has flight number

has flight number

Affiliated company

has

has

has time

status
has name

knowledge graph of an event

knowledge graph of flight

knowledge graph of itinerary 

influence

in
fl

u
e
n

c
e

Figure 5. A combined knowledge graph.

5. Using Knowledge Graph to Answer the
Question of “How”

Knowledge graph can also show a process of dealing
with an event when a user enters a question “how to do...”.
Path queries on a knowledge graph can be used to answer
compositional questions such as What languages are spoken
by people living in Lisbon?. However, knowledge graphs
often have missing facts (edges) which disrupt path queries.
Recent models for knowledge base completion impute miss-
ing facts by embedding knowledge graphs in vector spaces.
We show that these models can be recursively applied to an-
swer path queries, but that they suffer from cascading errors.

This motivates a new “compositional” training objective,
which dramatically improves all models ability to answer
path queries, in some cases more than doubling accuracy.
Let E be a set of entities and R be a set of binary relations. A
knowledge graph G is defined as a set of triples of the form
(s,r,t) where s,t ∈ E and r ∈R. A path query q consists of an
initial anchor entity, s, followed by a sequence of relations to
be traversed, p = (r1,...,rk). The answer or denotation of the
query, [q], is the set of all entities that can be reached from
s by traversing p. Formally this can be defined recursively:

[s]
def
= {s}, [q/r] def

= {t : ∃s ∈ [q] , (s, r, t) ∈ G}

We define the set of candidate answers to a query C(q) as
the set of all entities that “type match”, namely those that
participate in the final relation of q at least once. And let
N(q) be the incorrect answers:

C(s/r1/.../rk)
def
= {t|∃e, (e, rk, t) ∈ G}, N(q)

def
= C(q)\[q] .

For example, when a user enters a “how to recruit”, we
can find other entities that have an “include” relationship
with the entity “recruitment process” based on the keyword
recruit in Fig. 6. We can then query other entities related to
the previous entity follow the path if necessary and continue
to perform these two steps until all relevant entities are
found.

online 

registration

Resume 

screening

Phone 

interview

ability  test

Second 

interview

First 

interview

entry 

examination

Hiring 

notice

select Next

next

next

next

If_passednext

Recruitment 

Process

include include include

include

include

inlcudeinlcudeinclude

Figure 6. Partial knowledge graph of recruitment process.

6. Using Knowledge Graph to Answer the
Question of “Why”

When people want to know the cause of something,
she/he usually raise questions related to why, and the reason
for one thing includes both direct and indirect causes. Five
Whys is an iterative interrogative technique used to explore
the cause-and-effect relationships underlying a particular
problem [15]. The primary goal of the technique is to
determine the root cause of a defect or problem by repeating
the question “Why?” Each answer forms the basis of the
next question. We give a description in Algorithm 2. The
“Why” in the name derives from an anecdotal observation
on the number of iterations needed to resolve the problem.
We give an example in Fig. 7 by asking why the vehicle
cannot starting. Through the first inquiry we know the reason
is the battery is dead. Then we continue to ask questions
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“Why the battery is dead?” Through five iterations, we
can know that the root cause is that the vehicle was not
maintained according to the recommended service schedule.
The questioning for this example could be taken further to
a sixth, seventh, or higher level, but five iterations of asking
why is generally sufficient to get to a root cause. The key is
to encourage the trouble-shooter to avoid assumptions and
logic traps and instead trace the chain of causality in direct
increments from the effect through any layers of abstraction
to a root cause that still has some connection to the original
problem. Note that, in this example, the fifth why suggests a
broken process or an alterable behaviour, which is indicative
of reaching the root-cause level. It is interesting to note that
the last answer points to a process. This is one of the most
important aspects in the Five Whys approach - the real root
cause should point toward a process that is not working well
or does not exist.

Algorithm 2 Iterative interrogative algorithm
Input: Question Q {Why Entity E0 ...?};
Output: A directed acyclic graph G

while Ei is the root cause of E0 do
1. Find the entity Ei that matches the triple

(E0, causedBy,Ei);
2. i++;
3. Add node Ei and relationship causedBy to G.

End while

The alternator belt was well 

beyond its useful service 

life and not replaced.  

The alternator 

belt has broken

The vehicle was not 

maintained according to the 

recommended service 

schedule

causedBy

causedBy

cause

causedBy

root 

cause

causedBy

battery  deadstate

alternator  not 

functioning
state

vehicle   not start state

Figure 7. An example knowledge graph about causes of not starting vehicle.

In addition to inquiry the causes of the occurrence of an
event, “why” can also be used to question the causality. A
cause and its effect can be of different kinds of entity. For
example, when a user inquiries about why smoke damage
people

′
s lungs, smoke is the cause and damage to lungs

is the relevant effect. We show the detail reason through
knowledge graph by finding the middle nodes. In Fig.8 we
can find that there are five paths between entity smoke and
entity lung. Each path indicates a reason for that smoking
will damage people

′
s lungs. In algorithm 3 we elaborate

how to find all the complete paths between two entities in
order to find the detailed cause of the causal relationship
between them.

Algorithm 3 Finding all the complete paths between two entities
Input: Entity E1 and Entity E2;
Output: Knowledge graph G with all paths between E1 and E2

while E2 is visited do
1. Find the first neighbour Ei of E1 and mark it as visited;
2. E1=Ei;

End while
3. Back to the last node;
4. Repeat step 1 and step 2.
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fluff

Pulmonary 

airway

Other 

carcinogens

produce

include

include

include

damage

attached to

includesmoke

lung

damage

damage

damage

Figure 8. Causal relationship between smoke and lungs.

We expand Fig. 6 to illustrate details of the recruitment
in a more detailed diagram. In Fig. 9, we can easily find the
time and place of the recruitment as well as the interviewers
who are responsible for the interview based on some discrete
data points. These discrete data points can be the answers to
“when”, “where” and “who” respectively. Linking discrete
data points through relevant connections can reflect some
of the basic situation of the recruitment. Contents in the
right green box show the recruitment process which is the
answers to “how” questions. And according to contents in
the purple box we can understand the reasons for holding
the recruitment. Certainly, there are some other reasons
not shown in the figure which yet can be inferred from
the existing known knowledge. For example, reason for
selecting Alice and Bob as the interviewers may be that
Alice and Bob are very experienced.

Interviewer Recruitment

May 1
conference 

hall

Talent 

scarce

chekedBy

heldIn heldOn

Resume 

screening

Phone 

interview
Ability test

First 

interview

Second 

interview

Online 

registration
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examnition
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next

next

next

next
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Hiring notice next

include

Busy 

business

Performance 

decline

BobAlice

and

causedBycausedBy

causedBy

Who
Where When

What

Why

How

Figure 9. An example of reflecting Five Ws on a knowledge graph.

7. Related works

For users with complex information needs, they can
express their needs by proposing natural language questions.
These questions are subsequently interpreted with respect to
the specific knowledge graph at hand by mapping them to a
triple pattern query, which can be issued to the knowledge
graph, returning the desired answers to the user [3, 4, 5,
8]. This new setting of large knowledge graphs presents an
opportunity to tackle the question answering problem using
new approaches. By working against a knowledge graph,
crisp entities can be returned as answers. By exploiting the
structure provided by the knowledge graph and extracting
relationship between entities, one can also answer complex
questions that require multiple joins, corresponding to paths
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in the knowledge graph [6, 13, 14]. In these cases, a knowl-
edge graph can be used to return answers that are proper
tuples of entities, rather than singletons. Moreover, users will
be able to ask for how an answer was derived by looking
at the query that produced it. In [7] the authors presented a
semantic parsing framework for question answering using a
knowledge base and defined a query graph as the meaning
representation that can be directly mapped to a logical form.
Semantic parsing is reduced to query graph generation,
formulated as a staged search problem. In [9] the authors
presented a natural-language question-answering system that
gives access to the accumulated knowledge of one of the
largest community projects via an automatically acquired
structured knowledge base. Inheriting concepts from ECML,
at the highest abstraction level, in [11] the authors elaborated
a contract in the eSourcing ontology and eSML answering
three conceptual questions including the “who, where, and
what” question.

8. Conclusion

The availability of large knowledge graphs presents
a challenge and an opportunity that are, in some sense,
duals of each other. The challenge lies in how to make
an abundance of knowledge easily accessible to humans.
Only a fraction of potential consumers of this knowledge
will be versed in formulating triple pattern queries that
express their information needs. Even for such people, the
sheer size of data and the lack of a schema mean that
formulating a triple pattern query can be a challenging task,
requiring multiple rounds of tedious query reformulation. A
solution to the above problem is to allow users to query
knowledge graphs by proposing natural language questions.
We proposed in this work to introduce knowledge graph to
solve questions guided by the interrogative words including
who/when, what, how and why(Five Ws). We elaborate three
algorithms in this dissertation to facilitate effective querying
of knowledge graphs and acquisition of knowledge. The
contributions of this work are in the areas of question
answering over knowledge graphs, relaxed knowledge graph
querying combining structured and unstructured data, and
open information extraction. These works initially validate
that we can use natural language to express knowledge graph
and then evaluate a large number of knowledge theories and
systems. On the other hand, data, information, knowledge,
and wisdom forms progressive layers of expression. We can
dig information from data, obtain knowledge from informa-
tion and acquire wisdom from knowledge. Our work lays
the foundation of investigation from data to wisdom. In the
next stage, we will deal with the 5W problems for the same
background and different background at data, information,
knowledge and wisdom level respectively. In addition, we
will deal with the ambiguity of mapping problem to the
query which is both structural and informative.
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Abstract—As a new service paradigm of Software-as-a-Service 
(SaaS),Business Process-as-a-Service (BPaaS). BPaaS is used to 
build a cost-effective Business Process Management (BPM) 
system. Based on universal Artifacts, we develop a framework 
named SeGA (Self-Guided Artifact). In SeGA, a BPM system is 
capable of executing business processes from multiple clients, and 
responding query at runtime. what's more, by the template-based 
cascading data mapping method, entity to be synchronized with 
database automatically, so each BP instance can modify its 
process entity without worrying about the database access. In this 
paper, we conduct a deep research and implement a prototype 
system for Artifact process design. 

Keywords: SaaS, BPaaS, Universal Artifact, SeGA 

I.  MOTIVATION  

A business process (BP for short) is a sequence of tasks that 
are performed by humans or computers to accomplish a 
business objective. In traditional settings, a BPM system 
always suffers from low adaptability, which means the BPM 
system is highly likely to be redesigned along with the change 
of environment or requirement [1]. 

In traditional business process modeling, activity is the 
“first-citizien” and the main focus is the control flow, such as 
resource planning and logistics, mainly aiming at business 

management in general instead of software design or 
development. As a consequence, once any change occurs, the 
system has to pay the price. 

Many miserable stories happen, and we will give an 
example of the BPM system that is used in the Hangzhou 
Housing Management Bureaus (HHMB for short). Note that 
HHMB has already gained rich experience in using BPM 
systems. Now, for the same bureau of Urumqi (the capital city 
of Xinjiang province), the administrative processes are similar. 
However, it differs from the case of Hangzhou in organization 
architecture and process complexity. Thus, it is a challenge to 
take advantage of the existing BPM systems. Although their 
tenants differ in terms of specific requirements, they do share 
the common requirement of administrative processes. 

From the example upon, it is obvious to see the missing 
data is a key reason for hindering software design and 
management. The real world is not kind, for the absence of data, 
any change happened may disturb the executable activity 
sequence. This model is not scalable. Faced up with the change 
whether from data or organization structure, it is technically 
difficult to implement the change on the prototype system in 
practice due to the lack of coherent data design [3]. Honestly, 
there are more than one example like this. Processes in real 
world tend to be semi/loosely structured or unstructured, 
knowledge-intensive and usually driven by user decision and 
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data. These processes cannot be represented as a set of 
activities with predefined precedence relations. Availability 
and status of data objects are the main driver for the process 
progression. So to model and implement data-driven processes, 
a tight integration of processes and data is required. To 
overcome this limitation, we introduce the Artifact-based 
business process[4]. The artifact-centric approach[5] emerged 
as a foundational proposal for merging data and processes 
together. In Artifact-centric business process, the change rules 
could be temporary and non-schematic. Rules allow business 
processes to respond to situations flexibly with many more 
options. 

Recently Software-as-a-Service (SaaS) has begun to be 
employed in business process manage. Cloud computing has 
undoubtedly fired the desire to provide BP execution as service 
or BPaaS[2]. By providing a set of pre-designed workflows on 
the SaaS application，a tenant can simply select and configure 
the most suitable one and use the business processes execution 
on-demand as a Service and thus brings a new service 
paradigm- Business Process-as-a-Service (BPaaS). BPaaS 
proposes a novel way to integrate the techniques of SaaS and 
BPM and enables multiple tenants (customers) to share 
common business process model and resources among each 
other. This has the disadvantage that multi-tenant models are 
often limited in terms of customizability: one model should fit 
the needs of all customers[6][7][8]. 

BPaaS can be regarded as a special SaaS that is used in 
business process management. SaaS is one of different ways to 
provide cloud services, through providing configurable 
interfaces in the Internet or Intranet. Similarly, BPaaS provides 
BP services for multiple users in a way of service. That is, it is 
not necessary for users to manage or control the underlying 
resources. Since the BPaaS provides resources through 
interfaces in the Internet or Intranet, the users can conveniently 
access the resources in the system via a browser, and do not 
need to invoke any low-level fine-grained component [9]. Note 
that, it is also an option to use the multi-tenancy technique to 
build a BPM system. 

Consider real estate property management in China again. 
There are roughly10 to 50 Housing Management Bureaus 
(HMBs) in each of 30 provinces for managing titles, permits, 
licenses etc. Every HMB currently runs and maintains its own 
BPM system[10]. For example, the BPM system for the HMB 
in a large city Hangzhou handles about 300,000 cases annually 
(with about 500 BP models)(Fig.1 and Fig.2). BPaaS can get an 
estimate 9% labor saving for Hangzhou HMB in managing and 
maintaining BPM systems[11] and is a great business 
opportunity in the software market in general. 

Enterprise
Data Store 1

Service Provider

BP Engine 2 Local 2

Enterprise 
Data Store 2…

…

Yiwu HMB

BP Engine 1 Local 1

 

Fig. 1.  Running Clients’ BP Engines 

Yiwu HMB

Ent.DS 1
& Local 1

BP Virtual
Engine

Ent.DS 2
& Local 2

…

…

Service Provider

 

Fig. 2.  Shared BP Virtual Engine 

However, in most BPM systems (workflow systems), the 
data for process execution is scattered across databases for 
enterprise, auxiliary local data stores within the BPM systems, 
and even file systems (e.g., specification of process models). 
The interleaving nature of data management and BP execution 
and the lack of a coherent conceptual data model for all data 
needed for execution make it hard for (1) providing BPaaS (2) 
effectively support collaboration between business processes, 
due to an enormous effort required on maintaining both the 
engines as well as the data for the client applications. In 
particular, different modeling languages and different BPM 
systems make process interoperation one of the toughest 
challenges. In [12], Professor Su formulated a concept of a 
“universal artifact”, which extends artifact-centric models by 
capturing all needed data for a process instance throughout its 
execution. A universal artifact clearly captures all necessary 
data for execution and allows for a BP engine to process 
without any data outside of the universal artifact. In this paper, 
we conduct a deep research into the BPaaS model[13] and 
implement a prototype system for artifact process design. 

II. ARTIFACT 

Artifact is a key, business-relevant conceptual dynamic 
entity that is used in guiding the operations of a business, and 
whose content evolves as it moves through those operations. It 
aims to provide a unified, end-to-end view of relevant entities 
and their possible evolutions. 

A. Maintaining the Integrity of the Specifications 

An artifact type consists of two parts named information 
model and lifecycle model, aiming to provide a unified, end-to-
end view of relevant entities and their possible evolutions. 

 
 The information model is defined as a set of attributes, 

and includes all the data needed to capture business 
process goals and evaluate whether they are achieved, for 
the runtime state of a business process is determined by 
the current snapshot of all artifacts. 

 Lifecycle model is the description of the allowed 
information model evolutions through the execution of a 
process. it specifies possible ways that an artifact might 
progress through the business but does not restrict the 
way to specify artifact lifecycles. 

 

Identify applicable sponsor/s here. (sponsors) 
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III.  ARCHITECTURE  

The architecture of the target BPM system is shown in Fig. 
1. The Designing layer is responsible for modeling, including 
Process Customizer, Entity Customizer and Data Connector. 
We will elaborate the three components below(Fig. 3). 

Enterprise 
DBs

Client

Synchronizer

Enterprise data Data Connector

Entity Customize

Process Customize

Designing  Layer

Data mapping

Runtime 
Monitor

Anomaly 
Handler

Component

Automatic task

Program

Operator

Instance monitoring

...

Univ. Artifacts 
Repository

SeGA 
Manager

SeGA Dispatcher

2.fetch 

SeGA Mediator

3. artifact

7.store 

JTang API

Workflow 
database

JTang engine

Execute 
workflow

JTang

4. decompose and 
send event

6.assemble 
data into 
artifact

Error monitor

artifacts

Artificial task

In
it

ia
to

r

W
or

k
li

st

... event queueSeGA Layer

Execution Layer

5.Perform

SeGA API

Invoke 

 Fig.  3.  The Architecture of the Target BPM System 

Finally, complete content and organizational editing before 
formatting. Please take note of the following items when 
proofreading spelling and grammar: 

A. The Entity Customizer 

The Entity Customizer provides a series of tools to design 
schema and further saved in the repository in the SeGA layer. 
The Entity Customizer is responsible for data design. This 
module first imports the business process entity template of the 
corresponding process template, and the customer can modify 
the entity template and conduct attribute configurations during 
the designing process according to the specific business 
requirements. The process entity needs to consider three types 
of data: Enactment status which represents the current 
execution snapshot, resource usage and state needed for service 
execution and correlation between processes instances. The 
Artifact entity model in the BPaaS platform is a tree-shaped 
model[14], Each node represents an Artifact data. The 
following entity types are defined in this part: 

Artifact: All the data nodes in this platform are of Artifact 
type. And entity of this type specifically refers to the one who 
has sub-nodes and has a one-to-one mapping with its instance. 
For example in Fig. 5, the Applicant Information of Public 
rental application form, It has sub-nodes such as name, age, but 
only one “applicant information” is allowed. 

Artifact: 1-n: Artifact with a relationship of one-to-many. 
For example in Fig. 5, different from the “appliciant 
information”, After instantiation, the “Family member 
information” can matching with several members for the Multi-
member family .Entity of this one-to-many relationship is set to 
be Artifact 1-n type. 

Attribute: Nodes of the Entity tree which represents 
inseparable metadata, such as “name”. Specially, the Attribute 

attribute used to represent the uniqueness of the Artifact 
instance is called “Key”. 

Group: Complex attribute type which stores as a metadata 
in the database, but in reality, it may be divided into multiple 
ones. For example in Fig. 4,in practical case, the “address” may 
be divided to “province” and “city” for use, but the separately 
stored attribute of province and city has no meaning in store, 
for this mean, the type “Group” is essential. 

Application 
Form

Applicant 
Information

Family 
members

ID

Applicant 
Date

Reviews

Name

Birth 
date

Career

Name

Birth 
date

Career

 
Fig. 4   Artifact Instance-Application Form 

B. The Process Customizer  

The Process Customizer adjusts the artifact lifecycle that is 
stored in the universal artifacts repository (UAR for short, in 
the SeGA layer) (Fig.6), and also makes service binding. 
Customers can customize the process by simply dragging the 
icon (such as the start node, task node, etc.) in the page 
according to his own need. And in service binding, by setting 
the read and write permissions of different fields in the 
business entity, the binding of the process task and the business 
entity is realized. The Process Customizer is in charge of 
setting basic activity attributes(introduction, merge mode, 
branch mode), as well as the attributes(conditional expressions) 
among different tasks. Each activity needs to specify which 
attributes to read and write. 

C. The Data Connector 

The Data Connector is a tool to define the mapping 
relationships in the entity-enterprise database (EDB for short), 
which are maintained by the Synchronizer in SeGA layer [14]. 
It includes two parts called DB-Template and EDB mapping 
and Entity-EDB mapping. Through the pattern mapping 
technology to establish relationship between the association 
automatically and add the mapping rules manually. Due to the 
different focus of business people and programmers, there are 
differences between the understanding of business entities and 
data of enterprise database, together with the heterogeneity of 
the data structure, it is difficult to establish a direct mapping 
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between the business entity and enterprise data, and thus can 
not guarantee the data consistency. 

Below is the basic theory of cascade mapping(Fig.5). O 
represents cascading operations and M represents data mapping. 
The source mode includes business entity template S’ and 
business entity S, target source mode includes data-base 
template T’ and enterprise database T. In order to solve the 
problem of large differences in structure and attribute names of  
S and T, using the business entity template S 'and the database 
template T' to achieve automatic data mapping of S and S’,T 
and T’. between the two. In the S 'and T' mapping, the use of 
pattern mapping technology can automatically complete the 
mapping of partical data, and meanwhile, manually modified 
mapping rules is allowed. In this way, we can establish the data 
mapping relationship from S to T by establishing the mapping 
relation between S and S ', S' and T ', T' and T respectively. 

Schema S’

Schema S

SchemaT’

Schema T

M1M1' M3M3'

M1oM2oM3

M2oM3

M2

M2'

Fig. 5   cascade mapping 

Based on the template-based cascading data mapping 
method[14], the data connector solves the differences in the 
understanding caused by the different points of interest by 
bridging the business template and the database template, and 
the part of the mapping work is automatically completed 
improving the efficiency of the mapping greatly. That is, Data 
mappings allow entity to be synchronized with database 
automatically. So each BP instance can modify its process 
entity without worrying about the database access[15][16]. 

Database

Wo
rk
fl
ow
 i
ns
ta
nc
es

 
Fig.  6   data mapping 

The SeGA layer acts as a Service Wrapper/Mediator 
[17]and seperates data from the execution engine, which is a 
key advantage for BPaaS [1]. It consists of a SeGA dispatcher 
and a SeGA mediator. When an external event arrives, the 
dispatcher fetches the relevant universal artifact from a 
universal artifact repository, extracts the schema from the 
universal artifact and maps it back to the original 

form(GSM[18][19] or EZ-Flow) restores the original artifact 
instance (GSM or EZ-Flow), and sends the external event, 
schema, and the original artifact instance to the mediator. 
When the mediator receives the event, schema, and the instance, 
it deposits the artifact schema in the appropriate location where 
the Barcelona/EZ-Flow engine will access, and passes the 
control over to the Barcelona[20]/EZ-Flow engine by 
forwarding the event. When the Barcelona/EZ-Flow engine 
receives the incoming event, it executes the next step and 
updates the artifact instances according to the schema deposited 
by the mediator; and outgoing events may also be sent directly 
from the engine if there exists task invocation during the 
execution. Once it completes, the mediator fetches the updated 
artifact instances, together with their schemas and states, and 
sends them back to the dispatcher. The dispatcher then maps 
the instances and schemas back to universal artifacts and stores 
into the corresponding repository. 

The Execution layer consists of two, i.e., the SeGA 
mediator and JTang workflow system. The Execution layer is 
responsible for pure workflow management, not involving any 
data. The Task Manager invokes SeGA API and JTang API to 
connect the remote database. After loading data into the 
workflow system, SeGA invokes the JTang engine to execute 
the workflow. The JTang engine handles the event, updates the 
instance and sends the processed events. The JTang engine 
determines whether the next activity can be implemented 
according to the execution flow. The execution result will be 
received by the Task Manager component in the SeGA layer to 
decide which task is to perform next. There are two 
components that can control the task performance. 1) One is 
the SeGA Manager component that informs the program to 
execute the task. 2) The other is that people can start an 
initiator component to initialize the artifact instance. Besides, 
the Runtime Monitor component and Anomaly Handler 
component can handle the possible errors in the execution 
process in a timely manner. 

IV. IMPLEMENTATION 

When people use BPaaS in a real application, the proposed 
system provides templates for the process designer to specify 
their requirements. Based on the template-EDB and entity-
EDB mapping, people can acquire the mapping between the 
schema and EDB table attributes. The proposed system stores 
such mapping relations into the dataset MySQL. We use the 
programming library JointJS1 to customize the BP template, 
which is displayed on the Web. We set the access permission to 
data for each activity according to two rules, i.e., read-only and 
write-only. Thus, people can acquire a complete business 
process, and store the web schema of each activity in the local 
database. We open the source code of BPaaS at 
https://github.com/rendididi/SeGA. 

V. DEMONSTRATION 

In demonstration, we set the process management of 
Urumqi Housing Management Bureau (UHMB for short) as a 
template. Due to the large population migration, we need a pre-
step to make an investigation to confirm whether the residential 
address of the applicant changed or not. Further, different 
organizations have different configuration, which means 
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different data formats and sizes. So we need both Customize 
Entity and Customize Process component. We employ the 
following four procedures to implement the customization of 
BPaaS. 

Entity Customization. The business experts choose the 
appropriate template to customize the entity, and send the 
request or data to the process execution engine. We can get the 
activity ID with some calculation, and after that, we can 
modify the artifact attributes of the template according to the 
requirement of the enterprise. For example, in the UHMB 
case, we need an extra attribute to confirm the current address 
of an applicant. 

Data Mapping. This procedure selects the artifact database to 
map, and sets the basic information, such as type and address, 
to build the mapping relationship of DB Template and EDB. In 
detail, this procedure conducts the one-to-one mapping 
between an artifact property with a field in the database, and 
handles the automatic data synchronization in business process 
management. Also, the data mapping procedure modifies the 
processes for UHMB according to the template. 

Process Customization. This procedure holds the position 
task modules to modify the processes of UHMB and sets the 
basic attributes. For each task in the process sequence, this 
procedure configures read and write permission for the 
attributes that are generated in the first procedure (Entity 
Customization). The system will return the corresponding 
forms according to the activity ID when the operators are 
responsible for different steps in the process steps.  

Process Execution. In the Task Viewer, the operator generates 
an instance and sends the request to the process execution 
engine, which will return the activity ID with some calculation. 
According to the ID, this procedure generates the appropriate 
Web form. The system updates the database after the form is 
filled and submitted, and sends the form along with the ID to 
the execution engine. Meanwhile, the engine returns the ID of 
the activity that is to be executed next, and repeats the above 
procedure until the whole business process finishes. 

The demonstration introduced in this paper is accessable 
via the link https://youtu.be/ms2435UyeEI. 
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Abstract—There are huge amount of tasks and data to be 

processed in cloud rendering environment. How to effectively 

schedule them is the key to ensure the overall performance of the 

cloud rendering environment. In this paper, an improved task 

scheduling algorithm based on genetic algorithm (PMGA) and 

probabilistic model is proposed, which aims to  minimize the total 

time and cost of task scheduling . First, the fitness function relating 

to the total time and task cost is improved under the consideration 

of the user’s satisfaction to rendering services. Then, a probability 

model is constructed for the scheduling algorithm, which is used to 

achieve the non-linear adaptive adjustment of the crossover rate 

function and the mutation rate function. As a result, the 

evolutionary ability of poor individuals in the population can be 

enhanced, avoiding the stagnation in the early stages. Finally, 

experiments are performed to demonstrate that PMGA has a 

better ability of optimization than that of traditional adaptive 

genetic algorithm (AGA). Our approach contributes to reduce the 

total time and the scheduling cost of the cloud rendering tasks. 

Keywords-Cloud Rendering; Task scheduling; Genetic 

Algorithm; The Fitness Function; Probability Model; The Crossover 

Rate; The Mutation Rate 

I.  INTRODUCTION 

Due to the advantages of cloud computing, cloud rendering 
is considered as a promising application, focusing on the 
rendering services and providing the computing and data 
resources. The basic principle of cloud rendering is that the 
cloud rendering system divides tasks submitted by users into 
some independent subtasks, and dynamically allocates the 
subtasks to resource nodes based on appropriate scheduling 
strategies. After all tasks are completed, the rendering results 
will be merged together and returned to the users [1,2].  

Most cloud computing platforms adopt MapReduce [3] to 
support distributed computing. Many studies have shown that 
the problem of task scheduling under cloud environment is an 
NP-complete problem [4]. Cao et.al., [5] proposed a task 
scheduling optimization algorithm based on ABC algorithm, 
which reduces the total time of completion task. Xu et.al., [6] 
proposed a multi-adaptive particle swarm optimization strategy 
for task scheduling in cloud, which has taken into account the 
task completion time, the operating cost and the balancing of 
resource load. Jie et.al., [7] proposed a genetic simulated 
annealing algorithm for task scheduling with dual fitness, which 
effectively balances the demands of the users and improve the 

users’ satisfaction. Liu et.al., [8] proposed a task scheduling 
algorithm based on genetic algorithm and ant colony algorithm, 
which improves the speed of getting the optimal solution. 

However, due to the heterogeneity of the cloud computing 
platform, any single intelligent group algorithm is easy to fall 
into the local optimum, premature and other defects. The 
improvement is mainly focused on the nature of the algorithm 
itself, ignoring the guiding role of the information in the process 
of evolution. The adaptability of these algorithm are not robust 
enough, and the scheduling time and cost can not be balanced 
well. The efficient task scheduling algorithm is still a long-term 
challenge in the research of cloud computing. 

Genetic algorithm was proposed by Professor John Holland 
of the University of Michigan in the 1970s. It is commonly used 
to generate high-quality solutions to optimization and search 
problems by relying on bio-inspired operators such as mutation, 
crossover and selection [9]. The basic principle is to apply a 
coding technique to the individual in the population, then 
simulate the evolutionary process of the population. The 
standard genetic algorithm (SGA) usually has only one 
population, the crossover rate and the mutation rate are fixed 
ones, resulting in its slow convergence.  

Srinivas et.al., [10] proposed an adaptive genetic algorithm 
(AGA). It took a dynamic automatic adjustment for crossover 
rate and mutation rate, which is based on the fitness value and 
the convergence level of the current group. This algorithm 
improved the convergence speed of the genetic algorithm, 
however, it is slightly slow at the beginning of the evolution 
process. Beyond that, only one fitness function is used to 
measure the adaptation of individual to different environment. 

In order to improve the efficiency of task scheduling in the 

cloud rendering platform, an improved adaptive genetic 

algorithm based on probability model is proposed. The fitness 

function is established for the total time and total cost of the 

rendering tasks, which aims to achieve the minimum time and 

minimum cost. Then, the crossover rate function and mutation 

rate function is improved by applying the probability model, 

which effectively retains the excellent individuals in the 

evolution process of population and enhances the crossover rate 

and mutation rate of poor individuals. 
The rest of this paper is as follows: In Section II, it describes 

the problem of tasks scheduling in cloud rendering environment, 
and gives the allocation pattern of tasks and the calculation 
method of total completion time and total cost of cloud tasks. In 
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Section III, the implementation and process of PMGA are 
introduced in details. In Section IV, PMGA and AGA are 
compared and analyzed under the same experimental 
environment. The experimental results proves that the 
performance of cloud rendering is improved by using PMGA for 
task scheduling. Finally, in Section V, we conclude this research 
and discuss future works. 

II. DESCRIPTIONS ABOUT THE CLOUD RENDERING TASK 

SCHEDULING 

Cloud rendering task scheduling is to distribute the tasks to 
the compute nodes by applying appropriate scheduling strategies, 
which enables to minimize the time, lower the cost, and keep the 
load balancing of resources [11].  

Assuming that the cloud rendering system user submits T 
tasks, the system has R resources. Then, the total subtask number 

of the task t is defined as ( )taskNum t , the total subtask number 

is defined as subTaskNum . Then 

1

( )
T

t

subTaskNum taskNum t


                     (1) 

Subtasks are numbered according to the sub-sequence 
numbering method. If the sequence number of jth subtask of ith 
task is m, then 

-1

1

( )
i

k

m taskNum k j


                                  (2) 

The ETC matrix [12] is used to record the execution time of 

each sub task, the ECC matrix is used to record the execution 

cost of each sub task. Consequently, the total time and total cost 
of all the sub tasks are as follows: 

( )
1

1

 ( , )
nR

time x
r

i

F ma x Time r i




                        . (3) 

R

( )
1

1

 ( , )
n

cost x
r

i

F ma x Cost r i




                            (4) 

Where ( , )Time r i and ( , )Cost r i represents the execution 

time and cost of ith subtask on rth resource, n is the subtask 

number on rth resource. ( , )Cost r i  is defined as follows: 

- -

- -

( , ) ( , ) ( , )

( , ) ( , )

cpu i cpu menmory i menmory

storage i storage bandwidth i bandwidth

Cost r i w Cost r i w Cost r i

w Cost r i w Cost r i

  


        (5)  

Where 
i cpuCost 

,
menmoryCost ,

storageCost  and bandwidthCost  are 

the cost of CPU, Memory, Storage and Bandwidth, respectively. 

cpuw ,
menmoryw , 

storagew  and bandwidthw  are weighting coefficients 

of the four kind of resource costs, respectively. They are both in 
[0,1], and satisfy the following equation: 

1cpu menmory storage bandwidthw w w w                            (6)  

The value of weighting coefficient can be set differently to 
measure the user satisfaction of scheduling results. They are all 
fixed to 0.25 in our experiments to balance the resources costs. 

III. TASK SCHEDULING OF PMGA IN CLOUD RENDERING  

A. Encoding and Decoding 

As for the solution of cloud task scheduling based on PMGA, 
it needs to establish a mapping relationship between the solution 
of the problem and the individual of the algorithm. The current 
encoding modes of chromosome always include direct encoding 
and indirect encoding. This paper adopts indirect encoding mode 

to encode the node occupied by each sub task, taking into 
account the division of the operation under cloud rendering. The 
length of the chromosome depends on the number of sub tasks, 
therefore, a chromosome corresponds to a task scheduling 
strategy. The length of the individual chromosome equals to the 
total number of tasks, the value of the chromosome gene is the 
cloud resource number occupied by the task at that location.  

For example, if users submit 3 tasks in a certain time, the 
resource number of cloud rendering system is 3. Task 1 is 
divided into 1, 2, 3 three subtasks. Task 2 is divided into 4,5,6 
three subtasks, Task 3 is divided into 7,8,9,10 four subtasks. The 
chromosome length is 10, the value of each gene is [1,3]. Then 
The chromosome {1,2,1,2,1,3,2,1,2,3} is a feasible scheduling 
strategy as shown in Table I. 

TABLE I.  ENCODING MODE OF CHROMOSOMES 

Subtask 1 2 3 4 5 6 7 8 9 10 

Resource 1 2 1 2 1 3 2 1 2 3 

It is necessary to decode them to obtain the distribution of 
the subtasks on each node. After that, the subtask performed on 
resource 1 is {1,3,5,8}, the subtask executed on resource 2 is 
{2,4,7,9}, the subtask executed on resource 3 is {6,10}. 

B. Initialization of the Population 

Assuming that the initial size of the population is SCALE , 

the total number of subtask is M , the number of resources is
RESOURCE , the initialization of the population can be 

described as follows: the system randomly produce SCALE

chromosomes, the length of the chromosome is M , the values 

of genes are  1, RESOURCE , the chromosomal gene is 

generated randomly within this range. 

C. Double Fitness Function Model 

The fitness function generates a fitness value of each 
chromosome. The value indicates how suitable for solving a task 
scheduling problem a chromosome is. The fitness function for 
SGA and AGA is only based on execution time of tasks. But, 
task scheduling problems in cloud rendering are different from 
general task scheduling problems because rendering services in 
cloud rendering environment are offered between cloud users 

and providers. Therefore, this paper defines ( )timeFIT i as the 

fitness function of the total completion time of the tasks, and

( )costFIT i  as the fitness function of the total cost of the tasks. The 

calculation formula of this two function is as follows: 

 1
( )

1 ( )
time

i j

FIT i
Time R




                            (7) 

c

1
( )

1 ( )
ost

i j

FIT i
Cost R




                             (8) 

Where
jR is the jth resource of the ith individual, ( )iTime R j

is the completion time of the ith individual. ( )iCost R j is the cost 

of the ith individual. Formula (9) is used as the fitness function 
of the algorithm. 

c c( ) ( ) ( )
osttime time ostFit i w FIT i w FIT i                  (9) 

In the formula, timew  and costw  are weighting coefficients, 

and 1time costw w  , which can be set according to the user’s 

needs. timew  and costw  are both set to 0.5 in our experiments in 
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order to balance the proportion of the total time and the total 
cost of the task. 

D. Probability Model and Generic Operation 

1) Individual Selection Based On Double Fitness Function 

Model  
This paper adopts the roulette wheel selection method [13] 

to do the selection operation. The selection probability of each 
individual was calculated according to the fitness function (7) 
and fitness function (8), and give the equations: 

1

1

( )
( )

( )

time

SCALE

time

j

FIT i
P i

FIT j





                                (10) 

2

1

( )
( )

( )

Cost

SCALE

Cost

j

FIT i
P i

FIT j





                         (11) 

When choosing the next generation of individuals, one of the 

probability is selected from 
1P  and 

2P  to choose populations 

with probability 1c  and 2c  respectively, and 1 2 1c c  . In this 

way, the population both contains individual with shortest 
completion time and minimum cost, which provides good 

foundation for the next generation. 1c  and 2c  are both set to 0.5 

in our experiments. 

2) Improved crossover operation and mutation operation 

based on the probability model  
Crossover operation is to match the individuals from the 

population randomly in pairs, and exchange their partial gene 
with a probability by following a particular probability rule for 
each individual. The mutation operation is to change the genetic 
value of a certain locus on each individual in the population to 
other alleles at a certain probability. 

The crossover rate function 
cP  and the mutation rate 

function
mP determine the speed of updating and searching for 

the population. In SGA, 
cP and 

mP  are both constant values. 

SGA is inefficient and is easy to be precocious for complex 
multivariable optimization problem. AGA had made some 

improvements based on the fitness value [10]. 
cP  and 

mP  in 

AGA are defined as follows:  

1 max

max

3

( ')
, '

( )
, '

avg

avgC

avg

k f f
f f

f fP
f f

k




 




                               

2 max

max

4

( )
,

( )
,

avg

avgm

avg

k f f
f f

f fP
f f

k




 




                               

Where maxf is the maximum fitness of the population, 
avgf is 

the average fitness of the population, 'f is the greater fitness of 

the two individuals which are to have cross operation, f is the 

fitness value of the two individual that are to have mutation 

operation. 1k , 2k , 3k , 4k are [0,1]. In literature [10], 1k = 3k  =1.0, 

2k = 4k =0.5. 

cP  and  
mP  in AGA perform a linear change according to  

the average fitness and maximum fitness of individual as shown 

in Fig. 1 and Fig. 2 . 
cP  and 

mP are equal to zero when the fitness 

value is relatively large. However, at the beginning of the 
algorithm, the individuals with higher fitness in the population 
may not be the optimal solution. Thus, it may lead to the 
occurrence of a local optimal solution.  

    
Figure 1. The Crossover Rate of AGA    Figure 2. The Mutation Rate of  AGA 

The probability calculated by the probability model is 
applied to the crossover rate function and the mutation rate 
function in PMGA. The definition of the crossover rate and 
mutation rate function in PMGA are as follows: 
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Where 
maxf , 

avgf , 'f , f  are the same as them in  equation 

(12) and equation (13). 1ck , 
2ck , 1mk , 

2mk are constant values 

in [0,1], they are used to control the control the changing speed 

of cP  and mP . 
pro cP 

 and 
pro mP 

represents the value of the cross 

operation probability and the mutation operation probability 

calculated by the probability model. cM  and mM are constant 

values in [1, ] . The larger value they are, the higher crossover 

rate and the mutation rate the optimal individual has. When the 

fitness value is smaller than 
avgf , the crossover rate is kcP , the 

mutation rate is mkP . The value of 1ck , 2ck , 1mk , 2mk , ckP  and 

mkP  can be adjusted according to the practical problems. The 

graph of 
cP  and 

mP  in PMGA are shown in Fig. 3 and Fig. 4, 

respectively. 

     

Figure 3. The Crossover rate of PMGA     Figure 4.The Crossover rate of PMGA 

14



When 
avgf f , 

cP and
mP  in PMGA is a relatively large 

fixed value, enabling the individuals to evolve faster. When 

max

2

avg

avg

f f
f f


  , 

cP  and 
mP  decrease slowly with the 

increase of fitness value. When max

max
2

avgf f
f f


  , 

cP and 
mP

become smaller rapidly and decrease with the increase of fitness 
value, when the fitness reaches its maximum value, the value of 

cP  and 
mP  are equals to 

c pro cK P 
and 

m pro mK P 
, respectively, 

which are very close to zero. Therefore, the crossover rate and 
mutation rate in PGMA both have the ability to find the best 
solution quickly and the randomness property. When the fitness 

is relatively large, the value of 
cP  and 

mP  are not an absolute 

zero value, so that the algorithm will not be in a low searching 
speed in the early process of evolution. 

3) Generating and Computing of Probability Model  
Probabilistic model refers to a type of random system 

models with Markov characteristics, which is proposed by the 
Russian scientist Markov in 1970. According to the state space 
and the nature of the parameters, it can be divided into discrete 
time Markov chain, continuous time Markov chain, Markov 
decision process. 

Discrete time Markov chain is a kind of Markov random 
process with discrete state space and discrete time. It can be 

defined as:  , , ,initD S S P L , S  is a set of finite nonempty 

states, indicates all possible configuration status of the modeled 

system. [0,1]P S  is the migration probability function 

matrix, represents the probability of the migration between the 

modeled system states, 
'

, ( ', ) 1
s S

s S P s s


   . : 2APL S  is a 

label function with atomic propositions. 
The process of PMGA is a continuous random process of 

selection, crossover and mutation operations. It is related to the 
state of the current population, regardless of the previous 
population status. In addition, PMGA is homogeneous, there 
exists a limit probability distribution in PMGA, and the 
transition probability is independent of time. As a result, 
discrete time Markov chain (DTMC) is chosen to model it.  

The adaptive genetic algorithm based on probabilistic model 
is described as follows: 

1) Initialize computing node of cloud rendering system 
rendering, go to 2)  

2) Initialize parameters of cloud rendering task scheduling, 
then go to 3).  

3) Encode parameters into chromosomes. 
4) Initialize the population, go to 6). 
5) The cloud rendering system error or program exception. 
6) Calculate the fitness of each individual and determine 

whether the individual satisfies the optimal condition. 
Then go to step 12), if not, go to 7). 

7) Do select operation, that is, according to the individual 
selection rules, select some excellent individuals from the 
current population as the new population, then go to 8). 

8) Calculate the crossover rate 
cP , do cross operation with  

probability 
cP , go to 9), skip cross operation with 

probability 1-
cP  go to 10). 

9) Do crossover operation, and generate a new population,  
then go to 10). 

10) Calculate the mutation rate
mP , do mutation operation 

with probability
mP , go to 11), skip mutation operation with 

probability 1-
mP , go to 6). 

11) Do mutation operation, and generate a new population, 
then go to 6). 

12) Decode the chromosome and get the optimal solution. 
According to the above process description, the state 

transition diagram of PMGA is shown in Fig. 5. 

S0S1S2S3

S4

S8S7 S9

P0-1P1-2P2-3

S6

S5

S12

P1-5

P2-5

P3-5

P0-5

P3-4

S10

S11

P4-6

P7-8 P8-9

P9-10

P10-11

P10-6

P11-6

P6-7

P6-12

P10-5

P9-5

P8-5

P11-5

P7-5

P4-5

{ Mutation  Operation }

{ Crossover Operation }

{ Individual Selection }

{ Abnormal state }

{ Decode chromosomes and 

get the optimal solution }

{ Compare and determine}

{ Initialize the population }

{Encoding parameters into 

chromosomes}

{ Intialize parameters } { Intialize computing nodes} { Start }

{  Calculate the probability 

of mutation operation}

{ Calculate the probability 

of crossover operation}

  
Figure 5. The State Transition Diagram of PMGA 

PMGA has the properties of discrete time Markov chain. It 

is defined as a discrete time Markov chain D, ( , , , )initD S S P L , 

each element is described as follows: 
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The probability of the boundary reachability in the Markov 
chain is defined as the probability of reaching the state set T 
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from state S within K step transition. It is expressed as:

( , )kProbReach S T , The formula is expressed as follow: 

   1

'

1,

( , ) 0  ,  0 &  

, ' ob ', ,  0 &  

k

k

s S

k T

ProbReach S T k s T

P s s Pr Reach s T k s T
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In probability model, 
pro cP 

 is the probability from state 0S  

to 9S , 
pro mP 

 is the probability from state 0S  to 11S . The 

probability between states in the model can be obtained by the 

running log of the cloud rendering system. The formula of 

pro cP 
 and 

pro mP 
 is:  

  0 9,k

pro cP ProbReach S T S

                    (17) 

  0 11,k

pro mP ProbReach S T S

                    (18) 

IV. EXPERIMENTS AND ANALYSIS 

A. Experimental Environment 

The experiments are based on the comprehensive cloud 
computing service platform, which is made up of five clusters, 
consisting of 25 compute nodes. The tasks scheduled in the 
experiment are mainly the rendering of pictures and video key 
frames. The configuration of cloud rendering system compute 
node is shown in Table II. 

TABLE II.  COMPUTE NODE CONFIGURATION PARAMETERS OF CLOUD 

RENDERING SYSTEM 

Cluster 

The 

number 

of nodes 

Operating 

system 
CPU  GPU Memory 

1 6 Cent OS i3-4160 GT720 4GB 

2 6 Cent OS i5-4460 GT720 8GB 

3 5 Cent OS i5-4590 GT720 8GB 

4 5 Windows i5-6500 GT720 4GB 

5 3 Windows i5-7500 GT960 8GB 

B. Experimental Results and Performance Analysis 

In experiment 1, the total time and total completion cost 
using AGA and PMGA for task scheduling are compared. Then, 
the average fitness value of the current new population in AGA 
and PMGA are compared.   

The initial conditions of experiments are shown as below: 
(1) The number of resource is 25, the number of task is 100. (2) 
Each task is divided into n subtask, n is in [20,80]. 

The termination conditions of experiment are as follows: (1) 

If the number of iterations reaches the maximum maxG ( maxG = 

220), then the algorithm is considered to be terminated. (2) If the 
completion time and the total cost of continuous 40-generation 
are not changed, then the algorithm will be terminated. 

The main parameters of PMGA and AGA in the experiment 
is shown in Table III. 

TABLE III.  MAIN PARAMETERS OF THE PMGA AND AGA 

PMGA AGA 

costw  0.50 1k
 

1.00 

timew
 

0.50 2k
 

0.50 

1ck  0.10 3k
 

1.00 

2ck
 

0.50 4k
 

0.50 

1mk
 

0.10 - - 

2mk
 

0.50 - - 

pro cP 
 

0.40 - - 

pro mP 
 

0.08 - - 

kcP
 

0.90 - - 

mkP
 

0.10 - - 

cM
 

1.00 - - 

mM
 

1.00 - - 

Fig. 6 and Fig.7 show the iterative process of optimal total 
time and lowest total cost using AGA and PMGA. In Fig. 6 and 
Fig. 7, the horizontal axis represents the number of iterations. In 
Fig. 6, the vertical axis represents the task total time. In Fig. 7, 
the vertical axis represents the total cost. In the early evolution 
process, the convergence speed of AGA is relatively slow, with 
the further evolution, AGA only focuses on the total time, 
resulting in the loss of some potentially good genes. However, 
PMGA has a larger crossover rate and mutation rate for poor 
individuals, and the better individuals still have a small 
crossover rate and mutation rate. At the later stage of evolution, 
PMGA continues to evolve and eventually converges to the 
global optimal solution. While AGA still converges to the local 
optimum. The task completion time of PMGA is smaller than 
AGA, and the cost is significantly less than AGA. The 
experimental results show that PMGA reduces the total time and 
lowers the cost of the scheduling, which is an effective algorithm 
for the cloud rendering task scheduling.  

 
Figure 6. The Total Time for Task Completion 

 
Figure 7. The Total Cost for Task Completion 
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Figure 8 shows the comparison of the average fitness value 
of the new population during the process of iteration. The 
horizontal axis represents the number of evolution times, and the 
vertical axis represents the average fitness value. AGA starts to 
premature convergence at about 60th generation, while PMGA 
continues to evolve, because when the average fitness of 
individuals is close to the maximum fitness, the crossover rate 
and mutation rate are not a zero value. Eventually, PMGA has a 
larger fitness value than AGA. The experimental results show 
that PMGA has a better ability to do the global searching. 

 
Figure 8. The Average Fitness Values of Population 

In experiment 2, the number of convergence using PMGA 
and AGA for task scheduling are compared. The algorithm 
parameters are consistent with those in Table III. PMGA and 
AGA are compared for 50 times under the same iterations. The 
average value of each iterations is regarded as the ultimate result. 
Fig. 9 is the comparison chart of the number of convergence 
times using AGA and PMGA. 

 

Figure 9. The Number of Convergence Using PMGA and AGA 

In Fig. 9, the horizontal axis represents evolution times, the 
vertical axis represents the convergence times. It can be seen 
from the figure that the convergence number of PMGA is much 
more than AGA under the same number of iterations. The 
experimental results show that PMGA can improve the 
performance and robustness of the cloud rendering task 
scheduling. 

V. CONCLUSION 

This paper aims to reduce the total time and total cost of task 
scheduling in cloud rendering system, which applies probability 
model to genetic algorithm for rendering task scheduling. The 
algorithm evaluates the excellent degree of the new solution by 
establishing the fitness function considering the total time and 
total cost of the task. As a result, the better individuals will be 

returned, and the diversity of the population will be improved. 
The crossover rate function and mutation rate function are 
improved, which enhances the local search ability and avoids the 
occurring of local convergence. The experimental results show 
that PMGA reduces the total time and minimize the total cost. 
Thus, it is an effective algorithm for scheduling tasks in cloud 
rendering system.  

In the future work, the Markov characteristic of PMGA will 
be studied in order to verify the scientificity and rationality of 
scheduling algorithm using PMGA. Then, we will focus on the 
load balancing of dynamic task scheduling under cloud 
rendering system environment, and consider the influence of 
data distribution, service quality and other impact factors on the 
task scheduling results. 
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Abstract
An important issue of software architecture evolution is

the capability for architects to keep a trace of the evolu-
tion of their work. This paper states that existing research
on versioning does not cope well with software architec-
tures. Indeed, it does not propose any adapted solutions to
manage the co-evolution of the different architecture rep-
resentations produced during the development process. We
base our work on a three-level architecture description lan-
guage (ADL) named Dedal, which represents architectures
at three abstraction levels. Moreover, Dedal provides a for-
mal base for managing version propagation. It is based on
component substitutability that generalizes Liskov’s substi-
tutability principle. We propose a set of rules to support the
prediction of version compatibility in terms of impact on the
different architecture levels.

Keywords: Component-Based Software Engineering,
Architecture evolution, Architecture versioning, Compo-
nent substitutability, Version propagation.

1 Introduction

One of the main issues of software evolution manage-
ment is the versioning activity [11]. One needs to keep
track of changes in software not only during software pro-
gramming but all along its complete life-cycle, including
early development stages such as specification or post-
deployment phases such as maintenance. Moreover, main-
taining the history of changes is not sufficient. Changes, and
their side-effects, are to be managed in a very fine-grained
manner in order to keep track of valid software configura-
tions. Moreover, collaborative work accentuate the need for
versioning systems.

With the growing complexity of software systems, ver-
sioning becomes a very essential activity either for devel-
opers who need to be able to reuse adequate versions of
components, packages and libraries [20], or for users that
need to maintain up-to-date versions of their applications.

Many version control mechanisms have been proposed
over the past years. They track changes in either source
code, objects or models [8]. However, despite the fact that
software development gives an increasing importance to ap-
proaches based on software architectures [7], little works
cope with architectural versioning issues such as keeping
track of architectural decisions all along the life-cycle of
software but also being capable of predicting compatibil-
ity of versioned architectural artifacts for reuse purpose and
guiding architects and developers.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the background and motivations for this pa-
per. Section 3 develops our contribution: a study on version
propagation prediction based on component substitutability.
Section 4 presents an overview of state-of-the-art work on
the problematic of versioning. Finally, Section 5 concludes
the paper with several perspectives.

2 Background and Motivations

In this section, we present a three-level architecture de-
scription language named Dedal [21, 15], which aims at
supporting the main steps of software development. By
nature, Dedal is an ideal candidate ADL to keep a record
of software evolution during its whole life-cycle using ver-
sions. To do so properly, the impact of versioning a descrip-
tion on other levels is to be taken care of.
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2.1 Dedal: A Three-Level Architecture Descrip-
tion Language

Dedal models architectures at three levels that corre-
spond to the specification, implementation and deployment
stages: (a) The specification level is composed of abstract
component types. These types are called roles and describe
the functionalities of the future software. (b) The config-
uration level is composed of concrete component classes
that realize the roles. The relation between roles and com-
ponent classes is a n to m relation. (c) The assembly level
is a deployment model composed of component instances
that instantiate the configuration. The syntax of Dedal is not
detailed in this paper as the mechanisms that are presented
here rely on general concepts. However, more information
is accessible in one of our team’s previous paper [22].

In Dedal, two properties guaranty the integrity of the
three levels: (a) Intra-level consistency guarantees that all
components are properly connected to each other. (b) In-
ter-level coherence guarantees that the configuration real-
izes all the roles that are defined in the specification and all
the component classes from the configuration are instanti-
ated in the assembly. However, those properties may be vio-
lated after changes and need to be recovered through a prop-
agation mechanism within and / or between architecture lev-
els. One of the major contributions of Dedal is its evolution
manager which maintains the three architecture description
levels coherent with one another. Dedal has been formal-
ized [15] thanks to the B language [1]. This makes it possi-
ble to automatically calculate an evolution plan that, when it
exists, restores the overall architecture coherence after any
of its levels has been subject to change.

2.2 Motivation

Having multiple description levels makes versioning of
component-based architectures at several abstraction lev-
els necessary. Indeed, when one of the three architecture-
description level evolves, it may have serious impacts on
the other levels.

This issue has been discussed in a position paper [14]
which uses a three-level versioning graph inspired from
Conradi’s taxonomy [8]. Authors differentiate two version
types and also propose three strategies in order to manage
three-level architecture versioning.

Version types are as follows: (a) Revisions are intended
to replace their predecessor. This means that a revision
should preferably be able to substitute to its previous ver-
sion. A revision aims at improving an existing artifact.
(b) Variants may coexist with other versions. A variant
aims at adding new functionalities to an existing artifact.

Figure 1 illustrates versioning relations between three-
level architecture descriptions. First of all, this example
represents two versioning branches and gives an overview

of how related description levels may be affected by single-
level-versioning. The first three-level architecture version
of this example is the A.1.0 version. Then we create two
different versions that will fork the versioning graph into
two branches. A.1.1 is a revision derivated from the assem-
bly level revision itself. A.2.0 creates a new branch by cre-
ating a variant in specification level. Finally, either a variant
or a revision of a single level may affect the other levels of
the architecture. This is what it is shown in A.1.2 that prop-
agates the revision of its configuration level Config.1.1 to
Assembly.1.2 and A.2.0 where the variant of the specifica-
tion level is propagated to the configuration and then to the
assembly level.

A very interesting use of variant and revision concepts
could be to predict the impact of changes in terms of
retro-compatibility of versionned entities (e.g., architec-
tures, components etc.). Indeed, four types of derivation are
identified: (i) Compatible revision, which means that the
new revision does not raise compatibility issues (e.g., bug
fixes, refactoring) and does not imply to propagate changes.
(ii) Incompatible revision, which means that the new revi-
sion raises compatibility issues (e.g., new technology) and
implies change propagation. (iii) Compatible variant pro-
vides an alternative version that does not imply to propagate
any change in the architecture. (iv) Incompatible variant
provides an alternative version that will require to propagate
changes in the architecture.

Next section presents a study on version propagation in
order to identify scenarios dealing with predicting the im-
pact component substitution may have at any architecture
level.

Figure 1. Versioning Architectures
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3 Predicting Version Propagation

This section discusses a typology of the architecture evo-
lutions managed by Dedal that aims at bringing semantics
to versioning concepts of Dedal.

3.1 Typology of Architecture Evolution

The component substitutability relation has already been
formalized in Dedal. This concept embodies the impact a
change may have on architecture descriptions. This is the
reason why this section introduces a typology of architec-
ture evolution based on substitutable artifacts replacements
instead of listing every single change operation on archi-
tecture artifacts. The aim of such a typology is to be able
to identify which change is compatible or not with existing
architectures.

Several change operations are relevant: (a) Adding new
artifacts. (b) Removing artifacts. (c) Replacing artifacts
with other that may be or not substitutable with the previous
ones.

At architecture description level, a component may be
replaced: (a) by a component that is substitutable for the
replaced component. (b) by a component that is not substi-
tutable for the replaced component.

Besides in a component-based architecture, several kinds
of artifacts are subject to change: (a) components them-
selves, this is the most coarse-grained change, (b) a finer–
grained change regards the interfaces of a component, (c) fi-
nally, the finest-grained change is performed on signatures.

When studying architecture versioning in a Dedal devel-
opment, the initial level of change is especially relevant. In-
deed, a very important aspect of having a three-level ADL is
to be able to perform co-evolution of those levels according
to the origin of the perturbation. This is discussed in next
section.

3.2 Change Impact Analysis

As mentioned in the beginning of this paper, Dedal is
a three-level ADL, which means that an initial change may
occur at any of its architecture levels. This study is based on
substitution of provided / required functionality signature.
The notion of type is derived from Liskov et al. [13].

Notations. In order to avoid any kind of ambiguities, the
used notation is described here.
T1 ≺ T2: T1 is a subtype of T2.
T1 � T2: T1 is a subtype of T2 or equal to T2.
T1 � T2: T1 is a supertype of T2.
T1 � T2: T1 is a supertype of T2 or equal to T2.
T1 ‖ T2: T1 is not comparable to T2.
(T1 � T2)⇔ ¬(T1 � T2)⇔ ((T1 � T2) ∨ (T1 ‖ T2)): T1

is either a supertype of T2 or not comparable to T2.

Figure 2. Base-Case: Functionality Connec-
tion Within a Three-Level Component-Based
Architecture

(T1 � T2)⇔ ¬(T1 � T2)⇔ ((T1 ≺ T2) ∨ (T1 ‖ T2)): T1

is either a subtype of T2 or not comparable to T2.
T2 # T1: T2 replaces T1.

Functionality substitutable for another. For a provided
functionality spnew, being substitutable for another func-
tionality spold means that (1) the return type of spnew is
equal or subtype [13] of the return type of spold and (2) that
the input parameters of spold are subtypes of the ones of
spnew [3]. Conversely, for a required functionality srnew,
being substitutable for another functionality srold means
that (1) the return type of srnew is equal or a supertype of
the return type of srold,and (2) that the input parameters of
srold are supertypes of the ones of srnew.

Figure 2 is a base case that represents a specification
composed of two component roles R1 and R2 that are re-
alized respectively by the component classes C1 and C2,
which are in turn instantiated by respectively I1 and I2.

3.2.1 Versioning at Specification Level

Table 1a summarizes what effect, replacing R1 by its new
version R

′

1 which provides a functionality f() : Y , may
have on the configuration. Several outcomes are observable:

• The version is not propagated. This happens when
the new version of the role still is compatible with
other roles within specification, and the component
class that realized the replaced role still is a subtype
of the new role. The condition of non-propagation is
summarized by X � Y � Z for any replacement type.
Y can either be substitutable for A or not.
• The version is propagated. This happens when infor-

mation is lost during the replacement operation. Ac-
cording to the information that is lost, propagation
may take different aspects: (i) Inter-level propaga-
tion, which occurs if Y is a subtype of X or if they are
not comparable. (ii) Intra-level propagation, which
is the result of breaking connections within the spec-
ification. This is possible if Y is a supertype of Z or
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Hypothesis on types
B � X � A � Z � Ω � R
Y # A

Non-propagation
X � Y � Z

Propagation
Inter-level Intra-level
(Y ‖ X) (Y ‖ Z)
∨(Y ≺ X) ∨(Y � Z)

(Y ‖ X) ∧ (Y ‖ Z)

(a) Specification Level

Hypothesis on types
B � X � A � Z � Ω � R
Y # X

Non-propagation
B � Y � A

Propagation
Inter-level Intra-level
(Y � A⇒↑) Y � Ω
∨(Y � B ⇒↓)
[(Y � A) ∨ (Y � B)] ∧ (Y � Ω)

(b) Configuration Level

Hypothesis on types
B � X � A � Z � Ω � R
Y # B

Non-propagation
Y � X

Propagation
Inter-level Intra-level
Y � X Y � R

Y � R

(c) Assembly Level

Table 1. Replacing Components: Providing a Functionality

if they are not comparable. (iii) Inter and intra-level
propagation, this is a combination of both propaga-
tion conditions. However the only reachable condition
is that Y is not comparable neither to X nor Z.

3.2.2 Versioning at Configuration Level

Table 1b summarizes what effect, replacing C1 by a third
component class C ′

1, which provides a functionality f() :
Y , may have on specification or/and assembly. Then several
outcomes are observable:

• The version is not propagated. The condition of non-
propagation is summarized by B � Y � A for any
type of replacement. Y can either be substitutable to X
or not. (Y � A) ensures C ′

1 realizes R1 and (Y � B)
ensures I1 can be used as an instance of C3.
• The version is propagated. As configuration is the

intermediate architecture level, then change may be
propagated: (i) To the specification (↑) if Y is not a
subtype of A. (ii) To the assembly (↓) if Y is not
a supertype of B. (iii) Within the configuration if
Y is not a subtype of Ω. This condition also im-
plies at least a propagation to the specification since
(A ≺ Ω) ` (Y � Ω) ⇒ (Y � A) (iv) In every
directions with any combination of the previously ex-
pressed conditions. The change may be propagated in
one, two or three directions at a time.

3.2.3 Versioning at Assembly Level

Table 1c is a summary of the impact that replacing I1 by a
third component instance I ′1, which provides a functionality
f() : Y , may have on the configuration. Two cases are
possible:

• The version is not propagated. The condition of non-
propagation is expressed by Y � X for any type of
replacement (substitutable or not-substitutable). This
condition ensures that I ′1 instantiates C1 and is com-
patible with I2.

• The version is propagated. As previously, there ex-
ist several ways to propagate change: (i) Inter-level
propagation if Y is not a subtype of X . (ii) In-
tra-level propagation if Y is not a subtype of R. This
is also a sufficient condition for an inter-level propaga-
tion.

Tables 2a, 2b and 2c summarize symetric change im-
pact analysis that corresponds to required functionality re-
placement at the three architecture levels (R2, C2 and I2
are replaced by a component that requires a functionality
f() : Y ).

3.2.4 Generalization

1 to n replacement. The only cases that have yet been
discussed are 1 to 1 replacement operations. However, this
is sufficient to describe the propagation problem. Indeed,
when a single role is realized by n component classes, then
we can see those component classes as only one single com-
posite component class that realizes a role. This is exactly
the same situation when a single component realizes n com-
ponent roles: we can see those component roles as a single
one that exposes the interfaces which describe the n roles.

Multiple connections. A component interface may
be connected to several interfaces in an architecture. A
solution to generalize to such cases is to separately study
each connection.

Thus the result of this study is as follows: substitutabil-
ity is a good criterion for predicting impact on intra-level
consistency. However a more detailed approach is needed
for studying impact on inter-level coherence as it has been
presented in the previously discussed tables.

4 Related Work

Initially, the versioning activity aimed at representing
and retrieving the past states of a file during its evolu-
tion [10]. Versioning most often relies on text-based mech-
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Hypothesis on types
B � X � A � Z � Ω � R
Y # Z

Non-propagation
A � Y � Ω

Propagation
Inter-level Intra-level
Y � Ω Y � A

(Y ‖ Ω) ∧ (Y ‖ A)

(a) Specification Level

Hypothesis on types
B � X � A � Z � Ω � R
Y # Ω

Non-propagation
Z � Y � R

Propagation
Inter-level Intra-level
(Y � Z ⇒↑) ∨ (Y � R⇒↓) Y � X

[(Y � Z) ∨ (Y � R)] ∧ (Y � X)

(b) Configuration Level

Hypothesis on types
B � X � A � Z � Ω � R
Y # R

Non-propagation
Y � Ω

Propagation
Inter-level Intra-level
Y � Ω Y � B

(Y � Ω) ∧ (Y � B)

(c) Assembly Level

Table 2. Replacing Components: Requiring a Functionality

anisms [5] as in version control systems like Git [19] or
CVS [16]. However, models cannot be versioned as text.

4.1 Previous Work

In previous papers, Dedal has been introduced as an
ADL for automatically managing evolution among multi-
level component-based software architectures [15]. As
changes may occur at any of the three architecture-levels
of Dedal, the ADL has been formalized with the B lan-
guage [1] to calculate evolution plans. An evolution plan
aims at recovering consistence within architectural levels
and coherence between those levels after a perturbation of
any of the architecture levels. Also, the versioning activ-
ity has been considered in Dedal through a position paper,
which presents a three-level versioning graph for managing
Dedal architecture versioning [14].

4.2 Versioning Models

A model versioning process is composed of three
steps [2]: (a) The change detection phase. Two types
of approaches are identifiable for change detection [17]:
(i) State-based detection only considers the final state of the
modified versions. (ii) Operation-based detection relies on
the model editor for keeping track of all the operations ap-
plied on the original version that lead to the final version.
(b) The conflict detection phase. Conflicts may arise in
case of parallel changes that are potentially overlapping or
contradicting. For instance, several architects can modify
a single version of a single model artifact simultaneously.
(c) The inconsistency detection phase. Inconsistencies
may happen while merging concurrent versions of a model
artifact.

Models typically are entities linked to one another. Ver-
sioning one entity may thus have an impact on others.
This makes co-evolution an interesting field of research.
Research on model versioning has brought various ap-
proaches for managing co-evolution [17]: (a) Inference ap-
proaches [6] rely on meta-model comparison to generate
a strategy for evolving models to conform to an updated
meta-model. (b) Operator approaches [12] are based on

patterns and are characterized by a set of predetermined
strategies that can handle a step-by-step co-evolution of
meta-models and models. (c) Manual approaches migrate
models manually so they correspond to an updated meta–
model.

Evolution in Dedal typically relies on inference mecha-
nisms. The existing work on model co-evolution only copes
with a top-down (meta-model to model) approach that cor-
responds to an historic use of meta-models in model-driven
engineering (MDE). Indeed as a meta-model describes rules
a model must respect in order to conform to it, there is no
real need to adopt a bottom-up approach in MDE processes
to evolve meta-models. Yet, multi-direction co-evolution
is needed because an architect may need, for technical rea-
sons, to adapt an implementation in such a way that it will
not conform to the specification anymore. In such a case,
change must be propagated from the implementation to the
specification. This co-evolution need is well illustrated in
Mokni et al. [15].

4.3 Versioning Architectures

Some existing work deals with versioning architectures.
The few approaches that are presented here propose only
basic mechanisms for architectural versioning that do not
take into account the entire life-cyle of the software.

SOFA [4] does not completely support the whole life-
cycle of software since it only provides two abstraction lev-
els (configuration and non-descriptive assembly). More-
over, the finest-grained type SOFA takes into account is the
interface type which is not enough to predict version prop-
agation.

Mae [18] is based on xADL 2.0 [9] that provides two ab-
straction levels by distinguishing design-time and run-time.
They thus do not take into account the whole life-cycle of
software. The finest-grained type xADL 2.0 takes care of is
the interface type and so it does not deal with input param-
eters, which is not enough for predicting version propaga-
tion. Mae enhances xADL 2.0 interfaces by adding inter-
face elements that correspond to signatures and their input
parameters but still does not cope with the entire software
life-cycle.
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5 Conclusion and Future Work

This paper introduces a study on version propagation,
based on substitutability principles that have been formal-
ized in Dedal. Through this study we could identify com-
ponent substitution scenarios at any architecture-level that
do not imply propagation of changes. As a consequence,
we could also identify different propagation conditions
within and / or between architecture levels. Then this study
brings the capability of predicting the impact of new artifact
versions (e.g., architecture, component) by knowing their
types. As a result of this study we could determine that
component substitution is not a fine-grained enough crite-
rion for predicting propagation on adjacent architecture lev-
els, so we need to deal with parameter types into signatures.
However, this is a sufficient criterion to predict propagation
within an architecture level.

In future work, it will be essential to handle propaga-
tion problematics when adding or removing versioned arti-
facts in architectures in order to exhaustively predict version
propagation.
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Abstract- In the context of Enterprise Architecture (EA) 
modeling, the lack of alignment between the computational 
models constitutes an organizational problem. The root cause of 
this problem is the low traceability capacity and the lack of 
synchronization between the computational models present in the 
EA. Among the negative impacts related to this problem are, for 
example, the obsolescence of the models and the difficulty of 
carrying out analyzes of impacts and decision making in 
scenarios of organizational changes. Thus, in order to provide the 
alignment, understanding and adaptation of the corporate 
environment, from the institutional strategic level to the 
operational level of Information Technology (TI), focusing on the 
information systems, an approach is proposed to enable the 
traceability and synchronization between the computational 
models. The proposed approach in this paper consists of a: (i) 
meta-model set comprising the strategic, tactical and operational 
levels of the EA; (ii) traceability model that supports 
configuration and change management, through the use of 
COBIT and ITIL best practices; (iii) transformation process of 
models that, through the application of the Model Driven 
Development (MDD), aims to provide the synchronization 
between the elements of the different models present in an EA.  

Keywords- Enterprise Architecture; Model Synchronization; 
Traceability of Models; Alignment between Business and IT; 
Alignment between Strategy and Business Processes; Strategic 
Alignment; Business Model. 

I.     INTRODUCTION 

An enterprise architecture is the organizing logic of 
strategy, business processes and IT infrastructure, including 
information systems, which reflects the integration and 
standardization requirements of an institution's strategic-
operational model, such as the Zachman and TOGAF models 
that have driven and consolidated, respectively, the works in 
this area [10][19][22]. An enterprise architecture is formed by 
levels that are related: (i) strategic; (ii) business processes 
(tactical); (iii) services and; (iv) IT infrastructure (operational) 
[19]. In the modeling of enterprise architecture, the 
relationship between strategy, business processes and 
information systems can be represented by the alignment of 
the computational models elaborated within the organization 
[5]. The models represent instruments to reach and graphically 
represent the different levels of abstraction of enterprise 

architecture and to contribute to the achievement and 
maintenance of the strategic alignment between business and 
IT, in addition to their unions providing an integrated 
visualization of an organization's EA [19]. These models, then, 
represent the achievement of: (i) corporate and IT strategic 
planning; (ii) the business tactic to achieve the strategic 
objectives defined in the strategic planning and; (iii) the IT 
operation, focusing on information systems. However, the 
isolated construction of models such as the construction of a 
requirements model, without having a process model and a 
strategic model previously defined, can result in the 
elaboration of semantically fragile and non-aligned models 
with the business. Another relevant point is that if there is no 
defined strategy and the business processes are not established 
or are unstructured and without maturity, there is no reason for 
an institution to start developing its information systems. 

In this scenario, to allow a better understanding of this 
research, this work defines the term alignment as the ability to 
trace and synchronize the strategic, tactical and operational 
structures present in the computational models of an 
organization.  

The lack of traceability or its delivery in an inadequate 
way constitutes a problem and makes it difficult to see and 
understand how a set of models and their structures are 
related, which contributes negatively to the analysis of impacts 
in scenarios of organizational changes [2]. 

The absence of synchronization between different models 
(such as business process model and system requirements 
model) is another problem and results in the obsolescence of 
these models, which are now outdated and inconsistent, since 
the change in some element of the model, does not guarantee 
the updating of the other associated structures. This makes it 
difficult to maintain business strategy or at least generates a 
significant impact analysis effort in a scenario of change. In 
addition, there is still an equally significant probability of 
occurrence of failures, since the activity of checking the points 
that can be affected by a possible change, is manual [20]. 

 In this way, it is proposed an approach that has the 
objective of enabling the synchronization and traceability 
between the computational models of an EA. The proposed 
approach consists of: (i) a meta-model set comprising the 
strategic, tactical and operational levels of the EA; (ii) an 
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independent traceability model that supports configuration and 
change management through the use of COBIT [8] and ITIL 
[15] best practices and; (iii) the application of Model-Driven 
Development (MDD), through the construction of a model 
transformation process, as a way to synchronize elements 
between different models. 

The remainder of this paper is organized as follows: 
Section 2 presents the related works. Section 3 describes the 
meta-model set. Section 4 presents de traceability model. 
Section 5 describes model transformation process. Finally 
section 6 presents the conclusion of this work. 

II.      RELATED WORK 

This work sought to gather relevant contributions, focused 
on the theme of strategic alignment between business and IT, 
focusing on the alignment between computational models of 
enterprise architecture. For this, a bibliographic survey was 
performed using systematic review techniques. Were 
considered the 1,500 works that were most relevant to the 
theme and that were returned by the search. Posteriorly, 96 
works were identified from the association of their titles, with 
the respective theme of the research and the application of 
filters related to authors relevant to the theme. Of these, only 
44 articles were selected, based on the analysis of inclusion 
and exclusion criteria defined for the research. The study 
covered the work that was identified during the research and 
which was published in the last 13 years (2004 to 2016) and 
was in English and Portuguese. The following databases were 
searched: (i) Compendex; (ii) Web of Science; (iii) IEEE 
Xplorer; (iv) Springer e; (v) Elsevier, in addition to the data 
sources: EJIS, SCIENCEDIRECT, WORLDSCIENTIFIC and 
AISEL. Also included in the bibliographic collection, from 
this work, sources of classic information [22] and reference 
[10]. From the analysis of the works it was possible to answer 
the following research questions: 
• Q1. Are there techniques that align IT and business 

through traceability and synchronization between 
computing models at all levels of an enterprise 
architecture? 
A1. There was no identification of studies that performed 
alignment (traceability and synchronization) between 
computational models at all levels of EA. However, 
research was carried out that deals in a theoretical and 
partial way with the alignment between computational 
models [1][5][6][7][9]. 

• Q2. Is there a graphical language pattern to represent the 
elements present in the models of the different levels of 
enterprise architecture? 
A2. A graphical language pattern has not been identified 
for the modeling techniques that are used at the levels of 
an EA, since each level of the EA uses a different 
modeling technique and even within an EA level, such as 
the tactical, represented by business processes, exist 
different languages that can be used to modeling business 
process (BPMN, EPC, UML) [3][13][16]. 

• Q3. Are there standard concepts that are used to define the 
components used in the models of enterprise architecture? 

� A3. It was possible to identify a conceptual standard to 
define the components used in the models of enterprise 
architecture. At the process level, for example, there are 
process and activity concepts [13]. At the strategic and 
operational levels of IT, it was also possible to identify a 
conceptual standard [1] [5]. 
The analysis performed in the correlated work identified, 

showed that information technology is relevant to 
organizational performance and contributes directly to 
business operations. However, the lack of alignment between 
IT and business still prevails. For the analysis of the related 
works, tree technical criteria were defined. Each criterion 
represents the alignment between computational models at a 
certain level of the business architecture. The criterions 
defined were: 
• Criterion I - Alignment between strategic models: that 

reflects the alignment between strategic corporate and IT 
maps; 

• Criterion II - Alignment between strategic and tactical 
models: that reflects the alignment between strategic maps 
and business process models; 

• Criterion III - Alignment between tactical and operational 
IT models: this reflects the alignment between business 
process models and IT requirements models, necessary 
for the development of information systems. 
In order to improve the analysis of the works, tree 

attributes were defined for each criterion. Each attribute 
represents a characteristic that can be treated by an identified 
criterion. The attributes identified were: 
• Theoretical: it should be used when the work theoretically 

addresses subjects related to the criterion; 
• Traceability: should be used when the work deals with 

traceability between models; 
• Synchronization: should be used when the work deals 

with synchronization between models. 
Based on the identified criterion and attributes, the 

analysis of the studies found that the vast majority of research 
focuses on the theme related to criterion III. However, the 
study revealed that even in the theme of concentration 
(criterion III), the surveys do not cover the alignment in its 
completeness, because this does not contemplate the attribute 
of synchronization between models. The topics related to 
criterion I, as well as criterion II, have been very incipient, 
containing proposals that discuss their concepts and focus on 
the extraction of knowledge from strategic and tactical models 
(strategic maps and business process models) to identify 
requirements of systems. 

The evaluation of the analyzed works indicated that 
the contributions of [2] and [5] that originated the languages 
BSC-P and ARMOR can be adapted to allow the closure of 
the gaps found in the themes associated to criteria I and II, 
since these works deal theorically traceability between models 
that are associated with criterion III. The B-SCP, also stands 
out as a contribution, due to the validation and verification of 
business requirements models, in terms of business process 
and strategy, which may allow an adaptation to the reality of 
the I criteria and II. [1], together with [7] also presented works 
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relevant to the topic of this article, when discussing concepts 
related to strategic maps, and can be used to support research 
in the first and second criterion. 

The architecture model proposed by [6] also provides 
a relevant contribution and can be evaluated with a view to 
adapting to a more strategic business view. Considering the 
above, the evaluation validated the need to study the strategic 
alignment theme between business and IT, focusing on the 
computational models of an enterprise architecture, since it 
can be verified, the absence of work for some aspects 
(criterion I and II) and lack of completeness in others 
(criterion III). 

Considering the above, the evaluation validated the 
need to study the strategic alignment theme between business 
and IT, focusing on the computational models of an enterprise 
architecture, since it can be seen, the absence of work for 
some aspects (criterion I and II) and lack of completeness in 
others (criterion III). 

III.      META-MODEL 

The proposed set of meta-models aims to represent 
the semantics of EA, proposed by Zachman and TOGAF, and 
enable the tracking and synchronization of the models present 
in their different levels of abstraction, keeping the EA always 
aligned and without obsolescence. For this purpose, meta-
models were constructed through the Meta Object Facility 
(MOF) [17], with the purpose of representing the main 
concepts, characteristics and relationships present in the 
strategic, tactical and operational levels of an EA. 

Each meta-model is composed of: (i) concepts; (ii) 
aspects and; (iii) relationships. The concepts represent relevant 
elements that exist within the levels of the EA and are 
represented by meta-classes. The aspects represent the 
important characteristics that are related to the identified 
concepts and are represented by meta-attributes. Already the 
relationships represent the semantic associations that exist 
between the concepts present in the meta-models, being 
represented by associations. The meta-models were also 
designed to be independent of the technology used to construct 
the models (strategic, tactical and operational) that are 
associated with the respective meta-models. The concepts and 
aspects present in the set of meta-models were adopted from 
the perspective of techniques and good practices related to 
strategic planning, process management and software 
engineering, which, in turn, are associated with the strategic, 
tactical and operational levels of EA. 

A relevant issue in the conception of this set of meta-
models is the integrated and holistic approach to modeling 
(strategic, tactical and IT operational), viewing them as a 
single organizational model and reinforcing the institution's 
strategic thinking development (Objectives, strategies, 
strategic initiatives, processes and system requirements). 

Figure 1 presents the proposal of the meta-model of 
strategic IT alignment, with a focus on information systems. In 
it, is possible to observe that there are three types of modeling: 
(i) strategic; (ii) tactic and; (iii) IT operational. These types of 
modeling are represented, respectively, in the set of meta-

models by the packages: (i) MMEstrategic; (ii) MMTactical 
and; (iii) MMOperational.  

To improve comprehension and understanding of the 
structures present in the meta-models was performed a 
description of all concepts and aspects present in the set of 
meta-models. However, this article presents only the detailing 
of the strategic meta-model, because it is the least addressed in 
the related works and most relevant within an institution. 

 
   Figure 1. Meta-model Set. 

• Concept: STRATEGIC INITIATIVE 
o Meaning: represents an action, project or program that 

must be executed to carry out the strategy that has been 
defined to achieve a strategic objective. A strategic 
initiative can be corporate or IT. 

o Component of the Meta-Model: meta-class 
"StrategicInitiative". 

o Associate EA level: strategic. 
o Good Practice of Origin: BSC and Grumbach [23] [24]. 

Aspects 
� Goal: represents the result that the organization 

wishes to achieve with the execution of the 
initiative. This aspect is represented by the meta-
attribute "objective". 
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� Effort: represents the number of hours needed to 
carry out the initiative. This aspect is represented 
by the meta-attribute "effort". 

� Deadline: represents the date set for the 
completion of the initiative. This aspect is 
represented by the meta-attribute "term". 

� Cost: represents the financial importance 
associated with implementing the initiative. This 
aspect is represented by the meta-attribute "cost". 

� Legislation: it represents the law, act or norm 
directly linked to the initiative and that must be 
observed during its planning and execution. This 
aspect is represented by the meta-attribute 
"legislations". 

� Added Value: represents the benefit delivered to 
the organization by the realization of the 
initiative. This aspect is represented by the meta-
attribute "addedValue". 

� Responsible: represents the responsible role for 
the initiative. This aspect is represented by the 
meta-attribute "responsible". 

• Concept: STRATEGY 
o Meaning: represents a direction that must be followed 

by the organization to achieve the defined strategic 
objective. A strategy can be corporate or IT. 

o Component of the Meta-model: meta-class 
"Strategy". 

o Associate EA level: strategic. 
o Good Practice of Origin: BSC and Grumbach [23] 

[24]. 
o Aspects 

� Description: describes in detail the strategy that 
will be used for the organization to reach the 
strategic objective (corporate or IT). This aspect 
is represented by the meta-attribute 
"description". 

• Concept: STRATEGIC OBJECTIVE 
o Meaning: represent a result that the organization 

wants to achieve, being critical for the institution to 
succeed in its area of operation. A strategic goal can 
be corporate or IT. 

o Component of the Meta-model: meta-class 
"StrategicObjective". 

o Associate EA level: strategic. 
o Good Practice of Origin: BSC and Grumbach [23] 

[24]. 
o Aspects 

� Description: describes the expected result for the 
strategic objective defined during the strategic 
planning. This aspect is represented by the meta-
attribute "description". 

• Concept: PERSPECTIVE 
o Meaning: represents the organization's business 

perspective that, depending on strategic planning 
(Corporate or IT), is comprised of strategic corporate 
or IT objectives.  

o Component of the Meta-model: meta-class 
"Perspective". 

o Associate EA level: strategic. 
o Good Practice of Origin: BSC and Grumbach [23] 

[24]. 
o Aspects 

� Description: describes the meaning of 
perspective for strategic planning. This aspect is 
represented by the meta-attribute "description". 

IV.      TRACEABILITY MODEL 

 This research works with the concept of horizontal 
and vertical traceability (forward and backward), and may also 
be associated with low and high granularity. The traceability 
model proposed in this work is based on several traceability 
models such as those proposed by [14][18][21]. 

 

Figure 2. Traceability Model. 
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Figure 2 shows the traceability model proposed in 
this work. The model is divided into three parts. The first part 
(in blue) represents the structure that allows to trace the 
elements of the models, present in the different levels of the 
EA, of vertical or horizontal form, forwards or backwards and 
in the granularities high and low. 
 The first part is organized so that a component 
represents the abstraction of an element or a traceability link 
between two elements. An element may represent a concept or 
an aspect, and every traceability link is formed by two 
elements, one of origin and one of destination. In this way it is 
possible to create traceability links between concepts, between 
aspects and between concepts and aspects, besides enabling, as 
previously mentioned, traceability of low and high granularity, 
vertical and horizontal.  

The second part (in gray) is formed by the 
configuration management structure. This structure is 
necessary to identify, control and provide the necessary 
information about an Organization Configuration Item (CI) 
[15]. A CI, in the context of this work, is represented by the 
Class “Model” that represents the strategic, tactical and 
operational computational models of enterprise architecture, 
along with its versions, types and components.  

The third part (blank) is formed by the change 
management structure that allows changes to be recorded, 
prioritized, evaluated and authorized by the Change Advisory 
Board (CAB), tested and implemented, allowing control over 
the changes which occur on the models and their components, 
reducing the risk of incidents and consequently of damages to 
the organization. 

 Also according to the elaborated model, a change in a 
component can generate positive and / or negative impacts for 
the organization, besides having a requester, a responsible and 
the affected parties. A change may be requested for the 
purpose of correcting any problem, for the purpose of 
functional improvement or inclusion of a new component. In 
addition, a change always has a reason, which is why the 
change must be carried out, together with a strategy backout 
strategy, which is necessary to restore a component to the 
situation immediately prior to the change. 

V.     TRANSFORMATION PROCESS 

 In order to synchronize the elements of a set of 
models, preliminary theoretical studies were performed, 
demonstrating that the use of the Model-Driven Development 
(MDD) [12] approach would allow the synchronization of the 
concepts and aspects present in the models of an EA, allowing, 
therefore, that the elements of the models are always updated.  
 With MDD it is possible to transform more abstract 
models into more specific models. Among these models, there 
is a set of transformations rules that are applied to achieve the 
expected result. 
 The transformations are relevant and many works 
have been carried out in order to improve them and even 
automate those [4]. However, most of these works deal only 
with the transformations between the Platform Independent 
Model (PIM) and the Platform Specific Model (PSM), leaving 

behind the transformations that involve the Computation 
Independent Model (CIM) [12]. For [4], the transformations 
involving the CIM models are relevant, since it is through this 
model that an adequate understanding of the business is 
obtained that will give rise to the requirements that the 
information system must attend. Therefore, from the business 
specification represented by the CIM, the requirements of the 
information systems that make up the PIM must be 
determined. For this work, the CIM are represented by the 
strategic and tactical models of an EA. The operational model 
is a representation of the PIM. 

The process aims to carry out transformations of 
models (strategic, tactical and operational), originated by the 
set of meta-models proposed in Section 3. The process, 
according to Figure 3, consists of five activities:  

A. Define Transformation Models 

• Description: This process activity aims identify and 
define the set of models that will be transformed, along 
with their respective meta-models, that should be used 
to carry out the transformations project. 

• Input: Need to perform model transformation. 
• Output: Model along with their respective meta-models. 

B. Define Transformation Strategies 

• Description: This activity aims to define the 
transformation strategy that consists of establishing the 
direction of transformation, which can be unidirectional 
or bidirectional, along with the type of transformation 
that may be out-place or in-place. 

• Input: (i) model, along with their respective meta-
models; (ii) the need to transform of the project of the 
models. 

• Output: Transformation strategy. 

C. Design Transformations 

• Description: This activity aims to perform the 
specification of model transformations. This activity is 
responsible for the mapping of the transformations that 
will be performed, together with the definition of the 
transformation language that will be used to transform 
the models and the establishment of orchestration 
techniques of the model transformations that will be 
performed. 

• Input: (i) model, along with their respective meta-
models; (ii) the need to transform project models; (iii) 
transformation strategy. 

• Output: (i) defined transformation language; (ii) 
transformation mapping; (iii) defined orchestration 
techniques. 

D. Implement Transformations 

• Description: This activity is responsible for choosing the 
most appropriate tool and implementation of 
transformations. 

• Input: (i) model, along with their respective meta-
models; (ii) the need to transform project models; (iii) 
transformation strategy; (iv) defined transformation 
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language; (v) transformation mapping performed; (vi) 
defined orchestration techniques. 

• Output: defined tool and implemented transformations 
solution. 

E. Execute Transformations 

• Description: This activity refers to the execution, in 
practice, of the transformation of the models. 

• Input: defined tool and implemented transformation 
solution. 

• Output: transformed and synchronized models. 
 

 
Figure 3. Model Transformation Process. 

VI.      CONCLUSIONS 

 This article presents the proposal that aims to enable 
the synchronization and traceability of the computational 
models present in enterprise architecture. The development of 
this work was carried out based on bibliographic research on 
the subject of enterprise architecture and under from the 
perspective of computational models and the strategic 
alignment of business and IT. At this stage of the work, no 
studies were found to perform the alignment (traceability and 
synchronization) of models in their completeness. The 
possible benefits expected for this research are:  

• Creation of the integrated modeling (strategic, tactical 
and IT operational) approach in a traceable and 
synchronized way, viewing the models as a single 
organizational asset. 

• Decreased obsolescence of organizational models and, 
consequently, of the organizational holistic view; 

• Improve impact analysis in scenarios of organizational 
changes, allowing the institution to be more flexible; 

• Facilitate the construction and maintenance of 
information systems. 

• Contribute to the achievement of strategic alignment of 
IT, through by aligning the models present in A.E. 

In this way, this work intends not only to improve the way 
organizations think about performing their computational 
modeling at the levels of enterprise architecture, but also to 
improve the way the current tools work with their models. 
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Abstract—Self-adaptive Software (SaS), a special class of
software system, constantly deals with some type of changes
(i.e., structural and/or behavioral) to meet the user’s new needs
or autonomously react to modifications in its execution environ-
ment. Software adaptation, when manually performed, becomes
an onerous and error-prone activity. Automated approaches
have been adopted as a feasible alternative to overcome such
adversities because they reduce the human involvement to a
minimum. Based on this scenario, a Reference Architecture
for SaS (RA4SaS) [1], [2] was designed in previous work.
This architecture enables the adaptation of SaS at runtime
by means of a controlled adaptation approach. In this sense,
an automated process and a complete infrastructure to allow
the phases of such process were also developed. This paper
presents the design and implementation of a new module for
automatic generation of source code for our architecture based
on template engines [3]. In short, the main benefits of this
module can be summarized in three items: (i) higher design
flexibility, maintenance and evolution of SaS; (ii) introduction
of new capabilities for automatic generation of source code; and
(iii) performance improvement. To present the operation of this
new module, a case study was conducted. As result, we have
observed that our architecture has good perspective to efficiently
contribute to the SaS area.

Keywords-Automated Process, Reference Architecture, Self-
adaptive Software, Template Engine.

I. INTRODUCTION

Over recent years, a significant increase in the complexity
of software systems and their computational environments
has been observed. In general, such systems share functional,
nonfunctional, physical, and virtual requirements. The human
ability to manage systems becomes insufficient as their com-
plexity increases. Moreover, involuntary injection of faults or
uncertainties has often configured as one of the major causes
of system failures, especially in the context of Self-adaptive
Software (SaS). Software systems that can autonomously react
to changes in their environment or modify its structure and/or
behavior to meet the user’s new needs are called SaS [4], [5].

Software adaptation, when manually performed, becomes
an onerous and error-prone activity. Adversities, such as time,
effort, money and the involuntary injection of uncertainties
by developers, may be pointed as the main negative factors
that have hampered the adaptation conducted by humans [6],
[7]. To overcome such adversities, automated approaches have
been adopted as a feasible alternative to maximize the speed

of SaS implementation and, at the same time, minimize the
developers’ involvement [4], [8]. According to Salehie and
Tahvildari [4], SaS development may be based on an external
approach, which segments this type of software in two layers:
(i) adaptable software, which represents software entities that
will be adapted; and (ii) adaptation engine, which contains
the adaptation logic. Regarding the second layer, control
loops [9] have been used to ensure that the adaptation engine
dynamically adjusts the adaptable software.

Based on this context, a Reference Architecture for SaS
(RA4SaS) [1], [2] was designed in previous work. In short, this
architecture is based on computational reflection [10] and an
external adaptation approach [4], which enables the adaptation
of software entities at runtime by means of a controlled adap-
tation modality. The software engineers define the adaptation
levels of each software entity by means of annotations. Next,
the adaptation of each entity is conducted by an automated
process, since capabilities of human administration show de-
creasing relative effectiveness. For instance, some tasks have
been difficult to manage, introducing potential problems, such
as change management and simple human error.

Although our architecture (RA4SaS) has already been in-
stantiated for a concrete architecture, the generation of source
code, a crucial activity for the execution of this automated
process, has shown some limitations. For instance, developer’s
interventions were required to meet different application do-
mains, i.e., the software engineers were responsible for making
adjustments to meet the requirements of an application do-
main, architectural models, among other requirements. In this
sense, this paper presents the design and implementation of
a new module for the RA4SaS based on Template Engine
(TE). According to Bergen [3], TEs can be used in software
development that needs automatically generation of source
code according to specific purposes. Regarding the design and
implementation of this new module, the main benefits are:
(i) higher flexibility of design, maintenance and evolution of
the software entities; (ii) introduction of new capabilities for
automatic generation of source code; and (iii) performance
improvement.

The paper is organized as follows: Section II presents the
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background and related work; Section III provides a descrip-
tion of our architecture (RA4SaS); Section IV shows the
design and implementation of an infrastructure for automatic
generation of source code for the RA4SaS; Section V presents
a case study to show the applicability of this new module;
and Section VI summarizes the contributions and presents
perspectives for further research.

II. BACKGROUND AND RELATED WORK

This section presents the background (i.e., concepts and
definitions on self-? systems, reference architecture and TE)
and related work on our paper.

Self-? Systems. SaS has specific features in comparison
to traditional ones because this type of software constantly
deals with structural and/or behavioral changes at runtime.
Some of them deal with management of complexity, reliability
in handling unexpected conditions (e.g., failure), changing
priorities and policies governing the goals, and context condi-
tions (e.g., execution environment). The SaS development has
boosted self-? properties in general-purpose software systems,
such as self-managing, self-configuring, self-organizing, self-
protecting, self-healing, and so on. These properties allow
systems to automatically react to the users’ needs or to
respond as soon as these systems meet execution environment
changes [11], [12]. According to Silva and De Lemos [13],
there is a set of goals to be achieved so that structural and
behavioral modifications are performed in the SaS without
affecting its execution states. For these authors, an adaptation
plan is a feasible solution to define which procedures shall be
adopted so that such changes are implemented.

Reference Architecture. According to Nakagawa et
al. [14], Reference Architectures (RA) refer to a special type of
software architecture that have become an important element
to systematically reuse architectural knowledge. The main
purpose of such architectures is to facilitate and guide [14]:
(i) the design of concrete architectures for new systems; (ii) the
extensions of systems of neighbor domains of a RA; (iii) the
evolution of systems derived from a different RA; and (iv) the
improvement in the standardization and interoperability of
different systems. Considering their relevance for the soft-
ware development, different domains have proposed RAs.
For instance, service-oriented architectures such as IBM’s
foundation architecture [15] and architectures for software
engineering environments [16] are some of RAs found in
the literature. Other areas/domains have also proposed RAs,
including self-? software (e.g., RA4SaS [1]).

Template Engines. According to Bergen [3], “TEs are used
in software development scenarios where it is necessary to
automatically generate text and format it according to specific
processing rules”. This definition fits perfectly the purposes of
our RA and its automated process of adaptation, which aims to
manage the changes (i.e., user’s new needs or modifications in
the execution environment) without human intervention. The
main reason for this type of TE is that our RA is based
on reflection and, subsequently, it was instantiated in Java
programming language. Thus, after a detailed analysis, the

FreeMarker TE was chosen to be used in this work for the
following reasons [3], [17]: (i) it is an open source software;
(ii) it is a general-purpose template; (iii) it is faster than
others; (iv) it provides facilities of use (e.g., JSON support,
shared variables, template loaders, among others); (v) it has
automated support in Java IDE (Integrated Development En-
vironment); and (vi) its templates are not compiled to classes,
i.e., a template can be loaded or reloaded during runtime
without redeploying the application.

As related work, Cheng et al. [5] presented a study that
aims to summarize the state-of-the-art on software engineering
for SaS, identifying the main gaps and challenges. Accord-
ing to these authors, the Model-Driven Development (MDD)
was pointed as a challenge for software adaptation, since a
key issue of this approach is to keep the runtime models
synchronized with system modifications. In this sense, the
authors emphasized the importance of the code generators
to maintain the integrity between source code and models.
Silva and De Lemos [13] developed a framework for auto-
matic generation of processes for SaS based on workflow,
model-based approaches and artificial intelligence planning
techniques. A specific contribution of this work is the usage
of model-based technology for the generation of adaptation
plans, since different planning techniques, according to the
needs of the application domain, may be used. Daniele et
al. [18] developed a Service Oriented Architecture (SOA)-
based, platform-specific framework for context-aware mobile
applications. This framework is composed of a methodol-
ogy based on Model-Driven Architecture (MDA) principles
that relies on SOA for context-aware mobile applications.
Hallsteinsen et al. [19] developed a framework for the devel-
opment of self-adapting applications in ubiquitous computing
environments. This framework is based on MDD and it aims
to facilitate the design and implementation of context-aware
adaptive applications by the reuse of modeling artifacts and
adaptive components. According to these initiatives, model-
driven approaches and source code generators have been used
in the development of self-adaptive applications in different
domains. As our RA is based on metamodel for adapting
software entities, only a source code generator based on TE
was designed and it shall be presented in this paper.

III. REFERENCE ARCHITECTURE FOR SAS

Figure 1 shows the general representation of our RA, which
is composed of four external modules and a core of adapta-
tion [1]. This RA works with a controlled adaptation modality,
i.e., the software engineer must insert annotations in each
software entity so that the automatic mechanisms can identify
their adaptability levels. In short, such levels contain param-
eters that determine where the new changes can be applied.
Thus, when an entity is developed, an automatic mechanism
performs a scan process to inspect if such annotations were
correctly inserted. After a validation process, these entities can
be stored in the entities repositories (execution environment)
so that they may be invoked in future adaptations. Next, a brief
description of this architecture is presented.
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Figure 1. Reference architecture for SaS [1]

The “Development Module” provides a set of guidelines for
requirement analysis, design, implementation, and adaptation
of the software entities at runtime. The “Action Plan Module”
aims to assist in the adaptation activity of such entities,
providing controls for: (i) dynamic behavior, (ii) individual
reasons, and (iii) execution state in relation to the environment.
Thus, a framework [2] based on learning techniques [20]
and the MAPE-K control loop [9], [21] and a tool called
DmS-Modeler [22] were developed to assist the development
of Decision-making Systems (DmS) for SaS, providing facil-
ities for modeling, calibration of such system, and automatic
generation of execution infrastructure. The “Adaptation Rules
Module” provides a set of rules (i.e., metrics) for adapting
software entities. The “Infrastructure Module” provides sup-
port for software entities adaptation at runtime, i.e., a set of
mechanisms for the dynamic compiling and dynamic loading
of software entities. The “Core of Adaptation” represents an
automated process composed of a logic sequence of nine well-
defined steps so that the adaptation of the software entities
is conducted with no human intervention [1]. To do so, this
core was organized in six modules: (i) search, (ii) annotation,
(ii) state, (iv) source code, (v) reflection, and (vi) adaptation. In
order to detail the adaptation modality of our RA, the reflection
and source code module will be detailed in this paper.

The reflection module is organized into two submodules.
The first assists in the “disassembly” and “assembly” of the
software entities by using the annotation module for obtaining
adaptation levels supported by each entity. Next, structural and
behavioral information is recovered via reflection and inserted
into a metamodel, which is inside the second submodule. New
information can be either added or removed from this meta-
model, according to adaptation interests. This new metamodel
is then transferred to the source code module so that the
new software entities are generated. Figure 2 shows the UML
model of this metamodel, which enables the adaptation of
object-oriented software systems or make use of the structure
of classes as units of software systems, as it can notice the
presence of classes (Class), attributes (FieldClass), methods
(MethodClass), among other. In this metamodel, classes which
have “Annotation” prefix are used to manage the annotations
responsible for the adaptation levels of each entity. Similarly,

classes with the “Persistence” prefix are used to manager
the annotations responsible for the persistence of software
entities. To delimit the scope of this metamodel in relation
to the persistence of entities, an Object/Relational Mapping
(ORM) framework was used. This framework enables us to
develop persistent classes following natural object-oriented
idioms as our metamodel. Thus, developers do not have to
worry about the generation of storage structures, since such
they are automatically generated by the framework. This
strategy can be considered relevant for developers, since they
can develop self-adaptive software entities in a notation to their
expertise area.

Figure 2. RA4SaS Metamodel for software entities

IV. INFRASTRUCTURE FOR AUTOMATIC GENERATION OF
SOURCE CODE

The new generator module of source code is responsible to
create the new software entities so that they can be compiled
and inserted in the execution environment. Thus, the main
purpose of this section is to present details on design and
operation of such module in Section IV-A and a comparative
analysis emphasizing the advantages of this module compared
to the previous one in Section IV-B.

A. Design of the Generator Module of Source Code

Figure 3 provides an overview of the information flow
contained in the generator module of source code, which
is organized in three levels: (i) Metamodel, (ii) Template
Engine, and (iii) Source Code. The first level represents the
new metamodel with the adaptation changes (Figure 2). The
second level contains all logic of this module, which must be
able to generate the software entities according to the target
domain and architectural models used in their development.
Thus, software engineers and domain specialists must specify
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Figure 3. Source code module

design patterns, establish architectural decisions for the SaS
development, and provide domain information to create a set
of templates that will insert in the template repository so that
the source code of each software entity can be generated by
the “Template Engine” component. Design patters describe
general solutions for design problems that occurs repeatedly in
many projects including SaS domain. Architectural decisions
represent implications for the environment in which the archi-
tecture will be deployed. Domain information encompasses the
previous two, since the domain specialists must have a special
knowledge to design each template according to requirements
and restrictions and limitations imposed by the architectural
and design models. Finally, the third level represents the source
code for the new software entities.

The “Template Engine” component, illustrated on the sec-
ond level, is a subsystem whose purpose is to generate
source code for the software entities. Figure 4 illustrates
the UML model of this subsystem, which is composed
of three logical classes (FileManager, FreeMarkerUtils,
and TemplateManager), an enum of constants (FileType),
two external packages (external, and freemarker.template)
and four stereotypes, i.e., two boundary classes (Metamodel
Boundary and Template Boundary) and two control classes
(Metamodel Control and Template Control). These pack-
ages contain a symbolic class (Jacobe) that represents the
code formatter (external package) and three logical classes
of the FreeMarker TE (freemarker.template package). The
aforementioned stereotypes are used to represent: (i) the
metamodels for the self-adaptive software entities, which are
provided by the reflection module after insertion of adapta-
tion changes; and (ii) the templates for generating software
entities, since they may have been developed based on design
patterns and architectural models; however, they may require
a set of templates to generate the source code. Among of
the logical classes, TemplateManager can be considered the
main class of this subsystem because it is responsible for
“orchestrating” activities so that the source code of software
entities is generated. Initially, Step 1, the start method
(TemplateManager class) receives as input a metamodel (from

Metamodel Control and Metamodel Boundary) containing the
software entities that will be generated. Next, Step 2, the
createEntity method is invoked by the start method so
that the software entities contained in this metamodel are
fragmented and inserted in the entity list (entities attribute).
In this step, the FileType enum is used, since provides a
set of useful constants to maintain the nomenclature of such
entities and to assist in the configuration of the code type
that will be generated. Thus, for each retrieved entity, the
generateCode method is invoked (Step 3). The purpose of
this method is to match three important items: (i) nomen-
clature information (FileType enum), (ii) metamodel of each
entity (entities attribute), and (iii) templates (from Template

Boundary and Template Control). Regarding the operation,
this method allows generating source code for three categories:
logic classes, persistence classes, and business classes. These
categories are identified by annotations inserted in the devel-
opment phase (AnnotationClass – Figure 2). As Step 4, the
generateCode method performs a call to parser2Template

method of the FreeMarkerUtils class, transferring an en-
tity map and template name that must be used to generate
each entity. This method uses the templates provided by
the software engineers, which are represented by stereotypes
Template Boundary and Template Control. Moreover, the
FreeMarkerUtils class can be considered as an abstraction
for our subsystem because it encapsulates the classes of
the FreeMarker TE (freemarker.template package). The
source code files generated by the FreeMarkerUtils class are
returned to TemplateManager class (generateCode method)
so that they are formatted and inserted in their respective
packages (Step 5). Operations for managing directories and
files, both necessary in the source code generation process, are
performed by the FileManager class. The formatFile method
uses the Jacobe symbolic class to format the generated source
code according to the standard established in the development
phase. Finally, it is noteworthy that this process (Step 2 to 5)
must be performed until the entity list (entities attribute –
TemplateManager class) has been generated. Thus, the source
code can be transferred to the compile module to be compiled
and inserted into the execution environment.

B. Comparative Analysis

This section presents a brief comparative analysis between
both modules (new and old). Next, a brief description of each
feature is provided, as well as our analysis on both modules
in relation to each of them, comparing their advantages and
limitations.

Both modules have been developed based on the Java
programming language. This language was selected because
our RA is based on reflection [1]. Although the new module
have been designed based on FreeMarker TE and uses
the FreeMarker Template Language (FTL) for developing
templates, the benefits highlighted in the next features are
worthwhile. In addition, we can add the advantages already
presented in Section II and the automated support by the main
IDEs as complementary benefits.
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Figure 4. UML model of the source code module

Regarding the design, developers were obliged, during the
development of the old module, to elaborate the “embedded
templates” and processing logic (i.e., engine) of such templates
in parallel. In this new version, the processing logic was
abstracted to a simple class (TemplateManager class) and
developers may devote their time in the preparation of code
templates for software entities. Thus, a significant gain can be
obtained when our RA is instantiated in a different domain
that needs of changes for generating new entities.

As development approaches, two types were identified. The
old module was developed based on internal approach and the
new one based on external approach. As reported in previous
feature, “embedded templates” and engine were developed by
the developers in first approach (internal). This task was con-
sidered too costly (e.g., time and cost) to the developers when
our RA had to be instantiated for a new application domain.
On the other hand, a well-defined segmentation between code
templates and engines was developed in the second approach
(external). Thus, developers can coordinate their efforts in
the development of code templates, since the engines of such
templates were already implemented.

In the context of this paper, flexibility and maintainability
can be considered related features because the first may assist
or impair the second or vice-versa. According to previous para-
graph, this new module has been more susceptible to change
than the old one. In other words, when our RA is instantiated to
meet a new domain, only the required entity templates should
be developed. In addition, a significant minimization of code
lines for processing templates in this new version compared to
previous one must be highlighted. Therefore, this aspect can
be considered highly favorable to maintain this new module.

V. CASE STUDY

In this section, we present a case study to evaluate the
applicability of the generator module of source code. The main
purpose of this study is to demonstrate the real value of this
module for our RA and, hence, for the SaS development. In
previous work, we have instantiated our RA in Java and some

validation types were conducted. Therefore, we will approach
the same studies in this paper; however, emphasizing the use
of the module presented in this paper. Next, a brief description
of our subject application and the empirical strategies adopted
for conducting this case study is addressed.

Subject Application. RA4SaS enables structural and be-
havioral adaptation at runtime [1]. Thus, for space reasons,
only the structural adaptation was chosen for our empirical
analysis, since this type of adaptation is sufficient to show
the applicability of this module for the generation of source
code. Thereby, a software entity will be used in the scope
of this empirical study to meet two levels of granularity:
(i) association of entity, which represents the addition of new
information (i.e., entities) through the following relationships:
aggregation, composition or association. In this paper, the
composition relationship will be presented; and (ii) extension
of entity, which represents the addition of new information
(i.e., entities) by means of an inheritance relationship.

Empirical research strategy. Figure 5 illustrates the
Customer software entity and the changes (i.e., association of
entity and extension of entity) that will be applied to it. Before
describing the case study, it is noteworthy that this entity
belongs to the information system context for the bookstore
management. Thus, to illustrate the first type of adaptation
(i.e., association of entity), the original entity (Customer),
initially developed to act in a local system, will be adapted to
act in a web system with authentication. Based on this context,
a Login entity with two attributes (username and password)
must be created and added to the Person entity by means
of a composition relationship. This entity (Person) receives
the adaptation changes because it has an annotation (from
“Annotation” module) that determines where such changes can
be inserted. Then, a brief description of the adaptation process
will be presented, but, for space reasons, the implementation
commands are not shown in this paper.

Figure 5. Adaptation types for the “Customer” software entity

To conduct the adaptation of the Person entity, the adapta-
tion process of our RA will be used. In short, a metamodel
(Figure 2) for this entity must be instantiated by the “Reflec-
tion” module so that the changes to be incorporated into it.
Thus, a Login entity (i.e., an instance of Class – Figure 2)
composed of two attributes (i.e., username and password –
instance of FieldClass) is created in other metamodel (i.e.,
in a different plan). To associate these entities, the Person
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metamodel must receive an attribute from Login metamodel,
i.e., the entity list attribute (entityList) of the Class class.
Metadata as type of relationship (e.g., composition), multiplic-
ity (e.g., ONE-to-ONE), and navigability (e.g., bidirectional),
also are provide in this step.

To show the extension of entity, it will be considered
the modification of new Customer software entity. Now, this
entity acts in a web system with authentication for book-
store management and it will be adapted to act in school
management system. Similarly to the previous adaptation, the
Person metamodel was instantiated so that a new entity was
added via inheritance relationship. To do so, a metamodel for
Student entity with academicRecord attribute must be created
and associated with Person metamodel. Finally, specifically
for this type of relationship, metadata determines the type of
association (e.g., EXTENDS).

VI. CONCLUSIONS AND FUTURE WORK

This paper presented the design and implementation of a
module for automatic generation of source code for SaS.
This module is part of a wider project, i.e., a RA4SaS that
aims to support the development and adaptation of software
entities at runtime [1]. Using this RA, software entities are
transparently monitored and adapted at runtime without user’s
perception and developer’s involvement. This RA uses a set
of modules that coordinately work in an “assembly line”,
i.e., a software entity is automatically disassembled, adapted,
and reassembled by the modules in an automated process. As
discussed in Section IV, this new module aims to optimize the
generation of source code and, at the same time, to boost the
SaS development. Thus, the main contributions of this paper
are: (i) SaS area, since we have a means that enables the
development of self-adaptive software entities and it allows to
adapt them at runtime; (ii) software architecture, because we
have proposed the first RA for SaS based on reflection and,
most importantly, we have worked in its evolution; (iii) soft-
ware engineering community, since we believe that our RA
may be adequately used together with software development
processes that have been used by companies, since they seem
to be complementary.

As future work, some activities are being planned: (i) the
first is related to case studies that will be conducted for
evaluation of the module presented in this paper, since the
case study reported in Section V does not cover all cases
and does not solve all problems related to software adapta-
tion at runtime; however, other types of adaptation must be
investigated; (ii) the second is related to the use of our RA
in different domains, since we can get some indicators as
flexibility and maintainability of this module; (iii) the third
is related to execution performance of this module compared
to previous one; and (iv) the fourth is related to the use of our
RA in the industry, since we intend to evaluate the behavior
of this module when it is applied in larger environments
of development and execution. Finally, we have a positive
scenario of research, intending to make this module (and our
RA) become an effective contribution to the SaS community.
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Abstract – The engagement of project stakeholders in 

collaborative debates of risk management has an important 

contribution to software projects. To promote the identification, 

(re)use and critical analysis of stakeholders’ arguments in these 

debates, this paper lays out a knowledge engineering process for 

the development of “argumentation schemes” for risk 

management. This process covers activities of identification, 

interpretation and causal-and-effect analysis of typical risk 

statements. From such risk management information and reusing 

generalized argumentation templates from argumentation 

catalogues discussed in the field of Artificial Intelligence, the 

process leads to the specification, generalization, validation and 

indexing of the developed schemes. As implemented in our 

project, a web-based system to support the execution of these 

development activities allows the recording of these schemes in a 

semi-structured representation format. An argumentation 

scheme for risks of non-stable requirements is presented so as to 

show the reusable argumentation artifacts that can be produced 

when our development process is followed. 

Keywords-component: Risk Management; Argumentation 

Schemes; Argumentation. 

I.  INTRODUCTION 

Risk management (RM) tasks act on the anticipation and 

treatment of risks that have a critical impact to the goals of a 

software project. As discussed in the CMMI standard [1], a 

more effective management of risks occurs when project 

stakeholders are engaged in the discussion of issues regarding 

the identification, analysis and response planning of risks. To 

support the (re)use of argumentation knowledge in the devel-

opment of collaborative debates of RM, argumentation tech-

niques have been exploited in the research project in which 

this work is situated [2-3] and in the solution of problems in 

other applications of Artificial Intelligence (AI) [4]. 

The collaborative debate of risks can be structured and 

mediated by argumentation-based communication protocols 

[5]. The exploitation of such protocols in a web-based Risk 

Discussion System [2-3] allows the capture and reuse of pro-

ject stakeholders’ arguments. The overall idea is to maintain 

these arguments in a knowledge repository formed of RM 

experiences. In this context, a common problem is that regular 

project participants (e.g. clients, managers and software engi-

neers) tend to present risk analysis arguments in which rele-

vant pieces of risk information may not be structured or even 

stated explicitly. In such debate situations, information to 

explain and justify the risks of a software project may not be 

presented and examined critically via users’ arguments. To 

approach these issues, the argumentation literature presents 

generalized “argumentation scheme” specifications [6] so as to 

capture stereotypical patterns of presumptive reasoning. In 

contrast with these highly generalized argumentation tem-

plates, domain-specific scheme specifications are also pre-

sented as a form of better supporting debates in selected appli-

cation problems (e.g. [7-8]). Despite the significance of 

scheme catalogues for the development of argumentation-

based tasks of knowledge engineering, there are still many 

forms of argument to be identified as scheme specifications. 

On the assumption that losing any relevant argumentation 

knowledge in an application problem degrades the later use-

fulness on what is captured, the present work lays out the main 

knowledge engineering activities for the specification of semi-

structured varieties of argumentation schemes for requirement 

risks in software projects. As a result of the proposed devel-

opment process, novel schemes were not only presented in [9], 

but they were also assessed in collaborative debates in a real-

life software project aiming the design and prototyping of a 

virtual tactical simulator  (the SIS-ASTROS project).   

The remainder of this paper is structured as follows. Sec-

tion II reviews background information about RM and argu-

mentation. Section III presents our scheme development pro-

cess. Section IV discusses related work and Section V reviews 

our contribution and identifies future work. 

II.  RISK MANAGEMENT AND ARGUMENTATION 

RM involves the discovery of events that can be a threat to 

the success of the software project so that a software develop-

ment organization can plan risk response actions and build 

contingency reserves [10]. When analyzing failures in soft-

ware projects, risks can be closely related to the poor man-

agement of requirements [10-12]. In this context, the engineer-

ing of requirements [13] is concerned with the assessment of 

clients’ expectations, the evaluation and negotiation of a soft-

ware solution, the validations of software specifications and 
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the management of client needs as they are transformed into 

software specifications. As requirement engineering is an 

initial software development task, requirement risks that ended 

being materialized in a project are likely to have a significant 

impact on the project (product) goals. As reviewed in [14], the 

majority of such requirement specifications are described in 

natural language or a semi-structured version of it, where just 

a small portion relies on formal specification languages. 

The analysis of informal arguments relies on the identifica-

tion of argument components. Approaches for argumentation 

diagramming [15-16] allow users to organize the components 

of an argument not only in terms of premises and conclusion, 

but also via detailed elements of the argumentation model due 

to Toulmin [17]. The overall idea is to promote users’ critical 

thinking and improvement of users’ argumentation skills by 

making argumentation elements explicit in semi-formal dia-

grammatic models, as implemented in the Araucaria system 

[15], for instance. In AI, argumentation frameworks [4] are 

usually investigated via some appropriate version of logic 

formalisms of reasoning with arguments. In these settings, 

argumentation schemes are developed as part of a standard 

knowledge acquisition and representation process (e.g. [18]). 

Although not represented as an explicit process model, the 

development of such schemes involves the modelling of these 

semi-formal or formal argument specifications (or both).  

Argumentation schemes are intended to capture presump-

tive patterns of reasoning [6]. The underlying idea is that such 

schemes could support the expression of patterns of non-

deductive reasoning, or even fallacies. In our research project, 

users' arguments presented in the debate of RM issues are 

captured and reused by taking advantage of the structure of 

these schemes. In doing so, one exploits an argumentation 

scheme as a template for knowledge acquisition in the collabo-

rative RM problem. To help the understanding of the nature of 

a scheme, a long-established argument scheme specifying 

cause and effect arguments can be presented: Major premise: 

Generally, if A occurs, then B will (might) occur. Minor prem-

ise: In this case, A occurs (might occur). Conclusion: There-

fore, in this case, B will (might) occur. The evaluation (or the 

validity) of scheme-based arguments presented in collabora-

tive debates is an important argumentation characteristic. In 

the representation of argument schemes, this evaluation in-

volves the identification and statement of questions regarded 

as critical. As presented in [6], “critical questions” (QCs) for 

the argumentation scheme from cause to effect are: How strong 

is the causal relation between (X) and (Y)? (If this causal gener-

alization is true at all) Is the mentioned evidence (X) (if there is 

any) strong enough to warrant the cause-effect generalization as 

stated? Are there other factors (F) that would or will interfere 

with the production of the effect (E) in this case? Is (X) the main 

(or single) cause for the occurrence of (Y)? 

Argumentation scheme specifications for users or systems 

to exploit and share scheme repositories are still been investi-

gated. To approach this issue, argumentation mark-up lan-

guages have been proposed in the context of identification and 

visualization of argumentation schemes [19-20]. Those pro-

posals are based on semantic web standards, which are often 

formalized on the basis of ontology representations. As de-

scribed in [19], the Web Ontology Language (OWL) standard 

allows the construction of an ontology for the specification 

and annotation of arguments in different degrees of formaliza-

tion, leading to a representation that can be processed by ma-

chines. 

III. THE DEVELOPMENT OF ARGUMENTATION SCHEMES FOR 

COLLABORATIVE RISK MANAGEMENT 

To construct argumentation schemes not only to support the 

critical proposition and analysis of requirement risks, but also 

to promote the identification and specification of these kinds 

of risk-management arguments in a reusable argumentation 

template, a knowledge engineering process for scheme devel-

opment should be put forward. Fig. 1 presents the UML activ-

ity diagram laying out our proposal for this process. To illus-

trate these activities, a new domain-oriented argumentation 

scheme developed in our project can be used: the “Argumenta-

tion scheme for risks of non-stable requirements”. Such insta-

bility of requirements can be related to a volatile application 

domain, where clients either present new requirements in the 

course of a project or change requirement specifications made 

in the past (or both). In general, external factors of a software 

project can lead to new requirements or changes in the re-

quirement specifications. To execute the development activi-

ties, a web-based system was implemented in our project (Fig. 

2 - A). The activities of that process are as follows. 

 To select risk statements: it aims to compile a list of related 

requirement risk statements (here taken as arguments), to be 

structured as a reusable task-oriented argumentation scheme 

specification. To do so, the input artefacts are information 

repositories containing typical risk statements (or risk factors) 

[12, 21] in software projects. In addition to risk factors, con-

crete experiences of argumentation-based RM obtained in the 

past can be exploited in this activity. Moreover, development 

steps can be directed to the consultation with field experts in 

RM aiming to identify what risk factors are most subject to 

pro and con stakeholders’ arguments. An example of such 

typical risk statements refers to arguments related to the 

proposition of risks about non-stable requirements. These 

kinds of requirement risk statements are the output artefact of 

this activity. 

To describe risk interpretations: it aims to exploit risk in-

terpretations in the understanding of the selected risk state-

ments. Using these statements as input artefacts, this kind of 

risk argument can be augmented with the recording of their 

risk interpretations that are worth exploiting in user debates. 

The risk of requirements that are not stable, for example, can 

be contextualized in terms of constant changes in requirement 

specifications in a given software project. For this kind of risk, 

for instance, a possible interpretation can be stated as changes 

in the business domain while the project is running. Here, 

development steps are the consultation of available sources of 

risk interpretations, the discussion of such interpretations with 

field experts, and the collection of risk interpretation state-
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ments. The output artefact of this activity is this list of risk 

interpretations along with their selected risk statement. 

To analyze risk causes and effects: it aims to assess the 

causal factors that may lead to the materialization of the risk in 

a software project. To do so, a cause-and-effect diagram called 

Ishikawa diagram [22] can be used as illustrated in Fig. 2 (A). 

This diagram contributes to the understanding of the risk na-

ture, and the consequent representation of a scheme that cap-

tures such kind of problem. The input artefacts here are the 

constructed list of risk interpretations along with their selected 

risk statements. In this cause-and-effect analysis, risk interpre-

tations can be taken as risk causes in the Ishikawa diagram. 

Interpretations can also be analyzed according to different 

software development contexts such as project, client and 

business, for instance. Here, development steps are the consid-

eration of the identified risk as an effect in this diagram, the 

identification of causal factors related to the materialization of 

this risk, and the representation of these pieces of information 

in the cause-and-effect diagram modelling and refinement. 

The cause-and-effect diagram constructed is the output arte-

fact of this activity. 

To reuse existing argumentation schemes: it aims to iden-

tify reusable templates in scheme catalogues in the construc-

tion of a task-oriented scheme specification. In our project, the 

generalized formulation of the “argumentation scheme from 

cause to effect” [6] was used in the specification of the cause-

and-effect kinds of requirement risk arguments.  Although our 

schemes were motivated by this cause-and-effect template, 

other requirement risk schemes may also be constructed from 

other generalized argumentation patterns. For example, risk 

assessment argumentation schemes could be specified to sup-

port the analysis of key stakeholders’ claims as such argu-

ments are understood via the “argumentation scheme from 

expert opinion” [6]. Here, development steps are the selection 

of argumentation scheme catalogues and consequent assess-

ment of schemes available in them. In effect, this activity aims 

to find out generalized argumentation schemes, where their 

premises, conclusion and CQs are adjusted to reflect the de-

bate needs of RM tasks. Here, the output artefacts are the 

formulations of generalized schemes to be reused in the speci-

fication of new argumentation templates for RM. 

To represent scheme premises, conclusion and critical 

questions: it aims to deal with the concrete specification of the 

proposed argumentation scheme for RM. Here, the input arte-

facts are the selected risk statements, the risk interpretations 

identified, the results of the cause-and-effect analysis devel-

oped through the Ishikawa diagram and the generalized 

scheme specifications to be reused. In practice, scheme prem-

ises can be modelled from the causal risk statements analyzed 

in the cause-and-effect diagram. In effect, these premises can 

be described so as to capture risk interpretations. The conclu-

sion of the proposed scheme is the very statement of the kind 

of risk that is the motivation for the scheme construction. 

Moreover, CQs can be formulated according to risk interpreta-

tions and the results of the cause-and-effect analysis. To struc-

ture a set of CQs, a knowledge engineer can exploit the argu-

ment nature of each question, checking if these questions cap-

ture exceptions to the structural rule of the scheme, for in-

stance. In the “Argumentation scheme for risks of non-stable 

requirements”, for example, a question asks whether the pro-

jects’ application domain is really volatile, resulting in the 

constant changes in the specified requirements. Such questions 

show how debate users can attack the nature of the require-

ment risk arguments captured by this scheme, which is the true 

instability of the project requirements. In this activity, the 

output artefact is the concrete scheme specification, where this 

model is the object of additional steps of generalization, revi-

sion and validation. 

 

Figure 1. The process of argumentation-scheme development 

To generalize the scheme specification: it aims to adapt the 

proposed scheme so that a more reusable task-oriented tem-

plate specification is produced. Despite the general utility of 

generalized scheme formulations [6], risk-based schemes 
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ought to be specified in a language that regular stakeholders 

are more likely to cope with, promoting the understanding and 

reuse of these templates in collaborative debates. In addition to 

the rewriting of the terms and sentences used in the scheme 

description, this generalization activity is directed to the iden-

tification of scheme variables. These variables indicate places 

where these templates can be instantiated by debate partici-

pants. In debates, this is done when stakeholders use informa-

tion from a current project situation in the construction of their 

scheme-based arguments. For instance, the first premise of the 

argumentation scheme for risks of non-stable requirements 

expresses that if the business domain is volatile, there will 

(might) have non-stable requirements. In the context of the 

collaborative debate of requirement risks in a particular pro-

ject, this “business domain” term can be instantiated with the 

current project application domain. Here, the output artefact is 

the task-oriented scheme specification, which is now general-

ized to capture arguments for the RM problem. 

To review and validate the scheme specification: it aims to 

evaluate the quality of the proposed scheme. To do so, a 

checklist is used in the revision and validation of this specifi-

cation, which is the input artefact of this activity. In effect, this 

qualitative checklist should be adapted to knowledge engi-

neers’ needs so as to approach the construction of schemes for 

supporting the development of selected RM tasks. Items that 

are detailed in such checklists assess the underlying under-

standing of the argumentation scheme specification achieved, 

as well as the kinds of risk arguments that the scheme intends 

to capture. Other aspects can also be reviewed are: if the risk 

proposal is stated in an objective way in the scheme conclu-

sion, if the vocabulary used to describe the scheme elements is 

usual in the problem scenarios where these schemes ought to 

be exploited, if key CQs are listed in the scheme representa-

tion and if the level of detail used in the scheme specification 

is appropriate for typical stakeholders. The output artefacts of 

this activity are the proposed scheme along with a list of pos-

sible inconsistencies identified in these revision and validation 

tasks. Once such a checklist is completed a scheme specifica-

tion can be approved due to the fact that this specification 

shows selected characteristics of quality. As modelled in our 

project through the exploitation of this development process, a 

resulting argumentation scheme for risks of non-stable re-

quirements is specified as: 

Argumentation scheme for risks of non-stable requirements 

Risk interpretations: changes in the business domain during 

the project development; large number of change requests 

regarding requirements coming from clients; lack of criteria 

for managing requirement changes in the project; 

Major premise: If the business domain (D) is volatile, there 

will (might) have non-stable requirements (R)  

Minor premise: In project (P), the business domain (D) is 

volatile 

Conclusion: There are non-stable requirements (R) 

Critical questions: Is there evidence (X) that the high number 

of requests for changes in the requirement specifications is 

having a negative effect in project (P)? Are all requests for 

change (C) regarding requirement specifications (R) being 

accepted? Is the non-stability of requirements (R) due to the 

fact that the business domain (D) is changing frequently? To 

this scheme, the CQs, as in generalized formulations of argu-

mentation schemes from cause to effect, are: How strong is the 

causal relation between the volatility of the business domain 

(D) and the instability of the project requirements (R)? Is the 

volatility of the business domain (D) the main (or single) 

cause for the instability of the project requirements (R)? Is 

there evidence (X) that the business domain (D) is volatile? 

To the engineering of requirements, debate participants can 

question if the requirement engineering techniques are in place 

in the project, if there is a proper exploitation of these tech-

niques, if the people involved in the development of require-

ment engineering tasks have the skills to adequately execute 

these tasks. The templates for these requirement engineering 

related CQs are: Are there requirement (elicitation, analysis, 

specification, validation, and management) techniques (T) to 

support (X) so that risk (R) is not in the project (P)? Are there 

requirement (elicitation, analysis, specification, validation, and 

management) techniques (T) being exploited properly by pro-

ject stakeholders (K) so that risk (R) is not in the project (P)? 

Are the knowledge and experience of requirement engineers 

(E) adequate to do (T) so that risk (R) is not in the project (P)? 

In order words, it amounts to ask whether requirement engi-

neers (E) have the right set of skills to develop the requirement 

engineering task (T). For instance, these requirement engineer-

ing questions in the context of the argumentation scheme for 

risks of non-stable requirements can be stated as: Are there 

requirement validation tasks (T) to support the exploitation of 

a volatile business domain (D) so that a risk of non-stable 

requirements is not in the project (P)? Are there requirement 

validation techniques (T) being exploited properly by project 

stakeholders (K) so that a risk of non-stable requirements is 

not in the project (P)? Are the knowledge and experience of 

requirement engineers (A) adequate to exploit a volatile busi-

ness domain (D) so that a risk of non-stable requirements is 

not in the project (P)? 

To index the scheme: it aims to organize the domain-
oriented argumentation scheme proposed according to an 
indexing structure. This indexing consists of linking the 
scheme developed in a hierarchy of argument types. This ar-
gument-type concept aims to capture the nature of an argu-
mentation scheme in an application problem, indicating what 
the scheme is about. Taking the approved argumentation 
scheme specification as input artefact, this specification is 
linked to a hierarchical list of argument types in this activity. 
For instance, the argumentation scheme for risks of non-stable 
requirements is an instance of requirement risks, which can 
also be understood as a type of argument for the requirement 
risk management. In essence, these indexing steps connect the 
new scheme specification to concepts used by users in the 
search of reusable schemes in argumentation repositories. 
Here, the output artefact is the indexed argumentation scheme.
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<owl:Classrdf:ID="RequirementRiskScheme"> 
<rdfs:subClassOfrdf:resource="#ArgumentScheme"/> 
... 
<owl:Class rdf:ID= 
"ArgumentationSchemeForRisksOfNon-StableRequirements"> 
<rdfs:subClassOfrdf:resource= 
"#RequirementRiskManagementScheme"/> 
</owl:Class> 
<owl:ObjectProperty rdf:ID= 
"supportsArgumentationSchemeForRisksOfNon-
StableRequirements"> 
<rdfs:domain> 
<owl:Class> 
<owl:unionOfrdf:parseType="Collection"> 
<owl:Class rdf:about= 
"#ASI1Changes_in_the_business_domain_during_the_project_devel
opment(Pflrrger&Atlee(2009))"/>)"/> 
... 
<owl:Class 
rdf:about="#ASP1If_the_business_domain_(D)_is_volatile,_there_wil
l_(might)_have_non-stable_requirements_(R)"/> 
<owl:Class 
rdf:about="#ASP2In_the_project_(P),_the_business_domain_(D)_is_
volatile"/> 
<owl:Class rdf:about=  
"#ASCThere_are_non-stable_requirements_(R)"/> 
<owl:Class rdf:about=  
"#ASCQ1Is_the_non-stability_of_the_requirements_(R)_due_ 
to_the_fact_that_the_business_domain_(D)_is_changing_frequently
?"/> 
... 
</owl:ObjectProperty> 
<owl:ObjectPropertyrdf:ID="ArgumentSchemeHasVariables"> 
<rdfs:domain rdf:resource= 
"# ArgumentationSchemeForRisksOfNon-StableRequirements"/> 
<rdfs:range> 
<owl:Class> 
<owl:unionOfrdf:parseType="Collection"> 
<owl:Classrdf:about="#D_Business_Domain"/> 
... 

Figure 2. (A) A web-based system to support the execution of the scheme development activities proposed and (B) an excerpt of the argumentation scheme for 

risks of non-stable requirements represented in OWL

To include the scheme in a repository: it aims to construct a 

reusable argumentation repository, allowing the answer of 

queries and consequent reuse of developed argumentation 

schemes. The input artefact of this activity is the resulting 

scheme along with its indexing concepts. To compute infer-

ences from scheme-based arguments stores in argumentation 

repositories, schemes need to be represented in computable 

formats of knowledge representation. As developed in our 

project, risk-related schemes are represented in the OWL for-

mat [23]. In this semi-structured model, scheme specifications 

can be queried by users and their computation tools. Fig. 2 (B) 

shows how the argumentation scheme for risks of non-stable 

requirements is represented in OWL. There, a class model is 

used in the capture of scheme interpretations, premises, con-

clusion and CQs. Scheme variables are also captured as 

classes, and relationships between scheme concepts are repre-

sented using class properties in this OWL model. In this final 

activity, the output artefact is the scheme developed which is 

represented in a semi-structured computational format.   

IV. DISCUSSION 

The definition of software development processes [24] al-

low stakeholders to standardize activities to be followed, the 

communication language to be used, and the techniques to be 

explored so that software development goals are achieved. To 

capture best practices, process models should not be immuta-

ble, since they need to evolve constantly to better support 

users in the solution of different problems. However, such 

improvements are possible provided that activities and arte-

facts that form these process structures are identified, allowing 

software engineers to evaluate and improve them continually. 

In this paper, we clearly identify a knowledge engineering 

process for the development of argumentation schemes for 

RM in software projects. Along with the discussion of each 

development activity identified there, the usefulness of this 

process is illustrated with the presentation of an argumentation 

scheme for risks of non-stable requirements (in addition to 

schemes presented in [9]), showing the reusable argumentation 
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artefacts that can be obtained when this development process 

is followed. 

Most of the knowledge engineering work related to infor-

mal argumentation is focused on individual argument elements 

and their component parts that are identified in textual descrip-

tions. This is usually developed through text-oriented annota-

tion and diagramming resources adjusted to the analysis of 

argumentation concepts as implemented by the Araucaria 

system [15]. In this setting, generalized specifications of ar-

gumentation schemes [6] are also explored by users in the 

investigation of argumentation instances. As part of the devel-

opment of critical argumentation skills, users are asked to 

recognize that an argument highlighted in such texts can be 

characterized by a given scheme. Although this line of argu-

mentation work is relevant to the development activities pro-

posed in this paper, these techniques are not directed or even 

organized as a knowledge engineering process for the specifi-

cation of new instances of domain-specific argumentation 

schemes. Our process also considers the challenging linguistic 

and semantic analysis of large amount of textual information 

in specific domains, as shown by schemes for computer sys-

tem safety engineering [7] and biological domains [8].  

V. CONCLUDING REMARKS 

Collaboration among project stakeholders in the engineer-

ing of requirements is crucial to achieve effective RM. The 

problem is that there is a significant gap between the informa-

tion that is available in textual descriptions of RM users’ ar-

guments and the modelling and refinement steps resulting in 

generalized formulations of argumentation schemes.  

In this paper, we approach the collection and structuring of 

well-formed stakeholders’ arguments in collaborative debates 

of RM. In this context, this work contributes to the issue of 

laying out reusable argument templates to support these users 

in the construction of deeper analyzes of risks in their projects. 

In doing so, we detail a knowledge engineering process for the 

development of argumentation schemes for RM. We also 

describe a web-based system for supporting users on the de-

velopment of the proposed scheme specification activities, 

aiming to facilitate the explicit representation of schemes in 

OWL. Preliminary evidence for the overall validity of this 

knowledge engineering process is demonstrated by a reusable 

set of argumentation schemes for the analysis of requirement 

risks in software projects as shown in [9]. 

Future work will involve attempting to exploit semi-

structured approaches (e.g. OWL based) during the develop-

ment scheme activities, rather than relying on informal scheme 

representations. We also plan to specify new scheme instances 

to be explored by project stakeholders in collaborative debates 

in different software project application domains. It amounts 

to involve both knowledge engineers and risk management 

experts to further experiment the proposed knowledge engi-

neering process for the specification of schemes. 
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Abstract – Managing risks in real-world software projects is of 

paramount importance. A significant class of such risks is related 

to the engineering of requirements, commonly involving the 

presentation and analysis of risk management arguments from 

both software engineers and clients involved in collaborative 

debates. In this work, drawing inspiration from argumentation 

theory in Artificial Intelligence, we introduce a number of 

“argumentation schemes” and associated “critical questions” to 

support such discussions. In doing so, we propose schemes related 

to risks due to excessive numbers of requirements; inadequate 

client representatives and poor understanding of client needs; 

incorrect, incomplete and conflicting requirements, and complex 

and non-traceable requirements. We also present a case study 

where the developed schemes were used to support the discussion 

of requirement risks in the context of a research and prototyping 

software project for the Brazilian Army.  

Keywords-component: Argumentation Schemes; Requirement 

Risks; Risk Management; Argumentation. 

I.  INTRODUCTION 

Understanding and documenting key clients’ needs is the 
foundation for success of software projects. As part of re-
quirement engineering (RE) processes, these needs can be 
exploited through the development of RE tasks [1]. Despite 
these tasks, IT projects have changed in recent years because 
of increasingly complex requirements as described in [2]. 
Ubiquitous computing, inter-organizational systems, and an 
increment on consumer-targeted systems have created new 
challenges, making it difficult to manage requirements. This 
can be shown when major failures in software projects are 
analyzed [3]. It indicates that project stakeholders really ought 
to collaborate to the systematic identification of these prob-
lems in the initial phases of a software project, which is the 
time when the requirements are captured and analyzed as 
defined in software standards such as CMMI [4]. As explored 
in our research project [5-6], early consideration and treatment 
of software project risks amounts to the development of col-
laborative risk management (RM) tasks.  

In collaborative scenarios, RM debates where “argumenta-
tion” techniques from Artificial Intelligence (AI) [7] can be 
used by project stakeholders to identify and analyze risks and 
their causes along with the proposition of risk response plans. 
As described in [8], argumentation processes can be used as a 
form of acquisition and construction of knowledge, which is a 
task based on presentation and computation of arguments and 

counter-arguments as well as the deliberations on particular 
issues. As described in [9], “argumentation schemes” allow 
the construction of such a dialogue-based system, where these 
schemes allow software engineers to describe argument struc-
tures commonly used in daily discourse. Such a scheme model 
presents a template for an argument type in an application 
problem, where this template can be used by stakeholders to 
elaborate and analyze argument instances to be advanced in 
their debates. As exploited in different applications [10-13], 
argumentation schemes can also be proposed so that they are 
used in the collaborative management of requirement risks in 
software projects. 

As presented in [3], an open-ended questionnaire answered 
by IT professionals assessed specific factors contributing to 
either the success or the failure of software projects. Among 
the success factors identified, 2 of them refer to the manage-
ment of requirements: the (high) level of abstraction for client 
participation and the thorough definition of requirements from 
the beginning. Among the failures identified, the study high-
lights the lack of requirement definition. From such results, 
this work proposes a new set of argumentation schemes from 
requirement risks. As the high-level of client participation 
impacts the success of a project, we specified schemes to cap-
ture arguments about requirement risks due to: the utilization 
of inadequate client representatives and requirements that do 
not fulfil clients’ needs. The scheme for risks of inadequate 
client representatives assesses the experience of clients in the 
business domain of a project, as well as the interest and in-
volvement of these clients in the elicitation of requirements. 
Moreover, the lack of involvement of clients can end up caus-
ing problems in the identification of their true needs. In effect, 
the argumentation scheme for requirements that not fulfil 
clients’ needs is helpful in the assessment of the clients’ com-
mitment towards the elicitation and validation of requirements. 
A thorough initial definition of requirements can only be 
achieved when risks due to incorrect, incomplete and conflict-
ing requirements are avoided. In this paper we introduce ar-
gumentation schemes to deal with such problems. In particu-
lar, the scheme for risks of incorrect requirements refers to 
whether the project scope is defined properly or not. The 
scheme for incomplete requirements aims to assess if all the 
requirement elicitation work has been done adequately so that 
the project could have better chances of achieving its goals 
[14]. In this context, issues regarding the specification of an 
excessive number of requirements can also be approached via 
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one of the schemes we put forward here. Conflicting require-
ments can occur when stakeholders have different views about 
project requirements or conflicting sources of information on 
the requirements. In general, the lack of requirement definition 
occurs when risks referring to the complexity of requirements 
are not prioritized. Among other reasons, complex require-
ments make it difficult for the project team to understand and 
share these requirements, reflecting how requirements are 
conceptualized and structured. According to [2], this kind of 
modelling issue indicates that it is difficult to understand, 
specify, and communicate the requirements. Finally, risks 
regarding the traceability of requirements ought to be exam-
ined when requirements are subject to many changes in the 
project, where this argumentation topic is considered in the 
specification of another scheme. To assess the usefulness of 
the schemes we created, we developed a collaborative debate 
on the management of requirement risks for a software project 
being carried out at UFSM. This project involves the research 
and prototyping of a virtual tactical simulator for the Brazilian 
Army – the SIS-ASTROS project. In this paper, a small frag-
ment of this debate is used to illustrate how our requirement 
risk schemes were used by members of this project. 

The remainder of this paper is structure as follows. Section 
II reviews background information about RM, RE and argu-
mentation. Section III presents the new schemes developed. 
Section IV shows a fragment of a collaborative debate in 
which such schemes were used. Section V shortly discusses 
related works. Section VI summarizes the contribution of this 
paper and discusses future works. 

II.  REQUIREMENT RISKS AND ARGUMENTATION SCHEMES  

The engineering of requirements in software projects is a 
process involving tasks for requirement elicitation, analysis, 
specification, validation and management [1]. In the require-
ment elicitation, clients’ needs regarding their expected soft-
ware products are described in a user language. In the re-
quirement analysis, information captured during elicitation is 
gradually refined. This refinement leads to the construction of 
a model for the project requirements, where aspects of the 
function and behaviour of the software are identified. In the 
requirement specification, a conceptual model of the software 
is developed, which is used in the validation of the specified 
requirements and the planning of software development proc-
esses. In the requirement validation, the quality of the specifi-
cations of the requirement documents is examined by stake-
holders. These specifications are reviewed to guarantee that 
the requirements were not captured as ambiguous descriptions, 
in addition to the detection of inconsistencies, omissions and 
errors. The team conducting such revision tasks should in-
volve stakeholders interested in the examination of the specifi-
cations in the search for content and interpretation errors.  

Despite all such efforts in RE, problems in those require-
ment specifications can be approached as risks in software 
projects. In simple terms, a risk is an event that can affect the 
goals of a project [15]. So, RM in software projects can be 
taken as the application of a set of principles and practices to 
the identification, analysis and treatment of risk factors aiming 
to prevent a project from failing, despite the fact that a risk can 
alternatively be treated as an opportunity in many software 

projects. This indicates that “risks that are due to software 
requirements” ought to be identified and their occurrence 
probability and project impact analyzed. Based on such risk 
evaluation tasks, risk treatment plans are established to risks 
with high priority in a project. In general, these RM processes 
demand a more intense communication process inside and 
outside the limits of the project. The need for collaboration is 
even higher when software projects involve stakeholders that 
are distributed geographically, in a scenario where the web is 
the primary communication medium. As described in [4], RM 
frameworks ought to be founded on significant steps of col-
laborative communication among stakeholders. Computational 
support for these activities is approached by web-based tools 
for recording and querying risk statements, their analysis and 
response plans. In effect, the collection of such RM informa-
tion is naturally done in a dialogue where multiple stake-
holders are involved, where collaborative steps support the 
discussion of different points of view and experiences. So, 
processes of collaborative decision making are what tend to 
make the RM most effective [4].  

In argumentation scenarios involving project stakeholders, 
RM debates can ground the identification and analysis of risks 
and their response plans. As modelled by argumentation 
schemes, a set of speech acts is defined in the form of rules, 
which are used to give support to a conclusion statement ad-
vanced in such debates. In this case, the premises of an argu-
mentation scheme allow users to capture common assumptions 
made in arguments. If such assumptions are accepted as true, 
this guarantees that the conclusion defined in the body of a 
scheme will also be accepted. In addition to a set of structural 
rules represented as premises and conclusion, each scheme is 
fundamentally defined by a set of critical questions (CQs). In 
case a user does not answer any one of these questions with 
relevant information in a debate situation, arguments that are 
based on the reasoning template of a scheme can be rejected. 
In general, the indication of variables helps the formulation of 
more generalized specification of argumentation templates, 
showing places where debate participants can shape scheme-
based arguments with concrete pieces of information specific 
to the issue being discussed.  

Argumentation schemes can be investigated to promote the 
identification of rather generalized patterns of argumentation. 
Described in an informal logic notation, the catalogue of such 
schemes [9] contains generalized templates for arguments 
from cause to effect, arguments from expert opinion, argu-
ments from sign, etc. In fact, such kinds of templates could be 
exploited in the construction of tools to support collaborative 
debates. To approach such catalogues, it is relevant to notice 
that the analysis of risk causes and causal dependencies related 
to software failures is a significant RM characteristic (e.g. 
[16]). As defined in the “argumentation scheme from cause to 
effect” [9], argument templates can express relationships be-
tween causal factors and certain situations, where such situa-
tions are taken as effects from these causes. The generalized 
description of this scheme is: Major premise: Generally, if A 
occurs, then B will (might) occur. Minor premise: In this case, 
A occurred or will (might) occur. Conclusion: Therefore, in 
this case, B will (might) occur. Critical questions: How strong 

is the causal relation between (X) and (Y) (if this causal generali-
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zation is true at all)? Is the evidence (X) mentioned (if there is 

any) strong enough to warrant the cause-effect generalization as 

stated? Are there other factors (F) that would or will interfere 

with the production of the effect (E) in this case? Is (X) the main 

(or single) cause for the occurrence of (Y)? Questions like these 
can be used to attack scheme-based instances of arguments 
when the debate participants present counter-arguments. In 
many situations, instances of questions created according to a 
scheme can present doubts about the structural connection 
between the premises and the conclusion of the arguments. 
From these questions, a scheme-based argument can be at-
tacked in various ways, where the proposition of a counter-
argument contains a conclusion opposing the conclusion of the 
original argument. Importantly, the assessment of such ques-
tions can also promote the presentation of supporting informa-
tion to back up such arguments (Fig. 1 shows examples of 
these scheme-based speech moves). 

Argumentation schemes are exploited in the solution of dif-
ferent application problems. In [10], an argumentation model 
proposed the use of schemes in the formalization of a dialogue 
protocol for agent communication. The protocol focuses on 
the presentation and computation of scheme-based arguments 
in favor of and against decisions, aiming to help users in the 
deliberation about the viability of organ transplants. In [11], 
schemes are used in the conciliation of results from similar 
biological experiments. Due to complexity of these experi-
ments, results obtained when they are conducted may be con-
flicting or contradictory. In [12], a scheme-based approach to 
the representation and analysis of arguments regarding the 
security of computational systems is discussed. Those schemes 
were constructed from the generalization of safety-based is-
sues commonly found in this domain. In [13], schemes are 
used in e-government and e-participation scenarios, where a 
web-based platform to promote democratic participation and 
debate of legal projects is proposed. Through a web-based 
tool, legal proposals can be input to the system, and citizens 
participate in the evaluation of those proposals through a web-
site, either supporting or not the proposals. Schemes are used 
in the structuring of such proposals so as to promote their 
evaluation by members of the public. Despite the existence of 

these applications of schemes, and even though a preliminary set 

of schemes for RM [6] (as part of the research project where this 

work was conducted), the available schemes in the literature do 

not cover argument templates directed to the analysis of risks 

related to requirements in software projects. 

III. ARGUMENTATION SCHEMES FOR THE COLLABORATIVE 

MANAGEMENT OF REQUIREMENT RISKS 

Following catalogues of requirement risks [17-20], argu-
mentation schemes addressing the analysis of requirement 
risks can be proposed. To formulate these templates, require-
ment risks were analyzed according to the key RE tasks [1]. 
Taking advantage of a knowledge engineering process for the 
specification of argumentation schemes as proposed in [21], a 
set of 8 new schemes was structured via interpretations, prem-
ises, conclusion and CQs.  

A. Argumentation scheme for risks related to excessive num-
ber of requirements  

Risk interpretations: large numbers of requirement informa-
tion sources (sometime different sources) available for query; 
large number of unnecessary requirements; too large and am-
bitious project scope; lack of consensus among project stake-
holders;  

Major premise: If there is a large number of information 
sources (S) available for consultation, there will (might) have 
an excessive number of requirements (R)  

Minor premise: In the project (P) there is a large number of 
information sources (S) available for consultation 

Conclusion: There is an excessive number of requirements (R)  

Critical questions: Is the large number of available informa-
tion sources (S) being questioned properly by project stake-
holders (K)? Is there a too large and ambitious scope in the 
software project (P)? Is there a lack of consensus among pro-
ject stakeholders (K) about the large number of requirements 
(R)? 

For this scheme, an additional set of CQs that is typical in 
argumentation schemes from cause to effect are: How strong 
is the causal relation between the large number of information 
sources (S) and the excessive number of requirements (R)? Is 
the large number of information sources (S) the main (or sin-
gle) cause for the occurrence of an excessive number of re-
quirements (R)? Is there evidence (X) that there is a large 
number of information sources (S) available for query? Is 
there an excessive number of different information sources (S) 
available? As these cause-and-effect types of questions were 
instantiated in the context of the argumentation scheme from 
risks of excessive number of requirements, they can also be 
instantiated in the context of the other schemes presented later 
in this paper. Looking at RE tasks, it is also possible to ask if 
RE techniques are in place, if there is a proper exploitation of 
these techniques, if the people involved in the development of 
RE tasks have the skills to adequately execute these tasks in 
the project. Having a general applicability in all schemes pro-
posed here, the overall templates for these RE kinds of CQs 
are: Are there requirement (elicitation, analysis, specification, 
validation, and management) techniques (T) to support (X) so 
that risk (R) does not apply to project (P)? Are there require-
ment (elicitation, analysis, specification, validation, manage-
ment) techniques (T) being exploited properly by project 
stakeholders (K) so that risk (R) is not in the project (P)? Are 
the knowledge and experience of requirement engineers (E) 
adequate to do (T) so that risk (R) does not apply to project 
(P)? In order words, it amounts to question whether require-
ment engineers (E) have the right set of skills to develop the 
RE task (T). For instance, these RE questions in the context of 
the argumentation schemes from risks of excessive number of 
requirements can be written as: Are there requirement elicita-
tion tasks (T) to support the exploitation of a large number of 
requirement information sources (S) available for query so that 
an excessive number of requirements (R) does not occur in 
project (P)? Are there requirement elicitation techniques (T) 
being exploited properly by project stakeholders (K) so that an 
excessive number of requirements (R) does not occur in pro-
ject (P)? Are the knowledge and experience of requirement 
engineers (A) adequate to exploit a large number of require-
ment information sources (S) available for consultation so that 
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an excessive number of requirements (R) does not occur in 
project (P)?  

The set of CQs defined here is not exhaustive. If users find 
it relevant to include new questions in this list, they should do 
so. A possible example for this is the formulation of questions 
related to the kinds of projects that are most commonly exe-
cuted in a software development organization. In the SIS-
ASTROS project, CQs related to distributed software devel-
opment issues and related requirement risks can be formu-
lated. This is a context where the company acts on the design 
and implementation of simulation systems, which have par-
ticular risks associated. 

B. Argumentation scheme for risks related to inadequacy of 
client representatives 

Risk interpretations: client representatives not having experi-
ence in the target application domain; client representatives 
having opposing interests towards the project; client represen-
tatives are not truly committed to support the RE tasks; 

Major premise: If client representatives (C) are not able to 
offer support to the RE tasks (T), there will (might) be client 
representatives (C) that are not adequate 

Minor premise: In the project, the client representatives (C) 
are not able to offer support to the RE tasks (T) 

Conclusion: The client representatives (C) are not adequate 

Critical questions: Are client representatives (C) appearing to 
have just a vague knowledge about the target application do-
main (D)? Is there any reason for client representatives (C) to 
omit relevant requirement information (R)? Are client repre-
sentatives (C) not really available to support the RE tasks (T)?  

C. Argumentation scheme for risks related to incorrect re-
quirements 

Risk interpretations: misunderstanding the client needs; pro-
ject scope not well defined; incorrect communication of pro-
ject information by the client; lack of requirement validation 
tasks; 

Major premise: If the client needs (N) are not being analyzed 
properly by requirement engineers (E), there will (might) be 
incorrect requirements (R) 

Minor premise: In the project, the client needs (N) are not 
being analyzed properly by requirement engineers (E) 

Conclusion: There are incorrect requirements (R) 

Critical questions: Are the business rules (B) of the target 
application domain (D) too complex? Is there evidence (X) 
that the client needs (N) were not understood properly by 
requirement engineers (E), or that project information (I) was 
not properly communicated by clients? Are clients (C) really 
sure about what the significant requirements (R) are? 

D. Argumentation scheme for risks related to complex re-
quirements 

Risk interpretations: large amount of information regarding 
project inputs and outputs; complex interaction with too many 
external interfaces (e.g. other systems, web services, etc); 

target application domain contains terms and concepts that are 
not well defined; 

Major premise: If the target application domain (D) is com-
plex for project stakeholders (K), there will (might) be com-
plex requirements (R) 

Minor premise: In the project, the target application domain 
(D) is complex for project stakeholders (K) 

Conclusion: There are complex requirements (R) 

Critical questions: Is there really a large amount of informa-
tion related to inputs (I) and outputs (O) and interfaces (S) in 
project (P)? Is the complexity related to requirements (R) that 
are not being understood correctly? Are software artefacts (T) 
that help reduce the complexity of the requirement representa-
tions (R) being used? 

E. Argumentation scheme for risks related to incomplete 
requirements 

Risk interpretations: clients do not know what they want; 
clients forgetting to state important requirements; missing 
significant requirements as far as the project scope is con-
cerned; 

Major premise: If the requirements (R) have a large number of 
missing requirement specifications (S), there will (might) be 
incomplete requirements (R) 

Minor premise: In project (P), requirements (R) have a large 
number of missing requirement specifications (S) 

Conclusion: There are incomplete requirements (R) 

Critical questions: Are clients (C) really sure about their needs 
in project (P)? Are there missing significant requirements (R) 
as far as the project scope (P) is concerned? Is there evidence 
(X) that clients are forgetting to state important requirements 
(R)? 

F. Argumentation scheme for risks related to requirements 
that do not fulfil client  needs 

Risk interpretations: specified functionalities do not meet the 
clients’ needs; requirement engineers not understanding the 
clients’ needs; non-compliance issues between the specified 
requirements and the clients’ needs for the project; 

Major premise: If there are non-compliance issues (I) between 
the specified requirements (R) and the clients’ needs (N), there 
will (might) be requirements (R) that do not fulfil clients needs 
(N) 

Minor premise: In project (P), there are non-compliance issues 
(I) between the specified requirements (R) and the clients’ 
needs (N) 

Conclusion: There are requirements (R) that do not fulfil cli-
ents’ needs (N) 

Critical questions: Are clients (C) making their needs (N) 
clear (not vague or poorly visible) to requirement engineers 
(E)? Are client representatives (C) adequately supporting the 
development of the RE tasks (T)? Is there evidence (X) that 
client representatives (C) are committed to the development of 
the RE tasks (T)? 
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G. Argumentation scheme for risks related to conflicting re-
quirements 

Risk interpretations: conflicting information among specified 
requirements; different stakeholders proposing conflicting 
requirements; lack of a proper definition of scope for the pro-
ject; 

Major premise: If there are inconsistencies (I) among specified 
requirements (R), there will (might) be conflicting require-
ments (R) 

Minor premise: In project (P), there are inconsistencies (I) 
among specified requirements (R) 

Conclusion: There are conflicting requirements (R) 

Critical questions: Are the conflicting requirements (R) re-
lated to divergences of opinion from different stakeholders 
(K)? Is there evidence (X) that there are conflicting require-
ments from different sources of information (S)? Are the con-
flicting requirements (R) due to incorrect understanding of 
clients needs (N)? 

H. Argumentation scheme for risks related to non-traceable 
requirements 

Risk interpretations: requirement sources are not tracked in the 
project; requirement changes are not managed in the project; 
lack of requirement management tasks; 

Major premise: If the requirements (R) are not linked to their 
sources (S), there will (might) be non-traceable requirements 
(R) 

Minor premise: In the project (P), the requirements (R) are not 
linked to their sources (S) 

Conclusion: There are non-traceable requirements (R) 

Critical questions: Are there requirement management tech-
niques (T) being used by stakeholders (K) in the definition, 
capture and recording of links between requirement specifica-
tions (R) and their sources (S)? Are there requirement man-
agement techniques (T) being used by stakeholders (K) in the 
definition, capture and recording of links between requirement 
specifications (R) and requests for changes? Are the require-
ment changes (R) not being managed by stakeholders (K)? 

IV. A CASE FOR ARGUMENTATION SCHEMES IN THE 

COLLABORATIVE MANAGEMENT OF REQUIREMENT RISKS  

A fragment of a collaborative debate of requirement risks 
in the SIS-ASTROS project (Fig. 1) can be presented to ex-
pose alternative forms that our schemes were used by partici-
pants of this project. First of all, this debate shows that a risk 
proposal can be grounded on a selected argumentation scheme 
(S next to a Propose_risk act of speech). The debate also 
shows that participants can use CQs when they want to refute 
a previous risk proposal argument. This kind of argument 
against the point being made can be advanced with the help of 
a selected CQ (Q next to an Argument_con). There, questions 
can also be submitted by participants, where a question is 
linked to a CQ of a selected scheme in the debate (Q next to an 
Ask). Alternatively, project information can be advanced as an 
answer to a CQ (Q linked to an Inform).  

Propose_risk: The requirements can be incorrect @Manager01 S 
Argument_con: Some of these requirements were examined already by 
people from the army. They look like correct to me @Analyst01 Q 

Argument_pro: The project just started. We haven’t developed a 
detailed specification of these requirements. This is the kind of 
specification to be better examined by them @Technical_leader01 

Ask: Don’t you think that the army rules that should be used in this kind 
of simulation are quite complex? @Analyst02 Q 

Inform: We have a good collaboration with people from the army. 
Even if we consider this, I believe these rules are really complex for a 
software engineer with no military background @Manager01 Q 

Argument_pro: There are military terms and abbreviations that will need 
to be worked out by the requirement engineers @Analyst03 Q 
Ask: Should we consider that this project is dispersed geographically an 
issue for the understanding of the project requirements? @Manager02 

Inform: This issue can be minimized if we have frequent meetings 
with people from the army. These meetings are even planned in the 
project plan @Manager01 

... 
Propose_plan: We need to have meetings with the army people to re-
duce the impact of this risk in the project @Manager02 
... 

Propose_risk: There are complex distributed simulation requirements in this 
project @Technical_leader02 S 

Argument_pro: This simulation architecture should consider the interac-
tion between existing simulators in the army. It increases the complexity 
of the project @Manager02 
Argument_pro: As we know, some of these simulation systems are being 
developed in parallel projects to ours. All these simulators may end ex-
changing a lot of information if this distributed simulation architecture is 
not planned properly @Analyst02 Q 

Inform: This integration of simulators will require a deeper investi-
gation. That is good news since our results can greatly benefit the 
simulations that the army people want @Technical_leader01 

Inform: It should hire a military consulting company to help us with the 
specification and validation of these requirements @Manager01 Q 
... 

Figure 1. An example of a requirement RM debate  

Answers to a CQ can also be presented via an argument 

pro (Q next to Argument_pro), making either stronger or 

weaker the risk proposal analyzed by pros and cons. There, the 

overall debate that is promoted via argumentation schemes can 

help the gathering of project information from stakeholders. 

That is relevant in the determination of the probability and 

impact of a risk proposed, and their consequent prioritization. 

In the end, the answers presented to CQs used by debate par-

ticipants can also contain pieces of explanation for the deter-

mination of different risk response plans to be used in the 

project. In the web-based system we have developed [5-6] that 

organizes these collaborative debates, the labels Q and S along 

arguments presented can be used by users. As a result, the 

debate system shows the schemes used in the construction of 

those arguments allowing users to reuse these templates in the 

construction of new arguments. 

V. DISCUSSION 

Communication between project stakeholders is funda-
mental in the engineering of requirements [4]. Argumentation 
[7-8] focuses on the study and development of intelligent 
systems that model several kinds of communication aspects, 
such as how to mediate argumentation-based debates, for 
instance. Argumentation techniques are mostly directed to 
problems in the RE context such as the resolution of inconsis-
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tencies in the consolidation of multiple requirement specifica-
tions [22] and the identification of security requirements in 
making mitigation decisions [23], for instance. In our work 
argumentation is used as a framework for the assessment of 
project risks related to requirement problems. In RM, these 
approaches for argumentation are being exploited as essential 
components of risk response plans, so as to assess the re-
quirement specifications of a project in order to reduce the 
probability and impact of requirement risks. As possible forms 
of extending the approaches mentioned above, the argumenta-
tion schemes presented here focus on the capture of stake-
holders’ arguments in collaborative discussions of requirement 
risks. Through these schemes, the overall idea is to engage 
these stakeholders in the critical argumentation-based identifi-
cation and analysis of these issues and consequent planning of 
risk responses. 

Similar to [10-12], a domain-specific specification of ar-
gumentation schemes is exploited in the schemes proposed 
here. In [10], although the dialectical process modeled as the 
analysis of scheme-based pros and cons has a connection with 
how humans make qualitative decisions, the deliberation of 
solutions to RM problems is typically grounded on the addi-
tional utilization of more informal argumentation acts, where 
the dialogue used by project stakeholders is not limited to pros 
and cons kinds of scheme-based arguments. In [11], schemes 
are designed to support users in the analysis of the nature of 
inconsistencies in experimental results in Biology. In contrast 
with our work, a kind of cause-and-effect examination is not 
explicitly presented there as it is in our set of schemes. The 
schemes used in [13] rely on the generalized argumentation 
templates presented in [9]. Our work also exploits the reuse of 
such generalized scheme formulations, adapting a selected 
scheme from such catalogue to the specification of argumenta-
tion templates for the analysis of requirement risks. 

VI. CONCLUDING REMARKS 

One of the aims of this research is to reduce the communi-
cation gaps among project stakeholders particularly in relation 
to the collaborative development of RE tasks. In this context, 
the contributions of this paper are twofold. First, inspired by 
work on argumentation theory in the field of AI, we developed 
a number of new argumentation schemes to support collabora-
tive discussions of requirement risks. Associated with these 
schemes (i.e., reasoning patterns) there is a large number of 
CQs which can be very useful to both software engineers and 
clients engage in such discussions. Second, we showed a case 
study conducted in the context of a real software project; the 
debate excerpt demonstrates how our schemes and particularly 
the CQs can be useful in practice. Future work includes the 
development of a larger set of requirement risks schemes, 
besides further experimentation with the tools we have devel-
oped [5-6] to support discussion of requirement risks based on 
argumentation schemes. 
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Abstract—Context:Software startups are increasingly seen as
opportunities in a varieties of areas; from simple applications,
as personal controls, to complex solutions, involving artificial
intelligence or using big data. The process of developing these so-
lutions happens quickly and in abbreviated form. Thus, software
engineering should be adapted to better understand this world
of software startups in a way to assist them in their customer
discovery challenges and in the search for scalable business
models. Main Goal: Understand the factors that positively and
negatively influence the software development of software star-
tups and present solutions found in an empirical study on startups
located in an innovation ecosystem Methodology: We conducted
interviews and observations as data collection techniques in eight
software startups located at a Tech Park.

Keywords—Software Startups; Software Engineering.

I. INTRODUCTION

The technological evolution presented in the last years
presents a significant challenge for the companies in general
since they concentrate efforts to find new and more efficient
ways of conducting their businesses [8]. There is a growing
market for systems that operate at low cost, high quality
and have a short development cycle. It suggests that the
development approach using software engineering practices
start on the need to achieve high quality and productivity.

In software development, some of the key factors affecting
quality and productivity include people and procedures as well
as technologies being employed to accomplish the intended
activity [2]. Currently, there is a growing number of startups
that develop innovative solutions. Startup could be defined as a
human institution designed to deliver a new product or service
under conditions of extreme uncertainty [10].We can define a
subset of startups that have their software-based solutions as
software startups or digital startups. These are considered to be
newly created companies with no operational history and are
incredibly fast in the production of cutting-edge technologies
[9].

DOI reference number: 10.18293/SEKE2017-115

Innovation environments, such as universities, play a fun-
damental role in technological innovation and socio-economic
growth in a region or country. According to Etzkowitz [6],
the transformations that universities have undergone in recent
years, the so-called University revolutions, have unified the
three top strands of these institutions: teaching, research and
economic and social development of the country. Business
incubators are mechanisms of innovation and strategic process
in the economic development of countries, states, cities and
companies. The aim of incubators is to produce successful
enterprises, which is why incubators help ventures to survive
and grow during their early stages.

Furthermore, software startups are increasingly obsessed
with delivering a software product in an extremely short time
besides validating the solution directly with the end user.
The use of lean software development methodology and the
business models have become popular in software startups,
especially in the design of the minimum viable product.
Thereby, some problems can be identified by adopting (or not)
software engineering practices during the early stages of the
startup life cycle.

So the answer we are looking for is related to the further
research question: How are software engineering practices
being applied in the software product development of software
startups?

The objective of this article is to present an empirical study
on the development of MVPs in software startups located in
innovation environments in southern Brazil and providing the
answers to the research question. This article is organized as
follows: in Section 2, the central concepts that guide this work
are presented. In Section 3, the method used is described,
and in Section 4 we present the results and the insights of
this empirical research. Finally, in Section 5, we state our
conclusions.

II. BACKGROUND

A. Software Startups

Software startups are newly created companies that do not
yet have a history of the technological world and operate in a
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highly volatile environment with innovative products[4]. They
are also called digital startups and find challenges in their
insertion in the market. For Steve Blank [1], a software startup
or simply startup is a temporary organization looking for a
repeatable and scalable business model, while Ries [10] defines
it as an institution designed to create new products and services
under extreme conditions uncertainty. Startups should have a
strategy to develop their prototype and then the product, to
then secure a market base for their new products and services,
but they have limited access to resources[4]. A startup cannot
be confused with a small company. While an established (even
small) company has a validated business model, startups are in
the pursuit of a business model. Startups have some recurring
features [9]:

• Little experience;

• Limitation of resources;

• Various influences;

• Dynamic technology and markets.

The development of a software startup has a different life-
cycle than a traditional software company, that is, enterprises
that use traditional software development methodologies [19].
Steve Blank [1] defined a four-step process for the initial devel-
opment of a startup: Customer Discovery, Customer Validation,
Demand Generation, and Enterprise Structuring. According to
Bosch [2], software startups go through several stages before
they reach maturity levels, that is, they have to go through
several steps until they can create a business model that works
and is feasible.

Usually, decisions related to the development of the product
of a startup, such as the use of software engineering practices
or not, are part of the executive team of the startup [11].
However, the initial gain achieved regarding flexibility and
speed is counterbalanced by the need to restructure the product
where the business begins to grow [7].

B. Software Development

All aspects of software production, from early stages to
system maintenance, involve specifying, developing, managing
and evolving software systems [11]. This procedure is the work
of Software Engineering (SE), which arose to solve problems
of software systems, aiming to support the development of
software using processes, methods, techniques and tools [11].
Techniques such as elaboration and implementation of a com-
puter system consist of the software development process, one
of the SE subareas. This subarea aims to transform users needs
into a software product capable of solving the user’s problems.

The prescriptive models (cascade, prototyping, incremental,
among others) are models that prescribe how a new software
system should be developed. Prescriptive models are used as
guidelines or structures to organize and structure how software
development activities should be performed and in what order.
Regardless of the process, the following activities are critical
to software engineering [11]:

• Software Specification: Definition of functionalities
and constraints;

• Design and implementation of software: Production of
software complying with requirements;

• Software Validation: Checks if the software meets
what the customer wants;

• Evolution of software: The software must evolve to
meet the changes requested by the client.

III. METHOD

The methodology used in this research was based on a
Eisenhardt study [5]. In summary, the method steps include
a definition of the research, selection of cases, formulation of
research instruments and protocols, data collection, analysis
by comparison within and between cases, formulation of hy-
potheses, comparison with literature and theoretical saturation
when possible.

A. Getting Started

Initially, we made the definition of Research Questions,
which according to Eisenhardt [5] is fundamental to focus on
the construction of theory based on the case study. For this case
study, we selected startups that have the software base and are
located in an innovation environment (business incubator or
science and technology park).

Also, we defined factors related to this sample, based on
aspects such as:

• Level of maturity: in this case we consider companies
that had already developed their product, regardless
of whether this product was accepted by the market
(market fit) or not;

• Technical partner: important in a software startup is
the existence of a partner that understands the techni-
cal part and leads the development of the product;

• Interactions with the ecosystem: we consider it im-
portant for the object of this research that the number
of interactions with the ecosystem of innovation was
greater than 1.

B. Selecting Participants

In undertaking case studies, there is the selection of cases.
The selection of an appropriate population controls extraneous
variation and helps in the definition of limits in generalizing
the findings. In case studies related to population, one must be
strategic to offer clarified domains of the findings [5].

Using the factors presented previously, our search was for
companies that were within the context of innovation, that
is, that were inhabiting environments or business incubator or
science and technology park. This decision was made because
we understood that the analysis of the research question itself
could be enriched if we could analyze startups that received
the same development opportunities for their development.
And in this case, companies in these environments show these
patterns. Thus, we chose companies that have their operational
bases either in the RAIAR Incubator or the TECNOPUC of
PUCRS, Brazil.

To know, RAIAR is an incubator of companies that oper-
ates in the lean line of development of software startups and is
located in the scientific and technological park, TECNOPUC.
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C. Collecting Data

We used more than one source of data and method of
collection to increase consistency and reliability: interviews
and field observations.

Semi-structured interviews were conducted with 8 compa-
nies selected according to what has been previously specified.
The interviews script was created with open questions to
understand better the relationship of these startups with the
ecosystem, as well as the story behind the product they offer
to the market today such as the construction of the MVP,
the decisions made, or development problems and how were
solved which. These interviews were directed to the founders
of the digital startups, and this choice was made so that we
had the data necessary to understand how the business started
and what technical decisions were made to change or not the
development of the software product.

Also, an observation made during the incubation process
performed by the team responsible for the companies was
considered in this research. These observations were based
on the structure of the technical team, difficulties faced and
reported during the incubation process, such as problems
with requirements, verification, system validation, and software
architecture.

D. Analyzing Data

A striking feature of any research to build theory from
case studies is data analysis, that can be achieved through
notes [5]. In this research, we searched for patterns in the
answers and categorize them according to the relevance of the
proposed theme - software engineering. In this way, we can get
an overview of how software engineering is being perceived
and used by software startups that are in a technology park.

IV. RESULTS

In this section, we present the achieved results from the
field study with interviews, as well as some findings related
to the use of software engineering during the development of
MVP of software startups.

Among the companies studied the average interaction with
the ecosystem was 2.5 years and during this time the majority
(62.5%) did not have MVP, that is, software startups began
their activities in the ecosystem with the first objective: to
develop the minimum viable product. Another important point
is the fact that the majority (87.5%) had the technical team
(programmers) which shows the control in the software devel-
opment process.

We could see that among all the activities related to
software engineering, some were more evident in the problems
presented by the startups during and after the MVP develop-
ment. According to the interview responses and the areas of
knowledge defined by SWEBOK [3], software requirements,
software structure and architecture, and software testing are
the critical points that will be discussed from now on.

A. Software Requirement

During software development, it is common to have
changes related to user requirements. Typically changes occur

due to the evolution of the business to which the software is
linked and the cost to change a requirement upon software
developed is considered too high. However, analyzing the life
cycle of a startup (Section II.A) often the customer is unknown
to the startup and the requirement management is compromised
by this ”lack of certainty.”

Throughout the research, it was found that a good part of
the interviewees (62.5%) use a pseudo agile method to manage
the requirements of the MVP. That is, a visual management
tool (kanban) and some Scrum practices are used. Basically,
post-its are stuck on the boards indicating what should be done
(new requirements), what the team is working on and what
has already been developed. Furthermore, prioritization is a
common practice among startups.

Asking the startups more about requirements management,
100% indicated that many requirements are not managed
and/or documented, being passed on verbally either by the key
user or the startup leader. When questioned about the reason
for using some practices and not others, all of them indicated
that the time they have should be used in product coding and
avoiding the development process to be bureaucratic.

Our first finding comes up from the situation described
before.

Finding 1 Adoption of requirements management tech-
niques lead to a significant increase in development time.

A second finding can be defined as follows:

Finding 2 - Non-documentation and/or requirement man-
agement does not interfere with the quality of the MVP
developed.

B. Software Structure and Architecture

Since most of the entrepreneurs in each company have a
technical background, at several moments in the interviews,
it was stated that there was the need for an improvement
of the software structure and architecture. However, much of
the development was carried out without adequate planning
and without the use of structures and coding standards that
allow the growth of the system (either in the number of
functionalities or the number of users).

Table I presents the problems with software structure and
architecture faced by the surveyed startups.

The following finding related to the software structure and
architecture can be formulated:

Finding 3 - A poor definition or non-definition of a
software structure and architecture in the initial phase of a
software startup exponentially increases the company’s tech-
nical debt.

C. Software Testing

Despite these numbers, the technical team in its entirety
did not use software testing techniques in the construction
of the first version of the system, leaving to the end user
this responsibility. In the following versions of the system,
this scenario changed considerably, 75% used some software
testing technique.
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TABLE I. PROBLEMS WITH SOFTWARE STRUCTURE AND
ARCHITECTURE

Problem Description

Coding language & associated IDE

The choice of programming language may
affect future extensions of the software
and integrations with existing solutions
in the market.

Database

Need to choose a database that has an
active user community, allowing a
search for solutions to problems
encountered while using MVP.

Web host

Web hosting is critical for the solutions
developed by software startups.
It needs to be an affordable and
secure framework.

Code Deployment tool

Always making software changes and the
associated implementations that come
with it need to be controlled to increase
team productivity and quality.

Security approach

Usually indicated as an important item
by the startup team but ignored during
development (using the security solutions
offered by the web host).

In Fig. 1, we can see all different ways that these startups
had been performing software testing in their MVP life cycle.

• Using a pilot client: It is considered here the sys-
tem test performed by a group of end users, prior
to deployment, to provide feedback to the product
development team.

• Unit tests: a software testing method by which individ-
ual units of source code, sets of one or more computer
program modules together with associated control
data, usage procedures, and operating procedures, are
tested to determine whether they are fit for use.

• Functional ad-hoc tests: software testing performed
without planning and documentation.

• Specialist tester: software test performed by a business
specialist associated with the startup.

Fig. 1. Software testing in Startups

The way that the startups are performing software testing
activities during their MVP life cicle leads to a fourth finding:

Finding 4 - Structuring or formalizing a software testing
step will increase the market acceptance of the requirements
developed.

V. CONCLUSION

In this paper we presented the results from an empirical
study on the development of MVPs in software startups located
in innovation environments in southern Brazil, mainly analyz-
ing the problems encountered during the software development
phases.

Based on the sample of startups studied, we verified that
requirements, software structure and architecture, and software
testing are critical and should be more detailed. The four
findings defined in this paper should be better studied in order
to find insights that can improve the development process used
by startups.

The results showed in this paper provides an initial step
for understanding what happens in the early phases of any
software startup, mainly related to software engineering ac-
tivities. A few limitations must be taken into consideration in
this study. First, the sample size was small. Second, interviews
were conducted only with startup founders. As future work we
intend to consider a bigger sample of startups as well as a more
diverse set of interviewees.
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Abstract—To improve the ability and efficiency of acquiring kno

wledge for programmers, programmer-oriented online question a

nswering system (POQAS) has been advanced recently. However,

 current POQAS systems are short of semantic sensing ability. To

 solve this problem, this paper proposed a novel programmer-ori

ented online question answering system with semantic comprehen

sion (POQAS-S), which is based on the TuringOS. Since semantic

 comprehension is introduced, our POQAS-S system can underst

and the input information more precisely. Further, POQAS-S is a

ble to give a more precise answer to users than traditional POQA

S systems. In this paper, we developed a concrete POQAS-S syste

m on the android platform, which demonstrated well in contrast t

o other traditional POQAS systems in a more precise answering 

providing. Our POQAS-S can be referred to develop more other 

similar POQAS-S systems besides out built android APP in this p

aper. 

Keywords —Semantics, Knowledge base, Android, and Chat 

robots. 

I. INTRODUCTION 

Android is a free and open source operating system which 
is based on Linux, mainly used in mobile devices, such as 
smart-phones and tablet computers, characterized by Google 
and Open Handset Alliance. The advantages of Android are: 
open, rich-hardware, and easy to develop, also the mobile 
application of Google is a divine place for developers in the 
heart [1]. 

Information interaction would never be stopped since the 
beginning of humanity. Accompanied by the development of 
social science and technology, it has constantly changed 
people’s form, and always occupies an important position in 
people's life. As a kind of extension about global information, 
Mobile terminal network service has greatly changed our life. 
In today's mobile tide, the mobile terminal as carrier of various 
service applications is brought to shaking changes our lives [2]. 

Although there are a large number of information service 
applications and successful cases on Android platform, due to 
various reasons, many problems are still existing: the function 
of Baidu applications is powerful but too popularization and 

not meticulous enough; Twitter has a broad field of information 
but did not realize information packaging and there are lots of 
redundant information; the information service of WeChat of 
the public account is not convenient to find, etc. So, a new, 
distinctive, concise and powerful for specific groups of APP is 
in urgent needs. 

The purpose of this task is to make up the current 
information service applications’ problems and to absorb their 
advantages, and developing our application’s own 
characteristics: this application is based on a good interface and 
with the function that increasing the information storage; In 
order to satisfy the programmers’ demand, adding the push 
function at the foundation of the reading program articles, 
using SMS verification functions to make users log in, which 
makes the APP easy to use. The “intelligent response to 
question messages" is the core characteristic. 

This design provides an APP for programmers which are 
compatible with current mainstream features, simple and 
powerful, focused on providing users with replying related 
information with high efficiency, reducing the redundancy of 
searching information, and improving efficiency greatly [3]. 

With years of development, Android has become a platform, 
and an ecological system. Now, Android has been widely used 
in mobile field. In the past, Android versions updated too fast 
and the compatibility issues make the Android Market share 
not big, but with its stability improvement and mobile 
intelligent industry’s vigorous development, more and more 
developers began to enter into the Android world, both in 
hardware and the software system. All the signs show that, 
Android is worthy of the name "king of mobile". 

Because of the portable mobile devices, application of 
information service has been rapidly developed. An 
information service application can help all kinds of people 
know more about the world and promote people to get the 
information what they want accurately [4]. 

In this "data is wealth" era, the success of information 
servicing applications can bring programmers great 
opportunities and attract domestic and foreign Pinnacle 
Technology Corp, free developers, the elite from all walks of DOI reference number: 10.18293/SEKE2017-190 

52



life. But in the face of huge wealth, competition is more intense 
compared with other areas. 

The main content of this paper is the basic research of a 
user to an information service application and realize the 
characteristic functions of the application [5]: 

 User management: achieve user registration and log in, 
retrieve the password,  

 messages log in: send the verification code to the 
phone number, in the time limit of 60s and in 
accordance with the corresponding verification code to 
log in the system, the web server can be listening to the 
corresponding log in information, the successful 
logging in is recorded, then when you log in next time, 
you do not need to enter the verification code. 

 Information query: it is the core function, according to 
the transmitted message, it can find the corresponding 
answers, which is related to NLP knowledge base. for 
example, the question encountered in various programs 
can find answers by this function, also the server can 
set the information ambiguity [6]. 

 Article recommended: the server update an article 
which is related to IT every day, and pushed to the 
APP’s interface, then, the users can view. 

 Information storage: the corresponding text, pictures, 
or video can be stored, viewed and deleted, stored in 
the SQLite database, and it can use the user's gesture 
password information to protect. 

 Information browsing: the server in the APP in 
accordance with the classification of the IT technology 
provides a variety of knowledge encyclopedia 
information database, users can view the corresponding 
information; the information database server can be 
updated in real time. 

 Push function: this APP can push the users’ mobile 
phone information in IT aspects. 

II. RELATED WORK 

A. Android technology 

In the domestic mobile phone market, android operating 
system occupies the most market share. Android based on Java 
programming language, makes the interfaces and functions 
take with an endless stream of changes [7]. 

1) The advantages of Android development: 

a) great openness: Android is opened with source, the 

system source code can be used by the public, and its 

modification, distribution is not restricted by the permit. 

b) high degree of freedom: the system has a variety of 

simple and practical widgets, developers can follow their habit 

to develop application, showing their own ideas and thoughts. 

c) advantages of development language: Android use 

the Java language, because of it, Android development is 

simple, efficient, rich in resources, and can use lots of 

frameworks, also with the advantages of connecting with the 

WEB server seamless,suitable for current application software 

industry with increasing competition. 

B. Turing engine 

TuringOS is an intelligent operating system which can 
simulate human feelings and thinking mode. It has the 
interaction ability which is mostly close to the human, 
including emotional calculation, thinking and self-learning 
three engines. 

Turing robots have skills to learn so as to suit for all kinds 
of knowledge fields. Turing engine is based on the NLP 
knowledge base, leading to artificial intelligence technology 
and user private knowledge base’s effective union. In order to 
meet the life, and business needs, robot owners can import 
knowledge bases, and injecting "exclusive content" for their 
own robot [8]. 

This APP is based on the engine, with the realization of the 
function of the core of the question and answer, the difficulty in 
the programming is the engine’s access and design of the APP 
simulating the box that can accept the online message contents. 

III. REQUIREMENT ANAYSIS  

A. System performance requirements 

Client response: ensure the client's priority with response of 
user’s operations, so as to provide a better user experience; 
user’s log in, interface conversion and other response time 
control within 2S, message receiving and sending response 
controlling within 1s merely [9].  

The server response: with the queue model of request to 
achieve the effect of response prioritized and treatment delayed, 
cluster services and provide more stable service; the operation 
to the database should is control in less than 5S, manner to the 
client returns failure information if the operation failed in 
timely, and rollback data; solve server problem by itself as far 
as possible, send returning message to the client. 

B. System reliability and availability requirements 

Data transmission reliability: To ensure the transmission 
speed, the conventional data use J-son string transmission; data 
response reliability: control the way to the database by use of 
database connection pool technology, reading and writing the 
database to ensure the efficiency of the database response; 
client interface usability [10]: clean and tidy interface design, 
does not appear to provocative color and picture, no embedded 
advertising, improved functional tips and easy to use; 

Menu design usability: reduce the multi-layer nested menu, 
menu identification is easy to be understood, prefect menu, 
eliminate the difference of function and instruction; interaction 
design usability: for a variety of operating, providing a more 
obvious response, such as text, the box, the progress bar, etc. 
To avoid stiff interactive or non-interactive, as the first priority, 
user’s response   provides a good sense; interface update 
requirements: the design of the interface configuration by use 
of form of configuration , easy to modify and follow up; 
function update requirements: the function of modular design, 
to ensure that the system's high scalability, easy to follow up 
function; server needs to expand the server: when the client 
sends a request to the server, by forward the request to intercept 
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and forward the request to adapt to the subsequent expansion; 
database design requirements: the table of the database and the 
field obey unified standard design, in order to follow the 
increasing amount of data, it may be used to separate the 
implementation of reading and writing [11]. 

C. Feasibility analysis 

Analysis of the feasibility of the task is the necessity and 
feasibility of the application of project development. Necessity 
comes from the urgency of the task, but feasibility depends on 
the realization of the application system of the resources and 
conditions. The project need set up on the basis of preliminary 
investigation. 

D. Technical feasibility 

Android is one of the most popular mobile terminal 
platform, it has good usability and ease of development, 
resource rich and so on. At the same time, many incomparable 
advantages for developers to provide strong function and the 
abstraction, so that developers can avoid repeated low-level 
work and focus on business and achieve. 

Java, as one of the most widely used business language, has 
the characteristics of high efficiency, stability and rich open 
source framework. It plays an irreplaceable role in server 
programming. 

This project uses the Android client, and servers which are 
based on the Turing robot engine. Being use of interface 
framework it can be an architecture level of good design of the 
system [12]: 

 Client as the view display layer, based on the use of 
Eclipse Java prepared. On the one hand, Android 
platform for the development is simple and efficient. 
on the other hand, rich open source information of 
Android platform can provide us with a powerful boost; 

 As control layer, Server-side logic part based on 
eclipse using Java, through the use of Turing robot 
engine server can make our development focus on 
business. on the other hand, Java, with the stable and 
efficient merit and rich and open framework, with the 
popularity of spring and Struts2 framework which 
greatly facilitated the development to us; 

 Above all, the client uses the Android platform 
application development to realize high efficiency, on 
the other hand, with the help of Turing engine and 
open source framework, the server can gain a robust 
architecture and efficient development, in terms of 
technology, it is feasible [13]. 

E. Economic feasibility 

The cost of this project included two parts: the cost of the 
hardware device such as a server and the mobile terminal 
hardware such as a test machine. 

At present, a personal PC, personal mobile terminal 
intelligent equipment is enough to meet the requirements. As 
college students, these two devices can be very convenient to 
get in, even if the repurchase, the burden of cost is not great. 
And application software system, due to the characteristics of 

Java and Android, a large number of excellent open source 
frameworks and the servers can allow us to use it free without 
charge, so the cost are allowed to ignore in this hand. After the 
completion of the project, we can through upload app to store 
and get download traffic revenue consequently [14]. 

F. Risk factor control feasibility 

As a project, this project can access to information from the 
knowledge base and Internet when meeting some mistakes, 
which to ensure that the project is without errors. 

IV.  POQAS-S SYSTEM BASED ON ANDROID 

A. Overall design 

Overall design is mainly to transform the logic model of 
demand analysis into the physical model of the overall design, 
and set out to achieve the demand of the system. Overall design 
is not only to design the system of the overall function structure, 
but also the relationship between these modules and signals 
between them. Because modules are independent of each other, 
so we can separate the processing such as code design, write, 
test and modify, thus reducing the possibility of error spreading 
in the module, improving the reliability and maintainability of 
the system. And then for the design of database, which is an 
important part of the system, a good database can make the 
system run more smoothly. At the beginning of the 
development of this system, we should design each data set in 
the database, and the standard relationship between them. 

B. System function design 

 

Figure 1.  The system function module chart 
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C. Android client 

1) Query information module 
The module is mainly responsible for sending request 

information. Getting request information from the client 
activity, changing it into corresponding Json string format, and 
then these strings assembly to the corresponding URL 
parameter way. The HTTP can get access to this URL and send 
the information to the server. 

2) Browse information module design 
The module is mainly responsible for the server to receive 

and parse information. 

On the server side, the results transported by j-son strings 
(transformed by g-son object) are complied with the HTTP 
agreement. The client gets the corresponding j-son string from 
input-stream complied with the HTTP agreement, definitely the 
j-son string also transformed to the corresponding java class 
object. The parsing process needs external jar package (g-son 
package). The corresponding Java objects are used for    
displaying users' information on the client side. 

3) Local information storing module 
The module is mainly responsible for managing the 

information stored on the client side, such as adding, deleting, 
and modifying, inquiry and etc. information including text, 
pictures, videos can be stored for users. Users can call the 
camera and videos hardware interface on the client side to save 
the information they wanted, and to remark the information 
which is stored in the Sqlite database, and by generating the 
related thumbnail in the style of list view. So, users can check 
and delete information stored at any time. 

In order to ensure the security of stored information, 
Gesture passwords lock is used in this module. Users can set   
the gestures passwords before they used. At the next time, 
when users use the module, they must be verified by gestures 
passwords. Of course, when you are verified successfully, it 
can also be closed. Gesture passwords have set the boot menu, 
making users setting conveniently, and through this interface 
by setting up the boot sequence of gesture passwords graphics, 
user-friendly and beautifully. 

4) Information processing module 

a) Users logging in module 

The client is responsible for the judgment of inputting 
information which is legal or not, the system is responsible for 
the information verifies, especially for determining whether the   
inputting information matched completely the information in 
the database. If the information is correct, it will be 
transformed to a user class object, which is through the socket 
transmissions, sending logging request to the server. Server 
will parse the user object of user information, and then check   
the information of the user existing or not, if the user 
information exists, then the server returning the message that is 
logging in successful to the client. The client jumps to the next 
Activity.  If the user information d does not exist, then the 
server returning to the client: the user name or password error. 
The client prompts users to input the user information again. 

b) SMS landing module 

Users can use the phone number, and then enter the   
verification code, its limit time is 60s, while, if the information 
is matched, this action is successful; otherwise the system pop 
the message box to ask users whether or not to send 
verification code again. If there are records of a successful 
logging in, the mobile phone number will be preserved, and 
users can skip the stage of verification code next time.  

The function named setRegisterCallback is responsible for 
handling the response of the related event. Firstly defining a 
RegisterPage class which is imported by an external SDK 
package, but method named afterEvent must be rewritten: if the 
country and the phone numbers are inputted, they will be 
uploaded to the SMS by using the method of hash map server, 
and submitUserInfo upload function also needs to be rewritten: 
The function named submitUserInfo needs to be added two 
additional parameters named registering nickname and random 
UID (using mathematical random function).If the verification is 
successful, then jumping to the main interface of the app, and 
saving the information successfully. If the validation fails, 
jumping back to the logging interface again [15]. 

c) Update information and optimize the module 

After logging in the system, the designer can update the 
knowledge base which is of knowledge module, and the 
existing knowledge base module including data structure, 
algorithm, programming language, computer basis, application 
software system development, mathematical and logical ability 
module can be altered. The changing of corresponding modules 
is side in Turing engine, which is the server side. For instance, 
modifying the server NLP knowledge base can realize the 
information update. 

d) Push information module 

The module is mainly responsible for information 
recommendations. Developers will put the important 
programming information as a hot topic to users who use this 
app. The specific push messages are defined in the platform of 
JPUSH garage, through an external SDK to use the platform to 
implement the corresponding information push operation, this 
process plays an important role for users to increase the 
programming knowledge which is the core for the aim of this 
system. 

e) Recommended daily article module 

The server will update information of corresponding NLP 
knowledge base every day to achieve the requirement of a good 
programming article which is recommended daily, the 
corresponding good articles were collected, and added in the 
NLP knowledge base. Users will transmit the request 
information encapsulated good daily article to the server, and 
then, the server obtains the information, and queries the 
corresponding of NLP knowledge base. Note: due to the 
specified format returned and the length of paper generally are 
too long, so we should be created the additional buffer pool 
space to realize the information buffer [16]. There are two 
ways to realize the article pushed, one is using the existing 
JPUSH platform to display on the client, the other is using 
Turing engine to push. 

f) Socket transmission 
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Using the object of class of the Socket to write data in the 
input process. Firstly, server-side declares a Server-Socket 
object and specifies the port number, and then call the accept 
method of Server-Socket to receive the client's data. When 
there is no received data, the method accept is in blocked state. 
Once receiving the data, the method read deal with the 
received data through the input-stream. The client creates a 
Socket object, which specifies the server IP address and port 
number to read the data from the input-stream, by this, the 
client obtained the data from server. Finally, Client sends the 
data which should be sent to the output-stream. Namely it is 
time to precede socket data transmission of TCP protocol. 
Server-side logic process: when the information of users who 
log in is empty, the user object which the server obtained will 
return the prompt message of empty logging information. 
Otherwise, according to the logging information submitted by 
user object, Server-side invoke log method of server-side 
method User-Dao to log in. 

g) Registering 

In this module, when the user firstly enters the logging page, 
he must fill in the blanks which are "user name", "phone 
number", "password" and "confirm password", "your spouse or 
father or mother or children or company boss or your primary 
school teacher's name". The client access to these information, 
firstly checkout the password in the third blank is same with 
the second blank. if it is not consistent, then the client 
reminding the user to fill in it again. The server would get the 
information until the client conforms the information to meet 
the requirement of the standard. 

h) J-son parsing module 

The module is mainly responsible for the J-son object 
which is to deal with a request transformed from Client parsed 
into Java objects, Server obtains J-son object from the client 
request information, according to the current request interface 
set to find the corresponding tools in this module, which 
parsing the J-son object to a given Java object, so as to give 
back the other requests interface to use. 

V. CONCLUSION 

This paper introduces an APP created by us. The system 
was basically completed, but due to the writer is still 
insufficient in terms of technology and design ability, some 
function implementation could be optimized. Firstly, the 
pushing information module could be changed by using the 
latest frame. Secondly, the knowledge base could use k nearest 
neighbor algorithm in machine learning to improve the match 
rate in searching. Most importantly, more measures should be 
used to check the safety of our system because we are more 
interested in speed than safety and reliability. 

According to our experiments on questions in programming 
area to be asked to our system, it achieves 85% right solved 
rate (comparable to other POQAS systems) and 1.5X faster 
than these systems, which makes it the great solution viable for 

use cases of POQAS systems. But we still need to update 
knowledge base constantly to improve the right solved rate, 
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Abstract—In virtue of the sharp increasing scale of distribution 

network and remarkable improvement of network complexity of 

power system, it is more challenging to monitor the actual running 

situation of the power network and to diagnose fault. To add insult 

to injury, man-made operation mistakes and inadequate 

situational awareness push the power system into a tight corner. 

This research presents a new approach, which could achieve 

efficient and sufficient situation awareness. Firstly, tree form 

structure was adopted in this model. Then the complex events 

processing engine is introduced. As a result, a comprehensive 

model is proposed in this paper, through taking data-based 

knowledge and model-based information into account. In the end, 

the software framework and results of simulation experiment is 

provided 

Keywords—situation awareness; complex events processing; 
trees; power systems; data-based model 

I. INTRODUCTION 

Mounting number of network nodes at present have 
threatened the overall stability of power system, posing a 
conundrum for researchers to monitor various faults. There are 
already numerous incidents all over the world that are relative 
to power systems, one of which is the large-scale outages 
happened on august fourteen, 2003 in North America, as a result 
of which tens of millions have been affected and even paralyzed 
the urban public transit [1].  Another case of blackout occurred 
in September 2003 in Italy which had grabbed the news 
headlines for a period of time [2]. The most important element 
in these cases is devoid of real-time diagnoses and precise 
situational awareness in system of power networks. 
Accordingly, methodologies that are intimately bound up with 
situation awareness. Apart from situation awareness models, 
decision-making support methods offer effective tools for 
researchers and operators. With regard to decision-making 
support methods, decision tree algorithm is the most commonly 
used in practice, consisting of two main categories of trees: 
regression trees and classification trees [3]. The application of 
such a tree structure makes it possible to accomplish highly 
efficient and accurate anomaly detection and further rapid 
classification as well as ultimate predictions. 

 

In view of this, a new model of software architecture 
compatible with the existing power systems was proposed in this 
research. The main contents of this paper are as follows: the first 
part introduced the background information of situation 
awareness and its application in power system; the second part 
of the paper discussed related works, including implementation 
of regression trees and decision tress in power system, model-
based approaches of situation awareness , data-driven 
algorithms, generic frame-structure and practical tools; in the 
third section, a reasonable and complete definition of situation 
awareness has been given; in part four, the process of situation 
in power system was been illustrated; in part five, specific 
algorithm of situation awareness was proposed; the six part of 
this paper indicate the results of simulation experiment;  the 
seven part of this study is the conclusion that sums up this work 
and mentions a few problems to be resolved. 

II. RELATED WORK 

The theories and problems as well as application of SA in 
power networks have been researched, consisting of the sources 
of inadequate SA, an information system that is applicable to 
complex system, and a general architecture of software. In study 
[4], the standards and tools of SA in power networks have also 
been given, as a result of which perception levels of system 
operators were enhanced obviously.  From another perspective, 
a novel approach, a typically data-driven theory, has been 
introduced to cognize the status of power networks, which is 
mainly based on the random matrix theory [5]. Another key 
technology achieved in electrical networks is decision-making 
tree due to the fact that it possesses a unique characteristic 
compared with other machine learning algorithms [6, 7, 8, 9]. 
Meanwhile, the performance estimation of CEP in real-time 
network monitoring turned out to be very attractive, since it has 
simultaneously real-time access to data, fast speed query, and 
effective data reduction [10]. In this research, hence, a novel 
method that is a combination of CEP technologies and effective 
trees inference structure showed excellent capability of 
situation awareness in power systems. Meanwhile, through 
taking into account information obtained by data-driven 
approach, a variety of hierarchies of control information is 
quickly pushed to corresponding users in power systems. 
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Besides, another definition of situation awareness in power gird 
was given in this paper and also the software based on frame-
structure illustrated later was accomplished. 

III. DEFINATION OF SITUATION AWARENESS 

Situational awareness reasoning model for distribution 
network was built by using the combination of Analytic 
hierarchy process (AHP) and B-tree-like structure, and users 
can also evolve this model. Through taking different rules sets, 
the reasoning process of model can be achieved from down to 
up and vice versa, to implement disaster situational awareness 
and trace corresponding resources in the converse process. 
Moreover, when it comes to the process of modeling, each 
element in each of the AHP layers is defined as a single node. 
By connecting all the nodes, the B-tree for situational awareness 
was built. Fig. 1 showed the object of model elements.     

Figure 1. The object of model elements includes nodes, indicators, rules 
and sub-rules 

In addition, relative data normalization of situational 
awareness is as follows. First, basic elements and constraints of 
the construction of the frame are defined, which each basic 
element represent element model (node). Eventually, tree of 
perception model was constructed through using rules to 
connect individual nodes. Fig. 1 showed structural design of 
each node, and structure of rules and indicators. 

Constraints of nodes are as follows: each node contains one 
or more rules; each rule comprises one or more sub-rules; there 
exists only one relation of ‘and’, ‘or’ between rules in the same 
layer, so do sub-rules; state values of rules and sub-rules consist 
of two types: true and false; through applying ‘and’ operation 
and ‘or’ operation in the same layer, the state value of sub-rules 
and rules could be aggregated into the state values of upper 
layer; reasoning and judgment of sub-rules is based on the 
statues values by comparing values of source indicators and 
target indicators; the function of and-or-invert could be 
reasonably decomposed into combination of ‘and’ and ‘or’ 
operation. 

The essence of situation awareness model is ontology model 
and knowledge, which makes it possible that users could create 
the classification of situational awareness model with the model 
library. Users can manage their own ontology model and 
knowledge.  

Situation awareness model contain the following attributes: 
meta-model knowledge, ontology knowledge of rules, ontology 
knowledge of indicators, other attributes description. Ontology 

knowledge of rules can also include knowledge of sub-rules, 
formula, and indicators. Ontology knowledge of formulas can 
also contain sub-formulas and indicators. The system further 
abstracted rules into atomic events and composite events. While 
formulas are used as the expression of events detection, 
indicators are defined as monitoring parameters of events 
detection. 

IV. PROCESS OF SITUATION AWARENESS 

Dynamic hierarchical model in early warning is based upon 
analytic hierarchy process and trees structure, which build the 
relationship between key factors and nodes of the tree. As a 
result, hierarchical early warning model of power grid security 
can be established, which can be used for dynamic hierarchical 
warning of power system risk. Flow diagram of situation 
awareness is indicated in Fig. 2. 

Figure 2. The flow diagram of situation awareness 

This model consists of the following steps: 

1) Establish the indicators system of power networks 
security risk early warning: According to the collected data in 
the monitoring system of power networks, the indicators 
preliminarily selected such as natural disasters and man-made 
mistakes. 

2) Construct the graph of tree structure with layered nodes 
and child nodes that is corresponding to stratification of 
regions: Each leaf node of the tree represents a county. Their 
parent nodes represent corresponding cities which are larger 
regions than counties, while the region of a province is 
expressed as the root node. 

3) Set the indicators and formulas as well as hierarchical 
model of power networks security risk early warning involved 
in each node for each single layer of the tree: The setup method 
of hierarchical model includes the following steps: The first 
stage is to define variables, and variable valuations are obtained 
from further calculation by using those relative formulas. The 
hierarchical model can be optimized on account of variable 
valuations, which the layers of hierarchical model are consistent 
with regional layers. This model is established and stored. The 
model that has already been stored also supports modification 
operations.  
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4) Each node of hierarchical model is marked by different 
colors:In practical application, the implementation of the 
operations are as follows: The object of previously created 
early-warning model is initialized with tree structure, and the 
object of indictors in the warning model is also loaded in 
memory; Certain types of data are obtained from the detection 
system of power gird as input data; Matching nodes of input 
data are found according to different indicators; input data can 
be computed use formulas within coincide node; various values 
are labeled as different colors by means of rule-based 
judgement of each node; different colors represent different 
levels of risk; red color indicates that the node is at risk, while 
green color indicates devoid of risk; when a specific node of a 
layer turns red, homologous risks are warned. 

V. SPECIFIC ALGORITHMS 

A. Complex Event Processing Based Situational Awareness 

The situation in the short term and ultra-short term can be 
predicted on account of the result of data understandability. 
Predicting consequences of relatively low level is primarily 
focused on deterministic prediction in the case of a single fault, 
while higher level yield the probabilistic load forecasting results 
of all possible circumstance. Deterministic prediction presents 
exact single-point prediction, while probabilistic prediction 
provides confidence level and probability of predictable 
variables.  

In addition, the situation awareness is implemented in the 
rolling way which means predicting outcomes in the past would 
be the present situation as time goes by. Therefore, future 
predicting consequences should be amended by current results 
of data cognition and situation awareness.  

B. State Machine Processing  

Detection and monitoring of composite events are 
implemented based on the combination of rules, indicators and 
initial values.  Workflow-based data is propagated to real-time 
indicator data of each threshold node. Current situation is 
acquired from both model and data. The approach of complex 
event processing is used to analyze the variation trend and 
relationship of data for the reason of achieving situational 
predication. Through taking the current and future state of the 
model into account, users can set up rules and model to realize 
intelligent early-warning. 

C. Establishment of Inference Rules 

Inference rules can be abstracted as events in the system, as 
a result of which atomic events and composite events represent 
rules and rule set respectively. The implementation of rules is 
as follows: ontology knowledge of rules is established; Meta 
knowledge and essential attributes are maintained; indicators 
are added to rules; indicators names and initial values as well as 
description information are maintained, which the indicators are 
available from indicator base or user-defined indicators; rules 
bind to sub-rules, which all these rules are selected from 
existing library. Judgment outcomes and status value (true/false) 
of rules and sub-rules are the main reference of state changes, 
which status values are obtained from the ‘and/or’ judgment of 
rules based on the node models. According to state values of 
rules or nodes, the node information of next level could be 
acquired so that situation reasoning and awareness could be 

accomplished, as illustrated in Fig. 3. 

Figure 3. The specific algorithm of situation awareness 

Knowledge can be adversely traced back to its sources on 
the basis of the reasoning results of the model. And relevant 
knowledge of rules and indicators as well as meta-knowledge 
in the process of inference could be adversely traversed and can 
be presented to the user. Through considering the 
correspondence between complex events and specific rules, and 
saved incidence relation between knowledge of rules and 
ontology knowledge, all of the knowledge can be traced back. 
The algorithm of adverse tracing is given in Fig. 4. 

Figure 4. Algorithm of adverse tracing 

VI. SIMULATION EXOERIMENT 

Data for reasoning includes weather (temperature, wind 
velocity), power lines (length, type): Rule of node wire length 
is that the length of wires is more than l0 kilometers; rules of 

 

 

59



node temperature is that the temperature is below three degrees; 
nodal wind speed is greater than 7m/s; the type of power wires 
is overhead line; overhead lines icing will occur when the length 
of overhead lines is greater than 12 kilometers and wind speed 
is greater than 10m/s. 

Data rules: Incoming weather data: 

{"data":{"weather":[{"ID":"weatherID1","temp":1,"winds
peed":6,"eleLineID":"eleLinedID1"}]},"finish":"false"} 

Incoming wires data: 

{"data":{"eleLine":[{"ID":"eleLinedID1","len":150,"overh
ead":1}]},"finish":"true"} 

‘finish’ represents whether the data is introduced completely. 
If completed, reasoning process is started. The reasoning results 
are shown in Fig. 5. 

Figure 5. From top to bottom, it displays the problems of overhead lines, 

temperature, and both wire and temperature, respectively. 

Ⅶ. CONCLUSION 

In this study, a universal framework that is compatible with 
complex and large-scale power networks has been proposed. 
This framework not only adopts model-based approaches of 
situation awareness, but also data-driven models of SA, as a 
result of which, adequate cognition of electric power networks 
status is obtained. According to theoretical analysis, accidents 
caused by man-made operation mistakes and insufficient SA is 
reduced significantly by this framework. And it consists of 
cloud storage, generation of information system, situation 
awareness algorithms. Another formal definition of situation 
awareness in power systems is descripted in this paper. When it 

comes to the specific algorithms of situation awareness in this 
study, the Esper engine is used for processing complex events 
stream, which is only part of the situation awareness algorithm, 
instead of using decision trees or single method of CEP. Using 
the information of practical systems gathered from Esper engine 
as a single node, a logic tree is trained for representing 
information and achieving further situational awareness. 

Tree structures offer advantages of fast inquiry, swift 
feedback, effective decision-making, and the ability to rapidly 
response adventitious developments. Insomuch as multi-
granularity SA information can be extracted from the tree 
structure, it would be wiser to push corresponding fault warning 
information and decision-making information into system 
operators with different priorities. Construction method of 
storage also is elaborated in this study owing to the fact that the 
function of real-time access and inquiry of data system has 
important engineering significance. In the end, the technology 
of visualization is studied. The software development of this 
framework has already been completed and simple simulative 
experiments are carried out.   

However, there are a few problems to be solved in this 
research. For one thing, in the absence of real datasets, it is 
impossible to achieve further cost evaluation and performance 
tests. In future work, key performance indicators of the system 
such as response time, reliability, and accuracy would be 
experimented and confirmed by using real data. For another, 
distributed deployment of this model would be accomplished in 
order to bring a better experience the users. 
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Abstract—Container enables a new way to run applications 

by containerizing the application, which provides kinds of 
services to make them portable, extensible, and easy to be 
transferred between private data centers and public clouds. 
Comparing with virtual machines, containers have several 
advantages in terms of simplicity, low-overhead and light-
weight. However, as the OS kernel and resources are shared by 
all the hosted containers, performance isolation becomes a 
challenging issue for guaranteeing their SLA. 

This paper discusses I/O performance isolation issue in 
container-based clusters. First, we analyze the characteristics of 
I/O performance isolation from the perspective of the SLA. 
Then we conduct the observation experiments using multiple 
containers to obtain the variation trend of the I/O performance 
parameters and observe the impact of the I/O overload 
container on the I/O performance isolation of the system. Finally, 
we propose two algorithms, SLAE and UTE, to improve the I/O 
performance isolation in container-based systems. These 
algorithms contribute to decrease the interference caused by the 
overloaded containers. Experimental results show the feasibility 
and effectiveness of our proposed algorithms. 

Keywords-Container-based System; I/O Performance 

Isolation; SLA; Docker; 

1. INTRODUCTION 

Cloud service provides resources to users through the 
virtual machine [1]. Traditional virtual machine technology is 
based on the host hardware to build a virtualization 
management hypervisor, which allocates resources (CPU, 
memory, etc.) to each virtual machine [9], and each virtual 
machine has its own OS kernel. But this approach adds 
overhead when translates machine instructions from guest to 
host OS [5][14]. 

As the supporting platform that provides the microservice 
architecture for software applications, the container has 
attracted plenty of research attentions in the fields of cloud 
computing and virtualization. Containers, as Docker 
standardizes applications and services, opens another door for 
the operating environment of the application services. 
Compared with the traditional virtual machine, container 
isolates resources and permissions into a sandbox, which 
called a container, and each container is a separate resource 
usage space. Container isolation technology comes from LXC 
[7], it achieves environmental resources isolation by the 
namespaces mechanism and restricts the use of resources by 
the Cgroups mechanism. Namespaces mechanism and 
Cgroups mechanism are provided by the Linux kernel. 

However, because all containers at the same host share one 
OS core and multiple containers running simultaneously, there 
will be inevitably disturbances between containers. To 
improve the performance of container, isolation and safety are 
the key issues that need to be studied and solved.  

The rest of this paper is organized as follows. We 
introduce the background information and analyze the 
characteristics of I/O performance isolation in Chapter 2. 
Chapter 3 shows the variation trends of I/O performance 
parameters and argues the influence of the overload container 
on the I/O performance isolation. Chapter 4 describes a 
prototype system that can dynamically maintains I/O 
performance isolation of the system and illustrates two 
different maintenance algorithms, then verifies the feasibility 
of algorithms. Chapter 5 concludes the paper and discusses 
future works. 

2. BACKGROUND  

2.1 Containers 

The container technology isolates resources and 
permissions into containers. Docker makes isolation for PID, 
UTS, IPC, Network and other environmental resources 
through the NameSpaces mechanism provided by Linux 
kernel, besides, it limits the use of CPU, Memory, I/O and 
other shared resources by leveraging the Cgroups mechanism. 
These constraints can allow containers follow certain rules at 
runtime. 

Docker provides a few commands which use the Blkio in 
Cgroups mechanism to restrict containers' I/O usage. There 
are three groups of I/O configurations available in Docker so 
far. The first group is: --blkio-weight, which can set the I/O 
weight for a container. The second group is: --device-
write/read-bps, which can limit the read/write rate (bytes per 
second) from/to a device. The last group is: --device 
write/read-iops, which can limit read/write rate (I/O per 
second) from/to a device for a container. 

Although Docker provides several ways to restrict the use 
of the container’s I/O. But it requires the admin estimate the 
I/O usage of the container first, and then admin use the above 
methods to restrict the I/O of the container. This kind of 
method is obvious hysteresis and uncertainty, especially when 
I/O competition becomes intense and complex. Current 
container management software such as the popular 
Kubernetes, a tool for scheduling and managing containers [7]. 
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The smallest unit for managing of Kubernetes is a Pod, which 
is a set of containers, Kubernetes is responsible for completing 
their management. The main purpose of the container-based 
cloud management software is to cluster the deployment and 
management of containers. However, there is no specific 
guarantee for the isolation between containers on the host OS. 

Sean McDaniel et al. [3] proposed a two-tiered approach 
to guarantee I/O quality of service in Docker containers. They 
thought that combining the node-level QOS and the cluster-
level QOS together will have better load balancing and higher 
resource utilization. Miguel Xavier et al. [2] found the 
container-based system is not yet mature to ensure 
performance isolation among disk-intensive workloads. To 
address this problem, they [2] proposed to combine different 
types of loads on containers to reduce the interaction. Their 
results suggest the combination of CPU intensive and I/O 
intensive to alleviate the performance impacts, rather than a 
combination of disk-intensive and memory-intensive. 

2.2 Isolation 

2.2.1 I/O Performance Isolation based on SLA 
In general, cloud providers are responsible for guarantee 

the SLA for their users. They will allocate the number of 
containers and the resource cap in order to ensure that the SLA 
requirement of all the containers on the host can be satisfied 
at the same time. But if some users or applications produce 
excessive load, it is possible that the balance is destroyed and 
other containers' performance is influenced.  

Based on the SLA, we can classify the I/O performance 
isolation of container-based system into two categories as 
follows:  

Poor I/O Performance Isolation: When the multi-container 
running on the host, the I/O interference between containers is 
very strong, and the I/O state of the container is easy to change. 
Especially when some containers produce overload I/O 
operations, it will cause other containers’ I/O performance fail 
to reach the SLA requirement, such as I/O wait time and IOPS. 
In this case we believe that the I/O performance isolation of 
the container-based system is poor. 

Excellent I/O performance isolation: When the multi-
container running on the host, the I/O interference between 
containers is very weak, and the I/O state of the container is 
very stable. Even if some containers produce overload I/O 
operations, because the system has a good I/O performance 
isolation, it will still guarantee other containers’ I/O 
performance reach the SLA standard. In this case we believe 
that the I/O performance isolation of the container-based 
system is excellent. 

2.2.2 WorkLoad Model 
We can treat containers as processes that produce I/O, 

since they share one OS kernel, we can assume the I/O queue 
is a shared service queue. So the system can be viewed as the 
M/M/1 model that have single-queue and single-server. 

In the M/M/1 model of single-queue and single-server, we 
know W = S/(1-U) according to Litte's Law and Utilization 
Law [4]. Where W is the job wait time, U is the utilization of 
the system, and S is the actual service time of the job. Based 

on the equation, we can observe that the higher current disk 
device I/O utilization is, the greater the I/O delay will be, and 
when the utilization exceeds a certain threshold or so, the I/O 
wait time will appear rapid growth.  

3. PERFORMANCE TRENDS AND IMPACT ANALYSIS 

3.1 Experimental Setup 

3.1.1 Experimental Environment 
We use a node server as a host, the node has 16 AMD 

Opteron(TM) Processor 6136 CPU and 32GB of Memory 
capacity, and it equipped with CentOS7 and Docker 1.12.5.  

3.1.2 Experimental Content 
We execute the script file in the container to generate the 

I/O request to write the file. The rate of script writing is 
relatively small, so we use the Linux DD command to simulate 
the overload I/O case. It is worth noting that the I/O should 
avoid Buffer for the accuracy of the observation. 

The observation is mainly divided into two parts. The first 
part we open a number of containers on the host while running 
the script file to generate write I/O, the variable is the number 
of growing containers, meanwhile observing the trend of the 
I/O indicators. The second part of the experiment, we run a 
number of normal containers coupled with a container 
generate high I/O load to observe the effect of overload 
container on the I/O performance for other normal containers. 
Since each container has a specific disk device number, so we 
observe the I/O of the corresponding container through the 
disk device. 

3.2 Results And Analysis 

3.2.1 IOPS, write rates show a decreasing trend of power 

function 

 

Figure 1. Variation trend of I/O write operations/s 

We allow each container to achieve the same I/O load. As 
we can see from Figure 1, with the number of containers 
increased from 1 to 20, the average I/O write operations is 
reduced from 328 times per second to 27 times per second. 
The real data trend is a solid line, the whole process fits closely 
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the decline of the power function, rather than fits other 
functions. 

 

Figure 2. Variation trend of I/O write speed  

Similarly, in the above case, we can see from Figure 2, 
the average write speed of each container also shows a similar 
exponential decline trend. On our machine, the write speed 
decreased from 1658Kb/s to 139Kb/s. The real data trend is 
the solid line and the fitting curve is represented by the dotted 
line.  

3.2.2 I/O utilization, the length of wait queue fit 

logarithmic function growth trend 

 
Figure 3. Variation trend of I/O utilization 

From Figure 3 we can see that with the number of 
containers increased from 1 to 20, the average I/O utilization 
of disk device increased from 26.98% to 92%. The variation 
trend of real data is the solid line, we fit the whole process 
very close to the growth of the logarithmic function, rather 
than other functions. 

 

Figure 4. Variation trend of I/O queue size 

Similarly, in the above case, we can see from Figure 4, the 
waiting queue length of containers is also growth as the 
logarithmic function. On our machine, the length of the I/O 
queue increased from 0.268 to 0.94. The real variation trend 
of the data is the solid line and the fitting curve in the graph 
with the dotted line. 

3.2.3 The I/O utilization exceeds a certain threshold, then 

wait time soared 
We increase I/O utilization of the system by increasing the 

number of containers, and observe the relationship between 
the I/O utilization and I/O wait time. 

 

Figure 5. Variation trend of I/O utilization and wait time 

As Figure 5 shows, with the increase of containers, the I/O 
utilization increases from 27% to 92%. And the wait time is 
close to a linear growth before the I/O utilization reaches 70%-
80%. When the I/O Utilization is 71%, the average I/O wait 
time is about 5.9Ms. However, when the I/O utilization 
exceeds 70%-80%, the wait time grows rapidly near the 
exponential function. Soon the wait time is up to 30Ms or 
more, which is far exceeded the upper limit of SLA for a 
normal disk I/O. 
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3.2.4 Overloaded container will cause damage to the I/O 

performance isolation of the system 

 

Figure 6. Variation trend of I/O wait time when all normal containers and 

one overloaded container & some normal containers 

Figure 6 describes the impact of a container with a high 
I/O utilization on the performance of other normal containers. 
If the I/O loads of all hosted containers are normal, with the 
increase of containers, we can see the variation trend of I/O 
wait time fits a slow growth of a linear. When running 1-9 
normal containers with an overloaded container, the result 
shows that the overload container resulted in a significant 
increase in the I/O wait time of the normal containers, while 
the change in the overload container is small. 

Here we define ΔW = W_New – W_Pre, which represents 
the change in the I/O wait time of one container. W_New 
indicates the I/O wait time of the container before the overload 
container appears, W_Pre indicates the I/O wait time of the 
container after the overload container appears, it can reflect 
the impact of container’s I/O performance. The large ΔW 
shows big impact, the small ΔW shows small impact. And we 
use ΔSW to indicate the size of I/O performance isolation of 
the system that has m containers when the I/O strength of the 
container n grows. The more containers the system has, the 
more susceptible the system’s I/O isolation is. The smaller 
ΔSW is, the more excellent the system isolation is. 

ΔSW = ∑ ΔWi0≤ 𝑖 ≤ 𝑚
𝑖!=𝑛 

 

When there is only one normal container, the I/O wait time 
is approximately 0.82Ms. After an overloaded container 
appears, the I/O wait time of the normal containers rises 
immediately to 10.4Ms, at this time ΔM = 10.94-0.82 = 
10.1Ms, while the I/O wait time of overload container rises 
from 4.7Ms (running alone) to 6.9Ms, the ΔM is only 2.2Ms. 
With the increase of containers, the ΔM of each container 
changes only a little, while the ΔSM is growing fast because 
of the increase in the number of containers. 

3.3 Summary 

In order to gain a deeper understanding of the trend in the 
I/O performance and the intrinsic relationship between the I/O 

parameters in the container system, we summarized some of 
the above meaningful conclusions as follow. We found that as 
the number of containers grows, IOPS, write rates show a 
decreasing trend of the power function. The reason why they 
are not a linear is due to the presence of I/O kernel scheduling. 
Meanwhile, we found that I/O utilization and the length of 
wait queue present logarithmic function growth trend. Then 
we run normal containers and add an overloaded container at 
the same time. The observation parameter is the I/O wait time 
which is universality, we find that the emergence of overload 
container led to significantly waiting time increasing of other 
containers, the I/O performance isolation of system is 
damaged. As the number of normal containers increases, ΔW 
itself does not change much, but the value of ΔSW is rising. 
At the same time, we found that the ΔW value of the overload 
container is smaller relative to the ΔW value of the normal 
container. We propose that the I/O strength of the overload 
container should be reduced to maintain I/O performance 
isolation of container-based system. And the container with 
the highest I/O utilization and read/write speed should be 
regulated first for both fairness and effect priority. 

4. SYSTEM AND ALGORITHMS DESIGN 

4.1     System Design 

According to the observations, we found that the I/O 
performance isolation of the container-based system is not 
guaranteed, especially when overload containers exist, it may 
cause strong interference to other containers. So we propose a 
system which can dynamically regulates containers’ I/O to 
provide I/O performance isolation and I/O load balancing for 
the container-based system. 

Host OS

Cotainer1 Cotainer2 Cotainer3 Cotainer i

Monitor Module

Algorithm Module

Regulate Overload Container

I/O State

Execution Module

 
Figure 7. I/O dynamic adjustment system framework 

Figure 7 demonstrates the architecture of the system. It is 
built on the host OS and composed of 3 major modules: 
Monitor Module, Algorithm Module, and Execution Module. 

Monitor Module: The module is responsible for collecting 
real-time I/O status of all containers running on the host 
currently, including IOPS, read/write rate, I/O wait time, the 
average length of the request queue, I/O utilization etc. It will 
pass this information to the Algorithm Module. 

Algorithm Module: The module is responsible for policy 
analysis based on the information collected by Monitor 
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Module. Adjustment algorithms determine whether the I/O 
performance isolation of the system will be destroyed. Based 
on the algorithm, this module decides if it is necessary to 
regulate the containers' I/O, and the corresponding results are 
sent to the execution module. 

Execution Module: If the result of the algorithm module is 
that the I/O performance isolation of the current system needs 
to be maintained, then the execution module will perform the 
specific operation accordingly and use Cgroups to restrict the 
I/O intensity of the overload container appropriately so that 
the I/O performance isolation of the container-based system is 
maintained. 

4.2    Algorithms Design 

According to the results of analysis and observations, we 
designed the following two dynamic adjustment algorithms 
for judging the I/O performance isolation. 

4.2.1  SLAE(Service-Level Agreement Ensure) dynamic 

adjustment algorithm 
In the previous section, we discussed the I/O performance 

isolation of container-based system based on the SLA. And 
we have experimentally observed that when an overloaded 
container generates excessive I/O requests, it may cause I/O 
state of other containers fail to meet SLA requirements. 

In the SLAE dynamic adjustment algorithm, we use the 
SLA requirements of the I/O service as the parameter to 
evaluate the isolated damage. Take I/O wait time as an 
example. If the overloaded container has caused the I/O Wait 
Time of other normal containers exceed the SLA requirements, 
we believe that the I/O performance isolation of the current 
container-based system has been disrupted. Hence, we 
decrease the overall I/O utilization of the system by reducing 
the I/O strength of the overload container so that the I/O wait 
Time, as well as other parameters of other containers, can be 
guaranteed, that is, the I/O performance isolation of the system 
is guaranteed. 

4.2.2 UTE(Utilization Threshold Ensure) dynamic 

adjustment algorithm 
Since the multi-container case can be seen as a model of 

single-queue and single-server. And experiments verify that 
when I/O utilization of the system exceeds a threshold, the 
average I/O wait time of the container will be a sharp increase, 
then I/O state will be very unstable, which means I/O 
performance isolation is poor. 

So judging I/O performance isolation of the system can 
also depend on the I/O utilization of the system. We can set a 
threshold to the I/O utilization of the system. And the 
threshold is about 0.7-0.8 according to the observation results. 
We know that when the I/O utilization exceeds the threshold, 
the I/O wait time of all containers becomes high and the rate 
of increase is accelerating, hence the I/O performance 
isolation of system is threatened. At this time, the execution 
module chooses the container with the highest I/O utilization 
in the current running containers and reduces its I/O intensity, 
so that the I/O utilization of the system is reduced, the I/O 
performance isolation and load balancing of the system are 
maintained. 

4.2.3    Algorithms comparison 
When the service provider and the user have signed the 

SLA, the SLAE algorithm should be adopted. If users bought 
the service, then the enterprise should ensure the service 
quality. For users, if the I/O metrics reach the SLA 
requirements, then the I/O service performance is good. 
Therefore, if there is a clear SLA requirement, it is 
recommended to use the SLAE algorithm. 

In the absence of SLA situation, for example, the 
container-based system is used to be the operating 
environment of applications. The operating conditions of 
application are complex and unstable. To ensure I/O load 
balancing, the UTE algorithm should be used. Our 
experiments show that when the I/O utilization exceeds a 
certain threshold, the I/O performance of the applications in 
containers will be unstable and drops rapidly. The UTE 
algorithm can guarantee I/O performance and load balancing 
for container applications in this situation. 

4.3     Regulation of Overload Container 

Linux's Cgroups mechanism can restrict the I/O strength 
of a particular process on a specific device. Each container has 
a main process at the host, all application processes within the 
container are child processes of the main process. Docker has 
assigned a separate disk device for each container, each of disk 
devices has its own disk device number. So we can set the 
Cgroups group by the specific device number and process ID, 
reduce the corresponding container process for their own disk 
device I/O strength to achieve the corresponding restriction of 
the container’s I/O. 

We run three normal I/O containers and a strong overload 
I/O container simultaneously. Then we restricted the I/O of the 
overload container and study the changes of the I/O wait time 
of the three normal containers. 

 

Figure 8. The I/O write speed’s variation of containers 

Figure 8 depicts the variation in I/O write speed of the 
overload container and the normal containers. We can see that 
in the first 10 seconds, the I/O write speed of the overload 
container is 4.5Mb/S or so, then it immediately reduced to 
about 1 MB/s due to our restriction, and the I/O write speed of 
the normal container raised simultaneously. 
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Figure 9. Variation of normal containers’ I/O wait time 

Figure 9 describes the variation of the average I/O waiting 
time. In the first 10 seconds, the average I/O wait time of 
normal containers reached 17.7Ms, and the maximum has 
exceeded 20Ms due to the high I/O write speed and high I/O 
utilization of the overload container. After 10 seconds we 
restrict the I/O write speed of the overload container, the I/O 
utilization of the system is reduced, we can see the average 
I/O wait time of normal containers drops immediately below 
5Ms which is an excellent level. 

4.4    Summary 

In order to improve the I/O performance isolation of the 
container-based system, we propose a system which can 
dynamically maintain the I/O performance isolation. It 
consists of three modules, Monitor Module, Algorithm 
Module and Execution Module. We design two judgment 
algorithms, the SLAE algorithm and the UTE algorithm, and 
we discuss their details as well as usage scenarios. In order to 
verify the feasibility of the algorithms, we did the following 
experiments. We run an overloaded container and three 
normal containers on one host at the same time. We observe 
that the overload container greatly influenced on the I/O 
performance of other normal containers. We use the Cgroups 
mechanism to restrict the I/O intensity of the overload 
container. The results show that, we restrict the overload 
container’s I/O write rate from 4.5Mb/s to 1Mb/s, so the 
average I/O wait time of the normal containers is reduced from 
17.7Ms to below 5Ms. The I/O performance isolation of the 
container-based system is guaranteed, and the feasibility of the 
algorithms is also proved. 

5. CONCLUSION AND FUTURE WORKS 

The performance isolation is an important issue for the 
container-based system. In this paper, we analyzed the 
characteristics of I/O performance isolation from the 
perspective of the SLA. We observed the variation trend of 
containers’ I/O performance parameters under the condition 
that multiple containers running simultaneously, and 
discussed the impact of the I/O overload container on the I/O 
performance isolation of the container-based system. In order 
to improve the I/O performance isolation of container system, 
we proposed a system that can dynamically maintain the I/O 
performance isolation. Besides, we designed two I/O isolation 

maintenance algorithms and discussed their usage scenarios. 
Moreover, we use Cgroups mechanism to restrict the I/O 
strength of the overload container in order to reduce the 
impact on other normal containers, so the I/O performance 
isolation of the container-based system can be guaranteed, and 
the feasibility of the algorithms is also proved. 

Our future research is to achieve dynamic maintenance of 
I/O isolation systems, and design more algorithms to further 
improve the I/O isolation performance. Besides, in order to 
comprehensively enhance the performance isolation of the 
container-based system, we plan to extend the above ideas to 
other shared resources such as CPU and Memory etc. 
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Abstract

Agile software development has been increasingly used
to satisfy the need to respond to fast moving market demand
and gain market share. Scrum, which is a project man-
agement framework, dominates as the most popular agile
method. In the literature, there are a number of solutions to
customize and assess Scrum-based agile methods, but they
are limited to focus only on process factors, assume a pre-
defined set of practices or rely only on subjective evalua-
tion. This paper presents a framework to build a Bayesian
Network to assist on the assessment of Scrum-based soft-
ware development methods. The BN models the main enti-
ties of the software development process and can be com-
plemented with software practices and metrics. To evaluate
the completeness of our solution, we performed simulations
to check if the proposed framework diagnoses 14 known
Scrum anti-patterns extracted from the literature. 12 anti-
patterns were directly detected, 1 was indirectly detected by
the BN and 1 was considered as invalid. We concluded that
the proposed solution is complete to detect the major flaws
of Scrum-based software development methods and can be
used to assist on the configuration, adoption and continuous
improvement of Scrum teams.
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1 Introduction

Agile Software Development (ASD) methods have been
increasingly used to satisfy the need to respond to fast mov-
ing market demands and gain market share. In contrast with
traditional plan-driven processes, agile methods focus on
people, are communication-oriented, flexible, fast, light, re-
sponsive and oriented to learning and continuous improve-
ment [7]. As a consequence, subjective factors such as col-
laboration, communication and self-organization are key to
evaluate the maturity of agile software development.

Scrum dominates as the most popular agile process. It
is a software project management framework and must be
complemented with technical and managerial practices and
processes to define a software development method. If not
complemented properly, Scrum might result in reduced pro-
ductivity and product quality [23, 24].

The method definition depends on customization factors
such as team characteristics, internal environment, exter-
nal environment, project goals, maturity level and previous
knowledge [2]. In the context of ASD, most solutions to as-
sist on agile methods configuration are based on Method
Engineering [1], in which the team configures a method
adapting existing methods (e.g., Rational Unified Process,
Scrum and Extreme Programming).

To adopt agile methods, some studies propose combining
ASD with CMMI [17]. Others, are specific to ASD [2, 16,
24, 8, 10]. The proposed solutions have one or more of the
following limitations: focuses only on the process, assume
a predefined set of practices or rely only on subjective data.

Given this, we conclude that there is no consolidated ap-
proach to assist on the adoption and continuous improve-
ment of agile methods. In this paper, we present a frame-
work to build a Bayesian Network (BN) to assist on the as-
sessment of Scrum-based software development methods.
The BN models the main entities of the software develop-
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ment process and can be complemented with software prac-
tices and metrics. With the resulting BN, it is possible to
monitor if the agile method is being followed and if it meets
the needs of the project to assist on decision-making.

Bayesian networks are probabilistic graph models and
used to represent knowledge about an uncertain domain. A
Bayesian network, B, is a directed acyclic graph that rep-
resents a joint probability distribution over a set of ran-
dom variables V . The network is defined by the pair
B = {G,Θ}. G is the directed acyclic graph in which the
nodes X1, . . . , Xn represent random variables and the arcs
represent the direct dependencies between these variables.

The problem of modeling the Scrum process involves
causal reasoning and aleatory uncertainty (i.e., intrinsic
variability), which can be reduced by gathering more data
or eliciting knowledge from experts. Given that the frame-
work must be used by practitioners, the inferences must be
clear. Furthermore, the models must be adaptable and as-
sist on decision-making. According to Verbert et al. [20],
Bayesian network is a suitable approach for this context.

This paper is organized as follows. Section 2 presents the
proposed solution. Section 3 presents the results of the val-
idation; and Section 4 presents our conclusions, limitations
and future works.

2 Framework description

The goal of the framework is to build a BN to model a
Scrum-based software development method. Scrum Mas-
ters should use it to guide the configuration of the agile
method and to assess it. As a result, the team has an in-
strument to support its continuous improvement. As in-
put, the BN receives data collected from the Scrum Mas-
ter (e.g., through a questionnaire) or automatically through
tools. The BN outputs data with probability values that rep-
resent the current status of key factors in the software de-
velopment method. The Scrum team should use the data
to, during Sprint Retrospective meetings, diagnose prob-
lems and prioritize the areas that must be improved. The
data should support discussions regarding action points to
be executed to improve the quality of the software devel-
opment method and, consequently, the project’s chances of
success. The discussions should be a collaborative activity
and involve the stakeholders responsible for decision mak-
ing such as the Product Owner, Scrum Master and develop-
ment team. Its usage should be supported by a process such
as the one presented in Perkusich et al. [14].

The framework consists of a BN that models the main
entities of a software development method based on Scrum.
It is composed of two types of fragments: frozen and
hot. The frozen fragment is related to official artifacts, re-
sources and practices of Scrum as presented in the Scrum
Guide [19]. It should not be modified, unless there are
plausible justifications based on domain expert knowledge

Increment
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Sprint 
Review 

Meeting
Product 
Owner

Developers Sprint 
Planning 
Meeting

Product 
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Daily 
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Definition 
of Done

Scrum Master Perspective

     Code

Figure 1. Overview of the framework.

or historical data. The frozen fragment defines the base
BN. The reasoning behind having a frozen fragment is that
even though some deviations of the Scrum Guide may be
well motivated and reasonable, teams are tempted to adjust
Scrum for the company without clearly understanding the
consequences of the deviations as evidenced by Eloranta et
al. [4]. For instance, not having an ordered Product Back-
log might happen in the context of having a Product Owner
without authority, a Product Owner that is not part of the
Scrum team, lack of feedback loops (e.g. Sprint Review
meetings) or an incompetent Product Owner [4]. As a con-
sequence, the team might build wrong features and avoid
features which are hard to implement or test, increasing the
risk of problems arising in the late stages of development.
On the other hand, in the context in which features are fixed
and given upfront, it is reasonable to not maintain an or-
dered backlog. Therefore, given that the modifications on
the frozen fragment mean deviation of Scrum recommen-
dation, they must only occur if the consequences are under-
stood and reasonable; and not to adapt Scrum to the com-
pany’s current status quo.

Hot fragments are related with parts of the BN that mod-
els practices and processes that should complement the
Scrum framework. Furthermore, it is possible to com-
plement the model with fragments representing software
metrics-based models (i.e., set of metrics defined for a given
purpose). For instance, Quamoco [22], which focuses on
measuring product quality, can be associate to the BN. The
hot fragments must be defined given the context of the
project and must be defined according to the project’s Defi-
nition of Done.

An overview of the framework is shown in Figure 1, in
which the rectangles represent fragments (i.e., set of nodes)
and the ellipses represent nodes in the Bayesian network.
Notice that the Bayesian network is defined from the view-
point of the Scrum Master and it must be used to assist dur-
ing Sprint Retrospective meetings. Therefore, the Scrum
Master, a role in Scrum, and the Sprint Retrospective meet-
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ing, a Scrum practice, are not represented. Furthermore, the
Definition of Done, a Scrum practice, for being an umbrella
practice is also not represented.

The problem of building a BN can be divided into: (i)
construct the Directed Acyclic Graph (DAG) and (ii) define
the Node Probability Tables (NPTs). In Section 2.1, we
present details of constructing the DAG of the base BN (i.e.
frozen fragment). In Section 2.2, we show the process of
complementing the DAG of the base BN with practices and
metrics (i.e., hot fragments). The constructed BN is based
only on ranked nodes [6], which are based on an ordinal
scale. Regarding the definition of the NPTs, this paper is
limited to state that collected data from a domain expert and
applied the process presented in Fenton et al. [6].

2.1 Base BN construction

The problem of constructing a DAG can be subdivided
into: (i) defining the nodes and edges and (ii) defining the
scale (i.e., states) of the nodes and the associated proba-
bilities. In the context of our work, a node represents a
process entity and there is an edge whenever the entities
relate to each other. To solve the second subproblem, we,
as other tools to evaluate agile methods such as Compar-
ativeAgility [24], used a five points Likert (i.e., ordinal)
scale. Therefore, for each node (i.e., process factor), five
possible states were defined. For metrics with numerical
scale, thresholds must be defined given the context of the
project to map the numerical scale to an ordinal one. The
thresholds can be defined using a domain expert knowledge
or analysis of historical data.

To solve the first subproblem, we used an incremental
approach. Previous versions of the BN were presented in
Perkusich et al. [14] and Perkusich et al. [13]. In this pa-
per, we present the most recent version. In comparison with
past versions of the base BN, the differences are that (i) we
added the concept of frozen and hot fragments, (ii) reduced
the size of the base BN from 73 to 44 nodes and (iii) im-
proved the modeling of team (i.e., human) factors.

We followed a top-down approach in which we decom-
posed the top-level node into factors (i.e., process entities)
that we judged to be observable by a Scrum Master or col-
lected through tools. Given that the main goal of agile soft-
ware development is to satisfy customers with working code
and Scrum is an incremental approach, we defined Incre-
ment as the top-level node. We decomposed it using a well-
known DAG idiom: synthesis [5]. Due to space constraints,
we only show how we built part of the base BN.

In Scrum, the increment is developed during sprints. The
Product Owner is responsible for maximizing the value of
the product. Furthermore, the increment must be evaluated
during Sprint Review meetings. Therefore, we added the
nodes Sprint, Product Owner and Review meeting as parents
of the node Increment.

Table 1. Examples of practices that can be
associated with nodes of the base BN.

Node Practices
Code Refactoring, pair programming,

Test-Driven Development, Con-
tinuous Integration, peer code re-
view and test automation.

Estimation Planning Poker, big wall, spike
[23], story point, ideal hours and
T-shirt size.

Product Backlog Grooming meeting, Release plan
[15] and product vision [15].

Ordering Kano model, Wieger model, OR
value, Innovation games, Re-
turn of Investment (ROI) and
MoSCoW.

Details User story and Use case
Planning meeting Sustainable pace [23], Stabiliza-

tion [23] and Velocity-driven.
Delivery plan Interaction Room [9].
Monitoring Burndown and Burnup [19].

During Sprint Review meetings, the product must be in-
spected and, if necessary, adapted by the customers. As
previously explained, not using this practice or not having
the customers participating might result in rework and im-
plementation of wrong features. Therefore, we added the
nodes Inspection and Adaptation as parents of the node Re-
view meeting. To input data into the model, the Scrum
Master must observe the Sprint Review meetings and judge
these two factors. As shown in Section 2.2, it is also pos-
sible to complement this fragment with metrics to indicate
the evidence of these input nodes.

In past evaluations with industry practitioners [12, 14],
we noticed that, in practice, it is common for the customer
to not be available during all Speint Review meetings. On
the other hand, the client evaluated the increment on other
informal meetings. Therefore, given that the feedback loop
is short and there is a reasonable justification, this is a case
in which a frozen spot on the base BN could be modified.
An auxiliary node can be added to model this behavior and
compensate the lack of participation of the customer during
the Sprint Review meetings. The complete DAG for the
base BN is shown in Figure 2.

2.2 Complementing the BN with practices and
metrics

Given that Scrum must be complemented with practices
and processes, the BN can be improved to suit the needs of
the given project. Each node in the BN can be mapped to
a set of practices. The set of practices is represented as an
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Figure 2. DAG of the base BN.

auxiliary node in the BN. The node is a copy of the given
factor. For instance, we can map the node Code, to Node-
practices. Therefore, the evidences on Code will indicate
the quality of the code production process.

Despite its simplicity, this procedure assists the team on
analyzing the BN during the Sprint Retrospective meeting.
Given evidences collected during the sprint, the team iden-
tifies which processes and practices needs to be modified
to increase the chances of building products that satisfy the
customers. For this purpose, it is important that the team
registers which practices or processes are being used for
each factor. In Table 1, we show examples of practices that
might be associated with nodes of the base BN.

Another option is to decompose the auxiliary using DAG
construction techniques into a causal model representing
the given process. Even though it increases the cost of con-
structing and maintaining the BN, it enables a deeper anal-
ysis of the process. For instance, according to Pichler [15],
defining a release plan and product vision is a good prac-
tice to plan agile projects and influences the quality of the

product backlog. The release plan is composed of the re-
lease date, description of top features and product vision.
The product vision must have a broad and engaging goal,
be clear and stable, short and concise and describe the crit-
ical attributes to satisfy the needs of the customers. With
this information, we can build the causal model shown in
Figure 3 and associate it with the node Product backlog of
the base BN.

Furthermore, it is possible to complement the base BN
with metrics. Metrics can be used with two purposes: (i) as
indicator of values for input nodes and (ii) warnings. For
(i), it is necessary to connect the metrics to the given node
and calibrate the NPT. If the metric is automatically col-
lected through tools, this approach can reduce the cost of us-
ing the BN. For instance, we could use static analysis met-
rics to indicate the quality of the code. On the other hand,
manually collected metrics can also be added. For instance,
to indicate if the Product Backlog is ordered correctly, we
can evaluate the technical dependencies, risks and business
value [21]. The resulting fragment is shown in Figure 4.
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For (ii), the metric is a warning that indicates that some-
thing is wrong with the BN. Furthermore, it helps to identify
possible problems in the software development method that
the BN failed to identify, which might be a result of prob-
lems with the construction, usage or modeling limitation.
In this case, the metric should be connected to the base BN
using the reconciliation idiom [5].

For instance, we can associate the metric Deferred de-
fects [11] to the node Inspection. This metric indicates
the number of defects that should have been detected dur-
ing the previous sprint, but were not. Suppose the Scrum
Master judges that the Sprint Review meetings for a given
project are being executed satisfactorily, but Deferred de-
fects were identified. This might raise a warning meaning
that increments with defects were approved during Sprint
Review meetings, which means that the inspection was not
as satisfactorily as judged by the Scrum Master. The re-
sulting fragment for this example is shown in Figure 5. On
the other hand, depending on the defects identified, it might
not be a problem of inspection during the Sprint Review
meeting, but of the testing process. In this case, the met-
ric Deferred defects can be associated with the node Code.
Finally, it might be a false alert and ignored by the team.
Therefore, this approach must be used if the team wants
to use metrics just as warnings and not as direct input to the
BN, which might be the case if there is not much confidence
in the causality. In Table 2, we show examples of metrics
that can be associated with the base BN.

3 Validation

To validate the framework in terms of completeness, we
evaluated the anti-patterns presented in Eloranta et al. [4], in
which an empirical study with 11 companies was executed.
They identified 14 anti-patterns in adopting Scrum and their
consequences, namely: (i) big requirements documenta-
tion, (ii) customer Product Owner, (iii) Product Owner
without authority, (iv) long or non-existent feedback loops,
(v) unordered product backlog, (vi) work estimates given
to teams, (vii) hours in progress monitoring, (viii) semi-
functional teams, (ix) customer caused disruption, (x) no
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Table 2. Examples of metrics that can be as-
sociated with the base BN.

Node Metrics
Code Static analysis warnings, number

of test cases, number of defects
and code coverage.

Product Backlog Percentage of ready items.
Planning meeting Percentage of completed items.

Details INVEST [3].
Execution Sprint velocity.

Sprint Running Tested Features e veloc-
ity.

Increment Customer satisfaction, delivered
value e agileEVM [18].

Figure 6. Results of the BN for anti-pattern (i).

sprint retrospective, (xi) invisible progress, (xii) varying
sprint length, (xiii) too long sprints and (xiv) testing in next
sprint. The goal of our validation was to identify if the
proposed solution can identify them. Furthermore, we an-
alyzed if the calculations are in conformance with the con-
sequences of the anti-patterns. Due to space limitations, we
only present the analysis of one anti-pattern in this paper.

For anti-pattern (i), the consequences of this pattern are
that the team does not understand the requirements and that
they are not ordered. It is related to the node Product Back-
log, which is not an input node (i.e., leaf). Therefore, we
analyze this pattern by defining evidences for the nodes De-
tails, Ordering, Emergent and Estimation. As previously
mentioned, in this context, the requirements are not ordered
and emergent. Furthermore, if the team does not understand
the requirements, it means that they are not detailed prop-
erly, as consequence, not estimated properly. By analyzing
the calculated BN shown in Figure 6, we conclude that anti-
pattern (i) is detected by the BN.

The anti-pattern (vi) is partially detected by the BN. The
consequences of this anti-pattern are unrealistic goals and
team demotivation. Even though it is related with the nodes
Estimation and Sprint goal, the model does not present a
causality between the quality of the estimations and the
quality of the teamwork (i.e., motivation). On the other
hand, the BN assists on assessing if the team is motivated
in the fragment Teamwork. For instance, demotivated teams
will probably not collaborate and share leadership.

The anti-pattern (x) is considered invalid because it is
related to the Sprint Retrospective meeting, which is not
modeled by the BN, as previously explained. The remaining
anti-patterns are detected by the need of entering evidence
on input nodes or analyzing the BN.

4 Final remarks

In this paper, we presented a framework to build a BN to
assist on the assessment of Scrum-based software develop-
ment methods. The BN models the main entities of the soft-
ware development process and can be complemented with
software practices and metrics. With the resulting BN, it
is possible to monitor if the agile method is being followed
and if it meets the needs of the project.

We evaluated the completeness of the solution through
simulations to check if the proposed framework diagnoses
14 known Scrum anti-patterns (i.e., ScrumBut) presented in
Eloranta et al. [4]. From the 14 known Scrum anti-patterns,
1 is invalid, 12 were directly detected and 1 was indirectly
detected by the constructed model.

Even though our solution is an evolution of published
studies [14, 13], which were evaluated in the industry, the
main limitation of this study is the validation process. As
future works, we will evaluate the proposed framework
through case studies in the industry. To ease the usage on
industry context, a tool to support the usage of the proposed
framework, hiding the complexity of Bayesian networks
from the practitioner, is currently under development.

The main contributions for practitioners are that the solu-
tion helps to configure and adopt Scrum-based agile meth-
ods and to develop measurement programs to continuously
improve the maturity of the team and delivery process. For
researchers, it can serve as a basis to configure empiri-
cal studies on Scrum-based agile methods and improve the
state-of-art of agile methods measurement programs, adop-
tion and maturity.
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Abstract—Recently, agile software development methods have
attracted the attention of academic and industrial domains.
Unlike traditional approaches, agile methods focus on rapid
delivery of business value to customers through fast delivery of
working code. Therefore, requirement prioritization is considered
a crucial process in this context, since there is the need to
identify which requirements must be developed first, based on
stakeholders preferences and taking into account business and
technical challenges such as dependencies of tasks, developers
skills, limitation of budget, etc. In Scrum, the most popular agile
method, requirement management is done by maintaining the
product backlog, which contains the list of functionalities that
must be developed. Although some works conducted systematic
reviews on the topic of agile requirement engineering, to the
best of our knowledge, there is no study that reviewed the
specific subject of ordering the product backlog in agile projects.
Therefore, in this work, we conducted a Systematic Literature
Review of studies on this topic published up to (and including)
2016 through a database search, to identify and analyze factors
and techniques used to accomplish the task of ordering the
product backlog in agile projects. In total, we evaluated 1556
papers, of which 13 reported on the subject of study.

Keywords—Systematic Literature Review; Product Backlog;
Agile Software Development; Requirements Management; Require-
ments Prioritization.

I. INTRODUCTION

Due to the need of flexibility in software projects, agile
software development (ASD) methods (e.g., Scrum and Ex-
treme Programming) are becoming more popular in the last
years [3]. ASD promises some benefits compared to traditional
software development methods, including the delivery of busi-
ness value in short iterations, following an incremental and
empirical development process [10].

Moreover, ASD methods promotes the constant communi-
cation (e.g., face to face communication) and a development
process open to changes [7]. Therefore, requirements are
initially defined with customers, but are continuously refined

[7]. However, as well as in traditional methods, a relevant
activity of ASD methods is requirement engineering (RE) [10].

In the context of Scrum, the most popular agile method,
requirement management is accomplished by maintaining the
product backlog [7]. Therefore, to ensure a rapid delivery of
business value to costumer, it is necessary to identify which
requirements in this list must be developed first (ordering of
requirements), i.e., to order the product backlog taking into
account business and technical factors [6].

The ordering of requirements is treated as a complex multi-
criteria decision making process [1], since it aims to aid the
early implementation of core requirements based on the prefer-
ences of relevant stakeholders, but considering the challenges
associated with software development such as limitation of
budget and resources, technical knowledge of the software
team, etc. Thus, it is considered to be a hard task to define
and maintain [6].

Additionally, in the context of agile, requirement ordering
is a continuous task, since requirements are constantly chang-
ing during iterations [10]. However, requirement engineering
in agile is still informal and based on the knowledge of
individuals. For example, in Scrum, the Product Owner (PO) is
responsible for the elicitation and the ordering of the product
backlog list [3]. Therefore, these issues can be mitigated
by applying techniques to assist individuals involved in the
decision-making process of ordering the product backlog.

Thus, the ordering of requirements is a crucial process
in ASD projects, since it is one of the main processes to
produce value quickly [6]. However, although some previous
works mapped the subject of agile requirement engineering
[3], [10], [7], to the best of our knowledge, research on the
ordering of product backlog in ASD projects has not been
systematically reviewed yet. Therefore, the main goal of our
work is to conduct a Systematic Literature Review (SLR) to
identify and analyze factors and techniques used to order the
product backlog in ASD projects. To accomplish this work, we
followed the guidelines proposed by Kitchenham and Charters
[8].
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This paper is structured as follows. In section 2, we discuss
previous literature reviews in the subject of study. In Section
3, we present the protocol of our systematic review process.
In Section 4, we present our findings. In Section 5, we discuss
the results. In Section 6, we present our conclusions and future
work.

II. RELATED WORK

Some literature reviews were conducted on the topic of
agile requirement engineering [7], [10], [6], [3]. We summarize
them as follows.

Inayat et al. [7] conducted a systematic literature review
focusing on practices and challenges of requirements engineer-
ing in the context of ASD. The review identified 17 practices
of RE in agile, five challenges found in traditional methods
which were overcame by agile requirements engineering, and
eight challenges resulting from the practice of RE in agile. The
authors suggest that the subject needs further investigation and
more empirical results to improve its understanding.

Schön et al. [10] conducted an SLR on the topic of agile
RE with a focus on the participation of stakeholders and
users in the process of RE. The authors investigated existing
approaches to involve stakeholders in this stage and which
approaches are used to present the user’s perspective during
these process. They concluded that agile RE is a complex
research field with cross-functional influences and that their
study brings an overview of requirements management in
ASD.

Heikkilä et. al [6] conducted a mapping study on the
research literature of RE in ASD with focus on the benefits
of this process in agile and the reported problems and corre-
sponding solutions. The authors concluded that the agile RE
definition is still vague. Among the main benefits, stand out:
better requirements understanding, responsiveness to change
and rapid delivery of value. Among the reported problems,
stand out: user story requirements format, prioritization of re-
quirements and imprecise effort estimation. Finally, the authors
concluded that, in general, studies’ evaluations are weak (i.e.,
need more effort in empirical evaluation) and the subject of
study needs more research.

Unlike previously mentioned works, which cover the pri-
mary issues of agile RE, we focus on the identification and
analysis of factors and techniques applied in the ordering of
product backlogs, which is a more specific issue of agile RE.

In the area of software requirements prioritization,
Achimugu et al. [1] conducted an SLR to identify and analyze
existing prioritization techniques, their limitations, processes,
and taxonomies. The authors concluded that existing prioriti-
zation techniques present limitations and their applicability in
complex and real setting has not been reported yet. Moreover,
it was considered that existing techniques need improvements.
Although the work is related to ours, the authors did not focus
on agile, and hence, few works were returned on this topic,
which has been attracting the attention of an increasing amount
of research studies and it is gaining popularity in the industry
[6]. Furthermore, the authors did not evaluate the main factors
used by the techniques in the ordering process, as reported in
our work.

III. REVIEW METHOD

In this research, we performed a Systematic Literature
Review following the method defined in [8]. An SLR aims to
identify, critically evaluate and integrate relevant, high-quality
studies addressing one or more research questions.

A. Research Questions

As previously mentioned, the main goal of this research
is to identify and analyze factors and techniques used in the
ordering of product backlogs in ASD projects presented in
the literature. Therefore, we formulated the following research
questions (RQs):

RQ1: Which factors are considered to order the product
backlog items?

RQ2: How are the factors identified in RQ1 measured?

RQ3: Which techniques are used to order the product
backlog?

RQ4: Which evidences show that the techniques identified
in RQ3 are efficient?

B. Data Sources and Search String

We conducted a database search in the following sources:
ACM, Engineering Village, ISI Web of Science, ScienceDirect,
SpringerLink, Scopus and Wiley. These data sources were
chosen based on its relevance in the software engineering
domain. Aiming to start to answer the research questions
defined in section III-A, we formulated the following search
string:

(prioritization OR prioritisation OR prioritizing
OR prioritising OR prioritize OR prioritise OR
prioritized OR prioritised OR priority OR order
OR ordered OR ordering) AND (requirement OR
functionality OR requisite OR prerequisite OR
user story OR ”user stories” OR backlog OR
issue) AND (practice OR practices OR techniques
OR technique OR process OR processes OR tactic
OR tactics OR method OR methods OR strategy
OR strategies OR factor OR factors OR compo-
nent OR components) AND (software AND (agile
OR gil) AND (scrum OR xp OR (crystal AND
(clear OR orange OR red OR blue)) OR dsdm
OR fdd OR ”feature driven development” OR
(lean AND (development OR desenvolvimento))
OR Kanban OR ”extreme programming” OR
”programao extrema” OR devops))

The search results are presented in Table I.

TABLE I: Number of papers returned from database search.
Data Source Results

ACM (http://dl.acm.org/) 22
Engineering Village (www.engineeringvillage.com) 43
ISI Web of Science 35
ScienceDirect (www.sciencedirect.com) 1,173
SpringerLink (www.scopus.com) -
Scopus (www.scopus.com) 86
Wiley (onlinelibrary.wiley.com) 455
Total 1,814
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Fig. 1: Categories of agreement or disagreement.

C. Selection Criteria

Formulating a consistent search string does not guarantee
a significant set of studies. Due to database query limitations,
major part of the returned papers are not related to the research
subject. To select only relevant studies, we have divided the
selection criteria into three phases: generic exclusion criteria,
basic criteria and advanced criteria.

Generic exclusion criteria. To eliminate the most irrel-
evant papers we decided to discard i) papers not published
in English or Portuguese languages; and ii) published in non-
peer reviewed publication channel such as books, thesis or
dissertations, tutorials, keynotes, etc.; and iii) duplicated.

Basic Criteria. This phase was performed by two review-
ers, randomly chosen, and it consisted of reading the title and
abstract of the remaining papers from previous phase (generic
exclusion). Each paper was evaluated and classified following
the procedure presented in Ali et al. [2], as:

• Relevant: papers related to agile software development
and to product backlog management;

• Irrelevant: papers not related to agile software devel-
opment or not related to product backlog management;

• Uncertain: the available information on the title and
abstract was inconclusive or insufficient to classify as
relevant or irrelevant.

According to Ali et al [2], there are six categories of
agreement or disagreement between the reviewers, as shown
in Figure 1.

Categories A or B mean that at least one reviewer evaluated
the paper as relevant and it is included. Category B occurs
when one reviewer is uncertain about the relevance of the
paper. To minimize the risk of discarding a significant study,
the paper is included. Afterwards, in the next selection criteria
step all doubts about the paper’s relevance are clarified with a
further evaluation.

Category C means that no concrete decision was made by
any of the reviewers and further investigation is needed. In
this case, both reviewers, independently, conduct an adaptive
reading, which is composed of three steps: 1) read the Intro-
duction; 2) if not having agreement in 1, read conclusion; 3) if
not having agreement in 2, use the keywords to evaluate their
usage to describe the context of the paper. This practice helps
to make a decision.

Categories D and E are results from disagreement and the
reviewers are asked to discuss what reasons led them to their

respective decisions. After that, a consensus is expected and a
new category (A, C or F) classification must be done.

Papers in category F are excluded, as both reviewers agreed
on their irrelevance.

Advanced criteria. In this selection phase, a further
investigation is performed, once a full-paper evaluation is
required. We used the same criteria established in basic criteria,
but reading the full-text. Each paper was evaluated by two
reviewers, a data extractor and a data checker. The data
extractor performs a Quality assessment (Section III-D) and a
Data extraction (Section III-E). After the data is extracted, the
data checker reviews to confirm if it is corrected, following the
advice presented in Brereton et al. [4] and Staples and Niazi
[12].

D. Quality assessment

In this stage, each paper was evaluated by a data extractor
and a data checker, in the following manner: the data extractor
fills the data extraction form, and then, the data checker
confirmed that the data on the extraction form were correct.
Each category was evaluated on a boolean scale (i.e., 0 or
1). The assessment checklist follows 11 criteria presented by
Dyba and Dygsoyr [5].

E. Data extraction

During this stage, we used a spreadsheet editor to record
information. For each paper, we extracted general information
such as title, year and publication channel, and data related to
the RQs. The following data were extracted from the papers:

(i) type of article (journal, conference),

(ii) name of the publication channel,

(iii) year of publication,

(iv) agile method,

(v) product domain,

(vi) application domain,

(vii) team size,

(viii) team distribution,

(ix) research type (based on the classification presented by
Wieringa et al. [15]: validation research, evaluation research,
solution proposal, philosophical papers, opinion papers or
experience papers.),

(x) research question type (based on the classification
presented by Shaw [11]: method or means of development;
method for analysis or evaluation; design, evaluation, or anal-
ysis of a particular instance; generalization or characterization;
or feasibility study or exploration.),

(xi) empirical research type (based on the classification
presented by Tonella et al. [13]: experiment, observational
study, experience report, case study or systematic review.),

(xii) research validation (based on the classification pre-
sented by Shaw [11]: analysis, evaluation, experience, exam-
ple, persuasion or blatant assertion.),

76



(xiii) factors (RQ1),

(xiv) how factors were measured or identified (RQ2),

(xv) techniques (RQ3),

(xvi) evidences of techniques efficiency (RQ4).

IV. RESULTS

In this section, we present the results for the SLR process
and for the research questions as well. In Table II, we present
the list of included studies. In Figure 2, we present the amount
of papers per year. In Figure 3, we show the distribution of
papers per type of publication channel. In Figure 4, we show
the percentage of the included papers per type of agile method
studied. In Figure 5, we show the aggregated results of the
quality assessment.

Fig. 2: Number of studies x year.

In Figure 6, we present the number of factors identified in
the review (RQ1). We identified eight factors in our study, i.e.,
business value (P1, P2, P4, P5, P6, P7, P8, P9, P10, P12, P13),
effort/cost (P1, P2, P4, P5, P8, P9, P13), dependency (P1, P2,
P3, P4, P6, P9, P11, P13), risk (P1, P2, P9), volatility (P1, P2),
technical debt (P2), human resources (P1), and schedule (P1).
Additionally, we show the information related to the measure-
ment of the factors in Table III (RQ2). By analyzing Table
III, it is possible to conclude that effort, dependency, business
value, and risk had measurement procedures presented in the
works. On the other hand, the measure of four factors –
volatility (P1 and P2), technical debt (P4), human resources
(P1), and schedule (P1) – were not explained in the papers.

In table IV, we show the techniques to order the backlog
identified in our review (RQ3) and the evidences that show

Fig. 3: Number of studies per type of publication channel.

Fig. 4: Percentage of agile methods investigated in the studies.

Fig. 5: Score x quality criteria.

Fig. 6: Number of studies x factors.
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TABLE II: Overview of the selected studies.
Paper Number Authors Year Title Publication Channel

P1 Rami Hasan AL-Taani and
Rozilawati Razali

2013 Prioritizing Requirements in Agile Development: A Conceptual
Framework

International Conference on Electrical
Engineering and Informatics

P2 Maya Daneva, Egbert van
der Veen, Chintan Amrit,

Smita Ghaisas, Klaas Sikkel,
Ramesh Kumar, Nirav

Ajmeri, Uday Ramteerthkar
and Roel Wieringa

2013 Agile requirements prioritization in large-scale outsourced
system projects: An empirical study

Journal of Systems and Software

P3 Marina Trkman, Jan
Mendling and Marjan Krisper

2016 Using business process models to better understand the
dependencies among user stories

Information and Software Technology

P4 Michel dos Santos Soares,
Jos Vrancken and Alexander

Verbraeck

2010 User requirements modeling and analysis of software-intensive
systems

Journal of Systems and Software

P5 Jos M. Chaves-Gonzlez,
Miguel A. Prez-Toledano and

Amparo Navasa

2015 Software requirement optimization using a multiobjective
swarm intelligence evolutionary algorithm

Knowledge-Based Systems

P6 David P. Harvie and Arvin
Agah

2017 Targeted Scrum: Applying Mission Command to Agile Software
Development

IEEE Transactions on Sofware
Engineering

P7 Julian M. Bass 2015 How product owner teams scale agile methods to large
distributed enterprises

Empirical Software Engineering

P8 Thomas Michael Fehlmann
and Eberhard Kranich

2014 Early software project estimation the six sigma way XP 2014

P9 Weam M. Farid and Frank J.
Mitropoulos

2013 NORPLAN: Non-functional requirements planning for agile
processes

IEEE SoutheastCon

P10 Helena Holmstrm Olsson and
Jan Bosch

2015 Towards continuous validation of customer value XP 2015

P11 Arturo Gomez, Gema Rueda
and Pedro P. Alarcn

2010 A systematic and lightweight method to identify dependencies
between user stories

XP 2010

P12 Balasubramaniam Ramesh,
Lan Cao and Richard

Baskerville

2007 Agile requirements engineering practices and challenges: an
empirical study

Information Systems Journal

P13 Jan Vlietland, Rini van
Solingen and Hans van Vliet

2016 Aligning codependent Scrum teams to enable fast business
value delivery: A governance framework and set of intervention

actions

Journal of Systems and Software

TABLE III: Data related to the factors measurement.
Factor Measure Study

Effort

Person hours to complete a delivery story. Vendor uses empirical data about the productivity of their teams, if feasible. P2
Story points. P8

COSMIC function points. P8
PERT-based User Story Points scheme. P9

Dependency
The dependence between user stories is identified by associating user stories with business process model activities through a method

called BuPUS (Business Process User Story method).
P3

Precedence, combination, exclusion or modification. P5
Dependency on key and dependency on service. P11

Business value
A given priority level and a weight assigned to the client. P5

Contribution of a story card to one of the business drives on a weighted scale. P8
Quantitative and qualitative customer feedback techniques. P10

Risk Project management and requirements quality metrics, estimate and dependency risk are used to calculate the risk score. P9

the used techniques are efficient (RQ4). By analyzing Table
IV, it is possible to identify that only nine studies (P3, P4 P5,
P6, P8, P9, P10, P11, and P13) specified the technique used
to order the product backlog, the remaining three works did
not give details about the used technique (P1, P2, and P12).
Additionally, two studies did not show the efficiency of the
used technique (P10 and P11).

V. DISCUSSION

In this section, we discuss the results about the four
research questions (see Section III-A), which explore the
ordering of product backlog in ASD projects.

The first paper was published in 2008, i.e., research on this
area is relatively recent. By analyzing Figure 5, we concluded
that most of the papers present important findings and research
value for the area, but the average quality of studies is
low, considering sampling, selection of control groups, and
reflexivity, which indicates that works on this topic need more
empirical rigor.

We identified 13 relevant papers (see Table II), and eight

different factors (see Figure 6), as follows:

Effort/Cost. P2 defines the effort based on the number of
hours a person need to complete a delivery store. P8 uses the
story points and the COSMIC function points to measure the
effort. P9 calculates the effort based on a PERT user story
points scheme. P1, P2, P5, and P13 do not give details on
how the effort was measured in their work.

Dependency. P3 defines dependency between user stories
by associating user stories with business process model ac-
tivities through a method called BuPUS. On the other hand,
P5 did not measure the dependency, but classifies it as:
precedence, combination, exclusion or modification., in which
the type of classification influences the resulting ordering. P11
classified the dependency into two types: dependency on key
and dependency on service. P1, P2, P3, P6, P9, P11 and P13
do not give details on how the dependency was measured in
their work.

Business value. P5 defines business value based on a given
priority level and a weight assigned to the client. In P8, the
business value is measured considering the contribution of
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TABLE IV: Data related to the techniques.
Technique (RQ3) Evidences of efficiency (RQ4) Study

The execution orders are managed by flow
and gateways elements.

According to an experiment performed with 127 undergraduate students, their solution increase the
execution order and integration dependencies among user stories by the giving context.

P3

Use SysML diagrams and constructions
which helps in better organizing

requirements to assist on the prioritization
of requirements.

They apply the solution to a list of requirements extracted from the literature and evaluate it given the IEEE
Recommended Practices for Software Requirements Specification, showing better representation.

P4

Multi-objective search-based approach based
on the artificial bee colony (ABC) algorithm

The authors present the results using different quality indicators and compare them with the results of other
approaches published in the literature. They argue that their proposed solution is the algorithm which gives
the best results regarding this multi-objective indicator for every problem instance (8 instances compared).

P5

Modifications to agile software development
based on inspirations from mission

command

The proposed solution was tested during a semester-long agile software engineering course designed for
both graduate and upper level undergraduate students in Computer Science and Computer Engineering at the

University of Kansas. They concluded that it improved planning and prioritization of requirements and
developing the overall project architecture.

P6

Buglione-Trudel matrix tool The solution was applied to a sample set of requirements. P8
Risk-driven algorithm to prioritize and plan
an improved requirements implementation

sequence

The solution was applied to the requirements of the European Union procurement system just to show the
different results that the algorithms calculated.

P9

Qualitative/quantitative Customer-driven
Development (QCD) validation cycle

Unspecified P10

Dependencies Identification Method Unspecified P11
Product Owner Group (POG), which

discusses and decides about the priority of
each feature on the feature backlog.The

POG is headed by the Epic Product Owner.

The intervention actions (IA) resulted in an average delivery time reduction from 29 days to 10 days. P13

a story card to one of the business drives on a weighted
scale. On the other hand, P10 defines business value based
on quantitative and qualitative customer feedback techniques.
P1, P2, P4, P6, P7, P9, P12 and P13 do not give details on
how the business value was measured in their work.

Risk. in P9, risk is defined as score based on project
management and requirements quality metrics, estimate and
dependency risk. P2 and P9 did not give details on how the
risk was measured in their work.

Volatility. P1 and P2 uses the requirements volatility as a
factor to order the product backlog, but they do not give details
on how it was measured in their work.

Technical debt. In P2, technical debt is used as a factor
to order the product backlog, but there is no detail about its
measurement. Although the authors report that it implies the
amount of architecture-redesign related work that accumulates
over a period of time.

Human resources. P1 uses the human resource as a factor
to order the product backlog, but there is no detail about its
measurement.

Therefore, business value (11 studies), dependency (8 stud-
ies) and effort (7 studies) are the most reported factors, which
shows the relevance of considering this factors in the product
backlog ordering. Additionally, in the literature, Usman et al.
[14] conducted an SLR on the state of the practice on effort
estimation in ASD. Furthermore, Racheva et al. [9] conducted
an SLR on how business value is created by agile projects.

Moreover, 9 studies give details about the techniques used
in the product backlog ordering (see Table IV). None of
them used the same approach. In P3, the execution orders are
managed by flow and gateways elements. The authors argue
that their method improve the understanding about the exe-
cution order and integration dependencies among user stories,
based on an experiment performed with 127 undergraduate
students. In P4, they used a SysML Requirements diagram,
which details requirements relationships, and hence, aids in
requirements prioritization. They apply the solution to a list of

requirements extracted from the literature and evaluate it, given
the IEEE Recommended Practices for Software Requirements
Specification. P5 uses a multi-objective search-based approach
based on the artificial bee colony (ABC) algorithm. The
authors compare their approach to other ones published in
literature and argue that their proposed solution reached the
best results, considering 8 instances compared.

P6 uses Product Backlog grooming dialogues, which are
formalized through Lines of Effort (LOEs) as visual represen-
tations of the software client’s priorities and desire end state.
The proposed solution was tested during a semester-long agile
software engineering course designed for both graduate and
upper level undergraduate students at the University of Kansas.
They concluded that it improved planning and prioritization of
requirements and developing the overall project architecture.
In P8, the technique used was the Buglione-Trudel matrix
tool, which provides agile teams with immediate feedback
whether their priorities meet customer needs. The solution
was applied to a set of requirements. P9 uses a risk-driven
algorithm to prioritize and plan an improved requirement
implementation sequence. The approach was validated through
visual simulation and a case study, which indicates that the use
of the proposed solution results in a decrease on the overall
duration of the implementation.

P10 uses quantitative and qualitative customer feedback
techniques to accomplish the task of product backlog ordering.
In this study, no evidences of the technique efficiency are
shown. In P11, a dependency identification method is used. In
this study, no evidences of the technique efficiency are shown.
P13 presents a governance framework and set of intervention
actions. One of the intervention action is the Product Owner
Group (POG), which discusses and decides about the priority
of each feature on the feature backlog. As a result of the
interventions, the average delivery time was reducted from 29
days to 10 days.

Therefore, we can conclude that there are many approaches
to order the product backlog, but there is no consensus about
which one achieves the best results. Additionally, in some
works the efficiency of the techniques was not evaluated. Yet,
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in most cases the evaluations were carried out in academic
environment, which may not faithfully represent real industry
environment.

VI. THREATS TO VALIDITY

As well as in all SLR studies, a common threat to validity
regards to the covering of all relevant studies. Therefore, to
mitigate this problem, we formulated a comprehensive string,
which covered keywords and their synonyms and applied it
to different database searches to cover main Software Engi-
neering conferences and journals. Another threat faced regards
to researchers’ opinion, which can influence in the results of
the study. To mitigate this problem, each paper was evaluated
by two reviewers, which should agree on the inclusion or
exclusion of the paper.

VII. CONCLUSION AND FUTURE WORK

In this paper, we conducted a systematic literature review
with focus on the ordering of product backlog in agile software
development projects to identify and analyze the main factors
and techniques used in this process. To reach this goal, we
applied a database search approach to identify the most rele-
vant studies in the topic of study. The primary search fetched
1814 results, among them, 258 duplicated, which resulted in
1556 papers. After analyzing basic criteria, 35 papers were
selected, and finally, after advanced criteria analysis (i.e.,
quality assessment and data extraction accomplished), only 13
papers were included in the study. At the end of the process,
data from these papers were analyzed to answer research
questions formulated.

We identified 8 different factors. Among them, business
value (11 studies), dependency (8 studies) and effort (7 studies)
were the most reported ones, which indicates that they are
valuable factors to be considered in the product backlog order-
ing process. Additionally, we concluded there is no consensus
about which technique to be applied.

Results of this study can be used as baseline by practition-
ers to start new works, since it presents an overview of the
studies in the literature about the ordering of backlog in ASD.
Furthermore, based on our results, we concluded this topic
needs further investigation with the conduction of empirical
studies to assess the results of applying this practice in real
environments.

For future work, we intend to complement the database
search with forward and backward snowballing approaches
[16], by using the 13 included papers in this study as the seed
set of the snowballing.
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Abstract

The use of software reuse techniques in the context of
business processes, such as Business Process Lines (BPL),
makes viable the efficient reuse of business process models.
In this context, it is highlighted the importance of computa-
tional support to aid the creation, instantiation and evolu-
tion of BPLs, once that the models created are complex due
to the domain inherent characteristics and the dynamism
of the business. The objective of this paper is to present
an evolution to the BPL-Framework 1.0, tool responsible
for creating BPLs, to also include the instantiation of this
kind of line. The tool facilitates the resolution of variabil-
ity throughout the instantiation and generates the instance
automatically without human intervention.

1 Introduction
The modeling of business processes aids in the compre-

hension and optimization of existing business processes,
and also in the conception of new business processes to
make organizations more competitive and efficient [1]. The
resultant models from the business process modeling also
provide help in the Engineering Requirements [2] once that
they help in the comprehension of the business, and they aid
the selection of functional and non-functional requirements
for the software system adequate to attend the organization.

Even though the modeling of business processes is im-
portant, many organizations opt not to adopt this practice
due to time and costs to execute it. The reutilization of
business process models makes it possible to reduce the
time and effort put in the elaboration of this kind of artifact,
in addition to improve its quality, once they were already
tested [3]. Under this perspective, the usage of software
reuse techniques in the context of business processes is a
mechanism to make viable the efficient reuse of business
process models, such as Business Process Lines (BPL).

The BPL represents a set of closely related business pro-
cesses with variabilities in their characteristics and opera-
tional contexts, instead of a single business process [4].

Basically, a BPL is composed by the following artifacts
[5][6]: DOPs (business process models of the domain); a
variability model where all the variabilities of all business

*Financial support by Fundect (T.O. nº 219/2014 and 102/2016)

processes that compose the BPL are represented; a Busi-
ness Process Model Template (BPMT), which represents the
flow of the processes, as well as the location of the variation
points, which represent the subject of the variability [7] (for
example, the color of the cars from a car maker) and its
variants which represent the object of the variability [7] (for
example, silver, black and white are the color options for
the cars of the car maker); and finally a mapping between
the variability model and the BPMT, representing the trace-
ability between them.

The computational support for the creation, instantiation
and evolution of BPLs is primordial once that the created
models are complex due to the characteristics inherent to
the domain and dynamism of the business. In this con-
text, Terenciani et al. [6] developed a tool, named BPL-
Framework 1.0, which is an Eclipse plugin that supports the
creation and documentation of BPLs, in accordance to the
approach of Management (creation, instantiation and evolu-
tion) of Business Process Lines (MBPL) [8]. This tool uses
the notations of feature model [9], BPMN [10] and BPMN*
[11], and manages the variability of the BPMN basic ele-
ments (activity, task and data object). Except that the BPL-
Framework 1.0 does not support the instantiation of BPLs.

Two other tools were found to support the creation and
instantiation of BPLs, whose instances are business pro-
cess models. In one of them [12], the resolution of vari-
abilities, during the instantiation of the line, is based on a
questionnaire and the other [13] is done by the selection of
graphic elements that represent the variabilities. However,
both tools do not generate in a completely automatic way
an instance of the line and also do not represent variability
in elements of the data object type and do not offer vast val-
idation in relation to the correctness of the artifacts of the
line.

In face of the above mentioned lacks, it was noted the
opportunity to evolve the BPL-Framework 1.0 to also in-
clude the instantiation of BPL, since it has compliance with
an approach of management for this kind of line and already
supports the creation of BPLs based on consolidated nota-
tions both for representation of variabilities and representa-
tion of business process models. This way, the objective of
this work is to present the BPL-Framework 2.0, which is an
evolution to the BPL-Framework 1.0, that also include the
instantiation of BPLs. The results of a performed evaluation
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showed that the tool satisfactorily meets the quality require-
ments of a software product from the ISO/IEC 25010 [14].
The tool also offers support to the resolution of variability
of the BPL by selection, generates automatically an instance
without the need of human intervention and validates the ar-
tifacts of the line.

2 BPL-Framework 1.0

BPL-Framework 1.0 is a computational tool to support
the creation and documentation of BPLs. It supports the
documentation of the BPL, since it allows the elaboration
of its artifacts, by means of a computational tool, such as
DOPs in the BPMN notation [10], variability model in the
feature model notation [9], and BPMTs in the BPMN* nota-
tion [6]. The BPMN* is an extension to the BPMN notation
to represent variabilities on activities, tasks and data objects
of business process models; and it also gives control over
traceability between the feature model and the BPMT.

The BPL-Framework 1.0 was developed as a open-
source plug-in for the Eclipse IDE. It was composed by the
BPMN2 Modeler plugin [15], for the elaboration of DOPs,
and by the FeatureIDE plugin [16], for the elaboration of
the feature model.

The BPMN2 Modeler plug-in is composed by the
Graphiti plug-in [17], which is a graphical structure for the
development of diagram editors, and by the metamodel gen-
erated by the Eclipse Modeling Framework (EMF) [18].
This metamodel is created and defined in the ecore for-
mat, which is basically a subset of class diagrams. From
the ecore, it is possible to generate Java code compatible
with the specifications from the BPMN 2.0.2 notation [10].

Throughout the development of the BPL-Framework 1.0,
the BPMN2 Modeler was extended to support the BPMN*
notation such that the tool could aid the elaboration of
the BPMT. For that, five new attributes were added to the
classes of the ecore from the EMF to make configurations of
variability: i) IsVarpoint: represents variation points in the
BPMT; ii) IsVariant: represents the variants in the BPMT;
iii) VarPointType: represents types of variation points in the
BPMT (AND, XOR and OR); iv) FeatureId: enables trace-
ability between the feature model and the BPMT; v) Fea-
tureType: represents optional and mandatory elements in
the BPMT (optional, mandatory and none), according to the
features configurations used by the FeatureIDE.

3 BPL-Framework 2.0

The BPL-Framework 2.0 was developed to support both
creation (already included in the version 1.0) and instantia-
tion of BPLs. During the instantiation, the business analyst
must choose an existing BPL that he/she wants to instantiate
and the relevant BPMTs. The tool then generates automati-
cally a configuration model for each selected BPMT. After

that, the business analyst can start the variability resolution
for each configuration model.

The business analyst must analyze each variation point
in the configuration model and select the necessary variants
for the instantiation of the BPL according to the business
process of the organization. Subsequently, the DOPs are
generated based on the selected variants from configuration
models considered during the instantiation of the BPL.

There can be commonalities in the configuration model
that will be part of all DOPs. The green color was used
to represent commonalities and variants selected of activity
and sub-process types. The orange color was used to rep-
resent commonalities and variants selected of data object
type.

When resolving the variabilities by selecting the ade-
quate variants to attend the objectives of the organization’s
business, it is possible to encounter some situations. When
the variation point (Task 2 from Figure 1(a)) has one or
more variants (Tasks 3 and 4 from Figure 1(a)), but its vari-
ability association has the <<xor>> stereotype, it indi-
cates that only one of the variants can be selected.

Another situation is observed when the stereotype of the
variability association between a variation point (Task 5
from Figure 1(a)) and its variants (Tasks 6, 7 and 8 from
Figure 1(a)) is from the <<or>> type. When this happens,
the business analyst has the possibility of selecting one or
more variants from this variation point. The analyst must
configure the properties for each selected variant, as shown
in Figure 1(b), for the proper validation of the configuration
model.

If every variant from a variation point with the <<or>>
has the attribute Sequence with distinct values, the flow of
these variants in the DOP generated based on the configura-
tion model with the solved variabilities will obey the order
defined by the values of this attribute. If there is a set of
selected variants that has two or more equal values from the
Sequence attribute, it is up to the business analyst to inform
the type of Gateway that will represent this set of variants.
This data can be informed by the business analyst at any
time during the instantiation.

If the chosen gateway is of the XOR type (Exclusive), it
represents a flow where only one of the paths will be taken,
according to conditions to be verified. If the chosen gate-
way is of the Parallel type, it represents a flow where two
or more paths can be executed in parallel. If the chosen
gateway is of the OR (Inclusive) type, it represents a flow
where there can be a combination of the paths, based on the
conditions to be verified, according to the values of the Con-
dition attributes. For example, the values of the Condition
attributes from Task 7-1 and Task 8-1 illustrated on Figure
1(b).

When the variability happens on an element of the data
object type with variability associations of the <<or>>
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Figure 1. Configuration model with commonalities, variation points and variants.

Figure 2. DOP obtained from the configuration model from Figure 1(a).

type (Data Input 3 from Figure 1(a)), there is no need to
inform values for the Sequence attribute, once that all se-
lected elements will be directly connected to the activity or
sub-process by means of the data association during the au-
tomatic generation of the DOP.

After finishing the resolution of variabilities in the con-
figuration models of the BPL, the business analyst may ask
the tool to generate the DOP for each configuration model.
Figure 2 presents the DOP generated automatically by the
tool, without human intervention, based on the configura-
tion model from Figure 1.

It is highlighted that once all variabilities were solved by
the business analyst, the configuration models used for the
generation of the DOPs are kept for reuse purposes on fu-
ture instantiations, enabling the business analyst to take ex-
isting configuration models as a base to generate the DOP
of an organization, reducing the time and costs of the in-
stantiation of the BPL.

4 BPL-Framework 2.0 Evaluation

The objective of the evaluation conducted was to eval-
uate the functionalities of the BPL-Framework 2.0 through
the instantiation of a BPL in the rental domain, based on:
i) functional suitability sub-characteristics (accuracy), leg-
ibility and usability (ease of learning, ease of use and at-

tractiveness) from the ISO/IEC 25010; and ii) reusability
of business processes by means of BPLs instantiation sup-
ported by the BPL-Framework 2.0, by the point of view of
the business analyst.

Fourteen evaluators were selected to join the evaluation
of the BPL-Framework 2.0. Evaluators received a two hours
training about variability, features model and essential con-
cepts about BPL, in addition to an overview of the function-
alities of the BPLs creation module of the BPL-Framework.
The evaluators main task was to instantiate a BPL from the
rental domain [6] based on a given description about a busi-
ness process of rental of dresses. At the end of the instan-
tiation, the evaluators answered an evaluation form, which
contained a set of questions related with each defined eval-
uation requirement.

The data from the evaluation forms answered by the eval-
uators were charted and analysed. For the learnability re-
quirement, the attribute that corresponds to the ability to
understand how the tool works, 57% of the evaluators were
satisfied and the other 43% were completely satisfied.

As for the attractiveness, the attribute that points to the
capacity of the tool to be attractive for the user, 78,5% of the
evaluators were satisfied, 14,5% were completely satisfied
and only 7% of the evaluators showed to be partially satis-
fied. The justification from these last evaluators pointed to
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the low number of informative messages during the usage
of the tool. Concerning the accuracy, which evaluates the
capacity of the tool to obtain, with the necessary precision
degree, the DOP according to the description of the business
process, 50% of the evaluators were satisfied and the other
50% were completely satisfied. The reason for this is that
the tool performs automatic validation of the configuration
models to guarantee that all variabilities are solved before
starting the generation of the DOP.

The legibility requirement allowed to evaluate the
evaluators’ satisfaction towards the ability of the BPL-
Framework 2.0 to allow the making of legible DOPs. Some
practices were added to provide more legibility while ob-
taining the DOPs, such as emphasizing, through the use
of colors, the selected variants in the configuration model.
This way, 21,5% of the evaluators were completely satisfied
and 57% of the evaluators were satisfied. On this require-
ment, the other 21,5% of the evaluators were partially sat-
isfied, once they reported having had to change the relative
position of some elements in the obtained DOP to improve
visibility, once that some elements from model automati-
cally generated by the tool were not completely aligned with
the flow.

Another requirement in the evaluation of the BPL-
Framework 2.0 was related to the reusability of the business
process models by means of BPL, where 78,5% of the eval-
uators were satisfied, 14,5% were partially satisfied and the
other 7% of the evaluators were completely satisfied. The
evaluators affirmed that the tool made simpler the instanti-
ation of a BPL, since it enables the selection of the desired
variability in a graphic and visual way, easing the resolution
of variability. Besides that, the tool is equipped with an al-
gorithm that automatically adjusts, in the best possible way,
the position of the elements in the generated DOP to make
it the most readable as possible.

5 Conclusions and Future Work
This paper presented a computational tool to support the

creation and instantiation of BPLs. The evaluation per-
formed evaluated the BPL-Framework 2.0’s instantiation
module. The results from this evaluation allowed to note
that the tool enables the instantiation of BPLs with adequate
accuracy, legibility and usability. In particular, it enables the
resolution of variabilities to be done visually by the selec-
tion of variants suitable to the organization, it validates the
configuration models, generates automatically an instance
of the BPL, without the need of human intervention, and
provides the configuration models with solved variabilities
to also be reused. In the future, we plan to implement a
mechanism of version control for the artifacts of the BPLs
managed by the BPL-Framework 2.0, and to extend the
BPL-Framework 2.0 to allow the evolution of BPLs, in ad-
dition to the integration with software assets repositories,

aiming to ease the management of this kind of line.
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Abstract—Background: Several researchers have reported
their experiences in applying secondary studies in Software
Engineering (SE), however, there is a lack of studies discussing the
distinction between Systematic Mappings (SMs) and Systematic
Literature Reviews (SLRs). Aims: The objective of this paper is
to present the results of a tertiary study conducted to collect and
evaluate evidence to better understand similarities and differences
between SLRs and SMs related to four aspects: research question,
search string, search strategy and quality assessment. Method:
We identified 170 secondary studies that were reviewed to
answer a set of Research Questions (RQ) related to the practical
conduction of secondary studies in SE. Results: Results show that
both SLRs and SMs have generic RQs, broad search strings,
and adopt automatic search as search strategy. However, quality
assessment has been more widely adopted in SLRs. Conclusions:
In practice, only the quality assessment is conducted differently
in SLRs and SMs.

Keywords—Systematic Literature Review, Systematic Mapping,
Secondary Studies

I. INTRODUCTION

Evidence-Based Software Engineering (EBSE) employs
appropriate research methods to build a body of knowledge
about when, how, and in what context methods or tools are
more appropriate to be employed for Software Engineering
(SE) practice. In 2004, EBSE was first introduced as a means
to advance and improve the discipline of SE [1]. In this
context, Systematic Literature Reviews (SLRs) [2] and System-
atic Mappings (SMs) [3] have been providing methodological
and structured processes to identify and aggregate research
evidence. SLRs and SMs are said to be secondary studies
[2]. They are studies that review primary studies related to
some research questions (RQs) to integrate/synthesize evi-
dence related to those RQs. A primary study is related to
an individual publication or a study, such as an empirical
study, which investigates a specific RQ. The advantages of
performing secondary studies include, among others, reduced
likelihood of bias in results and the potential ability to combine
data from several studies. These benefits are some reasons why
secondary studies have been gaining popularity over the years
[4].

DOI reference number: 10.18293/SEKE2017-069

Kitchenham et al. [2] and Petersen and colleagues [3]
recognize that currently, the distinction between SMs and
conventional SLRs conduction is somewhat fuzzy. The main
contribution of our paper is to establish a fair and practical
discussion about the conduction of secondary studies in SE
area. Several studies have reported experiences and lessons
learned from researchers conducting secondary studies [3], [5],
[6], [7]. However, these studies do not focus on the practical
similarities and differences between secondary studies. There-
fore, we performed a tertiary study in identifying practical
similarities and differences between SLR and SM. The findings
from this study are expected to contribute to the existing
knowledge with respect to the conduction of secondary studies
in SE. Some of the concrete doubts that we intend to clarify
are: 1– What types of Research Questions (RQs) have been
answered in SLRs and SMs studies? Are these RQs generic or
specific?; 2 – How the search strings have been formulated?;
3 – Which search strategy has been adopted in SLRs and SMs
studies?; and 4 – Has the quality of the studies been assessed?

The remainder of this paper is organized as follows. Section
II presents a brief overview of secondary studies. Section III
discusses the research method applied to perform our tertiary
study. Subsections III-A and III-B discusses the results, their
implications, and limitations. Finally, Section IV concludes the
paper and presents directions for future work.

II. BACKGROUND

Secondary studies (SLR and SM) are means of finding,
critically evaluating and interpreting available research papers
(primary studies) on a particular set of RQs, topic area, or a
phenomenon of interest. The method is intended to ensure that
the literature review is unbiased, rigorous and auditable [8].

The SLR process comprises three main phases [2]: (i)
Planning: refers to the pre-review activities, and establishes
a review protocol, besides conducting a pilot test; (ii) Con-
ducting: aims at searching and selecting the studies, in order
to extract and synthesize data from them. This phase comprises
the following activities: study searching, study selection, study
quality assessment, and data extraction; (iii) Reporting: is the
final phase, and aims at writing up the results and circulating
them to potentially interested parties.

A SM is a more open form of SLR, providing an overview
of a research area to assess the quantity of evidence existing
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on a topic of interest [2]. In general, SM is conducted by
a planning phase, which includes formulation of RQs and
definition of inclusion and exclusion criteria, followed by
search and screening of primary studies. The data extraction
activity for SM is broader than the data extraction process for
SLR and the analysis of a mapping does not include the use
of depth analysis techniques, such as meta-analysis, but rather
summaries. In a nutshell, SM deals with a broader research
topic while SLR deals directly with a specific RQ narrowing
the search for specific answers.

As can be observed in Table I, SLRs and SMs are different
in various aspects, such as, goals, breadth, validity issues and
implications. They can also vary in more basic aspects of their
breadth and depth:

– Focus of the review: The focus of an SLR is to
aggregate primary studies in terms of its results and investigate
whether these results are consistent or contradictory. SLRs are
performed to synthesize evidence. On the other hand, SMs
provide a broader view of a research topic and identify both
clusters (group of studies related to a same theme – may be
suitable to undertake an SLR on this theme) and subtopics in
which more primary studies are needed to be developed.

– Research Questions: SLRs focus on very narrow ques-
tions, while SMs focus on broad questions, which may limit
the analysis, interpretation and generalization of the findings.
SLRs aggregate results related to specific research questions.
SMs have an objective to find and classify primary studies in
subtopics.

– Methods for searching: Both SLRs and SMs attempt to
be exhaustive in finding all relevant studies. The aim is to be
able to answer the review questions by including all relevant
research, however, while SLRs generally look at one type
of evidence, i.e., empirical studies, SMs may include many
different types of primary research, i.e., empirical studies,
technical reports, theses, among others.

– Methods for selecting: One of the main differences
between SLR and SM is related to studies selection activity.
The scope of an SM is broader and the analysis and synthesis
more general than in an SLR. SMs involve more studies to be
selected while SLRs involve fewer studies, but they should be
analyzed in a greater depth.

– Methods for data extraction: For undertaking an SM
the data to be collected from the primary studies could include:
(i) bibliographic information on the publications in which the
primary studies are reported, e.g. Journal title, publication year;
and (ii) basic data to describe what research has been done and
how, e.g. country of the study, technique used, among others.
For an SLR the data one collects from the primary studies
could include: (i) detailed data on the methods and results of
each study; (ii) a structured description of each study; (iii) the
results (findings) of each study.

– Synthesis: SMs simply describe basic details about each
primary study and variables can be used in coding the studies.
The description may include, e.g., methods used, geographical
distribution of the studies, year of the publication. SMs tabulate
primary studies into categories. SMs may synthesize all, or part
of the research studies described in a map. In SLRs the main
interest is a full synthesis of results.

III. TERTIARY STUDY ON PRACTICAL SIMILARITIES AND
DIFFERENCES BETWEEN SLRS AND SMS

Although there are publications defining how to perform
SLRs and SMs, such as [2] and [3], there is still need for
studies addressing different aspects of the conduction of SLRs
and SM in practice. In order to evaluate similarities and
differences between SLR and SM studies we performed a
tertiary study, which is presented in this section. Tertiary study
is considered as a review that focuses only on secondary
studies, i.e., it is a review about other secondary studies [8].

First of all, we created our search string, described as:
(“software engineering”) AND (“systematic literature review’
OR “systematic review” OR “systematic mapping” OR “map-
ping study" OR “systematic literature mapping").

After the definition of the search string, the process of iden-
tifying relevant literature was started. We chose the databases
based on criteria, such as: (i) coverage (large number of confer-
ences proceedings and journals in different knowledge areas);
(ii) content update (publications are regularly updated); (iii)
availability (full text of the papers are available); (iv) quality
of results (accuracy of the results obtained by the search); and
(v) versatility to export (a mechanism to export the results of
the search is available). The most commonly used databases
in SE area that meet to the characteristics described above are:
IEEE Xplore (http://ieeexplore.ieee.org); ACM Digital Library
(http://dl.acm.org); ScienceDirect (http://www.sciencedirect.
com/); Scopus (http://www.scopus.com/); and Compedex
(http://www.engineeringvillage2.org).

Studies were included in the study if they met the following
inclusion criteria (IC): IC1: The study should be in the SE
area; and IC2: The study should present a protocol and/or the
description of its conduction.

With respect to the exclusion criteria (EC), studies were
excluded if: EC1: The study does not have an abstract; EC2:
The study is just published as an abstract; EC3: The study is
not written in English; EC4: The study is an older version
of other study already considered; EC5: The study is not
a scientific study, such as editorials, summaries of keynotes,
workshops, and tutorials; EC6: The study is not a secondary
study; EC7: The study is a book chapter or a guide.

A total of 970 studies were identified during the search for
evidence, including 355 duplicates. Out of these studies, we
selected secondary studies by reading their titles and abstracts
and applying the inclusion and exclusion criteria. As a result,
a total of 490 studies were selected and 125 were excluded.
Finally, the 490 papers were read in full and inclusion and
exclusion criteria were again applied, resulting in 320 studies
being rejected. Thus, we identified 170 relevant studies from
the five sources that we searched.

With the final set of secondary studies, the data extraction
and synthesis activities were carried out on all 170 papers. We
planned to perform the data synthesis for our RQs using tables
(totals and summaries). The RQs are answered and described
in the next section.

A. Results

In order to answer the RQs we created a data extraction
form using Microsoft Excel software to store relevant informa-
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TABLE I. COMPARING SLR AND SM (ADAPTED FROM [2], [3]).

Features SLR SM
Focus of the review – Identify, analyze and interpret all available evidence

related to a specific RQ
– Identify and classify what evidence is available (broad
review) in a specific topic of area

– Identify best practices based on empirical evidence – Establish the state of evidence
Research Questions – Narrow RQs – Broader RQs

– Specific RQs – Multiple RQs
– Consider population; intervention; comparison and
outcomes (PICO)

– Consider only population and intervention

Methods for searching – Search string highly focused – Search string less highly focused
Methods for selecting – Generally few studies are considered – A large number of studies are considered (broad

coverage)
– The studies are evaluated in details – The studies are not evaluated in details

Methods for data extraction – The primary studies are assessed regarding their
quality (the main goal is to establish the state of
evidence)

– The primary studies are not assessed regarding their
quality

– Include data extraction procedures – Much broader (classification and categorization stage)
– It is a time-consuming task – It is not a time-consuming task

Synthesis – Include depth analysis techniques, e.g., meta-analysis
and narrative synthesis

– Include no-depth analysis techniques, e.g., total and
summaries

Dissemination of the results – Higher importance for practitioners (relevant to in-
dustry)

– May be more limited, the aim is to influence the
future of the research in a specific topic

tion. The form was filled with data extracted from each study
and it is available on https://goo.gl/Uh5jck.

The data was grouped into categories. This categorization
was supported by Microsoft Excel software to filter data for
analysis and results visualization. Therefore, it can be said that
the adopted classification scheme emerged from the selected
studies.

The following is a brief description of the results. First of
all, we identified the secondary studies types. The results are
showed in Table II. The majority of studies are SLRs (approx-
imately 70%) and around 30% are SMs. We identified three
updated SLRs, however they were not separately categorized,
i.e., they were similar to the other studies and were categorized
according to their type: SLR or SM.

TABLE II. SECONDARY STUDIES: TYPE

Study Type Quantity Percentage
SLR 118 69.41%
SM 52 30.59%

Moreover, we verified the publication type to know what
are the most common targets in which these studies are
published. The majority of the studies were published in
Conferences (53.53%) followed by Journals (33.53%). More
detailed findings can be observed in Table III.

TABLE III. SECONDARY STUDIES: LOCAL OF PUBLICATION

Publication Type SLR (%) SM (%) Total (%)
Conference 62 (52.54%) 29 (55.77%) 91 (53.53%)

Journal 40 (33.90%) 17 (32.69%) 57 (33.53%)
Congress 2 (1.69%) 0 (0%) 2 (1.18%)

Symposium 11 (9.32%) 5 (9.61%) 16 (9.41%)
Workshop 3 (2.54%) 3 (2.54%) 4 (2.35%)

With an objective to show an overview of studies area, we
followed “The Guide to the Software Engineering Body of
Knowledge (SWEBOK)”, which describes generally accepted
knowledge about software engineering [9], to classify the stud-
ies according to SE subareas. We created 11 subareas based on
SWEBOK and another one labeled as “others”. In particular,
this category includes studies not classified in other available
areas, such as, studies about specific SE tools and experiments.
The defined categories and the number/percentage of studies
classified in each category can be visualized in Table IV.

As shown in Table IV the majority of SLRs and SMs
are related to Software Requirements (17.65%) and Soft-
ware Engineering Models and Methods (17.06%), followed
by Software Construction (10.59%) and Software Engineering
Professional Practice (10.00%). Considering only SLRs, the
Software Requirements area (19.49%) remaining as the main
area of publication. On the other hand, in SM context, the
Software Engineering Models and Methods is the area of
major interest (19.23%). Only a few of SLRs and SMs are
on Software Maintenance, adding three SLRs and two SMs,
totaling 2.94% of the inclued studies.

In the sequence, the RQs will be answered in details.

RQ1: What types of research questions (RQs) have been
answered in SLRs and SMs studies?

We assessed the RQs of SLRs and SMs considering two
main aspects: (i) RQ granularity: generality or specificities; and
(ii) RQ formulation: the use of PICO (Population, Intervention,
Comparison, Outcome) to structure RQs.

A RQ describing the main objective of a research is a
generic question. Jia and Yu [10] suggest that the 5W+1H
model can be used to formulate RQs in secondary studies,
consequently generic questions are initiated with W-words and
H-words, such as, “Why”, “Who”, “What”, “Why”, “Where”,
“When”, “How”, “How many”. For example, in the SM
performed by Paz et al. [11] the following generic RQs
were created: “What are the most commonly used methods to
evaluate the usability of software applications in the context
of a development process?” and “What types of applications
are frequently reported in the literature as part of a usability
evaluation in software developments?”.

On the other hand, a specific RQ highlights particularities
of an investigated research topic. For example, the SLR
performed by Engström et al., [12] presents one generic
RQ (“Which techniques for regression test selection in the
literature have been evaluated empirically?”) and three specific
RQs: (i) “Can these techniques be classified, and if so, how?”;
(ii) “Are there significant differences between these techniques
that can be established using empirical evidence?”; and (iii)
“Can technique A be shown to be superior to technique B,
based on empirical evidence?”. It can observed that the specific
RQs are related to the generic one.
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TABLE IV. SECONDARY STUDIES: STUDIES AREA

Study Area SLR (%) SM (%) Total (%)
1- Software Requirements 23 (19.49%) 7 (13.46%) 30 (17.65%)

2- Software Design 8 (6.78%) 8 (15.38%) 16 (9.41%)
3- Software Construction 11 (9.32%) 7 (13.46%) 18 (10.59%)

4- Software Testing 4 (3.39%) 4 (7.69%) 8 (4.71%)
5- Software Maintenance 3 (2.54%) 2 (3.85%) 5 (2.94%)
6- Software Management 8 (6.78%) 2 (3.85%) 10 (5.88%)

7- Software Engineering Process 9 (7.63%) 0 (0%) 9 (5.29%)
8- Software Engineering Models and Methods 19 (16.10%) 10 (19.23%) 29 (17.06%)

9- Software Quality 5 (4.24%) 2 (3.85%) 7 (4.12%)
10- Software Engineering Professional Practice 14 (11.86%) 3 (5.77%) 17 (10.00%)

11- Software Engineering Economics 4 (3.39%) 7 (13.46%) 11 (6.47%)
12- Others 7 (5.93%) 3 (5.77%) 10 (5.88%)

Overall, the results (shown in Table V) indicate that both
SLRs and SMs presented more generic RQs (SLR 83.05% and
SM 86,54%) than specific RQs. Nevertheless SLRs presented
a slightly larger number of specific RQs (16,95%) than SMs
(13,46%).

TABLE V. SECONDARY STUDIES: GENERIC AND SPECIFIC RQS

Study Type Generic RQs (%) Specific RQs (%)
SLR 98 (83.05%) 20 (16.95%)
SM 45 (86.54%) 7 (13.46%)

According to [2], PICO can help the RQs structuring.
In summary, our results showed that PICO is used only in
26.27% of SLRs and in 32.69% of SMs (see Table VI). We
can conclude that most of the SE researchers are not using
PICO to structure their RQs.

TABLE VI. SECONDARY STUDIES: USE OF PICO

Study Type Yes (%) No (%)
SLR 31 (26.27%) 87 (73.73%)
SM 17 (32.69%) 35 (67.31%)

RQ2: How the search strings have been formulated?

In order to evaluate how search strings have been formu-
lated, we considered three aspects, described following: (i) the
description of the search string in the paper; (ii) the quantity of
logical operator AND used to compose the search string; and
(iii) the validation of the search string through the conduction
of a pilot test.

The search string is fundamental to find relevant studies
about a specific area or topic [2]. Approximately in 74%
of SLRs and 77% of SMs (see Table VII) the search string
used was not described, not even an external link containing
this information was provided. In some secondary studies,
such as, [13] and [14], only generic terms used for searches
were described, however the formalization of the search string
containing logical operators and the list of synonyms is not
shown.

TABLE VII. SECONDARY STUDIES: SEARCH STRING DESCRIPTION

Study Type Yes (%) No (%)
SLR 87 (73.73%) 31 (26.27%)
SM 40 (76.92%) 12 (23.08%)

During the definition of the search string, the focus is the
identification of terms related to the research topic that are
commonly used in primary studies. A well accepted practice
for formulating the search string is to identify related terms
that can be considered synonyms concatenating them using

the logical operator OR. Subsequently, each group of terms is
concatenated with the other groups using the logical operator
AND.

As can be noted in Table VIII, 43.68% of SLRs search
strings were formed by only one AND logical operator and
27.59% were formed by two ANDs. Similarly, 32.50% of SMs
search strings were also formed by only one AND logical
operator, and a total of 37.50% were formed by two ANDs.

The use of the logical operator AND tends to restrict the
number of studies returned, since the result of the operation is
TRUE only if all rows of the truth table contains values TRUE
(e.g. term A=true AND term B=true THEN study retrieved).
As shown in line two of Table VIII in seven SLRs their search
strings were formed only by terms and their synonyms, without
any AND operator, characterizing a fairly generic string.

TABLE VIII. SECONDARY STUDIES: SEARCH STRING AND LOGICAL
OPERATORS

Quantity SLR MS
0 7 (8.05%) 1 (2.50%)
1 38 (43.68%) 13 (32.50%)
2 24 (27.59%) 15 (37.50%)
3 6 (6.90%) 5 (12.50%)
4 6 (6.90%) 4 (10.00%)
≥5 6 (6.90%) 2 (5.00%)

The pilot test, according to [2], aims to validate each one
of the items defined in the protocol. The test verifies the fea-
sibility and execution of the study allowing the identification
of necessary modifications. During the execution of the pilot
test, it is common to note, for example, the absence of terms
in the search string that may lead to the non-identification of
relevant studies. Our results, presented in Table IX, revealed
that the vast majority of both SLRs and SMs did not conduct
the pilot test. Only 20.34% of SLRs and 11.54% of SMs did
it. The pilot test was conducted more times in SLRs than SMs.

TABLE IX. SECONDARY STUDIES: SEARCH STRING PILOT TEST
CONDUCTION

Study Type Yes (%) No (%)
SLR 24 (20.34%) 94 (79.66%)
SM 6 (11.54%) 46 (88.46%)

RQ3: Which search strategy has been adopted in SLRs and
SMs studies?

With respect to RQ3 it is possible to note that the most
employed search strategy in conducting secondary studies in
SE is the automatic search (see Table X). A total of 70 of the
118 SLRs (59.32%) and 24 of the 52 SMs (46.15%) used the
automatic search as exclusive search strategy.
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Although the automatic search is the most adopted strategy,
it presents difficulties in its use, for example, a challenge is
the definition of the search string [15]. Only the use of the
automatic search may not be sufficient for identification of
all relevant studies. This leads researchers to explore other
strategies such as complementary mechanisms to extend the
identification of relevant studies. The use of automatic search
combined with other strategies is adopted in 36.44% of SLRs
and in 48.07% of SMs (see lines four, five and six in Table
X).

Only 5 SLRs (4.24%) and 3 SMs (5.77 %) adopted exclu-
sively manual search. The snowballing strategy, which does
not use search string, was not exclusively used. Some authors
argue that snowballing is a complementary search strategy
[16]. However, there are authors, such as, [17], [18] and [19]
who have analyzed the possibility of using snowballing as main
search strategy in secondary studies; they advocate the use of
snowballing specially in SLRs updates scenario.

TABLE X. SECONDARY STUDIES: SEARCH STRATEGY

Search Strategy SLR MS
Automated 70 (59.32%) 24 (46.15%)

Manual 5 (4.24%) 3 (5.77%)
Automated + Manual 32 (27.12%) 13 (25.00%)

Automated + Manual +Snowballing 6 (5.08%) 4 (7.69%)
Automated + Snowballing 5 (4.24%) 8 (15.38%)

RQ4: Has the quality of the studies been assessed?

A significant difference between SLRs and SMs refers
to study quality evaluation. In SMs the quality assessment
is not mandatory, although it may be useful to ensure that
there is sufficient information for data extraction. According
to [3], performing quality assessment is highly recommended
for SLRs, but optional in SMs. Our results, shown in Table
XI, confirm this trend, since 62.71% of SLRs had the quality
of their studies evaluated and 80.77% of SMs did not evaluate
the quality of their included studies.

TABLE XI. SECONDARY STUDIES: QUALITY ASSESSMENT

Study Type Yes (%) No (%)
SLR 74 (62.71%) 44 (37.29%)
SM 10 (19.23%) 42 (80.77%)

B. Discussions

In general, the purpose of a secondary study is to provide
an overview of a research area and identify research gaps in
this area [20]. SLRs and SMs, as secondary studies, enable
the identification and aggregation of available evidence to
answer research questions [21]. We can affirm that SLRs and
SMs support the decision making related to a research to be
developed and that there are many similarities between them.
However, theoretically, there are also differences, especially
regarding the objectives, research questions, search strategy,
selection and evaluation of the quality of primary studies,
as well as the analysis of data and results obtained. In this
study we evaluated if the theoretical differences pointed out in
the literature, presented in Section II, reflect in the practical
conduction of secondary studies in ES.

Regarding the types of secondary studies that have been
conducted by the SE community, SLRs are predominant.
One possible explanation is that the first guidelines [1] for

conducting SLRs focused on describing this type of study. The
SM was superficially presented for the first time, only in 2008,
as a mapping process defined by Petersen et al. [22] and later
it was updated in 2015 [3]. Therefore, the greater knowledge
of the community is on SLRs.

Although secondary studies have been conducted for more
than 10 years, only three included studies were updates.
Currently, there are processes focused on SLR updates [23],
as well as proposals for using visual techniques to support
selection of new evidence [24]. However, there is a lack of
guidelines on what is updated and how long to update SLRs,
explaining the low number of updated studies. It is noteworthy
that an outdated secondary study loses its relevance.

Most of secondary studies are published in conferences.
One concern with this practice is that there is a limitation
of the number of pages available to document the revision.
Therefore, it is important that researchers provide additional
external information on the conduct of the study in external
web pages.

The subareas Software Requirements and Software Engi-
neering Models and Methods concentrated the largest number
of secondary studies. As a result it would be interesting the
SE community to conduct tertiary studies on these topics.

Petersen et al. [3] affirm that RQs of SLR are specific
and RQs of SMs are generic. However, our results showed
that both studies presented a predominance of generic RQs.
We observed that in this context there is a difference between
theory and practice. The community does not distinguish the
two studies based on the type of RQ addressed. There is
no framework for defining RQs. We can affirm that PICO,
although recommended in the guidelines for conducting sec-
ondary studies [8], has not been adopted in practice. The set of
PICO criteria derived from Medicine [8], therefore, we argue
that the main challenge to adopt PICO in an area different from
Medicine, is to adapt the set of PICO criteria. For example,
Kitchenham and Charters [8] advocate that population could
be: (i) a specific role of ES (e.g. tester, manager); (ii) a specific
category of software engineer (e.g., novice, experienced); (iii)
an application area (e.g., IT systems, control systems); Or
(iv) an industry group (e.g. telecom company, small business).
Conversely, Biolchini et al. [25] report that population is the
group that will be observed by intervention (e.g., publications
on the subject investigated).

Surprisingly, in more than 70% of SLRs and SMs re-
searchers do not formally present the search string adopted. As
an alert, we can say that the absence of the search string de-
scription negatively impacts the reproduction of the secondary
studies. In addition to that, both studies (71.27 % SLRs and
70.0 % SMs) have adopted generic strings, containing one
or two ANDs (logical operator). Considering the theory, we
expected that the SLRs presented strings containing a greater
number of ANDs, i.e., more specific strings than SMs. The
pilot test to validate the search string is usually not applied,
not even in SLRs.

The automatic search, with the support of search strings,
has been the main strategy used in both SLRs and SMs.

Corroborating with the theory of Kitchenham and Charters
[8] and Petersen et al. [3], most of SLRs (62.71%) evaluate
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the quality of their studies, while only 19.23% of SMs adopt
the evaluation practice.

As a threat to the validity of this work we highlight:

– Recovery of studies: to avoid missing out relevant studies,
one specialist on SLR was asked to create our set of quasi-gold
standard. We used this set of studies for filtering the retrieved
data set, hence increasing the precision rate of our tertiary
study;

– Selection of relevant studies: to validate the selection
of studies, an external reviewer independently applied the
selection criteria to a subset of randomly studies. Then, we
used the inter-raters agreement rate, which was determined
using the Cohen’s kappa statistic, to measure the reliability
of our selection process; – Data extraction: to validate the
data extraction activity, an external reviewer independently
extracted data from a subset of randomly studies. We intend to
further mitigate this threat by making our data set externally
available so that our results can be replicated and validated by
external researchers.

IV. CONCLUSIONS

The main contribution of this paper was to present a prac-
tical panorama about the current state-of-the-art on the con-
duction of secondary studies in SE. To build such panorama,
we performed a tertiary study. Based on this panorama, it is
possible to affirm that in practice, only the quality assessment
is differently conducted in SLRs and SMs.

As future work we intend to: (i) analyze in depth other
items to distinguish SLRs from SMs, such as, selection of
studies and extraction of data; and (ii) define a decision tree
to support SE researchers to decide if conducting an SLR or
an SM.
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Abstract—Context: In order to preserve the value of Sys-
tematic Literature Reviews (SLRs), they should be frequently
updated including new studies produced after the conduction of
the reviews. However, most of SLRs are outdated and there is
a lack of works that support the conduction of SLRs updates.
Objective: The main goal of this paper is to report our experience
in updating two of our SLRs. Method: To update these two
SLRs, we used automated techniques based on VTM (Visual Text
Mining) to guarantee the presence of relevant studies. Results:
From our experience, some factors to satisfactorily update SLRs
were identified: (i) to adopt software tools to support the updating
process; (ii) to provide as much as possible information of
previous SLR; (iii) to involve researchers from previous SLR;
and (iv) to reuse protocol from preliminar SLR. Conclusions:
Reported lessons learned can be used as a basis of knowledge to
guide researchers when updating their SLRs.

Keywords—Systematic literature review, update, VTM

I. INTRODUCTION

Evidence Based Software Engineering (EBSE) was first
introduced in 2004 as a means of advancing and improving the
discipline of Software Engineering (SE) [1]. In this context,
Systematic Literature Review (SLR) (a.k.a. Systematic Review
(SR)) has provided a methodical, structured process to support
the conduction of literature reviews [1] and has then gained
substantial importance [2].

If a research area is continually evolving (as it is common
in computing), SLRs that are not maintained (i.e., updated) can
become out of date. Incorporation of new research or studies
(i.e., evidence) into existing SLRs is therefore paramount to
sustain their relevance. In other words, SLRs should be fre-
quently updated with the purpose of identifying new evidence
that has emerged after the completion of the reviews.

It is worth highlighting that, in the Medicine area, SLRs
are in general updated at least every two years, determining
whether or not there are new studies available for inclusion
in the previous review [3]. In the SE area, the main reasons
to update SLRs is that SE professionals and researchers may
rely on the results of SLRs to build a body of knowledge about
when, how, and what process, techniques, methods, tools, and
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others are more appropriate to be used. Besides that, SLRs in
the SE area have also contributed to identify new, important
research topics that have not been treated, yet. Therefore, we
argue that the update of SLRs is also a quite important issue
in SE.

Even when the same authors update their reviews, search
and selection tasks can consume considerable amount of time
and efforts, especially if many new studies are obtained during
the search, which can lead to difficulties in reading and
evaluating evidences. Hence, it may be beneficial to have
approaches, including techniques and tools, which support
update of SLRs.

Considering that up-to-date SLRs are quite important, but
effective update approaches have not been widely investigated
in the literature, in our previous paper [4], we presented an
automated approach based on Visual Text Mining (VTM)
to support the update of SLRs. Such paper also describes
an experiment to compare the outcomes achieved using this
approach to the ones using traditional (manual) approach.
The goal of this paper is to present an experience report
on the use of our approach to update SLRs executed by SE
researchers. The specific contributions of our work to the body
of knowledge in EBSE field are:

1) we bring an experience report by analyzing two real
SLRs updated by SE researchers;

2) we present the application of VTM techniques in real
SLRs; and

3) we summarized a set of lessons that we have learned
when updating SLRs and that could be useful in the
context of other SLRs that are intended to be updated.

The remainder of this paper is organized as follows.
Section II presents related works and a brief background on
how VTM has been used for SLRs. Section III presents the
report of our experience in updating SLRs. Section IV presents
a brief discussion together with the lessons learned. Finally,
conclusions are presented in Section V.

II. BACKGROUND AND RELATED WORKS

The process used to extract high-level knowledge from low-
level data is known as Knowledge Discovery in Databases
(KDD) [5]. Data Mining (DM) is a part of the KDD process
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responsible for extracting patterns or models from data. Visual
Data Mining (VDM) is a combination of visualization and
traditional DM techniques and is used to explore large datasets
[5]. A specific application of VDM, which is of interest in
our work, is the amalgamation of text processing algorithms
with interactive visualizations to support users to make sense
of text collections. By extension, Visual Text Mining (VTM)
refers to VDM applied in text or to a collection of documents.
According to Paulovich and Minghim [6], the use of VTM
can speed up the process of interpreting and extracting useful
information from document collections.

Four studies have investigated the use of VTM within the
context of EBSE [4], [7], [8], [9].

Malheiros et al. [7] applied content-based VTM techniques
to support the selection of primary studies. Similarly, the
approach presented by Felizardo et al. [8] also used VTM
techniques in the SLR process; however, this approach contains
additional visualization techniques based on meta-data analy-
sis. Both works [7], [8] compared the performance of reviewers
in carrying out the selection of primary studies by reading
abstracts or by using VTM techniques. The works concluded
that VTM provides a more precise selection of relevant studies,
speeding up the selection task.

Felizardo et al. [9] extended their previous work [8] to
support the selection of primary studies, evaluating the deci-
sions of including or excluding primary studies and, mainly,
supporting reviewers to ensure as far as possible that important
studies are not removed. They concluded that VTM can give
solid clues about which particular studies should be checked,
reducing the volume of documents that need to be re-evaluated
and the time spent in the whole process. VTM therefore seems
to be beneficial in supporting the SLR process.

Moreover, VTM has also been beneficial to update SLRs
[4] and an approach, called USR–VTM, was proposed and will
be also explored in the context of this paper. Because of this,
a summary of this approach is presented in next section.

A. USR–VTM Approach

In order to update SLRs using USR–VTM , this approach
receives a set of primary studies as input, including [4]: (i)
studies included in the previous review; (ii) studies excluded
in the previous review; and (iii) studies to be evaluated in the
current review (i.e., the new evidence). In order to support
selection of new primary studies, two visual representations
are built: content-map and edge bundles1.

A content-map is a two-dimensional visual representation
where each m-dimensional instance – a document (primary
study) – is mapped on the screen as a graphic element, nor-
mally a circle. The process to create a content-map involves the
conversion of all primary studies (title, abstract, and keywords)
into multi-dimensional vectors. The dimensionality is based on
all the terms extracted from the primary studies and it can be
reduced eliminating stopwords (i.e., minimally representative
terms, such as prepositions, articles, and conjunctions), ap-
plying stemming (i.e., converting terms to their radical; for

1In general, visualization techniques use colours to add extra information
on a visual representation; hence, we recommend reading of a colour version
of this paper.

instance, “testing” and “tester” are both reduced to “test”)
and using projection techniques [10]. In short, a content-map
place studies (represented as circles) on the 2D layout in a
way that reflects similarity relationships. Thus, similar studies
are placed close to one another and dissimilar studies are
positioned far apart.

Similarity is calculated using the cosine similarity measure,
often used to compare documents in text mining. It is a
measure of similarity between two vectors of n dimensions
by finding the cosine of the angle between them, which
ranges between 0 (no similarity) and 1 (completely similar)
[11]. The content-map presented in Figure 1 contains studies
included (green points) and excluded (red points), in a previous
SLR, as well as studies to be evaluated (grey points) in the
update of such review. Primary studies are connected with their
neighbours by applying KNN (K-Nearest Neighbour) Edges
Connection technique [12]. This technique connects nodes
with their nearest neighbours, computing the proximity on the
projection itself.

Another visual representation is edge bundles, which is a
hierarchical tree visualization technique that shows both nodes
and node-links (relationships between nodes) [13]. In the case
of an SLR, nodes (small circles, as shown in Figure 1) are the
primary studies (i.e., studies included in the previous review,
studies excluded in the previous review, and studies to be
evaluated in the current review) and node-links (blue lines,
also shown in Figure 1), are the citations between them.

In order to create edge bundles, the HiPP (Hierarchical
Point Placement) strategy [6] is used. In the edge bundles
view, node-links were coloured to represent the direction of
the citation: the citing study is at the light blue end of the
link and the cited study at the dark blue end. In summary,
analyzing the edge bundles it is possible to identify the number
of times that a study has been cited by other studies. Notice
that studies represented in the content-map are the same ones
in the edge bundles; i.e., each study in the content-map has a
corresponding study in the edge bundles.

Revis2 tool was used to create these visual representations.
It takes only seconds to create and present these views with a
few hundred documents.

Two strategies to include and exclude new primary studies
using both content-map and edge bundles can be applied to
support selection of studies to update SLRs [4]:

• Inclusion Strategy: To include a new primary study,
it must be a neighbour of at least one previously
included study (observed in the content-map) AND it
must not cite previously excluded paper(s) (observed
in the edge bundles). Neighbours are nodes connected
through edges between them; and

• Exclusion Strategy: To exclude a primary study,
it must be neighbour of only previously excluded
studies (or studies in evaluation) AND it must not cite
previously included papers.

2Revis is a visualization and interaction tool that offers Visual Text Mining
exploration of document collections. It is freely available at https://www.
dropbox.com/sh/2ahjt6urucm114s/AAD8GF3WmNAtYrvHbzOKzgeqa?dl=0
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Undefined or unclear situations should be given particular
attention. For example, a study may be a neighbour of previ-
ously excluded studies; however, it cites previously included
study(ies), i.e., the New Evidence – NE (grey points) are linked
to previously excluded study(ies) (red point(s) in the content-
map) and cite previously included study(ies) (green point(s) in
the edge bundles). In a situation such as this, the new primary
study should be analyzed by reviewers.

By exploiting the strong visual processing abilities of
humans, the USR–VTM approach is an important ally to
be used during update of SLRs, facilitating and enhancing
interpretation and decision-making in regard to the selection of
new primary studies. USR–VTM can give solid clues (except
to undefined situations) about which particular studies should
be included or excluded. However, the final decision is taken
by researchers (experts in the SLR domain). In the following,
we present our experiences in updating two SLRs using the
two strategies described bellow for selection of new studies.

III. EXPERIENCE REPORT

This section presents our experiences in updating two
SLRs. The first one (hereafter referred to as SLR1) had the goal
of finding the state of the art about Reference Architectures
and Reference Models for Ambient Assisted Living (AAL)
[14]. The second one (referred to as SLR2) was focused on
works about development of service-oriented robotic systems
[15]. It is observed that the first version of both SLR1 and
SLR2 had been conducted at least two year ago, then an
update becomes necessary. In next sections, we discuss our
experiences in updating both SLRs (referred as SLR1’ and
SLR2’).

A. Updating SLR on Reference Architectures and Reference
Models in AAL

To update SLR1, we revisited its protocol that contains
all required information to execute an SLR (e.g., research
questions, search string, search databases, among others). It is
worth saying that only the period to be updated was changed.
Following, we conducted the searches in the same databases
used in SLR1 (namely, ACM Digital Library, IEEE xplore,
Springer, ScienceDirect, Compendex, Scopus, and Web of
Science) and also using the same search string. All primary
studies were managed using JabRef3, which is an open source
bibliography reference manager tool. We exported information
of all primary studies found (i.e., title, author(s), abstract,
keywords, year of publication, and the name of the data source)
to JabRef. For databases that do not support JabRef, we manu-
ally get such information. During the searches, we considered
studies published after November, 2015. We needed to remove
repeated studies, as different databases can sometimes find the
same studies. As a result, a total of 84 non-repeated studies
were obtained.

Aiming to select the primary studies to be in fact included
in SLR1’, two researchers performed independently a brief
reading only considering titles and abstracts of the studies,
intending to exclude studies far away from the topic of this
SLR. A total of 23 studies (27.4% of 84 studies) were
considered to be further analyzed. After that, we used the

3http://www.jabref.org/

techniques based on VTM described in Section II-A. Hence,
we applied USR–VTM that generated content-map and edge
bundles for this update, as showed in Figure 1. As mentioned
previously, the 14 studies included in SLR1 are coloured in
green, the 50 studies excluded in SLR1 are coloured in red,
and the 23 studies to be analyzed are coloured in grey. USR–
VTM was then applied to analyze the 23 new studies. For
sake of space limitation, Figure 1 exemplifies three of them
(NE[17], NE[18], and NE[20]).

As suggested by the Inclusion Strategy of USR–VTM,
NE[17] is neighbour of at least one previously included study
(green points in the content-map) and it do not cite previously
excluded papers (red points in the edge bundles). When an
NE is allocated in the content-map next to other included
papers, there is a strong indication that this NE should be
included. It is also possible to observe that NE[17] indeed
do not share citations with excluded papers (red points). In
both views (content-map and edge bundles), we had clues
that NE[17] is relevant for our review and that it should be
included. Therefore, our final decision was to include it.

The second study is NE[18] (pointed out in Figure 1),
which is neighbour of previously excluded studies; however,
it cites previously included studies. NE[18] was classified as
an undefined situation by USR–VTM. In this case, this study
was read by us and the final decision was to excluded it. This
study deserved special attention.

The third study is NE[20] (pointed out in Figure 1). As
suggested by the Exclusion Strategy of USR–VTM, NE[20]
is neighbour of previously excluded studies (red points in
the content-map) and it is not linked to previously included
papers (green points in the edge bundles). On the other hand,
NE[20] is linked to one previously excluded paper. Therefore,
the views encouraged us to exclude NE[20].

After applying the Inclusion/Exclusion Strategies in all 23
studies, including those ones exemplified above, we selected
seven new studies to be included, resulting in a total of 21
relevant studies for this SLR (14 from SLR1 plus seven new
studies). After that, the full text of these seven studies was
read and the required data for updating the answers of the
research questions were extracted. For this, the data extraction
form created to SLR1 was used without changes. For each
new included study, this form was filled by one researcher.
For validation purposes, a sample comprising 30% of the total
number of primary studies was selected randomly and had
their data extracted by other researchers. Whenever the data
extracted differed, differences was discussed until consensus
was reached. The data synthesis involved the compilation of
the data extracted from each new primary study and merge of
such data into the previous answers for each research question.
Besides that, in the previous version of this SLR, the data
synthesis for the research questions was performed using a
quantitative table. Reuse of same table facilitated the analysis
during update. Finally, it is also worth highlighting that SLR1
and SLR1’ were conducted by the same researchers.

B. Updating SLR on Robotics

To update SLR2, initially, its protocol was revisited to
identify required changes. The research questions were not
changed, but the search strategy was modified to restrict the
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Fig. 1. Views to support the update of SLR1.

search only for studies published after 2011, avoiding overlap
among studies retrieved in SLR2 and SLR2’.

To find new primary studies, we used the same databases
used in SLR2. New terms to the search string were not iden-
tified, but minor changes were required because during 2014,
some search engines were modified, demanding adaptations
of search strings. After changing the protocol, it was tested to
verify its feasibility and adequacy based on a pre-selected set
of relevant studies. A total of 158 studies were retrieved from
the search engines. Following, repetitive studies were removed
and after a brief reading in the title and abstract of each study,
we selected 28 studies that could be relevant to this SLR.

Similarly to SLR1’, the study selection activity of SLR2’
was performed with the support of USR–VTM and its views.
Figure 2 shows the content-map and edge bundles related to
this SLR. As mentioned previously, in these views, the 39
studies included in SLR2 are coloured in green, the 36 studies
excluded in SLR2 are coloured in red, and the 28 studies to
be analyzed are coloured in grey. These views were generated
in the same way described in Section III-A. In the sequence,
we illustrate the application of USR–VTM in three of the 28
studies (NE[5], NE[14], and NE[26]).

NE[5] (pointed out in Figure 2) is the first example. As
suggested by Inclusion Strategy of USR–VTM, NE[5] is neigh-
bour of studies in evaluation) and it must not cite previously
included papers. Consequently, we decided to exclude it.

NE[14] (pointed out in Figure 2) is neighbour of at least
one previously included study and it does not cite previ-
ously excluded papers. On the other hand, NE[14] cites four
previously included papers. This fact might be taken as a
strong indication of NE[14] is a relevant study, indicating its
inclusion. Therefore, our final decision was to include it.

NE[26] (pointed out in Figure 2) is a typical example

of a study difficult to be selected, because it is neighbour
of previously excluded studies and it cites three previously
included studies. This study was carefully analyzed by us. We
decided by its inclusion. As a result, 18 primary studies were
then selected for full reading and data extraction.

With the final set of primary studies decided upon, the
data extraction activity was carried out on all 18 studies that
passed the screening process. The information for answering
each research question was tabulated using themes, which were
defined by one researcher. Thereafter, studies belonging to each
theme were counted. This researcher was also responsible to
extract the data and complete the data extraction form. Results
were summarized to present an overview of the findings. The
data synthesis were performed using tables (showing the totals
and summaries).

IV. DISCUSSIONS

The two case studies presented herein were carried out
aiming to investigate and evaluate the use of USR–VTM
for updating real SLRs involving SE researchers. The main
advantage of USR–VTM is that the selection activity (classifi-
cation of studies as included or excluded) is based on previous
knowledge. For example, if a study was considered relevant
(i.e., it was included) in a previous SLR, and a new study is
similar in terms of content to this study, then it is a clue that
the new study could be included. Similarly, if a new study
cites or is cited by previous relevant studies, then it could be
included. On the other hand, a new study that is dissimilar in
terms of content of all previous included studies can probably
be excluded. In addition, a new study that cites or is cited
by previous excluded studies has a chance to be irrelevant
to the scope of the systematic review. As USR–VTM is new
in EBSE field, for a while, it is not our intention to rec-
ommend the elimination of the traditional selection approach
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Fig. 2. Views to support the update of SLR2.

(title/abstracts/full text reading). USR–VTM intends to be a
complementary approach that can be used in conjunction with
the traditional one, mainly to speed up the selection activity. In
this perspective, USR–VTM could be also used before or after
applying the traditional approach for selecting new primary
studies, aiming to be a double-checking mechanism.

Considering our experience with regard to both updates and
other SLRs that we have updated in the last years, following,
we discuss four main lessons learned:

• Lesson 1 – Choose tools to support updates: When
researchers are conducting an SLR, selection of rele-
vant studies can consume considerable time and effort.
In particular, the obtaining of many studies during
the search task leads to difficulties in reading and
evaluating the set of studies. To update SLRs, adopting
a supporting software tools is also quite important to
mainly facilitate primary studies management during
the selection of new studies. They become even more
important when they store primary studies found in the
previous version of the SLR and information of these
studies will be used to update. When it is intended
to apply an approach like USR–VTM[4], supporting
tooling together with data of primary studies (e.g.,
LaTeX .bib files) are essential. We adopted Jabref tool
to support both conduction and update of SLRs.

• Lesson 2 – Keep information of previous SLRs: If it is
intended to conduct an update of an SLR, it is essential
to keep all information related to that SLR, especially
the set of studies returned from each database, the
adapted search string for each database, and even the
set of excluded studies. In particular, as presented in
our experiences in this paper, when approaches like
USR–VTM are intended to be used during update,
previously studies included and excluded are required
(i.e., it is necessary to register and make available
the .bib files containing both set of studies). Further-
more, previous information is a rich source for future

checking. For example, it can answer doubts, such as
which were the reasons to a given study to have been
included/excluded and who included/excluded it, why
those databases were selected and used, why some
terms were not considered in the search string, and so
on. While this lesson is of course valuable, we claim
that it is usually underrated by EBSE researchers.
We recommend to EBSE researchers that they make
available such type of information on their SLRs,
instead of only the final report.

• Lesson 3 – Form a team containing a researcher who
has already participated in the previous review: We
argue that the effort to update an SLR is significantly
higher if none of the researchers of the previous
review as part of the team, providing direct access
to the employed instruments. In spite of the SLR
documentation should make it possible to be updated
by any team of researchers, there is a tacit knowledge
(in the mind of researchers) that the documentation
related to SLRs do not mention. There is an amount of
implicit knowledge (that we refer as “global scenario”
of the research topic of the SLR) acquired from a
large number of primary studies usually found in the
previous execution of SLRs. It is interesting to say
that this global scenario contains knowledge from both
included and excluded studies, as well as the entire
process and tasks by which the SLR was carried out.
Therefore, the direct gain using the same (or part
of the same) team is take advantages of the global
scenario in the mind of researchers. There is therefore
a faster access to information (even documented in-
formation), while new teams also need to understand
how the information is organized.
For instance, considering our experience regarding
SLR1/SLR1’, the global scenario was formed from
273 studies analyzed in the first conduction. As we
used the same team during update, this global scenario
was fundamental to analyze other 84 studies during
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update. Otherwise, if new teams updated it, these 84
studies needed to be analyzed without any support of
previous acquired knowledge.
It is worth also highlighting that there is a lack of con-
crete studies proposing or discussing about the ideal
researchers team (in terms of number of researchers
and their skills) for both SLR conduction and up-
date. However, from our experiences in conducting
and updating SLRs, teams should include at least
three researchers: two experts in the research topic
being explored in the SLR (at least one being a high
experienced researcher) and one specialist in SLR. It
is also important that all team members are familiar
with conduction of SLRs and have experience in using
supporting tools required for SLRs, e.g., Revis and
JabRef.

• Lesson 4 – Reuse SLR protocol: As well known, the
establishment of the SLR protocol usually consumes
a considerable amount of time and effort, besides
being a complex task. However, it is essential to
assure the quality of SLRs. Reusing such protocol is
undoubtedly interesting when updating SLRs. In our
two experiences, We replicated the original protocols.
In this context, we experienced the importance of
having access to a complete and detailed protocol to
guide our updates. The time spent in checking SLR
protocols was quite reduced if compared to protocol
preparation to the first conductions. Only considering
our two SLRs, the time consumed to check the proto-
col was less than 1/5 of the time consumed to prepare a
protocol from scratch. Therefore, reusing the protocol
is in fact quite relevant.

V. CONCLUSIONS AND FUTURE WORK

Since knowledge in any research area continually evolves,
SLRs that intend to represent such knowledge must be also
from time to time updated. Otherwise, their validity can
be undetermined. In this scenario, when SLRs are updated,
considerable efforts must be applied; besides, no guidelines
on how to conduct such updates are available. The main
contribution of this work was to report experiences in updating
two SLRs and also report lessons learned, thus providing a
basis for other researchers who intend to update SRLs.

We also showed that the use of USR-VTM approach
can support and speed up the SLR updates. This work has
helped us to understand the usefulness of VTM techniques
to support those updates. We observed that USR–VTM can
support tasks that involve large collections of data, such as
the studies collected and to be evaluated. Through these two
experiences and others, we argue that adoption of supporting
tools, like that one automating USR–VTM, brings important
advantages, mainly facilitating the selection of new studies and
also becoming results of SLR updates more trustworthy. In a
scenario of a team of reviewers conducting an SLR, as the
case of SLR1’ and SLR2’, USR–VTM can be considered a
valuable means to reach the conclusion on what should and
should not be included. The views supported the team to reach
a common sense about inclusions and exclusions. On the other
hand, in the special case of an SLR executed by only one
reviewer, this researcher should consider discussing his or her

decisions with other researchers. Alternatively, the researcher
could use our approach as the external opinion. Moreover, by
exploring different visual representations of primary studies
through USR–VTM’ views, researchers have additional and
complementary detailed information, for example, citations
between primary studies, which is not readily available only
reading studies.

For future work, we intend to use USR–VTM to also update
Systematic Mappings (SM), considering that selection of new
primary studies is quite similar in both SM and SLR; therefore,
we believe our approach is also suitable to it.
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Abstract - System of Systems (SoS) is a subject of interest for 

many researchers from different research lines. System of 

Systems Engineering (SoSE) deals with many challenges mainly 

in the activities related to requirements. In order to explore 

studies related to Requirements Engineering (RE) for SoS, this 

Systematic Literature Review, using the Snowballing approach, 

aims to answer four research questions. These questions are 

related to the activities of translating capability objectives in 

SoS requirements, SoS requirements specification, SoS 

requirements management during the evolutionary process of a 

SoS, and as the main goal, understanding  the research 

challenges of RE for SoS which still need to be explored. 

Keywords - System of Systems; Requirements Engineering; 

Capability Objectives; Research challenges. 

I. INTRODUCTION 

In different application domains, it is possible to find 
distinct systems working together to satisfy a specific goal. It 
represents what is named as “System of Systems” (SoS). 
System of Systems Engineering (SoSE) is a subject of 
increasing interest within the Systems Engineering (SE) 
community. However, structural differences, the diversity of 
stakeholders in a SoS development project leads to a 
complexities and challenges still unexplored in SE [7]. 

Requirements Engineering (RE) is one of the most critical 
and difficult tasks in the development of any kind of system. 
Therefore, in SoS context the complexity, problems and 
challenges increase. The traditional RE for individual system 
is still a big challenge for system engineers and managers, but 
it is already quite explored and there are many techniques 
proposed with success. However, in the context of SoS 
Engineering, these techniques from SE not always can be 
perfectly applied to SoSE. Hence, it is necessary studies to 
develop new methods, techniques or processes specifically 
directed to address demands on requirements for SoS [5].  

To begin new studies in this topic, it is interesting an 
investigation about how the subject has been treated by 
researchers in the last years. Many reviews and surveys can 
be found in the literature of SoS field, however there is no 
evidence on Systematic Literature Reviews (SLR) or 
Systematic Mapping Reviews (SMR) specific on 
Requirements for SoS.  Therefore, the main goal of this SLR 
is to explore studies related to RE for SoS, using the 
Snowballing approach, in order to find papers that answer four 
research questions. 

                                                           
DOI reference number: 10.18293/SEKE2017-114 

This paper presents the results of a SLR in studies 
published from 2005 to 2016 and it was conducted following 
the Snowballing approach. The section II presents a 
background about Requirements Engineering for SoS; 
Section III has the details about the method used in the SLR; 
Section IV presents the results and Section V the conclusions. 

II. BACKGROUND 

A classic definition, given by [6], says that System of 
Systems (SoS) is a collection of components that individually 
must be recognized as systems and may have two fundamental 
characteristics: i) Operational Independence of Components 
and ii) Managerial Independence of Components. In addition, 
it defines six main features of a SoS: Operational 
Independence, Managerial Independence, Geographic 
Distribution, Evolutionary Development and Emergent 
Behavior [6].  

There are seven core elements of SoS Engineering (SoSE), 
defined by [3], which deal with the application of the SE 
processes in the SoS context. Three of these seven core 
elements are directly related to requirements: “Translating 
Capability Objectives”, “Developing and Evolving a SoS 
Architecture”, and “Addressing Requirements and Solution 
Options”. The first one describes one of the most important 
tasks of SoSE that aims to develop an initial understanding of 
the capability objectives, which may be stated in high level 
and based on desired operational tasks or missions. 

Traditional Systems Engineering (SE) has its methods and 
processes well defined, thus the elicitation and definition of 
requirements becomes a trivial task. However, assuming that 
SoSE is not only a extension of SE, it is true to say that SoS 
requirements definition practices are also not a simple 
extension of traditional RE [5]. In this sense, RE for SoS 
involves the development of the tasks of "translating 
capability objectives into requirements", as well as the use of 
methods, tools, and processes that support this task. Also, the 
management of requirements throughout the development and 
evolution of a SoS. 

III. METHODOLOGY 

SLR is a specific research methodology that is developed 
with the purpose of gathering and evaluating studies in a 
particular topic of interest and using a specific approach [1]. 
The snowballing approach is a way to develop a SLR using 
the reference list and the citations of a specific paper in order 
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to identify additional studies about that subject, looking at 
where papers are actually referenced and cited [8]. 

The planning phase of a SLR includes the formulation of 
the research questions, the definition of the approach that will 
be used, and the definition of the inclusion and exclusion 
criteria [4]. In this SLR, the research questions are the 
following:   

(RQ1) Which papers are related to the translation of 
capability objectives in high-level SoS requirements?   

(RQ2) Is there some way commonly used to specify SoS 
requirements?  

(RQ3) Which papers are related to the management of the 
requirements changes in the evolutionary process of a SoS?  

(RQ4) What are the research challenges found in 
Requirements Engineering for SoS? 

In addition, in the snowballing approach, it is necessary to 
define a tentative of Start Set, that is an initial set of papers 
which will be analyzed in the backward and forward 
snowballing. The first attempt of a start set has been defined 
based on studies that were used in a previously research. 

After that, it has been defined the  inclusion and exclusion 
criteria, in the context of the SLR. For inclusion: the paper 
should have been published between 2005 and 2016; the title, 
keywords, or abstract should make explicit that the paper is 
related to the research topic; and the paper should answer, in 
some way, at least one of the research questions. For 
exclusion: The publication should not be a tutorial, workshop, 
only an abstract or a technical report; the full text should be 
available; and redundant publications should be excluded. 

The second phase begins with the start set. In the first 
interaction, the backward and forward snowballing analyze 
each paper. The papers included in the first interaction are 
analyzed in the second interaction and so on. Backward 
Snowballing analyzes the reference list to identify new papers 
to include in the SLR. First, the papers are excluded based on 
the exclusion criteria cited above, and then, based on title, 
abstract, and conclusion, candidates papers are reserved to be 
more carefully analyzed [8]. Forward Snowballing refers to 
identifying new papers to include by analyzing the list of 
papers citing the paper being examined. Using the Google 
Scholar search tool, the first screening is done based only on 
the information available on Google. If this information is not 
sufficient to decide whether the paper is a candidate or not, it 
is analyzed more carefully applying the exclusion and 
inclusion criteria [8].  

The initial start set had 5 papers identified by [A1] to [A5] 
to begin the first interaction. In the first interaction, after 
backward and forward snowballing, 28 candidates were 
identified and 7 papers were included ([A6] to [A12]). In the 
second interaction, 7 candidates were examined and 2 papers 
were included ([A13] and [A14]). In the third interaction, 
from 4 candidates, 3 papers were included ([A15] to [A17]). 
In the fourth interaction, after examining 3 candidates, more 
2 papers were included ([A18] and [A19]). Since after the fifth 
interaction no new paper has been identified, the loop is 
finished and the data extraction phase could be initiated. All 
the papers included are identified on Table II. 

Data extraction was done through the Reading Sheets that 
gather information such as: title, authors, year, country and 
place of publication, the main research topic, objective, type 
of article, application context, as well as the relevant 
information that answers the research questions. 

IV. RESULTS 

At the end of the execution phase, 19 papers met the 
inclusion criteria and their data were extracted. Table II shows 
the details of all the papers included in the SLR with their IDs, 
titles, authors and year of publication. We also present the 
calculation of the efficiency and the citation matrix of the 
Snowballing approach, both suggested by [8], and then the 
results according to each Research Question.  

A. Efficiency 

An important efficiency measure for Systematic Literature 
Reviews is to analyze the number of papers included in 
relation to the total number of candidates examined. 
WOHLIN [8] emphasizes that efficiency is calculated based 
on the candidates. For example, if we remove those candidates 
from backward snowballing where the exclusion decision is 
taken by the year of publication or title in the reference list, 
efficiency increases. In forward snowballing, the analysis is 
done in the same way, based on the observation of the data 
found in Google Scholar, so efficiency can increase in general.  

Therefore, the efficiency of this work (24%) can be 
considered high because the number of candidates is low due 
to the research topic is very limited. Thus, the analysis of the 
efficiency in the different interactions is shown in Table I. 

TABLE I.  EFFICIENCY 

Interaction Candidates Included Efficiency 

Start Set 7 5 5/7 = 71% 

First Interaction 23 7 7/23 = 30% 

Second Interaction 6 2 2/6 = 33% 

Third Interaction 4 3 3/4 = 75% 

Fourth Interaction 3 2 2/3 = 66% 

Fifth Interaction 0 0 0 

Total = 24% of efficiency 

B. Citation Matrix 

To understand the references and citations among the 
included papers, a citation matrix was created, based on [8] 
suggestion. Table III shows how the 19 papers reference to 
each other, denoted by an "x" (e.g. paper [A2] references to 
papers [A3] and [A4] and it is cited by [A11]). Table III is 
complemented with information on the possibility of citation, 
denoted by a "-". For example, paper [A4] does not mention 
any other of the included papers, since by checking the year 
of publication it can be seen that papers marked with "-" could 
not be referenced because they have not yet been published. 
However, cells left in blank refer to papers that were published 
prior to [A4] and could have referenced them. 

C. RQ 1- Which papers are related to the translation of 

capability objectives in high-level SoS requirements? 

[A3] defines three core elements of SoSE related to 

requirements: "Translating Capability Objectives," 

"Developing and Evolving an Architecture", and "Meeting 

Solution Requirements and Options." [A8] provides 

guidance for defining capability objectives, it defines SoS 
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Engineering methods, processes and tools tailored to support 

this activity. Finally, [A15] proposes a capability-based 

approach that mathematically explores the structural 

semantics of representing user needs for formulating 

requirements in complex systems.  

TABLE II.  ALL THE PAPERS INCLUDED IN THE SLR 

ID Authors Year Title 

[A1] BOARDMAN, John; SAUSER, Brian 2006 System of Systems - the meaning of of. 

[A2] DAHMANN, J. S. et al 2010 Systems Engineering Artifacts for SoS. 

[A3] DoD-USA 2008 Systems Engineering Guide for Systems of Systems. 

[A4] DAHMANN, Judith S.; BALDWIN, Kristen J 2008 Understanding the current state of US defense systems of systems and their 

implications for systems engineering. 

[A5] NIELSEN, Claus Ballegaard et al 2015 SoSE: basic concepts, model-based techniques, and research directions. 

[A6] LOCK, Russell 2012 Developing a methodology to support the evolution of SoS using risk analysis. 
[A7] CECCARELLI, Andrea et al 2015 Introducing Meta-Requirements for Describing System of Systems. 

[A8] LANE, Jo Ann 2014 System of systems capability to requirements engineering. 

[A9] HOLT, Jon et al 2015 A model-based approach for requirements engineering for systems of systems.  

[A10] VIERHAUSER, Michael et al 2015 A requirements monitoring model for systems of systems. 

[A11] HALLERSTEDE, Stefan et al 2012 Technical challenges of SoS requirements engineering. 

[A12] HOLT, Jon et al 2012 Model-based requirements engineering for system of systems. 

[A13] LEWIS, Grace A. et al 2009 Requirements engineering for systems of systems. 

[A14] KEATING, Charles B.; PADILLA, J.; ADAMS, K. 2008 System of systems engineering requirements: challenges and guidelines. 

[A15] RAVICHANDAR, R.; ARTHUR, J. D.; BOHNER, S. 2007 Capabilities engineering: Constructing change-tolerant systems. 

[A16] MACDIARMID, Alisdair; LINDSAY, Peter 2010 Can system of systems be given self-x requirement engineering capabilities? 

[A17] WALKER, Randy G.; KEATING, Charles B 2012 Defining SoS requirements: an early glimpse at a methodology. 

[A18] KATINA, Polinpapilinho F.; KEATING, Charles B.; 
RA’ED, M. Jaradat 

2014 System requirements engineering in complex situations.  

[A19] WALKER, Randy G. et al 2014 A method to define SoS requirements.  

TABLE III.  CITATION MATRIX 

 Citation 

Ref. A1 A2 A3 A4 A5 A6 A7 A8 A9 A10 A11 A12 A13 A14 A15 A16 A17 A18 A19 

A1  - - - - - - - - - - - - - - - - -  

A2   X X - - - - - - - -    - - -  

A3  -  X - - - - - - - - - -  - - -  

A4  - -  - - - - - - - - - -  - - -  

A5 X  X X   -  - - X X        

A6 X    -  - - - - - -     - -  

A7 X   X -    - -          

A8   X  -  -  - -        -  

A9   X X -  -   -  X X       

A10    X -  -  -     X      

A11  X   - - - - - -  - X    - -  

A12   X  - - - - - - -  X    - -  

A13  - X  - - - - - - - -    - - -  

A14  - - - - - - - - - - - -   - - -  

A15  - - - - - - - - - - - - -  - - -  

A16  -   - - - - - - - - X X   - -  

A17   X  - - - - - - - -  X    X  

A18   X  -  - - - -    X      

A19   X  -  - - - -    X    X  

 

D. RQ 2 - Is there some way commonly used to specify SoS 

requirements?  

[A2] identifies 14 ESoS artifacts, including requirements-

related artifacts: "Capability Objectives", "CONOPS", 

"Information about Systems That Impact SOS Capability 

Objectives" and "Requirements Space". Meanwhile, [A7] 

proposes a model of meta-requirements to describe points of 

view of a SoS and relate them. This model was developed to be 

used in the derivation of requirements of any SoS.  

[A9] is an evolution of the research presented in [A12] and 

both of them present a model-based approach to RE for SoS 

which represents the best practices is SoS in terms of proven 

standards and research derived from a model-based SE 

approach to requirements engineering. Another RE method for 

SoS is presented by [A13], and this brings the following top-

down and bottom-up activities: identify SoS context, identify 

SoS and individual system goals, understand SoS interactions, 

identify system capabilities and constraints and analyze the gap. 

[A14] provides a guideline within SoSE efforts exploring 

the nature of requirements from a SoSE perspective and 

establishing a foundation for differences between the SE and 

SoSE problem domains. Moreover, [A16] explores a vision of 

how the key artifacts of requirements engineering need to 

evolve with supporting tools and processes in order to support 

the development of a SoS, it also lists the four types of SoS and 

illustrates their relationship among RE and each of them.  

[A18] presents an alternative perspective for systems 

thinking-based and an approach for requirements elicitation in 

complex situations, the case of a SoS, exploring some broad 

challenges associated with the requirements engineering 

elicitation.  
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The same authors published [A17] and [A19]. While [A17] 

brings a methodology proposal, still in development, that 

combines top-down and bottom-up approaches to the derivation 

of SoS requirements, [A19] provides an update to the [A17], 

now renaming the "methodology" by "method". 

E. RQ 3 - Which papers are related to the management of the 

requirements changes in the evolutionary process of a 

SoS?  

[A1] points out important characteristics that must be 

considered on the requirements management in the 

evolutionary process. While [A3] introduces the core elements: 

"Developing and Evolving a SoS Architecture" and 

"Requirements management" which are related to the changing 

management in the evolutionary process of a SoS. 

[A6] proposes a methodology to support the identification, 

organization and discussion of needed information to manage 

the evolution of a SoS in terms of requirements. Meanwhile, 

[A10] describes a three-dimensional requirements monitoring 

model for SoS, an essential task after updating certain 

components or constituent systems in the evolutionary process. 

Then, [A15] proposes an alternative approach to developing 

complex and emerging systems that need to be change tolerant, 

considering that they have long development cycles. Also, 

[A16] suggests that managing the requirements evolution must 

be an autonomous process. 

F. RQ 4 - What are the research challenges found in 

Requirements Engineering for SoS? 

Paper [A3] concludes that some SoSE issues, particularly in 

the military field, still need to be addressed including options 

for managing SoS that would facilitate SoSE and ensure more 

predictable progress, effective ways of achieving SoS 

evolution, strategies to effectively integrate constituent systems 

into a viable, evolving, and in some cases ah-hoc SoS. 

[A4] suggests some areas for further investigation into SoS 

management, also in the military field, especially on the 

existing need to clarify the management relationships between 

SoS and constituent systems. Moreover, in the technical 

context, the authors cite, as an important role of SoSE, the need 

to create mechanisms that can anticipate the changes in the 

requirements and evaluate the implications of these changes 

with the constituent systems managers and engineers. 

Paper [A5] identifies that the need for interoperability in a 

SoS adds some important requirements in terms of analysis and 

modeling methods, which increases a need for techniques that 

support a verification of requirements that serve the constituent 

systems. Also, [A5] states that many system-level tests fail 

because the emerging proprieties were insufficiently captured 

during the requirements development phase. 

[A7] identifies some challenges from the perspective of 

SoSE requirements analysis. It highlights the following 

assumptions: i) "The requirements of time, reliability, and 

security can become more complex when the focus is on SoS 

as a whole". ii) "As a SoS is an evolutionary system, 

adaptability and flexibility should be considered in the short 

and long term, in which case specific SoSE approaches should 

be reviewed". iii) "A set of SoS requirements requires an 

understanding of a potentially large number of scenarios, where 

boundaries can be difficult to define, to be able to build a SoS, 

engineers must understand where to set boundaries and how 

large and detailed their view of SoS must be". 

The paper [A11] lists the main technical activities of 

requirements, validation, tracing and verification processes 

with the main characteristics of a SoS (independence, 

distribution, emergency and evolution) which allows to identify 

several technical challenges in RE for SoS. 

[A13] discusses some RE for SoS challenges in the 

following contexts: scale, multiple domains, varied operational 

context, decentralized control, fast evolving environments, 

continuous and disconnected execution of the different phases 

of the life cycle and the needs for collaboration and integration. 

[A14] indicates key implications for the development and 

use of requirements in SoSE in practice. (e.g. the nature of the 

SoSE domain problem suggests that requirements are 

simultaneously "loose and tight"; the resolution of requirements 

should increase with further understanding of the SoS domain 

problem and emerging conditions; SoS requirements and 

constituent system requirements belong to different classes; 

finally, that a balance must be reached for SoS requirements). 

V. CONCLUSION 

This SLR pursued to understand how Requirements 

Engineering is planned and executed within the context of 

System of Systems. More specifically, this paper aimed to 

search for research challenges that still need to be addressed in 

the topic. Nineteen studies were included at the end of the SLR 

and analyzed through reading sheets.  

This work is an interesting source for researchers who want 

to comprehend the challenges or gaps on the field of SoS 

Requirements and their implications for SoS Engineering.  As 

a future work, we intend to explore one or more of the research 

challenges encountered in order to contribute to the field of 

research in Requirements Engineering for System of Systems.  
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Abstract— In this paper, we focus on the securi-
ty of outsourced database. A verification scheme
for outsourced database is proposed based on
the verifiable polynomial technique. In this
scheme, we consider the encrypted database.
The outsourced high degree polynomial will en-
hance the authenticity of the data. If the cloud
server returns fake data, it will be detected by
the clients easily.
Keywords– Verifiable, Polynomial, Outsourced
Database

1 Introduction
With the rapid development of Internet and net-
work technology, more and more data will be used.
The fast growth of data brings much trouble to
people. Cloud computing is powerful, it helps us
to solve the big data problem. Cloud computing
is the development and application of distributed
computing, parallel computing and grid comput-
ing. With the help of the powerful cloud server,
the client can easily accomplish the complex work
easily.

Outsource service allows resource constrained
clients to outsource the complex tasks to the pow-
erful cloud server with the manner of pay-per-use.
In order to save the own storage space, people will
outsource the huge database to a remote cloud serv-

er. With the development of cloud computing, out-
sourcing is becoming an important part in modern
business. By utilizing outsourcing, clients can con-
centrate on their own work and operate their busi-
ness applications via the Internet, rather than main-
taining the substantial hardware, software, and ap-
plications.

However, the powerful cloud server is untrusted.
When data is outsourced, clients loose the control-
lability of the outsourced data. It is a hard work
to verify the authenticity of the data. The untrust-
ed cloud server may tamper the data. When clients
query the data, they will get the fake data. Thus,
it is important to study the verifiable outsourced
database.

Our Contributions. This paper focus on the
correctness of the outsourced data. A new and sim-
ple scheme to verify the encrypted data is proposed.
In the scheme, the secure oursourcing computa-
tion of high degree polynomials is used to help the
clients accomplish the verification. Clients can ver-
ify the required parts of the outsourced database by
checking the proo f information. The outsourced
data is encrypted, and it will not be revealed.

1.1 Related Work

In 1980s, Ben-Or et al. proposed a outsource com-
putation scheme with an honest-but-curious ora-
cle [3, 4]. Then some outsourcing computationDOI reference number: 10.18293/SEKE2017-027
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schemes come out [7, 11]. In 2002, Atallah, Panta-
zopoulos and Rice [1] proposed secure outsourcing
scheme for scientific computing and numerical cal-
culations. However, the verification phase was not
considered. In 2008 Benjamin er al. [6] proposed a
verifiable outsourcing computation scheme for lin-
ear algebraic calculation. And In 2010, Gentry et
al. [10] expanded verifiable outsourcing computa-
tion to arbitrary function F . However, the efficien-
cy is low. In 2016, Ye et al.[15] proposed a ver-
ifiable delegation scheme for polynomials, which
improved the efficiency.

There are a lot of work on the verification of
outsourced database, such as, [8, 2]. The homo-
morphic encryption was used in some schemes,
however, this reduced the computation efficiency.
Then some schemes without homomorphic encryp-
tion comes out. Some schemes are based on based
on Message Authentication Code [5, 9], and some
are based on Merkle hash trees [13, 12]. An in-
dex tree for the database is generated by using hash
functions, by which the authenticity auditing can
be achieved. However, lots of information for ver-
ification has to be stored. In 2009, Pang et al. [14]
proposed an outsourced database scheme based on
the signature chaining technique, in which the com-
putation can be used for verification. In 2013 Cata-
lano and Fiore [9] used the vector commitment to
generate a verifiable database with efficient update.

1.2 Organization

The organization of this paper is as follows. Some
preliminaries are given in Section 2. The proposed
scheme are given in Section 3. Finally, the conclu-
sion is made in Section 4.

2 Preliminaries

2.1 Hash Function

A hash function can take an arbitrary input and out-
put a fixed-size string, which satisfies the following
properties.

• It is easy to compute the hash value for any
given input.

• It is infeasible to compute an input such that
the hash value equals a given hash value.

• It is infeasible to find two different inputs that
can get the same hash value.

2.2 Verifiable Outsourced Database

The outsourced database is an example of client-
server model. In the outsoutced database model,
the service provider is powerful, who has the in-
frastructure for outsourced databases, and can pro-
vide efficient data processing, such as, store, update
and query the database.

Verifiable outsourced database allows clients to
authenticate database operations. The clients can
query the outsourced database, when get the re-
turned results, the clients can verify the correctness
of the outsourced data with the help of the proof.

3 The Proposed Scheme

The are three parts in the system, client, cloud serv-
er 1 and cloud server 2.

Initialization. The client generates a high de-
gree polynomial, f (x).

f (x) = a0 +a1x+a2x2 + · · ·+adxd

where, ai ∈ Zp, i = 0,1, · · · ,d, P is a large prime,
and g is a generator.

Then, client selects a prime q, such that |q|= |p|,
and computes n = pq. Client chooses qi ∈R Z∗

n, and
computes

ri = (1+n)aiqn
i mod n2

where, i = 0,1, · · · ,d.
The polynomial is transformed as

F(x) = r0 + r1x+ r2x2 + · · ·+ rdxd.

Client randomly selects a,k0,k1 ∈ Z∗
p, and com-

putes
ti = gk0ki

1gari

where, i = 0,1, · · · ,d.
At last client sends

(r0,r1, · · · ,rd)
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and
(t0, t1, · · · , td)

to cloud server 1.
Ciphertext Generation.The client selects an en-

cryption algorithm En(·) and encrypts the original
data x as σx = En(x), and sends it to the cloud serv-
er 1.

When receiving the data σx, the cloud server 1
computes

σy = F(σx) =
d

∏
i=0

rσ i
x

i

and

T =
d

∏
i=0

tσ i
x

i .

Then, cloud server 1 sends σy and T to the client.
Client computes

Z =
d

∏
i=0

(gk0ki
1)σ i

x ,

and

y =
(σy)

Φ(n)−1
n

Φ−1(n).

Then, client verifies whether the following equa-
tion holds

T = Z ·gay.

If not, client outputs ⊥. Otherwise, client computes

proo f = H(i||σx||y)

where, H(·) is a non-collision hash function.
At last, client sends

(i,σx, proo f )

to cloud server 2.
Query. The client queries for the data in the po-

sition i. Then the cloud server returns the cipher-
text

Ci = (i,σxi ,H(i||σxi ||yi))

to the client.
Verify. Client sends σx to the cloud server 1.

Cloud server 1 computes

σyi = F(σxi) =
d

∏
i=0

r
σ i

xi
i

and

Ti =
d

∏
i=0

tσ i
x

i .

Then, cloud server 1 sends σyi and Ti to the client.
Client computes Zi with σxi ,

Zi =
d

∏
i=0

(gk0ki
1)σ i

x

= g
k0

1−(k1σxi )
n+1

1−k1σxi

and

y∗i =
(σyi)

Φ(n)−1
n

Φ−1(n).

And then verifies whether the following equation
holds

Ti = Zigay∗i .

If not, client outputs ⊥. Otherwise, client computes

proo f ∗i = H(i||σxi ||yi).

and verifies
proo f ∗i

?
= proo f .

If the equation holds, the data σx is correct, and
client can get the original data x = Dec(σx). Other-
wise, client outputs ⊥.

4 Conclusion

The rapid increasing of data brings much trouble
to people. More storage space is needed. Cloud
computing gathers a lot of resource together, and
provides huge storage space for users. In order to
save the local resource, clients often outsource their
database to the remote cloud server. And for the se-
curity, the outsourced data should be encrypted. As
Large amounts of data is outsourced to the cloud
server, the users have to keep a little information
for verification. In this paper, a new algorithm for
outsourced database verification is proposed. The
actual data is encrypted, and it will not be revealed.
The computation results can be easily verified by
the client. The clients can easily check the authen-
ticity of outsourced data.
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Abstract—With the fast development of big data, we can do better 
in modern digital health. The rational use of drugs is main threat 
of medication security. With big data mining, we analyze the drug 
instructions to automatically detect the adverse drug interaction 
in drug combination. The proposed method synthetically employs 
the NLP and complex network to automatically construct drug 
ingredient interaction network for mining and inference adverse 
drug interaction in drug combination. First, many drug 
instructions are collected by crawler from professional medicine 
websites. Next, NLP is utilized to automatically extract effective 
drug ingredient for building drug ingredient library. Then, drug 
ingredient interactions are extracted from drug instructions. The 
last, build drug ingredient interaction network. Because the drug 
ingredient interaction network is kind of complex, the principle of 
complex network is used to analyze the drug ingredient 
interaction network. Then we automatically generate a report to 
make knowledge visualize. The constructed drug ingredient 
interaction network is verified in experiment. The experiment 
results indicate that the validity and effectiveness of our proposed 
method. 

Keywords—Medication security; Big data mining; Complex 
network; Drug ingredient interaction; Knowledge visualize 

I. INTRODUCTION 
With the fast development of big data, we can do better in 

health [1] [2] [3]. According to the World Health Organization 
(WHO), more than 50% of drugs are prescribed and deployed in 
unreasonable ways all over the world. Meanwhile, more than 50% 
patients use drugs in the wrong way. A third of death in patients 
is attributed to the drug abuse and the irrational use of drug. In 
American, the irrational use of drugs has been the fourth reason 
that cause the death and more than 10000 fatal adverse drug 
events were reported. The problem is more serious in china.   

To illustrate this problem, we give a common application 
scenario. When a person is sick, prescription drugs and the over-
the-counter (OTC) drugs can be get easily from online stores 
(e.g. taobao, JD, etc.). Since potential adverse drug reactions are 
difficult to recognize by the users themselves. These online 
platform should generates usage report for its users. For an 
ordinary user, potential adverse drug reactions are difficult to 
recognize through the drug instruction. The knowledge from 
these drug instruction should be extracted and shown to users in 
an easy way. 

In this paper, we mainly focus on how to find irrational drug 

combination. Drug is made up of auxiliary components and 
effective components [4]. When two or more drugs are used 
commonly, effective components may cause changes of 
pesticide effect which include synergistic effect, antagonism, 
etc [4] [5]. Reasonable drug interactions can enhance curative 
effect or reduce the adverse drug reactions. Unreasonable drug 
interaction in a prescription can reduce curative effect or 
increase toxicity [6]. So, we construct drug ingredient 
interaction network to discover and inference irrational drug 
combination. 

This paper firstly utilizes nature language processing (NLP) 
technology to extract and recognize the drug effective ingredient 
and the drug ingredient interaction. Next, these drug ingredient 
interactions are well grouped and marked in type codes. Then 
build the drug ingredient interaction network. Last, the networks 
is used to discover and infer adverse drug reactions and the 
medical report is generated for users.  

ADR-Miner approach contains several steps. First, 
preprocess these crawled drug instructions data into well-
structured format. Second step contains two functions: the first 
function is to recognize and extract drug’s effective ingredient 
and the second function is to recognize and extract drug’s 
ingredient interaction from drug introductions. The third step 
groups and codes these extracted drug’s ingredient interactions. 
The fourth step constructs the drug ingredient interaction 
network. The fifth step is to discover and infer adverse drug 
reactions based on given drug combination and the drug 
ingredient interaction network. Last, we generate medical report 
in an easy way for users to understand.  

In short, the main contributions of this paper are summarized 
as follow: 

 We formulate a problem that aims to discover the adverse 
drug reactions from the drug ingredient interaction 
network for users to avoid irrational drug combination. 

 We present an ADR-Miner as a novel analytic framework 
to tackle this problem, which includes the recognition and 
extraction of the drug effective ingredient and the drug 
ingredient interaction and the method to discover and infer 
adverse drug reaction (ADR). 

 We evaluate ADR-Miner based on some irrational drug 
combination case, in which result shows DI-Miner is 
effective and promising. 

This work is partly supported by the grants of National Natural Science 
Foundation of China (No. 61572374, U163620068, U1135005). 

DOI reference number: 10.18293/SEKE2017-032 

105



The rest of this paper is organized as follow: Section 2 
discusses the related work. Section 3 formulates problems. 
Section 4 covers the technical details of our framework. Section 
5 evaluate the performance of our approach. Section 7 concludes. 

II. MINING AND ANALYZING DRUG DATA 
Our work is related to the studies which focus on mining and 

analyzing drug information in other kinds of information 
platform (e.g. social media twitter [7], adverse event reporting 
system (AERS) [8] [9], clinical data [10], professional open data 
base [11] [12] [13]). However, their methods cannot be directly 
applied to our problem. In some literatures, there is a lot of work 
that apply semantic text analysis in different data source [10] 
[11][14]. At present, all these work are just on drug-to-drug 
level. This paper firstly utilizes the ingredient-to-ingredient 
level relations to discover adverse drug reactions. 

III. PROBLEM FORMULATION 
In this paper, we formally formulate it as a research problem. 

A drug introduction includes an attribute set: the drug name 
(dn), rating, effective components (ec), known drug interactions 
(da) and other information. Without loss of generality, in this 
paper, we choose d = {dn, ec, da}, since we can extract 
informative information from the common attributes. We 
mainly focus on the drug name (dn), effective components (ec) 
and known drug interactions (da). Known drug interactions are 
described in some sentences sequence 𝑆𝑆 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠𝑚𝑚   } . 
Through semantic analysis technology, each sentence 𝑠𝑠𝑖𝑖 
describing the known drug interactions is processed into a list 
which includes elements  𝑎𝑎𝑎𝑎𝑎𝑎 = < 𝑒𝑒𝑒𝑒𝑖𝑖 , 𝑒𝑒𝑒𝑒𝑗𝑗 , 𝑡𝑡𝑘𝑘 > (i  ≠  j, 𝑡𝑡𝑘𝑘 is 
the drug ingredient interaction type). 𝑎𝑎𝑎𝑎𝑎𝑎 = < 𝑒𝑒𝑒𝑒𝑖𝑖 , 𝑒𝑒𝑒𝑒𝑗𝑗 , 𝑡𝑡𝑘𝑘 > 
denotes the 𝑡𝑡𝑘𝑘  type drug ingredient interaction between 
effective component 𝑒𝑒𝑒𝑒𝑖𝑖and 𝑒𝑒𝑒𝑒𝑗𝑗 effective component. 

In our work, we consider five problems, defined as follow: 

Problem 1. How to construct a drug effective ingredient lib  
𝐸𝐸𝐸𝐸 = {𝑒𝑒𝑒𝑒1, 𝑒𝑒𝑒𝑒2, 𝑒𝑒𝑒𝑒3, … , 𝑒𝑒𝑒𝑒𝑚𝑚} from all crawled drug instructions 
data 𝐷𝐷 = {𝑎𝑎1,𝑎𝑎2,𝑎𝑎3, … ,𝑎𝑎𝑛𝑛}. 

Problem 2. How to construct a drug ingredient interaction 
list 𝐴𝐴𝐷𝐷𝐴𝐴 = {𝑎𝑎𝑎𝑎𝑎𝑎1, 𝑎𝑎𝑎𝑎𝑎𝑎2, 𝑎𝑎𝑎𝑎𝑎𝑎3, … , 𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙}  from all known drug 
interactions attributes. 

Problem 3. How much categories these recognized drug 
ingredient interaction 𝐴𝐴𝐷𝐷𝐴𝐴 = {𝑎𝑎𝑎𝑎𝑎𝑎1 , 𝑎𝑎𝑎𝑎𝑎𝑎2, 𝑎𝑎𝑎𝑎𝑎𝑎3, … , 𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙}  can 
be grouped into. 

Problem 4. How to construct the drug ingredient in-
teraction network and whether the drug ingredient interaction 
network is complex network. 

Problem 5. What kind of complex network the drug 
ingredient interaction network is and how to discover or infer 
adverse drug reactions based on drug combination< 𝑎𝑎𝑖𝑖 ,𝑎𝑎𝑗𝑗 > (i 
≠ j ) and the drug ingredient interaction network. 

IV. OUR FRAMEWORK 
Section 1 shows the overview of ADR-Miner framework. In 

this section, we present each step of our framework in detail. 

A. Preprocessing and semantic analyzing 
We firstly collect large amount of raw drug instructions from 

professional medicine website (e.g. http://www.dxy.cn/) by web 
crawler. Then, we collect more than 32000 drug introductions.  

As mentioned in section 3, we choose d = {drug name (dn), 
effective components (ec), known drug interactions (da)} as 
research data. The known drug interactions (da) often consist of 
more than one sentences. We first split da into several sentence 
{𝑠𝑠1, 𝑠𝑠2, 𝑠𝑠3, … , 𝑠𝑠ℎ} in this paper.  

The raw drug instruction should be converted into sentences. 
The attribute known drug interactions (da) is preprocessed into 
a list of sentences. For each da, we get  𝑎𝑎𝑎𝑎 =  {𝑠𝑠1, 𝑠𝑠2, 𝑠𝑠3, … , 𝑠𝑠ℎ}. 
In this step, each drug instruction is preprocessed into a tuple 
𝑎𝑎 =  {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}} . If a drug includes more 
than two effective ingredient, we will not be sure which 
effective ingredient is involved in known drug interactions. We 
filter out about 13000 drug introductions without stating its 
effective ingredient or including more than two or more of the 
effective ingredient from more than 32000 drug introductions. 

B. Extracting 
This subsection attempts to address problem 1 and problem 

2. The preprocessing step generates a tuple set 𝐷𝐷 =
 {𝑎𝑎1,𝑎𝑎2, … ,𝑎𝑎𝑛𝑛}  ( 𝑎𝑎𝑖𝑖 = {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}} ). In this 
step, our goal is to realize two functions: the first function is to 
recognize and extract drug’s effective ingredient from drug 
introductions and the second function is recognize and extract 
drug’s ingredient interaction from drug introductions.  

Chinese word segmentation system ICTCLAS2015 
provided by Zhang Huaping (http://ictclas.nlpir.org/) help us 
divide a sentence 𝑠𝑠𝑖𝑖  into a word sequence=  {𝑤𝑤1 ,𝑤𝑤2, … ,𝑤𝑤𝑔𝑔}. 
Each word 𝑤𝑤𝑖𝑖  in the sequence W is marked the part of speech 
[15]. We firstly extract drug’s effective ingredient term to 
construct a drug’s effective ingredient term lib for recognizing 
the effective ingredient in text written in natural language. For a 
tuple 𝑎𝑎 =  {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}}, we can easily extract  
to construct a term lib 𝐸𝐸𝐸𝐸 =  {𝑒𝑒𝑒𝑒1, 𝑒𝑒𝑒𝑒2, 𝑒𝑒𝑒𝑒3, … , 𝑒𝑒𝑒𝑒𝑚𝑚}. Because 
many drugs contain the same effective ingredient and some drug 
introductions show they consist more than two effective 
ingredients that we cannot distinguish which ingredient 
participates the response of pharmacodynamics described in da. 
So, we extract 2747 kind of effective ingredient from more than 
18000 tuple.   

The detail effective component lib EC is added to the word 
lib of ICTCLAS system. All the terms in the lib EC are set to 
noun. For each tuple 𝑎𝑎 =  {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}} , we 
utilize the ICTCLAS system to divide sentence 𝑠𝑠1 into a word 
sentence. For example, the first sentence of da in the drug 
Benzylpenicillin Sodium for Injection is “Chloramphenicol, 
erythromycin, tetracycline, sulfa can interfere with the activity 
of this product”. These pharmaceutical ingredients are recog-
nized and converted into four sentence:  Chloramphenicol can 
interfere with the activity of this product, erythromycin can 
interfere with the activity of this product, tetracycline can 
interfere with the activity of this product and sulfa can interfere 
with the activity of this product. So, for each 𝑎𝑎 =  {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 =
{𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}}, the da is updated by the method. 
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C. Grouping 
In this subsection, we attempt to solve problem 3. For a drug 

induction 𝑎𝑎𝑖𝑖 =  {𝑎𝑎𝑑𝑑, 𝑒𝑒𝑒𝑒,𝑎𝑎𝑎𝑎 = {𝑠𝑠1, 𝑠𝑠2, … , 𝑠𝑠ℎ}}, each sentence 𝑠𝑠𝑖𝑖 
in 𝑎𝑎𝑎𝑎 is segmented and token by ICTCLAS system. Because of 
the specification of sentence 𝑠𝑠𝑖𝑖 , we group all these sentences 
with tool WEKA [16]. By grouping, we summarize 43 kinds of 
drug ingredient interaction by analyzing the grouping result. All 
these types are coded. These types can be used as the edge of 
network in section 4.4 and the template to generate medical 
report in section 4.6.  Fig 1 gives the proportion of each drug 
reaction types. So, for each sentence 𝑠𝑠𝑖𝑖  in da, we generate a 
tuple 𝑎𝑎𝑎𝑎𝑎𝑎 = < 𝑒𝑒𝑒𝑒𝑖𝑖 , 𝑒𝑒𝑒𝑒𝑗𝑗 , 𝑡𝑡𝑘𝑘 >  (i ≠ j, 𝑡𝑡𝑘𝑘  is the drug ingredient 
interaction type). In the tuple adr, 𝑒𝑒𝑒𝑒𝑖𝑖  is the ec attribute of 𝑎𝑎𝑖𝑖 
and 𝑒𝑒𝑒𝑒𝑖𝑖  is recognized from sentence 𝑠𝑠𝑖𝑖 . By processing, we 
recognizes more than 11000 drug ingredient interaction 𝐴𝐴𝐷𝐷𝐴𝐴 =
 {𝑎𝑎𝑎𝑎𝑎𝑎1, 𝑎𝑎𝑎𝑎𝑎𝑎2, 𝑎𝑎𝑎𝑎𝑎𝑎3, … ,𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙}. 

D. Constructing network 
This subsection attempts to address problem 4. We get more 

than 2700 effective ingredients 𝐸𝐸𝐸𝐸 = {𝑒𝑒𝑒𝑒1, 𝑒𝑒𝑒𝑒2, … , 𝑒𝑒𝑒𝑒𝑚𝑚}  in 
section 4.2 and recognized more than 11000 drug ingredient 
interaction 𝐴𝐴𝐷𝐷𝐴𝐴 = {𝑎𝑎𝑎𝑎𝑎𝑎1 , 𝑎𝑎𝑎𝑎𝑎𝑎2, … , 𝑎𝑎𝑎𝑎𝑎𝑎𝑙𝑙}  in section 4.3. This 
section utilize these information to construct ingredient-to-
ingredient level drug ingredient interaction network. 

To describe the relations among effective ingredients, we 
defined a directed network DIN = (V, E). Each effective 
ingredient eci in EC is regarded as a node v in network DIN. So, 
EC can be regarded as the node set V of DIN. For each 𝑎𝑎𝑎𝑎𝑎𝑎 =
 < 𝑒𝑒𝑒𝑒𝑖𝑖 , 𝑒𝑒𝑒𝑒𝑗𝑗 , 𝑡𝑡𝑘𝑘 >, adr is converted to an edge e in which 𝑒𝑒𝑒𝑒𝑖𝑖  is 
the tail and 𝑒𝑒𝑒𝑒𝑗𝑗 is the head. 𝑡𝑡𝑘𝑘 in adr denotes the type of the edge 
e. A matrix A is used to denote the network DIN. If there is a 
drug ingredient interaction between node vi  and vj, the element 
𝑎𝑎𝑖𝑖𝑗𝑗  of the matrix A denotes the type 𝑡𝑡𝑘𝑘. If not, 𝑎𝑎𝑖𝑖𝑗𝑗  is equal to 0.  

1,1 1,

,1 ,

...
... ... ...

...

N

N N N

a a
A

a a

 
 =  
  

                          (1) 

Fig.2 shows the drug ingredient interaction network which 
includes more than 2700 nodes and more than 11000 edges. 
With complex networks theory we identify what kind of 
complex network the drug ingredient interaction network is and 
analyze some feature of the network. Some important index to 
evaluate a network are graph density [17], degree distribution 
[18], average path length [19], clustering coefficient [20] and etc. 

Graph density GD is used to evaluate the closeness among 
nodes. GD is defined in equation (2). For a complete graph, the 
graph density of the complete graph is 1. By computing, the 
graph density GD of the network is 0.014. So, the drug ingred-
ient interaction network is a sparse one. Because the known drug 
reaction came from report and drug test, there are a lot of 
unknown drug reactions in more than 98% the remaining space. 

2* ( 1)
E

GD
N N

=
−

                   (2) 

The degree of a node v in DIN is the number of the edges 
incident to the node. The degree of a node v is denoted deg(v) or 
d(v). The in-degree of a node v in DIN is the number of the edges 
in which the node is the head. The in-degree of a node   is 
denoted 𝑎𝑎−(𝑣𝑣). The out-degree of a node v is the tail, which is 
denoted 𝑎𝑎+(𝑣𝑣). In the network, the distribution function P(k) is 
used to denote the number of nodes whose degree is equal to k. 
P(k) is defined in equation (3). Similarity, the in-distribution 
function 𝑃𝑃−(𝑘𝑘)  and the out-distribution function 𝑃𝑃+(𝑘𝑘)  is 
defined in equation (4) and (5). 

1
(de( ) g( ) )

n

i
ivP k k

=

∏ == =∑                   (3) 

1
( ) (d ( ) )

n

i
ivk kP

=

−− ∏= ==∑                    (4) 

1
( ) (d ( ) )

n

i
ivk kP

=

++ ∏= ==∑            (5) 

∏(x) is an indicator function. When the x is true, the value 
of the indicator function is 1. When false, it is 0. 

Generally speaking, the degree of a node v measures the de-
gree of important of v in DIN. The average degree <k> is 
generated by a simple formula (6). By computing, the average 
degree <k> is 85.121. 
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Fig. 1. The proportion of each adverse drug action types 

 
Fig. 2. The drug ingredient interaction network 
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Fig.3 shows the degree distribution of the network DIN. 
Fig.4 and fig. 5 show the in-degree and out-degree distribution 
of the network. We found the in-degree distribution contributing 
many low-degree value and out-degree distribution contributing 
many high-degree value. Because the more large degree means 
the more important role in the network. In the drug ingredient 
interaction network, most of the nodes have only a few links 

while a few nodes have a large number of links to other nodes. 
By curve fitting, we get the distribution function 𝑃𝑃(𝑘𝑘) =
139.78−0.744. The multiple correlation coefficients 𝐴𝐴2 which is 
an index to evaluate the degree of linear correlation between the 
variables is 0.6517. Because the degree distribution is power 
law distribution, the drug ingredient interaction network is a 
scale-free network [21][22]. 

Centrality is an important index to evaluate the relative 
importance of nodes of a network. There are many method to 
measure centrality. This paper utilizes eigenvector centrality. 
For each node 𝑣𝑣𝑖𝑖, a relative score 𝑥𝑥𝑖𝑖 is assigned to the node. In 
the relative score of a node 𝑣𝑣𝑖𝑖, these links to high relative score 
nodes have larger contribution than these links to low relative 
score nodes. The formula of node relative score 𝑥𝑥𝑖𝑖  is given as 
follow: 

( )1 N

i ij j
j

x a x
λ

∏= ∑                   (7). 

In the formula (7), N is the number of nodes and λ is a 
constant. All these nodes relative score in the network is 
regarded as a vectory 𝑥𝑥 = {𝑥𝑥𝑖𝑖 , 𝑥𝑥2, … , 𝑥𝑥𝑁𝑁}. So, the formula (7) is 
converted into formula (8). In the formula (8), each 
characteristic vector solution corresponds to different 
characteristic constant. Each node 𝑣𝑣𝑖𝑖  in the network is assigned 
a relative score 𝑥𝑥𝑖𝑖 by solving the formula (8). Fig.6 shows the 

eigenvector centrality distruction of the netwok. The the 
eigenvector centrality distruction is shown in equation (9). 

𝐴𝐴𝑥𝑥 = Φ𝑥𝑥 (x = {𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑁𝑁},Φ = {𝜆𝜆1, 𝜆𝜆2, … , 𝜆𝜆𝑁𝑁})        (8) 
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In the network DIN, the distance between 𝑣𝑣𝑖𝑖  and 𝑣𝑣𝑗𝑗  is 
defined as the shortest path length of the two nodes and denoted 
as 𝑎𝑎𝑖𝑖𝑗𝑗 . If the node 𝑣𝑣𝑖𝑖  and 𝑣𝑣𝑗𝑗  is disconnected, 𝑎𝑎𝑑𝑑𝑠𝑠𝑖𝑖𝑗𝑗 =  ∞. The 
maximum distance of any two nodes in a network is the 
diameter of the network. The network diameter is get by the 
formula: 

1
max iji j N

Dia dis
≤ < ≤

=                               (10) 

The diameter of the network DIN is 6. The average distance 
of any two nodes in a network is the average path length of a 
network. The formal definition is given as equation (11). By 
computing, the average path length of the network DIN is 2.46. 
So, the network DIN has some characteristics of small-world 
network [23]. For a small-world network, the network not only 
has short average path distance, but also has large clustering 
coefficient. 
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1
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= ∑                             (11) 

For a node 𝑣𝑣𝑖𝑖  in a network G, there are deg (𝑣𝑣𝑖𝑖)  edges 
connecting with other deg (𝑣𝑣𝑖𝑖) nodes. These deg (𝑣𝑣𝑖𝑖) nodes is 
called the neighbor of the node 𝑣𝑣𝑖𝑖. There are at most 𝐸𝐸deg (𝑣𝑣𝑖𝑖)

2  
edges between these deg (𝑣𝑣𝑖𝑖) nodes. The clustering coefficient 
Ci  of the node 𝑣𝑣𝑖𝑖 is the ratio of the actual edges 𝐴𝐴𝐸𝐸𝑖𝑖 between 
these  deg (𝑣𝑣𝑖𝑖) nodes to 𝐸𝐸deg (𝑣𝑣𝑖𝑖)

2 . Formally, 
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Fig. 3. The degree distribution of the network 

 
Fig. 4. The in-degree distribution of the network 

 
Fig. 5. The out-degree distribution of the network 

 
Fig. 6. The eigenvector centrality distribution of the network 
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The clustering coefficient of the network is the average 
clustering coefficient of all node in the network. Formally, 

1

1 N

i
i

C C
N =

= ∑                                   (13) 

By computing, the average clustering coefficient of the 
network  is 0.201.  

Through the analysis of the above, we evaluate some 
characteristics of the network DIN. We find that the network 
DIN not only is a scale-free network but also a small-world 
network. 

E. Finding and inferencing 
We construct the drug ingredient interaction network above. 

In this subsection, we attempt to solve problem 5. So, we give a 
method to automatically discover and infer adverse drug 
reactions based on given drug combination and the drug 
ingredient interaction network. 

When a user purchase some drug   in online store (e.g. taobao, 
JD, etc.). Because of the limited cognitive ability, some potential 
adverse drug reactions are very difficult to find by the user itself. 
A drug in an online store contains the drug’s introduction. We 
can recognize the drug effective ingredients from the drug 
introduction. Based on this principle, we can recognize all these 
effective ingredients   of these drugs which are in user shopping 
cart. These effective ingredients can have some adverse drug 
reactions. Utilize the constructed drug ingredient interaction 
network, these potential adverse drug reactions can be detected. 

Fig. 7 shows the generating candidates principle. When the 
effective ingredient set Eu recognized form Du only contains a 
kind of effective ingredient, the fig.7 (a) shows the circumstance. 
In this circumstance, there is no potential adverse drug reactions. 
When the effective ingredient set Eu contains two kinds of 
effective ingredient, the fig.7 (b) shows the circumstance. In this 
circumstance, we first generate a candidate set = {A → B, B →
A} . In the candidate set H, candidate element ℎ𝑖𝑖  is a binary 
sequence. For each candidate element ℎ𝑖𝑖 in the candidate set H, 
if ℎ𝑖𝑖 can be found in the drug ingredient interaction network, the 
candidate element ℎ𝑖𝑖  and corresponding drug in-gredient 
interaction type 𝑡𝑡𝑘𝑘 which can be used to generate re-port are add 
to the result set R. So, the element of R is two-tuple   𝑎𝑎 =<
ℎ𝑖𝑖 , 𝑡𝑡𝑘𝑘 >. Fig.7. (c) and fig.7. (b) Separately shows circumstance 
of |Eu| = 3 and |Eu| = 4. If the effective ingredient set |Eu| = m, 

the number of the element of the candidate set H is equal to 
m(m-1)*2. 

Given the ingredients term lib EC, the drug set Du and the 
drug ingredient interaction network DIN, a method to discover 
and infer adverse drug reactions is shown in algorithm 1. 

Algorithm 1. Find and inference algorithm for detecting 
adverse drug reactions  
Input: 
         EC : the ingredients term lib. 
         Du : the drug combination. 
         DIN : the drug ingredient interaction network. 
Output: 
           R : these discovered adverse drug reactions. 
1. For the drug set Du = 1{ ,..., }nd d , we utilize the 
ingredients term lib EC to recognize all these effective 
ingredients 1{ ,..., }mEu e e=  form the drug set Du =

1{ ,..., }nd d .  
2. For these effective ingredients 1{ ,..., }mEu e e= , we 
generate the candidate set H ={ 1 2 ( 1)*2, ,..., m mh h h − }. 
3. For each element ih in the candidate set H , we utilize 
the drug ingredient interaction network G to detect 
whether the element ih  is a kind of adverse drug 
reactions. If the element ih  is a kind of adverse drug 
reactions, a tuple < ih , kt > is add to the result set R . 

F. Generating interpretation and knowledge visualization 
For a given drug combination Du, we utilize algorithm 1 to 

get a result set R. For the result set R, if the R is an empty set. It 
means that no adverse drug reactions is found in the given drug 
combination Du. If the R is not an empty set, for each element 
𝑎𝑎 =< ℎ𝑖𝑖 , 𝑡𝑡𝑘𝑘 > in the set R, we utilize the corresponding drug 
ingredient interaction type 𝑡𝑡𝑘𝑘 to illustrate the relation in  ℎ𝑖𝑖 =<
𝑒𝑒 → 𝑒𝑒 >. A report is generated for user to illustrate the result. 

V. EVALUATION 
To evaluate if ADR-Miner can really help users to recognize 

adverse drug reactions, we conduct the evaluation. We first 
collect reported medical cases to form the test set. Then we 
introduce the metric used in our evaluation. Last, based on the 
test case and the metric, we evaluate the performance. 

A. Test set 
In this subsection, we collect some common adverse drug 

reactions to form test set. Without loss of generality, a large 
number of reported adverse drug reaction cases are not selected 
as the test sample. Some common adverse drug reactions which 
have been recorded in the common drug incompatibility table 
are selected. We select 260 adverse drug reactions from the 
common drug incompatibility table which have been verified.  

B. Big data Performance analysis 
In this section, we introduce the metric used in our evalua-

tion. These metrics include precision, recall and F-measure 
which are defined as follow: 

TPprecision
TP FP

=
+

                              (14) 
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Fig. 7. The candidate set of potential adverse drug reactions 
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TPrecall
TP FN

=
+

                               (15) 

2 precision recallF measure
precision recall
∗ ∗

− =
+

           (16) 

Where TP, FP, FN separately denote the number of the true 
positive, false positive, and false negative. 

C. Evaluation of framework performance 
In this section, we utilize the test set constructed above to 

evaluate the performance of the framework. For all samples in 
the test set, every sample is the true adverse drug interaction 
sample. If a sample is recognized by the framework, it is a true 
positive (TP). If a sample is not recognized by the framework, 
it is a false negative (FN). Utilizing the metrics, the precision is 
1, the recall is 0.51 and the F-measure is 0.68. 

VI. CONCLUSION 
The adverse drug interaction is a serious threat for medicine 

security. This paper proposed DI-Miner framework for ordinary 
users to avoid adverse drug interactions. The approach employs 
NLP, big data mining, knowledge visualization, complex 
network technology to create a drug ingredient interaction 
network. The network is used to tell whether a drug combination 
has adverse drug interactions. The proposed method can not 
only eliminate the gap between the human's limited cognitive 
ability and the medicine knowledge but also make health service 
more intelligent. The experiment and analysis proved the 
validity and effectiveness of our approach. 

As we all know, it is the first time that an ingredient-level 
method has been used to detect adverse drug interaction. And 
we are now planning for further expansion. First, since we 
haven't utilized all the information of drug introductions, the 
method only recognize generalization adverse drug interaction 
and the patients' physical information is not considered in our 
method. Second, a detecting report will be generated for users, 
the report does divide the danger level of recognized adverse 
drug reactions. We will explore an automatic method for 
dividing the danger level in our future work [24][25]. 
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Abstract—In the field of Cross-company Defect Prediction (CCDP), 

how to deal with the data to make it more accurately predict the 

cross-company software defects is the focus problem we need to 

consider. Now a mainstream idea is to determine the weight of the 

training data based on the similarity between the training data and 

the test set, and then build the model on the basis of these weighted 

data. However, sometimes, when we deal with some problems with 

imbalance class, directly using the weight calculated above may 

lead to errors. Because a large number of non-defective instance’s 

weight accumulation will lead to the defective instance’s weight 

has a little impact on the final result. This is why we need to 

consider the addition of the number of defects. Considering the 

number of defects will effectively eliminate the impact of a large 

number of non-defective instance’s weight accumulation. 

Therefore, we propose a Transfer-learning Naïve Bayes model 

considering the number of defective information(NTNB). The 

method consists of two major stages: weight the data and build the 

prediction model. In the stage of weighting the data, we not only 

consider the similarity between the data but also consider the 

number of defects to get the final weights for data. And we 

conducted a set of comparative experiments on six open cross-

company datasets. The results show that considering the number 

of defects information can effectively avoid some defective instance 

is misjudged as non-defective instance, and improve the accuracy 

of prediction in some unbalanced problems. 

Keywords—software defect prediction;cross-company defect 

prediction; transfer learning; NTNB 

I.  INTRODUCTION  

Software defect prediction is one of the most important 
software quality assurance techniques. It aims to detect the 
defect proneness of new software modules via learning from 
defect data. So far, many efficient software defect prediction 
approaches [1-2] have been proposed, but they are usually 
confined to within company defect prediction (WCDP). WCDP 
works well if sufficient data is available to train a defect 
prediction model.  However, it is difficult for a new company to 
perform WCDP if there is limited historical data. Cross-
company defect prediction (CCDP) is a practical approach to 
solve the problem. It trains a prediction model by exploiting one 
or multiple projects of a source company and then applies the 
model to target company [3]. 

Recent year, there have sprung up a large number of 
excellent articles to solve the cross-company defect prediction 
problem. For example, Turhan et al. use a Nearest Neighbor 
Filter model (NN-filter) to select the similar data from source 

data as training data for more accurate forecasts [4]. Be different 
from this, Ying Ma et al. select all the source data as training 
data but add weights to them to build a Transfer Naive Bayes 
model(TNB)[5]. However, all of these models are not 
considered the number of faults whether has an impact on the 
forecast results. That is to say, the information about the number 
of faults has not been fully utilized. 

However, when calculating the weight between training 
instances and test instances, the number of faults information has 
an important additive effect on it. For example, we tend to give 
a higher weight to an instance which has fewer bugs, and these 
higher weights allow these instances play a greater role in 
predicting the presence or absence of defects in the test instance. 
For instance, when calculating the similarity between instances, 
we get the same degree of similarity between several training 
instances and the test instance, so which of them is more 
convincing in determining whether the test instance is defective? 
In this time, we need to take the number of faults information 
into consider.  

Therefore, this paper firstly gives the corresponding initial 
weights to the cross-project training instances through the 
Transfer Learning [6]. Then give the final weight combines with 
number of faults information and calculate the prior probabilities 
of the presence or absence of defects. Finally build the forecast 
model (NTNB) on them. We select six available and commonly 
used software project datasets and choose five of them as 
training data, the remaining one as the testing data to do the 
experiments [7]. The experimental results show that the NTNB 
model which considering the number of faults is superior than 
the traditional prediction models. 

The structure of this article is as follows, Section II is the 

related work in this area; Section III introduces the NTNB 

approach for CCDP. Section IV shows the experiment setup and 

experiment results. Section V addresses the conclusion and 

points out the future work. 

II. RELATED WORK 

In recent years, Machine Learning is more and more widely 

applied in various fields [8-10], In the field of defect prediction, 

the machine learning methods are also used a lot. For example, 

Xiao Yu propose a novel probabilistic graphical model called 

Bayesian Network based Program Dependence Graph (BNPDG) 

to locate the defect in the software. In addition, decision trees, 
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neural networks and other methods have also been widely used 

to predict the defect of software [23-24]. 

However, with the evolution of the algorithm, it has been 

found that it is more difficult to improve the prediction accuracy 

only by improving the algorithm [5]. So people began to 

improve the prediction accuracy by using more appropriate 

training data. For example, by removing the data which is 

poorly related to the company, to mitigate the impact of 

irrelevant data on forecasting [15].  

In the process of cross-company forecasting(CCDP), The 

choice of training data becomes more important. Because the 

cross-company defect prediction often means that in the 

prediction process, the training data and test data have different 

feature distribution and prior knowledge. This requires us to 

process the original data to eliminate this priori difference. In 

order to achieve this purpose, Turhan et al. use a Nearest 

Neighbor Filter model (NN-filter) to select the similar data from 

source data as training data for more accurate forecasts [4], 

Ying Ma et al. select all the source data as training data but add 

weights to them to build a Transfer Naive Bayes model(TNB) 

[5]. 

In addition to selecting the appropriate training data, people 

also thought that by selecting the valuable characteristics to 

improve the accuracy of prediction. Zhou Xu proposed a 

Maximal Information Coefficient with Hierarchical 

Agglomerative Clustering (MICHAC) method, first of all, 

sorting the attributes according to the amount of information of 

them, and then remove the redundant attributes through the 

hierarchical clustering to get the most valuable attributes [14] 

[16]. 

III. METHODOLOGY 

In this section, we present our NTNB approach for CCDP.  

The method consists of two major stages: weight the data and 

build the prediction model. In the stage of weighting the data, 

we not only consider the similarity between the data but also 

consider the number of defects to get the final weights for data. 

In the stage of building the prediction model, first of all, we 

calculate the prior probabilities and conditional probabilities 

based on the previously calculated weights, and then use the 

principles of the Naïve Bayes classifier to predict the label of 

the test instance. 

A. The Naive Bayes Model 

The reason why do we use the Naive Bayes as our 

forecasting model is that when we encounter such a problem 

which need to consider all attribute information to get the 

probability of the result, many algorithms may ignore some 

weak features, but the Naive Bayes model will use all available 

information to correct the forecast results. It’s important for the 

defect prediction field which need to consider a large number 

of attributes information. Although many attributes may have 

little impact on the result separately, but the combination of 

them will make a great influence.   

The Naïve Bayes' thought is to calculate the probability that 

an instance belongs to each category under given conditions, 

and which category’s probability is higher, which category we 

think it belongs to. 

For example, there is an instance x, and the category set is 

C = {c1, c2}.  If the probability of x belongs to the category c1 is 

larger than it belongs to c2, then we regard the instance x’s 

category as c1, otherwise as c2. 

               P(c1|x) > P(c2|x) →x ∈ c1                                (1) 

               P(c1|x) < P(c2|x) →x ∈ c2                                (2) 

And P(𝑐𝑖  | 𝑥 ) =
P(𝑐𝑖  )∗P(𝑥 | 𝑐𝑖) 

P( 𝑥)
.The P(ci) is the prior 

probability of class ci, The  
P(𝑥 | 𝑐𝑖 ) 

P( 𝑥)
 is an adjustment factor to 

adjust the value of the posteriori probability, in order to make 

it more close to the true probability. 

B. The Weight Of Training Data 

This part we intend to calculate the weight of the training 

data by considering the number of faults and the distance 

between training instances and test instances. 

First, we measure the distance between instances by 

Transfer Learning [6]. The goal of Transfer Learning is to move 

the knowledge learned from one environment to deal with the 

problem in a new environment. It’s particularly suitable for the 

cross-company defect prediction, because that the cross-

company defect prediction is just using the cross-company code 

defect information to predict the code deficiencies for different 

companies. Then how do we determine the weights of training 

instances in the migration process? An important principle is: 

the higher the similarity between the training instance and the 

testing instance, the higher the weight. 

Then we first calculate the similarity between instances and 

calculate the weights based on similarity. 

According to TNB [5], the similarity between instances is 

measured as follows: 1) we need to find the maximum and 

minimum values of each attribute in the test set and store them 

into arrays.2) Next we judge whether each attribute of each 

training instance is within the maximum and minimum range of 

the corresponding attribute in the test set. If yes, the 

corresponding instance’s support factor will plus one. For 

example, giving three training instances: x1= (1, 2, 2, ’false’), 

x2= (2, 1, 3, ’false’), x3= (2, 2, 4, ‘true’|3), where the bit after 

‘true’ is the number of defects, and one training instance: y1= (2, 

2, 3). Then Max = (2, 2, 3), Min = (2, 2, 3). So for the first 

instance = (1, 2, 2, ’false’), the support factor s1 = 1; Similarly, 

s2 = 2, s3 = 2.  

Next, we will calculate the weight of each training instance 

by the above support factors. Here, according to L. Peng’s [17] 

paper, we use the gravitational formula to simulate the 

gravitational force between the data, that is the weight. 

           𝑤𝑖  = G
𝑚1𝑚2

(𝑟)2
=

𝑘𝑚𝑀𝑠𝑖𝑀

(𝑘 − 𝑠𝑖 + 𝑟)2
∝

𝑠𝑖

(𝑘 − 𝑠𝑖 + 𝑟)2
     (3) 

In Eq.(3), wi is the weight of each training instance; G is the 

universal gravitational constant, m1 and m2 is the mass of two 

objects. r is the distance between the two objects; k is the 

number of attributes, m is the number of test cases, M is the 

mass of each attribute, so kmM is the mass of all test cases; si is 

the support factor of each training instance, so siM is the mass 

of each training instance; Similarity, (k-si+1) is the distance 

between each training instance and the test set. In this process, 

we can remove some fixed constants, and thus get the right part 
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of the Eq.(3). In the end, we can get the final weight w by 

accumulate each training instances’ weight wi. 

But that's not our final weights. Sometimes, when we deal 

with some problems with imbalance class, directly using the 

value calculated above may lead to errors. Because a large 

number of non-defective instance’s weight accumulation will 

lead to the defective instance’s weight has a little impact on the 

final result. For example, for training instances x1= (1, 2, 

2, ’false’), x2= (2, 1, 3, ’false’), x3= (2, 2, 4, ‘true’|3), and the 

test instance: y1= (2, 2, 3). According to Eq.(3), we can calculate 

the weight of each training instance, w1 = 1/9, w2 =1/2, w3 = 1/2. 

If we predict the presence of defects directly according to these 

weights, then the test instance is likely to be judged as having 

no errors due to the accumulation of the non-defective 

instance’s weight. However, based on the similarity between 

the test instance and the defective training instance, this test 

instance is still likely to be defective. So, calculating weights 

without considering the number of defects can cause some 

defective instance is mistaken for non-defective instance, which 

will reduce the prediction accuracy. 

Therefore, we consider the number of defects information 

in calculating the weight of each instance. That is to say we 

add the number of defects on the basis of Eq.(3). 

                                   𝑤𝑖  =
𝑠𝑖𝑛𝑖

(𝑘 − 𝑠𝑖 + 1)2
                             (4) 

ni is the number of defects for the i-th training instance.       

Next we will describe how to predict the presence of defects 

on the basis of this weight. 

C. NTNB Approach 

The general idea of our algorithm is to use the Naïve Bayes 

as our forecasting model on the weighted data. According to 

Eq.(1) and Eq.(2), in order to calculate the posterior probability 

P(𝑐𝑖| 𝑥 ), we need to calculate P(𝑐𝑖 ),  P(𝑥 | 𝑐𝑖 ) and P( 𝑥). To 

better explanation, we define the indicative function f(x, y): if 

x = y, f(x, y) = 1, otherwise, f(x, y) = 0. 

According to [22], The prior probabilities P(𝑐 )  can be 

expressed as: 

                       P(𝑐 )  =
∑ 𝑓(𝑐𝑖,𝑐)𝑤𝑖+1

𝑛

𝑖=1

∑ 𝑤𝑖+
𝑛

𝑖=1
𝑛𝑐

                        (5) 

n is the total number of training instances, f(ci, c) is the 

indication function described above, ci is the category of the i-

th training instance, c is the label of the attribute that we want 

to calculate the prior probability, wi is the weight of the i-th 

training instance, and nC is the total number of categories. 

Next, we will calculate the conditional probability of the j-

th attribute aj in the training instance xi according to the formula 

in [18]. 

         P(𝑎𝑗|𝑐 )  =
∑ 𝑓(𝑎𝑖𝑗,𝑎𝑗)𝑓(𝑐𝑖,𝑐)𝑤𝑖+1

𝑛

𝑖=1

∑ 𝑓(𝑐𝑖,𝑐)𝑤𝑖+𝑛𝑗

𝑛

𝑖=1

            (6) 

n is the total number of training instances, aij is the value of 

j-th attribute in i-th training instance, ci is the category of the i-

th training instance, c is the label of the attribute that we want 

to calculate the conditional probability, wi is the weight of the 

i-th training instance, and nj is the number of different values 

for attribute aj in the training set. 

Suppose that x is an instance. Then: 

                   𝑃(𝑥) = ∑ P(𝑐𝑖)∏𝑗=1
𝑘 P(𝑎𝑗  | 𝑐𝑖  ) 

𝑛𝑐

𝑖=1
                     (7) 

nC is the total number of categories, k is the number of 

attributes in instance x, P(𝑐𝑖)  is introduced in Eq.(5), 

P(𝑎𝑗 | 𝑐𝑖 ) is introduced in Eq.(6). 

So we can predict the x’s category by: 

                 P(𝑐𝑖 | 𝑥 ) =
P(𝑐𝑖 )∏𝑗=1

𝑘
P(𝑎𝑗| 𝑐𝑖 )

 
 

P( 𝑥)
                    (8) 

The P(𝑐𝑖| 𝑥 ) is  the probability that instance x is predicted 

as class c, P(𝑐𝑖) is introduced in Eq.(5), k is the number of 

attributes in instance x, P(𝑎𝑗 | 𝑐𝑖 ) is introduced in Eq.(6), P(𝑥 

is introduced in Eq.(7). 

If P( 𝑐𝑖 | x) > P( 𝑐𝑖 | x), 1 ≪ 𝑗 ≪ nc, 𝑗 ≠ i  ,then, x ∈ ci. 

Otherwise, x∈cj. where 𝑛𝑐  is the total number of categories. 

Next, we will classify the below examples from considering 

the number of defects and not considering it. 

For training instances x1= (1, 2, 2, ’false’), x2= (2, 1, 

3, ’false’), x3= (2, 2, 4, ‘true’|3), and the test instance: y1= (2, 

2, 3). Then n = 3, nC = 2, k = 3. 

1) Considering The Number Of Defects 

 According to Eq.(4), we can calculate the weight of each 

training instance, w1 = 1/9, w2 =1/2, w3 = 3/2.  

 According to Eq.(5) 

  P(′𝑡𝑟𝑢𝑒′ )  =
(𝑤3 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1 + 𝑤3 ∗ 1) + 2
= 0.608 

 

   P(′𝑓𝑎𝑙𝑠𝑒′ )  =
(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1 + 𝑤3 ∗ 1) + 2
= 0.392 

 

 According to Eq.(6), n1=2 ,n2=2, n3= 3. 

  P(𝑎1 = 2|′𝑡𝑟𝑢𝑒′)  =
(𝑤3 ∗ 1) + 1

(𝑤3 ∗ 1) + 2
= 0.714  

     P(𝑎1 = 2|′𝑓𝑎𝑙𝑠𝑒′)  =
(𝑤2 ∗ 1) + 1

 (𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 2
= 0.574 

 P(𝑎2 = 2|′𝑡𝑟𝑢𝑒′)  =
(𝑤3 ∗ 1) + 1

(𝑤3 ∗ 1) + 2
= 0.714 

        P(𝑎2 = 2|′𝑓𝑎𝑙𝑠𝑒)  =
(𝑤1 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 2
=  0.426   

 P(𝑎3 = 3|′𝑡𝑟𝑢𝑒′)  =
1

(𝑤3 ∗ 1) + 3
= 0.222 

         P(𝑎3 = 3|′𝑓𝑎𝑙𝑠𝑒′)  =
(𝑤2 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 3
=  0.415 

 According to Eq.(7), 

     𝑃(𝑦1) = P(′𝑡𝑟𝑢𝑒′)∏𝑗=1
3 P(𝑎𝑗  | ′𝑡𝑟𝑢𝑒′ ) 

+ P(′𝑓𝑎𝑙𝑠𝑒′)∏𝑗=1
3 P(𝑎𝑗  | ′𝑓𝑎𝑙𝑠𝑒′ )  

=0.0688 +0.0398=0.1086 

 According to Eq.(8) 
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P(′𝑡𝑟𝑢𝑒′|𝑦1 )  =
P(′𝑡𝑟𝑢𝑒′ )∏𝑗=1

3 P(𝑎𝑗  | ′𝑡𝑟𝑢𝑒′) 

P( 𝑦1 )
  = 0.6335   

P(′𝑓𝑎𝑙𝑠𝑒′|𝑦1  )  =
P(′𝑓𝑎𝑙𝑠𝑒′ )∏𝑗=1

3 P(𝑎𝑗  | ′𝑓𝑎𝑙𝑠𝑒′) 

P( 𝑦1 )
= 0.3665 

Obviously, P(′𝑡𝑟𝑢𝑒′|𝑦1 ) > P(′𝑓𝑎𝑙𝑠𝑒′|𝑦1) , So the test 

instance 𝑦1’s category is true. 

2) Not Considering The Number Of Defects 

 According to Eq.(4), we can calculate the weight of each 

training instance, w1 = 1/9, w2 =1/2, w3 = 1/2.  

 According to Eq.(5) 

  P(′𝑡𝑟𝑢𝑒′ )  =
(𝑤3 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1 + 𝑤3 ∗ 1) + 2
= 0.482 

 

   P(′𝑓𝑎𝑙𝑠𝑒′ )  =
(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1 + 𝑤3 ∗ 1) + 2
= 0.518 

 

 According to Eq.(6), n1=2 ,n2=2, n3= 3. 

  P(𝑎1 = 2|′𝑡𝑟𝑢𝑒′)  =
(𝑤3 ∗ 1) + 1

(𝑤3 ∗ 1) + 2
= 0.6  

P(𝑎1 = 2|′𝑓𝑎𝑙𝑠𝑒′)  =
(𝑤2 ∗ 1) + 1

 (𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 2
= 0.574 

 P(𝑎2 = 2|′𝑡𝑟𝑢𝑒′)  =
(𝑤3 ∗ 1) + 1

(𝑤3 ∗ 1) + 2
= 0.6 

  P(𝑎2 = 2|′𝑓𝑎𝑙𝑠𝑒)  =
(𝑤1 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 2
=  0.426   

 P(𝑎3 = 3|′𝑡𝑟𝑢𝑒′)  =
1

(𝑤3 ∗ 1) + 3
= 0.286 

   P(𝑎3 = 3|′𝑓𝑎𝑙𝑠𝑒′)  =
(𝑤2 ∗ 1) + 1

(𝑤1 ∗ 1 + 𝑤2 ∗ 1) + 3
=  0.415 

 According to Eq.(7), 

     𝑃(𝑦1) = P(′𝑡𝑟𝑢𝑒′)∏𝑗=1
3 P(𝑎𝑗  | ′𝑡𝑟𝑢𝑒′ ) 

+ P(′𝑓𝑎𝑙𝑠𝑒′)∏𝑗=1
3 P(𝑎𝑗| ′𝑓𝑎𝑙𝑠𝑒′ )  

=0.0496 +0.0526=0.1022 

 According to Eq.(8) 

P(′𝑡𝑟𝑢𝑒′|𝑦1 )  =
P(′𝑡𝑟𝑢𝑒′ )∏𝑗=1

3 P(𝑎𝑗  | ′𝑡𝑟𝑢𝑒′) 

P( 𝑦1 )
  = 0.485  

P(′𝑓𝑎𝑙𝑠𝑒′|𝑦1  )  =
P(′𝑓𝑎𝑙𝑠𝑒′ )∏𝑗=1

3 P(𝑎𝑗  | ′𝑓𝑎𝑙𝑠𝑒′) 

P( 𝑦1 )
= 0.514 

P(′𝑡𝑟𝑢𝑒′|𝑦1 )< P(′𝑓𝑎𝑙𝑠𝑒′|𝑦1 ) , So the test instance 𝑦1 ’s 

category is false. 

So, we can see clearly that calculating weights without 

considering the number of defects can cause serious mistakes, 

such as some instances of potentially defective are misjudged 

as having no defects. 

Why did this happen? The reason is that a large number of 

non-defective instance’s weight accumulation will leads to the 

defective instance’s weight has a little impact on the final result. 

That is to say, the class imbalance caused part of information 

has little influence on the result, unfortunately it maybe just the 

part of information we need. This is why we need to consider 

the addition of the number of defects. 

Algorithm1 presents the pseudo-code of NTNB approach. 

 

IV. EXPERIMENTS 

In this section, we evaluate our proposed NTNB approach 

to perform CCDP. We first introduce the experiment dataset 

and the performance measures. Then, in order to investigate the 

performance of NTNB, we perform some contrast experiment. 

A. Data set 

In this experiment, we employ 6 available and commonly 
used software project datasets with their 26 releases which can 
be obtained from PROMISE [7]. The details about the datasets 
is shown in Table I, where #Instance represents the number of 
instances, #Defects represents the total number of faults in the 
release, %Defect represents the percentage of defect-prone 
instances, and Max is the maximum value of faults.  

TABLE I.  DETAILS OF EXPERIMENT DATASET 

Project Release #Instance #Defects %Defects Max 

Ant 

Ant-1.3 125 33 16.0% 3 

Ant-1.4 178 47 22.5% 3 

Ant-1.5 293 35 10.9% 2 

Ant-1.6 351 184 26.2% 10 

Ant-1.7 745 338 22.3% 10 

Camel 

Camel-1.0 339 14 3.4% 2 

Camel-1.2 608 522 35.5% 28 

Camel-1.4 872 335 16.6% 17 

Camel-1.6 965 500 19.5% 28 

Jedit 

Jedit-3.2 272 382 33.1% 45 

Jedit-4.0 306 226 24.5% 23 

Jedit-4.1 312 217 25.3% 17 

Jedit-4.2 267 106 13.1% 10 

Jedit-4.3 492 12 2.2% 2 

Synapse 

Synapse-1.0 157 21 10.2% 4 

Synapse-1.1 222 99 27.0% 7 

Synapse-1.2 256 145 33.6% 9 

Prop 
Prop-1 18471 2738 14.8% 37 

Prop-2 23014 2431 10.6% 22 

Algorithm 1.  NTNB approach 

Input: Training set L: {x1, x2, … , Xm }, Test set U: {u1, u2, … ,  un} 

Output: The classifier P 

1. for each attribute aj in U do: 

2.      get the max value and min value for aj. 

3.      get the number of different values nj for aj: 

4. end for 

5. for each instance xi  in L do: 

6.       calculate wi through Eq.(4) 

7.       get the total number of categories nc 

8. end for 

9. According to Eq.(5, 6, 7, 8): 

10.        Build weighted Naïve Bayes 

11. for each instance ui in U do: 

12.       predict  ui through Eq.(1, 2) 

13. end for 
14. return P 
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Project Release #Instance #Defects %Defects Max 

Prop-3 10274 1180 11.5% 11 

Prop-4 8718 840 9.6% 22 

Prop-5 8516 1299 15.3% 19 

Prop-6 660 66 10% 4 

Forrest 

Forrest-0.6 6 1 16.7% 1 

Forrest-0.7 29 5 17.2% 8 

Forrest-0.8 32 2 6.3% 4 

 

There are the same 20 independent variables (the 20 feature 
metrics) and one dependent variable (the number of faults) in 
each dataset [19].  

And we combine the different versions of the same project 
as a data set. And choose five from them together as a training 
set, the remaining one as a test set to do experiment. 

B. Performance measures 

In the experiment, we employ three commonly used 
performance measures including pd, pf and f-measure to judge 
the experimental results [5]. They are summarized as follows. 

TABLE II.  PERFORMANCE MEASURES 

 Actual 

yes no 

Predicted yes TP FP 

no FN TN 
 

●  TP is the number of defective instances are correctly 
predicted. FP is the number of defective instances are predicted 
as non-defective. FN is the number of non-defective instances 
are predicted as defective. TN is the number of non-defective 
instances are correctly predicted. 

●The precision is the measure of defective modules that are 
correctly predicted within the instances which is predicted to be 
defective. The higher the precision, the better the results. 

precision =
𝑇𝑃

𝑇𝑃+𝐹𝑃
                             (9) 

● The recall rate or pd is the measure of defective modules 
that are correctly predicted within the defective class. The higher 
the pd, the fewer the false negative results. 

pd=
𝑇𝑃

𝑇𝑃+𝐹𝑁
                                   (10) 

● Probability of false alarm or pf is the measure of non-
defective modules that are incorrectly predicted within the non-
defective class. Unlike pd, the lower the pf value, the better the 
results. 

pf=
𝐹𝑃

𝐹𝑃+𝑇𝑁
                                    (11) 

● The f-measure is the harmonic average of pd and precision. 
The higher the measure, the better the results. 

f=
2∗𝑝𝑑∗precision 

𝑝𝑑+precision 
                              (12) 

Here we generally use f-measure as the total performance 
evaluation standard because it’s the combination of pf and 
precision. 

C. Experimental results 

In order to better verify the performance of NTNB algorithm, 

we use the training set and test set in table III to do a set of 

comparative experiments. We mainly compared the pd, pf and 

f parameters of NTNB, TNB, and NB. Their respective 

characteristics are as follows: 

NTNB considering the number of defects based on the TNB 

to avoid the imbalance problem. The imbalance problem is in 

the process of forecasting, the accumulation of a large number 

of defective instance’s weights resulting in the defective 

instance’s weight has a little impact on the final result. 

TNB assigns the data weights according to the similarity 

between the training instance and the test set, and builds the 

Naïve Bayes model on these weighted data [5]. 

While NB did not consider the difference between cross-

company data, directly building the model. 

The following table III shows the pf and pf values in the 

experimental results for our three approaches, where the 

boldface represents the best result of this experiment. And Fig. 

1 shows the scatter plots of pd and pf for three CCDP models 

on 6 datasets. If it has a higher recall rate pd and less false alarm 

pf, then the defect model has more points distributed in the 

lower right corner, which also represents a better performance 

for the forecasting model.  

TABLE III.  PD,PF VALUES, THE REASULTS OF THREE 

APPROACH 

No. Test Set NTNB TNB NB 

PD PF PD PF PD PF 

1 synapse 0.556 0.220  0.506 0.180 0.305 0.112 

2 prop 0.182 0.073 0.257 0.118 0.197 0.137 

3 jedit 0.696 0.321 0.706 0.327 0.423 0.207 

4 forrest 0.625 0.305 0.375 0.237 0.000 0.017 

5 camel 0.393 0.187 0.383 0.184 0.110 0.099 

6 ant 0.726 0.301 0.729 0.300 0.346 0.137 

 

 
 

Fig. 1. Scatter plots of pd and pf for three CCDP models on 6 

dataset 
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The table IV is the f-measures in the experimental results for 

our three approaches, where the boldface represents the best 

result of this experiment. The experimental results show that in 

some data sets with unbalanced problems, considering the 

number of defects information can effectively avoid some 

defective instance is misjudged as non-defective instance, and 

improve the accuracy of prediction [20]. 

TABLE IV.  F-MEASURE  VALUES, THE REASULTS OF THREE 

APPROACH 

No. Test data NTNB TNB NB 

1 synapse 0.506 0.498 0.337 

2 prop 0.213 0.245 0.151 

3 jedit 0.431 0.432 0.240 

4 forrest 0.323 0.240 0.000 

5 camel 0.369 0.363 0.116 

6 ant 0.504 0.506 0.314 

 

V. CONCLUSION AND FUTURE WORK 

In the field of cross-company defects prediction, many 

models do not consider the defects number information in 

predicting the result. However, according to our analysis, in 

some imbalance problems, considering the number of defects 

will effectively eliminate the impact of a large number of non-

defective instance’s weight accumulation. To prove this, we 

conducted a set of comparative experiments on six open cross-

company datasets. The results show that considering the 

number of defects information can effectively avoid some 

defective instance is misjudged as non-defective instance, and 

improve the accuracy of prediction in some unbalanced 

problems. In the following work, we want to find a balance to 

avoid defects number information overfitting the forecast result. 

For example, give an extreme example: there are 100000 errors 

for one instance, then what can we do to avoid it exceeding 

intervening the result? In addition, we will apply our model on 

the social data to further prove its effectiveness [21-22], and try 

to apply our model to other areas [11-12]. 
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Abstract—Cross-company defect prediction (CCDP) is a 

practical way that trains a prediction model by exploiting one or 

multiple projects of a source company and then applies the model 

to target company. Unfortunately, the performance of such CCDP 

models is susceptible to the high imbalanced nature between the 

defect-prone and non-defect classes of CC data. Class imbalance 

learning is applied to alleviate this issue. Because many class 

imbalance learning methods have been proposed, there is an 

imperative need to analyze and compare the performance of these 

methods for CCDP. Although prior empirical studies have proven 

AdaBoost.NC algorithm achieves the best performance for defect 

prediction. This observation leads us to conduct a careful 

empirical study the issues of if and how class imbalance learning 

methods can benefit cross-company defect prediction. We 

investigate different types of class imbalance learning methods, 

including under-sampling technique, over-sampling technique 

and over sampling followed by under-sampling technique on the 

cross-company defect prediction performance over 15 publicly 

available datasets. Experimental results show that under-sampling 

technique achieves the best overall performance in terms of the g-

measure among those methods we studied.1 

Keywords—software defect prediction;cross-company defect 

prediction; class imbalance learning 

I.  INTRODUCTION  

Software defect prediction is one of the most important 
software quality assurance techniques. It aims to detect the 
defect proneness of new software modules via learning from 
defect data. With the advent of big data era and the development 
of machine learning techniques [1], many machine learning 
algorithms are applied to solve the practical problems in life [2-
4]. Similarly, many efficient software defect prediction 
approaches [5-11] using machine learning techniques have been 
proposed, but they are usually confined to within company 
defect prediction (WCDP). WCDP works well if sufficient data 
is available to train a defect prediction model.  However, it is 
difficult for a new company to perform WCDP if there is limited 
historical data. Cross-company defect prediction (CCDP) is a 
practical approach to solve the problem. It trains a prediction 
model by exploiting one or multiple projects of a source 
company and then applies the model to target company [12]. 

Due to the increased prevalence of machine learning and 
transfer learning techniques, a number of CCDP models have 

 
1 DOI reference number: 10.18293/SEKE2017-035 

been proposed during the past decade [13-21]. Nevertheless, a 
challenge that threatens the performance of such CCDP models 
is the high imbalanced nature between the defect-prone and non-
defect classes of CC data, i.e., defect datasets with much more 
non-defect instances (majority) than defect-prone instances 
(minority). Existing studies [22-23] have shown that the class 
imbalance problem may cause difficulties for learning, as most 
classification algorithms only perform optimally when the 
number of instances of each class is roughly the same. When 
these algorithms are trained by a highly skewed dataset in which 
the minority class is heavily outnumbered by the majority class, 
these classifiers tend to favor the majority class and have less 
ability to classify the minority class.  

Class imbalance learning is applied to alleviate this issue. 
Because many class imbalance learning methods have been 
proposed, there is an imperative need to analyze and compare 
the performance of these methods for CCDP. Although prior 
empirical studies have proven AdaBoost.NC algorithm achieves 
the best performance for defect prediction [23]. This observation 
leads us to conduct a careful empirical study the issues of if and 
how class imbalance learning methods can benefit cross-
company defect prediction. 

Therefore, several data sampling works should be done 
before building the CCDP model. For example, Lin et al. [19] 
introduced a novel CCDP approach named Double Transfer 
Boosting (DTB). DTB firstly uses NN filter to filter out 
irrelevant CC data, and then uses SMOTE algorithm [24] to re-
sample the CC data before building the CCDP model. 

As the first effort of an in-depth study of class imbalance 
learning methods in CCDP, this paper explores their potential by 
focusing on research questions 

RQ1: How effective are class imbalance learning methods? 

RQ2: Do different class imbalance learning methods have 
significantly distinct effectiveness on CCDP? 

For the two questions, we conduct a large scale empirical 
study on six class imbalance learning methods and compare 
them with CCDP models without involving any class imbalance 
learning method. The six class imbalance learning methods are 
Random under-sampling (RUS) [25], Near Miss (NM) [26], 
Synthetic Minority Oversampling Technique (SMOTE) [24] 
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and ADASYN [27], SMOTE Tomek links (STOME) [28] and 
SMOTE ENN (SENN) [29], covering three major types of 
solutions to learning from imbalanced data, i.e., under sampling 
technique, over sampling technique and over sampling followed 
by under-sampling technique. In the experiments, we choose the 
Naïve Bayes (NB), random forest (RF) and logistic regression 
(LR) as the CCDP models and pd, pf and g-measure as the 
evaluation measures. Experimental results over 15 publicly 
available datasets show that under-sampling technique achieves 
the best overall performance in terms of the g-measure among 
those methods we studied. 

The remainder of this paper is organized as follows. Section 
2 presents the background knowledge about cross-company 
defect prediction. Section 3 describes the class imbalance 
learning methods studied in this work. Section 4 presents the 
data sets, performance measures and the experimental results. 
Section 5 describes the treats to validity. Finally, Section 6 
addresses the conclusion and points out the future work. 

 

II. RELATED WORK 

In this section, we briefly review the existing cross-company 
and cross-company defect prediction approaches.  

Briand et al. [12] used logistic regression and MARS models 
to learn a defect predictor, which is also the earliest work on 
CCDP. Zimmermann et al. [13] studied CCDP models on 12 
real-world applications datasets. Their results indicate that 
CCDP is still a serious challenge. Turhan et al. [14] investigated 
the applicability of CC data for building localized defect 
predictors using 10 projects collected from two different 
companies including NASA and SOFTLAB. And they have 
proposed a nearest neighbor (NN) filter to select CC data.  He et 
al. [15] investigates defect predictions in the cross-project 
context focusing on the selection of training data. Furthermore, 
they proposed an approach to automatically select suitable 
training data for projects without historical data so that the 
results of their experiments are comparable with WCDP, which 
indicated that some approach of  CCDP can comparable to 
WCDP. They noted that learning predictors using the data from 
other projects can be a potential way to defect prediction without 
any historical data. In order to find data for quality prediction, 
Peters et al. [16] introduced the Peters filter to select training 
data via the structure of other projects. They compared the filter 
with two other approaches for quality prediction to assess the 
performance of the Peters filter, and found that 1) WCDP are 
weak for small data sets; 2) the Peters filter + CCDP builds better 
and more useful predictors. Zhang et al. [17] proposed sample-
based methods for software defect prediction. For a large 
software system, they could select and test a small percentage of 
modules, and then built a defect prediction model to predict 
defect-proneness of the rest of the modules. They described 
three methods for selecting a sample and proposed a novel active 
semi-supervised learning method ACoForest to facilitate the 
active sampling. The results showed that the proposed methods 
are effective and have potential to be applied to industrial 
practice. Ma et al. [18] proposed a novel algorithm called 
Transfer Naive Bayes (TNB) to transfer cross-company data 
information into the weights of the training data and then build 
the predictor based on re-weighted CC data. The results 

indicated that TNB is more accurate in terms of AUC, within 
less runtime than the state of the art methods and can effectively 
achieve the CCDP task. The heterogeneous CCDP (HCCDP) 
task is that the source and target company data is heterogeneous.  
Jing et al. [11] provided an effective solution for HCCDP. They 
proposed a unified metric representation (UMR) for the data of 
source and target companies and introduced canonical 
correlation analysis (CCA), an effective transfer learning 
method, into CCDP to make the data distributions of source and 
target companies similar. Results showed that their approach 
significantly outperforms state-of-the-art CCDP methods for 
HCCDP with partially different metrics and for HCCDP with 
totally different metrics, their approach is also effective.  

Turhan et al. [20] introduced a mixed model of within and 
cross data for CCDP to investigate the merits of using mixed 
project data for binary defect prediction. Results showed that 
when there is limited project history, mixed model for CCDP 
can achieve good performance which can be comparable to 
WCDP. It provided a new idea to CCDP that the use of a small 
amount of labeled WC data would be very valuable to improve 
the performance of CCDP. Lin et al. [19] introduced a novel 
approach named Double Transfer Boosting (DTB) to narrow the 
gap of different distributions between CC data and WC data and 
to improve the performance of CCDP by reducing negative 
samples in CC data. 

 

III. METHODOLOGY 

In this section, we only provide a brief description of the 6 
class imbalance learning methods studied in this work due to the 
space limit. These methods cover three types including under 
sampling technique, over sampling technique and over sampling 
followed by under-sampling technique. 

A. Under sampling techniques 

Under-sampling is a technique to reduce the number of 
samples in the majority class, where the size of the majority class 
sample is reduced from the original datasets to balance the class 
distribution. In this study, we employ two representative under-
sampling methods, i.e, Random under-sampling (RUS) and 
Near Miss (NM). 

Random under-sampling (RUS) is a simple method to select 
a subset of majority class samples randomly and then combine 
them with minority class sample as a training set. The procedure 
of random under-sampling is as follows:  

1. Calculate the ratio of the minority class to the majority 
class, and get the sampling frequency. 

2. Sample the majority class by the sampling frequency. 

3. Select all samples in the minority. 

4. Combine selected samples and attributes for training. 

Near Miss selects negative examples that are close to some 

of the positive examples. In the method, we select negative 

examples whose average distances to three closest positive 

examples are the smallest. This method guarantee every 

positive example is surrounded by some negative examples. 

Finally, in selection of most distant negative examples, we 
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choose the negative examples whose average distances to the 

three closest positive examples are the farthest. We expect the 

Near Miss methods should perform better than the random and 

distant methods, and the random method should work better 

than the distant method. We also expect that Near Miss method 

should achieve high precision and low recall while the distant 

method should achieve high recall and low precision. 
 

B. Over sampling techniques 

Over-sampling is a technique in which the minority class is 
over-sampled by creating “synthetic” examples rather than by 
under-sampling with replacement. In this study, we employ two 
representative under-sampling methods, i.e, Synthetic Minority 
Oversampling Technique (SMOTE) and ADASYN. 

The procedure of SMOTE is as follows: 

1. For each instance in the minority class, calculate the 
Euclidean distance between it and other samples in the minority 
class to find its k nearest neighbor. 

2. According to the amount of over-sampling, determine 
the sampling rate and select a certain number of samples from k 
nearest neighbor randomly. 

3. Take the difference of the feature vector between it and 
its nearest neighbor. 

4. Multiply this difference by a random number between 
0 and 1, and add it to the feature vector under consideration. 

5. Generate new samples for each instance in the minority 
class and add new samples into it. 

ADASYN is based on the idea of adaptively generating 
minority data samples according to their distributions: more 
synthetic data is generated for minority class samples that are 
harder to learn compared to those minority samples that are 
easier to learn. The procedure of ADASYN is as follows: 

1. Calculate the degree of class imbalance. 

2. If degree is less than d then (d is a preset threshold for 
the maximum tolerated degree of class imbalance ratio). 

3. Calculate the number of synthetic data examples that 
need to be generated for the minority class. 

4. For each example, find K nearest neighbors based on the 
Euclidean distance in n dimensional space. 

5. Normalize according to a density distribution. 

6. Calculate the number of synthetic data examples that 
need to be generated for each minority example. 

7. For each minority class data example, generate synthetic 
data examples according to the following steps: 

Do the loop: 

i. Randomly choose one minority data example from 
the k nearest neighbors for data. 

ii. Generate the synthetic data example. 

C. Over sampling followed by under sampling 

Over sampling followed by under-sampling is a technique in 
which the minority class is over-sampled by creating “synthetic” 
examples followed by under-sampling with replacement. In this 
study, we employ two representative under-sampling methods, 
i.e, SMOTE Tomek links (STOME) and SMOTE ENN (SENN). 

 Although over-sampling minority class examples can 
balance class distributions, some other problems usually present 
in data sets with skewed class distributions are not solved. 
Frequently, class clusters are not well defined since some 
majority class examples might be invading the minority class 
space. The opposite can also be true, since interpolating minority 
class examples can expand the minority class clusters,                        
introducing artificial minority class examples too deeply in the 
majority class space. Inducing a classifier under such a situation 
can lead to overfitting. In order to create better-defined class 
clusters, we propose to apply Tomek links to the over-sampled 
training set as a data cleaning method. Thus, instead of removing 
only the majority class examples that form Tomek links, 
examples from both classes are removed. The application of this 
method can be illustrated as follows. First, the original data set 
is over-sampled with Smote, and then Tomek links are identified 
and removed, producing a balanced data set with well-defined 
class clusters. The STOME links method was first used to 
improve the classification of examples for the problem of 
annotation of proteins in Bioinformatics. 

 The motivation behind SENN is similar to STOME. SENN 
tends to remove more examples than the Tomek links does, so it 
is expected that it will provide a more in depth data cleaning. 
Differently from NCL which is an under-sampling method, 
ENN is used to remove examples from both classes. Thus, any 
example that is misclassified by its three nearest neighbors is 
removed from the training set. 

 

IV. EXPERIMENTS 

In this section, we first introduce the experiment dataset and 
the performance measures. Then, in order to investigate the 
performance of class imbalance learning methods, we perform 
some empirical experiments to find answers to the research 
questions mentioned above. 

A. Data set 

In this experiment, we employ 15 available and commonly 
used datasets which can be obtained from PROMISE. The 15 
datasets have the same 20 attributes, so we can apply all attribute 
information directly. Table 1 tabulates the details about the 
datasets. 

TABLE I.  DETAILS OF EXPERIMENT DATASET 

Project Examples %Defective Description 

ant 125 16 Open-source 

arc 234 11.5 Academic 

camel 339 3.8 Open-source 

elearn 64 7.8 Academic 

jedit 272 33.1 Open-source 

log4j 135 25.2 Open-source 

lucene 195 46.7 Open-source 

poi 237 59.5 Open-source 
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Project Examples %Defective Description 

prop 660 10 Proprietary 

redaktor 176 15.3 Academic 

synapse 157 10.2 Open-source 

systemdata 65 13.8 Open-source 

tomcat 858 9 Open-source 

xalan 723 15.2 Open-source 

xerces 162 47.5 Open-source 

 

B. Performance measures 

In the experiment, we employ three commonly used 
performance measures including pd, pf and g-measure. They are 
defined in Table 2 and summarized as follows. 

TABLE II.  PERFORMANCE MEASURES 

 Actual 

yes no 

Predicted yes TP FP 

no FN TN 

pd 𝑻𝑷

𝑻𝑷+ 𝑭𝑵
 

pf 𝑭𝑷

𝑭𝑷+ 𝑻𝑵
 

g-measure 𝟐 ∗ 𝒑𝒅 ∗ (𝟏 − 𝒑𝒇)

𝒑𝒅 + (𝟏 − 𝒑𝒇)
 

 

● Probability of detection or pd is the measure of defective 
modules that are correctly predicted within the defective class. 
The higher the pd, the fewer the false negative results. 

● Probability of false alarm or pf is the measure of non-
defective modules that are incorrectly predicted within the non-
defective class. Unlike pd, the lower the pf value, the better the 
results. 

●  g-measure is a trade-off measure that balances the 
performance between pd and pf. A good prediction model should 
have high pd and low pf, and thus leading to a high g-measure. 

C. Experimental Procedure 

 In every experiment, one dataset is selected as WC data and 
the rest are regarded as CC data to conduct the experiment. The 
CC data is considered as basic training data which will be 
adjusted in every experiment. All processing steps (data filter 
and data sampling) are done on CC data. Then processed CC 
data are used to build the CCDP model. Finally, the resulting 
model is evaluated on the WC data. The procedure will be 
repeated 30 times in every experiment to avoid sample bias. 
Then, the mean values of performance are calculated. 

 In this experiment, we choose three representative classifiers 
as the basic prediction model, Naive Bayes (NB), Random 
Forest (RF), and Logistic Regression (LR).The reason we 
choose these classifiers is that these classifiers fall into three 
different families of learning methods. NB is a probabilistic 
classifier; RF is a decision-tree classifier; and LR is a linear 
model for classification. 

D. Experimental results 

Fig. 1 presents the scatter plots of (PD, PF) points from the 
seven training methods on the ten SDP data sets. We can gain 
the following results from Fig. 1.  

Although CCDP models without involving any class 
imbalance learning algorithms appears to be better at PF than 
other class imbalance learning models, it has lowest PD value, 
which proves class imbalance learning should be applied to 
CCDP models. In terms of the defect detection rate (PD), NM 
outperforms other class imbalance learning models, which 
shows its effectiveness in finding defects. However, NM has 
relatively high PF value. In terms of the false alarm rate (PF), 
although SENN is the best, it performs not well in PD, which 
makes it hardly useful in practice.  

 

(a)NB 

 

(b)RF 

 

(c)LR 
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Fig. 1. Performances with Scatter plots of (PD, PF) points of the six class 

imbalacne learning methods and the CCDP model without class imbalance 
learning on the fifteen projects 

Table 3-5 also show the g-measure values for each project 
on all the methods. From the tables, we can find that CCDP 
models without involving any class imbalance learning 
algorithms perform the worst in g-measure, which proves that 
the class imbalance problem is a big challenge for CCDP. In 
terms of NB model, NM achieves the best average g-measure 
value among the 15 projects. In terms of RF, RUS achieves the 
best average g-measure value among the 15 projects. In terms of 
LG, ADASYN achieves the best average g-measure value 
among the 15 projects. RUS and NM are under-sampling 
techniques, which reduce the number of CC instances in the non-
defect class. We guess the reason under-sampling technique 
performs better is that it retains the defect-prone instances. 

TABLE III.  G-MEASURE PERFORMANCES WITH NAVIE BAYES 

Project None SMOTE ADASYN SENN STOME RUS NM 

ant 0.32 0.50 0.38 0.50 0.50 0.55 0.43 

arc 0.30 0.35 0.30 0.53 0.40 0.35 0.62 

camel 0.62 0.61 0.62 0.46 0.61 0.61 0.67 

elearn 0.00 0.00 0.00 0.33 0.00 0.00 0.67 

jedit 0.46 0.47 0.55 0.47 0.46 0.58 0.51 

log4j 0.25 0.37 0.25 0.34 0.37 0.37 0.62 

lucene 0.17 0.23 0.17 0.24 0.23 0.21 0.52 

poi 0.23 0.28 0.23 0.28 0.27 0.23 0.49 

prop 0.23 0.43 0.23 0.45 0.41 0.28 0.54 

redaktor 0.19 0.40 0.19 0.35 0.35 0.19 0.27 

synapse 0.59 0.68 0.53 0.69 0.68 0.39 0.38 

system 0.50 0.61 0.50 0.61 0.61 0.49 0.62 

tomcat 0.65 0.73 0.64 0.72 0.73 0.70 0.60 

xalan 0.64 0.65 0.63 0.65 0.65 0.63 0.50 

xerces 0.34 0.39 0.33 0.39 0.39 0.34 0.46 

AVG 0.37 0.45 0.37 0.47 0.44 0.39 0.53 

 

TABLE IV.  G-MEASURE PERFORMANCES WITH RANDOM FOREST 

Project None SMOTE ADASYN SENN STOME RUS NM 

ant 0.51 0.67 0.64 0.67 0.70 0.66 0.29 

arc 0.19 0.25 0.44 0.19 0.31 0.62 0.54 

camel 0.14 0.26 0.14 0.14 0.26 0.61 0.60 

elearn 0.00 0.00 0.00 0.00 0.00 0.33 0.73 

jedit 0.25 0.47 0.44 0.44 0.49 0.70 0.36 

log4j 0.11 0.41 0.37 0.37 0.48 0.73 0.51 

lucene 0.04 0.26 0.23 0.17 0.29 0.62 0.41 

poi 0.05 0.40 0.32 0.37 0.46 0.66 0.47 

prop 0.23 0.34 0.28 0.23 0.34 0.68 0.45 

redaktor 0.00 0.19 0.13 0.13 0.30 0.37 0.20 

synapse 0.39 0.67 0.64 0.60 0.61 0.72 0.31 

system 0.35 0.35 0.35 0.35 0.35 0.66 0.54 

tomcat 0.33 0.49 0.55 0.43 0.44 0.66 0.48 

xalan 0.54 0.63 0.64 0.58 0.62 0.63 0.46 

xerces 0.22 0.42 0.38 0.38 0.41 0.46 0.43 

AVG 0.20 0.39 0.37 0.34 0.40 0.56 0.45 

 

TABLE V.  G-MEASURE PERFORMANCES WITH LOGISTIC REGRESSION 

Project None SMOTE ADASYN SENN STOME RUS NM 

ant 0.26 0.74 0.75 0.77 0.76 0.76 0.39 

arc 0.13 0.52 0.55 0.48 0.52 0.51 0.62 

camel 0.00 0.52 0.64 0.36 0.53 0.69 0.68 

elearn 0.00 0.56 0.56 0.33 0.56 0.32 0.73 

Project None SMOTE ADASYN SENN STOME RUS NM 

jedit 0.25 0.70 0.67 0.69 0.69 0.69 0.47 

log4j 0.11 0.62 0.65 0.58 0.63 0.65 0.57 

lucene 0.10 0.59 0.58 0.48 0.56 0.56 0.51 

poi 0.08 0.67 0.63 0.57 0.66 0.67 0.49 

prop 0.11 0.63 0.64 0.49 0.63 0.61 0.50 

redaktor 0.00 0.66 0.65 0.65 0.66 0.48 0.29 

synapse 0.11 0.76 0.74 0.64 0.73 0.72 0.44 

system 0.19 0.75 0.73 0.66 0.75 0.72 0.61 

tomcat 0.37 0.59 0.68 0.58 0.58 0.67 0.57 

xalan 0.59 0.62 0.59 0.62 0.62 0.61 0.51 

xerces 0.26 0.41 0.39 0.37 0.40 0.39 0.45 

AVG 0.17 0.62 0.63 0.55 0.62 0.60 0.52 
 

RQ1 Summary. According to the experiment results in 
Table 3-5, we conclude that these class imbalance learning 
algorithms can yield better prediction results than CCDP 
models without involving any class imbalance learning 
algorithms. 

 

RQ2 Summary. According to the experiment results in 
Table 3-5, the above observations show that the 
effectiveness of these class imbalance learning methods 
exhibits significant differences on the performance of 
CCDP. Among the three types of imbalance learning 
methods, under-sampling technique is the winner according 

to g-measure. 

 

V. THREATS TO VALIDITY 

In this section, we discuss several validity threats that may 
have an impact on the results of our studies. 

A. External validity  

Threats to external validity occur when the results of our 
experiments cannot be generalized. As a preliminary result, we 
performed our experiments on the 15 datasets to answer the 
research questions. Although these datasets have been widely 
used in many software defect prediction studies, we still cannot 
claim that our conclusions can be generalized to other software 
projects. Nevertheless, this work provides a detail experimental 
description, including parameter settings (default parameter 
settings specified by sklearn), thus other researchers can easily 
replicate our method on new datasets. 

B. Internal validity  

 In our study, we repeat 30 times to avoid sample bias, and 
calculate average results to verify the performance of all test 
methods. In this work, we only use three classifiers, Naive Bayes 
(NB), Random Forest (RF), and Logistic Regression (LR) due 
to its popularity in defect prediction. 

C. Construct validity  

In our experiments, we mainly use pd, pf, g-measure to 
measure the effectiveness of the proposed method. Nevertheless, 
other evaluation measures such as AUC measure can also be 
considered. 
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VI. CONCLUSION AND FUTURE WORK 

The cross-company defect prediction is an interest problem 
in the field of software engineer. The class imbalance problem 
of defect datasets usually makes it difficult to build a CCDP 
model with high performance. In this paper, we address the issue 
how class imbalance learning methods can contribute to CCDP. 
We conduct a larger scale empirical study to investigate the 
impact of 6 class imbalance learning methods on the CCDP 
performance. We conduct experiments on the 15 datasets to 
evaluate the performance of the methods. The experimental 
results indicate that under-sampling technique is the winner 
according to g-measure among the three types of imbalance 
learning methods. 

 In the future, we would like to validate the generalization of 
our conclusion on more company data. In addition, we plan to 
apply our method to more real-life systems [30-31] to predict the 
defective module.  
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Abstract—Bug triage is a process where bugs are assigned to 
developers. In large open source projects such as Mozilla and 
Eclipse, bug triage is time-consuming because numerous bugs are 
submitted everyday. To improve bug triage, many studies have 
proposed automatic approaches to recommend proper developers 
for resolving bugs. These approaches are based on machine 
learning algorithms, which treat bug triage like text classification. 
Although they are effective, the accuracy of them can be further 
improved. Our goal is to propose a method not only has good 
performance but also is simple. We propose a method based on 
relevant search technique to recommend developers for the given 
bugs. First, we construct an index for bugs to make them 
searchable. Then, for a given bug to be assigned, we utilize the 
index to search for the bugs related to it. Finally, we analyze these 
related bugs and recommend developers based on them. We 
conduct experiments on bugs of Mozilla and Eclipse to evaluate 
our method. The results indicate that our method has a good 
performance and outperforms machine learning algorithms like 
Naïve Bayes and SVM. 

Keywords—bug triage; bug report assignment; issue tracking; 
problem tracking 

I.  INTRODUCTION 

In software maintenance, bug resolution plays an important 
role. To effectively manage bugs and coordinate efforts, large 
open source projects often incorporate bug tracking systems. 
Bugzilla is a typical example of bug tracking systems, which 
proposed by Mozilla and adopted by many famous open source 
projects like Eclipse. Bugs in bug tracking systems are 
represented by bug reports, which are documents with many 
fields to record information about the corresponding bugs. The 
developers in projects depend on the bug reports to manage bugs 
and exchange opinions. 

Figure 1 shows an Eclipse bug report. It has freeform text 
such as summary and description, which demonstrate what the 
bug is about and the steps to reproduce the bug. It has some 
category fields such as product and component. This bug 
belongs to product JDT and component UI. If a bug has been 
assigned to a developer like this one, the field named assigned 
to would refer to the developer. In this case, the developer is 
Claude Knaus. Besides, status field indicates the stage of the bug 
in the life-cycle of bug reports. When a bug report is submitted, 
its status is UNCONFIRMED. The status changes to NEW after 
a developer verify it. The same developer is often responsible 
for finding an appropriate developer to fix the bug. After that, 

the status changes to ASSIGNED. If the bug has been fixed and 
been verified, its status changes to RESOLVED and VERIFIED 
or CLOSED respectively. The resolution of a bug in status field 
could be any among FIXED, DUPLICATE, WORKFORME, 
WONTFIX, INVALID. For example, the status in Figure 1 is 
VERIFIED FIXED. 

The process where a developer determine which developer 
is most appropriate to a bug and assigned it to the developer is 
called bug triage. If a bug is assigned to an improper developer, 
it leads to the bug re-assignment. The probability of a bug been 
fixed decreases as the number of re-assignment increases [3]. As 
the open source projects become more complicated, the number 
of bug reports submitted everyday constantly increase. It is 
inefficient that all bug reports are manually assigned. The 
software development is delayed by the inefficacy. Besides, it 
gives users an impression that developers are unresponsive and 
disregard the users’ bug reports. This terrible impression will 
destroy the project’s community [1]. To improve the efficiency 
of bug triage, several studies have proposed automatic methods 
to recommend appropriate developers for any given bug [1] [2]. 
These methods are based on machine learning algorithms. They 
treat bug triage as text classification. Although the methods are 
effective, the accuracy of them can be further improved. 

In this paper, we propose a method utilizing relevant search 
technique. Our method essentially builds a search application for 
bug reports. With this search application, we can find relevant 
bug reports for a given bug then analyze them to get the 
corresponding developers. To make the bug reports searchable, 
we first construct an index for them. Given a new bug, we build 

DOI reference number: 10.18293/SEKE2017-041

Product: JDT Component: UI 

Version: 2.0 Platform: PC Windows 2000 

Severity: normal Priority: P3 

Status: VERIFIED FIXED 

Assigned to: Claude Knaus  

Summary: Template - pressing new presents an error 

Description: go to Preferences->Java->Templates - press 
the new button - you get an error saying that the template 
name must not be null. This is annoying since I didn't have 
the change to specify one. 

Figure 1.  Bug Report #4353 of Eclipse 
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a query based on its summary and description and narrow the 
search scope with its product and component. Based on the 
search results, we use their relevance scores to rank developers 
corresponded to the search results of bug reports. The developers 
in top rank are recommended for the given bug. Lucene is used 
to implement the search application. 

This paper makes two contributions: 

1.It proposes a new relevant search based method to 
recommend developers for bug triage. 

2.It conducts experiments to evaluate the approach on two 
datasets: Eclipse and Mozilla. 

The remainder of the paper is organized as follows. Section 
2 demonstrates our approach. Section 3 presents the experiment 
results. Section 4 discusses our method. Section 5 describes 
related work. Section 6 concludes this paper. 

II. APPROACH 

Figure 2 shows our overall framework of bug triage. The 
framework consists of five steps. It first extracts necessary 
information such as summary, description, product and 
component from the original bug reports in step 1. Then it 
indexes the extracted information in step 2. When we need to 
recommend developers for a new bug report, it first executes the 
same information extraction and indexing steps like step 1 and 
step 2 but just for the given report in step 3 and step 4. Then it 
searches for the similar bug reports in step 5. Last it uses the 
searching results to rank the developers and generates a list of 
them as the recommendation in step 6.  

A. Data Preprocessing 

The original bug reports have much information that our 
method does not need. We extracted the necessary information 
for our method: summary, description, product, component, 
fixer. Because summary and description are unstructured text, to 
eliminate data noise, we remove stop words and pure numbers, 
which do not contain useful information representing the bug 
reports, then stem them by using Porter stemmer. We join the 
summary and the description together as content after all. 

B. Indexing 

To make the searching process possible, we first indexing 
bug reports. In the process of indexing bug reports, they are 
treated as documents consisting of fields. Specifically, a bug 
report is a document having fields like content, product, 
component. Moreover, the original texts of bug reports are 
tokenized to terms and transformed to a data structure called 
inverted index. An inverted index is a sorted list of terms. Each 
term is associated with pointers linked to documents containing 
the term. Because the inverted index is sorted and have the 
pointers for each term, it is efficient for locating a term in the 
inverted index and finding which documents have the term. It 
likes the index of books. If we are interested in a subject of a 
book, we can directly look for the terms about the subject in the 
index, and go to the related pages without scan through the entire 
book. 

C. Searching 

Given a bug to be assigned, we first index it, then construct 
a query based on its content. Besides, we use its component and 
product to narrow the searching scope for reducing the noise. At 
first, we only consider bugs have same component and product 
as the current bug. If the bug is the first one in its component and 
product, there are no search results. In this situation, we consider 
bugs only have the same product. If the bug even is the first one 
in its product, there are still no search results. Finally, to ensure 
results exist, we search for related bugs no matter what their 
component and product are. 

The searching results are returned with scores, which 
represent the relevance between the current bug and others. For 
consistent with the relevant search context, we use query � and 
document �� denote the current bug and one bug of the results 
respectively. The formula below is used to compute these scores.  

�����(�, ��) = �����(�, ��)×���������(�)×

� ���(� �� ��)×���(�)�×�. ��������×����(�, ��)�

� �� �

(1) 

In the Equation 1, ��(� �� ��)  stands for the term’s 
frequency, defined as the number of times term t appears in the 
current document �� . ���(�)  stands for inverse document 
frequency. This value correlates to the inverse of �������(the 
number of documents in which the term t appears). 

�����(�, ��) is a score factor based on how many of the 
query terms are found in the specified document. 

���������(�)  is computed as Equation 2, which is a 
normalizing factor used to make scores between queries 
comparable. However, this factor does not affect document 
ranking, since all ranked documents returned by one query are 
multiplied by the same factor. 

���������(�) =
1

���. ���������× ∑ (���(�)×�. ��������)�
� �� � �

(2)
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Figure 2.  Framework of Our Method 
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In the Equation 1 and 2, �. �������� is the weight of term � 
which is specified in the query. It can be changed to make some 
term more important than others. However, we treat all terms 
equal and did not change the weight. �. �������� is the weight 
of query �, which is used to control the importance of queries 
and we did not change it too. 

����(�, ��) = �����ℎ����× � �. �����

����� � �� � ����� �� �

(3) 

����(�, ��)  is computed as Equation 3. �. �����  is the 
weight of the field �, which play the same role as the two boost 
before. We did not change it neither. �����ℎ���� is a factor 
in accordance with the number of tokens in a field, shorter fields 
contribute more to the score. 

D. Ranking 

After searching, a bunch of related bugs ranked by the scores 
is returned. Assuming the �����(�, ��) and �������� represent 
the score of �th bug and the max score of all results respectively, 
we normalize the scores according to the Equation 4, which 
results in normalized scores within the range of [0, 1].  

���������(�, ��) = �����(�, ��) ÷ �������� (4) 

Because each bug in the results corresponds to a developer 
who fixed it. After analyzing searching results, we can get a set 
of developers. Assuming �  denotes the set, ����  denotes the 
score of the �th developer in � and �� denotes the set of bugs in 
searching results which are assigned to the �th developer, we 
computed the ����  as in the Equation 5. 

���� = � ���������(�, ��)

�� �� ��

(5) 

After computing the scores of the developers in �, we rank 
them by their scores. The top developers in the rank are 
recommended for the bug to be assigned. 

III. EXPERIMENTS AND RESULTS 

A. Dataset 

We evaluated our methods on two datasets from two open 
source software: Eclipse and Mozilla. All data were collected 
from the websites of their bug tracking systems. For Eclipse, we 
collected bug reports from 2001-10-11 to 2007-12-14. We drop 
bug reports before the bug whose id is 4354 because their 
descriptions are discussions among developers, which are not 
actual descriptions added when the bug reports are created. 
Besides, these bug reports were submitted in a very short time, 
which indicates they were migrated from other bug tracking 
system. For Mozilla, we collected bug reports from 1998-04-07 
to 2008-08-11. We retained bug reports with status CLOSED 
and FIXED as prior studies did [2], [3], [6], [9].  

We extracted bug fixers by checking the “assigned to” fields 
in the bug reports following previous studies. However, the 
“assigned to” fields in many bug reports are set to generic names 
which do not correspond to real people [19]. In Eclipse, bug 
reports are assigned to generic names like “JDT-UI-Inbox”, 
“JDT-Text-Inbox”, “JDT-Core-Inbox”. In Mozilla, bug reports 
are assigned to “nobody”. Because these generic names do not 

represent real developers, we do not recommend them and 
exclude bug reports whose fixers are among them from the data. 
Then to reduce noise, bug reports whose fixers appear less than 
ten times are excluded [19].  

After above steps, 91251 bug reports, 650 fixers, 72 products 
and 450 components are left in Eclipse dataset, while 100964 
bug reports, 777 fixers, 59 products and 492 components are left 
in Mozilla dataset. 

To make our experiments are more like the situation in 
practice, we adopt the longitudinal data setup in [9] [19]. We 
perform a 10-round incremental analysis on the two project 
datasets. The bug reports extracted from the two projects are first 
sorted in chronological order of creation time and then divided 
into 11 equally-size folds. We form 10 rounds evaluation with 
the 11 folds. First, in round 0, we create an index using bug 
reports in fold 0, and we update the index and evaluate our 
method using the first bug, and then update the index and 
evaluate our method using the second bug report, and so on for 
all bug reports in fold 1. Then, in round 1, we proceed in a similar 
way like fold 1 to test using bug reports in fold 2, and so on. 
After round 10, we compute the average evaluation metric 
among all rounds. 

  To make our results comparable, we choose a metric called 
Recall@K used in many prior studies [5] [19]. Recall@K is the 
proportion of bugs whose associated developers is ranked in the 
top k (k = 1, 3, 5) of the returned results. Given a bug report, if 
the top k results contain the developer who fixed the bug, we 
consider the developer is located. So Recall@K of all test bugs 
equal to the proportion of how many recommendations contain 
the actual fixer. 

B. Research Questions 

In this paper, we are interested in the following research 
questions: 

RQ1: How is our method effective compared with other 
baselines? 

 To answer the question, we compare our method with the 
existing machine learning based developer recommendation 
methods, such as those based on Naïve Bayes and SVM [1], [2], 
[12]. We use the scikit-learn package to implementation Naïve 
Bayes and SVM respectively. 

RQ2: How does the performance of our method change 
with the recommendation list increase? 

  To answer this question, we evaluated our method varying 
different recommendation list size from 1 to 10. We can see the 
trends after drawing the evaluated results. 

  Meanwhile, we used coverage rate to measure the best 
score our method can reach. The coverage rate is computed like 
Recall@K, but it considers all developers instead of Top K 
developers. So it gives the upper bound for our method. Because 
only if there exist the actual fixers in the search results, our 
method has the chance to pick them out, which means Recall@K 
is always smaller than or equal to the coverage rate. 

RQ3: How does product and component information 
influence the effectiveness of our method? 
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  To figure out the influence of the product and component 
combinations over our method, we compare the results between 
our method with and without narrowing the search scope using 
the product and component information.  

C. Results 

RQ1: How is our method effective compared with other 
baselines? 

  Table I compares the performance of our method with 
baselines in terms of Recall@1, Recall@3, and Recall@5. For 
Eclipse, our method achieves average Recall@1 value 0.438, 
which means that for 43.8% bugs, it successfully recommends 
their associated developers as top 1. The Recall@5 value is 
0.841, which means that for 73.85% bugs, their developers can 

be found in the top 5 return results. For Mozilla, our method 
achieves Recall@1 and Recall@5 values 0.333 and 0.634, 
respectively. It obtains better results than the conventional 
machine learning based recommendation methods. Comparing 
with Naïve Bayes, the results of our method are 116% ~ 194% 
better. Comparing with SVM, the results of our method are 22% 
~ 49% better. 

RQ2: How does the performance of our method change 
with the recommendation list increase? 

  Figures 3, 4 present the values from Recall@1 to 
Recall@10 of our method with coverage rate for Eclipse and 
Mozilla respectively. We notice that Recall@K values increase 
along with K values increasing and tend to be stable finally. The 
Recall@K values are close to the coverage rate from Recall@8, 
which means the actual fixers are in the Top 8 list already and 
increasing size of recommendation list is almost useless. 

RQ3: How does product and component information 
influence the effectiveness of our method? 

TABLE I.  EVALUATION RESULTS OF TWO PROJECTS 

Project Rank SVM Naïve Bayes Our Method 

Eclipse 
Top1 0.307 0.186 0.438 
Top3 0.518 0.258 0.725 
Top5 0.613 0.286 0.841 

Mozilla 
Top1 0.223 0.147 0.333 
Top3 0.426 0.227 0.551 
Top5 0.518 0.293 0.634 

 

 
Figure 3.  Recall@K and Coverage Rate of Mozilla 
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Figure 4.  Recall@K and Coverage Rate of Eclipse 
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Figure 5.  Recall@K with and without Feature of Mozilla 
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Figure 6.  Recall@K with and without Feature of Eclipse 
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TABLE II.  COVERAGE RATE OF TWO PROJECTS 

Project metric without feature with feature 
Eclipse Coverage rate 0.907 0.953 
Mozilla Coverage rate 0.821 0.795 
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  Table Ⅱ presents the coverage rate of our method with and 
without product and component information for Eclipse and 
Mozilla. Note that the coverage rates are similar for both projects, 
which indicates our method has similar chance to pick out the 
actual fixer despite with or without narrowing the search scope. 

  Figures 5, 6 presents the values of Recall@1 to Recall@10 
of our method with and without features. By narrowing the 
search scope with product and component information, the 
Recall@K values increase for both Eclipse and Mozilla. The 
relative improvements range from 41% to 80% for Mozilla and 
from 38% to 84% for Eclipse. 

IV. DISCUSSION 

A. Advantages 

In essence, our method is based on relevant search technique, 
while the machine learning based methods treat bug triage like a 
text classification task. 

Machine learning based methods regard each developer as a 
class and each bug report as a document. If the number of classes 
is small, these methods are effective enough. However, when the 
number of classes increases to hundreds or even thousands, it is 
hard to design an accurate and efficient classifier [5]. 

Our method adopts relevant search technique to construct a 
search engine for bug reports. It utilizes the search results with 
the relevance scores to get a ranked recommendation list. 
Besides, to reduce the noise, it uses the component and product 
information of bug reports to narrow the search scope, which 
significantly improves the performance. Because our method 
only need add new bug reports to index for updating, and 
searching in the index is fast. It is easily extensible and able to 
deal with large-scale data using our method.  

B. Limitations 

Our method essentially has some limitations. In some cases, 
it will fail to recommend the actual developer due to the practice 
in bug triage. 

First, if a bug is fixed by a new developer within its search 
scope, our method cannot recommend the right developer. 
Because the fixer does not correspond to any bug in the search 
scope, our method only recommends developers who have fixed 
at least one bug before. Besides, some developers may have 
fixed many bugs relevant to a bug. However, at the time of bug 
triage, they are not free for some reasons, so the bug is assigned 
to another less relevant developer [5]. 

C. Threats to Validity 

Internal validity is an estimate of the degree to which a causal 
conclusion based on a study can be made. To improve the 
internal validity, we preprocess our datasets following previous 
studies [9] [19]. We only collected bug reports with status 
CLOSED and FIXED to ensure the bug reports are related to 
bugs and have been fixed. To determine the fixer of a bug, we 
examine the “assigned to” field of the bug report. However, 
other studies chose another way to determine fixers. They 
proposed a heuristic approach to extracted the fixers [1] [2]. We 
do not adopt their heuristics because recent studies do not follow 

them. Besides, we exclude the bug reports whose “assigned to” 
fields are generic names or appear less than 10 times to reduce 
the noise. 

  External validity is an estimate of the degree to which our 
experiment results can be generalized. Although we have 
analyzed 91251 and 100964 bug reports from Eclipse and 
Mozilla, our method may not appropriate to other projects. To 
improve external validity, we plan to experiment our method on 
more new bug reports from more projects in the future. 

  Construct validity is an estimate of the degree to which 
metrics can be trusted. To determine the effectiveness of our 
method, we need check the actual fixer is whether in the 
recommendation list or not. Recall@K is a proper metric for this 
purpose. It also has been adopted by many prior bug triage 
studies [5] [19]. 

V. RELATED WORK 

According to the different techniques used to automatic bug 
triage, Tao Zhang et al. [4] classify the prior studies into five 
categories: machine learning-based approach, expertise model-
based approach, tossing graph-based approach, social network-
based approach and topic model-based approach. 

  As a pioneering study, Cubranic et al. [1] regard bug triage 
as a text categorization problem. In their work, each assignee 
was considered to be a single class, and each bug report was 
assigned to only one class. Anvik et al. [2][12] experimented 
several different machine-learning algorithms including Naïve 
Bayes, SVM, C4.5 to recommend a list of appropriate 
developers for fixing a new bug. The experiment results show 
SVM performed better than others on their datasets. Ahsan et al. 
[15] use feature selection and Latent Sematic Indexing [16] to 
reduce the dimensionality of the term-to-document matrix. Their 
results showed the bug triage system combined LSI and SVM 
has the best performance. Xuan et al. [13] proposed a semi-
supervised text classification method, which utilizing 
expectation-maximization based on both labeled and unlabeled 
data to enhance Naïve Bayes classifier. To remove the noisy data, 
Zou et al. [18] adopted feature selection. Their results showed 
that feature selection could improve the performance using 
Naïve Bayes by up to 5%. Xia et al. [14] proposed a method 
using a composite model called DevRec, which combined bug 
reports-based and developers-based analysis. 

  Jeong et al. [3] proposed a tossing graph model to capture 
bug tossing history and use this model to improve bug triaging 
prediction accuracy. Their experiments demonstrated the tossing 
graph model could improve the accuracy of automatic bug triage 
using machine-learning algorithms such as Naïve Bayes and 
Bayesian Network [17] only. Bhattacharya et al. [6][7] improved 
the accuracy of bug triage by utilizing a multi-feature tossing 
graph and increment learning.  

Matter et al.[8] modeled developers’ expertise using the 
vocabularies found in their source code files and compare them 
to the terms appearing in corresponding bug reports. Tamrawi et 
al. [9] proposed Bugzie, an automatic bug triaging tool based on 
fuzzy set and cache-based modeling of the bug-fixing expertise 
of developers.  Xuan et al. [10] achieved developer prioritization 
via social network analysis to improve the performance of 

127



automatic bug triage using SVM or Naïve Bayes only. Hao Hu 
et al. [5] utilized the historical bug-fix information to constructed 
a network to captures the knowledge of “who fixed what, where”. 
They use the network to recommend suitable developers. 

  Naguib et al. [11] adopted LDA to cluster the bug reports 
into topics. Then they created the activity profile for each 
developer of the bug tracking repository by mining history logs 
and bug report topic models. An activity profile consists of two 
parts, including developer’s role and developer’s topic 
associations. By utilizing activity profile and a new bug’s topic 
model., they proposed a ranking algorithm to find the most 
appropriate developer to fix the given bug. Xin Xia et al. [19] 
proposed a specialized topic modeling named MTM which 
extends LDA by considering product and component of 
information of bug reports. They used MTM to get the topic 
distribution of a new bug report to assign an appropriate fixer 
based on the affinity of the fixer to the topics. 

Regarding relevant search, Zhou et al. [20] utilized indexing 
and searching to recommend tags for software information sites. 

VI. CONCLUSION 

Bug triage is a time-consuming process if all bugs are 
manually assigned to developers in large open source projects. 
In this paper, we proposed a method based on relevant search 
technique. To improve efficiency and effectiveness of bug triage, 
our method recommends developers for bugs to be assigned. 
Besides, we utilized component and product information of bug 
reports to improve the performance of our method further. We 
have evaluated our method on bug reports of Eclipse and Mozilla.  
For Eclipse, our method achieved 43.8% and 84.1% accuracies 
when recommending 1 and 5 developers. For Mozilla, the 
accuracies are 33.3% and 63.4% for recommending 1 and 5 
developers. All of the results of our method outperforms the 
SVM and Naïve Bayes method. 

With the advent of big data era [21][22], in future work, we 
plan to incorporate bug tossing graphs into our method to 
introduce more relevant developers in the top of 
recommendation. Also, we plan to utilize more features of bug 
reports to improve the performance further. 

ACKNOWLEDGEMENT 

This work is partly supported by National Natural Science 
Foundation of China (NSFC) (grant No. 61572374, 
U163620068, U1135005), the Academic Team Building Plan 
from Wuhan University and National Science Foundation (NSF) 
(grant No. DGE-1522883). 

REFERENCES 

[1] Murphy G, Cubranic D. Automatic bug triage using text categorization. 
InProceedings of the Sixteenth International Conference on Software 
Engineering & Knowledge Engineering 2004. 

[2] Anvik J, Hiew L, Murphy GC. Who should fix this bug?. InProceedings 
of the 28th international conference on Software engineering 2006 May 
28 (pp. 361-370). ACM. 

[3] Jeong G, Kim S, Zimmermann T. Improving bug triage with bug tossing 
graphs. InProceedings of the the 7th joint meeting of the European 
software engineering conference and the ACM SIGSOFT symposium on 

The foundations of software engineering 2009 Aug 24 (pp. 111-120). 
ACM. 

[4] Zhang T, Jiang H, Luo X, Chan AT. A Literature Review of Research in 
Bug Resolution: Tasks, Challenges and Future Directions. The Computer 
Journal. 2016 May 1;59(5):741-73. 

[5] Hu H, Zhang H, Xuan J, Sun W. Effective bug triage based on historical 
bug-fix information. InSoftware Reliability Engineering (ISSRE), 2014 
IEEE 25th International Symposium on 2014 Nov 3 (pp. 122-132). IEEE. 

[6] Bhattacharya P, Neamtiu I. Fine-grained incremental learning and multi-
feature tossing graphs to improve bug triaging. InSoftware Maintenance 
(ICSM), 2010 IEEE International Conference on 2010 Sep 12 (pp. 1-10). 
IEEE. 

[7] Bhattacharya P, Neamtiu I, Shelton CR. Automated, highly-accurate, bug 
assignment using machine learning and tossing graphs. Journal of 
Systems and Software. 2012 Oct 31;85(10):2275-92. 

[8] Matter D, Kuhn A, Nierstrasz O. Assigning bug reports using a 
vocabulary-based expertise model of developers. InMining Software 
Repositories, 2009. MSR'09. 6th IEEE International Working Conference 
on 2009 May 16 (pp. 131-140). IEEE. 

[9] Tamrawi A, Nguyen TT, Al-Kofahi JM, Nguyen TN. Fuzzy set and cache-
based approach for bug triaging. InProceedings of the 19th ACM 
SIGSOFT symposium and the 13th European conference on Foundations 
of software engineering 2011 Sep 5 (pp. 365-375). ACM. 

[10] Xuan J, Jiang H, Ren Z, Zou W. Developer prioritization in bug 
repositories. InSoftware Engineering (ICSE), 2012 34th International 
Conference on 2012 Jun 2 (pp. 25-35). IEEE. 

[11] Naguib H, Narayan N, Brügge B, Helal D. Bug report assignee 
recommendation using activity profiles. InMining Software Repositories 
(MSR), 2013 10th IEEE Working Conference on 2013 May 18 (pp. 22-
30). IEEE. 

[12] Anvik J, Murphy GC. Reducing the effort of bug report triage: 
Recommenders for development-oriented decisions. ACM Transactions 
on Software Engineering and Methodology (TOSEM). 2011 Aug 
1;20(3):10. 

[13] Xuan J, Jiang H, Ren Z, Yan J, Luo Z. Automatic Bug Triage using Semi-
Supervised Text Classification. InSEKE 2010 Jul (pp. 209-214). 

[14] Xia X, Lo D, Wang X, Zhou B. Accurate developer recommendation for 
bug resolution. InReverse engineering (WCRE), 2013 20th working 
conference on 2013 Oct 14 (pp. 72-81). IEEE. 

[15] Ahsan SN, Ferzund J, Wotawa F. Automatic software bug triage system 
(bts) based on latent semantic indexing and support vector machine. 
InSoftware Engineering Advances, 2009. ICSEA'09. Fourth International 
Conference on 2009 Sep 20 (pp. 216-221). IEEE. 

[16] Hofmann T. Probabilistic latent semantic indexing. InProceedings of the 
22nd annual international ACM SIGIR conference on Research and 
development in information retrieval 1999 Aug 1 (pp. 50-57). ACM. 

[17] Friedman N, Nachman I, Peér D. Learning bayesian network structure 
from massive datasets: the «sparse candidate «algorithm. InProceedings 
of the Fifteenth conference on Uncertainty in artificial intelligence 1999 
Jul 30 (pp. 206-215). Morgan Kaufmann Publishers Inc.. 

[18] Zou W, Hu Y, Xuan J, Jiang H. Towards training set reduction for bug 
triage. InComputer Software and Applications Conference (COMPSAC), 
2011 IEEE 35th Annual 2011 Jul 18 (pp. 576-581). IEEE. 

[19] Xin Xia, David Lo, Ying Ding, Jafar M. Al-Kofahi, Tien N. Nguyen, and 
Xinyu Wang. Improving Automated Bug Triaging with Specialized Topic 
Model. IEEE Transactions on Software Engineering (TSE), IEEE CS, 
2016. in press 

[20] Zhou P, Liu J, Yang Z, Zhou G. Scalable Tag Recommendation for 
Software Information Sites. InThe 24th IEEE International Conference on 
Software Analysis, Evolution, and Reengineering (SANER) 2017 Feb 20. 

[21] Xu, Z., Liu, Y., Mei, L., Hu, C. and Chen, L., 2015. Semantic based 
representing and organizing surveillance big data using video structural 
description technology. Journal of Systems and Software, 102, pp.217-
225. 

[22] Liu, J., Yu, X., Xu, Z., Choo, K.K.R., Hong, L. and Cui, X., 2016. A 
cloud‐based taxi trace mining framework for smart city. Software: 
Practice and Experience. 

 

128



DOI reference number: 10.18293/SEKE2017-120 

 

Concurrent Call Level Interfaces 
Based on an Embedded Thread Safe Local Memory Structure

Óscar Mortágua Pereira 

Instituto de Telecomunicações 

DETI – University of Aveiro 

Aveiro, Portugal 

omp@ua.pt 

Rui L. Aguiar 

Instituto de Telecomunicações 

DETI – University of Aveiro 

Aveiro, Portugal 

ruilaa@ua.pt
 

Abstract—Performance is traditionally considered one of 
the most significant concerns in intensive database 

applications. Several architectural tactics may be taken to 

minimize the possibility of coming across with any 

performance bottleneck. One of them is the usage of Call Level 

Interfaces (CLI). CLI are low level API that provide a high 
performance environment to execute SQL statements on 

relational and also on some NoSQL database servers. In spite 

of this, CLI are not thread safe, this way preventing distinct 

threads from sharing datasets retrieved from databases 

through Select statements.  Thus, in situations where two or 
more threads need to access datasets retrieved from the same 

Select statement, there is no other alternative than providing 

each thread with its own dataset, this way consuming 

important computational resources.  In this paper we propose 

a new design for CLI to overcome the aforementioned 
drawback. Unlike current implementations of CLI, now they 

are natively thread-safe. The implementation herein presented 

is based on a thread safe updatable local memory structure 

where data retrieved from databases is kept.  A proof of 

concept based on Java Database Connectivity type 4 (JDBC) 
for SQL Server 2008 is presented and also a performance 

assessment. 

Keywords— call level interfaces, concurrency, performance, 

databases, middleware, software architecture. 

I.INTRODUCTION 

Database applications comprise at least two main 
components: database components and application 

components.  In our context, application components are 
developed in the object-oriented paradigm and database 

components rely on the relational paradigm. The two 
paradigms are simply too different to be bridged seamlessly 

leading to difficult ies informally known as impedance 

mismatch [1]. The diverse foundations of both paradigms are 
a major hindrance for their integration, being an open 

challenge for more than 50 years [2]. These challenges are 
especially noticeable in environments where code production 

is under strict development deadlines and where code 
development efficiency is a major concern. In order to 

overcome the impedance mismatch issue, several solutions 
have emerged [1][2][3][4][5][6]. Despite their individual 

advantages, these solutions have not been developed to 

address situations where users need to implement concurrent 
mechanisms over the in-memory data structures returned by 

Select statements. As generally accepted, performance is one 

of the most challenging non-functional software 
requirements in database applications. Here, Call Level 

Interfaces (CLI) have to be considered as a promising 
alternative [2]. CLI are programming API aimed at easing 

the integration of client software components with database 

components. They use native SQL statements, this way 
promoting the SQL expressiveness and the SQL 

performance. Nevertheless, CLI do not provide some of the 
most well-known and common features to improve system 

performance, being concurrency the most paradigmatic case. 
We cannot forget that the speed of data creation and data 

storage increases every passing day, which is followed by an 
increased need of power computation to process it. Very 

often, part of the increased need of power computation 

derives from the incapacity of current systems to share 
resources that have already been become available. For 

example, let us consider a Select statement that retrieves a 
dataset from a database, which is kept in local memory 

structures (LMS): ResultSet [7] and RecordSet [8]  are 
examples of LMS for JDBC and ODBC, respectively. 

Probably, the data contained in LMS could be made 

available and shared concurrently to several consumers 
(threads). This possibility would eliminate the need to 

retrieve and duplicate the same datasets over and over again 
for each thread (in different LMS instances). To achieve this 

goal, the access to LMS needs to be thread-safe to avoid 
unwanted conflicts. Unfortunately, current tools used to 

develop business logics are not thread-safe. They were 

mainly designed to minimize the impedance mis match 
between the object-oriented and the relational paradigms. 

Among those options, CLI are considered the best option 
whenever performance is a non-functional key requirement 

[9]. For this reason, CLI were chosen to design a thread-safe 
API to be used on the building process of business logics. 

The proposal herein presented is based on a modification on 
the native internal LMS structure in order to make it natively 

thread-safe. This means that CLI are now implemented with 

embedded concurrent mechanisms, in opposite to [10][11]. A 
proof of concept based on Java Database Connectivity type 4 

(JDBC) is presented. A performance assessment is also 
conducted in order to evaluate the performance of both 

architectures.  

The remainder of this paper is organized as follows: 

chapter II presents the motivation for this research, chapter 

III describes the current state of the art, chapter IV presents 
the required background to keep this paper as self-contained 
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as possible, chapter V presents the proposal for thread-safe 

CLI, chapter VI presents a performance assessment and, 
finally, chapter VII presents the final conclusion. 

II. MOTIVATION 

In this section we present the limitations of current CLI 

and the goal we want to achieve. The presentation is based 
on simple examples to avoid any discomfort of readers less 

knowledgeable about CLI. 

The scenario to be addressed comprises situations where 
there is the need to concurrently share access to datasets 

retrieved by Select statements. These datasets are managed 
by LMS. The access to data contained by LMS is row and 

attribute oriented. This means that at any given moment just 
one row may be selected and, then, the access to data is 

processed by selecting one attribute at time. After being 
processed, another row may be selected and the process 

continues. If no other control is implemented, this context is 

not compatible with mult i-thread environments. Listing 1 
depicts a situation where two threads are using the same 

LMS instance (lms). Regarding thread A, it scrolls to the 
next row and then it reads the first attribute. Thread B moves 

to row number 10 and then it reads the third attribute. In 
preemptive multitasking [12] environments, these two 

threads may enter in a conflict state. Suppose that Thread A 

is the running and it scrolls  to line 5. If Thread B becomes 
the running thread, it will move to row 10, it reads the 

attribute number 3 and then voluntarily it suspends itself. 
When thread A is resumed, it will read the attribute number 

1, not from row 5 as initially expected but wrongly from row 
10. CLI do not provide any feature to prevent this from 

happening. To overcome this situation, an initial approach 

has been already proposed to overcome this CLI drawback, 
which it  is based on a wrapper that hides the functionalities 

of CLI and exposes thread safe services [10][11]. 

// Thread A 

1 lms.moveNextRow(); 

2 id=lms.read(1); 

3 … 

// Thread B 

1 lms.moveToRow(10); 

2 name=lms.read(3); 

3 thread.suspend(); 

4 … 

Listing 1. Two threads accessing the same LMS. 

III. STATE OF THE ART 

A survey has been carried  out around tools aimed at 

integrating client applications and databases. The survey 
comprises the most popular tools, such as Hibernate [4], 

Spring [13], TopLink [14], JPA [5] and LINQ [15]. These 

tools may provide concurrency but always at a very high 
level. Basically, they provide some locking policies to 

synchronize read and write actions. But these read and write 
synchronized actions are not executed over the same memory 

location. They are executed over distinct objects, such as 
sessions in Hibernate. These objects (sessions) are not 

thread-safe and therefore do not provide any protocol to 

access concurrently the in-memory data contained on LMS. 

A survey has also been carried out about two approaches 

proposed by the research community: SQL DOM [16] and 
Safe Query Objects [17].  SQL DOM generates a Dynamic 

Link Library containing classes that are strongly-typed to a 

database schema. These classes are used to construct 
dynamic SQL statements without manipulating any strings. 

Safe Query Objects combine object-relational mapping with 
object-oriented languages to specify queries using strongly-

typed objects and methods. They rely on Java Data Objects 
to provide strongly-typed objects and also to provide data 

persistence. These proposals are focused on minimizing the 

impedance mismatch. None of these approaches address 
concurrency at any level. 

In [18] a different approach is presented to address the 
lack of concurrent mechanisms of CLI. Concurrency is 

implemented by an exp licit locking mechanism based on two 
methods: lock() and unlock . Programmers are responsible for 

invoking these methods correctly in order to control the 
exclusive access mode to LMS. Additionally, the conducted 

assessment is based on a fixed number of rows which does 

not convey a dynamic perspective of the performance for 
different scenarios. 

Aspect-oriented programming [19] community considers 
persistence as a crosscutting concern [20]. Several works 

have been presented but none addresses the points here under 
consideration. The following works are emphasized: [21] is 

focused on separating scattered and tangled code in advanced 

transaction management; [20] addresses persistence relying 
on AspectJ; [22] presents AO4Sql as an aspect-oriented 

extension for SQL aimed at addressing logging, profiling and 
runtime schema evolution. It  would be interesting to see an 

aspect-oriented approach for the points herein under 
discussion. 

The research presented in [11][10] proposes an 

architecture based on a wrapper which hides the CLI 
functionalities and exposes thread-safe services. It is known 

as CTSA – Concurrent Tuple Set Architecture. This 
approach is clearly  an improvement when compared with the 

one presented in [18] but the thread-safe mechanisms are not 
embedded on CLI as proposed in this research. Nevertheless, 

that approach will also be used to compare their results with 
the results obtained by the approach herein proposed. As it 

will be shown, the herein presented approach clearly 

improves the performance achieved with CTSA.  

In this master thesis [23] an identical approach, as the one 

herein presented, has been designed but the final results were 
not convincing. This paper presents a new implementation. 

To the best of our knowledge no other researches have 
been conducted around concurrency on LMS of CLI. 

IV. BACKGROUND 

In this section we present the necessary background to 
make this a self-contained paper. It is divided in two main 

sub-sections. In the first one, some fundamental functionality 
of LMS are provided and in the second one a brief 

description is given how CLI and Relational Database 
Management Systems (RDBMS) interact with each other. 

A. Functionality of LMS 

LMS  are  client-side  object-oriented   abstractions   of  a 
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relational concept: the server side cursor. LMS are 

instantiated to manage relations returned by Select 
expressions. At instantiation time, some runtime properties 

of LMS are defined to characterize their functionalities. Two 
main groups of functionalities are herein emphasized: 

scrolling functionalities and accessing functionalities (they 
are orthogonal). Scrolling functionalities provide two main 

types of LMS (they are mutual-exclusive): forward-only – 

rows are read sequentially from the first one till the last one, 
and scrollable – rows can be randomly read. Accessing 

functionalities provide two main  types of LMS (they are 
mutual-exclusive): read-only and updatable LMS. While 

read-only LMS only provide one protocol to read their 
contents, updatable LMS, beyond the read protocol, also 

provide three additional protocols: update (to update their 
contents), insert (to insert new rows) and delete (to delete 

existing rows). Another relevant issue is the mechanism 

implemented for each protocol (read, update, insert and 
delete). LMS are row oriented and protocol oriented. This 

has two main implications. First, at any time only one row 
can be selected as the target row. Second, if an update or 

insert protocol is being executed, applications cannot start 
any another protocol. If this rule is not fulfilled, LMS discard 

changes made during the previous protocol. Table 1 

concisely presents how the 4 main LMS protocols work: 1 – 
read protocol, 2 – update protocol, 3 – insert protocol and 4 – 

delete protocol. 

Table 1. 4 main protocols of LMS. 

1 
Point to a row 

Read attributes 
Point to another row 

2 

Point to a row 

Update attributes 
Commit update 

3 
Start insert 
Insert attributes 
Commit insert 

4 
Point to a row 
Delete row 

B. Interaction Between CLI and RDBMS 

The communication between CLI and RDBMS relies on 

proprietary protocols of RDBMS vendors but their general 
interaction follows the structure presented in Figure 1. When 

a Select expression is executed, RDBMS create a server 
dataset with the retrieved data and also a server cursor. All or 

only a part of the retrieved data is copied from server 
datasets to LMS depending on the LMS properties. When 

data is partially  transferred to LMS, new blocks of data are 

transferred whenever client applications need to access  data 
not contained locally in the LMS. The relationship between 

LMS and cursors, and between cursors and LMS are all 1 to 
1. Th is means that whenever a Select statement is executed, 

there will be one additional LMS and one additional server 
cursor. We emphasize that one additional means resources 

(LMS, cursors and datasets) that are being replicated,  very  

CLI
LMS

RDBMS

Cursor Dataset

Database

1 111

Protocol

 

Figure 1. Connection between LMS and RDBMS. 

probably unnecessarily. In scenarios where there are 

simultaneously several  server datasets from the same  Select 
statement, we are before a situation where there is an 

unnecessarily wasting of computational resources. 

V. PROPOSED ARCHITECTURE FOR CONCURRENT CLI 

In this section we present the architecture that has been 
defined to design concurrent LMS. To achieve the proposed 

goal, some source code of CLI was redesigned. In this 

research, in opposite to CTSA, we explored the usage of 
embedded thread-safe LMS on which  threads interact 

directly with the data retrieved from databases. To achieve 
this goal, several CLI  interfaces (services) need to be 

rewritten, such as those aimed at: scrolling on LMS, reading 
data from LMS, updating data on LMS, inserting data on 

LMS and, finally, deleting data on LMS. These are the 
fundamental interfaces responsible for providing services 

through which client applications are currently able to 

interact with LMS. A new concurrent component, known as 
CLMS (Concurrent LMS), replaces the default LMS. Figure 

2 presents the main  architecture of CLMS which contains a 
local cache to store the retrieved data. Basically it 

implements a general interface (ICLMS) which extends the 6 
fundamental additional interfaces: ICForwardOnly, 

ICScrollable (forward-only and scrollable CLMS, 

respectively) and ICRead, ICUpdate, ICInsert and ICDelete 
(read update, insert and delete protocols, respectively). 

Please remember that these are the basic services required to 
interact with CLMS, as previously mentioned in chapter IV. 

LMS

«interface»
ICLMS -cache[]

CLMS

ICForwardOnly

ICScrollable

ICRead
ICUpdate

ICInsert
ICDelete  

Figure 2. Concurrent architecture for CLMS. 

Before, presenting some additional details, the concept of 

execution context is introduced. Each running thread has its 
own execution context which consists on the protocol being 

executed (if any) and the current selected row. This is an 
important concept because it is based on it that it was 

possible to design a thread-safe LMS. Basically, every time a 
thread enters the monitor (thread-safe area) it needs to set its 

execution context and before leaving the monitor it must 
store its execution context. Th is process will ensure that each 

thread, whenever initiating the access to the monitor, it is 

able to restore its previous execution context (protocol being 
executed and row being accessed). Now, we can introduce 

how an exclusive access mode can be implemented to access 
CLMS. Two methodologies are proposed: method oriented 

access mode and protocol oriented access mode. Basically, 
the method oriented access mode requires a restoring and 

storing process for the execution context every time a 

method is executed on CLMS, while the protocol oriented 
access mode does only require a restoring and storing 

process by each protocol being executed. Let us take a closer 
look to the protocols to evaluate the options that are available 

for each one. The scrolling protocol involves one method at a 
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time and, therefore, the obvious approach is the method 

oriented access mode. Access modes for Insert, Update and 
Delete protocols do not have any other alternative but being 

implemented as protocol oriented access mode. As 
mentioned before, this derives from the fact that these 

protocols, while being executed, cannot be preempted to start 
any other different protocol. Read protocol may be 

implemented in any access mode protocol: method access 

mode (operating on an attribute by attribute basis) or 
protocol access mode (operating on a row by row basis). In 

order to implement the exclusive access mode to CLMS it 
was decided, based on practical evidence and empirical 

experience, to use method oriented access mode for the 
ICForwardOnly and ICScro llable interfaces and protocol 

oriented access mode for the remaining interfaces. We 
assume that in the most common situations, several attributes 

are read in each Read protocol, this way not advising the 

method oriented access mode. With the thread-safe LMS the 
resort to multiple cursors in the database server is avoided. A 

single serve r cursor is able to satisfy simultaneously several 
client side threads sharing the same LMS. 

VI. PERFORMANCE ASSESSMENT  

A performance assessment was carried out to compare a 

solution based on a traditional non-shared (S-JDBC) LMS 

and the one herein proposed (C-JDBC). The performance 
assessment ran in a context completely identical to one used 

in CTSA, this way ensuring that the collected results can be 
compared to evaluate the impact of thread-safe LMS. 

C-JDBC uses a unique LMS that is shared by all threads, 
while in S-JDBC each thread has its own LMS. All LMS 

contain the same relation returned by the same Select 

expression. Concisely, Figure 3, presents the block diagram 
for the used scenario during the assessment process. 

LMS 1

LMS ...

LMS n

Thread 1

Thread ..

Thread n

Thread 1

Thread ..

Thread n

O
n
e

L
M
S

 

Figure 3. Left side: S-JDBC, right side: C-JDBC. 

Three scenarios were defined for the main operations of 

both solutions: Select (s), Update (u) and Insert (i). Each 
scenario comprises a set of several numbers of rows to be 

processed [nr]  for both S-JDBC and C-JDBC, and a set of 
several numbers of simultaneous running threads [nt]  for 

both S-JDBC and C-JDBC. In order to formalize the entities’ 
representation the following definition is presented: E(α,γ) 

([nt], [nr]) where α{c-jdbc, s-jdbc}, and γ {s,u,i}. To 

simplify the general formalization, E(α,γ) ([nt], [nr]) is 
represented by default as E(α,γ). Each scenario comprises a 

specific goal which is known as a task . A task represents a 
particular case for the use of C-JDBC and S-JDBC. The 

tasks to be performed are: Read (read [nr]  adjacent tuples 
from the LMS), Update (update [nr]  adjacent rows of a 

LMS) and Insert (insert [nr] tuples into a LMS). Please 

remember that S-JDBC uses [nt]  LMS while C-JDBC 
always uses one LMS. The assessment could also comprise a 

random access pattern but, by empirical evidence, the most 

common access pattern is the access to adjacent rows. It was 
also decided to create and enforce different contexts for S-

JDBC and C-JDBC. The idea is to create a context to C-
JDBC based on tactics aimed at decreasing its performance 

while executing the defined tasks while for S-JDBC we will 
use tactics to enforce the opposite effect. S-JDBC favorable 

tactics – each thread has its own LMS and rows are always 

sequentially selected in order to min imize the transference of 
rows between JDBC and SQL Server. C-JDBC unfavorable 

environment - two situations were implemented: 1) Each 
thread will auto-suspend itself after having executed one 

protocol: read one row, update one row or insert one row. 
This will g ive the opportunity to other thread to become the 

running thread, this way maximizing the number of changes 
in the execution contexts. 2) All threads share the LMS but 

each thread has its own adjacent rows. This means that when 

a thread becomes the running thread, its execution context 
will set a row that belongs to a different set of rows , this way 

maximizing the number of blocks to be transferred from 
SQL Server. 

Table 2 presents the algorithms used to assess S-JDBC 
and C-JDBC. All scenarios, for each solution, share the same 

algorithm for the assessments to be carried out. C-JDBC and 

S-JDBC create the same number of threads (nt) and each 
thread processes the same number of rows (nr). The main 

difference is: while in S-JDBC each thread selects its own 
subset of rows, this way accessing its own LMS, in C-JDBC 

a LMS is shared by all threads containing all rows.  

The test-bed comprises two computers: PC1 - Dell 

Latitude E5500, Intel Duo Core P8600 @2.40GHz, 4.00 GB 

RAM, Windows Vista Enterprise Service Pack 2 (32bits), 
Java SE 6, JDBC(sqljdbc4); PC2 – Asus-P5K-VM, Intel Duo 

Core  E6550 @2,33 GHz, 4.00 GB RAM, Windows XP 
Professional Service Pack 3, SQL Server 2008. C-JDBC is 

executed in PC1 and SQL Server runs in PC2. In order to 
promote an ideal environment the following actions were 

taken: CPU were set to run with a single core, this way 
maximizing the influence of the implemented solutions; the 

running threads were given the highest priority; all non-

essential processes/services were cancelled in both PCs and a 
direct and dedicated network cable connecting PC1 and PC2 

has been used in exclusive mode and performing 100MBits 
of bandwidth. In order to avoid any overhead added by SQL 

Server, some default SQL Server database properties were 
changed as, Auto Update Statistics = false and Recovery 

Model = Simple.  

The sets used for the number of rows and for the number 
of threads were: 

  [nt]={1, 5, 10, 25, 50, 75, 100, 150, 200, 250, 350, 500} 

  [nr]={5, 10, 25, 50, 75, 100} 

25 raw measures were collected for each E(α,γ)([nt],[nr]) 
leading to (2x3x12x6)x25=10,800 raw measures.  

Intermediate measures were computed from the average of 

the 5 best measures of each E(α,γ)([nt],[nr]) leading to a total 
of 2x3x12x6=432 measures . The final measures used in the 

next charts represent the ratios between   E(c-jdbc,γ)   and   E( s-
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jdbc,γ)   for  each  ([nt] ,[nr]). In  all charts the vertical axis is 

for the ratios and the horizontal axis is for the [nt] . 

A table Student with the following schema was also 

created to store the data being used: id (int, pk), firstName 
(varchar 25), lastName (varchar 25), crdId (int), regYear 

(int), applGrade (float). 

Table 2. Algorithms for E(c-jdbc, γ)  II-Algorithms for E(s-jdbc, γ). 

I 

1. Delete all rows from Student 
2. Fill Student with [nr]*[nt] rows (zero rows for insert) 
3. Start counter 
4. Select all rows from Student into one single ResultSet  
5. Create all threads. Each thread (ψ tuples) 
       5.1 for each row 
            5.1.1 read/update/insert (row) 
            5.1.2 suspend thread 
       5.2 dies 
6. Wait all threads to die 
7. Stop counter 

II 

1. Delete all rows from Student 
2. Fill Student with [nr]*[nt] rows (zero rows for insert) 

3. Start  counter 
4. Create all threads. Each thread: 
     4.1  select ψ trow into its own ResultSet 
     4.2  for each row 
         4.2.1 read/update/insert a tuple 
     4.3  dies  
5. Wait all threads to die 
6. Stop counter 

 

Select scenario 

Figure 4 presents the ratio between the measures 

collected for E(s-jdbc,s)) and E(c-jdbc,s). The chart shows that 

there are some situations where the gain is very significant. 
The most significant situation occurs for 5 tuples and 10 to 

25 threads reaching a gain above 3.5 t imes. The ratio 
decreases when the number of rows increases and also when 

the number of threads increases. The reasons for this 
behavior is that when either nt or nr increases, the probability  

of  a thread of C-JDBC to access a row not contained in the 
LMS increases, this way requiring  a block transfer from the 

server dataset to the LMS. Please remember that in C-JDBC 

all threads share the same LMS and each thread is reading a 
different block of adjacent rows. Th is means that when 

thread 1 reads row 1, thread n is reading row nr*(n-1) which 
eventually may not be at that moment contained in the local 

LMS. 

Figure 5 presents a tabular view of the chart presented  in 

 

Figure 4. Select scenario: ratio between S-JDBC and C-JDBC. 

 

Figure 5. Tabular view for the ratio between S-JDBC and C-
JDBC for the Select scenario. 

Figure 4. It shows that in some cases the ratio is not greater 
than one which means that measures of E(c-jdbc,s) are not 

always better than measures of E(s-jdbc,s). But the key issue is 
that when compared with rat ios obtained with CTSA, C-

JDBC has a mean improvement around 6%. Additionally, in 

this assessment only about 25 ratios are  under 1.00, in 
opposite to 40 in CTSA. This improvement is due to the 

embedded thread-safe mechanisms. CTSA was based on a 
wrapper and, therefore, an overhead is an unavoidable issue 

which was solved in the approach herein presented. The 
results here obtained show that E(c-jdbc,s) has achieved 

outstanding results even when compared with the CTSA. 

Update and Insert scenarios  

The update scenario updates rows contained by LMS and 

the insert scenario inserts rows in empty LMS. The measures 
collected for the Update and also for the Insert scenario were 

very close to ones collected for CTSA. The basic reason for 
these results is that these protocols are much heavier than the 

Select protocol and, therefore, the achieved gains, in C-
JDBC when compared with CTSA, have a much lower 

impact. Figure 6 presents the graphic for the Update scenario 

and Figure 7 presents the graphic for the Insert scenario for 
the ratios S-JDBC/C-JDBC. 

 The chart for Update scenario shows that the gain is 
always greater than 1 and it increases when the number of 

rows decreases. The number of threads seems to not have a 
significant impact. This behavior is understandable if we 

remind that the update protocol is very heavy and its weight 

can  be much  more influent  than the weight associated  with  

 

Figure 6. Update scenario: ratio between S-JDBC and C-JDBC. 
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Figure 7. Insert scenario: ratio between S-JDBC and C-JDBC. 

transferring blocks from dataset servers to LMS. The 
maximum gain  (above 6) is reached for 5 tuples and 25 

threads. The chart for the Insert scenario shows that the gain 
is always greater than 1 and that it increases when the 

number of tuples decreases and also when the number of 

threads increases. This last behavior is curious. It derives 
from the fact that server datasets are empty and there are no 

transferences of blocks from dataset servers to LMS. This 
way, as the number of server datasets increases, performance 

of S-JDBC decreases more significantly than performance of 
C-JDBC. 

VII. CONCLUSION 

Performance has become increasingly a key concern in 
intensive database applications. Recently is has reached a 

major importance with the advent of Big Data and IoT. 
Among many issues that can influence the overall 

performance, the middleware that connects business logics to 
RDBMS and NoSQL servers is certainly a key component, 

in our case, CLI. CLI are composed by two main types of 
components: client-side components and server side 

components. These components were designed to perform in 

environments where concurrency is not a major concern. 
Basically, both types of components are not prepared to work 

on client-side environments where several threads need to 
access to the same memory structures, especially LMS. To 

overcome this drawback, we propose a new design for CLI 
where LMS are natively thread-safe, in opposite to the work 

done with CTSA, The collected results show that the 

improvement in performance is noticeable in the Select 
scenario even when compared with the results collected with 

CTSA. The ratios have been improved in a mean of 6% and 
the number of ratios < 1.0 felt from 40 to 25. In the 

remaining scenarios, Update and Insert, the collected results 
are very similar. This is due to the fact that Update and Insert 

protocols are much heavier than the Select, leading to a much 

lower percentage impact in the overall performance.  

As a future work, we are already working on an 

extension of the C-JDBC which will provide an additional 
functionality. Basically, besides the single thread-safe LMS 

already implemented, it will also provide replicas of the 
same LMS. This way, each thread will own its own LMS but 

the server will only need a single server cursor. The 
replication process can bring many advantages in many 

situations (now threads can interact with LMS without any 

locking mechanism) but the update and insert processes need 

additional processing to keep data consistency in all LMS. 

Anyway, the preliminary results are very encouraging. 
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Abstract—Many embedded systems process huge amount of
data that comes from the interaction with the environment. The
Graphics Processing Unit (GPU) is a modern embedded solution
that tackles the efficiency challenge when processing a lot of
data. GPU may improve even more the system performance by
allowing multiple activities to be executed in a parallel manner.
In a complex component-based application, the challenge is to
decide the components to be executed in parallel on GPU when
considering different system factors (e.g., GPU memory, GPU
computation power).

In the context of component-based CPU-GPU embedded
systems, we propose an automatic method that provides parallel
execution schemes of components with GPU capabilities. The
introduced method considers hardware (e.g., available GPU
memory), software properties (e.g., required GPU memory)
and communication pattern. Moreover, the method optimizes
the overall system performance based on component execution
times and system architecture (i.e., communication pattern). The
validation uses an underwater robot example to describe the
feasibility of our proposed method.

Keywords—CBD, component-based development, CPU-GPU,
embedded systems, GPU-aware component, GPU component,
parallel component execution, optimization

I. INTRODUCTION

An embedded system is a computational systems that may
be part of a larger system executing one or several specific
tasks. Many of the modern embedded systems deal with huge
amount of data due to e.g., interaction with the environment.
For example, underwater robots use their sensors (e.g., cam-
eras, radars) to receive information about the surrounding
underwater environment and process it in order to e.g. detect
various objects.

Due to the limited computing power and the sequential
execution model of the CPU, traditional embedded systems
have a challenge in providing the required performance level
demanded by applications, while processing huge amount
of data. For example, an underwater robot, while navigates,
needs to identify with a certain performance the encountered
objects in order to cope with the environment changes such
as detecting moving objects.

One feasible solution that tackles the efficiency challenge
of processing huge amount of data is the GPU. Due to its
parallel execution architecture, the GPU can efficiently process
data in a parallel manner. Today, using the latest technological
improvements, there are embedded boards that contain GPUs

also know as CPU-GPU embedded boards such as NVIDIA
Jetson TK1 and AMD Kabini.

Another trend in the development of embedded systems is
the usage of component-based development (CBD) [1] [2].
This software engineering methodology promotes develop-
ment of systems through the composition of already existing
software units known as (software) components. A key concept
of CBD is the encapsulation, where components are seen
as black boxes and the source code is encapsulated (inside
the components). CBD is an attractive solution for embedded
systems due to e.g., its faster time-to-market and the increase
of the development productivity. The industry has successfully
adopted CBD for embedded system development through
component models such as AUTOSAR, Koala, Rubus and
IEC 61131.

In a component-based CPU-GPU embedded system, the
GPU, besides an increased efficiency w.r.t. data processing,
may improve the system performance by allowing multiple
components to be processed in parallel. Due to the fact that
the GPU is characterized by a different architecture then the
traditional CPU, different rational needs to be used when
targeting GPU parallelism. The challenge of specifying how
many components may be parallel executed relies not only
on the available hardware resource description (e.g., available
GPU memory) but also on the component specifications (e.g.,
GPU memory usage) and the system communication pattern.
For example, the sum of the GPU memory usage of com-
ponents that are parallel executed needs to be lower than the
available hardware memory; moreover, the components should
be independent of each other w.r.t. data communication.

In this work, we provide a method that automatically com-
putes schemes of components that can be executed in parallel
on GPU. The method is formally described and includes
hardware and software specifications (Section V). Further-
more, the method provides optimized solutions considering
component extra-functional properties (i.e., execution time).
Resembling with the bin-packing problem and the multipro-
cessor scheduling problem which are combinatorial NP-hard
problems [3], heuristics need to be utilized in finding solutions.
For the implementation part, we use a mixed-integer non-
linear programming (MINLP) heuristic approach to compute
execution schemes (Section VII). As validation, we utilize an
underwater robot example to describe the feasibility of our
method (Section VIII).
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II. CPU-GPU EMBEDDED SYSTEMS

Initially, GPUs appeared in late 90s and were used only
in graphics-based applications. Nowadays, the GPU is used
in various types of applications such as cryptography [4] and
simulation of bio-molecular systems [5], becoming a general-
purpose unit.

The GPU may be seen as a complementary unit to the
CPU. While the CPU is designed to rapidly execute in a
sequential manner each instruction, the GPU, being equipped
with thousand of computation threads, excels in parallel data
processing. Therefore, CPU-GPU applications perform best
when distributing the right job (i.e., sequential and parallel) to
the right processing unit (i.e., CPU and GPU). For example,
the massive amount of data of a vision system is processed
onto GPU while the CPU takes care of e.g., histogram com-
putations [6]. An important characteristic of the GPU is that
it cannot function without the CPU. Considered the brain of a
system, the CPU is the one that triggers all the activities that
are executed on GPU. We need also to mention that, once an
activity is started to be executed by GPU, it can not be paused
or preempted.

GPU integration to embedded boards is today possible
through various type of systems such as NVIDIA Jetson TK1,
AMD Kabini and ARM MALI. The CPU-GPU embedded
systems may increase the system performance of existing
applications. For example, the stereo matching application for
embedded systems has a considerable increase of frame rate
processing when is performed onto GPU [7].

Another trend in embedded systems is the usage of
component-based development. Through the existing com-
ponent models, CBD is successfully used in industry; we
mention AUTOSAR that became a standard in automotive
development, Koala used by Philips and IEC 61131 used for
programmable logic controllers. Another industrial component
model is Rubus used by e.g., Volvo Construction Equipment
branch [8]. Rubus follows the pipe-and-filter interaction style
that provides a precise control flow of the system which makes
Rubus applicable to particular embedded system domains (e.g.,
real-time systems and safety systems) [9].

Following the CBD approach, a CPU-GPU system is con-
structed from: i) regular components with CPU characteristics,
implemented to be executed onto CPU; and ii) components
with GPU functionality1 (i.e., GPU-aware components) that
have both CPU and GPU characteristics. A GPU-aware com-
ponent has its functionality (or part of it) specific developed
to be executed on GPU. Besides the functional description,
a GPU-aware component is characterized by qualities and
constraints known as extra-functional properties (EFPs). For
example, a GPU-aware component may have as quality the
execution time performance while as constraints, it may de-
mand a specific number of GPU threads and memory usage.

The development of GPU-based applications is realized
through different programming models and the two most

1During the rest of the paper, we refer to a component with GPU
functionality as a GPU-aware component

known are CUDA and OpenCL. While CUDA is developed by
the NVIDIA vendor to be used only for their GPUs, OpenCL
is a general model developed by KHRONOS group that targets
GPUs produced by e.g., INTEL, AMD and NVIDIA.

III. PROBLEM DESCRIPTION

For traditional CPU-based embedded systems, a way to
achieve parallelism is to assign components to different e.g.,
CPU cores, and let the components to be executed in parallel
(by the OS). We assume that there are enough resources and
components are data independent of each other (i.e., do not
have communication connections). Basically, the parallelism
is influenced by the number of distinct processing units that
a system is composed of. For example, an embedded system
with a quad-core CPU can have at a given time instance a
maximum of four components that can be executed in parallel.

Due to a different architecture, the way to achieve paral-
lelism on GPU is different than on CPU. A GPU is composed
of hundreds of computation cores and thousands of threads
and when an activity is executed, it may consume tens of cores
and thousands of threads. Therefore, the metric to reason about
GPU parallelism is not the numbers of cores but is a relation
between several factors such as the number of independent
software activities, hardware limitation (e.g., available GPU
memory) and resources demands (e.g., computation threads
usage). Each GPU platform has a physical limitation regarding
the number of activities that can be simultaneously executed.
For example, an NVIDIA GPU with a Pascal architecture
and compute capability 6.1 can run simultaneous up to 32
activities, assuming there are enough resources to sustain their
execution [10].

In this work, we assume that a GPU can execute simul-
taneous as many components as needed due to two main
reasons: i) it is difficult to develop an embedded system that
contains e.g., 32 independent GPU-aware components; and
ii) even if the system has a high number of independent
GPU-aware components, the GPU parallelism is limited by
the component usage of hardware resources. For example, in
a complex system that contains 10 independent GPU-aware
components that have different image processing algorithms,
only few of them can be executed in parallel due to the
component high resource requirements, i.e., memory, threads
and registers usage. The rest of the components wait for the
resources to be released in order to be executed.

IV. SYSTEM DESCRIPTION

The section describes our vision and assumptions on the
software and hardware models of a CPU-GPU embedded
systems.

A. The software system

The software application is composed of several compo-
nents that communicate using various styles. For example, the
Rubus component model follows the pipe-and-filter architec-
tural style, where components are seen as filters that process
data while the communication between components are pipes
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that transfer data. Fig. 1 presents a general component-based
system with GPU functionality, that follows the pipe-and-filter
style and each of its GPU-aware component is characterized
by various specifications. For example, component C1 is
characterized by its quality (i.e., execution time) and EFPs
as a set of GPU-specific requirements (e.g., usage of GPU
memory). Because all GPU activities are triggered by the CPU,
a GPU-aware component is characterized by both CPU and
GPU specific properties. As our work targets the optimization
of GPU activities execution, we focus only on the GPU-aware
components and their GPU-specific properties, and discard the
CPU-specific properties.

C6	C1	

C2	

C3	 C5	

C4	
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Fig. 1: System with GPU-aware components

In this initial work, we simplify and abstract the component
GPU-specific properties as follows:
• the GPU memory usage specifies the component re-

quirement of the GPU memory usage. The GPU has a
hierarchical memory level, but we abstracted away several
memory layers and use only the main memory level. The
other memory layers are important factors and may be
used in future work to extend our solution to a more
detailed and precise software model.

• the GPU workload describes the GPU computation work-
load usage of the component; the metric utilized to
describe this property is the number of computation
threads. Several other factors related to the GPU workload
are abstracted away (e.g., number of registers used by a
thread).

• the execution time presents the time required by a com-
ponent to fulfill its execution onto GPU.

B. The hardware system

Our focus being on GPU, we have abstracted away the CPU-
specific properties (e.g., available RAM and CPU load) and
characterized the hardware platform with only GPU-specific
properties, as follows:
• the available GPU memory presents how much of GPU

main memory a hardware is characterized by;
• the GPU computation load depicts the total of GPU

computation threads a hardware is equipped with.
Similar with the software description, other influential GPU
properties such as different memory levels (e.g., share mem-
ory) and the total amount of registers are removed in this
introductory stage of our work.

V. METHOD OVERVIEW

In order to determine the components that may be executed
in parallel and their execution order, the software and hardware
properties are fed as input to our method. The hardware
properties describe the platform resource limitation while
the software specifications describe the component resource
requirements and the communication pattern. The pattern
of component communication has an important role when
evaluating which component may run in parallel. For example,
in Fig. 1, based on the communication pattern, we observe that
C2 and C4 cannot be executed in parallel. C4 is depended
of the C2 output and hence, they will be always sequentially
executed.

The computed solution is expressed as a list composed
of sublists of GPU-aware components. Each sublist contains
components that can be, at a time instance, executed in
parallel; the order of the sublists presents the order of the
components execution.
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Optimized solution: 
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Fig. 2: The high-level overview of the proposed method

The solution overview is described in Fig. 2. Each compo-
nent describes its resource requirements (e.g., GPU memory
usage), how is connected to other components (i.e., to which
component sends and from which component receives data)
and its performance (i.e., execution time). The method calcu-
lates the components that can be executed in parallel, and their
execution order.

Moreover, the method calculates an optimized parallel exe-
cution solution based on the component execution times. In
order to describe the general idea of the optimization, we
use the example with six connected components presented in
Fig. 2. An initial solution is presented in Fig. 3(a) where, after
C1 is executed, C2 and C3 are executed in parallel, followed
by C4 and C5, and finally C6. The total execution time of
the system is 5.8 seconds. Because C5 component is only
dependent of C3 output data, and C3 has a shorter execution
time than C2, an improved solution is to include C5 in the
second batch 2 as it is seen in Fig. 3(b). This solution can be

2we will call the group of components that may be executed in parallel as
a batch of components
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further optimized when introducing C4 in the second batch,
resulting an overall execution time of 5 seconds (Fig. 3(c)).
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Fig. 3: Optimization of a parallel execution solution

In general, we try to reduce the system overall execution
time by possibly increasing and/or decreasing the execution
time of different batches and possible reducing the number of
batches. More precise, we look into batches where the GPU is
idle and we try to fit in suitable components from the adjacent
batch. For example, in Fig. 3(b) we migrated C5 in batch 2
because the GPU was idle (i.e., C3 has a short execution time)
and C5 is only dependent of C3. We notice that, in the updated
second batch (Fig. 3(c)), GPU is idle after C5 finishes, but we
cannot fit in C6 because it is also dependent of C4 and there
will be no improvement gain.

The optimization idea resembles with a bin packing prob-
lem, where we have already a number of bins and the solution
is improved by re-fitting the bin sizes. This type of problem,
where bin sizes are changed based on their items and their
connection, is NP-hard [3], i.e., an exact solution cannot be
calculated in feasible time (unless P = NP ).

VI. METHOD REALIZATION

This section presents the mathematical formalization of our
method starting with the description of the (software and
hardware) system followed by the system constraints and
initial solution calculation, and finally the optimization step.

A. System definition

1) Let be C = {c1, ..., cn} a set that contains a finite
number of components with GPU functionality. Each
component ci ∈ C is characterized by two multi-valued
functions Send : C → C, Rec : C → C, and three
single-valued functions GPU Mem usage : C → N>0,
GPU Load usage : C → N>0 and
exec time : C → Q>0 described as follows:

• Send(c) = a sublist that may contain none, one or
several components that receive data from c;

• Rec(c) = a sublist that may contain none, one or several
components that send data to c;

• GPU Mem usage(c) = the GPU memory usage of c;
• GPU Load usage(c) = the number of GPU threads

required by c; and
• exec time(c) = execution time of c.

2) The hardware is characterized by two constants:
GPU Mem ∈ N>0 and GPU Load ∈ N>0, where:
• GPU Mem = the available GPU global memory;
• GPU Load = available number of GPU threads.

B. Constraints

• sum of the GPU memory usage of components from a
batch (same sublist - see Section VI-C), cannot exceed
the available GPU memory:∑

c∈{c|c∈Ci⊂C} GPU Mem Usage(c) ≤ GPU Mem

• sum of the GPU thread usage of components from a
batch, cannot exceed the available GPU available threads:∑

c∈{c|c∈Ci⊂C} GPU Load Usage(c) ≤ GPU Load

C. Initial Solution Calculation

We see the solution as a list composed of sublists of
components, i.e., C = {C1, ..., Ck}. Each sublist contains
components that can be parallelized; the sublist order presents
the order of components execution. Each sublist is constructed
based on its previous adjacent sublist as follows. We start
by determining the first sublist that contains components with
no input data; the following sublist contains components that
receive data only from the components contained by the first
sublist, and so on. In general, the solution list has two types
of sublist elements:

• the first sublist type element C1 = {cp, ...} that contains
at least one element cp and Rec(cp) = ∅;

• the general sublist type element Ck = {cq, ...}, where
∀cq ∈ Ck, Rec(cq) 6= ∅ and Rec(cq) ⊂ Ck−1.

We mention that there exist only one first sublist type ele-
ment while the general sublist type element may expand into
none, one or several items. Some special cases may result in a
solution with only one sublist item. For example, a system that
contains one or several components that do not communicate
among each other, will be executed in parallel (enclosed into
one sublist element) if there are enough hardware resources.

D. Optimization

The initial solution calculated in the previous step is opti-
mized (if possible) by decreasing the overall system execution.
The overall idea, as described in Section V, is to look into
batches where the GPU is idle and try to fit in components
from an adjacent batch. Therefore, having a total of k batches
C = {C1, ..., Ck}, the sum of execution times of all batches
is minimized:
minimize ExTime =

∑k
i=1 costi, where

costi represents the cost (i.e., the execution time) of a single
batch Ci and is calculated by taking the largest cost (i.e.,
largest component execution time) from that batch:



costi = max∀cp∈Ci
(exec time(cp)).

Moreover, we may increase the cost of a batch by taking a
component with (strictly) smaller cost than the batch’s cost
(i.e., a part of the GPU is idle) and adding to it the cost of
a connected component from the adjacent batch:

∀cj ∈ Ci, exec time(cj) < costi,
exec time(cj) = exec time(cj) + exec time(cq),where

cq is a connected component cq ∈ Ci+1,
cq ∈ Send(cj) and all its connected components from
batch i have a lower execution time than cj :

∀cm ∈ Rec(cq) ∧ cm ∈ Ci,
exec time(cm) < exec time(cj).

The last condition is to ensure that the cq component, when
is added to the i-th batch, will not need to wait for the output
data of another cm component (from the same i-th batch) and
will directly execute after cj component finishes.

VII. IMPLEMENTATION

The optimization challenge is an NP-hard combinatorial
problem [3]. Therefore, heuristic techniques need to be em-
ployed in order to find solutions. We selected the MINLP
technique to address our method and to calculate feasi-
ble solutions. One solver that handles MINLP problems is
SCIP [11], being one of the fastest non-commercial solvers
existing on the market [12]. The solver divides the prob-
lem into smaller subproblems (know as branching) that are
solved recursively. Moreover, for the solver to interpret our
allocation model, we used the ZIMPL language [13] that
translates the mathematical formulation into a readable format
by SCIP. The following paragraphs briefly describe parts
of our method implementation using the ZIMPL language.

Listing 1: Translation of the parallel execution model
1 set C := {"c1","c2","c3"};
2 param GPU_mem_use[C]:=<"c1"> 10,<"c2"> 80,<"c3"> 50;
3
4 set C_0 := { <c> in C where Rec(c) = 0 };
5 set C_1 := { <c> in C where Rec(c) in C_0 };
6
7 subto constraint: forall SubList in Sol do
8 (sum <c> in SubList :GPU_mem_use[c]) <= GPU_mem_available;
9

10 minimize gpu_cost: sum SubList in Sol :
11 forall <c> in SubList do max(exec_time(c));

Besides the actual translation of the model constraints, it is
required to construct a system model (in ZIMPL) in order to
execute the model and find solutions. The system construction
can be achieved in two ways: i) hard-coding the system and
its characteristics directly into the ZIMPL program; and ii)
reading the specifications from a file. The former mean is
illustrated in Listing 1, where a system is defined as a set C
of three components (line 1); the next line captures the GPU
memory usage of each component. Similarly, we define the
rest of the system specifications such as the available GPU
memory and the component execution times.

We continue by constructing the initial solution that com-
prises of sublists of components. The first sublist C 0 contains
components that have no input data (see Section VI-C - first
sublist type element); the following sublist, C 1 is constructed
based on the C 0 content, i.e., all the components that receive
data only from components of C 0 sublist (lines 4 and 5).
Regarding the implementation of constraints, we present the
memory constraint, where the sum of the GPU memory usage
of components from a sublist is less (or equal) than the
available hardware memory (lines 7 and 8). The last part
of the Listing describes a reduced form of the optimization
function (due to the complexity structure), where we calculate
the cost of each sublist SubList from the initial solution Sol,
and minimize their summed cost (lines 10 and 11).

VIII. RUNNING CASE EVALUATION

We examine our proposed method through a feasibility
evaluation of an underwater robot demonstrator. The robot
contains a CPU-GPU embedded board that communicates with
actuators (e.g., thrusters) and sensors (e.g., cameras) [14].
Using the continuous feedback provided by cameras, the
robot autonomously navigates underwater in fulfilling various
missions (e.g., tracking red buoys). For designing the robot ar-
chitecture, we used the Rubus component model [15] due to its
fitting for developing streaming-of-event type of applications.
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Fig. 4: The Rubus architecture of the vision system

Fig. 4 presents the vision system architecture of the robot.
The physical (front and bottom) cameras provide raw data
that is converted into readable frames by CameraFront and
CameraBottom. These frames are forwarded to EnhanceFront
and EnhanceBottom that improve the frames quality, by e.g.,
removing harsh edges. FilterFront and FilterBottom filter
images using red-color criterion, resulting black-and-white
frames. DetectShapeFront and DetectShapeBottom detect the
shapes of the objects from the frames (e.g., circle, square) and
forward their results to ExamineShape components that verify
the found shapes against predefined shapes. The findings are
sent to MissionManager that takes appropriate decisions. The
Compress component compresses frames (e.g., resize) to allow

139



the (CPU) Log component to keep trace of the robot navigation
for debugging purposes.

Each frame produced by cameras has a number of 600*400
pixels. When a frame is processed, we set that a GPU thread
operates on 32 pixels. The GPU hardware has a total of 65536
threads and 128 Mb of memory. After translating the vision
system using ZIMPL language and applying our proposed
model on it, we obtain a solution illustrated by Table I.

TABLE I: The vision system execution scheme

Sublist GPU-aware Memory Thread Execution
(Batch) component usage(Mb) usage time(ms)

1 Enhance Front 1.2 8000 35
Enhance Bottom 1.2 8000 35

2 Filter Front 1.2 8000 30
Filter Bottom 1.2 8000 30

DetectShapeFront 1.2 8000 45
ExamineShapeFront 1.2 8000 45

3 DetectShapeBottom 1.2 8000 40
ExamineShapeBottom 1.2 8000 40

Compress 4.8 24000 70

The solution orders the components into three batches of
execution. We notice that the solution is optimized as batch
3 contains five components to be executed in parallel. An
intermediate solution contains four batches, where in batch
3 only DetectShapeFront, DetectShapeBottom and Compress
would be executed in parallel. Due to the high execution
time of Compress and the hardware having enough resources,
ExamineShapeFront and ExamineShapeBottom are migrated
into batch 3.
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Fig. 5: Different execution times of vision system

Regarding the performance of the vision system, Fig. 5
presents the execution times when the system is executed
in three cases. When the system is executed sequentially,
the performance is the worst (i.e., 370 ms). An intermediate
solution that executes the system in four batches, improves
the system performance (i.e., 275 ms). Optimizing the solution
and executing the system in three batches offers an enhanced
performance (i.e., 150 ms).

By applying out method on the vision system case study, we
improved the overall system performance. The specifications
of our system allowed the method to provide an optimized
solution.

IX. RELATED WORK

Embedded systems embraced heterogeneity to improve sys-
tem performance. Nowadays, we have platforms with multi-
cores (e.g., SoC quad-core ARM processor [16]) and GPUs
(e.g., AMD Carrizo APU). To manage the specifics of the
new platforms, CBD introduced ways to handle the hardware
particularities. We mention the work of Kopetz et al. [17]
that explores the design alternatives of the AUTOSAR com-
ponent model when targeting multi-core ECUs. The CPU-
FPGA platforms are addressed by Andrews et al. [18] that
introduce a way to utilize COTS components, by synchro-
nizing CPU-FPGA computations inside the components. The
Rubus component model is extended with new artifacts (e.g.,
GPU ports), to allow efficiently development of CPU-GPU
embedded systems [19].

Due to an increased complexity and challenging quality
requirements, system optimization approaches has prolifer-
ated. There is a body-of-knowledge presented in different
surveys [20] [21], that targets optimization of software ar-
chitectures from different system domains (e.g., embedded
systems and information systems) considering various quality
attributes. Yet, there is a reduce amount of work that addresses
the optimization of component-based architectures of embed-
ded systems with different computation nodes. We mention
the work of Campeanu et al. that targets component-based
systems with many CPU and GPU computation nodes [22].
The authors allocate components over hardware considering
their (CPU and GPU) requirements and optimize the allocation
based on different criteria. The drawback of this work is that it
does not take in attention the architecture design and considers
that all GPU-aware components can be parallelized at once.
In our work, we consider how the components are connected
and optimize their parallel execution on a single GPU node.

Specific scheduler solutions for GPU-based systems are
addressed by various works. We mention Muyan-Özçelik
et al. [23] that developed several scheduling algorithms for
(GPU) tasks, where a task is defined as a series of operations,
i.e., a host-to-device copy, a GPU (kernel) execution and a
device-to-host copy. For example, an algorithm increases the
system performance by scheduling copy operations in the
same time as GPU (kernel) executions. The work presents
the findings of its schedulers using NVIDIA technology. By
targeting only NVIDIA GPUs, some of their claims are based
on specific hardware technology which may not hold for
GPUs from other vendors. Moreover, they have a high control
over scheduled tasks. In our work, one or several tasks may
be incorporated into a component and we do not have the
same level of control over them. For example, we do not
know when a device-to-host copy operation (encapsulated
into a component) ended in order to give the control to a
GPU (kernel) execution (encapsulated by another component).
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Moreover, even if we create such mechanisms, the context-
switching between components would be very expensive.
Basically, it would worth to have these mechanisms when
components would have very large copy operations and GPU
(kernel) executions. Other works use the same (refined) control
level in order to provide parallelization strategies. We mention
a two-level parallelization strategy that works directly with the
GPU (kernel) functionality by e.g., analyzing its loop iterations
and their statements [24].

As our optimization challenge is similar to the bin-packing
problem, we want to mention the surgical scheduling problem,
where the operating rooms seen as bins, can change their
(time) capacity by increasing the number of operations [25]. In
addition, we find the multiprocessor scheduling problem [26]
related to our challenge and we refer specifically to the
Gang scheduling [27] which is considered to be an efficient
algorithm for parallel and distributed systems. One of its types
is Bags of Gangs (or Bags of Tasks) [28] in which the jobs,
considered as independent gangs that belong to a bag, are sent
to be executed by the system. A bag finishes its execution only
when all of its gangs finish.

X. CONCLUSIONS

This work introduces an initial method that addresses the
parallel execution of components on GPU. Our proposed
method computes execution schemes by considering: i) hard-
ware characteristics (e.g., available GPU memory); ii) software
constraints (e.g., required number of GPU threads); and iii)
component communication pattern. The method optimizes the
computed schemes w.r.t. performance (i.e., execution time)
resulting in schemes with maximum degree of component
parallelism. Being an NP-hard combinatorial problem, the
optimized schemes are calculated by using a MINLP heuristic
method. The last part of our work presents the feasibility as-
pect of the proposed method when is applied on an underwater
robot case study.

To the best of our knowledge, there are no developed
component mechanisms to execute GPU-aware components
in parallel. In addition, as several components may simultane-
ously access the GPU, mechanisms to protect the GPU (seen
as a shared resource in this context) need also to be developed.
We consider these aspects as future directions of our work.
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Abstract—This paper work deals with the implementation of
a neural networks based approach for real-time scheduling of
embedded systems composed by Operating Systems (OS) tasks
in order to handle real-time constraints in execution scenarios.
In our approach, many techniques have been proposed for
both the planning of tasks and reducing energy consumption.
In fact, a combination of Dynamic Voltage Scaling (DVS) and
time feedback can be used to scale the frequency dynamically
adjusting the operating voltage. In this study, Artificial Neural
Networks (ANNs) were used for modeling the parameters that
allow the real-time scheduling of embedded systems under
resources constraints designed for real-time applications running.
Indeed, we present in this paper a new hybrid contribution that
handles the real-time scheduling of embedded systems, low power
consumption depending on the combination of DVS and Neural
Feedback Scheduling (NFS) with the energy Priority Earlier
Deadline First (PEDF) algorithm. Experimental results illustrate
the efficiency of our original proposed approach.

Index Terms—Optimization, Neural Networks, Real-Time
Scheduling, Low-Power Consumption.

I. I NTRODUCTION

The main use of neural networks is to classify possible
results, from a list of informations. More generally, a neural
network allows the approximation of a function. Let’s take the
example of a processor, it can adjust its speed in a continuous
range to ensure that a task is submitted to, at most, a fault
occurrence, and the cost of restoration of state is zero. In this
paper, we want to discuss these issues to propose a heuristic
approach based on neural networks (NN) which can handle
real-time constraints allowing the real-time scheduling with
minimization of power consumption of real-time embedded
systems. A neuron is then the elementary processing unit of
a neural network. It is connected to sources of information as
input and returns output information. All these are organized
through the learning method. In new technology, the use of
fixed parameter method has allowed the development of most

1DOI reference number: 10.18293/SEKE2017-025

embedded detective devices, what is known as the mapping
relationship between test input data and test conclusion. In this
work, we must develop and implement an optimal approach
that considers the following issues in the design which are the
choice of the:

• network model,
• the number of input and output nodes,
• the number of hidden layer nodes,
• the choice of transfer function,
• the choice of initial weight,
• the choice of the learning rules,
• the preprocessed of input and output data in training sam-

ple in order to have a good solution balancing between
the real-time scheduling and the low power consumption
optimization of the embedded systems at the same time.

In this paper, Section 2 gives an overview of the neural
network platform design and the neural feedback scheduling.
Also, we describe the real-time dynamic voltage loop
scheduling DVS. In Section 3, we present our PEDF heuristic
and in Section 4 we shows our experimentation results.
Finally, Section 5 concludes the paper work.

II. BACKGROUND AND RELATED WORKS

Neural network which can adapt the sample data by training
has good fault-tolerance and can be used in the field of
intelligence widely. In the embedded systems, restricted to the
resources and the capacity of processor, the neural network
application has some problems such as losing timeliness, also
the system could be collapsed easily.

A. Neural Network Platform Design:

In practical applications, the input conditions of detection and
the testing standards may need to be modified, which can
damage the existing detection system. The neural network
owns the ability of self-adaptation and self-learning. Therefore,
by studying on the sample data, it can determine the mapping
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relationship between the input and the output and if the neural
network is applied to the detection system, it may adjust
the mapping relationship automatically by training samples,
which can make the detection system more flexible and
adaptable [(Bernard, 2008)]. The following paragraph is about
the description of issues needed to be considered in the design.

1) The Choice of Network Model: The 2-layer linear per-
ceptron model and the 3-layer Back Propagation (BP) network
model are provided and the user can choose one of them in
the network parameter settings in accordance with the com-
plexity of the detection system. Based on the [(Hagan, 1996)]
works, a 3-layer BP neural network with a hidden layer can
approximate to any continuous function of bounded domain
with arbitrary precision as long as there are enough hidden
layer nodes. Therefore, in terms of the function, 3-layer BP
neural network can meet most sophisticated detection systems’
requirements, while for some detection systems which are
simple mapping, linear perceptron model with a small amount
of calculation and fast speed can be chosen so as to maximize
the efficiency of the systems.

2) The Choice of the Number of Input and Output Nodes:
The number of the input nodes is determined by testing item.
The number of the output nodes is generally determined by
the number of the testing conclusions. But, if there are a lot
of testing conclusions, the number of the output nodes could
become great, then, the amount of calculation also increases.
So, when there are a lot of testing conclusions, the testing
conclusions can be encoded to binary code, then output nodes
take the number greater than or equal tolog2(N), where N is
the number of conclusions [(Liu, 2011)].

3) The Choice of the Number of Hidden Layer Nodes::
If the network model is Back Propagation (BP) network, the
number of the hidden layer nodes needs to be set. Generally
speaking, if there are too few hidden layer nodes, the network
can not study well, and much more training will be needed
and, meantime the training will not be highly precise; while
too many nodes will bring issues such as a large amount
of calculation, long training time and reduced network
fault-tolerance capacity. System uses the default settings as
the empirical formula.

n1 =
√
n+m+ 2 (1)

In the formula 1,n1 is the number of the hidden layer nodes;
n is the number of the input nodes;m is the number of the
output nodes. If the training effect of experience value is not
good, we can reset the number of the hidden layer nodes in
the parameter settings and do many experiments in order to
achieve faster convergence rate. In order to know the training
efficiency, you should output the training number in training
process, changes of the network errors, changes of network
weights and the training time, so as to make a report for the
network analysis [(Liu, 2011)].

4) The Choice of Transfer Function: In the application of
transfer function detection, most of the outputs are the field
data and test conclusions. The field data are collected by the

acquisition system; detection conclusions are obtained by the
aplication of the neural network algorithm. The detection
conclusions are indicated with two-value, so the transfer
function of output layer generally uses the sigmoid function
[(Liu, 2011)] which is presented as follows:

f(x) =
1

1 + e−x
(2)

The transfer function is a function that should return a real
close to 1 in the presence of ”good” input information and real
close to 0 when they are ”bad”. Generally, we use functions
with values in the interval of real [0, 1]. When the real is
close to 1, the neuron is called ”active” whereas when the
real is close to 0, we say that the neuron is inactive. The real
in question is called the output of the neuron. If the activation
function is linear, the neural network would be reduced to a
simple linear function. The sigmoid function has the advantage
of being differentiable as well as giving intermediate values
(real between 0 and 1). However, this function have a threshold
that is 1/2 when x = 0.

5) The Choice of the Learning Rules: Due to the par-
ticularity of embedded systems, we should try to select the
learning algorithm with simple calculation and low memory
consumption. For this reason, and to improve the efficiency,
a flexible BP learning algorithm may be adopted. It was
only needed to consider the symbol of gradient to the error
function, rather than the increasing amplitude of the gradient.
The symbol of gradient determines the direction of weight
updating, and the change of the weight size is determined by
an independent ”update value” [(Hagan, 1996)]. The iterative
process of weight correction example is shown below:

ω(t+ 1) = ω(t) + α∆ω(t)× sgn
∂Et

∂ωt

(3)

In the formula 3 [(Tian, 2009)],∆ω(t) is the previous
update value, and the initial value∆ω(0) is set by the actual
application.α is the learning parameter, using variable step-
size learning.

6) The Preprocessing of Input and Output Data in Training
Sample: In the network learning process, because the transfer
function of the neuron is a bounded function, while in the
detection, as the dimension and unit of input test item data
may be different, some values are very large, while others
are very small, which has a great influence on the network.
To prevent some neurons from reaching saturation state, and
meantime make the larger input fall in the region where
gradient of neuron activation function is large, input and
output vectors need to be normalized before the training.

x′
i =

xi − ximin

ximax − ximin

(4)

In the formula 4,ximax andximin are the maximum value and
the minimum value of each input component of the neuron
number i; xi, x′

i are respectively the former and later input
component after pretreatment of the neuron numberi. The
input data values after normalization processing range between
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0 and 1. If the neural network training is unsuccessful, or
if the training time is too long, process of training must be
analyzed to train after readjusting the network parameters. If
the training results are satisfactory, the testing sample data
may be used to test the function of the network. Successful
testing demonstrates that the construction of the network is
completed, and then the network parameters and the weights
of each layer of the network are saved as files, ready for testing
procedures.

B. Neural Feedback Scheduling

The basic idea of the neural feedback scheduling (NFS) is
to allocate available resources dynamically among multiple
real-time tasks based on feedback information about actual
resource usage. To tackle the problem associated with the
large computational overheads of optimal feedback scheduling
algorithms, a NFS scheme must be proposed. The goal is to
optimize the overall Quality of Control (QoC) of multitasking
control systems through feedback scheduling while minimiz-
ing the feedback scheduling overhead [(Xia, 2008)].
On one hand, this scheme has advantages such as low feed-
back scheduling overhead, wide applicability, and intelligent
computation. It is also capable of delivering almost optimal
QoC. On the other hand, neural networks are powerful in
learning and adapting, and capable of approximating complex
nonlinear functions with arbitrary precision [(Hagan, 1996)],
[(Zhu, 2006)]. Once well trained using the accurate optimal
solutions at design time, neural networks will be able to deliver
online almost-optimal feedback scheduling performance.

C. Real-time Dynamic Voltage Loop Scheduling

Low power is extremely important for real-time embedded sys-
tems. A real-time loop scheduling techniques were proposed
to minimize energy consumption via Dynamic Voltage Scaling
(DVS) for applications with loops considering transition over-
head. Two algorithms, Iterative Dynamic Voltage Scheduling
(IDVS) and Dynamic Voltage Loop Scheduling (DVLS), are
designed integrating with dynamic voltage scaling (DVS).
IDVS is an algorithm to iteratively optimize the Directed
Acyclic Graph (DAG) part of a loop by incorporating transition
overhead into optimization scheduling scheme. DVLS is an
algorithm to repeatedly regroup a loop based on rotation
scheduling and decreases the energy by DVS as much as
possible within a timing constraint. DVS is one of the most
powerful techniques to reduce energy consumption by adjust-
ing supply voltage at running time.

III. C ONTRIBUTION

In this section, we describe our proposed approach and
we give its notation to be more clear. So, to do this, we
will present how to use processor and a limited memory
to perform a neural network algorithm in order to improve
adaptability in real-time embedded systems. In the application
of the neural network, we need to enter a large number of
training data and output of the training process and the results
of the training, which requires a higher demand for input

and output. Our main goal is about minimizing the number
of neurons in order to facilitate the implementation which
will be adapted later. In this context, we must ensure a low
complexity and fast convergence and as a consequence the
number of neurons must be significantly reduced. Therefore,
new building regulations have been proposed to design the
smallest possible neural network in order to optimize the
scheduling of reconfigurable embedded systems in real-time

A. Formalization

Embedded applications are implemented in a complex
SOC (System-on-Chip). Other resources, such as cores or
dynamically reconfigurable accelerators need to be controlled
by the OS. In particular, an instantiation of the task execution
resources is performed using the OS scheduling service. As
each task can be defined for multiple targets, this service
has to decide at run-time, on what resource the task must
be instantiated. Neural networks have demonstrated their
efficiency in optimization constraint problems with the ability
to converge in a reasonable time (i.e., few cycles) if the
number of neurons and connections between them can be
limited as much as possible. It should be noted that when the
network converges to a stable state which does not belong to
the set of valid solutions, this network need to be reinitialized.

1) Scheduling Modeling Through Neural Network:: In con-
text of SoC architecture, service implementations for task
scheduling are often complex and are not always suitable for
real-time systems because they are usually time costly and
they do not consider the dynamic behavior of the application.
Our solution uses Artificial Neural Networks (ANN) for online
real-time scheduling, where we have chosen the Hopfield
model [(Hopfied, 1985)] to ensure network convergence to a
stable state, while respecting the optimization constraint. This
function is defined as follows:

E = −1

2

N∑

i=1

N∑

j=1

Ti,j × xi × xj −
N∑

i=1

Ii × xi (5)

- Ti,j is the connection weight between the neuronsi and j.
- xi is the state of the neuroni.
- Ii is the external input of the neuroni.
Based on this model and by using an optimization function
of the constraints, a design rule can be defined in order to
facilitate construction of the neural network. The rule k-out-
of-N is a major result in ANN for optimization. This rule
allows the construction ofN neurons for which the evolution
leads to a stable state with ”exactlyk active neurons among
N”. The energy function is defined as follows:

E = (k −
N∑

i=1

xi)
2 (6)

This function is minimal when the active neuron sum is
equal to k, and is positive otherwise. The results of this
scheduling solution in real-time demonstrate the interesting
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convergence speed which makes ANN suitable for online
utilization. However, this technique has two major weaknesses.
The first is the large number of slack neurons needed to model
the problem, which depends on the cycle, so that when the
schedule time increases, the number of slack neurons also
increases. The second problem is the presence of several
local minima when many rules are applied to the same set
of neurons. These local minima are particular points of the
energy function representing invalid solutions. Our work is
to considerably reduce the number of hollow neurons for
any period. The principal consequence is the simplification of
network control. It is clear at this point that our proposition is
guided by a main objective which consists of reducing the
number of neurons while ensuring the convergence of the
network.
∗ Monoprocessor architecture:
In the case of monoprocessor architecture, the scheduling
problem is modeled through ANN by the following represen-
tation:
Neuronsnij are organized in a matrix form, with the sizeNT

x NC , where linei represents the taskτi and the columnj
corresponds to schedule time unitj. The number of time units
NC is the least common multiple of all the task periods and
NT is the number of tasks.
- A neuronnij is considered active when the taskτi is being
executed, during the corresponding time unitj.
- One line of neurons is added to model the possible inactivity
of the processor during the schedule times. These neurons are
called slack neurons.
∗ Multiprocessor architecture:
In the case of homogeneous multiprocessor architecture, sev-
eral matrices arranged in layers are required to model the
different execution resources. New slack neurons are then
needed to manage the execution of each task on resources.
For each couple (taskτi, resourcej), Ci,j new slack neurons
should be added. So, the total number of slack neurons is equal
to:

NT∑

i=1

p∑

j=1

Ci,j + p×NC (7)

Running example of network withp resource layers is pre-
sented in Figure 1. Grey circles represent slack neurons.

Fig. 1. Classical Structure to Model the Scheduling Problem with ANN.

To reduce the required number of neurons, we must mod-
ify neural network structure. The changes correspond to an
adaptation of the Hopfield model. We have adopted the idea
of creating a mutual exclusion between the possible task
instantiations on execution resources [(Chillet, 2007)]. This

mutual exclusion is provided by the presence of an inhibitory
neuronINi,j for the taskτi and the execution of resourcej. In
Figure 2, an example of the scheduling problem is presented
with one taskτi andR possible resources.

Fig. 2. Scheduling Problem Modeled with Inhibitor Neurons.

A set ofNC neurons is calledSi,j (NC = 3 in our use case
example) and represents the possible scheduling cycles of the
taskτi on the resourcej. For each resourcej, the Worst Case
Execution Time (WCET) of the taskτi is defined asCi,j .
The set of neuronsSj is configured (definition of inputs and
weights) to converge towardsCi,j active neurons amongNC .
The main characteristic of this neuron network is its capacity
to converge to a stable state from any initial state. One or
more lines of slack neurons can be added to ensure the
network convergence during the application of k-out-of-N
rule on each vertical line of neurons. As shown in Figure
1, the number of added lines in each layer is equal to the
number of identical processors in this layer (In our example,
one resource can execute the tasks, so one line of slack
neurons are added, lineT′). In this case, the convergence can
not be always obtained.
To delete these lines, we choose the application of a k1-out-
of-N1 classical rule on the horizontal sets of neurons and a
at-most-k2-among-N2 rule on the vertical sets of neurons.
If NT tasks must be scheduled onp identical resources (p
processors in the same layer) during theNC cycles, NC

at-most-p-among-NT rules must be applied on each vertical
set ofNT neurons.
There remains the problem concerning the application of
two rules on both sets of neurons with a common neuron.
Figure 3 shows an example of this case, where the first
set of neurons is composed of three horizontal neurons
n1, n2, n3, and the second is composed of three vertical
neuronsn1, n4, n5 (Neuron n1 is the common neuron of the
two sets). The classical additive for various rules mentioned
that if a k1-out-of-3 rule is applied on the first set and
at-most-k2-among-of-3 rule is applied on the second set, then
the inputs and weights are defined as follows:
-Inputs are equal to:
I1 = (2× k1 − 1) + (2× k2 − 1)
I2 = I3 = (2× k1 − 1)
I4 = I5 = (2× k2 − 1)
- Weights are equal towi,j = −2; ∀i, j = 1..5
k2 slack neurons can be added with a specific weight
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connection with other neurons in order to ensure the at-most-
k2-among-of-3 rule. In the figure 3, the slack neurons (Sn1,
Sn2) are represented.
To remove the slack neurons while ensuring convergence,
we need to simplify thek-out-of-N rule by adopting the
simple redefinition of input and weight values. The energy
function given in the equation 6, energy was rewrited as
E = ( 1√

2
k − 1√

2

∑N

i=1
xi)

2.
With these new input values and weight, we can suggest a
simple additive betweenk1-out-of-N1 and at-most-k2-among-
N2 rules. The main idea is to apply the rulek1-out-of-N1
rule at first on horizontal lines andk2-out-of-N2 rule on the
vertical lines and secondly the change of weight of horizontal
lines.
Thus, the common neuron has its input set at the value
k1 + k2 as shown in Figure 3. The change of the weight
values of the horizontal rule (here the horizontal ruler
k1-out-of-3) compensates the increase of input values on the
common neuron. This compensation is done by decreasing
the weight value between the horizontal neurons and the
common neuron between the two rules. An example of
additive of the two rules is given in Figure 3. We present

Fig. 3. Additive of k1-out-of-N1, and at-most-k2-among-N2 Rules with
Slack Neurons.

an online scheduling algorithm for real-time systems that
attempts to minimize the energy consumed by a periodic task
set. This is based on the well-known earliest-deadline-first
(EDF) algorithm [(Liu, 1973)]. We attempt to find the voltage
at which each task must be executed such that the energy
consumed by the entire set of periodic tasks is minimized
and generate a schedule for the task set such that the release
time requirements are satisfied and the deadline for each task
is met. Although the scheduling methods cited above are very
efficient, most of them make the assumption that the Central
Processor Unit (CPU) can operate at several different voltage
levels (and hence different clock frequencies) which can be
varied continuously. In addition, a number of these methods
are aimed at the synthesis of low-power designs and they do
not address energy minimization during field operation.

The optimization problem that we address in this work, is
to minimize the total energy consumed by the set ofn tasks
by optimally determining their start times, their voltages and
corresponding execution speeds at the real-time scheduling.
The following constraints need to be modeled:
(i) CPU speeds are limited to one of three valuesS1, S2 and
speed-mediumS3 = Sm = (S1 + S2)/2,
(ii) The deadline of each task must be met,
(iii) Tasks are non preemptable,
(iv) A task may start only after it has been released.
The objective function is to minimize

∑
liv

2
i . The modeling

of the constraints and their subsequent linearization are
omitted here due to space limitations.

2) The PEDF Heuristic:: The Priority-energy Earliest
Deadline First heuristic, or simply PEDF, is an extension of
the well-known earliest deadline first (EDF) algorithm. The
operation of PEDF is as follows: PEDF maintains a list of all
released tasks, called the ready list. When tasks are released,
the task with the nearest deadline is chosen to be executed. A
check is performed to see if the task deadline can be met by
executing it at the lower voltage (speed). If the deadline can
be met, PEDF assigns the lower voltage and the execution
of the task begins. During the task’s execution, other tasks
may arrive at any random time. These tasks are assumed to
be placed automatically on the ready list. PEDF again selects
the task with the nearest deadline to be executed. As long as
there are tasks waiting to be executed, PEDF does not keep
the processor idle. This process is repeated until all the tasks
have been scheduled.

Begin algorithm
Procedure PEDF
Repeat forever
If tasks waiting to be scheduled are in ready list
Sort deadlines in ascending order
Schedule task with earliest deadline
If deadline can be met at lower speed (voltage)
schedule task to execute at lower voltage (speed)
If deadline can not be met at medium speed (voltage)
schedule task to execute at medium voltage (speed)
If deadline can not be met at higher speed (voltage)
schedule task to execute at higher voltage (speed)
Else deadline cannot be met, task cannot be scheduled.
End algorithm

3) Notation:: We present the notation and the underlying
assumptions. LetT be a set of assumedn periodic tasks
whereT = τ1, τ2,...,τn. Associated with each taskτi ∈ T are:
(i) its arrival timeai,
(ii) its deadlinedi,
(iii) its length li (represented in number of instruction cycles),
(iv) its periodpi.
Each task is released at time t =ai. Release times are
arbitrary where each task may be released at any time before
its deadline. We assume that the Central Processor Unit
(CPU) can operate at one of the three voltages:V1, V2 or V3.

146



Depending on the voltage level, the CPU speed may take on
three values:S1, S2 or S3. The supply voltage to the CPU
is under OS control and the OS may dynamically switch the
voltage during run-time with relatively low overhead. CPU
speeds are specified in terms of the number of instructions
executed per second. Each taskτi may be executed at a
voltageVi, V i ∈ {V 1, V 2, V 3}.

Task
Arrival
Time
ai

Deadline
di

Length
li

li/v1 li/v2 li/v3

τ1 3 7 800 2.66 2 2.28
τ2 9 21 750 2.5 1.875 2.14
τ3 0 5 1600 5.33 4 4.57
τ4 18 25 1000 3.33 2.5 2.85
τ5 14 16 600 2 1.5 1.71
τ6 7 10 1200 4 3 3.42
τ7 20 27 1100 3.66 2.75 3.14
τ8 14 20 1600 5.33 4 4.57
τ9 11 14 500 1.66 1.25 1.42

TABLE I
TASK SET COMPOSED OF9 TASKS.

IV. EXPERIMENTATION RESULTS

We present now our experimental results. First, we show the
results of the PEDF for a task set of nine tasks. Our example
task set is given in Table I. It consists of tasksτ1 to τ9.
Each task has a release timeai, a deadlineli and a length
li. We assume that the three processor speeds are 300 million
instructions per second (MIPS) at 2.47 V, 350 MIPS at 2.885 V
and 400 MIPS at 3.3 V. The energy consumed by the schedule
generated through MILP is 75677,4575 units (measured by the
sum of theliv2i values).

Fig. 4. Comparison of Schedules Generated by EDF and PEDF

In this part, we observe that the increased energy consump-
tion of EDF arises due to the fact that EDF does not possess
knowledge of the release times a priori. Our PEDF model,
which does not have such a restriction, executes tasksτ3 and
τ9 at a medium speed (voltage) even though both could have
met their respective deadlines by executing at a lower speed
(voltage). We can observe that energy consumed by a task
is proportional to its length. Since the length of taskτ3 is

greater than the lengths of bothτ1 and τ2. We observe that
by executingτ1 at a medium speed (voltage), andτ2 at a
higher speed (voltage), we can executeτ3 at a medium speed
(voltage) and thus reduces the effect of the length ofτ3 on
energy consumption. This, in fact, does result in an optimal
schedule. The results, plotted in Figure 4, prove that PEDF
produces optimal schedules.
Now we use the first row from the above I, (3, 7, 800) to
demonstrate forward propagation: For this example, we take
two hidden layers with six neurons. Then, we assign weights
to all of the synapses. These weights are selected randomly
(based on Gaussian distribution). The initial weights will be
between 0 and 1.

Fig. 5. Determination of Initial Weights

We calculate the sum of the product of the inputs with their
corresponding set of weights to arrive at the first values for
the hidden layer. Weights may be considered as measures of
influence of input nodes on the output.
3 * 0.1 + 7 * 0.4 + 800 * 0.7 = 563.1
3 * 0.2 + 7 * 0.5 + 800 * 0.8 = 644.1
3 * 0.3 + 7 * 0.6 + 800 * 0.9 = 724.2
3 * 0.1 + 7 * 0.5 + 800 * 0.9 = 723.8
We put these sums smaller in the circle, because they are not
the final values:

Fig. 6. Calcul of Sums for the First Hidden Layer

We apply the activation function 2 to the hidden layer
sums. The purpose of the activation function is to transform
the input signal into an output signal and are necessary for
neural networks to model complex non-linear patterns. We
use the sigmoid function as Transfer Functionf(x) = 1

1+e−x :
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f(563.1) = f(644.1) = f(724.2) = f(723.8) = 1
We add the obtained results to our neural network as hidden
layer results: Then, we sum the product of the hidden layer

Fig. 7. Application of activation function

results with the second set of weights (also determined
randomly the first time around) to determine the output sum.
1 * 0.9 + 1 * 0.4 + 1 * 0.7 + 1 * 0.8 = 2.8
1 * 0.5 + 1 * 0.8 + 1 * 0.1 + 1 * 0.3 = 1.7
We apply now the Transfer Function:
f(2.8) = 0.94
f(1.7) = 0.84

Following the presented method, we had the final output
result.

Fig. 8. Full Diagram

V. CONCLUSION

In this paper we have presented advanced approaches for
real-time scheduling of reconfigurable embedded systems to
meet real-time constraints in different execution scenarios
using neural networks. As a fast and intelligent feedback
scheduling scheme, neural feedback scheduling has been
proposed in this paper for real-time scheduling of OS tasks.
To minimize the total energy consumed, we integrated the
PEDF as online scheduling algorithm for real-time systems.
A first perspective for the future works is to extend our
original approach based on a neural network approach
and especially on the back propagation method to support

real-time embedded systems failures.
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Abstract—Changes in operating environment may result in the 

performance degradation to a SaaS software. Analyzing running 

log is an efficient method to locate this problem. However, as a 

long-running software, SaaS may generate huge log data which is 

difficult to analyze, and it lacks a systematic approach to 

implement management of the running log. These all threaten the 

timeliness of SaaS performance analysis. In this paper, we define 

a log format to standardize multi-source heterogeneous log data 

and construct a log model to support SaaS software performance 

analysis, where the two performance metrics of average response 

time and request timeout rate in the model are calculated by 

statistical measurement. Furthermore, a log management 

framework is given to support real-time big log data collection, 

access, calculation, storage and service, and the technology 

implementation of the framework is also given. Finally, a case 

study is given to illustrate and validate the effectiveness of the 

approach. 

Keywords-big data; running log; log model; SaaS software 

performance 

I. INTRODUCTION 

SaaS software provides software as service to consumers, 
while service quality is the key factor for consumer satisfaction. 
Performance as an important QoS attribute of SaaS software, 
directly affects the user experience. In the dynamic, scalable 
running environment provided by cloud computing, if the 
average time that SaaS software responds to service request, 
especially from tenant is too long, when the service does not 
meet the service level agreement, and even losses availability, 
we believe that it is suffering a performance issue (PI). When 
this happens, it tends to cause consumer dissatisfaction, even 
cause the loss of consumers, and finally damage the interests of 
service providers. 

After SaaS software is deployed and put into operation, it 
will provide the highest possible service throughput with the 
lowest possible response latency in various running 
environments and usage scenarios. Due to the development 
quality of the software system, the complex changes of the 
running environment and its resources, the diversity of usage 
scenarios and loads, etc., it will cause the software to suffer a 
variety of performance issues in the runtime. In addition, high 
performance is the basic requirement of SaaS software. With the 
increasingly large number of users, business process execution 
time will get longer and longer, and the possibility of SaaS 
software performance issues will also grow. 

Therefore, at the runtime of SaaS software, operation and 
maintenance managers need find performance issues timely, 
exhaustively, accurately, and take measures to ensure that the 
system can restore the invalid service to the available state in 
time, make the software continue to provide high performance 
services. In this case, through corresponding methods and 
facilities getting a general idea of the performance state of a 
system becomes a necessary condition to achieve above demand. 

The running log of the SaaS software is the data that records 
the information about the status, events, processes or changes in 
the software and its operating environment, the usage behavior 
of users, the occurred events, the interactive messages, and other 
aspects. Running log is widely applied in the various tasks 
managed by software system, such as software failure analysis, 
running environment analysis, usage behavior analysis, etc. The 
operational information extracted from the running log can help 
operation and maintenance managers to analyze software status, 
there are two main means: One is to detect the anomaly of the 
software by analyzing the log features, for example, Wei Xu[1] 
proposed an automatic method that extracts information from 
console logs to detect and visualize runtime problems in large 
scale distributed systems. Deqing Zou et al.[2] proposed a 
method that classifies log according to different failure types, 
which can assists system administrators to monitor the operation 
of the system and diagnose the failure. Fu X et al.[3] presented 
a methodology and a system, named LogMaster, for mining 
correlations of events that have multiple attributions based on 
system logs and predicting system failure. The other is to 
analyze the performance of the software by analyzing the 
performance counters, for example, Keith A. Bare et al.[4] 
proposed an online diagnostic framework ASDF that 
transparently monitors and analyzes different time-varying data 
sources (e.g., OS performance counters, Hadoop logs), and 
narrows down performance issues to a specific node or a set of 
nodes. Zhiling Lan et al.[5] proposed a set of techniques to 
automatically analyze collected data from per node, to detect the 
nodes acting differently from others in the large scale distributed 
system, in another reference[6], they adopted a divide-and-
conquer approach to address the scalability challenge emerging 
in this problem and explored the use of non-parametric 
clustering and two-phase majority voting to improve detection 
flexibility and accuracy. 

However, the above studies mainly focus on the analysis of 
the characteristics of the log itself to detect software anomalies 
or monitoring the data in the PaaS or IaaS layer to analyze the 
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software performance, few studies have been done on the 
performance monitoring and analysis of Web application 
components even fine-grained services in the SaaS layer. The 
features of SaaS software in the cloud computing environment, 
lead to large and complex log data related to performance which 
have high requirement for analysis and processing. So it is 
difficult to identify and diagnose the performance issues of SaaS 
software and has high timeliness requirements. Although the 
application level of big data technology continues to improve, 
the research on the analysis and processing technology of big log 
data is not yet mature, and the research on the analysis of SaaS 
software performance issues based on running log is especially 
lacking. Therefore, how to scientifically and effectively analyze 
and utilize big log data, correctly obtain performance-related log 
data, further diagnose occurred performance issues, and how to 
use big data technology efficiently record, process and analyze 
big log data become a challenging problem in log data analysis 
and processing. 

For these above problems, in view of the SaaS software and 
its cloud computing environment, combined with the demand for 
SaaS software performance analysis, this paper studies how to 
construct log model and manage the log data supporting SaaS 
software performance analysis. We first define the log format to 
normalize the log distributed on each virtual machine node, then 
construct log model and calculate the performance metrics in the 
model via statistical measurement method, and finally design 
and implement the whole framework for managing raw log data 
and log model data. 

This paper is organized as follows. In Section 1, we introduce 
the research background of this paper. In Section 2, we introduce 
the method of constructing log model. In Section 3, we explain 
our log management framework and discuss the technology 
implementation of the framework. Our case study is presented 
in Sections 4. We conclude our work in Section 5. 

II. LOG MODEL CONSTRUCTION BASED ON STATISTICAL 

MEASUREMENT 

A. Performance Metrics 

Performance is generally used to define and measure the time 
constraints and resource allocation degree of a software system 
efficiency. Common performance metrics include response time, 
throughput, resource utilization, etc., the first two reflect the 
performance status of the application level, the latter reflects the 
performance status of the server level.  

In this paper, from the application level, the two metrics of 
response time and throughput are obtained through collecting 
and constructing of the performance metric data from SaaS 
software running log. Performance monitoring of SaaS 
applications belongs to high-level monitoring[7]. In order to 
describe the performance of SaaS software at high level, the 
performance metrics are transformed into the values of statistical 
measurement. In this paper, according to the definition of two 
traditional software performance metrics, response time and 
throughput, we obtain the two performance metrics supporting 
SaaS software performance analysis: 1) Average Response Time 
(ART), that reflects the time efficiency that service processes 
requests. The longer the ART, the slower service processing 
requests, the lower the performance; 2) Request Timeout Ratio 

(RTR), which reflects the degree of service overload. The higher 
the RTR, the higher load, the lower the performance. 

B. Log Format 

Context information at SaaS software runtime is generally 
obtained by the way of logging. We define logging rules as 
follows: 1) Service Invocation Begin (SBE), the SBE event has 
to be logged as the first instruction (begin) of the service. The 
event, if logged, provides the trace that the entity initiated the 
invocation of the service; 2) Service Invocation End (SEN), the 
SEN event notifies the termination (end) of the service and has 
to be logged immediately before each normal exit point of the 
service. The event, once logged, provides the trace that the entity 
completed the invocation of the service; 3) Service Timeout 
Error (STE), the STE entry is written in the event log when a 
service timeout is detected and reported to system. 

Log components generally employ binary instrumentation[8] 
to log, but the log records generated by this method has the 
characteristic of discontinuity. We solve this problem by adding 
a unique identifier GUID in the log records. We use the JSON 
format as the log format standard. An example of log format is 
shown in Fig. 1. 

 

Figure 1.  An example of log format. 

And we adopt the time window method to analyze the SaaS 
software running log[9]. The size of the time window can be set 
according to actual demand. 

So GUID and TimeStamp are the core fields of the log model 
supporting SaaS software performance analysis. The work of 
this paper focuses on analyzing the performance of SaaS 
software, we need monitor the performance of each service 
component even fine-grained service method in cloud 
environment, so the SaaS software running log should also 
include the location information field about SaaS service 
component even service method: Web component name and IP 
address of virtual machine. The basic log information field 
should include service name (service method name), log level 
(log type) and log context (context execution information). 

C. Log Model 

The raw log data generated by SaaS software at runtime has 
the characteristics of volume, velocity, value and veracity (4V). 
For big data processing technology, there are many applications 
in other fields[10-11]. While the log is a stream of data that is a 
real-time, continuous, time-varying sequence of data items. Data 
stream model is the logical abstract expression of the data stream, 
which can improve the processing efficiency of data streams. In 
order to improve the efficiency of big log data processing and 
analysis, we propose a log model, it mainly consists of 7 
attributes, as shown in Fig. 2. 

150



Virtual Machine 

IP

Virtual Machine 

IP

WebApp

Name

WebApp

Name

Service

Name

Service

Name Time Window

 Start Time

Time Window

 Start Time

Time Window

 End Time

Time Window

 End Time

 Average Response 

Time of Services

 Average Response 

Time of Services

 Request Timeout 

Ratio of Services

 Request Timeout 

Ratio of Services

Log RecordLog RecordLog Model

 

Figure 2.  Log model supporting SaaS software performance analysis. 

We calculate the two performance metrics of Average 
Response Time and Request Timeout Ratio in the model by 
statistical measurement method. 

1) Average Response Time Calculation 
Response time is the end-to-end time that a task spends to 

traverse a certain path within the system[12]. Average Response 
Time reflects the user expectation on time that software responds 
to request. The ART is computed as 

𝐴𝑅𝑇𝑤 = 𝐸[𝑇𝑟𝑤] = ∑ (𝑡𝑟𝑖 − 𝑡𝑠𝑖)
𝑛
𝑖=1 /𝑛

where 𝑊 is the time window, it can be a given time interval, 
such as 1 minutes, 1 hours, 1 days etc.; 𝑇𝑟𝑤 is the response time 
of request 𝑟  in 𝑊 ; 𝑛  is the number of requests in 𝑊 ; 𝑡𝑟𝑖 
indicates the arrival time of the request 𝑖, that is the time of SBE; 
𝑡𝑠𝑖 indicates the service response time of the request 𝑖, that is the 
time of SEN. This calculation does not take into account the time 
consumption about network transmission from client to server. 
Equation (1) is applied only in the case that each (SBE, SEN) 
pair in a time window. 
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Figure 3.  The requests of across the time windows. 

For example in Fig. 3, request Ri across multiple time 
windows from request arrival to service response. We consider 
the proportion of time spent on each time window. We divide 
the Ri into three parts, calculate the ART for each part. The ART 

of request Ri in the time window [𝑡0, 𝑡𝑤] is 
𝑡𝑤−𝑡𝑟𝑖

(𝑡𝑤−𝑡𝑟𝑖)/(𝑡𝑠𝑖−𝑡𝑟𝑖)
, in 

the time window [𝑡𝑘𝑤, 𝑡(𝑘+1)𝑤] is 
𝑡𝑠𝑖−𝑡𝑘𝑤

(𝑡𝑠𝑖−𝑡𝑘𝑤)/(𝑡𝑠𝑖−𝑡𝑟𝑖)
, in the time 

interval [𝑡𝑤, 𝑡𝑘𝑤] is 
(k−1)w

(k−1)w/(𝑡𝑠𝑖−𝑡𝑟𝑖)
.Therefore, the ART for all 

requests in the time window[𝑡0, 𝑡𝑤] is 
(𝑡3−𝑡1)+(𝑡4−𝑡2)+(𝑡𝑤−𝑡𝑟𝑖)

1+1+(𝑡𝑤−𝑡𝑟𝑖)/(𝑡𝑠𝑖−𝑡𝑟𝑖)
, in 

the time window [𝑡𝑘𝑤, 𝑡(𝑘+1)𝑤] is 
(𝑡7−𝑡5)+(𝑡8−𝑡6)+(𝑡𝑠𝑖−𝑡𝑘𝑤)

1+1+(𝑡𝑠𝑖−𝑡𝑘𝑤)/(𝑡𝑠𝑖−𝑡𝑟𝑖)
. 

Combined with the above example, we modify (1) as 

𝐴𝑅𝑇𝑤𝑗 =
∑ 𝑇𝑟𝑖𝑊𝑗

𝑛𝑗
𝑖=1

∑ 𝐾𝑟𝑖𝑊𝑗

𝑛𝑗
𝑖=1

                        (2) 

where 𝑊𝑗  is a time window from 𝑡𝑗𝑤  to 𝑡(𝑗+1)𝑤 , i.e. 𝑊𝑗 =
[𝑡𝑗𝑤 , 𝑡(𝑗+1)𝑤]; 𝑛𝑗  is the number of requests within 𝑊𝑗; 𝑇𝑟𝑖𝑊𝑗

 is 

the time proportion of ith request 𝑟𝑖 in 𝑊𝑗, i.e. 

𝑇𝑟𝑖𝑊𝑗
= {

𝑡𝑠𝑖 − 𝑡𝑟𝑖 ,           𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤
𝑡𝑠𝑖 − 𝑡𝑗𝑤,          𝑡𝑟𝑖 < 𝑡𝑗𝑤 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤
𝑡(𝑗+1)𝑤 − 𝑡𝑟𝑖, 𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡(𝑗+1)𝑤 < 𝑡𝑠𝑖

; 

𝐾𝑟𝑖𝑊𝑗
 is the number of ith request 𝑟𝑖 in 𝑊𝑗, i.e. 

𝐾𝑟𝑖𝑊𝑗
=

{
 
 

 
 
1,               𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤
𝑡𝑠𝑖−𝑡𝑗𝑤

𝑡𝑠𝑖−𝑡𝑟𝑖
,      𝑡𝑟𝑖 < 𝑡𝑗𝑤 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤

𝑡(𝑗+1)𝑤−𝑡𝑟𝑖

𝑡𝑠𝑖−𝑡𝑟𝑖
, 𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡(𝑗+1)𝑤 < 𝑡𝑠𝑖

. 

2) Request Timeout Ratio Calculation 
Request Timeout Ratio describes that the service accepts 

multiple requests simultaneously, but responses to some 
requests exceed the user expectation in a given time window, 
then the percentage of these requests is the request timeout ratio. 

In time window 𝑊𝑗, the RTR is the ratio of the number of 

timeout requests 𝑁𝑡𝑊𝑗
 to the total number of requests 𝑁𝑎𝑊𝑗

: 

𝑅𝑇𝑅𝑊𝑗
(∆𝑡) =

𝑁𝑡𝑊𝑗

𝑁𝑎𝑊𝑗

                              (3) 

Because it is a ratio, the metric is less influenced by isolated 
extreme values, which makes it more independent of time 
window length. But 𝑁𝑡𝑊𝑗

 and 𝑁𝑎𝑊𝑗
 can not be directly obtained 

through the program, we modify (3) as  

𝑅𝑇𝑅𝑊𝑗
(∆𝑡) =

𝑁𝑡𝑊𝑗

𝑁𝑎𝑊𝑗

=
∑ 𝑁𝑡𝑊𝑗

𝑟𝑖
𝑛𝑗
𝑖=1

∑ 𝑁𝑎𝑊𝑗

𝑟𝑖
𝑛𝑗
𝑖=1

, ∑ 𝑁𝑎𝑊𝑗

𝑟𝑖𝑛𝑗
𝑖=1

≠ 0  (4) 

where 𝑁𝑡𝑊𝑗

𝑟𝑖  indicates whether ith request 𝑟𝑖 timeouts within 𝑊𝑗，

𝑁𝑡𝑊𝑗

𝑟𝑖 = {
1 𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤, 𝑡𝑠𝑖 − 𝑡𝑟𝑖 > ∆𝑡

0                                                       𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
, 

1 indicates that the request timeouts within the window. 

𝑁𝑎𝑊𝑗

𝑟𝑖  indicates whether ith request 𝑟𝑖 is within 𝑊𝑗,  

𝑁𝑎𝑊𝑗

𝑟𝑖 = {
1  𝑡𝑗𝑤 < 𝑡𝑟𝑖 < 𝑡𝑠𝑖 < 𝑡(𝑗+1)𝑤
0                            𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

,  

1 indicates that the request is within the window. 

A request timeout belongs to the STE event, we estimate the 
expected duration ∆𝑡  of the requested service timeout by 
EWMA[13]. The timestamps of the SBE and SEN events, 
logged at each exception-free invocation, are used to profile ∆𝑡. 
The EWMA statistic as described in the following: 

∆𝑛= (1 − 𝛼)∆𝑛−1 + 𝛼∆𝑙                         (5) 
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where ∆𝑙 is the last duration estimate (obtained by subtracting 
the timestamp of the SBE from the one of the SEN event at the 
last service invocation); 𝛼 is the weight, the weight is small for 
taking into account the history in the changing tendency of the 
∆𝑛  series. A requested service timeout is detected if the SEN 
event is not observed within ∆𝑡 = 𝑛𝑠 ∙ ∆𝑛 time units since the 
SBE. Then the STE event will be written in the log and reported 
to system. 

The structure of log model is fixed as shown in Fig. 2, but 
log model data is calculated in real time with the generation of 
raw log data, it has the characteristic of rapid growth. In addition, 
the log model is for different roles, and the requirements for the 
log model are different due to different demands of the roles. In 
Fig. 2, we define the core attributes of a log model that supports 
the diagnosis of performance issue that response time is too long. 
In the actual diagnosis, we can add the specific attribute items to 
meet the different requirements of specific diagnostic tasks of 
different roles. 

III. LOG MANAGEMENT SUPPORTING SAAS SOFTWARE 

PERFORMANCE ANALYSIS 

A. Log Management Framework 

The log data management framework adopts the idea of 
modularization[14]. 
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Figure 4.  The log management framework supporting SaaS software 

performance analysis. 

Fig. 4 shows the log management framework that supports 
the processing of big log event stream data in real-time. It 
consists of five modules: collection module, access module, 
computation module, storage module and service module, the 
functions of each module are described as follows: 

1) Log Collection Module 
This module is responsible for collecting data in real-time 

from virtual machine nodes on the cloud platform. As the log 
data is multi-sourced and heterogeneous, each collector logs the 
data generated by different objects and normalizes the collected 
log data according to the log format defined in this paper; 

2) Log Access Module 
This module is responsible for easing the situation that the 

speed of data collection and data processing is not synchronized, 
and solving the cost problem that immediately process collected 
data. So it is necessary to transfer the log data to the storage 
module or computation module for centralized processing; 

3) Log Computation Module  

In this module, one is data-intensive computing applied to 
analyze massive raw log data to obtain the required information. 
The other is stream computing applied to process the coming 
data in real-time. Furthermore, this module is extensive for its 
computing frameworks based on actual analysis demands; 

4) Log Storage Module 
This module includes two kinds of storage systems. One is 

raw data storage, which stores historical data orderly and 
permanently for future data mining and analyzing. The other is 
result data storage, which provides rapid access to data for 
different role analysis, evaluation or prediction; 

5) Log Service Module 
This module consists of services that can meet the different data 

demands of different roles. Each service reads required data from 
the Result Data Storage for all roles in each layer. In addition, to 
meet the demand of an administrator for diagnosing performance 
issues, the raw log data in Raw Data Storage are needed. 

B. Implementation of Log Management Framework 
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Figure 5.  The log management framework implementation supporting SaaS 

software performance analysis. 

As shown in Fig. 5, event log generated from the SaaS 
application WebApp deployed on the virtual machine in cloud 
platform will be collected by Agent of the Flume collection 
process of each virtual machine, then it flows into the Flume sink 
node of a virtual machine and generates two log event stream 
branch: The first flows directly to the HBase database for storage; 
The second will flow into the Spark Streaming for calculation, 
and the results are written into the MongoDB database. 

1) Log Collection Module Implementation 
We collect the log context of SaaS software at runtime by 

interceptor technology, as shown in Fig. 6. 

logFilter: logUtil: logClient: logSource: fileChannel: HBaseSink: memoryChannel: kafkaSink:

1: writeLog

1.1: log
1.1.1: log

1.1.1.1: writeTo

1.1.1.2: writeTo

3: readFrom

4: readFrom
5: readFrom

6: readFrom

1.1.2: log
1.2: log

2: writeLog

 

Figure 6.  Log collection sequence diagram. 
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2) Log Access Module Implementation 
We adopt Kafka mainstream framework as distributed 

message queue middleware, as shown in Fig. 7. 

kafkaSink: kafkaServer: kafkaSpout:

1: Start

2: Start

3: register

4: register

9: reciveFrom(String topic)

10: reciveFrom(String topic)

5: register

6: register

7: sendTo(String topic, String msg)

8: sendTo(String topic, String msg)

 

Figure 7.  Kafka's producers and consumers publish subscribe message 

sequence diagram. 

3) Log Computation Module Implementation  
We implement the real-time calculation of log data stream 

based on Spark Streaming[15], as shown in Fig. 8. 
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Figure 8.  Log data stream real-time computing process. 

Spark Streaming provides some basic log data statistics 
interface, we use its basic statistical functions: total, mean and 
percentage. For the window operation of Spark Streaming, we 
use incremental methods to improve the efficiency of statistics. 

4) Log Storage Module Implementation 

a) log data storage  

Raw log data generally has no high-frequency access and has 
no high requirement for real-time, so we consider storing it on 
Hadoop Distributed File System (HDFS). This paper stores the 
raw log data according to the log level in the log record; 

b) log model data storage 

Log model data will be accessed frequently by the log 
service module. Combined with the characteristics of the log 
model itself, this paper chooses to store it in the extensible, high-
performance distributed NoSQL database MongoDB. In order to 
improve the efficiency of query processing, we establish B-tree 
index[16] at the SBE time for log model data with the increasing 
computational requirements. 

5) Log Service Module Implementation 
The module provides the basis for operation and 

maintenance managers to find software performance issues, and 
improve the issues effectively. For the implementation of this 
module, from discovering performance issues to timely 
improving performance issues, demand of the roles in SaaS 
software may involve three services: historical log data statistics 
service, real-time monitor service and prediction service. 

IV. CASE STUDY 

We evaluate the effectiveness of our method by an Integrated 
Disaster Reduction Application System (IDRAS). It relies on the 
basic idea of cloud service platform and service oriented 
architecture (SOA), has a series of Web components with 
independent functions, as shown in Fig. 9. 
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Figure 9.  The service platform of IDRAS. 

When the disaster occurs, all the SaaS software services in 
the system work together to provide services. In such a complex 
production environment, SaaS application will produce hundreds 
of MBs of log data with millions of events in them. Full manual 
analysis of these log data is not a realistic option, yet they need 
to be used daily by the operation and maintenance managers to 
monitor and resolve performance issues. Therefore, it is of great 
significance to provide a unified log management system for the 
massive running log generated by IDRAS to support its 
performance analysis. And our log management system can 
handle these hundreds of MBs of log data even larger. 

We create a collection called LogModel in the MongoDB, 
the document structures of the collection include Key, Value, 
and Type. Table I elaborates the types and descriptions of each 
key in the log model in the document structure. 

TABLE I.  LOG MODEL DOCUMENT STRUCTURE DESCRIPTION 

Key Type Description 

_id ObjectId Primary key field 

VHostIP String Mobile IP or fixed IP 

WebAppName String such as war files 

OneMinuteStart DateTime Start time 

OneMinuteEnd DateTime End time 

ART Int32 Average Response Time 

RequestCount Int32 The number of requests in 1min 

ResponseCount Int32 The number of responses in 1min 

RTR Double 1-(ResponseCount/RequestCount) 

We visualize the log model data results supporting IDRAS 
performance analysis through MongoVUE, Fig. 10 shows a 
small part of the data. 
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Figure 10.  Log model result data of the service platform of IDRAS. 

As can be seen from the data in Fig. 10, SaaS components of 
UserMgr and ProductMakeService receive 47 and 46 user 
requests respectively in a certain minute, but they only respond 
to 45 requests, and their average response time are fluctuating 
abnormally or fluctuating up over a time period in which the 
request timeouts, this indicates that the two SaaS components 
may be experiencing a PI. About what causes this result, the 
expert can combine the raw log data in the HBase database to 
analyze whether an exception or error has occurred in a time 
window in which the request timeouts. The expert can locate the 
reasons of SaaS software PI through tracking analysis of 
abnormal or error log. 

The analysis results were evaluated by performance experts 
from IDRAS who has 8 years of experience in SaaS software 
performance analysis and deep knowledge of the IDRAS 
infrastructure. In this evaluation the experts focus on evaluating 
whether the result data generated by our method reflects the 
software is experiencing PI, the evaluation results as shown in 
Table II and Table III. 

TABLE II.  PI EVALUATION 1 

PI ID: 1  Date: 2016-12-22 07:15:56  Strategy used: tracing 
Manual diagnosis: 

Page reads/sec high on UserMgr. Cause: server restarted → cache empty so 

needs to be filled up. 
Verification: 

Is real PI: Yes Diagnosis correctness: 1 

TABLE III.  PI EVALUATION 2 

PI ID: 2  Date: 2017-01-23 06:57:56  Strategy used: tracing 
Manual diagnosis: 

Images download timeout (9000 ms) has expired. Cause: cache I/O busy → 

read and write exception so needs to optimize the cache mechanism. 
Verification: 

Is real PI: Yes Diagnosis correctness: 1 

From the above two evaluation results can be seen, the 
results data generated by our method reflect the software is 
experiencing PI, it is consistent with the expert's diagnostic 
results. Software running cycle is long, we just choose some 
real-world performance problems that prove the effectiveness of 
our method, in the next running time, as long as the performance 
issues occur, we can find the performance experts to confirm, 
and so far our all results are corroborated with the experts. 

V. CONCLUSION 

From the demand and research status of SaaS software 
performance monitoring and analysis in cloud computing 

environment, this paper proposes a format standard that 
standardizes the SaaS software running log. Based on the 
standardized log, we calculate the performance metrics of SaaS 
software components with the aid of the service average 
response time calculation model and service request timeout 
ratio calculation model, and then obtain the log model 
supporting SaaS software performance analysis. In addition, this 
paper also presents a management framework and technology 
implementation of the raw log data and log model data, which 
supports the performance analysis of SaaS software. Finally, we 
demonstrate the effectiveness of our approach through a case 
study. The next step will improve the work of the log service 
module, and combine the low-level indicators to study the 
automatic identification of SaaS software performance issues. 
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Abstract—Software Conceptual Integrity has been considered a 
cardinal concern for design and development of software systems. 
But, except for verbal descriptions of desiderata, there were no 
formal tools to guarantee that conceptual integrity is attained. 
This paper proposes an axiomatic algebraic approach, based 
upon the assumption that the software system in each level of the 
system hierarchy is represented by a Modularity Matrix. This 
representation enables to translate propriety, orthogonality and 
generality, usually taken as basic conceptual integrity principles, 
into formal algebraic criteria. The novelty is that one can finally 
make Conceptual Integrity quantitative calculations. The latter 
are illustrated by a case study. The paper also discusses the 
intimate relationship between software and knowledge, which 
emphasizes the importance of conceptual principles for software 
design.1 

Conceptual Integrity; software system design; Linear Software 
Models; Modularity Matrix; axiomatic approach; formal algebraic 
criteria; quantitative calculations; Software Knowledge. 

I.  INTRODUCTION 

The central importance of Conceptual Integrity for software 
system design and development, first advanced by Brooks [3], 
is a revolutionary idea, which did not percolate yet deep 
enough through the practice of Software Engineering.  It has 
two fundamental implications:  

a- software is far away from the machine, be it a real or a 
virtual machine;  

b- software understanding by human or robotic 
stakeholders, either a developer or a user, is at the 
heart of high quality design of any software system. 

This paper claims that faithful translation of informal verbal 
principles to formal mathematical criteria is essential to 
widespread practical application of Conceptual Integrity ideas. 
Our proposal formulates algebraic axioms for Conceptual 
Integrity based upon the Modularity Matrix [10], an algebraic 
structure of the Linear Software Models. 

A. The Idea of Conceptual Integrity 

The idea of Conceptual Integrity was proposed by Brooks 
[3], [4] to deal with neat design of software, and management 
of teams of developers of software systems.  

                                                           
DOI: 10.18293/SEKE2017-148 

The three principles suggested by Brooks [4] and verbally 
described, e.g. by Jackson and co-authors [7], [17], [18] are: 

1. Orthogonality – individual functions should be 
independent of one another; 

2. Propriety – a product should have just the 
functions essential to its purpose and no more; 

3. Generality – a single function should be usable in 
many ways. 

These principles have not been formalized, besides being 
explained in natural language and illustrated by examples say 
by some kind of informal graphical representation. 

The ideas of the Conceptual Integrity principles can be 
summarized in terms of design modularity and simplicity. 
Orthogonality is a basic mechanism to obtain modularity; 
propriety means an optimization i.e. the fewer the functions 
that perform exactly the same tasks, the simpler the software 
product; generality avoids unnecessary proliferation of similar 
functions, i.e. reuse existing functions as far as possible (but 
see the Discussion in section VI on faithfulness of translation). 

B. Linear Software Models: the Modularity 
Matrix 

We concisely review the Modularity Matrix, a Linear 
Software Models’ algebraic structure, representing a software 
system. We aim to explain the primitive terms of these models 
used in the axioms of this work; for details see [8], [9], [10].  

Structors – the Modularity Matrix columns – are vector 
characterizations of software structure, generalizing classes for 
any hierarchical software system level. Functionals – the 
Modularity Matrix rows – are vector characterizations of 
software behavior, i.e. generalized functions provided by 
structors that may be potentially invoked. Modules – the blocks 
along the Modularity Matrix diagonal – are sub-systems, made 
of structor sub-sets and their respective functionals, disjoint to 
sub-sets corresponding to other modules. Modules give the 
standard Modularity Matrix its visually recognizable block-
diagonality appearance. 

In Linear Software Models the design goal is to achieve for 
a software system, the standard Modularity Matrix, in which all 
blocks are orthogonal. When an outlier couples modules, which 
are not anymore orthogonal, the system must be redesigned. 
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There is a two-fold relationship between a Modularity 
Matrix and Conceptual Integrity: a- the structors are in fact 
basic concepts of the software system; b- the immediate 
algebraic translation of conceptual integrity principles such as 
orthogonality into operations among matrix entities. 

C. Paper Organization 

The remaining of the paper is organized as follows. Section 
II refers to related work. Section III introduces the axiomatic 
approach. Section IV provides quantitative Conceptual 
Integrity criteria enabling actual calculations. Section V 
illustrates the approach with a case study. Section VI concludes 
the paper with an overall discussion. 

II. RELATED WORK 

A. Applications of Conceptual Integrity 

Works that mention the importance of Conceptual Integrity 
often make a vague statement about its meaning, e.g. Beynon 
et al. [2]. 

Kazman and Carriere [20] deal with reconstructing a 
software system architecture. They use conceptual integrity as 
a guideline to a meaningful architecture, viz. use a small 
number of components connected in regular ways, with 
consistent functionality assigned to these components.  

Kazman [19] describes a SAAMtool, in which Conceptual 
Integrity is estimated by the number of primitive patterns that a 
system uses. 

Clements et al. [6] think of conceptual integrity as the 
unifying theme of the system design at all levels. Similar things 
should be done in similar ways, with parsimonious data and 
control mechanisms in a system. They refer to hierarchical 
levels of systems, and also suggest counting mechanisms as a 
path to a more quantitative definition of Conceptual Integrity. 

A recent example of the importance of Conceptual analysis 
for applications of Software Engineering is the work by 
Zambonelli [25] on key abstractions for the Internet of Things. 

B. Algebraic Representations of Software Systems 

In this work we refer to the Modularity Matrix [13]. Other 
matrices have been used for modular design. 

The Laplacian matrix – see e.g. von Luxburg [21] and 
references therein – has been used in various applications. 
Exman and Sakhnini [14] have derived a Laplacian matrix 
containing equivalent information about a software system as 
the corresponding Modularity Matrix, enabling similar 
software design results.  

The Design Structure Matrix (DSM) has been incorporated 
into the ‘Design Rules’ by Baldwin and Clark [1]. It has been 
applied in various contexts, including for software systems, e.g. 
Cai et al. [5]. An essential difference between DSM and the 
Modularity Matrix is linearity as a central idea of the 
Modularity Matrix, while DSM design quality is estimated by 
an external economic theory superimposed on the DSM matrix. 

Conceptual lattices, analyzed within Formal Concept 
Analysis (FCA) were introduced in Wille [24]. There are 

generic overviews describing its mathematical foundations, see 
e.g. Ganter and Wille [16]. 

The equivalence between Modularity Matrices and 
Conceptual Lattices – see e.g. Exman and Speicher [12] – is 
especially relevant for the current work, since it gives a formal 
justification for dealing with structors as concepts.  

III.  AN AXIOMATIC APPROACH 

In this paper we choose an Axiomatic Approach for a 
theory of Conceptual Software Design. This kind of approach 
is commonly found in certain sub-fields of mathematics and 
physics. Why do we need axioms here? 

The first justification is that we are dealing with principles 
that are accepted as truth without a proof. We are unable to 
compact the software developer experience of Brooks, as 
admirable as revealed in his works, and turn it into a formal 
argumentation. We do acknowledge that his suggested 
principles are largely true, and build a model based on them. 

The second justification is that we are presenting here a 
theory combining two independent knowledge domains, which 
apparently have no intrinsic relationship. Again, this 
relationship need to be clarified and made intuitive, but cannot 
be proven. One domain is the field of Software, having its own 
vocabulary and syntax – say classes, functions, inheritance, etc.  
The other domain is a mathematical infra-structure, which here 
is Linear Algebra, having its own vocabulary and operational 
rules – say matrices, scalar product, eigenvectors, etc.  

This is the usual way of formulating theories in science: 
one chooses a mathematical formulation (here Linear Algebra) 
judged to be the most suitable to represent and manipulate the 
entities of the specific scientific domain (here Software). We 
need to demonstrate as far as possible that the axioms in 
algebraic terms are a plausible and faithful translation of the 
intentions of Brooks’ principles referring to software 
conceptual integrity. This kind of demonstration goes beyond 
the purely algebraic arguments given under the rubric of Linear 
Software Models in a series of papers (see e.g. Exman [8]). 

The third justification is the specific contents of the 
proposed axioms. These have a prescriptive rather than 
descriptive nature. The axioms embody the principles of 
Conceptual Integrity, which are the recommended way to 
design software systems as argued by Brooks [4] and other 
authors. Again recommended and reasonable, but not formally 
proven. 

The ultimate justification for these axioms, which are the 
main contribution of this work, should be provided by rigorous 
empirical verification in a software design laboratory. 

A. Overall Characteristics of the Axioms 

The three axioms of our theory of software systems design 
take the verbal principles behind Conceptual Integrity as 
mentioned above – in sub-section A of the Introduction section 
– and represent them by linear algebraic operations within the 
Linear Software Models. The three axioms are presented in the 
logical order of the matrix manipulation needed to obtain the 
best system design. 
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B. First Axiom: Propriety 

Remember the verbal formulation of Propriety: software 
systems should just have all the appropriate functions as 
demanded by its requirements, but no more than those. Its 
meaning is therefore to avoid superfluous functions. 

 
 
 

 

 

 

Linear independence (of both structors and functionals) 
obtains exactly the desired propriety. Identical columns/rows in 
the Modularity Matrix should be eliminated, leaving just one 
instance of each column/row kind. If a few columns/rows are 
respectively linear dependent, their number should be reduced 
to the bare essentials, i.e. the minimal number of independent 
vectors. 

An important algebraic consequence of the Propriety 
demands is that standard Modularity Matrices for any given 
software system are square, as shown in [10].  

C. Second Axiom: Orthogonality 

The verbal formulation of orthogonality is that any 
individual functions should be independent of one another. 
Its meaning is thus, no overlap at all between these functions. 
This formulation with “independence” appears to imply 
linear independence, but the latter is already achieved with 
the 1st axiom. Orthogonality in algebra is a stronger demand 
than linear independence, deserving a separate axiom. 

 
 
 
 

 

 

 

Orthogonality as defined in Linear Algebra, i.e. the scalar 
product of two vectors is zero, is indeed a stronger demand 
than linear independence, viz. it demands zero overlap between 
vectors. 

Orthogonality of software system modules is made visible 
by reordering columns and rows in the Modularity Matrix, 
displaying the disjoint sets of structors and their respective 
functionals, the blocks along the matrix diagonal, viz. showing 
block-diagonality. 

It seems quite clear that Brooks and other authors 
concerned with conceptual integrity have used the term 
“orthogonality” inspired by its mathematical meaning. So, it is 
natural to keep using exactly the same term with its perfect 
meaning correspondence. The specific contribution of this 
work is to determine which entities – which vectors – have 
their orthogonality calculated. 

D. Third Axiom: Generality 

The verbal formulation of Generality is that a function 
should be usable in many ways. Our interpretation is that 
similar functions should not be replicated in different modules, 
but refined into a single generic form and then possibly 
invoked from other modules, if necessary. In other words, in 
any hierarchy level of the software system, modules should be 
cohesive enough – functions related to one another within a 
module – while enabling composition with other modules, 
even from different hierarchical levels. 

 
 
 
 

 

 

 

High cohesion in terms of modules of the Modularity 
Matrix means low sparsity, i.e. low numbers of zero-valued 
matrix elements relatively to the module size. 

If a module has low cohesion it should be split by means of 
a procedure using eigenvectors of the Modularity Matrix (see 
e.g. [11]). 

E. Application of Conceptual Software Axioms 

 The importance and practical usage of the above axioms is 
to obtain software system modules actually displaying 
Conceptual Integrity. To this end, one just needs to apply on 
the software system Modularity Matrix the standard operations 
found in Linear Software Models. These are: 

1. For propriety – eliminate linear dependencies 
respectively of matrix columns/rows;  

2. For orthogonality – reorder matrix columns/rows to 
obtain block-diagonality, where blocks are modules; 

3. For generality – eliminate outliers, thereby reducing 
block sizes, to avoid low module cohesion, increasing 
the number of modules. 

IV.  QUANTITATIVE CRITERIA CALCULATIONS 

Besides the formal axioms, the practical significant 
contribution of this work is to formulate explicit equations to 
calculate quantitative criteria to measure conceptual integrity, 
one criterion fitting each of the above axioms. These equations 
are combined to calculate criteria for a whole software system. 

All the quantities involved in the calculations of Conceptual 
Integrity are normalized. Normalization means that these 
quantities are independent of the vector or matrix sizes, i.e. one 
divides results by relevant entity sizes. 

A. Equations for Conceptual Integrity Criteria 

We assume that all elements of the Modularity Matrix, and 
therefore of its modules, structors and functionals are non-
negative. The normalized criteria are given as follows: 

1st Software Design Axiom: Propriety 
For any hierarchical level of a given Software System 
represented by its Modularity Matrix, all its structors 
should be linearly independent, and all its functionals 
should be linearly independent. 

2nd Software Design Axiom: Orthogonality 
For any hierarchical level of a given Software System 
represented by its Modularity Matrix, all the 
structors/functionals belonging to a given module should 
be respectively orthogonal to all the structors/functionals 
belonging to any other module. 

3rd Software Design Axiom: Generality 
For any hierarchical level of a given Software System 
represented by its Modularity Matrix, all its modules 
should display high cohesion. If a module does not 
display high cohesion it should be split, maximizing the 
number of modules in the Matrix. 
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1. Propriety – Linear Dependence within a module is 
evaluated by equation (1), in which r  is the rank and c 
is the number of columns of the module sub-matrix. 
Since module sub-matrices are square, one could use as 
well the number of rows instead of the number of 
columns. The module propriety criterion in equation 
(1) has a value between zero and the maximum 
propriety value of 1 which is obtained when r  equals c. 

Propriety = 1 - ( (c - r) c )   (1) 

2. Orthogonality – assume a pair of vectors u and v where 
each of them is normalized [23], i.e. all their elements 
are divided by the length of the respective vector. Their 
Orthogonality criterion is evaluated by equation (2), 
where ( )u vi is the vectors’ scalar product. 

Orthogonality has a value between zero and the 
maximal value 1 obtained for zero scalar product. 

)iOrthogonality = 1 - (u v   (2) 

3. Generality – for each module of a software system the 
generality criterion is given by equation (3), the 
Cohesion of the module, where Sparsity is the ratio 
between zero-valued matrix elements and the total 
number of matrix elements of the module. This 
generality expression – the module cohesion – has a 
value between zero and 1 and is maximal when the 
Sparsity is minimal. 

Cohesion = (1 - Sparsity)     (3) 

B. Systems’ Conceptual Integrity Calculations 

Software system calculations, based upon the above 
equations, should be done for the whole set of Modularity 
Matrix modules to obtain the combined conceptual integrity 
criterion for the respective software system.  

For instance, the orthogonality criterion of a system with n 
modules, where k modules are mutually orthogonal and the 
remaining n-k are not orthogonal, is calculated by equation (4). 
The measured orthogonality m(i) for each non-orthogonal 
module i is obtained by repeated application of equation (2). 
Thus, 

∑
n-k

i
System_Orthogonality = (k + m(i)) n      (4) 

V. ILLUSTRATION BY A CASE STUDY 

A system calculation is here illustrated by a simple case 
study, shown in Fig. 1. It has 5 modules, with one outlier 
coupling between two modules (viz. modules 2 and 3), and 3 
mutually orthogonal modules (viz. modules 1, 4 and 5). 

 

 

Figure 1.  Schematic generic Modularity Matrix with outlier – It has 5 
modules (in yellow), three of them mutually orthogonal (modules 1, 4 and 5). 
Modules 2 and 3 are coupled by the outlier (in blue). At least one matrix 
element (in red) in the coupled modules is shared by a Functional and a 
Structor containing the outlier. The hatched areas (in green) and the coupled 
modules form a larger module, too sparse to be a legitimate module, as most 
hatched areas matrix elements are zero-valued, except for the outlier.  

The outlier couples modules 2 and 3 as it has a Functional 
(row) shared with module 2 and a Structor (column) shared 
with module 3.  As seen in Fig. 1, the shared Functional has at 
least one non-zero matrix element in module 2. Similarly, the 
shared Structor has at least one non-zero matrix element in 
module 3. Thus, the scalar products – in equation (2) above – 
of the Functional and Structor containing the outlier with at 
least one respective Functional of module 2 and with at least 
one respective Structor of module 3 will be greater than zero. 

 

Figure 2. Specific Modularity Sub-Matrix with outlier – It is equivalent to 
zooming into (yellow) modules 2 and 3 of Fig. 1, whose hatched (red) 
elements are coupled by a (dark blue) outlier. The top-left module size is 3*3 
and the bottom-right size is 2*2. The hatched areas (in green) outside the 
modules have all zero-valued elements (ommitted for simplicity), except the 
outlier.  
 

The eigenvectors’ procedure [11] obtaining Modularity 
Matrix modules, results in a larger module containing modules 
2 and 3 and the outlier element. But, cohesion calculation of 
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this larger module, applying equation (3) above, shows that 
this larger module is too sparse to be a legitimate module. One 
effectively breaks it into modules 2 and 3, leaving the matrix 
element outside these smaller modules as an outlier. 

Now let us calculate the orthogonality given by equation 
(4) for the software system with non-orthogonal modules 
shown in Fig. 2. The outlier has a functional F1 in common 
with the top-left module. F1 has non-zero scalar products with 
two other functionals (F2 and F3) of the same module. Thus, 
by applying twice equation (2) the average measured 
orthogonality m(i) for the top-left module is 0.55. In addition, 
the outlier has a structor S5 in common with the bottom-right 
module. S5 has a non-zero scalar product with the structor S4. 
Thus the measured orthogonality m(i) for the bottom-right 
module is 0.5. Therefore, the System Orthogonality calculated 
value is 0.81. 

VI.  DISCUSSION 

A. The Relation between Functions and Concepts 

The verbal Conceptual Integrity principles, in sub-section A 
of this paper’s Introduction, are expressed in terms of 
functions, instead of concepts, as it was pointed out by Jackson 
and co-authors [7]. A Conceptual Integrity exposition is 
expected to focus on concepts. One needs to explain the role of 
functions. Here this is done in two steps.  

In the first step, we reiterate that in the Object Oriented 
approach to software design, classes and their generalization 
structors stand for abstract types, i.e. actually natural language 
concepts. Functionals, a generalization of functions, enable the 
vectorial representation of Structors. In other words, they are 
the behavioral characterization of the respective concepts. 

The second step is a reminder that the Modularity Matrix 
with its Structors and Functionals have been shown by Exman 
and Speicher [12] to be equivalent to a conceptual lattice. 
Lattices, within Formal Concept Analysis [16], are algebraic 
structures linking concepts of a particular domain. Thus, from 
this point of view, functions are relevant to conceptual analysis. 

B. The Number of Conceptual Integrity Axioms 

The number of Conceptual Integrity axioms is an open 
issue. The very formalization of the axioms should facilitate 
answering this question, as axioms within the formalism should 
display coherence. Almost paradoxically, we should apply 
Conceptual Integrity to decide about the number of its axioms. 

It should be kept in mind, that the exact number of axioms 
and their specific contents are dependent on software design 
and development technologies. A substantial amount of 
automatic development and less human influence, say by deep 
learning techniques, would probably keep the algebraic basis 
for the axioms, but change specific contents. 

De Rosso and Jackson [7] proposed a 4th verbal principle 
called Consistency enunciating that actions behave in a similar 
way irrespective of the states in which they are invoked. They 
did not include it among the Conceptual Integrity principles, as 

it seems a user interface issue rather than a deeper conceptual 
issue. Such verbal principle could generate a 4th axiom.  

Additional axioms are certainly conceivable. But, are we 
sure that the minimal set is indeed three? This issue is dealt 
with in the next sub-section. 

C. Faithfullness of Translation 

The use of a mathematical formalism is never purely 
arbitrary. We have chosen Linear Algebra to represent software 
design since our analysis refers to linearly dependent 
information, such as conceptual dependencies, function 
replications and common functionalities. On the other hand, it 
is well known that certain science domains may be equally well 
represented by quite different mathematical tools. For instance, 
quantum mechanics was expressed through a differential 
equation by Schroedinger, and through matrices by Heisenberg, 
and it was necessary to demonstrate their non-obvious 
equivalence. 

The issue of faithful translation of the verbal principles into 
formal axioms appears to be relevant to the exact number of 
axioms. In terms of linear algebra coherence, Orthogonality 
and Propriety seem to be completely justified, as they explicitly 
refer to linear algebra operations.  

Generality, on the other hand, may raise some controversy 
and certainly deserves a deeper discussion. First, cohesion is a 
software rather than an algebraic concept, even though sparsity 
in equation (3) is expressed in terms of matrix notions.  

Generality does not appear to be an intrinsic property of a 
given design of a software system. Through the representation 
of high-level abstraction ideas behind the software, in a broad 
and open sense, it rather seems to prepare the ground for future 
extensions and modifications. 

D. Abstraction as a Deeper Motivation for Conceptual 
Integrity 

The deeper motivation for the importance of Conceptual 
Integrity in software design and development can be inferred 
from the software history along time in the last fifty years. One 
perceives the continuous increase of the highest abstraction 
level from which one starts software design, with concomitant 
distancing away from machines, be they real or virtual. 

We cautiously distinguish two kinds of abstraction 
hierarchies. One kind is the software system proper hierarchical 
levels, each level with its own Modularity Matrix. This 
hierarchy refers to the whole system, sub-systems, sub-sub-
systems, down to indivisible components chosen by software 
engineers. Besides the modularity partition of the software 
system, it also characterizes abstraction levels. Modules in each 
level have a specific conceptual identity, which is more and 
more general as one goes up the hierarchy. 

The other kind of abstraction levels is that of the 
implementation languages hierarchy, from the lowest machine 
level up to the human natural language. This hierarchy in 
bottom-up direction approximately passes from assembly, to 
high-level programming languages, to models such as UML, 
and finally to natural language concepts. 
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Higher abstraction levels imply easier grasping of the 
software system design by humans. Thus Conceptual Integrity 
is not a constraint artificially imposed from the outside, but an 
inherent and comprehensible quality serving human 
stakeholders, both the software developers and its end-users. 

E. Software and Knowledge 

Since this paper is presented to a conference on Software 
and Knowledge Engineering, it is worthwhile to stress the 
intimate relationship between Software and Knowledge. On the 
one hand, Conceptual Integrity is of cardinal importance to 
software system design and development.  

On the other hand, concepts are first class entities in 
structures used to define and impart meaning to the vocabulary 
of a certain domain. Typical such structures are the conceptual 
lattices, referred above in sub-section A of this Discussion and 
their near cousins, the domain and application ontologies, 
which are the subject of Knowledge engineering. 

F. Pragmatic Considerations 

In order to apply in practice the theory exposed in this 
paper one needs a software tool such as Modulaser [15], 
enabling generation and analysis of Modularity Matrices for 
software systems from compiled code.  One can also easily 
generate a Matrix from UML class diagrams, in which classes 
stand for structors and independent methods stand for 
functionals. It should be stressed that such analysis points out 
to coupling problems deserving system redesign, while leaving 
the actual solution to considerations of the software engineer.  

Finally, one observes that Modularity Matrices solve a 
software system composition problem, somewhat similar to 
Petri Nets. However, the latter focuses on distributed systems, 
and Modularity Matrices are not specialized for these systems. 

G. Main Contribution 

There are two main contributions of this paper. First, the 
formalization of the principles behind Conceptual Integrity in 
an axiomatic fashion, provide a deeper justification for the 
algebraic operations found in the Linear Software Models. 

Second, the formulation of equations finally enables 
calculations of quantitative criteria for Conceptual Integrity. 
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Abstract— High level Petri nets (HLPNs) are a formal method 
for studying concurrent and distributed systems and have been 
widely used in many application domains. However, their strong 
expressive power hinds their analyzability. In this paper, we 
present a new transformational analysis method for analyzing a 
special class of HLPNs – predicate transition (PrT) nets. This 
method extends and improves our prior results by covering more 
PrT net features including full first order logic formulas and 
exploring additional alternative translation schemes. This new 
analysis method is supported by a tool chain – front end PIPE+ for 
creating and simulating PrT nets and back end SPIN for model 
checking safety and liveness properties. We have applied this 
method to two benchmark systems used in annual Petri net model 
checking contest 2015. We discuss several properties and show the 
detailed model checking results of two properties in one system. 

Keywords— formal methods; high level Petri nets; temporal 
logic; model checking; SPIN 

I. INTRODUCTION 

High level Petri nets (HLPNs) are a powerful formal method 
for modeling concurrent and distributed systems. HLPNs 
provide a graphical representation of systems to make them 
easier to understand. HLPNs offer strong expressive power 
through rich data abstraction, and algebraic expressions and 
logic formulas for defining system functionality. Furthermore, 
the dynamic semantics of HLPNs supports model level 
simulation. As a result, HLPNs are being used widely in system 
modeling in many application domains.  

However, due to the expressive power of HLPNs, they are 
difficult to analyze. This is especially critical when we need to 
study the safety and liveness properties of highly dependable 
systems modeled in HLPNs. In recent years, a variety of new 
analysis techniques based on model checking have been 
proposed to analyze high level Petri nets in addition to 
traditional techniques such as simulation. These new analysis 
techniques fall into two general categories: (1) developing 
tailored model checking algorithms for particular types of 
HLPNs, or (2) leveraging existing general model checkers 
through model translation where a HLPN is transformed into an 
equivalent form suitable for the target model checker.  

Although tailored model checkers for HLPNs may take 
advantages of the unique features of the underlying HLPNs and 
perform specific optimizations to improve performance, they 

often lack the full-fledged features provided by the well-known 
general model checkers and are not easily adaptable. 
Furthermore, there are no convincing experiments yet to show 
tailored model checkers have performance advantages over 
using general model checkers. Several tools supporting direct 
model checking of HLPNs participated in the annual Petri net 
model checking contest, but had very limited success.  

An alternative way of analyzing HLPNs leverages existing 
well-known general purpose model checkers. A translation 
method is needed to generate a state transition system from a 
given HLPN. Model translations have been used and explored 
for many years [1]. The key of a translation method is to ensure 
the behavioral equivalence of the source model and target 
model. It is quite straightforward to obtain a state transition 
system from a given HLPN with the loss of true concurrency. 
Fortunately, safety and liveness properties are preserved from 
all known Petri net semantics – causal (partial order), maximal 
concurrency, interleaving set, and interleaving. In our prior work 
([2], [3], [4]), we developed methods to translate a particular 
type of HLPNs – predicate transition nets (PrT nets) into the 
input models of several well-known model checkers including 
SMV [5] and SPIN [6] with various limitations. In this paper, 
we present a new and more general method to translate PrT nets 
to SPIN.  This method includes the following new contributions: 
(1) eliminating many limitations such as no set variables on arc 
label in our prior work, (2) supporting advanced features 
including quantifiers in full first order logic formulas, (3) 
combining transition enabling testing and firing to improve 
performance, and (4) offering an additional process based 
translation scheme. These new features have been implemented 
in our enhanced PIPE+ environment previously reported in [7]. 
We demonstrate the application of our method through two 
benchmark systems used in the annual model checking contest 
of Petri net tools 2015 [8]. 

II. PREDICATE TRANSITION NETS 

In the following sections, we give a brief introduction to PrT 
nets. More detailed definitions of PrT nets can be found in [9]. 

A. The Syntax and Static Semantics of PrT Nets 

A PrT net is a tuple (N, Spec, ins) where N = (P, T, F) is a 
net structure, in which (1) P and T are disjoint nonempty finite 
sets (the sets of places and transitions of N respectively), (2) F 
⊆ P × T ∪ T × P is a flow relation (the arcs of N). Spec = (S, 
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Op, Eq) is the underlying algebraic specification, and consists of 
a signature Σ = (S, Op) and a set Eq of Σ-equations. Signature 
Σ includes a set of sorts S and a family = ( , … ; ) of 
sorted operations for s1, . . . , sn, s ∈  S. For  ∈ , we use Cons 
to denote Op;s (the 0-ary operation of sort s), i.e. the set of 
constant symbols of sort s. The Σ-equations in Eq define the 
meanings and properties of operations in Op. Spec is a meta-
language to define the tokens, labels, and constraints of a PrT 
net. Tokens of a PrT net are ground terms of signature Σ, written 
MConS. The set of labels is denoted by LabelS(X) (X is the set of 
sorted variables disjoint with Op). Each label can be a simple 
variable or a set expression of the form { , , … , } . 
Constraints of a PrT net are a subset of first order logic formulas 
(where the domains of quantifiers are finite and any free variable 
in a constraint appears in the label of some connecting arc of the 
transition). The subset of first order logical formulas contains 
the Σ-terms of sort Bool over X, denoted as ( ; )( ). 

= ( , , , ) is a net inscription that associates a net 
element in N with its denotation in Spec.  ∶ → ℘(S) is the 
data definition of N and associates each place p in P with a 
subset of sorts in S. L : F → LabelS(X) is a sort-respecting 
labeling of PrT net. We use the following abbreviation in the 
following definitions: ( , ) = ( , )  if ( , ) ∈  or 

( , ) = Ø  if ( , ) ∉ . ∶  → ( ; )( )  is a 
well-defined constraining mapping, which associates each 
transition t in T with a first order logic formula defined in the 
underlying algebraic specification. Furthermore, the constraint 
of a transition defines the meaning of the transition. We use 
var(t) to denote variables appearing in R(t).  : →  
is a sort-respecting initial marking. The initial marking assigns 
a multiset of tokens to each place p in P.  

A -algebra of Spec provides interpretations for the sorts and 
operations in Spec, which includes familiar sorts such as integer, 
Boolean, string, tuple, and set as well as their relevant operations 
and equations. In our tool environment, the Σ-algebra is 
instantiated with a subset of Java data types and their associated 
operations and laws. 

B. The Dynamic Semantics of PrT Nets 

The dynamic semantics of PrT nets are defined on the 
concept of markings (states) that  are mappings from places to 
tokens. A transition t in T is enabled in a marking M if there are 
tokens in its input places that satisfy its precondition defined in 
constraint R(t). Formally, the enabling condition can be defined 
as: ∀ ∈ . ( ( , ):  ( ) ( ): ) , where  is an 
instantiation of arc variables with tokens in . An enabled 
transition t can fire by removing tokens from its input places and 
adding tokens to its output places according to the post condition 
defined in constraint R(t), which results in a new marking M’. 
Formally, transition firing can be defined as: ( ) = ( ) ∪

( , ): − ( , ):  for all ∈ , where  is an instantiation 
satisfying ( ): . Two enabled transitions may fire at the same 
time as long as they are not in conflict, i.e. the firing of one them 
disables the other. The dynamic semantics (behavior) of a PrT 
net is the set of all possible transition firing sequences starting 
from the initial marking. The essential dynamic semantics 
regarding the translation method are discussed later. 

III. THE MODEL CHECKER SPIN 

Promela is the underlying modeling language for SPIN to 
describe a system model. An operational model in Promela 
contains one or more processes, zero or more variables, zero or 
more message channels and a semantics engine [6]. 

Processes are the central construct in a Promela model to 
define system behaviors, and are defined using proctype 
declaration.    

Message channels are used to model the transfer of data from 
one state to another, which can store a finite number of messages 
as declared. Apart from storing data, channels provide a wide 
range of features to model message passing in a clean and 
efficient way. Basically, they are FIFO queue but can also be 
used for random accesses. When a new message is sent to a 
channel, it is added to the end. When an attempt is made to 
retrieve a message, it always returns a message in front. It is also 
possible to query a channel for a specific message. By default, 
channel removes messages as they are retrieved. However, it is 
also possible to get a message without removing it. Some basic 
channel usages are given below. 

 In the above example, lines 1 and 2 show the declaration of 
channels with basic datatypes and structured datatypes 
respectively. Line 3 sends message to the channel. Lines 4-7 
show different ways to retrieve messages. Lines 4, 5 and 6 
retrieve first message. Lines 4 and 5 also remove the message 
after retrieving. Lines 5 and 6 check whether the second element 
of the first message matches the value currently hold in y. Line 
7 searches for a match anywhere in the channel. Lines 6 and 7 
retrieve a message without removing it (poll operation). Line 8 
returns the number of messages in the channel. 

Promela provides non-determinism by default. The case 
selection and looping shown in Table 2 both have similar 
constructs. Each case is marked with a guarded statement 
(started with ::). If there are more than one case, then the 
sequence of statements will be selected for which the guarded 
statement is executable. If there are more than one such 
statement, then one of those will be chosen non-
deterministically. If no such statement present, then the block is 
exited. A loop tries to find one executable guarded statement 
each time it completes execution. Promela also has a for loop 
construct, which is only to be used to iterate through channels. 

1. chan qname = [8] of {int, short} 
2. chan qname = [8] of {s_type} 
3. qname!10, 20 
4. qname?x, y 
5. qname?x, eval(y) 
6. qname?[x, eval(y)] 
7. qname??[x, eval(y)] 
8. len(qname) 
 

Table 1- Basic usage of message channel 

Case selection Looping 
if 
:: case 1 
:: case 2 
:: case 3 
fi 

do 
:: case 1 
:: case 2 
:: case 3 
od 

 

Table 2 - Examples of control constructs 
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The next important thing is inline functions. Although Promela 
does not have general function concept, but supports inline 
functions as macros. We take advantage of in-line functions to 
structure our translated code. 

IV. TRANSLATION OF PRT NETS TO PROMELA 

A complete translation needs to translate all the components 
of a PrT net to equivalent constructs in the target language. Our 
new translation method eliminates many limitations in our prior 
work ([3], [4]) and supports many advanced features such as 
complex data structures and first order logic formulas. We have 
also combined transition enabling testing and firing to improve 
model checking performance. Furthermore, we have 
implemented an additional new process based translation 
scheme, which has a major impact in checking some safety and 
liveness properties that are otherwise not checkable using non-
deterministic selection of in-line function based transition 
translation. We discuss the main translation rules as well as 
identified problems in the following sections.      

A. Translation of Places 

In PrT nets, places basically store information called tokens 
and thus represent the states of a net. Furthermore, PrT nets are 
a data flow computation model. State changes occur through 
token movements. The place concept perfectly matches the 
channel concept in Promela. The built-in functions of channel 
make it easy to query specific tokens for checking transition 
enabling condition and to add/remove tokens for transition 
firing. Each place in a PrT net is thus translated into a channel 
with the same type and the tokens of in the place are translated 
into messages stored in that channel in the initialization. Thus, 
for all p ∊ P, we have the following two lines as declarations. 

Here, type_p is a data type in Promela resulted from the 
translation of the data type of place p, which will be discussed 
in the translation of data types. 

B. Translation of Transitions 

Transitions are the core components of dynamic semantics 
of a net and play the most important role in the execution as 
discussed in a prior section. The execution of a transition has 
two parts: testing its enabling condition and then firing it if 
enabled.   

The translation of transitions constitutes the operational 
model in Promela. Each transition ∈  is translated using the 
algorithm shown in Table 3. The techniques adopted for 
evaluating precondition and post-condition are discussed in the 
translation of transition constraints. 

C. Translation of Arcs 

Arcs are not translated directly but arc labels are important 
in determining the input and output variables of transitions 
during the translation of transition constraints (i.e. precondition 
and post-condition). 

D. Translation of Data Definition 

The data definition of places are multisets over the set of the 
sorts. These multisets are translated as structured types in 
Promela, where each sort in the data type definition is 
represented as a field in the structure. 

PIPE+ supports only two basic sorts – string and number. 
These are used to define more complex data types for places 
through Cartesian product. To translate these complex data 
types, we first need to determine the corresponding 
representations of the sorts. Promela does not support strings, 
we choose mtype in Promela to represent strings. Each string 
token is treated as an enum constant in mtype. Promela does not 
support real numbers, but provides three types to support 
integers: int, short, and byte, in which the latter two help to 
reduce the state space. We use short as the default 
implementation and let a modeler select other choices during 
translation. For example, a place p with data type, φ(p) = 
<String, Number, String> is translated into a Promela structured 
data type shown in Table 4. 

E. Translation of Transition Constraints 

The constraint of a transition t ∊ T is defined using a first 
order logic formula, which specifies the relationships among 
input and output variables of t. The constraint has two parts – 
precondition only involving input variables and the post-
condition containing output variables.  

1) Translation of operators 

PIPE+ supports a variety or algebraic, relational, logical, and 
set operators. A PrT net uses a subset of these operators to define 
their behavior. Table 5 shows the supported operators in PIPE+. 

Table 5 – Supported operators in PIPE+ 

Category Operators Data type 
Algebraic +, -, *, /, % number 
Relational =, ≠, <, ≤, >, ≥ number,string 
Logical ˄, ˅, ¬, →,↔ bool 
Set  ∊, ∉, ∪, ∖, |, :, ⋅  
Quantifiers ∀, ∃, ∄  

Most of these operators have their usual meanings. Some are 
overloaded, such as = operator. When = is used in a 
precondition, it is a comparison. When ‘=’ is used in a post-
condition, it acts as an assignment. 

#define bound_p const                     
chan place_p = [bound_p] of {type_p} 

 

inline check_is_enabled_and_fire_t() { 
for all combinations of values the input       
variables to t can take, do the following  

    if preconditions are satisfied then 
compute postconditions 
compute new marking 
return; 

  done 
} 

Table 3 – A general algorithm to translate a transition  

typedef struct type_p { 
     mtype field1; 
     short field2; 
     mtype field3;  
} 

Table 4 – An example of translation of data type definition 
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2) Translation of Preconditions 

Each logic expression without quantifiers in a PrT net is 
translated into an equivalent form supported in Promela by using 
the corresponding operators. For example, expression ( 1 ≥
3.5 ˄ y 1 ≠ 10) → 1 = 2 ∗ 1 + 1  is translated to the 
equivalent expression in Promela shown in Table 6. 

However, the set operators and quantifiers in Table 5 do not 
have equivalent representations. The translation of quantifiers is 
given later. The translation of set operations is partially 
completed and is not further discussed in this paper since they 
are rarely used based on our experiences. 

3) Translation of Post-conditions 

Translation of post-conditions involve evaluation of the 
expressions and assignments of the values to the designated 
output variables. Alike preconditions, the evaluation is almost 
the same. Only difference is that, the evaluated values are 
assigned to the designated output variables. These output 
variables will be used as messages to corresponding output 
channels during new marking generation.  

F. Translation of the Initial Marking 

An initial marking defines the initial state of a PrT net. The 
structured tokens of each place are simply translated into send 
statements to the corresponding channel.  

G. Translation of Quantifiers 

PIPE+ supports two types of quantifiers – universal (∀) and 
existential (∃). A first order logic formula with quantifiers is 
called a quantified formula. Quantifiers are essentially used as a 
part of preconditions for seeking desirable input tokens. Thus we 
focus on how to translate these formulas in checking transition 
enabling conditions. 

We identify different types of quantified formulas based on 
their structures, which are important in correctly handling the 
quantifiers. (1) Is a quantified formula within another formula 
(possibly another quantified formula), (2) Does a quantified 
formula contain global variables (arc annotations and those from 
their outer quantifiers), (3) Can a quantified formula be nicely 
separated into a conjunction of precondition and post-condition, 
(4) Does a quantified contain another quantified formula within 
it and so on. 

For each quantifier, an inline function implementing an 
algorithm like what shown in Table 3 is generated. The 
difference is that, for an existential quantifier, as soon as the first 
combination of tokens satisfying the enabling condition, the 
loop exits. And for a universal quantifier, as soon as the first 
combination of tokens violates the enabling condition, the loop 
stops. The in-line functions for quantifiers have the following 
benefits: (1) easy management of the nested quantifiers. It is 
only a matter of calling the inline functions for the nested 
quantifier, (2) declaration, definition and scope management of 
the local and global variables can be resolved easily. The 

underlying contract of inline functions provided by Promela 
takes care of the above tasks. 

Only care needed is to make sure unique names are used in 
these inline functions and the loop control variables have the 
correct names. 

The in-line functions for quantifiers are called inside the 
innermost for loop before the if block in the corresponding 
precondition evaluation function shown in Table 3. This way, 
we can ensure the availability of the arc variables. 

H. Putting Pieces Together 

So far we have discussed the techniques of translating each 
component of PrT nets into Promela’s constructs. To complete 
the translation, we need to provide an overall execution structure 
based on the dynamic semantics of PrT nets. There are two 
essential ways to select a transition firing in Promela – (1) as a 
passive in-line function to be non-deterministically selected in a 
Do loop within a centralized process. As long as there is an 
enabled transition, the loop continues; or (2) as an active 
process, which will be selected for execution by the SPIN 
runtime if the enabling condition is true. The first strategy was 
used in our prior work, where a transition’s enabling condition 
checking and firing were executed separately, which not only 
had the slow performance but also could result in incorrect result 
due to conflict. We resolve this problem in our new 
implementation by combining transition enabling checking with 
firing, which has also improved performance. Furthermore, we 
have also implemented the second strategy. This new translation 
strategy results in much better model checking results in 
detecting violations of some safety properties and is important 
to check liveness properties when weak fairness assumptions are 
needed. 

I. Translation Correctness 

The correctness of the translation method covers the 
completeness and consistency. Completeness measures whether 
all features of PrT nets are translated into Promela. Our current 
translation covers all PrT features except a few set operations, 
which will be implemented in near future. Consistency refers to 
the equivalence between the dynamic behavior of a PrT net and 
the dynamic behavior of the translated Promela program. Of 
course, we ignore the concurrency transition firings in PrT nets 
that do not affect the satisfiability of safety and liveness 
properties that are essentially state based. Therefore, we only 
need to compare interleaved executions between a PrT net and 
the translated Promela program. Each interleaved execution 
starts from the initial marking and continues by firing one 
enabled transition at a time. Using an induction proof principle, 
we can only show (1) the initial marking is translated correctly, 
(2) each transition is translated correctly, i.e. the enabling 
condition and firing result are translated correctly, and (3) each 
enabled transition will be selected to fire. Step (1) is trivial true 
in our translation method. Step (2) is arguably true based on our 
careful design and extensive testing. Step (3) is true for both our 
overall model execution strategies discussed in the previous 
section. However, the formal proof of a general translation 
method is not easy, which is the reason that few compilers have 
been formally verified.    

!(x.field1 >= 3.5 && y.field1 != 10)|| z.field1 
== (2*x.field1+1) 

Table 6 – An example of translation of expression 
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V. EXPERINEMT RESULTS 

To evaluate our translation method, we have used two 
benchmark systems, Bridge and SafeBus, from the annual Petri 
net model checking contest 2015 [8]. These are the only high 
level Petri net models available in the contest, which were 
defined using colored Petri nets (a type of high level Petri nets). 
These systems are redefined using PrT nets in PIPE+. We only 
present and describe the Bridge model in this paper due to the 
page limit. The PrT models of the Bridge system and the 
SafeBus system with different parameters in xml format and the 
generated Promela models with properties in pml format as well 
as SPIN model checking results can be found at 
https://bitbucket.org/ptnet/pipe/. 

The bridge system represents a system of a single lane bridge 
with an automatic controller for controlling the two-way through 
traffic. The model proposed contains three control parameters 
(V, P, N), where V is the number of vehicles on each side of the 
bridge trying to get to the other side, P is the maximum number 
of vehicles allowed on the bridge, and N is the maximum 
number of vehicles from the same side allowed to pass in a row. 
A PrT model of the system with parameters (4, 5, 2) is shown in 
Fig. 1. The net inscriptions are shown in Table 7 and 8.  

We have run simulations of PrT model in PIPE+ and 
simulations of the translated Promela model in SPIN. Both 
simulations ended with all vehicles crossed the bridge 
successfully. Although simulations in PIPE+ are much faster. 
The properties checked include: (1) the number of vehicles on 
the bridge never exceeds the maximal allowed (parameter P), (2) 
all the vehicles on the bridge must move in the same direction, 
(3) all the vehicles eventually cross the bridge, and (4) it cannot 
happen when some vehicles are at starting point and others have 
crossed the bridge. Properties (1) to (3) are the desirable ones – 

expected to hold, but property (4) is undesirable – expected to 
fail. These properties are specified using LTL expressions as 
(1)[]!((len(place_onBridgeA) > P || len(place_onBridgeB)) > P), 
where P is a constant based on the given model,    (2) 
[]!(len(place_onBridgeA)>0&&len(place_onBridgeB)>0), (3) 
for all x, [](routeA(x) -> <>exitA(x)) and a similar formula for 
the opposite direction B, and (4) []!(len(place_routeA)>0 && 
len(place_exitA)>0).  

In these experiments, properties (1) to (3) on all the Promela 
models up to (20,10,10) have been checked successfully without 
any violation, however due to the complexity of these models, 
SPIN quickly reached the allotted memory bound of 2048 
Mbyte. Thus, only bounded state space is searched. The reported 
none violation can be false positive. Since all verification runs 
of the above properties in a particular model resulted in similar 
results except slight time differences since the state space 
explored is the same bounded by the allotted memory. A 
summary of SPIN model checking results of property (1) in the 
translated Promela models are shown in Tables 9 and 10. Table 
9 shows the results where the transitions are translated as passive 
in-line functions to be non-deterministically selected to execute. 
Table 10 shows the results where transitions are translated as 
active processes. These experiments show that the first approach 
explores much smaller state space and is very fast than the 
second one.  However, the second approach is effective in 
detecting violations in some safety properties, which found a 
counter example of property (4) in 47 milliseconds; while the 
first approach failed in finding a counter example in bounded 
search space as shown in Table 11. The second approach is also 
needed when a liveness property depends on weak fairness 
assumption since SPIN runtime environment will enforce 
fairness for processes. 

Table 9 – Model checking results of property (1) using approach 1  

Parameters
(V, P, N) 

State 
Transitions 

Atomic 
steps 

Search 
Depth 

Time 
(seconds) 

(4, 5, 2) 1479955 2437508 2823 2.99 
(10,10,10) 1677016 2775407 5754 3.62 
(20,10,10) 3670366 5990664 12730 10 

 

Table 10 – Model checking results of property (1) using approach 2 

Parameters
(V, P, N) 

State 
Transitions 

Atomic 
steps 

Search 
Depth 

Time 
(seconds) 

(4, 5, 2) 26172925 2.27E+08 4307 36.2 
(10,10,10) 40727761 3.63E+08 7591 76.1 
(20,10,10) 25392316 2.31E+08 14739 64 

R(regA) = (cA1=cA+1) 
R(authA)=((s=1∧n>0∧cA>0)∧(cA1=cA-1∧n1=n-1)) 
R(leaveA) = n1=n+1 
R(timeoutA) = (s=1∧cA=0∧cB>0∧s1=2∧c0=0) 
R(regB) = (cB1=cB+1) 
R(authB)= ((s=2∧cB>0∧n>0)∧(cB1=cB-1∧n1=n-1)) 
R(leaveB)= n1=n+1 
R(timeoutB) = ( s=2∧cB=0∧cA>0∧s1=1∧c0=0) 
R(decide) =  (cpt<5∧cpt1=cpt+1) 
R(alternate) = ((cpt=5∧c0=0∧s=1∧s1=2)∨ 

(cpt=5∧c0=0∧s=2∧s1=1)) 
R(switch) = (n=5) 

Table 8 – Constraint definitions of the transitions 

φ(routeA)=φ(waitA)=φ(exitA)=φ(onBridgeA)= ℘(number) 
φ(routeB)=φ(waitB)=φ(exitB)=φ(onBridgeB)= ℘(number) 
φ(nbA)=φ(nbB)=φ(timeoutA)=φ(timeoutB)= number 
φ(controller)=φ(computer)=φ(capacity)= number 
φ(choice)=φ(range)= number 
 

Table 7 – Data type definitions of the places 

Fig. 1 – A PrT net model of the Bridge system 
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SPIN was not able to run large models due to state space 
explosion problem, which also happened the Petri model 
checking contest where none of the participating tools could 
verify the above high level Petri net models. 

VI. RELATED WORK 

During the past two decades, SPIN has been used as the 
analysis engine of many tool development efforts. SPIN has 
been used to model check programs. One of the most prominent 
work is Java PathFinder [11], which is a prototype translator 
from Java to Promela. Another work involves translation from 
C code to Promela [12]. SPIN has also been used as for model 
check specifications and designs. In [13], a formal approach 
was proposed to verify web service orchestration by translating 
the web service business process execution language (WS-
BPEL) to Promela. Several studies [14, 15] attempted to 
formally verify the UML system models using SPIN by 
translating UML models to Promela. 

Formal verification of Petri net models using SPIN have 
also been explored in the past several years. In [16], a simple 
technique was proposed to translate low level Petri nets to 
Promela. Several other similar techniques were proposed in the 
literature to translate low level Petri nets, but few works dealt 
with high level Petri nets. In our prior work [3, 4, 10], we 
proposed several techniques to translate PrT nets to Promela 
and implemented some of them with some restrictions in our 
tool environment PIPE+. Those concepts and their 
implementations suffer from some limitations – (1) those were 
not generic enough to support a wide range of system models, 
(2) did not support advanced features like quantifiers in full first 
order logic formulas, (3) suffered from some performance 
bottlenecks, (4) the translation scheme was rigid having no way 
to tweak the translation process, etc. are worth mentioning. Our 
new translation described in this paper eliminates these 
problems. The model translation feature in PIPE+ is fully 
automatic. Once a model is translated, we can explore powerful 
features of SPIN to verify the constraints and properties of the 
model using iSPIN graphical user interface. 

VII. CONCLUSIONS 

In this paper, we presented a method to translate PrT nets 
into a Promela programs. This new translation method supports 
many advanced features of PrT nets and provides a new 
execution scheme. The method is implemented in our tool 
environment PIPE+ and is completely automatic. Once a model 
is translated to Promela program, we can leverage SPIN’s model 
checking capability to analyze system properties of PrT net 
models. Currently, we are doing more experiments to test 
SPIN’s model checking capabilities, which will provide insights 
for model construction and specific PrT features to use. 
Furthermore, we want to develop a strategy to combine PrT’s 
simulation capabilities and SPIN’s model checking capabilities 
in analyzing different types of system properties when model 

checking may not be feasible. We will also utilize modeling 
knowledge to guide the translation, for example, mapping 
bounded integers in a PrT model to byte type in Promela, which 
may improve checking performance or make some property 
checking feasible. We will also fully implement the set 
operations in case some models require them. Our tool is open 
source and is available at https://bitbucket.org/ptnet/pipe/. 
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Approach States Depth Time Result 
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Abstract—PKMv3 is the third version of Privacy and
Key Management protocol, which plays an important
role by providing key distribution and security access
control in IEEE802.16m, the standard of Worldwide
Interoperability for Microwave Access. The protocol
should be guaranteed safe in terms of confidentiality,
authentication and integrity. In this paper, we develop
an executable formal specification of PKMv3 in an
algebraic language called Maude and verify safety prop-
erties of the protocol using state exploration and LTL
model checking in Maude. Unlike existing approaches,
we consider the behaviors of intruders and time feature
in our verification and verify both safety properties and
time-related properties of the protocol.

I. Introduction
IEEE802.16m [4] is the newer generation of WiMAX,

a communication standard for long-distance high-speed
transmission of wireless data. In IEEE802.16m, PKMv3
protocol is defined for key management and used to control
security access to the network by establishing encryption
connections. Based on its first two generations, PKMv3
improve message hierarchical protection and its encryp-
tion algorithm. In addition, PKMv3 support Extensible
Authentication Protocol (EAP) method and Cipher-based
Message Authentication Code (CMAC), which largely re-
duce the possibility of attack.

The mobile WiMAX network faces more threats than
traditional wireless networks. Security of the network must
be guaranteed. Many efforts have been done to verify secu-
rity properties of PVM protocol. In [8], BAN logic is used
to analyze the key management protocols of the previous
two generations, and the defects of one-way authentication
in PKMv1 and the interspersed attacks in PKMv2 are
pointed out. In [5], Scyther (an automated protocol testing
tool) is used to implement the formal analysis of PKMv2
protocol to verify the defects of confidentiality, authen-
ticity and integrity in the protocol. In [9], the PKMv2
protocol is described by the Casper protocol modeling tool
and the output of the process communication is analyzed
by FDR tool. It is found that the intruder can intercept
the message and replay the attack. In [7], the security

This material is based upon work supported by National Natural
Science Foundation of China (NSFC) project: No. 61502171.

DOI reference number: 10.18293/SEKE2017-061

flaws of authentication and authorization have been in
WiMAX, such as the possible DoS attack, and the defects
of authentication and key space. Raju et. al. also use
CasperFDR tool to model the process of transmitting
plaintext messages between base station, mobile station
and relay station in PKMv3 protocol, and get the attack
model of stealing secret keys by analyzing outputs [6]. Zhu
et al consider the time characteristics of PKMv3 protocol
key lifecycle and model them using Promela language and
use DT-Spin model checker to verify the protocol liveness,
key period and message consistency [10].

In this work, we formalize PKMv3 protocol in an al-
gebraic language called Maude [1] with considering both
the behaviors of intruders and the time feature of the
protocol. Six properties including three safety properties
and three time-related properties are verified using the
searching and LTL model checking functions provided
by Maude. The verification results coincide with those
in existing works [5], [7], [6], [10]. Besides that, we find
the integrity vulnerability of PKMv3 by verification and
propose a solution on the basis of the verification result.

II. PKMv3 Protocol

PKMv3 protocol provides security distribution mech-
anism of key material between the server called base
station (BS) and the client called subscriber station (SS).
More precisely, it generates traffic encryption keys (TEK)
for stations to encrypt the messages they exchange. The
generation of TEK consists of three procedures which
are called AK authentication, SA negotiation and TEK
transmission. Each procedure is achieved by exchanging
key information between SS and BS. After a TEK is
generated, secret keys i.e., AK and TEK, may expire
because their lifetime is limited. After they expire reau-
thorization is needed. Figure 1 depicts the whole process
of key generation and reauthorization. In this section, we
give the details of three procedures and reauthorization.

A. AK Authentication
By this phase, SS and BS establish mutual authentica-

tion and SS receives a Pairwise Master Key (PMK) sent by
BS. PMK is used by BS and SS to generate Authorization
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PMK (generated by EAP Auth)

PMK(160bits)

AK = Dot16KDF(PMK,SS address,BSID)

CMAC-TEK prekey = Dot16KDF(AK,AK_COUNT)

CMAC key = Dot16KDF(CMAC-TEK prekey)

TEK = Dot16KDF(CMAC-TEK prekey,SAID,COUNTER_TEK)

AK(160bits)

CMAC-TEK prekey(160bits)

CMAC-TEK prekey(160bits)

TEK(128bits)

Message Transmisson
ReAuth TEK ReAuth AK

AK Authentication

SA Negotiation

TEK Transmission

Fig. 1. The process of key generation and reauthorization

Key (AK), which are used in the subsequent process. This
phase consists of the following three message exchanges:

Msg1. SS → BS: CertSS |NS |Capabilities|SIGSS

Msg2. BS → SS: CertBS |NS |NB |ENCSS(PMK)|
PMK SN |SIGBS

Msg3. SS → BS: NB |SS Address|CheckSum

Firstly, SS sends BS an auth-request message, which is
encrypted with the private key of SS as a digital signature,
SIGSS . The message includes a digital certificate of SS, a
nonce NS generated by SS and the encryption capabilities
that SS supports. On receiving the message, BS decrypts it
with the public key of SS, and then sends an auth-response
message encrypted with the private key of BS. This mes-
sage includes a certificate of BS, the nonce NS received
from SS, a nonce NB generated by BS, a PMK encrypted
with SS’s public key, and the sequence number PMKSN
of PMK. SS decrypts the message and authenticates the
legitimacy of the BS’s digital certificate. Finally, SS sends
BS an auth-success message containing the address of SS,
with which an AK can be generated.

B. SA Negotiation
By the phase, SS and BS negotiate the security asso-

ciation (SA) through three message exchanges. SA is an
information set that is required for secure communication.
The three message exchanges are shown below:

Msg4. BS → SS: NB |PMK SN |AKID|CMAC
Msg5. SS → BS: NB |NSPMK SN |AKID|SNP|

Security Capabilities|CMAC
Msg6. BS → SS: NS |PMK SN |SAID|SNP|CMAC

Before message exchange, SS and BS generate CMAC
keys using AK separately. CMAC keys are used to calcu-
late CMAC digest. BS firstly sends SS a key agreement
message, including nonce NB generated in this round,
PMKSN , and identifier AKID of AK. In particular, BS

generates a CMAC digest with the three arguments and
sends along with the message. On receiving the message,
SS calculate a CMAC digest using its CMAC key and
compares it with the received one. If they are equal,
SS sends BS the second key agreement message, includ-
ing NB , PMKSN , AKID, security negotiation parameter
(SNP), and newly generated nonce NS and CMAC digest.
Once BS checks the validity of the CMAC digest, it sends
SS the identifier of SA (SAID) and other information.
SAID is used to identify different security levels of security
association. At this point, SS and BS have negotiated the
necessary information required for secure communication.

C. TEK Transmission
By this phase, SS and BS generates TEK after three

message exchanges, as shown below.

Msg7. SS → BS: SAID|PMK SN |TEK Refresh
Flag|CMAC

Msg8a. BS → SS: SAID|PMK SN |Counter TEK
EKS |CMAC

Msg8b. BS → SS: SAID|Wrong Code|CMAC

SS first sends BS a TEK-Request message, includ-
ing SAID, PMK SN, TEK refresh flag and CMAC di-
gest. After checking the correctness of CMAC digest and
SAID, BS sends SS a request confirm message TEK-
Reply, including SAID, PMK SN, the counter of TEK
(Counter TEK), the encryption key sequence (EKS), and
the CMAC digest. Counter TEK is used to generate TEK
together with SAID and the CMAC-TEK prekey that is
derived by AK, and EKS is used to distinguish consecutive
TEKs. If the TEK request fails, BS sends SS a request
invalid message TEK-Invalid, including SAID, error code
and the CMAC digest. In this case, SS needs to re-send
TEK-Request message to BS.

D. Reauthorization
After the whole process of the three procedures, BS and

SS establish a security connection for the transmission
of communication messages encrypted by TEK. As men-
tioned above, because both AK and TEK have limited
lifetime BS and SS have to be re-authorized to keep
liveness and safety when the lifetime of the keys expire.

When AK’s lifetime expires, SS needs to send an Auth-
request message to BS to request a new AK. It ends the
current process and restart from AK authentication, as
shown in Figure 1. Because TEK’s lifetime is embedded in
AK’s, when TEK becomes invalid but it corresponding AK
is still alive, SS only needs to send TEK-request message
to BS to start the process of TEK transmission.

III. Maude Nutshell
Maude is an algebraic specification language and also

an efficient rewriting engine [1]. The underlying rewriting
logic of Maude is a logic of concurrent changes well-suited
to formalize states and concurrent computations [2].
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A. Formalization in Maude
A system is formalized in Maude as a rewrite theory

i.e., (Σ, E ∪A,R), consisting of a signature Σ, a collection
E of (possibly conditional) equations and memberships
defined on Σ, a collection A of equational attributes, and
a set R of rewrite rules. The two-tuple (Σ, E ∪ A) is
called a membership equational theory, which specifies
the “statics” of a system, i.e., the algebraic structure of
the set of system states, and the rules in R specify the
“dynamics” of the system, i.e., all the possible transitions
that the system can perform. In Maude, a system state
is usually represented as an algebraic inductive structure
which can be a tuple, a soup of components, or even an
object. Thanks to the inductive representation, Maude
can naturally specify both finite-state and infinite-state
systems. Transitions among the states are formalized by
rewrite rules. Given two states υ1 and υ2, let tυ1 and tυ2

be their corresponding terms. There is one-step transition
from υ1 to υ2 if there is a rewrite rule r such that tυ1 can
be rewritten into tυ2 by applying r once.

Finally, we briefly summarize the syntax of Maude (see
the work [1] for more details). Sorts and subsort relations
are declared by the keywords sorts and subsort, respec-
tively. Operators are declared with the op keyword in the
form: op f : s1 . . . sn-> s, where si(i = 1, . . . , n) and s
are sorts. Maude allows for user-defined mixfix operators
and uses underbars in operators to indicate each of the
argument positions. An equation in Maude is declared in
the form of eq t = t′, where t and t′ are two terms of
the same sort. An equation can be conditional, which is
declared by the keyword ceq and ended with the keyword
if, followed by a conjunction of conditions. A rewrite rule
in Maude is declared in the form of rl [label]: t => t′.
A conditional rewrite rule is declared by the keywords crl
and if with a conjunction of rewrite conditions.

B. Formal analysis in Maude
Maude programs are executable. For this feature Maude

provides multiple formal analysis methods, mainly includ-
ing simulation, reachability analysis, and model checking
to formally analyze systems.

Simulation is achieved using Maude’s rewrite com-
mand, which repeatedly applies the rewrite rules to trans-
form a given term step by step. The transformation process
simulates one behavior of the specified system.

Maude provides a search function to explore the reach-
able state space of specified systems. The search function
can be used to verify invariant properties of systems. An
invariant property states that something bad should never
happen. We verify an invariant property by specifying
the negation of the property as the condition in search
command and using Maude to find if there are solutions.
A solution can be interpreted as a counterexample of the
property. If the reachable state space is infinite or finite
but too large to be explored due to time or memory
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limitations, a bound on the searching depth is needed, and
thereafter properties are partially verified in such cases.

Maude also provides an efficient LTL model checker
[3] to verify LTL properties of systems. Given a Maude
specification and a set of atomic propositions, the model
checker takes an initial state and an LTL formula and
returns true or a counterexample. A condition of doing
model checking in Maude is that the set of states that are
reachable from the given initial state must be finite.

IV. Formal Modeling of PKMv3 Protocol
This paper treats PKMv3 protocol and its environment

as a dynamic system. In the network, there are stations
e.g., SS, BS and other intruder, and message transmis-
sions, as depicted in Figure 2. We assume the correctness
of all the encryption algorithms used in the protocol and
one BS communicates with only one SS at a time.
A. Definition of basic data types

In Maude we define abstract data types to formalize the
objects in the network such as stations, messages, lifetime
and nonce. Due to space limitation, we only explain the
main data types as examples.

We declare a sort Station for stations and three sub-
sorts Ss, Bs and Intruder of it for BS, SS, and intruder
respectively. Three constructors ss, bs and intruder are
defined to construct stations for SS, BS and intruder with
a string as their argument.

1 sorts Station Ss Bs Intruder .
2 subsorts Ss Bs Intruder < Station .
3 op ss : String -> Ss [ctor] .
4 op bs : String -> Bs [ctor] .
5 op intru : String -> Intruder [ctor] .

We use random numbers to model nonce, as formalized
by the following Maude codes. A random number can be a
seed or a successor of an existing one. A nonce consists of
a station which generates it, a station to which the nonce
is to be sent, and a random number.

1 sorts Rand Nonce .
2 ops seed seed0 seed1 : -> Rand [ctor] .
3 op next : Rand -> Rand [ctor] .
4 op nonce : Station Station Rand -> Nonce [ctor] .
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Keys and certificates of stations are formalized likewise.
As defined below, constructor pubkey (resp. prikey) con-
structs a public (resp. secret) key, macaddr constructs a
MAC address of a station, and cert constructs a certifi-
cate with a station, a MAC address and a public key.

1 sorts Pubkey Prikey MacAddr Cert .
2 op pubkey : Station -> Pubkey [ctor] .
3 op prikey : Station -> Prikey [ctor] .
4 op macaddr : Station -> MacAddr [ctor] .
5 op cert : Station MacAddr Pubkey -> Cert [ctor] .

B. Formalization of system states
A system state of PKMv3 protocol consists of a set of

nodes, a pool of messages and the connection time between
SS and BS.

A message is formalized as a triple, consisting of source,
destination and a collection of contents such as certificates,
keys and nonce. Message and contents are defined in
Maude as follows:

1 sorts Content Contents Message .
2 subsorts Key Cert Nonce ... < Content < Contents .
3 op _,_ : Content Content -> Content [assoc comm ].
4 op msgnil : -> Message [ctor] .
5 op from_to_send_ : Station Station Content ->

Message .

The mixfix operator _,_ represent the union of two col-
lection of contents, msgnil represents an empty message,
and from_to_send_ constructs a message with a source
station, a destination station and a collection of contents.

A node consists of a station and a collection of contents.
The duration time of a connection consists of remaining
lifetimes of AK and TEK and a flag to indicate to which
process the communication is proceeding. We use natural
numbers to represent the lifetime of AK and TEK, and
formalize duration time as a triple. The Maude definition
of nodes and connection time is given below:

1 sorts Node LTime Process ConnTime .
2 subsort Nat < LTime .
3 op node[_]:_ : Station Content -> Node .
4 ops pak psa ptek pmt : -> Process .
5 op {_,_,_} : LTime LTime Process -> ConnTime .

Constructors pak, psa, ptek and pmt of sort Process
respectively represent the processes AK authorization, SA
negotiation, TEK exchange and message transmission.
Lifetime of secret keys is defined as sort LTime with
predefined sort Nat. The connection time is defined by sort
ConnTime and represented using the constructor {_,_,_}.
It is worth mentioning that before AK (resp. TEK) is
generated, the time in the triple represents the AK (resp.
TEK) grace time, i.e., the time that is allowed before AK
(resp. TEK) is generated [10].

As defined below, sort States is declared for system
states, and Node, Message and ConnTime are declared as
its subsorts. A state is composed of nodes, messages and
connection time by the constructor __.

1 sorts States .
2 subsorts Message Node ConnTime < States .
3 op __ : States States -> States [assoc comm] .

TABLE I
Variables used in the specification

Variables Sorts Descriptions
A, B, C Stations SS, BS, Intruder
R1, R2, R0 Rand Random number
NC_X(X=A,B,C) Nonce Nonce sent by Station
CERT_X(X=A,B,C) Cert Certificate of Station
PMKSN Pmksn Key sequence of PMK
AKID AkId Identifier of AK
AKCOUNT AkCount Counter of AK
MSG2 AuthResponse Ak-response message
MSG5 SAResponse SA-response message
CMAC1,CMAC2 Cmac CMAC digest
CMACKEY Cmackey Cmac key
SAID SaId Identifier of SA
FLAG TRFlag TEK refresh flag
C_TEK CounterTek Counter of TEK
AKLT,TEKLT LTime Life time of AK,TEK
PS Process Process of PKMv3
CS1,CS2 Content Message contents

C. Formalization of message exchanges
We formalize the eight message exchanges explained in

Section 2 by rewrite rules in Maude. There are totally 22
rewrite rules defined. We take three of them as examples.
Table 1 shows all the variables that are used in rewrite
rules as well as their data types and descriptions.

The first one specifies the behavior of sending an auth-
request message from SS to BS for AK authentication.

1 rl [ SendAuthRequestMsgReal ] :( node[A]: R0 , CERT_A )
2 (node[B]: R1 , CERT_B ) ( msgnil ) {AKLT ,TEKLT ,pak} =>
3 (node[A]: next(R0),CERT_A ,nonce(A,B,R0))
4 (node[B]: R1 , CERT_B )
5 (from A to B send sencrypt ( authrequest (CERT_A ,

nonce(A,B,R0),capa(A)),prikey (A)))
6 {sd(AKLT ,tt),TEKLT ,pak} .

The term pak in the rule indicates that the behavior
occurs at the AK Authentication process. The right-hand
side of the rule says after the behavior a message is put
into the network. The message consists of a certificate
CERT_A, a nonce generated by station A and the encryption
capabilities capa(A) of station A. It is encrypted by the
private key prikey(A) of A and sent to B. After sending
the message, AK grace time AKLT is decreased by a fixed
number tt of time units which can be customized initially.

The second rewrite rule describes the behavior of BS
receiving SA-response message from SS for SA negotiation
process. The condition of the behavior is that there is an
SA-response message sent to BS in the network. In the
message, the AKID and nonce NB should be same as the
ones that B holds, and attached CMAC digest CMAC2 is the
same as the one calculated using the information in MSG5
and CMACKEY. The rewrite rule is defined as follows:

1 crl [ RecvSAResponseReal ] :
2 (node[B]:NC_B ,AKID ,CMACKEY ,CS1)
3 (from A to B send (MSG5 ,CMAC2)){AKLT ,TEKLT ,ps}=>
4 (node[B]:NC_B ,AKID ,CMACKEY ,getsc(MSG5),getnon52 (
5 MSG5),getsnp5 (MSG5),CS1)( msgnil ){AKLT ,TEKLT ,psa}
6 if getakid5 (MSG5) == AKID /\
7 equals ( getnon51 (MSG5),NC_B) == true /\
8 equalm (cmac(MSG5 , CMACKEY ),CMAC2) .
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The last rewrite rule specifies key reauthorization. Key
reauthorization occurs when lifetime of AK AKLT is no less
than a predefined value tt of time units and TEK is less
than tt in message transmission procedure, as defined by
the condition part of the following rewrite rule.

1 crl [ CircleTEKMsgReal ] :
2 (node[A]: PMKSN ,CMACKEY ,SAID ,FLAG ,TEK ,C_TEK ,CS1)
3 (node[B]: PMKSN ,CMACKEY ,SAID ,FLAG ,TEK ,C_TEK ,CS2)
4 {AKLT ,TEKLT ,PS} ( msgnil ) =>
5 (node[A]: PMKSN ,CMACKEY ,SAID ,flag (1) ,CS1)
6 (node[B]: PMKSN ,CMACKEY ,SAID ,CS2 )
7 (from A to B send( tekrequest (SAID ,PMKSN ,flag (0)),
8 cmac( tekrequest (SAID ,PMKSN ,flag (1)),CMACKEY )))
9 {sd(AKLT ,tt),sd(tgt ,tt),ptek}

10 if AKLT >= tt /\ TEKLT < tt .

The right-hand side of the rule means that by reauthoriza-
tion A and B delete all the data gathered in TEK exchange
such as FLAG, TEK and C_TEK first, and A generates new
TEK refresh flag flag(1) and sends B a TEK-request mes-
sage containing SAID received in SA negotiation, PMK_SN
and TEK refresh flag and CMAC digest.

D. Formalization of intruders
Intruder is a part of the network environment. We

assume intruders have three capabilities: (1) participating
in the protocol communication with the same capacity
of normal station; (2) eavesdropping on the messages in
the network; and (3) replaying received messages and
tampering with message contents. Intruders may intervene
in each procedure of the protocol and hinder the normal
communication of SS and BS.

We formalize the behavior of intruder as rewrite rules
in the same way as we formalize those of normal stations.
Due to space limitation, we only discuss two as examples.

The following rule formalizes the process of intruder C
intercepting auth-response message in AK authentication.
When B sends A auth-response message MSG2, C can in-
tercept this message from message pool and encrypt its
digital signature using the public key of B.

1 crl [ RecvAuthResponseMsgFake ] :
2 (node[C]: R2 ,CERT_C ,CERT_A ,NC_A)
3 (from B to A send sencrypt (MSG2 ,PRI)) =>
4 (node[C]: R2 ,CERT_C ,CERT_A ,NC_A , getcert2 (MSG2),

getnon22 (MSG2),decrypt ( getcipher (MSG2),prikey
(C)),getpmksn2 (MSG2)) ( msgnil )

5 if equals ( getnon21 (MSG2),NC_A) == true /\
6 getpub ( getcert2 ( sdecrypt ( sencrypt (MSG2 ,PRI_B),

pubkey (B)))) == (B) .

The condition says that if the certificate of B and NB are
correct, intruder C retrieves corresponding data from MSG2
and tries to decrypt PMK with its own secret key.

The second rewrite rule specifies the behavior of in-
truder C sending fake auth-confirm message in AK au-
thentication process. After eavesdropping communication
between SS and BS, intruder has gathered necessary in-
formation including nonce NB , PMK SN and address of
station A. Hence, C can forge auth-confirm message with
NB and fake address ssaddr(C) and then disguise that SS
sends BS this message.

1 crl [ SendAuthConfirmMsgChange ] :
2 (node[B]: AKCOUNT ,PMKSN ,CS1)
3 (node[C]: NC_B ,PMKSN , ssaddr (A),CS2) ( msgnil )
4 {AKLT ,TEKLT ,PS} =>
5 (node[B]: AKCOUNT ,PMKSN ,CS1)
6 (node[C]: NC_B ,PMKSN , ssaddr (A),CS2)
7 (from A to B send( authconfirm (NC_B , ssaddr (C)),

checksum ( authconfirm (NC_B , ssaddr (C)),iv)))
8 {sd(AKLT ,tt),TEKLT ,PS}
9 if AKLT >= tt /\ not( ssaddr (C) inc CS1) .

The condition says that the message can be sent if the
lifetime of AK is no less than transmission time tt and B
has not received auth-confirm message yet. In addition, in-
truder can reply auth-confirm message to B as the identity
of station A, without changing original contents of auth-
confirm message which sent by A.

V. Formal Verification of PKMv3’s Properties
With the specification, we verify both safety properties

and time-related properties by the searching function and
Maude LTL model checker.

A. Definition of initial states
An initial state should be provided for verification. We

assume that in the initial state there is a mobile station,
a base station and an intruder, which have their own
digital certificates. The message pool is empty. Message
transmission time tt is set 4, and the grace time of AK
agt and TEK tgt 60. We use init to denote the initial
state of PKMv3 network, which is defined as follows:

1 op init : -> States .
2 eq init = ( msgnil ) {agt ,tgt ,pak} (node[ss("a")]:

seed ,cert(ss("a"),macaddr (ss("a")),pubkey ( ss
("a"))))(node[bs("b")]: seed1 ,cert(bs("b"),
macaddr (bs("b")),pubkey (bs("b"))))(node[intru
("c")]: seed0 ,cert(intru ("c"),macaddr (intru ("
c")),pubkey (intru ("c")))) .

B. Formalization of properties
We consider six properties of PKMv3, including three

safety properties and three time-related properties.
The three safety properties are called confidentiality,

authentication and integrity. By confidentiality it means
that intruders can never obtain PMKs that are used by two
normal stations. Without PMK intruders cannot calculate
AK and participate in the subsequent process even if it has
gathered other important key material. Authentication is
another important property of the protocol. That is, even
if there are attacks from intruders in the network, normal
stations should still be able to verify each other’s identity
and carry on communication. Integrity property says that
messages transmitted between the honest subjects should
not occur transmission error or be tampered with, or at
least wrong message data can be detected. In Maude,
safety properties can be verified using search command
and do not need to specify separately.

The three time-related properties are succession, reau-
thorization, and key freshness. Succession means that the
four procedures should take place in turn. Reauthorization
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says that when AK and TEK expire, authorization needs
to be re-established immediately. Key freshness says that
transmitting those messages with expired AK and TEK is
not allowed. The three properties can be specified as the
following LTL formulas in Maude.

1 (eap -auth U nego -sa) /\ (<> nego -sa U exch -tek)
/\ (<> exch -tek U msg -trans)) .

2 (<> msg -trans U exch -tek) /\ (<> msg -trans U eap -
auth) ) .

3 [](˜ inva -msg ) .

In the above formula, eap-auth, nego-sa, msg-trans and
exch-tek are atomic propositions which are true in those
states where the process tag is respectively pak, psa, ptek
and pmt, and inva-msg is an atomic proposition which is
true in those states where the lifetime of current AK or
TEK is less than zero. The symbols U, <> and [] represent
the temporal connectors U, F and G in LTL.

C. Formal verification and result analysis
We use searching function to verify the safety properties

and Maude LTL model checker to verify the time-related
properties of the protocol. For instance, the following
search command is used to find a state where an intruder
obtain a PMK that is not supposed to belong to it.

1 search init =>* (S: States ) (node[intru ("c")]:
2 pmk(ss("a"),bs("b"),nonce(ss("a"),bs("b"),seed),
3 nonce(bs("b"),ss("a"),seed1),algo),C: Contents ).

Maude returns no solution, which means that the confi-
dentiality holds. The other two safety properties can be
verified likewise by searching. For model checking, one
only needs to call modelCheck(init,F) with init the
predefined initial state and F an LTL formula.

The verification results of the six properties are shown
in Table II. For time-related properties, the succession and
reauthorization of PKMv3 protocol can be satisfied, which
means that the procedures of PKMv3 and period lifetime
of secret keys are correct. Meanwhile, messages are always
transmitted with valid secret keys which guarantee key
freshness. For the safety properties, confidentiality and
authentication can also be satisfied by our Maude model.
The intruder can never obtain the PMKs and other secret
keys that are not supposed to belong to it. SS and BS can
always authenticate each other’s identity. The verification
results coincide with those in the work [5], [7], [6], [10].

Another finding in our verification is that the integrity
of messages can not be guaranteed. Maude returns a
case that BS receives a fake auth-confirm message with
incorrect address of SS, and then generates invalid AK.
The reason is that auth-confirm message is generated using
common checksum algorithm, but intruder can tamper
with this message and generate corresponding checksum.
In this case, BS acknowledge that the received message
does not have transmission error, but can not verify
whether the message is tampered with or not by intruder.

The integrity vulnerability of PKMv3 can be improved
by using AK to generate the checksum of auth-confirm

TABLE II
Verification results of the six properties

Property Method Rewrite Time Result
Succession Model checking 388 2ms

√

Reauthorization Model checking 264 4ms
√

Key freshness Model checking 1199 2ms
√

Confidentiality Searching 1843 44ms
√

Authentication Searching 1843 112ms
√

Integrity Searching 420 4ms ×

message. More precisely, the modified message is described
as: SS → BS: NB |SS Address|AK(NB |SS Address).
BS generates AK with received SS Address, and then
compares the calculated checksum with the one that re-
ceived. Verification results after the refinement show that
the integrity of message transmission is satisfied.

VI. Conclusion
We have presented an algebraic approach to formal

modeling of PKMv3 protocol and verification of its six
safety properties and time-related properties using Maude.
In our model, we consider both the behaviors of intruders
and the time feature of the protocol. Verification results
show that our model of PKMv3 can satisfy the succession
of whole process, re-authorization, validation secret keys
and authentication, which coincide with the results of
other existing works. We also found that the integrity
of messages can not be guaranteed due to auth-confirm
message may encounter man-in-the-middle attacks. We
proposed a solution to the problem and verified its validity.
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Abstract—To support rigorous development of cloud applica-
tions, a formal model for understanding and reasoning about
cloud services is needed. Unifying Theories of Programming
(UTP) provide a formal semantic foundation for various expres-
sive programming and specification languages. A key concept in
UTP is design: the familiar pre / post-condition pair that describes
a contract. In this paper we use UTP to provide a formal model
for cloud computing, whereby cloud services are interpreted as
designs in UTP. Refinement and equivalence relations between
cloud services can be naturally established by implication between
predicates. A family of composition operators that can be used to
put different cloud services together to construct more complex
services and applications are defined based on the design model
for cloud services. On the other hand, dynamic reconfiguration of
cloud applications can be dealt with in the context of the design
model as well, by applying the reconfiguration rules on the design
models for the corresponding applications.
Keywords: Cloud service, design, composition, refinement, dy-
namic reconfiguration

I. INTRODUCTION

Cloud computing has been coined as an umbrella term
to describe a family of sophisticated computing services and
gained a significant amount of attention in the past decades.
It denotes a model on which a computing infrastructure is
viewed as a “cloud”, from which businesses and individuals
access applications from different locations. According to [3],
Cloud is defined as a parallel and distributed computing system
consisting of a collection of inter-connected and virtualized
computers that are dynamically provisioned and presented as
one or more unified computing resources based on service-
level agreements (SLAs). Instead of running or storing ap-
plications locally, one can host their application in the cloud
and access it from any location using a client such as a web
browser.

To support rigorous development of cloud applications, we
need to investigate the formal foundations for understanding
and reasoning about clouds. Although researches on cloud
computing are mainly focused on technical problems such
as resource allocation [9], resource sharing [12], resource
management [21], policy optimization [16] and task scheduling
[22], there are some attempts to the formalization of funda-
mental notions in cloud computing. An abstract formal model
of cloud workflows was proposed in [8] using the Z notation.
In [7], the hierarchical colored Petri Net model was adopted
to specify the security mechanism in cloud computing. The
Petri Net model is also used in [4] to build the fault tolerant

DOI reference number: 10.18293/SEKE2017-055.

model of cloud computing, and as the basis for a dynamic fault
tolerant strategy in cloud computing. The agent paradigm was
adopted in [19] to manage cloud resources and support cloud
service discovery, negotiation and composition. A Bigraph
model was proposed in [2], [18] to formally specify cloud
services and customers and their interaction schemes. A formal
model for aspects of performance, resource consumption, and
deployment on the cloud is developed using the abstract
behavioral specification language ABS in [5]. In [1], the model
checker UPPAAL is used to synthesize an optimal infinite
scheduler for a given specification of Mobile Cloud Computing
systems.

The problem that we address in this paper is to develop
a formal model for cloud services under the UTP (Unifying
Theories of Programming) semantic framework. UTP was
proposed by Hoare and He in [10], and aims to formalize the
similar features of different languages in a similar style. UTP
has been proved to be appropriate for formal semantics of var-
ious programming languages and specification languages like
Circus [15], TCOZ [17], rCOS [11] and Reo [20]. We believe
it is also well suited for developing a proper formal foundation
of cloud computing. Furthermore, interpreting cloud services
as UTP designs makes it easier to guarantee the consistency of
cloud service specifications and the corresponding implemen-
tations in different concrete languages and platforms whose
semantics can also be given in UTP, which is very important
for Cloud computing.

Clouds provide applications / storages / services that can be
used by local clients from different locations in the real world,
and clients can link to the cloud via different instruments.
Since our observation on the cloud can only be obtained by
interactions between users and services provided by the cloud,
for an arbitrary cloud service C the relevant observations
usually come in pairs on its input ports and output ports respec-
tively. When a user send a requirement to the cloud to acquire
some service, the requirement will be distributed to some
available resource and dealt with in the cloud. Afterwards, the
result is sent out to the user and the resource is released and
available again to be invoked later. Thus cloud services can be
interpreted as designs in UTP, i.e., pairs of predicates P ⊢ Q,
where P is a predicate specifying the relationship among what
happen as the inputs of the cloud service and Q is the predicate
specifying the condition that should be satisfied by the outputs.

The design model for cloud services proposed in this paper
provides a family of composition operators to compose differ-
ent cloud services or resources to build complex applications.
An advantage of representing cloud services as such designs in
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our model is that cloud applications can be decomposed into
simpler services, and in suitable circumstances the behavior of
the whole application can be captured by the composition of
the predicates describing its component services. It is natural to
verify cloud service properties by assume-guarantee reasoning
based on the design model framework and the verification
of separate services are becoming quite easy. Furthermore,
dynamic reconfigurations of cloud applications can also be
captured by the reconfiguration rules for transforming the
design models.

The paper is organized as follows. Section II shows how
cloud services are interpreted as designs in UTP based on
observations on their input and output ports, and introduces the
refinement and equivalence relations between cloud services.
Then, in Section III we provide a family of composition opera-
tors that can be used to put different cloud services together to
construct more complex services and applications. Section IV
introduces dynamic reconfiguration for cloud services based
on the design model. Finally, Section V summarizes the paper
and comes up with some future work we are going to work
on.

II. CLOUD SERVICES AS DESIGNS

Usually the computing and storage resources in the cloud
are located far from the users. Users have no knowledge
about its details and configuration, and can access the cloud
applications regardless of their locations or what device being
used. Thus the only possible way that users can know about a
cloud application is via observations on the services provided
by the application: A cloud service is interpreted as a relation
between an initial observation on inputs to the cloud service
and a subsequent observation of the behavior of the execution.

During observations it is usual to wait for some initial
transient behavior to stabilize before making any further obser-
vation. To express this, two Boolean variables ok and ok′ are
introduced, where ok stands for a successful initialization of
computation in the cloud service or communication with other
services by external users or organizations, and ok′ denotes
the observation that the cloud service has either terminated or
reached an intermediate stable state. When ok′ is false, the
cloud service becomes divergent.

A. Cloud Services as Designs

In this paper we use inC and outC to denote what happen
as inputs and outputs of a cloud service C, respectively. For
every port of a cloud service C, the corresponding observation
on it is given by a timed data stream, which is defined as
follows:

Definition 1: Let D be a set of data elements and R+ be
the set of non-negative real numbers which is used to represent
time moments. Let DS = Dω be the set of data streams, that
is, the set of all streams α = (α(0), α(1), α(2), . . .) over D,
and Rω

+ be the set of all streams a = (a(0), a(1), a(2), . . .)
over R+. The set of time streams is defined by the following
subset of R+:

TS = {a ∈ Rω
+ | a < a′}

where a′ is the derivative of a defined as

a′ = (a(1), a(2), a(3), . . .)

for a = (a(0), a(1), a(2), . . .), and for two time streams a and
b, a < b ≡ ∀n ≥ 0.a(n) < b(n). A timed data stream is
defined as a pair ⟨α, a⟩ consisting of a data stream α ∈ DS
and a time stream a ∈ TS. We use TDS to denote the set of
timed data streams.

Let IC and OC be the set of input and output port names of
C, then inC and outC are defined as the following mappings
from the corresponding port sets to TDS.

inC : IC → TDS

outC : OC → TDS

Definition 2: A design is a pair of predicates P ⊢ Q, where
neither predicate contains ok or ok′, and P has only input
variables. It has the following meaning:

P ⊢ Q ≡ ok ∧ P ⇒ ok′ ∧Q

We use relations on timed data streams to model cloud
services. Every cloud service C can be represented by the
design P (inC) ⊢ Q(inC, outC). In the following we write
such a design for cloud service C as:

C(in : inC; out : outC)

pre :P (inC)

post :Q(inC, outC)

where C is the name of the cloud service, P (inC) is the
condition that should be satisfied by inputs inC of the cloud
service, and Q(inC, outC) is the condition that should be
satisfied by outputs outC of C.

Fig. 1. Remote Printing Service

Example 1: Consider a simple example where a remote
printer offers its printing service to two clients, which compete
for the use of this shared resource. Each client can send out
multiple printing requests to the printer and the requests from
different clients are placed in a queue to be processed by
the printer in a first-come first-served manner. After a file is
printed out it can be collected by the client later. In order to
keep the example simple to expose without considering non-
deterministic choice, we assume that requests from different
clients never arrive simultaneously.

The cloud service M in Figure 1 receives requests from
different clients at ports A and B, and delivers a sequence of
requests through port C to a queue on the printer side. The
specification of such a service is given as follows:

M(in : (A 7→ ⟨α, a⟩, B 7→ ⟨β, b⟩); out : C 7→ ⟨γ, c⟩)
pre : D(⟨α, a⟩) ∧ D(⟨β, b⟩) ∧ ∀i, j ≥ 0.a(i) ̸= b(j)

post : D(⟨γ, c⟩) ∧M(⟨α, a⟩, ⟨β, b⟩, ⟨γ, c⟩)
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where D(⟨α, a⟩) is a predicate to judge whether ⟨α, a⟩ is a
well-defined TDS satisfying the requirements on the corre-
sponding port, and M(⟨α, a⟩, ⟨β, b⟩, ⟨γ, c⟩) is a predicate that
captures the behavior of merging two timed data streams ⟨α, a⟩
and ⟨β, b⟩ into ⟨γ, c⟩, and is defined as follows:

M(⟨α, a⟩, ⟨β, b⟩, ⟨γ, c⟩)

=



⟨γ, c⟩ = ⟨α, a⟩ if |⟨β, b⟩| = 0

⟨γ, c⟩ = ⟨β, b⟩ if |⟨α, a⟩| = 0
γ(0) = α(0) ∧ c(0) = a(0)∧
M(⟨α′, a′⟩, ⟨β, b⟩, ⟨γ′, c′⟩) if a(0) < b(0)

γ(0) = β(0) ∧ c(0) = b(0)∧
M(⟨α, a⟩, ⟨β′, b′⟩, ⟨γ′, c′⟩) if b(0) < a(0)

otherwise

B. Refinement and Equivalence of Cloud Services

The notion of refinement has been widely used in different
kinds of system descriptions. For example, in data refinement
[6], the concrete model is required to have enough redundancy
to completely represent the abstract model. Such a relationship
is guaranteed by a surjective map from the concrete model to
the abstract one. Implication of predicates establishes a proper
refinement order over cloud services. Thus, more concrete
implementations imply more abstract specifications. For two
cloud services C1 and C2, if inC1

= inC2
and outC1

=
outC2

, then

C1 ⊑ C2 =df (P1 ⇒ P2) ∧ (P1 ∧Q2 ⇒ Q1) (1)

In other words, preconditions on inputs of cloud services are
weakened under refinement, and postconditions on outputs
of cloud services are strengthened. Taking equation (1) into
consideration, C2 is stronger than C1 because it has a weaker
assumption P2, and so it can be used in more contexts.
Furthermore, in all circumstances where C1 can be applied,
C2 has a stronger commitment, so its behavior can be more
precisely predicted and controlled comparing with C1.

Equivalence of cloud services is defined in the normal way
by mutual refinement:

C1 ≡ C2 iff C1 ⊑ C2 ∧C2 ⊑ C1

Fig. 2. Refinement of Query Flight Service

Example 2: Consider a cloud application where clients can
check flight information and order tickets. If the client plan to
make a trip between two places and make a query for the
flight information, because there can be many flights between
these two places provided by different companies, and the
availability and price for each flight may change at any time,
the client hope to collect the information for all available
flights at the latest time. We first take the service QF1 into
consideration. It has a buffer on the server side for each flight
company, accepts query from the client and put a copy of the
query into every buffer. We have its specification by design
model as follows:

QF1(in : A 7→ ⟨α, a⟩; out : (B1 7→ ⟨β1, b1⟩,
B2 7→ ⟨β2, b2⟩, B3 7→ ⟨β3, b3⟩))

pre : D(⟨α, a⟩)
post :

∧
1≤i≤3

(D(⟨βi, bi⟩) ∧ βi = α ∧ a < bi < a′)

Then we can consider another cloud service QF2 in Figure
2, whose buffer’s location is on the client’s side, which is
different from QF1. It can accept the query from the client
as well, puts it into the buffer and sends a copy of the query
to each flight company simultaneously. The trick here is the
query waits in the buffer and be delivered to each server
end simultaneously. The design model description of it is as
follows:

QF2(in : A 7→ ⟨α, a⟩; out : (B1 7→ ⟨β1, b1⟩,
B2 7→ ⟨β2, b2⟩, B3 7→ ⟨β3, b3⟩))

pre : D(⟨α, a⟩)
post :

∧
1≤i≤3

(D(⟨βi, bi⟩) ∧ βi = α) ∧ a < b1 = b2 = b3 < a′)

From the two design models we can easily derive that
QF1 ⊑ QF2 since their preconditions are equal while the
postcondition for QF2 is stronger.

III. COMPOSITION OF CLOUD SERVICES

Different cloud services can be composed together to build
more complex services / applications. Since cloud services
are interpreted as designs, their composition can be naturally
modeled by composition on designs, which leads to a new
design capturing the behavior of the composed cloud service /
application. In this section, we introduce a family of compo-
sition patterns for two cloud services Ci(i = 1, 2):

Ci(in : inCi
; out : outCi

)

pre : Pi(inCi
)

post : Qi(inCi , outCi)

In the following, we use Pi and Qi instead of Pi(inCi
) and

Qi(inCi
, outCi

) for simplicity of expression when it is clear
from the context.

A. Sequential composition

Suppose one output port O of C1 and one input port I
of C2 can be joined together and the timed data stream that
happen on O thus can be taken as the input on I for C2.
After joining these two ports, what happened on O (and I)
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will be hidden from outside, which can be specified by using
existential quantification on the corresponding predicates. Let
the output on O in C1 and the input on I in C2 be O 7→
⟨δ1, d1⟩ ∈ outC1 and I 7→ ⟨δ2, d2⟩ ∈ inC2 , respectively. Then
the results cloud service by sequentially composing C1 and
C2 is:

C1;O→IC2(in :
∪

i=1,2

inCi
\ {I 7→ ⟨δ2, d2⟩};

out :
∪

i=1,2

outCi \ {O 7→ ⟨δ1, d1⟩})

pre : P1 ∧ ¬(Q1⟨δ1,d1⟩;⟨δ2,d2⟩ ¬P2)

post : Q1⟨δ1,d1⟩;⟨δ2,d2⟩ Q2

where the sequential composition of predicates is defined as
follows:

P⟨δ1,d1⟩;⟨δ2,d2⟩ Q

≡ ∃⟨δ, d⟩.P [⟨δ, d⟩/⟨δ1, d1⟩] ∧Q[⟨δ, d⟩/⟨δ2, d2⟩]
For inCi : ICi → TDS, i = 1, . . . , k,∪

i=1,...,k

inCi
:

∪
i=1,...,k

ICi
→ TDS

is defined as:∪
i=1,...,k

inCi
(K) = inCj

(K) if K ∈ ICj
.

And for an arbitrary port K,∪
i=1,...,k

inCi
\ {K 7→ ⟨δ, d⟩} = (

∪
i=1,...,k

inCi
)∪

i=1,...,k ICi
\K

Definitions for union and subtraction on outputs are similar.

For a predicate P and a variable v in P , P [u/v] is the
predicate obtained by replacing all the occurrence of v in
P by u. Note that when two cloud services C1 and C2 are
sequentially composed, we can certainly join more than one
pair of ports together and the definition of the resulting service
is similar, but it is not necessary to join all the output ports
of C1 to all the input ports of C2. Some ports in the services
can be left as the input / output ports for the resulting service.
The definition for the general situation is similar and can be
easily obtained.

B. External, internal and conditional choices

Cloud services can be aggregated in a number of different
ways, besides the sequential composition. In the following
we consider a few such combinators. A typical composition
pattern being widely used is external choice. For the two cloud
services C1 and C2, when they are put together and interacting
with the environment, clients from the environment are allowed
to choose either to input on the input ports of C1, or on input
ports of C2, which will trigger the corresponding cloud service
C1 or C2, respectively, and produce the associated output
on the corresponding output ports. Formally, the results cloud
service as an external choice of C1 and C2 is defined as:

C1 2 C2(in :
∪

i=1,2

inCi
; out :

∪
i=1,2

outCi
)

pre : P1 ∨ P2

post : (P1 ⇒ Q1) ∧ (P2 ⇒ Q2)

Sometimes it is possible that both cloud services might
have input ports in common so that there is no clear prescrip-
tion as to which route is followed when one of these common
ports is chosen. In the implementation, either service can be
chosen to be executed. This case is captured by the internal
choice pattern, which is formally defined as follows:

C1 ⊓ C2(in :
∪

i=1,2

inCi
; out :

∪
i=1,2

outCi
)

pre : (inC1 ∩ inC2 ̸= ∅) ∧ P1 ∧ P2

post : Q1 ∨Q2

Besides the external and internal choices, a further form of
choice, the conditional choice which is based on the value of
a boolean expression, is also needed for combination of cloud
services. This case is formally defined by the following design
which means that if b is satisfied then the cloud service C1 is
executed, and otherwise, C2 is executed:

C1 � b� C2(in :
∪

i=1,2

inCi ; out :
∪

i=1,2

outCi)

pre : P1 � b� P2

post : Q1 � b� Q2

C. Parallel composition

After the study of the choice combinators we proceed to
that of parallel composition. The simplest form of parallel
combinator captures the case that both cloud services C1 and
C2 are invoked and executed in parallel when triggered by a
pair of inputs on the corresponding input ports of both C1

and C2. Therefore, to make it possible to execute the parallel
combination of C1 and C2, both P1 and P2 should be satisfied
and the execution will lead to the result that Q1 ∧Q2.

C1 ∥ C2(in :
∪

i=1,2

inCi
; out :

∪
i=1,2

outCi
)

pre : P1 ∧ P2

post : Q1 ∧ Q2

In the parallel composition defined above, when two cloud
services are put into parallel, they may evolve completely
autonomously, i.e., we have no restriction on the inputs for
the two services and they can arrive at any time. Sometimes
we may hope to have some inputs for C1 and C2 arrive only
at the same time. For simplicity, we assume that the data
can only arrive at the input ports I1 and I2 simultaneously,
where I1 and I2 belong to the input ports of C1 and C2

respectively. And the data arriving at all the other input ports
except I1 and I2 are independent. Furthermore, we assume that
Ii 7→ ⟨δi, di⟩ ∈ inCi for i = 1, 2. Then we have

C1 I1∥I2 C2(in :
∪

i=1,2

inCi
; out :

∪
i=1,2

outCi
)

pre : P1 ∧ P2 ∧ d1 = d2
post : Q1 ∧ Q2

In many cases, a family of cloud services may exist and
behave in parallel in a pairwise fashion. To model this, the n-
ary version of both parallel combinators ∥ and I1∥I2 are very
helpful. The definition of ∥ and I1∥I2 can be easily generalized
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to the case for composing multiple services and we will omit
the technical details here.

A similar situation we consider is the case of merging two
input ports of cloud services C1 and C2 into one port. Let
⟨δi, di⟩ for i = 1, 2 be the timed data streams on the input
port Ii in Ci, respectively. By merging I1 and I2 into one port
I , when the resulting service receives a request on I , it will
behave in a ”broadcasting” way. In other words, the request
will be replicated on I and sent to both C1 and C2 to trigger
their execution simultaneously. The definition of this operation
is as follows:

C1∥{I1,I2}≫IC2(in : (
∪

i=1,2

inCi
\ {Ii 7→ ⟨δi, di⟩})

∪ {I 7→ ⟨δ, d⟩}; out :
∪

i=1,2

outCi)

pre :
∧

i=1,2

Pi[⟨δ, d⟩/⟨δi, di⟩]

post :
∧

i=1,2

Qi[⟨δ, d⟩/⟨δi, di⟩]

Based on the design model of cloud services, we can
develop various (equivalence and refinement) laws for cloud
services, especially for those composed by applying the com-
binators defined previously, and encode them as theorems to
support a reasoning system in theorem provers like Coq or
PVS. However, instead of proceeding further with such laws,
we shall discuss about dynamic reconfiguration of cloud ap-
plications in the following section, which is a rather important
topic for Cloud computing.

IV. DYNAMIC RECONFIGURATION

Dynamic reconfiguration is necessary in Cloud computing.
For example, when we consider a cloud application that uses
cloud services provided by different providers, where the ser-
vices are usually not under our control, and thus cannot be reset
in general. During the execution of such an application, it is
not surprising that some service provider becomes unavailable
or the QoS properties of some service becomes much worse,
which might be unacceptable for the clients of the application.
In such cases, a dynamic reconfiguration is certainly necessary
and can be either very simple like switching to an alternative
cloud service, or very complex like modifying the whole
application architecture.

In our approach, we model dynamic reconfigurations of a
cloud application using a family of reconfiguration rules on the
corresponding design model. A reconfiguration rule captures a
possible pattern that should be matched by the reconfiguration,
and specifies how the application should be changed during
the reconfiguration. It is obvious that we cannot provide a
complete set of rules for all possible reconfiguration situations
here. Instead, we only consider the basic reconfiguration
situation for adding new services during the execution, which
is rather simple but quite common in Cloud computing. Details
about the operation are given in the following of this section.

Suppose we have a cloud application S, and C1 is a service
being used in this application. Another service C2 which
behaves like C1 might be offered as another option for use

when C1 is invoked during the execution of the application,
while C1 is still available there. When the request to execute
service C1 is coming, either C1 or C2 will be invoked and
return the corresponding results. Such a situation is captured
by the reconfiguration rule for adding service as another option
to choose:

Rule 1: S[[C1]] ; S[[C1 ≬C2]].

This rule means that the service C1 is replaced by C1 ≬C2

in the application S, while all the other parts in S are
kept unchanged in the reconfiguration. Let Ci(in : (Ii 7→
⟨αi, ai⟩); out : (Oi 7→ ⟨βi, bi⟩)), i = 1, 2, be two cloud
services, then we have ∗:

C1 ≬C2

=Router;{Ki→Ii} (C12C2);{Oi→Ji} Merger

where Router and Merger are defined as follows:

Router(in : (I1 7→ ⟨α, a⟩);
out : (K1 7→ ⟨α1, a1⟩,K2 7→ ⟨α2, a2⟩))

pre : D(⟨α, a⟩)
post : (

∧
i=1,2

D(⟨αi, ai⟩)) ∧M(⟨α1, a1⟩, ⟨α2, a2⟩, ⟨α, a⟩)

and

Merger(in : (J1 7→ ⟨β1, b1⟩, J2 7→ ⟨β2, b2⟩);
out : (O1 7→ ⟨β, b⟩))

pre :
∧

i=1,2

D(⟨βi, bi⟩)

post : D(⟨β, b⟩) ∧M(⟨β1, b1⟩, ⟨β2, b2⟩, ⟨β, b⟩)

Fig. 3. Dynamic Reconfiguration of Query Flight Service

We can also add a service in parallel with another existing
service. Just for a brief illustration, we can consider the flight
query application depicted in Example 2. When the application
is running, it is possible that some new flight company provide
the flight query service for flights provided by this company,
which is not available for the application at the beginning. In
this case, the application should still work properly when the
new service is added to the application and return the flight
information for possible flights of all the companies, including
the new one. Such a situation is captured by Figure 3, which
specifies the result after reconfiguration on QF2.

∗For simplicity of representation here we assume that both C1 and C2

have only one input port and one output port, while the definition can be
easily generalized to cloud services with multiple input and output ports.
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It is also possible that some services are becoming un-
available during the execution of a cloud application. In this
case, we can have similar rules to remove a service from
the application, which is either running in parallel with other
services, or just as an option for choice.

In retrospect, the design model illustrated here seems
promising either to capture known reconfiguration patterns, or
to identify new ones, for a variety of cloud applications. A lot
of work, however, remains to be done.

V. CONCLUSION

In this paper we define a comprehensive formal model for
cloud services, their composition and dynamic reconfiguration
under the UTP framework. Cloud services are interpreted
as designs in UTP, which is a pair of predicates specifying
the relationship between inputs and outputs. A number of
combinators are defined corresponding to different ways of
combining cloud services, and dynamic reconfiguration of
cloud applications can be specified as rules for transforming
between different designs.

Prospects for future work include the investigation of
other features present in cloud computing, such as service
discovery, coordination and negotiation, as well as the planning
of significative case studies to assess empirically the merits
of the approach proposed here by linking the model to con-
crete implementations. We are also interested in simulation
of application behavior. In addition, another natural follow up
of this paper concerns reasoning about cloud applications in
theorem provers like PVS or Coq, extending our previous work
on formal reasoning about component connectors (e.g., in [13])
to take into account behavior of services. Developing rules for
composition and dynamic reconfiguration of cloud services is
in our plan as well. In particular, we would like to tackle the
consistency problem among different applications / services,
and to explore the relationship between reconfiguration and
other kinds of model transformation, such as architectural
refinement [14].
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Abstract

To improve software quality, developers often open a bug
repository and allow users to find bugs, describe bugs in the
form of bug reports and submit bug reports to the reposito-
ry. Based on the description, testers assign a priority to
each bug report. In the beginning the process of priori-
ty assignment is performed manually. With the increasing
amount of bug reports, researchers introduced classifica-
tion methods to assign priorities automatically with all the
features considered. In this paper feature selection methods
are introduced to improve the effect of bug report prioriti-
zation using classification models. The experimental results
show that feature selection based on Information Gain and
Pearson Correlation can improve the precision and recall
for bug report prioritization on two models, i.e., SVM and
Naive Bayes.

Keywords: Feature selection, Bug report prioritiza-
tion, SVM, Naive Bayes

1 Introduction
Bug repositories of open software projects are often ac-

cessible to the public. Both users and developers can submit
problems and suggestions on how to improve the software
to the repository in the form of bug reports. A bug report is
helpful for debugging in many ways. It creates a communi-
cation between bug finders and bug fixers and enables de-
velopers discuss how to fix a bug. The openness of the bug
repositories makes more people being able to help to find
more bugs for the developers, such that the quality of the
software can be greatly improved. In order to use bug repos-
itory more effectively, bug reports should be managed. Re-
ported bugs should be analyzed to determine whether they
are valid or not, correct or not, and unique or not. This is
called a bug triage process [1].

Manually validating large number of bug reports can be
time-consuming and tedious. Not all the bug reports are re-
garded as important on the side of developers. Each bug re-
port should be assigned a priority to indicate its importance,
and this process is called bug report prioritization. Some
bug reports are about meaningful bugs, while other bug re-
ports maybe just suggestions of adding software functions.
Bug reports that report meaningful bugs should have a high-

er priority. If the developers analyze the bug reports one by
one, some important bug reports may be postponed.

The amount of bug reports are often very large. In the
Wordpress project we studied, there are more than 20 thou-
sand reports. The large amount of bug reports makes it very
time consuming to manually assign priorities to bug reports.
One way to solve the problem is to ask bug reporters assign
the priority. But lacking the full knowledge of the whole
project, bug reporters could not correctly assign priorities.

To correctly assign priority to the reports, a bug triager
needs to analyze the bug description in the bug report to get
the information about which component the bug may be-
long to, what type of the bug it is, its severity and whether
it shall be solved immediately or can be postponed. Ac-
cording to these information, priorities are assigned to bug
reports.

Currently, there have been many studies focusing on au-
tomatically prioritize bug reports. For example, DRONE
[2] analyzed the textual description, author and product of
bug reports to assign priorities. Kremenet et al. [3] checked
the success and failure of a bug report to prioritize reports.
Lamkanfi [4] used various classification algorithms such as
Support Vector Machine (SVM) and Naive Bayes to assign
priorities for bug reports. In their study textual descriptions
were transformed to feature vectors, which were the inputs
of classification models. However, the study of [1] tells that
not all the features are important for bug report prioritiza-
tion. Their results motivated us to adopt feature selection
methods on bug report prioritization.

In this paper, the textual description of a bug report are
first transformed into a feature vector, and then we use fea-
ture selection to build a subset of features that can represent
the whole set. This subset can give us enough information
for classification to prioritize bug reports. The subset could
obtain better classification results. In this paper, 7 most pop-
ular feature selection approaches including CfsSubset (CF-
S), Correlation (CO), GainRatio (GR), InfoGain (IG), On-
eR (OR), ReliefF (RF) and SymmetricalUncert (SU) [5, 6]
are considered. These 7 techniques cover two main feature
selection techniques the wrapper methods and filter meth-
ods. The wrapper methods search the feature space and e-
valuate feature set to find the optimal feature subset. The fil-
ter methods evaluate single feature, score each feature and
rank features according to the scores. We conducted ex-
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periments to compare the feature selection techniques and
studied the effects of the number of features selected, and
we found that GR, IG and CO were more suitable for bug
report prioritization.

In our experiment, we evaluated the effects of some pop-
ular feature selection techniques on bug report prioritiza-
tion. Two large open source projects Trac [7] and Word-
press [8] were used.

The main contributions of this paper are summarized as
follows:

• We are the first to introduce feature selection methods
to find the features that are most relevant to priorities.
Previous researches used all the features to classify bug
reports but failed to study the important features that
are related with priorities. Feature selection can find
out the important features.

• We compare different feature selection techniques in
bug report prioritization. The results show that Infor-
mation Gain and Pearson Correlation based approach-
es achieve the best performance.

• We study the influence of the number of features on
the feature selection techniques and find that one third
to half of the features are optimal for feature selection.

• We conducted experiments on two large open projects
with large amount of bug reports to validate our pro-
posals.

The rest of the paper is organized as follows. Section
2 presents the related work. The introduction of classifica-
tion is described in Section 3. The framework along with
the classification model used is presented in section 4. The
experiment setup, evaluation and experiment results are p-
resented in section 5, 6 and 7. Finally we summarize the
threats to validity and conclude our work in section 8 and 9.

2 Related Work
Menzies and Marcus were the first researchers that s-

tudied the bug report prioritization [9]. They analyzed the
severity labels text and information of bug reports of NASA
and generated 5 severity labels. They first extracted word
tokens from text information of bug reports and then prepro-
cessed the text to remove stop words and performed stem-
ming. Then the words were transformed into feature vectors
and then fed into a classification model.

Lamkanfi et al. [10] extended the work of Menzies and
Marcus and studied various classification algorithms. They
found that SVM and Naive Bayse were two most effective
classification models. This motivated us to use these two
models in our research. Khomh et al. [11] studied crash
reports prioritization based on the frequency of the crashes.
In this paper all types of bug reports were studied instead of

only focusing on crash reports. All of existing approaches
failed to emphasize the features that are relevant to priority.
In this paper we introduce feature selection techniques on
bug report prioritization to find the most relevant features.

3 Classification of Bug Reports
Classification of bug reports consists of two main pro-

cesses. The first is training bug reports with priorities as-
signed correctly by triagers to build a learning model. Sup-
pose that R(r1, r2, ..., rn) is a feature vector transformed
from a bug report for training, r1, r2, ..., rn are n values of
n features. Each feature is a word in the bug description,
representing one dimension of information of the bug re-
port. Each ri represents the frequency of each word occur-
ring in R. For each feature vector Ri, there is a special class
label which represents the priority yi of that bug report. The
output of this step can be represented as a learning function.

y = f(R) (1)

In function 1, f(R) can be some regulations or some for-
mulas. In the second process of testing f(R) receives new
bug reports with no priority labels. The output y is the pre-
dicted priority for the input bug report. In order to evaluate
a classification algorithm, the bug reports with correct la-
bels of priority will work as inputs such that precision and
recall of the classification algorithm can be calculated.

4 Approach
Figure 1 shows the framework of our approach.

1 Preprocess bug reports: A commonly used text trans-
formation method [12] is adopted to preprocess bug
reports, and transform reports into feature vectors with
each bug report transformed into one vector. In this
phase, special symbols, brackets and punctuation are
removed. Non-alphabetic words, common words and
stop words are also removed, because these words are
meaningless and unimportant. Stemming is then ap-
plied on the remained words to convert them into their
ground meaning. The ground form of each word is
seen as a feature. The frequency of occurring of each
word in each bug report is generated as the value of a
specific feature in a vector.

2 Split data: The feature vector set is divided into two
sets, training set and testing set using five-fold cross
validation [13].

3 Select features: Different feature selection techniques
are applied on the training set to construct a subset of
features. The outputs of feature selection are the new
mapped feature vector set and the subset of features.
The new mapped feature vector set only contains the
information of constructed subset of features.
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Figure 1: Framework

4 Train: Two classification algorithms, i.e., SVM and
Naive Bayes are used for training the feature vectors.
The output of training is the specific learning model.

5 Classify: The selected features and the learning model
are used for classifying the testing set. The output is
that each report is assigned a priority class.

4.1 Feature Selection for Bug Report Prioritization

There are mainly two sorts of feature selection method-
s, “wrapper” and “filter” methods [14]. Wrapper methods
search for feature subsets of bug reports and find the sub-
set with the highest quality [15]. Filter methods score for
each feature of bug reports based on some criteria, indepen-
dently. Then the features are ranked according to the score
and top N features are selected [14]. In this paper 7 most
popular feature selection methods CfsSubset (CFS), Corre-
lation (CO), GainRatio (GR), InfoGain (IG), OneR (OR),
ReliefF (RF) and SymmetricalUncert (SU) are studied. The
description of the methods are as follows.

• CfsSubset (CFS): CFS uses Best First and Greedy
Stepwise to search feature space and uses minimum
description length (MDL) to measure the correlation
inside a subset and correlation between the subset and
the priority. The subset with the highest quality is se-
lected [16].

• Correlation (CO): CO measures the Pearson Correla-
tion between a feature and the priority to score for each
feature [17].

• InfoGain (IG): IG scores a feature by measuring the
Information Gain between a feature and the priority
[18]. The concepts of Information Gain comes from
information theory [19].

• GainRatio (GR): GR scores a feature by measuring the
gain ratio with respect to the priority. GR is a mea-
sure extended from IG. The difference is that based on
IG GR will further calculate the information generated
by splitting the training data according to the different
kinds of value of a feature [6].

• OneR (OR): OR evaluates a feature by measuring the
classification accuracy by using OneR classifier [5].

• ReliefF (RF): RF evaluates a feature by repeatedly
sampling a feature vector and considering the value of
the given feature for the nearest vector of the same and
different priority class [20].

• SymmetricalUncert (SU): SU evaluates a feature by
measuring the symmetrical uncertainty with respect to
the priority [21].

4.2 Feature Selection Based Naive Bayes

The Naive Bayes classifies bug reports by calculating the
probability of a bug report assigned to a priority label using
Bayes rule of conditional probability. The probability of
one new bug report belonging to each priority is calculated
and the priority with the highest probability is assigned to
the new report.

The Naive Bays can be stated as equation 2. P (Ci|R) in-
dicates that given a report R, the probability that the priority
Ci is assigned to R.

P (Ci|R) = (P (Ci)× P (R|Ci))/P (R) (2)

Naive Bayes maximizes P (R|Ci)×P (Ci) to find the pri-
ority with the highest probability for a bug report. The as-
sumption of Naive Bayes is that a value of a feature does not
depend on the value of other features. Therefore, P (R|Ci)
is calculated by equation 3.

P (R|Ci) =
∏

j∈SF

P (rj |Ci) (3)

P (Ci|R) > P (Cj |R) j 6= i (4)

If equation 4 is satisfied for each Cj , Ci is assigned to
the new bug report. In equation 3 SF is the selected feature
set. Feature selection techniques will adjust the value of
P (R|Ci) to affect the results of Naive Bayes by choosing
an optimized SF .
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4.3 Feature Selection Based SVM

SVM transforms the input feature vectors of bug reports
to a higher dimension and then searches for a hyperplane
with the maximum margin in the new mapped space [22].
A simple hyperplane can be defined as equation 5.

w · x+ b = 0, x =

r11 r1j ... r1n
r21 r2j ... r2n
... ... ...
rm1 rmj ... rmn

, j ∈ SF (5)

In this equation, x are the feature vectors of bug reports
that lie on the hyperplane, b is a scalar often referred as a
bias, w is a weighting vector, · is the dot product, SF is
the index set of selected features. Feature selection tech-
niques adjust SF to change the hyperplane and will affect
the results of SVM.

5 Experimental Setup
In this paper, we use the data set of bug reports of Trac

Open Source Project and Wordpress which were popular
used on the researches of bug report prioritization [23]. Bug
reports of Wordpress and Trac collected between June, 2004
and March, 2013 and August, 2003 and July, 2013 were
used in the research. All the bug reports have been assigned
5 classes of priorities by the triagers correctly such that pre-
cision and recall of classification algorithms can be evaluat-
ed. After preprocessing the number of features for Trac and
Wordpress is 18, 231 and 14, 570. Two best classification
algorithms SVM and Naive Bayes for bug report prioritiza-
tion studied by Lamkanfi [4] were used on the experiments.

Project #Bug reports #Reporter #Versions
Wordpress 23,848 6,013 18

Trac 10,416 4,701 11

Table 1: Data set description

6 Evaluation
In order to evaluate our approach, feature selection were

performed before classification, then the precision and re-
call, popular evaluation criteria for bug report prioritization
techniques [12], were calculated for the classification algo-
rithms. A higher precision and recall mean that the specif-
ic feature selection techniques are more capable in finding
priority relevant features. Precision is the fraction of all the
predicted items that are relevant items. For a priority class
Ci predicted items are all the bug reports to which Ci is as-
signed by the classifier. Relevant items are bug reports to
which Ci should be assigned.

Precision =
|Relevant items ∩ Predicted items|

|Predicted items|
(6)

Recall is the fraction of all the relevant items that are
predicted items.

Recall =
|Relevant items ∩ Predicted items|

|Relevant items|
(7)

For each priority class the precision and recall are calcu-
lated and then the average values are summarized over all
priority classes. As prioritizing bug reports manually took
much longer time than classification based bug report prior-
itization techniques did, existing researches focused on the
effectiveness and did not study the efficiency and cost of
classification based techniques [12].

7 Experimental Results

Precision Recall Feature selection
Original 0.613 0.565 -

Rank

0.686 0.679 CO
0.715 0.693 GR
0.705 0.654 IG
0.632 0.577 OR
0.623 0.578 RF
0.630 0.587 SU

Best First 0.654 0.54 CFS
Greedy Stepwise 0.652 0.536 CFS

Table 2: Experimental results of Naive Bayes for Trac
project

Precision Recall Feature selection
Original 0.572 0.592 -

Rank

0.685 0.682 CO
0.723 0.719 GR
0.618 0.708 IG
0.595 0.603 OR
0.606 0.637 RF
0.607 0.613 SU

Best First 0.594 0.644 CFS
Greedy Stepwise 0.592 0.645 CFS

Table 3: Experimental results of Naive Bayes for Wordpress
project

In order to evaluate whether feature selection can find
priority relevant features, classification were performed on
the original feature vector set and the set which processed
by feature selection techniques. In order to get more precise
results, all the experiments were conducted 30 times and the
average value were recorded.

Table 2 and 3 show the experimental results of Trac
project of Naive Bayes. The first column shows the search
methods. Original means that original feature vector set
without feature selection performed on were used for clas-
sification. Rank means that features were scored indepen-
dently. Best First and Greedy Stepwise are two greedy al-
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gorithms based searching methods used by CFS. The exper-
imental results show that feature selection techniques CO,
GR and IG can get higher precision and recall than the orig-
inal case and the other feature selection techniques.

Precision Recall Feature selection
Original 0.523 0.517 -

Rank

0.674 0.689 CO
0.694 0.713 GR
0.683 0.668 IG
0.545 0.5147 OR
0.543 0.519 RF
0.637 0.621 SU

Best First 0.544 0.582 CFS
Greedy Stepwise 0.542 0.536 CFS

Table 4: Experimental results of SVM for Trac project

Precision Recall Feature selection
Original 0.533 0.545 -

Rank

0.557 0.672 CO
0.642 0.649 GR
0.557 0.593 IG
0.558 0.521 OR
0.563 0.562 RF
0.521 0.58 SU

Best First 0.554 0.518 CFS
Greedy Stepwise 0.552 0.526 CFS

Table 5: Experimental results of SVM for Wordpress
project

Table 4 and 5 show the results of SVM for two projects.
From the two tables we can get similar observations with
the results of Naive Bayes. By comparing 4 tables we can
see that Naive Bayes performs better than SVM.

Precision
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Figure 2: The influence of the number of features on preci-
sion for Trac project

Different number of features were set and the specific
precision and recall were recorded for each filter method.
Figure 2 shows that the precision first rises and then de-
clines with the increase of number of features selected. The
precision of GR reaches its peak when the number of fea-
tures reaches about one third of the total features. This phe-
nomenon gives us suggestions that a subset of priority rele-
vant features are able to give enough information about the

priority. We can also see that GR, IG and CO perform better
than other techniques.
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Figure 3: The influence of the number of features on recall
for Trac project

In Figure 3 we can see that the peak of recall of GR oc-
curs when the number of features reaches about half of all
the features, which is later than those in Figure 2. We can
also see that GR is obviously better than RF and SU.
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Figure 4: The effects of the number of features on precision
for Wordpress project

Figure 4 and 5 show that the peak occurs when the num-
ber of features reaches about one third of all the features.
Then the peak continues until about 13, 000 features select-
ed. In these two figures CO and GR are still better than oth-
ers. The performance of IG is similar with RF worse than
GR. The reason is that IG dose not take the number of kinds
of values of features into consideration. Features that has
too many kinds of values that are not relevant with priority
are also selected to make IG not as good as GR sometimes.
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Figure 5: The influence of the number of features on recall
for Wordpress project

We also used spearman correlation (SC) to measure the
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correlation between the assigned priorities and the actual
priorities. A higher value indicates a higher correlation. Ta-
ble 6 shows the average SC of different feature selection
techniques.

CO GR IG OR RF SU CFS
SC 0.51 0.55 0.53 0.42 0.38 0.38 0.34

Table 6: Spearman correlation on different feature selection
techniques

8 Threats to Validity
In our research the threats to validity mainly came from

the experimental errors. The priority of bug reports were
assigned by humans. They assigned priorities in a subjec-
tive way. Different people may have different opinions on
the priorities. In the experiment we only used two projects.
However, the projects were all large open source projects
with large number of bug reports. This made the experi-
ment results more universal. In the future we will study
more projects and more bug reports.

9 Conclusion
In this paper feature selection methods are introduced to

improve the effect of bug report prioritization using classi-
fication models. The experimental results show that feature
selection can pick out relevant features and improve the ef-
fect of bug report prioritization on two models, i.e., SVM
and Naive Bayes. For the feature selection techniques we
studied in this paper, IG and GR based on Information Gain
and CO based on Pearson Correlation obtained better per-
formance than other feature selection techniques. We also
studied the influence of the number of selected features and
found that one third to half of the features were enough to
get high precision and recall.
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Abstract

Product line engineering aims to reduce the cost and
effort to develop new related softwares, while increasing
the software quality and the software scope. Variability
analysis and modeling is a key issue in this approach.
Several representations were proposed, including feature
models (FMs) and product comparison matrices (PCMs).
While PCMs are useful for presenting products in a tabular
form, for their understanding and manipulation, it helps
to switch to a graphical view. FMs are graphical views,
but they are not canonical (i.e., several equivalent FMs
can represent a same PCM) and user intervention is
necessary to ensure the extraction of a meaningful FM
from PCMs. In this paper, we investigate the benefits of
a new structure, which captures variability in a canonical
graphical representation. We outline its construction and
we give insights about its shape and use when it is used
as an alternative representation of wikipedia PCMs in the
domain of software.

Keywords: Product lines, Product Comparison Matrix,
Feature Model, Formal Concept Analysis

1. Introduction

Software product line engineering [8] is a software de-
velopment approach which aims to produce families of sim-
ilar software systems, while reducing the cost and effort,
and increasing the software quality and scope. Variability
analysis is a key issue in this approach that includes the or-
ganization of the main characteristics (called features) de-
pending on the software products composing the product
line. Several representations were proposed, the main one

DOI reference number: 10.18293/SEKE2017-087

being feature models (FMs) [7]. An FM models the vari-
ability as a tree of features: a feature may introduce sub-
features, and the feature is linked to a sub-feature with re-
lation mandatory or optional, or to groups of sub-features
with relation at least one or exactly one amongst the sub-
features. Constraints can also be added to an FM. Other
ways of modeling such as product comparison matrices
(PCMs), decision models or logic formulas were also pro-
posed, and all these representations have many variants and
address specific issues. For example, FMs are appropriate
representations to graphically show variability and derive
product selection tools, logic formulas are relevant for au-
tomated reasoning tools and PCMs are widely used for enu-
merating existing representative products. While PCMs are
relevant for presenting products in a tabular form, switch-
ing to a graphical point of view for their understanding
and manipulation may be useful. FMs can be used in this
task, but several equivalent FMs can represent a same PCM,
thus their construction includes interpretation and modeling
choices. Therefore, it is difficult to automate their genera-
tion from product description [1].

In this paper, we present a new structure, the Equivalence
Class Feature Diagram (ECFD), which captures variability
in a canonical graphical representation, and thus does not
require any human interpretation to be built. The ECFD
represents and structures a configuration set, and any FM
depicting this configuration set conforms with the ECFD.
It can be considered an interim representation between the
catalog-like PCMs and the meaningful FMs. We outline
the ECFD construction and we give insights about its shape
and use when it is used as an alternative representation of
wikipedia PCMs in the domain of software.

Next section presents the ECFD. We outline the ECFD
construction in Section 3. Section 4 develops the wikipedia
PCMs study. Related work is reported in Section 5. We
conclude the paper with a few perspectives in Section 6.
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2. Equivalence Class Feature Diagram (ECFD)

We introduce in this section Equivalence Class Feature
Diagrams as an alternative way to represent variability, in a
graphical and canonical way. The objective of the ECFD
is to make explicit co-occurring features (features which
are always present or absent together), exclusion constraints
and other logical relations between features. In the follow-
ing, we illustrate the ECFD with an example of e-shops con-
figurations taken from an FM of SPLOT1, shown in Figure
1. The configuration set is shown in Table 1 and the corre-
sponding ECFD is given in Figure 2.

The main construct of an ECFD are boxes that represent
a (maximal) set of features occurring always together. In
the example of Figure 2, all the boxes are of size 1 except
the one at the top, that is composed of four features. Indeed,
those four features always occur together in the configura-
tion set. There are several kinds of relations that can be
added in an ECFD:

• The implications between boxes, denoted by a simple
edge from a box b1 to another box b2, meaning that
when the features of b1 are present, the features of b2
are also present in a configuration. In the example, we
have such an implication between PublicReport
and Search. Indeed in the configurations, when
PublicReport is present, Search is also present.

• Or-groups can be denoted by grouped edges from sev-
eral boxes bi to another box b, to indicate that when
features of b are present, there is at least the features
of one box bi. In the example, BankTranfer and
CreditCard form an Or-group below the top box.

• Xor-groups are denoted like Or-groups, but with a
cross on the grouped edges from several boxes bi to
another box b, to indicate that when features of b are
present, there are exactly the features of one box bi. In
the example, High and Standard form a Xor-group
below the top box.

• Mutex are denoted with a line linking boxes, with a
cross on it. Two boxes in mutex relationship indicate
that features of one box cannot appear at the same
time as features of the other box. E.g., High and
PublicReport are mutually exclusive.

A more detailed description of ECFD is presented in [3].
The ECFD is a canonical structure: for a given set of con-
figurations, there is one and only one corresponding ECFD.
On the contrary, the feature model is not canonical, several
different feature models can represent the same set of con-
figurations: e.g., the two feature models of Figures 1 and 3
represent the same set of configurations depicted in Table 1.

1http://www.splot-research.org/

Webshop

Security Payment Catalog

Standard High BankTransfer CreditCard

Search

PublicReport

Optional

Xor

Or

Mandatory

HighÑ !PublicReport ; HighÑ CreditCard

Figure 1. FM1 for Tang-Eshops

Figure 2. ECFD for Tang-Eshops

3. ECFD construction

The ECFD is built in two main steps: (1) AC-poset con-
struction and (2) Xor-groups, Or-groups and Mutex com-
putation. The AC-poset produces the feature equivalence
classes (boxes/nodes of the ECFD) and the hierarchical
structure between the nodes (Section 3.1). The Xor-groups,
Or-groups and Mutex are then added to the structure (Sec-
tion 3.2). This construction shares several steps with the
feature model extraction proposed in [9]. However, our ob-
jectives partly diverge, since we want to preserve a canoni-
cal structure, while they aim to build one possible feature
model amongst those that our canonical structure repre-
sents.

Webshop

Security Payment Catalog

Standard

High

BankTransferCreditCard

Search

PublicReport

HighÑ !PublicReport ; PublicReportÑ Search

PaymentÑ BankTransfer | CreditCard ;

Figure 3. FM2 for Tang-Eshops
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3.1. AC-poset construction

The AC-poset is a structure which is defined in For-
mal Concept Analysis (FCA) as a sub-order of the con-
cept lattice [5]. We briefly recall the needed definitions.
Data of FCA are encoded in a formal context which is a
triple K “ pO,A,Rq where O and A are sets (objects
and attributes, respectively) and R is a binary relation, i.e.,
R Ď OˆA. In our case, the objects are the configurations,
and the attributes are the features (see Table 1). A formal
concept C is a pair pE, Iq composed of a maximal object
set (E) and of the maximal set of attributes shared by these
objects (I). E “ ExtentpCq “ to P O|@a P I, po, aq P Ru
is the extent of the concept, I “ IntentpCq “ ta P

A|@o P E, po, aq P Ru is the intent of the concept. The
concept lattice is the concept set provided with a specializa-
tion orderďs defined as follows: given two formal concepts
C1 “ pE1, I1q and C2 “ pE2, I2q of K, C1 “ pE1, I1q ďs

C2 “ pE2, I2q if and only if E1 Ď E2 (and equivalently
I2 Ď I1). C1 is called a subconcept of C2. C2 is called a
super-concept of C1.

Table 1. Formal Context for Tang-Eshops
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c0 ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c1 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c2 ˆ ˆ ˆ ˆ ˆ ˆ

c3 ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c4 ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c5 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c6 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c7 ˆ ˆ ˆ ˆ ˆ ˆ

c8 ˆ ˆ ˆ ˆ ˆ ˆ

c9 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c10 ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c11 ˆ ˆ ˆ ˆ ˆ ˆ ˆ

c12 ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ

Given a formal context K “ pO,A,Rq, an attribute-
concept C is a concept such that some of the attributes
of its intent are not present in any intent of any super-
concept of C (these attributes are not inherited): Da P

IntentpCq,@Csup, C ďs Csup, a R IntentpCsupq.
Let ACK be the set of all attribute-concepts of a for-

mal context K. This set of concepts provided with the spe-
cialization order (ACK , ďs) is the AC-poset (for Attribute-
Object-Concept poset) associated with K.

Algorithm 1 is a simple algorithm to build the Hasse
diagram of the AC-poset. In this algorithm, we use com-
plementary standard FCA notations: for any object set
So Ď O, the set of shared attributes is S1

o “ ta P A|@o P
So, po, aq P Ru, and for any attribute set Sa Ď A, the set
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Figure 4. AC-poset for Tang-Eshops

of owners is S1
a “ to P O|@a P Sa, po, aq P Ru. Figure 4

shows the AC-poset for the context of Table 1.

Algorithm 1: ComputeACposet(K)
Data: K: a formal context
Result: (ACK , ďs): the AC-poset associated with K
/* attribute concepts */

1 ACK ÐH

2 foreach a P A do
3 ACK Ð ACK Y ptau

1, tau2
q //that are the objects that

share the attribute a, with all the attributes they share
4 end
/* specialization order */

5 Compute the transitive reduction of ďs by comparing the
concept extents in ACK

While a concept lattice may have 2minp|O|,|A|q concepts,
the number of concepts in an AC-poset is bounded by
|A|. Reference [9] details the complexity of construction of
the AC-poset (concept enumeration and transitive reduction
computation) which is in Op|A|2 ˆ |O|2 ` |A|3q.

The AC-poset (as the whole concept lattice) is a canoni-
cal structure per se, i.e., it is unique for a given formal con-
text (set of configurations). However, the knowledge con-
tained in the attribute-concept extents is not easy to capture,
e.g., the exclusion constraints are present, but are not em-
phasized. This is why we propose the ECFD, which only
keeps the intents of the attribute-concepts, and adds the ad-
ditional information as Xor-groups, Or-groups and Mutex
in a more intuitive way.

3.2. Groups and Mutex computation

Algorithm 2 is a schematic algorithm which specifies
the computation of the Xor- (alternative) and the Or-groups
with some similarities with the algorithm proposed by [9].
Let us define by construction the Xor- and Or-groups which

187



we consider in Algorithm 2. We consider all the AC-
poset antichains (sets of pairwise non comparable attribute-
concepts) of growing size from 2 to |ACK |, which is the
number of attribute-concepts (lines 2-3). For each candi-
date antichain A, we compute the set ParentspAq contain-
ing the lowest attribute-concepts that are greater than all el-
ements of A. Then for each p P ParentspAq, we check
if the configurations that have some a P A cover exactly
the configurations that have p (line 5). If the configuration
sets associated with each a form a partition (pairwise dis-
joint), A is a Xor-group with parent p of size |A| (lines 7-
8). If they do not form a partition, and A does not include
a smaller Xor- or Or-group (lines 11-12), A is an Or-group
with parent p of size |A| (lines 13-14).

Algorithm 2: ComputeXorOrGroups(K)
Data: Formal context K, AC-poset pACK ,ďsq

Result: XorGroups, OrGroups
1 XorGroups “ H; OrGroups “ H;
2 foreach i P t2..|ACK |u do
3 foreach Antichain A of size i in pACK ,ďsq do
4 foreach p P ParentspAq do
5 if p1

“
Ť

aPA a1 then
6 if @a1, a2 P A, a11

X a21
“ H then

7 XorGroups` “ pA, pq;
8 end
9 else

10 if @xor P XorGroups, xor Ć A,
11 and @or P OrGroups, or Ć A then
12 OrGroups` “ pA, pq;
13 end
14 end
15 end
16 end
17 end
18 end

In contrast with the proposal of [9], we do not apply
heuristics to extract a tree structure and implication rules
to conform with the FM formalism. This part of their work
(which suits their objective) creates structures that are no
more canonical. We keep the whole directed acyclic graph.

The last part of our approach takes another track and
consists in building the Mutex (Algorithm 3), that will en-
code the missing knowledge about the exclusions between
features. A Mutex is a set of mutually exclusive features,
whose associated configurations do not cover the configura-
tions of a specific feature (i.e. they have no parent). Mutex
are extracted by growing size (line 2-3). A feature set is a
Mutex if the features have no configuration in common, the
set does not contain a Xor-group, is not included in a Xor-
group (line 4) and, either its size is 2, or it does not contain
any smaller Mutex (line 5).

Algorithm 2 is exponential, as explained in [9], but the

Algorithm 3: ComputeMutex(K)
Data: Formal context K, AC-poset pACK ,ďsq

Result: Mutex
1 Mutex “ H;
2 foreach i P t2..|ACK |u do
3 foreach Antichain A of size i P pACK ,ďsq s.t.

Ş

aPA a1
“ H do

4 if @xor P XorGroups, pA Ć xor and xor Ć Aq
5 and (|A| “ 2 or @m PMutex,m Ć A) then
6 Mutex` “ A;
7 end
8 end
9 end

authors also mention that input size is |O| ˆ |A|, and they
argue that the computation can be reasonable in most cases.
The same complexity arguments apply to Algorithm 3. Be-
sides, they can be implemented efficiently (although still
with exponential complexity) by avoiding generating use-
less antichains, namely, those that contain previously recog-
nized groups of some categories (lines 11-12 in Algorithm
2, lines 4-5 in Algorithm 3). In Algorithm 2, this corre-
sponds to the min-set-cover problem solving as mentioned
in [9].

4. Study of PCMs variability structure

In this section, we show the application of our approach
to a set of real PCMs and a few examples of the roles the
ECFD can play for data summary, for FM extraction or for
product selection.

Dataset description We selected 21 PCMs from
wikipedia, that illustrate typical cases. These PCMs de-
scribe software products such as: wikis, data-base editors,
media players, licenses or web browsers. They have been
cleaned as described in [2] and transformed into Formal
Contexts2 with scaling operations [5]. Pages of wikipedia
product descriptions are sometimes split in several PCMs.
Some products even do not appear in all PCMs. In these
cases, we kept this splitting, rather than concatenating the
PCMs, because we think that it represents some domain
knowledge.

ECFD computation and description The AC-posets
are built with RCAexplore3, and the groups with a spe-
cific Java program. Table 2 presents figures about the se-
lected PCMs. Due to the scaling operations, a feature is
a pair (property, value). The number of described prod-
ucts (#conf) varies between 9 and 90. The number of
(property, value) pairs (#feat) varies between 5 and 67.

2Available with the corresponding AC-posets at: www.lirmm.fr/
recherche/equipes/marel/datasets/fca-and-pcm

3http://dolques.free.fr/rcaexplore/
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Table 2. Figures for TangEshop FM and for the selected 21 PCMs from our dataset. The PCMs are
organized by size and topic. The number placed against the PCM name is its identifier in the dataset.

PCM name (id) |#conf.| ˆ |#feat.|
ECFD Groups ECFD structure

#xor #or #mutex #mutex #nodes #multi-parents
(nb,size)* (nb,size)* (nb,size)* of size 2 (nb,size)*

TangEshop 13 ˆ 10 1 (1:2) 2 (2:2) 1 (1:2) 1 7 1 (1:2)
MathSoft (19) 9 ˆ 8 0 1 (1:2) 0 0 5 1 (1:2)
Dbedition (5) 22 ˆ 5 0 0 0 0 4 0

PublicLicense (27) 12 ˆ 16 1 (1:3) 1 (1:3) 7 (6:2)(1:3) 6 10 2 (2:2)
Wiki (2) 40 ˆ 7 0 1 (1:2) 0 0 7 1 (1:4)
Wiki (3) 38 ˆ 6 0 4 (3:2)(1:3) 0 0 5 0

3Dsoft (7) 36 ˆ 14 0 0 18 (18:2) 18 11 4 (3:2)(1:3)
Player (11) 33 ˆ 9 0 0 13 (13:2) 13 9 0
Music (12) 25 ˆ 8 0 0 0 0 8 2 (2:2)
Mail (39) 16 ˆ 16 1 (1:2) 24 (13:2)(11:3) 7 (7:2) 7 14 5 (3:3)(1:4)(1:5)

PublicLicense (26) 51 ˆ 6 0 0 0 0 6 0
Texteditor (17) 66 ˆ 5 0 0 0 0 5 0

Web browser (21) 43 ˆ 9 0 0 0 0 9 4 (1:4)
Download (15) 34 ˆ 27 1 (2:1) 0 180 (171:2)(9:3) 171 24 9 (2:2)(7:3)
LinuxAdr (20) 34 ˆ 16 0 0 5 (5:2) 5 13 6(2:3)(4:2)

Webbrowser (23) 36 ˆ 12 0 0 2 (2:3) 0 12 2 (1:4)(1:5)
Webbrowser (22) 41 ˆ 13 1 (1:2) 0 3 (3:2) 3 12 4 (1:4)

Prog. Languages (31) 56 ˆ 25 0 0 212 (93:2) 93 25 10 (4:2)(3:3)
(88:3)(27:4)(4:5) (2:4)(1:5)

Prog. Languages (32) 40 ˆ 10 0 0 26 (8:2)(18:3) 8 10 1(1:3)
Prog. Languages (33) 90 ˆ 10 0 0 17 (15:2)(2:3) 15 10 1 (1:4)

SocialNetJour (29) 11 ˆ 67 70 (11:2)(1:3)(2:4)(6:5) 95 (1:4)(4:5)(43:6) 104 (96:2)(8:3) 96 25 11 (6:2)(5:3)
(20:6)(21:7)(8:8)(1:9) (40:7)(7:8)

HtmlRendering (24) 15 ˆ 61 15 (4:2)(1:3)(3:4) 3 (1:4)(2:5) 135 (135:2) 135 22 8 (8:2)
(4:5)(1:6)(1:7)(1:8)

#xor, #or and #mutex are respectively the number of
Xor-groups, Or-groups and Mutex. The number of Mu-
tex of size 2 is isolated in one column to show the mu-
tex that are commonly used in FM formalisms. #nodes
is the number of ECFD nodes, and also the number of
AC-poset nodes (and the number of feature equivalence
classes). #multi-parents is the number of ECFD
nodes that have more than one direct parent. #xor, #or,
#mutex and #multi-parents are followed by a list of
(group-size:group-number) pairs. For example,
24 (13:2)(11:3), in PCM Mail-39 #or groups means
that in the corresponding ECFD, there are 24 Or-groups, in-
cluding 13 groups of size 2, and 11 groups of size 3.

ECFD as a data summary The ECFD helps to iden-
tify the situations where many products have the same de-
scription and are grouped together (PCMs 2, 3, 23, 33); or
inversely where product groups are smaller (PCM 15). The
AC-poset shows feature sets that few products have (such as
in PCM 7), revealing possibilities for increasing the prod-
uct range, or balancing the product offer (if the products are
developed together or belong to a same brand). A complex
ECFD (PCMs 24, 29) should alert a designer to simplify, or
refine the product offer. She/he also should check the cases
where the ECFD is not complex, except for the number of
Mutex (PCM 15, 31). We observe that beyond 20 (prop-

erty, value) pairs, the number of Mutex becomes large (up
to 212) which is specific to ECFD coming from PCMs (it
does not appear for ECFD built upon the configuration set
of an existing FM, as we studied in [3] in the context of FM
composition).

ECFD for FM extraction We believe that the ECFD is
a good candidate for FM extraction. When the multi-parent
number is null or low (such as in PCMs 26, 17, 32, 33), the
FM tree should be easy to extract. Furthermore, if there are
no Mutex (such as in PCMs 26, 17), the FM will not include
additional constraints and will be more intuitive. PCM 29,
in the opposite case, has many multi-parents and many Mu-
tex and will be difficult to transform into an FM. When the
AC-poset has several roots (as this is the case for PCMs
24 or 29), they can be used to structurally decompose the
description into several FMs, using also information about
the semantics of the features, as recommended by method-
ologies like OVM [8]. Besides, the ECFD, which contains
all the possible FMs, is a relevant structure to support a
methodology which guides a designer through the FM ex-
traction process. Mutex of size 2 can easily be used in a
translation from the ECFD to an FM. In the studied PCMs,
they cover the largest part of the Mutex set. During the
FM extraction process, the FM should cover the products
present in the PCM, but should not be too strict, thus it may
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accept products designed in (or suggested for) the future,
and e.g., may not take into account the numerous Mutex.

ECFD for product selection Conceptual structures are
good candidates for free datasets navigation, as shown in
[11, 6]. In [11, 6], the conceptual structures contain both
objects and properties, while the ECFD only contains the
properties (here features). However, the ECFD still is a
navigation structure, constrained by the groups, which al-
lows to select products and, while doing this selection, be
able to switch to close products, more easily than in a tree
structure, by using the AC-poset relationships, especially in
complex cases like PCMs 24, 29.

5. Related Work

To our knowledge, besides FM, there are two other
graphical representations which can depict the variability
of a set of product descriptions. A Feature Graph [10] is
a diagram-like representation of several FMs describing the
same configurations. It is composed of a directed acyclic
graph representing implications between features, and a set
of textual lists of feature-groups (Or, Xor and Mutex). The
feature graph transitive closure/reduction is canonical, but
it may describe more configurations than in the initial set
of products. Another possible graphical representation is
the Binary Implication Graph [4], representing all feature
implications that can be extracted from a set of product
descriptions. The potential feature-groups are not docu-
mented. As for the feature graph, only the transitive clo-
sure/reduction is unique, and some sets of products cannot
be strictly represented with this formalism. By comparison,
the ECFD is a canonical and full graphical representation of
the scope of a PCM. We made a recapitulative table of the
different graphical representations4.

As already mentioned in the paper, Ryssel et al. [9] have
also worked on extracting variability information (e.g., FM
hierarchy, feature groups) from a set of product descriptions
using FCA. However, while they focus on building one FM,
we keep all variability information extracted from concep-
tual structures to represent, in the ECFD, all possible FMs
depicting the initial products. Finally, Acher et al. pro-
pose an approach to extract FMs from PCMs based on FM
merged operations [1]. Here again, they focus on build-
ing one consistent FM that best depicts the PCM, and not
a unique structure preserving all knowledge about the PCM
variability. However, if building an FM is the last step of a
design, the ECFD can be considered as an interim step.

4http://www.lirmm.fr/recherche/equipes/marel/
datasets/variability-representation

6. Conclusion

In this paper, we proposed the ECFD structure which
gives a graphical and canonical view on variability. We ap-
plied it to software PCMs taken from wikipedia and showed
its use for data analysis, product selection or as a guide
for building FMs. The experimentation results are hetero-
geneous and show the necessity to deepen the analysis of
PCMs.

As future work, we would like to evaluate our approach
against other existing ones. We plan to apply our ECFD
construction to PCMs of other domains and to define a
methodology for guiding the designer from an ECFD to its
alternative FM representation. This should include a de-
composition step, where the ECFD will be relevant. We
also want to study the situations where several PCMs are
connected, like a PCM of multimedia softwares connected
to a PCM of databases.
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Abstract—Software Defect Data (SDD) are used to build defect 
prediction models for software quality assurance. Existing work 
employs feature selection to eliminate irrelevant features in the 
data to improve prediction performance. Previous studies have 
shown that different feature selection methods do not always yield 
similar prediction performance on SDD, which indicates that these 
methods are not equivalent. Also, previous studies have shown 
that SDD usually contains noise that may interfere the process of 
feature selection. In this work, we empirically investigate and 
measure the equivalence of different feature selection methods for 
SDD. Further, we intend to analyze the stability of the methods for 
noisy SDD. We perform statistical analyses on eight projects from 
NASA dataset with eight feature selection methods. For the equiv-
alence analysis, we introduce Principal Component Analysis (PCA) 
and overlap index to qualitatively and quantitatively analyze the 
equivalence of these methods respectively. For the stability analy-
sis, we apply consistency index to measure the stability of these 
methods. Experimental results indicate that different feature se-
lection methods are indeed not equivalent to each other, and Cor-
relation and Fisher Score methods achieve better stability. 

Keywords—defect data; feature selection; equivalence analysis; 
stability analysis; 

I. INTRODUCTION 
Software debugging is a key and expensive phase during the 

software development lifecycle. Defect identification is one of 
the main activities for software debugging [1], [2]. Software 
Defect Prediction (SDP) automatically detect the more defect-
prone software modules (methods, classes or files) with software 
metrics (i.e., features) in Software Defect Data (SDD). 

In the past decade, many researchers mainly focused on 
applying various data mining and machine learning algorithms 
to build defect prediction models on SDD for SDP, to identify 
the quality of a given software module by classifying it as 
defect-prone or not [3], [4], [5]. Defect prediction can help 
practitioners to reasonably allocate limited project resources to 
the potential defect-prone modules, and thus improve the 
efficiency and save the cost of software development. 

One challenge in defect prediction modeling is the high 
dimensionality phenomenon, i.e. there may exist irrelevant or 
redundant features in SDD. Building prediction models with all 
features is unrealistic since these useless features may 
deteriorate the performance of prediction models. Thus, the 
issue of how to select the most appropriate features is of great 
importance. 

Nowadays, a plenty of feature selection methods have been 
proposed in data mining area. Various methods have been 
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successfully introduced to assist the selection of a feature subset 
that could benefit the defect prediction process on SDD. 
Previous studies have shown that diverse feature selection 
methods yield quite different performance on prediction models 
for SDD [6], [7], which implies that different methods might be 
not equivalent, that is, different methods would identify 
different set of features as relevant. However, to the best of our 
knowledge, no previous studies proposed a method to 
investigate the equivalence of different feature selection 
methods. In this paper, we conduct an empirical study to 
qualitatively analyze whether different feature selection 
methods are equivalent with Principal Component Analysis 
(PCA) technique. Further, we use overlap index to quantitatively 
analyze to what extent different feature selection methods are 
not equivalent each other. 

Meanwhile, due to some unexpected reasons, such as 
improper software data collection and recording process [8], 
there may exist noise in SDD. One potential challenge for 
feature selection methods is their sensitivity to the noise in SDD 
(i.e. the impact of noise on the selection of relevant features from 
SDD), which is defined as the stability of the feature selection 
methods to the noise on SDD in this paper. It is valuable to study 
the stability of different feature selection methods, because if the 
features selected by a specific method vary when there exists 
noise in the dataset, it is difficult to say whether these features 
are the most representative ones. If a feature selection method is 
high in stability, it will enable practitioners to select the 
representative features of SDD before cleaning the dataset. 
However, there are few relevant studies on this issue yet. In this 
work, we employ consistency index to measure the stability of 
feature selection methods on noisy SDD. 

Statistical analyses on the data from eight projects of NASA 
dataset confirm that different feature selection methods are not 
equivalent to each other. The analytic results suggest that 
Correlation (Cor) and Fisher Score (FS) methods are more stable. 

Our main contributions are highlighted as follows: 
(1) We introduce Principal Component Analysis (PCA) 

technique to investigate the equivalence of different feature 
selection methods. To the best of our knowledge, this is the first 
empirical study to qualitatively analyze the equivalence of 
feature selection methods. 

(2) We employ overlap index to measure to what extent these 
feature selection methods are not equivalent to each other. 

(3) We analyze the stability of feature selection methods in 
the context of noisy SDD and identify the stable ones. 
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II. RELATED WORK 

A. Feature Selection on SDD 
Many previous studies have investigated the effect of feature 

selection on the performance of defect prediction models. Song 
et al. [3] pointed out that feature selection is an indispensable 
part of a general defect prediction framework. Shivaji et al. [9] 
investigate the impact of six methods on the classification-based 
bug prediction. They found that selecting about 10% features 
could achieve a satisfactory performance. He et al. [21] 
suggested that prediction models built with a simplified feature 
set could achieve acceptable performance for defect prediction. 

All these studies only focus on evaluating different feature 
selection methods using prediction performance indicators, 
none of them pay attention to the equivalence between these 
methods on their suggested features. In this work, we conduct 
an empirical study to investigate this issue and also evaluate 
feature selection methods from the perspective of stability. 

B. Stability of Feature Selection for SDD 
Recently, a few studies evaluated feature selection methods 

by their stability for SDD. The stability of a method is defined 
as the degree of consensus of a feature subset pair selected by 
the method on two variants of a given dataset obtained by 
sampling. It is worth studying the stability of feature selection 
methods since the method that tends to select the highly similar 
features despite changes in the data could be more trustworthy. 

To the best of our knowledge, the earliest study on the 
stability of the feature selection methods for SDD was 
performed by Gao et al. [26]. They empirically studied the 
impact of three data sampling techniques on the stability of six 
filter-based feature selection methods for SDD. Wang et al. [22] 
investigated the impact of the dataset perturbations (i.e. 
randomly removing a certain proportion software modules) and 
the number of selected features on 6 filter-based feature 
selection methods for SDD. 

Different from our empirical study, these literatures aim to 
explore the stability of feature selection methods to the data 
perturbation on SDD, while our work focuses on investigating 
the stability of the methods to the noise on SDD. To the best of 
our knowledge, this is the first work to investigate this issue. 

III. PRELIMINARY AND ANALYSIS METHOD 
In this work, we conduct an empirical study to investigate 

two issues: the equivalence analysis to explore whether different 
feature selection methods select similar features for SDD and 
stability analysis to investigate the stability of different feature 
selection methods for noisy SDD. 

A. Feature Ranking Methods 
Feature selection is a critical data preprocessing technique in 

many fields. In general, the feature selection methods fall into 
two major categories as feature ranking and feature subset 
selection [10], [25]. The feature ranking methods have gained 
favor due to its simplicity and efficiency. In this paper, we 
empirically study the equivalence and stability of feature 
ranking methods for noisy SDD. The eight methods used in this 
work are Chi-Square (CS), Correlation (Cor), Information Gain 
(IG), Symmetrical Uncertainty (SU), Fisher Score (FS), Welch 
T-Statistic (WTS), ReliefF (RF), One Rule (OneR). The reason 
why we choose these methods is that they are widely used in 
defect prediction and belong to different feature selection 

families [28], [30]. CS is a statistic-based method, Cor is a 
correlation-based method, IG and SU are entropy-based 
methods, FS and WTS are first order statistics-based methods, 
RF is a instance-based, OneR is a classifier-based method. The 
detailed description of these methods are available in [11], [29]. 

B. Research Questions 
To reveal the answers of the two issues, we empirically study 

the following three research questions (RQs). 
RQ1: Are different feature selection methods equivalent to 

each other when being applied to SDD? 
RQ2: To what extent different feature selection methods are 

equivalent to each other? 
RQ3: Which feature selection method is more stable among 

the six methods for noisy SDD given in this study? 

C. Equivalence Analysis 
The first two research questions aim to conduct the 

equivalence analysis of feature selection methods. In this work, 
we introduce PCA technique to qualitatively analyze the 
equivalence of the eight methods (RQ1). Further, we apply the 
overlap index to quantitatively analyze to what extent these 
methods are equivalent to each other (RQ2). 

1) PCA 
We assume that given  evaluated objects (i.e.  features 

in this work), let , , … ,  denote the  indicator 
variables (i.e.  different feature selection methods in this 
work) and  , ( = 1,2, … , ; = 1,2, … , )  denotes the 
score of the th evaluated object with the th indicator variable, 
namely the relevant score of the th feature assigned by the th 
feature selection method. PCA technique involves four steps: 

a) Normalization 
Considering the difference in score values assigned by 

different indicator variables, we apply the z-score to normalize 
the values in this step. The  can be transformed to  as: = − ̅

 (1)

where ̅ =  ∑ , =  ∑ ( −  )  . 

b) Correlation coefficient matrix 
Let =  ( ) ×  denotes the correlation coefficient 

matrix with respect to the indicator variables, where  denotes 
the correlation coefficient between the th and the th indicator 
variables.  ( , = 1,2, … , ) is defined as: = ∑ = ∑ ( ̅ )( ̅ )∑ ( ̅ ) ∙∑ ̅  (2)

c) Eigenvalues and eigenvectors 
In this step, we calculate the eigenvalues and eigenvectors of 

the correlation coefficient matrix . By solving the determinant | − | = 0 (  is identity matrix), we can obtain  
eigenvalues λ , λ , … , λ ,( λ ≥ λ ≥, … , ≥ λ ≥ 0 ) and the 
corresponding eigenvectors , , … , , where =[ , , … , ] ( = 1,2, … , ). Then the original indicator 
variables are projected to  new orthogonal variables as: = + + ∙ ∙ ∙  + = + + ∙ ∙ ∙  + ⋮= + + ∙ ∙ ∙  +  (3)
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where +  + ∙ ∙ ∙  + = 1 ( = 1,2, … , ),  
denotes the th principal component, and  denotes the 
correlation coefficient between the original variable  and the 
principal component . The coefficient  represents the 
contribution of the original variables  to the principal 
component , i.e., the importance of  to . 

In this work, we use this coefficient to measure the 
correlation between different feature selection methods and the 
principal components. A greater absolute value of the 
correlation coefficient  indicates that the th original 
variable captures the th principal component well. If different 
feature selection methods capture same principal components, it 
indicates that these methods are equivalent to each other. 

d) Contribution percentage 
Let  denotes the percentage of the variance of principal 

component  in total variances, which is also called the 
contribution percentage of the principal component  to 
original variables [12]. It is defined as: 
 =  ∑  (4)

where  denotes the th eigenvalue of the correlation 
coefficient matrix . The contribution percentages reflect the 
synthesis or explanatory ability of the principal components 
towards the original variables. The first principal component is 
the largest and the rest can be deduced by analogy. 

Then the cumulative contribution percentage c  of the top 
 principal components is defined as: 

 c =  ∑∑  (5)

where ≤ . This index reflects the synthesis ability of the top 
 principal components towards the original variables.  

In this work, we use the contribution percentage to measure 
the percentage (or the amount of information) of the original 
variables covered by different principal component. 

2) Overlap Index 
The analysis based on PCA enables us to test whether 

different feature selection methods are equivalent or not. It is 
unknown yet to what extent these methods are equivalent to each 
other. We further use an indicator, called overlap index [24], to 
measure the extent of equivalence between any method pair. 

In this work, we apply overlap index to quantify the extent 
of the equivalence under a cut point . Note that  is actually 
a pre-specified percentage of selected features. Given a specific 
cut point , we compute the following overlap index as: 
 |( ∩ ) | =  | ( ) ∩  ( )|  (6)
where ( )  and ( )  denote the top  relevant features 
selected by feature selection method  and  for a specific 
dataset , respectively. Under the cut point , |( ∩ ) | 
denotes the cardinal number of features selected by both 
methods. In general, a higher overlap value indicates a larger 
extent of equivalence of the two methods under a given cut point 

. In this work ,we empirically set  as 15%, 20%, 25%, 30%, 
35% and 40%. 

D. Stability Analysis 
A potential threat for feature selection methods is the 

presence of noise in the data. It would be valuable to study of 
the stability of different feature selection methods for noisy 

dataset. If different feature selection methods are not equivalent 
to each other, the identification of the most stable method will 
benefit the selection of the high representative features of the 
noisy data without cleaning it. 

In this work, we further conduct an empirical study to 
investigate the stability of the eight methods and attempt to find 
out the more stable ones for noisy SDD (RQ3). Specifically, we 
use an indicator to compute the similarity of the relevant feature 
subset pair selected from the noisy and clean versions of a 
dataset with a feature selection method.  

Previous studies have proposed different similarity metrics 
to measure the stability of feature selection methods [13]. In this 
study, we employ consistency index [14]. Given a feature 
selection method , dataset  and cut point , let  and 

 denotes the feature subsets selected by method  from 
noisy and clean versions of D, respectively. Then consistency 
index ( )  is defined as: ( ) =  − 2( − ) (7)

where d denotes the cardinality of the intersection of  and 
,  denotes the total number of the features in , t denotes 

the cardinality of  or , i.e., the number of selected 
features, and −1 < ( ) ≤ 1. Consistency index have been 
widely used to measure the stability of feature selection methods 
to the random perturbation on the dataset [15], [16]. 

IV. BENCHMARK DATASET 
To investigate the equivalence and the stability of the feature 

selection methods for noisy SDD, we used eight original version 
projects of NASA dataset and the corresponding clean version 
preprocessed by Shepperd et al. [17] as our experimental dataset. 
NASA dataset is a method-level software defect dataset that is 
characterized by static code metrics [5]. The original NASA 
dataset is known to be noisy, to alleviate the data quality of this 
dataset, Shepperd et al. applied some preprocessing criteria to 
clean the dataset. We remove the features with one value. Table 
I presents the details of the two versions of the eight projects, 
including the number of features (#F), modules (#M) defective 
modules (#D) and the percentage of defective modules (%D). 

TABLE I. DESTRIPTION OF THE TWO VERSIONS OF NASA DATASET 

Projects #F
Noise Clean 

#M #D %D #M #D %D 
CM1 37 505 48  9.5% 327  42  12.8%
KC1 21 2107 325 15.4% 1162  294 25.3%
KC3 39 458 43  9.4% 194  36  18.6%
MC1 38 9466 68  0.7% 1847  36  2.0%
MC2 39 161 52  32.3% 125  44  35.2%
MW1 37 403 31  7.7% 251  25  10.0%
PC1 36 5589 23  0.4% 734  16  2.2%
PC5 38 17186 516 3.0% 1679  459 27.3%

V. ANALYSIS RESULTS 

A. RQ1 
To answer this question, we conduct the analyses with the 

eight feature selection methods on the data from eight projects 
of original NASA dataset with PCA technique. Owing to space 
constraint, Table II and III only report the analytic results on 
KC3 and PC5 projects randomly selecting from the eight studied 
projects. The C  ( = 1, … ,8 ) denotes the th principal 
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component, the CP denotes the contribution percentage while 
the other values represent the correlation coefficients. For the 
CP values, from the complete PCA results on all projects (see in 
[32]), we observe that PCA technique can mainly identify four 
principal components with a cumulative contribution percentage 
between 88.82% (for PC5) and 97.45% (for KC1) to capture the 
most information of the original variables (i.e., feature set in this 
study). The first principal component contributes the major 
proportion varying from 42.73% to 74.67%, and the second 
principal component contributes the proportion varying from 
12.12% to 22.26%, while the third and the forth components 
contribute proportion varying from 6.06% to 18.27% and from 
3.28% to 7.03%, respectively. 

For the correlation coefficients between the methods and the 
principal components, the values in bold highlight the feature 
selection methods that best represent the corresponding 
principal components. Note that the negative coefficients only 
denote negative correlation without the meaning of numerical 
size. From Table II, we observe that, for KC3 project, the first 
component, which reflects 61.19% amount of information 
towards the original feature set, is mainly captured by CS, Cor, 
IG, SU, and FS (since their coefficient values are very close) 
while poorly captured by the other methods; the second principal 
component is only captured by WTS; the third principal 
component is mainly captured by OneR as the coefficient value 
0.8 and the fourth principal component is mainly captured by RF 
as the coefficient value 0.65. Table III shows that, for PC5 
project, the first component is mainly captured by Cor and FS 
while poorly captured by the others; the second to the fourth 
principal component are captured by IG, SU, WTS, respectively. 
For other projects (see in [32]), similar observations are obtained 
except that the methods that capture each component vary 
among different projects. 

As mentioned above, the analytic results of the PCA indicate 
that different feature selection methods indeed capture different 
components. It confirms that different feature selection methods 

do not have the similar effect on selecting the relevant features, 
i.e., they assign different relevance proneness to the module 
features. Besides, for the methods that belong to the same feature 
selection family (i.e., IG and SU, FS and WTS), they are not 
always capture the same principal component. For example, on 
KC3 project, FS captures the first principal component while 
WTS captures the second component; on PC5 project, IG and 
SU capture the second and the fourth principal component 
respectively while FS and WTS capture the first and the third 
component respectively. It denotes that the feature selection 
methods that belong to the same family are not equivalent to 
select the similar relevant features. In addition, we find that Cor 
and FS capture the same principal component on most projects. 

We conclude that, in general, different feature selection 
methods be not equivalent to each other for the given SDD in 
this study. 

B. RQ2 
Although different feature selection methods are testified to 

be not equivalent to each other by PCA in Section V-A, but it 
could not tell us to what extent they are equivalent to each other. 
This question is actually to supplement this issue using the 
overlap index. 

We also only report the analysis results on PC5 project in 
Table IV due to the space limit (see in [32] for complete results). 
The last line of the table reports the average percentage (AP) of 
the overlap index. For example, for CS and Cor pair, the overlap 
value is equal to 1 while the number of the selected features is 
equal to 6 under the cut point 15%, so the percentage of the 
overlap is equal to 16.7% (1/6). From the table, we observe that 
the overlap values of most method pairs are relative low. For 
example, most overlap values are equal to 0 under the cut point 
15%. In addition, most overlap percentages are less than 50% 
under four cut points. But for the method pair Cor and FS, the 
overlap values are nearly equal to the total number of selected 

TABLE II. RESULTS OF PCA ON KC3 PROJECT 

Methods C1 C2 C3 C4 C5 C6 C7 C8 
CS 0.40  -0.27  0.12  -0.23  0.51  -0.62  -0.22 0.03 
Cor 0.42  -0.13  -0.09  0.28  -0.32  -0.05  0.10 0.78 
IG 0.42  -0.20  -0.14  -0.13  0.33  0.75  -0.29 -0.01 
SU 0.41  -0.19  -0.21  -0.24  -0.16  -0.01  0.73 -0.36 
FS 0.41  0.00  0.08  0.48  -0.40  -0.11  -0.39 -0.51 

WTS 0.25  0.55  0.42  0.38  0.43  0.09  0.34 0.01 
RF -0.27  -0.50  -0.29  0.65  0.36  -0.02  0.19 -0.08 

OneR -0.10  -0.53  0.80  -0.03  -0.15  0.17  0.11 0.01 
CP(%) 61.19  18.04  10.37  5.60  2.33  0.98  0.82 0.67 

TABLE III. RESULTS OF PCA ON PC5 PROJECT 

Methods C1 C2 C3 C4 C5 C6 C7 C8 
CS 0.34  0.55  0.07  0.07  0.27  0.01  -0.06 0.70 
Cor 0.49  -0.06  -0.25  -0.22  -0.30  -0.15  0.73 0.03 
IG 0.28  0.63  0.05  -0.05  0.14  0.15  -0.01 -0.69 
SU 0.33  -0.07  -0.05  0.86  -0.35  0.04  -0.12 -0.06 
FS 0.46  -0.13  -0.28  -0.40  -0.26  -0.16  -0.67 0.00 

WTS 0.30  -0.26  0.59  -0.19  -0.12  0.66  0.01 0.06 
RF -0.32  0.27  -0.52  -0.07  -0.39  0.61  -0.01 0.14 

OneR 0.24  -0.36  -0.48  0.11  0.67  0.34  0.03 -0.06 
CP(%) 42.82  22.26  14.72  9.02  7.24  3.55  0.27 0.13 

TABLE IV. OVERLAP RESULTS ON PC5 PROJECT 

A B 15% 20% 25% 30% 35% 40%
CS Cor 1 1 2 2 3 6
CS IG 3 5 8 11 13 14
CS SU 0 0 0 1 1 3
CS FS 1 1 2 2 3 6
CS WTS 1 1 2 2 5 7
CS RF 0 0 0 2 4 7
CS OneR 0 0 0 0 2 6
Cor IG 0 0 1 2 4 5
Cor SU 0 0 2 5 6 8
Cor FS 6 8 10 12 14 16
Cor WTS 3 3 6 6 8 12
Cor RF 1 2 3 4 5 7
Cor OneR 3 4 5 7 8 11
IG SU 0 0 0 1 1 2
IG FS 0 0 1 2 4 5
IG WTS 0 1 1 2 5 6
IG RF 0 0 0 2 4 6
IG OneR 0 0 0 0 1 4
SU FS 0 0 2 5 6 8
SU WTS 0 0 2 3 4 6
SU RF 0 0 0 0 3 3
SU OneR 0 3 6 8 9 10
FS WTS 3 3 6 6 8 12
FS RF 1 2 3 4 5 7
FS OneR 3 4 5 7 8 11

WTS RF 3 4 4 5 8 9
WTS OneR 1 1 2 5 5 9
RF OneR 1 1 1 1 2 4

AP(%) 18.5 19.6 26.4 31.8 38.0 46.9
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features under all cut points. This observation accords to that in 
RQ1 which shows that the Cor and FS usually capture the same 
principal component. For other projects (see in [32]), we can 
also get the similar observations. 

Moreover, from the complete results in [32], we find that the 
overlap percentage increases as the cut point value increases on 
most cases. The reason may be that a feature selection method 
pair tends to select more common features as the relevant ones 
when the cut point increases. 

To sum up, the analytic results show that the overlap 
values and their average percentages of method pairs are low 
on most case. This observation also confirms that different 
feature selection methods are quite not equivalent to each 
other. 

C. RQ3 
Since different feature selection methods are indeed not 

equivalent (as shown in RQ1 and RQ2) and the noise is 
inevitable in SDD, in this question, we are particularly interested 
in investigating the stability of feature selection methods for 
noisy SDD. As the first work to empirically study this issue, we 
conduct the analyses with the eight feature selection methods on 
the two versions of eight NASA projects. We apply consistency 
index to measure the stability of these methods. 

Table V summaries the average stability values of each 
method across all projects under each cut point (detailed results 
is available in [32]). We observe that Cor and FS methods can 
achieve better results under all cut points, and their values are 
very close. It is also consistent with the observations in RQ1 and 
RQ2 that Cor and FS select very similar features. In addition, 
WTS and RF also achieve competitive results under the cut point 
40%. 

To statistically analyze the stability results under each cut 
point, we perform Friedman test, a non-parametric test, to 
compare the eight methods over the eight projects by ranking 
each method on each project separately. The p-value less than 
0.05 in Friedman test indicates that the average rankings of these 
methods are statistically significant. We further apply Nemenyi 
test as a post-hoc test to all pairs of methods to determine which 
method performs statistically different. 

Table VI reports the p-values of Friedman test and the 
average ranking of each method across all projects under each 
cut point. The p-values of Friedman test in the table are all less 
than 0.05, which indicates that the differences among the 
average rankings of these methods are significant under each cut 
point. In addition, the lower average ranking value represents 
the higher stability. We observe that Cor and FS usually obtain 
better ranking values. Fig.1 visualizes the results of Nemenyi 
test in terms of stability index. In the figure, the average rankings 
of the methods are plotted on the top line in each subfigure under 
each cut point. Methods that are not statistically significant are 
connected with blue lines. The lower average ranking locates on 
the left side of the axis. 

This figure depicts that the stability results between FS and 
SU under cut point 15%, between FS, Cor and OneR, SU under 
cut point 20%, between Cor, FS and SU under cut point 25%, 
30% and 35%, between WTS and SU under cut point 40% are 
statistically significant, respectively. In other cases, the 
differences are not significant. In addition, Cor and FS can 
always achieve best rankings except under cut points 40% while 
WTS achieves the best ranking under this cut point. This 
conclusion is quite different from that in [22] and [23], which 
indicate that the RF method is the most stable method. The 
reason is that we focus on the stability of feature selection 
methods for noisy SDD, while the studies [22], [23] aim at the 
stability of the methods to data perturbation for SDD. 

TABLE V. AVERAGE STABILITY ON EACH PROJECT UNDER SIX CUT POINTS

Cutoff CS Cor IG SU FS WTS RF OneR
15% 0.54  0.83  0.44  0.38 0.83  0.67  0.66 0.50 
20% 0.55  0.80  0.47  0.33 0.80  0.71  0.74 0.42 
25% 0.52  0.85  0.54  0.35 0.83  0.67  0.78 0.50 
30% 0.50  0.84  0.58  0.37 0.84  0.72  0.70 0.51 
35% 0.59  0.85  0.56  0.41 0.83  0.73  0.72 0.55 
40% 0.60  0.80  0.53  0.40 0.77  0.79  0.76 0.58 

TABLE VI. P-VALUES AND AVERAGE RANKINGS UNDER EACH CUT POINTS

Cutoff p-values CS Cor IG SU FS WTS RF OneR
15% 0.0057 4.94 2.75 5.50  6.25  2.31  4.38 4.31 5.56 
20% 0.0002 4.69 2.69 5.81  6.56  2.44  3.63 3.63 6.56 
25% 0.0012 5.56 2.38 5.69  6.69  2.88  4.31 3.13 5.38 
30% 0.0004 6.06 2.63 4.81  6.56  2.63  3.19 4.25 5.88 
35% 0.0016 5.00 2.88 5.06  6.81  2.38  3.38 4.63 5.88 
40% 0.0080 4.94 3.25 5.38 6.94 3.56 3.06 3.50 5.38

 
15% 

 
20% 

 
25% 

 
30% 

 
35% 

 
40% 

Fig.1. Comparison of all methods against each other in stability. Methods that are not significant different (the Nemenyi test, at p=0.05) are connected.
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With the evidence provided by the above activities, we 
conclude that Cor and FS can achieve the most stable results 
for the noisy SDD on most cases. 

VI. THREATS TO VALIDITY 
For the generalization of our results, we carefully chose the 

NASA dataset which is commonly used in previous studies in 
software engineering domain [4], [17], [18], [19], [20]. Besides, 
previous work also conducted case studies on NASA dataset to 
investigate the effect of noise on SDD [8], [27]. So using NASA 
dataset can make our results more comparable and persuasive. 
For the bias in the choice of feature selection methods, as the 
first work to empirical study the equivalence and stability of 
feature selection methods for noisy SDD, we just select some 
typical methods for SDD. For the evaluation metrics, overlap 
index is reasonable to measure the extent of equivalence of 
feature selection methods since it has been used to evaluate the 
extent of equivalence of different machine learning techniques 
for defect prediction [24]. In addition, consistency index has 
been widely used to analyze the stability of feature selection 
methods for SDD in terms of data perturbations [15], [16], [31]. 

VII. CONCLUSION AND FUTURE WORK 
This paper reports an empirical study of feature selection 

methods on SDD. This study involves two aspects: an 
equivalence analysis and a stability analysis. For the equivalence 
analysis, we raised the issue of the equivalence of different 
feature selection methods, that is, whether the methods have the 
similar effect to select relevant features. Analytic results by PCA 
and overlap index on eight projects of NASA dataset show that 
the studied methods are usually not equivalent to each other. The 
stability analysis with consistency index indicate that Cor and 
FS achieve better stability for noisy SDD. 

In the future, we plan to take more feature selection methods, 
including feature subset selection methods, as our research 
objects. Meanwhile, we would explore the effect of different 
noise levels on the stability of feature selection methods for SDD. 
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Abstract—Accurate fault prognosis of machine component is
important to maintain industry operation system. Faults analysis
can be very helpful in fault early warning and reducing mainte-
nance cost. The goal of our work is to design an integrated ap-
proach of machine faults analysis. A method widely used is Fuzzy
Neural Networks (FNNs), but such method lacks of flexibility.
We present a Membership-based Multi-dimension Hierarchical
(MMH) neural network model to jointly include new feature
selection approaches and generalized membership operators.
MMH model is an adaptive model that employs modified KPCA
and Back Propagation algorithm respectively. By introducing
optimized KPCA we can extract features of higher importance
that are appropriate for fault diagnosis. Our prediction model is
inspired by the traditional fixed membership. In our approach,
an observing value will be segmented into multiple dimensions
where each dimension captures deep structural information in
the network. The transformation is updated by back propagation.
The proposed approach takes advantage of membership thinking
and benefits from large learning capacity of deep neural networks
(DNNs). This is aiming to take advantage of membership thinking
and neural network deep learning abilities. Experimental results
on public datasets demonstrate the superiority of our model that
has the character of faster convergence, which also improving
the accuracy by an average of 5% for fault prediction.

Index Terms—Feature Selection; Modified KPCA; Back Prop-
agation; Multi-dimension Hierarchical Neural Network

I. INTRODUCTION

Growing attentions on resource shortages around the world
have led to an increasing number of researches on improving
the energy efficiency. At the same time, machine maintenance
and repairs have played an indivisible role in energy consum-
ing. It has been reported that faults in machine may increase
about 15% of energy consumption [1], which may also result
in many other additional costs.

Fault diagnosis and resolution in a system network are
essential for clearing faults that manifest in an electrical sensor
transmission or distribution network. Many studies have been
carried out on the use of intelligent methods for fault diagnosis
in an electrical system.

In the case of faults analysis, we usually have different di-
mensions of fault feature indication data which is represented
as x1, x2, · · · , xD and F (x) that is on behalf of the fault type

1DOI reference number: 10.18293/SEKE2017-074

of comparison given a series of faults feature observations:

F (x) = f(x1,x2, · · · ,xn)

assuming that the fault type ranges from f1 to fc, from this
point, we hope to get implicit relationships from xn to F (x)
in the real application scenario.

We get used to analyze and mine this set of D-dimensional
vectors, but the complexity of many machine learning algo-
rithms is closely related to the dimensionality of the data, so
it is necessary for us to reduce the dimensionality of the data
first.

Principal component analysis (PCA) [2] and kernel PCA [3]
[4] are well-known methods in feature engineering. However it
is still not enough for a KPCA algorithm solving faults feature
selection. The existence of noise will keep on disturbing
eigenvalues. In this paper, we propose a integrated algorithm
combining the original eigenvectors’ importance with the final
faults type. Our main contributions are listed as follows:

1. By calculating the between and within class in a new
way, it can minimize the impact of uncertain factors
and increase the benifits of reducing dimensions of input
features.

2. When processing the faults diagnosis problem, we find
that the existing methods are lacking of mining infor-
mation of each input dimension. Based on a member-
ship algorithm, we change the structure of now existing
multiple level proceptron by seperating input layer into
several patchs, also we remove the full connected edge
to the hidden layer in order to keep locality of each
dimension feature contribution.

The remainder of the paper is organized as follows. Section
II describes related work on fault diagnosis algorithm. In
Section III, we present how to make fault feature extracted
and evaluated by putting the faults type information into con-
sideration before modeling. The new idea of MMH modeling
for fault diagnosis problem is provided in Section IV. The
experiment on public UCI datasets as well as discussions on
baseline algorithm is shown in Section V. Finally we conclude
our work in Section VI.
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II. RELATED WORK

The study of fault diagnosis and prognosis recently have
concentrated on theoretical research, mainly based on fuzzy
theory, pattern recognition, bayes rules, logistics regression,
neural network algorithms and so on. Others are focusing on
building deep learning models to infer the relation between
data and fault results or estimate the probability of faults occur.
Below we highlight a few and explain what advantages and
drawbacks they have.
• Classical Fuzzy Set Interface Theory. Previous research

[5] has been done extensively concentrated on inference
system design. Fuzzy rule based system (FRBS) deals
with IF-THEN rules. FRBS consititute an extension to
the classical fuzzy rule inference [6] [7].

• Deep Learning Models. Deep learning so long has
became a point of focus as it is the skilled-expert in
the domain of complex problems. In particular of fault
diagnosis domain, different neural network (NN) models
are proposed to fitting various background [8] [9] [10].

• Hidden Markov Model. A classification method [11] for
reluctance motors’ fault diagnosis using HHM is carryed
out and shown that parameter learning need huge a mount
of histrorical data.

III. FAULTS FEATURE EXTRACTION

A. Principal component analysis (PCA)

Principal Component Analysis (PCA) analysis is an im-
portant means of dimension reduction. It applies a linear
correlation transformation on original data features which can
explain most of the datasets information in new scope.

Given a set of centered input vectors xt (t = 1, · · · , n),
and each of which is one of m dimension: xt =
(xt(1), xt(2), · · · , xt(m))

T then we have the input data ma-
trix Xn×m (usually n > m), In general, we will select
the eigenvector in which the largest eigenvalues are located.
The information in these directions is rich, and is generally
considered to contain more information of interest.

B. Theory of Kernel Principal Component Analysis (KPCA)

On account of there are some limitations of PCA, there is no
way for the existence of high-order correlation, Kernel PCA
can be introduced, using a kernel function we can transform
the nonlinear correlation into a linear one. Given a set of input
data Φ(xi), i = 1, 2, . . . , n for this discussion, the covariance
matrix C̄ of centralized data: C̄ = 1

n

∑n
i=1 Φ̃(xi)Φ̃(xi)

T Now
finding the eigenvingue and eigenvector of C̄ and kernel matrix
is respectively donated as λc, λ̃k and υc, αc

C̄υk = λkυk(k = 1, 2, · · · , D) (∗) (1)

the final conclusion by reducing both sides of the equation
(1): λc = λ̃k

N , αc = 1√
λ̃k
Φ̃αk. If the adoption of the kernel

function is Radial Basis Function,

k(xi, xj) = exp(−‖xi − xj |
2σ2

2

) (2)

here σ is the only parameter of function. In general, KPCA
realize non-linear transformation between the data space and
feature space through the kernel function.

C. Modified Kernel Principal Component Analysis

The traditional KPCA algorithm only considers the maxi-
mum information content of the reserved feature space and
does not consider whether these information quantities are
effective for classification.

Here, we reconsider the degree of dispersion among the
intra-classes and inter-classes, which can both retain good
dimension reduction and more conducive to the fault pattern
classification.

Before we want to balance the degree of aggregation within
class and between classes for each feature vector, a important
notation firstly is introduced to represente one class center
as x̄i = 1

ni

∑ni
p=1 xip, i = 1, 2, · · · , c, where c stands for the

number of fault classes, ni is the total number of labeled class
i and xi is the principal component after kernel transformation.
The within class distance:

Wσ =
1

ni

c∑
i=1

ni∑
q=1

‖xiq − x̄i‖ (3)

in the equation, we can calculate each Wσ vary from the
extracted dimension d, also the inter-class discretization degree
of each eigenvector is:
Bσ =

∑c
i=1

∑c
j=i+1‖mj −mi‖ where mi =

∑ni
i=1 xi. If

we get a bigger between class value Bσ and a smaller within
class value Wσ , the more it is with the ability to distinguish
categories. Intuitively, the definition of χ is χ = Wσ

Bσ
.

IV. FAULTS DIAGNOSIS MODELING

After selecting the most informative feature in section III.
In this part, we present the wide and multiple neural network
and compare it with the traditional model we mentioned in
related work. we want to highlight a few previous work by
applying neural networks in the domain of fault diagnosis.
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Fig. 1. Example of a tempreture degree membership.

Figure 1 shows a temperature perception in a real scene.
In the theory, we assume that any temperature value will
correspond to a linguistic description value when a fuzzy rule
needs to be applied, or findind the corresponding exact value
range. In the figure, when the temperature appears 15◦C, we
subjectivity feel that the temperature value is a degree of cold
is 0.25, a moderate degree of 0.75 or when the description of
the value of the cold, the corresponding temperature range of
0◦C and 20◦C.
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Here goes our Membership-based Multidimensions model
assumptions as follows:

1. Each observed measurable value υ (normalized) will
consists by multi-tuplesM(υ1, υ2, · · · , υd), d is a multi-
dimension parameter that represent the disperse level.

2. The summation of υ equals to a fixed setting:
∑d
i=1 υi =

s, s here represents the multi-dimension central degree.
(e.g., specific s = 1, due to the result of normalization,
it somehow play as a limitation to d-dimension tuples)

3. Such extended dimensions in a descriptive way (like Fig
1) are independent.

4. Nonlinear relations exist during the learning the faults
classes patterns.

Consider the basic structure of a back-propagation network
with a single hidden layer, as shown in Figure 2:
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Fig. 2. Model of faults diagnosis based on multiple dimensions neural
network.

We divide the input each of the n dimensions into indepen-
dent description vectors 1-d of the d dimension. If we want
our multiple layer outputs are scaled to [a, b](a, b ∈ (0, 1]), the
sigmoid function is given as follows: s(xi) = 1

1+e−αi(xi−βi)

where: αi =
(Qi−1) ln( b

1−b )

xi,max−xi,min , βi =
Qixi,min−xi,max

Qi−1 , Qi =
ln( 1−b

b )

ln( 1−a
a )

, and Qi 6= 1. Here αi and βi are parameters of the
active function. The purpose of this approach is to avoid xi
spills out and can be mapped to (0, a) or (b, 1) respectively.

If we have N training examples and C classes label of fault
diagnosis then the loss for our prediction ŷ with respect to the
true labels y is given by:

Loss(y, ŷ) =− 1

N

∑
n∈N

∑
i∈C

yn,ilogŷn,i

+ l2 reg para ∗ (a0 + a1 + · · ·+ ai)

(4)

Before we doing the back propagation, the difference vector
should be compute as : δa = a2 − y, then we describe
the backpropagation in a functional way, and specially the
w0 matrix update: δa0 = δz1 · wT1 , δz0 = δa0 · S′(z0),
δb0 = δz0, δw0 = xTi · δz0,

∑i+d−1
i=1,d,2d,··· ,nd w0i = s. By

finding parameters that minimize the loss of our training
data, variations such as SGD (stochastic gradient descent) or
minibatch gradient descent typically perform better in practice.

wnew ← wold − η · δwold (5)

In the process of gradient descent, to prevent local shock, we
also introduce decaying learning rate over time: η = η0 ·e−d0t.

V. EXPERIMENTS

In this section, we empirically study the performance of
Modified Kernel PCA and MMH model in public date sets.

Datasets: we used two large UCI datasets: Secom [12]
and Sensorless Drive Diagnosis [13]. The first is a binary
classification problem where data were taken from a semi-
conductor manufacturing process and used to select most
relevant signals. The second dataset was extracted from 11
different labels motor current with intact components.

TABLE I
DATESETS FOR KPCA AND MMH MODEL

Dateset Dimens. Classes Instances Train Prop.
Secom 591 2 1567 -

Sensorless 49 11 58509 0.8

A. Feature Extraction Task

We solve feature extraction task by compareing the PCA
and KPCA with RBF kernel in the first step.

TABLE II
COMPARATION IN SVM RESULT BY ORIGINAL AND MODIFIED KPCA

Method Reduced
Dimensions

Accumulate
Contribution Accuracy

6 89.20% 72.24%
Original KPCA 9 90.73% 79.92%

12 96.21% 82.21%
6 90.82% 85.27%

Modified KPCA 9 92.12% 89.23%
12 97.44% 92.27%

In tabel II, we put the Original KPCA, Modified KPCA into
the based SVM classificator. After 10-fold cross-validation,
chaging the dimensions from 6, 9, 12, our proposed Modified
KPCA algorithm can obtain more valuable information form
each disparate dimension. It can more likely find the number of
selected features with the strongest causal effect relationship.

Using Modified KPCA we proposed, comparing with PCA,
KPCA in the same dataset experiment, we can find modified
kpca performs well and quickly from the view of aggregate
proportion of importance. Although the contribution of the
first dimension, PCA is little higher than KPCA and modified
KPCA, as dimensions extend bigger, the accumulative propor-
tion line of KPCA goes higher than naive PCA.

B. Faults Event Diagnosis Task

We cast faults event diagnosis tasks upon the UCI sensorless
dataset. In this task, basically, we set up multi layer perceptron
serve as a contrast to our proposed model with 3 hidden
layer of [100, 300, 100] and the learning rate is 0.05. Also,
we experiment a few traditional method as baseline.
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Since the existing open-source machine learning library
can not meet the needs of the model, we build our own
MMH model in Tensorflow. Under the premise of multiple
dimensions equal to 3, the hidden layer structure is [50, 300],
and we set the adaptive learning rate η to 0.5.

To avoid overfitting, we introduced the normalization pa-
rameter of 0.005 to reduce overfitting probability as mentioned
in the previous model introduction, and randomly discarded
some of the neural during each iteration.The idea behind
dropout is simple. The drop-out approach stochastically dis-
ables a fraction of its neurons. This can prevent neurons
from co-adapting and forces them to learn individually useful
features. The fraction of neurons we keep enabled is defined
by the dropout probability with 0.1 input to our network.

In Figure 3 we can see a more undulating concussion loss
convergence in common multi-layer perceptron. Our approach
has more competitives in the aspect of convergence speed.
Figure 4 show the diagnosis results we obtain through baseline
algorithms and our MMH model. The results indicate that our
method outperforms others by an average of 5% on the faults
diagnosis problem.
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In particular of Figue 5, when we take the range of d from 1
to 100, we find that the accuracy of the classification of MMH
model increases first, and then slowly decline, basically meet
the hypothesis, we speculate it is due to the fact that when
d is becoming huger, the information is increased, and the
contribution of this increment to the accuracy of the model is
lower than the expected value of its own noise, which makes
the accuracy of the model moves down. The certain range of
evaluation is helpful for us to obtain the most appropriate d
dimension mapping space according to the actual problem.

VI. CONCLUSION

The MMH neural network proposed in this paper is an
effective and practical model for faults diagnosis and detection
from a series of extracted features. MMH model gains the

merit of classic neural network and benefits from valuable de-
scribing and multi-dimension information. When compared to
traditional MLP model, experimental results shows that more
latent information obtained by MMH are more convincing and
quickly in convergence. Our Modified KPCA approach also
provides a better supervised approach considering type labels
which can accomplish more meaningful and useful feature
extraction work.

Possible future directions for this work include limiting the
summation of each multi-dimensions central degree with more
certified principle and accelerating the process of Modified
KPCA evaluating. As a result of calculating multi-dimensions
vector enlarging the set size of multi-variables to estimate,
our MMH model is more likely slower than a traditional MLP
method. It would be of more importance to improve efficiency
and reducing computational expense of vector extending for
larger faults data input.
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Abstract—Current systems with spoken language interfaces
do not leverage contextual information. Therefore, they struggle
with understanding speakers’ intentions. We propose a system
that creates a context model from user utterances to overcome
this lack of information. It comprises eight types of contextual
information organized in three layers: individual, conceptual, and
hierarchical. We have implemented our approach as a part of
the project PARSE. It aims at enabling laypersons to construct
simple programs by dialog. Our implementation incrementally
generates context including occurring entities and actions as
well as their conceptualizations, state transitions, and other types
of contextual information. Its analyses are knowledge- or rule-
based (depending on the context type), but we make use of
many well-known probabilistic NLP techniques. In a user study
we have shown the feasibility of our approach, achieving F1
scores from 72% up to 98% depending on the type of contextual
information. The context model enables us to resolve complex
identity relations. However, quantifying this effect is subject to
future work. Likewise, we plan to investigate whether our context
model is useful for other language understanding tasks, e.g.,
anaphora resolution, topic analysis, or correction of automatic
speech recognition errors.

I. INTRODUCTION

The last decades have seen a growing interest in Spoken
Language Interfaces (SLIs). The rise of intelligent assistants
such as Siri, GoogleNow, and Cortana established SLIs in
daily life [1]. One can easily book a restaurant, schedule
a meeting, or make out whether one needs an umbrella by
talking to a smart phone. However, such systems struggle with
long utterances and complex relations. They are not always
able to understand the speaker’s intention. Humans naturally
leverage information that embed the utterance into its context.
Contextual information include statements expressed by the
chosen words themselves as well as information related to
the underlying concepts and the setting of the conversation.
Humans exploit their general knowledge about grammar, con-
cepts that exist in the world, and their perception to create
an inner model that comprises several forms of contextual
information. Without these, a set of instructions, such as
“Close the fridge [...] Open the dishwasher [...] Then close all
open appliances,” could not be interpreted correctly. Current
approaches cannot infer that the dishwasher should be closed
because they are not able to answer the following questions:
Apparently, ‘all appliances’ is a group of objects, but which

DOI reference number: 10.18293/SEKE2017-083

objects are appliances? What does ‘open’ mean and which
objects can be open? What can be inferred from the actions
‘open’ and ‘close’ in regard to the state of objects?

We propose a system that infers the required contextual
information from the utterance automatically. First, we define
eight types of context, organized in three layers of increasing
abstraction. Then, we implement multiple techniques to gener-
ate a context model from spoken utterances: Our approach uses
NLP techniques to cope with contextual information that can
be extracted from the actual wording. We integrate knowledge
databases, such as WordNet [2], to find relations between
entities in an utterance. In addition, we use a domain model to
extract contextual information concerning the environment of
the conversation. Finally, our system infers further information
by combining the different sources. This context model en-
ables us to resolve complex relations as in the above example.
We will discuss use cases in Section VII.

II. RELATED WORK

Most spoken language interfaces do not incorporate explicit
contextual information. However, many approaches model
and use contextual information implicitly. Systems based on
recurrent neural networks make use of the architecture of such
networks [3]. Since ‘old’ information is constantly fed back
into the network, current decisions are based on previous to
some extent. Similarly, partially-observable markov decision
process approaches model a kind of implicit contextual in-
formation in their belief systems [4]. Implicit context is also
utilized by some knowledge-based systems. Active ontologies
retain the information of previous activations in the network
and are therefore able to use this information to interpret the
current utterance [5]. Implicit knowledge is only accessible in
the specific task and can neither be shared among different
tasks nor addressed directly. Furthermore its impact is hard to
quantify and evaluate.

Explicit contextual information is used by some approaches
in natural language processing in robotics: The approach by
Misra et al. uses situational contextual information to validate
candidates for action grounding [6]. Fleischmann and Roy use
the lexical context of actions to improve their approach to
learn a mapping between spoken utterances and actions [7].
Another application is depicted by the approach of Bordes

201

mailto:weigelt@kit.edu


TABLE I
OVERVIEW OF CONTEXT LAYERS AND TYPES

Layer Type Description

Individual

Entity occurring things that can exist
Spatial Deixis spatial relations between entities
Action events occurring in context
State Transition state changes induced by actions

Conceptual Concept abstraction of entities and actions
State states individuals can be in

Hierarchical Super Concept hypernym relations between concepts
Part-Of Relation meronym relations between concepts

et al., which uses the identified concepts of preceding ex-
pressions to improve the language grounding of the current
expression [8]. They all have in common that the contextual
information primarily depicts the environment of the utterance.
In contrast, we define a comprehensive context model that not
only considers the environment but also the utterances itself,
the expressed concepts and relations between them.

III. CONTEXT MODEL

The term context has several definitions [9], [10], [11]. Most
definitions share the notion that context describes information
that is used to understand the meaning of an artifact. The
artifacts are parts of a communication situation, i.e., spoken
utterances. The context of these artifacts includes information
about the setting of the utterance, such as the place, time, the
relation between the communicating partners and their mutual
knowledge assumptions. In addition, afore-stated expressions
in an utterance form a setting for the statement.

Since our approach is based on artifacts of spoken language,
it is necessary to analyze which contextual information is
retrievable from this limited input. The input consists of
spoken utterances provided in a discourse. Sentences con-
tain information about actions performed by subjects and
treated objects. Additional expressions form relations between
them, including spatial, temporal, or conditional. The sub-
jects, objects, and actions are instances of concepts. For
example, the utterance “The fridge is running,” refers to the
concepts refrigerator and run_operate (in contrast
to run_move). In an utterance, many entities belong to
the same concept. Similarly, many of the concepts are spe-
cializations of the same (or closely related) super concepts.
Hence, concepts of instances from the utterance form a hierar-
chy of concepts. For instance the concepts refrigerator
and dishwasher are manifestations of the super concept
white_goods.

Based on these observations, we define three layers of
contextual information that are extractable from spoken ut-
terances: First the Individual Layer that deals with instances
and the relations among them. Second, the Conceptual Layer
that describes the concepts the instances form. And third, the
Hierarchical Layer which considers generalizations of con-
cepts. The layers constitute incremental layers of abstraction
from the input. Table I summarizes the context layers as well
as the types. We will discuss the layers and types in detail in
the upcoming sections.

A. Individual Layer

The first layer of context describes the actual course of
events. It concerns the actions, entities, etc. that occur in the
spoken utterance. We define subjects and objects as acting and
treated things and call this type entity. Taking this as a basis
we augment relations between the entities: Locative relations,
such as cup:is_located_on:table in the utterance “the
cup on the table,” are often used in spoken language. We
denote this type of context as spatial deixis. Predicates deter-
mine the relation of entities. If a predicate expresses an action
we call this information context of type action. For example,
in “John, go to the table,” the action is go(who:John,
where:table). The formalization of actions enables us to
track which actions have been stated and which entities were
affected by these. In some cases actions implicate a change of
state of the treated entities; we call this kind of context state
transition. For example, in the utterance “Open the fridge,” the
state of the entity fridge changes to open. State transitions
provide valuable information to examine whether the utterance
contains a valid sequence of actions. As we only consider
spoken language, we have no information about the initial
state of the entities. Thus the state transitions are the only
way to obtain an image of the states the entities are in at
distinct points in time.

B. Conceptual Layer

The Conceptual Layer contains the abstract concepts of
entities, actions, and state transitions. To understand an ut-
terance, humans shape concepts by leveraging the knowledge
they have learned about the world and things that exist.
This knowledge encompasses information about the entities
and actions humans normally learn during their life, such
as different meanings and synonyms of a word or relations
between objects, e.g., that ‘refrigerator’ and ‘fridge’ refer to
the same concept. Thus, we consider concepts as another
context type. Note that whenever the same entity or action
occur multiple times in utterances they shall refer to the
same concept. Additionally, we define context of the type
state as abstraction of state transitions: States are related to
concepts, while state transitions are caused by actions. Thus,
we see states as part of the Conceptual Layer rather than
the Individual Layer. Note that different concepts can share
the same state on the Conceptual Layer. E.g., the concepts
refrigerator and microwave_oven might share the
state open.

C. Hierarchical Layer

The Hierarchical Layer depicts super-conceptual and part-
of relations of concepts. Humans do not stop the process
of ‘context shaping’ with the concepts directly instanced in
the utterance. In fact they use their knowledge to relate the
concepts to each other. This happens in two ways. First,
humans form superordinated concepts to perceive connections
between concepts. We consider these relations as another
context type named super concept. E.g. concepts such as
refrigerator and dishwasher share the super concept

202



Domain 
Ontology

Agent A Agent B Agent C

Pre
P1 Pn…

Post
P1 Pn…

Fig. 1. Architecture of PARSE

white_goods and therefore are concept-wise closely related
to each other. Second, humans determine whether a concept
depicts a part of another concept. We address this kind of
relation with the context type part-of relation. E.g., in the
utterance “Go to the fridge and open its door,” the concept
door is a part of the concept refrigerator.

IV. PARSE

Our work on context model acquisition from spoken ut-
terances is part of the project PARSE [12]. The goal of the
project is to enable laypersons to program in plain spoken
English. Typical application areas of PARSE are robotics,
home automation systems, and alike. To facilitate program-
ming with spoken language the system must understand the
user’s intention. Thus, PARSE is actually a system for Spoken
Language Understanding (SLU) [13]. To achieve deep SLU
PARSE takes the approach of independent agents. Every
agent is responsible for a certain SLU task. As SLU tasks
are generally interdependent all agents work in parallel and
therefore might benefit from results of each other. The strict
separation of concerns additionally enables us to either build
an agent knowledge-based or probabilistically according to the
SLU task at hand and evaluate it intrinsically. The architecture
of PARSE, which is illustrated in Figure 1, is separated in three
independent parts: A pipeline for preprocessing, an agent-
based main execution, and a pipeline for postprocessing. A
graph serves as shared data structure for the agents. The
preprocessing pipeline is meant for common natural language
processing tasks, e.g., automatic speech recognition, shallow
parsing, and named entity recognition. The user utterance is
processed sequentially here; finally a basic graph for the main
execution is built. The main execution is responsible for SLU.
Agents for deep SLU transform the graph to publish their
results. Hereby, a semantic representation of the input is cre-
ated incrementally. SLU tasks encompass detection of actions,
loops and conditions, context, topic and coreference analysis,
etc. If the graph cannot be transformed to a proper intention
model, the utterance is likely to be incomplete or ambiguous.
In such situations the user is queried for clarification. The
postprocessing pipeline maps the user’s intention – modeled
in the graph – to functions of the target system. Target systems
are modeled in ontologies as proposed in our previous project
NLCI [14]. We define a class hierarchy suitable for all target
systems as shown in Table II. In [14] we have shown, that

TABLE II
DOMAIN ONTOLOGY STRUCTURE

Class Description
System Systems and sub-systems, i.e. API classes
Method System functions, i.e. API methods
Parameter Parameter names used by the system
Data Type Data Types used by the system
Value Value enumerations and ranges of data type values
Object External objects, e.g., a fridge or a cup
State States of the external objects, e.g., opened and closed

domain ontologies can be extracted semi-automatically from
most APIs for end-user programming with small effort.

V. CONTEXT ACQUISITION

To generate the representation of contextual information
described in Section III we use an incremental approach
to construct the layers. We have implemented the context
acquisition as an agent for PARSE. Thus, we can draw from
information created by the preprocessing pipeline. This in-
formation includes parts of speech, lemmata, chunks, named
entities, and semantic roles.

We start our analysis on the Individual Layer, the layer with
the lowest degree of abstraction: We identify the described
entities by analyzing the noun phrases. Additionally, we use
a rule-based approach on parts of speech and chunks to
add information such as the grammatical number, adjectives,
quantifiers, and determiners. After extracting the entities we
are able to search for spatial deixes describing relations
between the identified entities. We accomplish this task by
keyword matching on the expressions between the identified
entities. This approach is reasonable, since in English gram-
mar locative relations are usually expressed by prepositional
phrases between nominal phrases they relate [15]. Finally,
we extract the actions expressed in the utterance. To identify
actions we combine a rule-based analysis of verb phrases
with the information we get from the semantic role labeler
SENNA [16] included in the preprocessing pipeline. Further-
more, we translate arguments of predicates to thematic roles
from VerbNet [17] to relate actions and treated entities.

With the instances present, we are now able to infer the
concepts and states on the Conceptual Layer. To generate
concepts we first try to match entities with individuals from
our domain ontology. We use the Jaro-Winkler distance [18]
with a threshold of 0.92 and synonyms from WordNet to allow
fuzzy matching. The threshold was determined empirically. If
no proper match is found for an entity we query WordNet: First
we use the full phrase that represents the entity. If unsuccessful
we query WordNet again with sub-phrases of decreasing length
(the head of the phrase is always included). The first match
forms the concept. If there is no WordNet entry that matches
the (sub-)phrase, no concept is created. For the following
entities we first try to match the head of the phrase with an
existing concept. Again we use the Jaro-Winkler distance and
synonyms. If a matching concept is found we link the entity
to the concept and proceed with the next entity. Otherwise
the previously described generation process is invoked. For
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Fig. 2. Extract of the context model for an exemplary utterance.

all concepts we additionally retrieve synonyms from WordNet.
This approach results in associating different entities, such as
white fridge and small fridge, to the same concept
refrigerator. For all created concepts we retrieve their
possible states from the domain ontology and relate them to the
concept. Then we examine whether the actions in the utterance
cause any state transitions. We obtain this information from
the domain ontology: E.g., the ontology contains the fact that
the action open causes the state closed to change to open.
For all state-changing actions we analyze the treated entities:
We verify whether the entity’s concept can be in this state. If
so, we link the state to the entity. We allocate the same state to
all following entities of the same concept until another state-
changing action occurs. Then the analysis starts anew.

With the concepts at hand, we are able to form relations
on the Hierarchical Layer. First, we use WordNet to build
up a hierarchy of concepts: Apparently, the lowest common
subsumer (LCS) of a pair of concepts in WordNet’s hyperym
hierarchy is a good candidate for a super concept. However,
this naive approach would lead to many imprecise super
concepts, such as artifact or entity. Therefore, we use
the similarity metric defined by Wu & Palmer [19] with a
threshold of 0.7 and a depth filter to avoid terms that are
too generic. If one of the considered concepts is a hypernym
of the other, the second becomes the super concept of the
first. The hierarchy can be extended further: The created super
concept can be used to find new super concepts. For example,
if in the first iteration the super concepts white_goods
and kitchen_appliance are created, the next iteration
produces the super concept home_appliance. Second, we
generate part-of relations: Some of these are included in our
domain model and can be retrieved directly. If the ontology
yields no information, we use meronyms from WordNet. These
are solely used to create part-of relations among existing
concepts to avoid false positives. However, parts retrieved from
the domain ontology are added to the context model even if
they had no concept representation before. The final context
model consists of three layers with five context types denoted
as nodes (entity, action, concept, super concept, and state) and
three denoted as edges (spatial deixis, state transition, and part-
of relation). Figure 2 shows an extract of the context model
for the exemplary utterance “Robo, turn on the small oven
between the oven and the fridge.”

VI. EVALUATION

To evaluate our approach to context acquisition we con-
ducted a user study with 10 participants. We let all subjects
describe tasks for a robot in two scenarios. We took recordings,
transcribed them and provided a gold standard per context
type. For each context type we calculate precision, recall and
the F1 score. In the upcoming subsections we first show the
layout and implementation of our study, afterwards we discuss
the results.

A. Experimental Design

Our user study comprises two scenarios containing a house-
hold robot in a kitchen setting. In both scenarios the robot
should fulfill a certain task; in the first scenario it should fill
a cup with water from the fridge, bring it to the user and
afterwards put cups from the dishwasher into the cupboard.
In the second scenario the robot is supposed to prepare an
instant meal that is located in the fridge by putting it on a plate
from the dishwasher and heat it in the microwave. Subjects are
encouraged to describe the steps to accomplish the task to the
robot. The instructions the participants received contained no
concrete wording, just a high level description of the tasks and
figures that showed the setting. We took continuous recordings,
one per subject and scenario.

Ten subjects participated in the study, four female and six
male. Nine were grad students from different departments and
one was a computer science PhD student. All were native
German speaker. However, all but one assessed their own
English skills to be at least ‘experienced’ (CEF level C1).
All participants gave descriptions for both scenarios. One
participant repeated the recording for the second scenario
because of an omission. Therefore we ended up with 21
recordings. As the subjects were able to describe the task as
they liked, we received quite different recordings: They vary
in length from 15 seconds up to 80 seconds and in instructions
for the robot from a minimal set of 5 up to 22.

We transcribed all recordings according to the guideline
by Kiesling et al. [20] and prepared a gold standard for
each context type. We annotate the solutions as per-phrase
labels. Thus, a phrase can have none, one, or more labels
(depending on how many types of context it depicts). Anno-
tating entities, actions and spatial deixes is straight forward.
The gold standard for actions includes its argument relations.
Thus, we can evaluate not only if the expected action is
present but also whether all entities are identified correctly. We
annotate states induced by the state transitions at the treated
entities. This approach enables us to evaluate not only the
state transitions but also the state inference mechanism: A
recurring state annotated at different instances of an entity
indicates that no state transition was identified. The expected
states are those defined in the domain ontology. To assess the
state generation on the Conceptual Layer we distinguish states
and state connections: ‘States’ refers to the created states in the
resp. scenario and ‘state connections’ to the created relations to
concepts. We annotate concepts and super concepts as well as
the possible states of the concepts at all phrases that can cause
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TABLE III
EVALUATION: DATA OVERVIEW

Scenario 1 Scenario 2 Total
Recordings 10 11 21
Words 734 811 1545
Phrases 467 543 1010
Instructions 121 143 264
Entities 199 233 432
Spatial Deixes 41 43 84
Actions 120 154 274
State Transitions 33 48 81
Concepts 274 320 594
States (Connections) 8 (306) 10 (338) 18 (644)
Super Concepts 88 56 144
Part-Of Relations 35 43 78

them. Hence, our evaluation is insensitive to consequential
errors. Part-of relations are annotated at the phrase describing
the part. As ground truth for the part-of relations we used the
relations present in our domain ontology and meronyms from
WordNet. For our scenarios, only a few relevant meronym
relations can be found in WordNet. Thus, the majority of
expected part-of relations are based on our domain ontology.
Table III summarizes the recordings’ meta data and shows the
number of expected instances per context type. To retrieve the
results of our agent we first run the preprocessing pipeline of
PARSE. Afterwards we run our agent multiple times – until
no further changes can be observed – without interference of
other agents.

B. Results

To assess the soundness of our approach we calculate preci-
sion, recall and the F1 score. Table IV summarizes the results
of our evaluation. The results are promising. However, when
we use more complex – and therefore error-prone – heuristics
to generate context types the results diminish. Additionally,
we generate results incrementally. Thus, failures occurring
in the lower abstraction levels (or during preprocessing),
such as incorrect entities or actions, cause failures in the
higher levels. E.g., if a verb ‘open’ is falsely labeled as an
adjective by the part-of-speech tagger this results in a missing
action, a falsely identified entity (having open as describing
adjective), and also causing a state transition expected not to
be present because there is no action that triggers it. This
kind of failure is propagated even further: Since we evaluate
state transitions by examining the states of all occurrences of
the same entity, a missing state transition results potentially
in multiple incorrect ‘current states’ and therefore in false
state transitions. Hence, the low recall of the context type
state transition can partly be explained by aftereffects of the
action analyses. Since the generation of actions is primarily
based on the semantic role labeler SENNA, we expected to
achieve F1 scores around 75%1. Because our input examples
are less complex than those from the CoNLL-2005 shared task,
the generation of actions performs even better. However, our
additional verb-phrase-based heuristic further improves recall

1SENNA achieves an F1 score of 75,49% in the CoNLL shared task [16].

TABLE IV
EVALUATION: RESULTS BY CONTEXT TYPE

Context Type Precision Recall F1

Entity 0.972 0.975 0.973
Spatial Deixis 0.945 0.793 0.862
Action 0.852 0.762 0.804
State Transition 0.854 0.627 0.723
Concept 0.986 0.974 0.981
State 1.000 0.955 0.977
Super Concept 0.680 0.932 0.786
Part-Of Relation 0.897 0.959 0.927

by 5%. Nonetheless, missing or falsely created actions are
unpleasant because they influence other context types. The
relatively low recall of spatial deixes is caused by unexpected
choice of words: The subjects used diverse phrases to express
locative relations, some of which our approach is not capable
to solve. For example, nested prepositional phrases, such as
“put the meal from the fridge on the plate,” may cause the
locative relation to be ambiguous. This kind of ambiguity
cannot easily be addressed by a keyword matching approach.
We will investigate whether probabilistic methods are more
suitable for such expressions. The generation of concepts
from entities as well as the connection to the possible states
is highly accurate; false positives and negatives result from
failures in the preprocessing pipeline. Part-of relations are
generated accurately; false positives are due to the use of
WordNet: Since we do not resolve word ambiguities, we use
all WordNet senses to find part-of relations. Sometimes this
procedure causes failures, such as plate being a part of
table instead of dish. The result of the evaluation of super
concepts shows that our approach is focused on recall rather
than precision. This objective is reasonable because we want to
explore new context information and make it available to other
language analyses. Wrong information can later be ignored,
but information that is never generated remains unused forever.
As with part-of relations, missing disambiguation of WordNet
senses of the concepts is the reason of most of the false
positives.

In summary our approach produces highly valuable results
for the context types entity, spatial deixis, concept, state,
and part-of relation. For the context types action and state
transition an improved approach to semantic role labeling,
i.e., adjusted to spoken utterances, would yield significantly
better results. However, the evaluation shows that the current
approach adds valuable context information anyway. The result
of the context type super concept indicates that the approach
is feasible but depends on correct WordNet senses.

VII. USE CASES

Our comprehensive context model is useful for resolving
complex relations in spoken utterances. In this section we will
show exemplary how we use the model in certain situations.
For brevity we focus on identity relations.

First, we consider the sample utterance “Open the cupboard.
Take the cup and close it.” A naive approach would relate ‘it’
and ‘the cup’. However, from the context model we know,

205



that the cupboard is open and can be closed, but a cup
cannot. Therefore we can infer that ‘it’ more likely refers to
‘the cupboard’.

The second example is, “There is a tumbler on the table.
Take the glass and bring it to me.” Here, the challenge is to
understand that the expression ‘the glass’ is a generalization of
the ‘tumbler’. Since ‘tumbler’ and ‘glass’ are not synonymous,
a simple WordNet query does not help. Neither a hypernym
look-up in WordNet is helpful, as one cannot easily decide
whether a hypernym is meaningful. Our model yields the
information that glass is an appropriate super concept of
tumbler and thus can be used as a substitute.

In the third example, “To prepare meringue take egg white,
powdered sugar, and lemon extract. Put all the ingredients
into the bowl,” ‘ingredients’ refers to a group of previously
mentioned entities. Our context model provides the infor-
mation that egg white, powdered sugar, and lemon
extract share the super concept ingredient. Together
with the quantifier we are able to infer that ‘all ingredients’
refers to ‘egg white’, ‘powdered sugar’, and ‘lemon extract’.

The last example, “Close the fridge [...] Open the dish-
washer [...] Then close all open appliances,” contains multiple
challenges: First, one must resolve which are the ‘appli-
ances’. According to our context model fridge and the
dishwasher share the super concept appliance. Second,
the context model comprises the information that the fridge
is closed and the dishwasher is open at the time ‘all open
appliances’ is mentioned. Thus, we can infer that ‘all open
appliances’ refers to the dishwasher.

VIII. CONCLUSION AND FUTURE WORK

Acquiring a context model of spoken utterances is essential
for understanding the speaker’s intention. Without such infor-
mation a spoken language interface could never fully interpret
the relations in complex expressions. We have presented a new
approach to generating a comprehensive context model from
spoken utterances. Our approach generates eight context types,
e.g., occurring entities and actions, the concepts of which
they are instances, and relations between these as super and
part concepts. The context types are organized in three layers
representing different levels of abstraction.

The evaluation showed that the approach is promising: We
achieve F1 scores from 72% up to 98%, depending on the
context type. However, the scores might be improved in several
ways: Our generation of (super) concepts and part-of relations
depends on the correct selection of the WordNet sense for
a concept. Therefore, a comprehensive word sense disam-
biguation would improve our results. Moreover, our approach
would benefit from a semantic role labeler adapted to spoken
utterances. Since the semantic role labeler used by us is trained
on textual input, it struggles with ungrammatical phrases
common in spoken utterances. Consequentially, our generation
of actions contains false positives. These are propagated to
other context analyses, e.g., state transition.

However, the evaluation shows that the current approach
adds valuable context information. We have shown that our

context model can be used to resolve complex identity rela-
tions. The next step is to quantify this effect and extend this
approach to coreference resolution in general.

Future work will focus on exploring further areas of appli-
cation for our context model: We expect it to be useful for
tasks such as topic extraction, time line analysis, correction
of automatic speech recognition errors, and even word sense
disambiguation. A partial context model might support word
sense disambiguation, which in turn improves the context
model.
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Abstract—Multiple-viewed requirements modeling allows mod-
elers to elicit the requirements of a system from different
viewpoints. Requirements are then organized and encoded in
different analysis models which collaboratively form an overall
understanding of the system. Model transformations among those
analysis models at this stage can be used as a way to acquire
requirements knowledge, thus making the set of models complete
and consistent. Two frameworks are found to support such
requirements acquisition: the pairwise framework and the com-
mon representation framework. In practical applications, various
factors need to be considered when requirements modelers choose
between the two frameworks in order to acquire requirements
by analysis model transformations. In this paper, we propose a
set of criteria which provides a theoretical basis for comparing
the two frameworks for their effectiveness of generating models
and acquiring requirements in the context of multiple-viewed
requirements modeling. The results of the comparison is then
presented.

I. INTRODUCTION

Properly eliciting and modeling the requirements are im-
portant to successful software development. Multiple-viewed
requirements modeling is commonly used so that a system is
observed from different viewpoints by different people, and
the requirements are expressed in different types of analysis
models. The creation of different types of analysis models
for a system is parallel and iterative by nature and might
be conducted by different requirements modelers. However,
it is difficult for a modeler to know whether an analysis
model is complete or what requirements are missing from
the current version of a model [6]. The modelers need to be
made aware of the missing requirements of analysis models. In
order to make explicit the missing requirements in an analysis
model, Delugach proposed the idea of conceptual feedback
[4] which can provide prompts for the missing requirements
to modelers (see Figure 1). This approach is based on the
requirements knowledge overlap among analysis models of
the same system. During requirements analysis stage, already-
created analysis models (Model0 to Modeln in (b) of Figure
1) are transformed to a target analysis model Modelx. This
process introduces new requirements to Modelx, which make

subsequent RE activities

[semantic holes]

Elicitation

[No more semantic holes]

Evaluation

Specification
( see (b) )

Model1 Model 2

Model0 Model n

Model x

transform to transform to

transform to transform to

Specification

Model0 … Modeln are currently available models of the system
Modelx is the target model to be built

(a) (b)

Fig. 1. Conceptual feedback in RE process

it more complete, and more importantly, reveal some require-
ments acquisition opportunities to the modeler of Modelx.

Alerting

HighWaterSensor

-waterLevelReading
-highWaterSignal

COAlarm

AirflowAlarm

MethaneAlarm

GasAlarm

-alarmStatus:{on, off}

Tracking

1..*

1

Location

Mine

-methaneLevel
-CO-Level
-airflow

1 1
Regulation

Pump

-motorStatus:{on, off}
-switchStatus:{on, off}

Sump

-waterLevel

Fig. 2. Original class diagram before model transformations

A simple example of adopting the conceptual feedback
approach to get more requirements and reveal requirements
acquisition opportunities in a UML class diagram is shown
in Figure 2 and Figure 3. Through model transformations,
the original UML class diagram shown in Figure 2 is aug-
mented by requirements from the current state diagrams and
sequence diagrams of a Mine Safety Control system [10].
The resulting augmented class diagram is shown in Figure 3.
Grey classes represent new classes that are added in throughDOI reference number: 10.18293/SEKE2017-070
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?
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-?

?
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assoc.

MethaneSensor
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{on, off}

?

SafetyController

-?

?

Fig. 3. Augmented class diagram after model transformations

model transformation. Note that the augmented class diagram
contains question marks which denote the potentially missing
requirements. In other words, they are requirements of the
class diagram which cannot be automatically generated based
on the existing requirements knowledge in other currently
available models, therefore need to be explicitly provided by
modelers. For example, class PumpActuator in Figure 3 has
two question marks: an unspecified attribute and an unspecified
operation.

Because of the presence of requirements acquisition op-
portunities, the augmented analysis model is considered as
incomplete so modelers are invited to complete it by pro-
viding the missing requirements. This enables additional new
requirements to be elicited by fixing those question marks
(This process is shown as a feedback arrow from Specification
to Elicitation in (a) of Figure 1). After that, the augmented
model with question marks resolved would in turn affect other
models (dotted arrows in (b) of Figure 1), causing further
generation and completion processes in other analysis models.
The process may repeat until no more new requirements
knowledge can be acquired by transforming models, i.e., the
set of models is internally complete and self-consistent.

There are two common used frameworks in Requirements
Engineering community that can support software require-
ments acquisition by model transformations. They are the
pairwise framework (PWF) and the common representation
framework (CRF) shown in Figure 4. The former framework
supports requirements acquisition by direct transformations
between models whereas the latter by relying on a common
knowledge representation that describes the semantics of the
analysis models.

For PWF, transformations between each pair of UML dia-
grams have been studied by many researchers [5][7][8], and
they collaboratively carried out a well-understood semantic
description of model transformations in PWF. A summary of
transformation rules between each pair of three UML diagrams
is available in [11]. As for CRF, Wei and Delugach [13]
proposed using conceptual graphs (CGs) [9] as the common
representation in CRF to transform and acquire requirements
for analysis models. A detailed description of model transfor-
mations with CGs in the CRF used for requirements acquisi-
tion is provided in their work [11][14][12].

Model1

Model2

Model3Model4

Model5

Conceptual
Graphs

Model1

Model2

Model3Model4

Model5

(a) (b)

Fig. 4. PWF and CRF

An important research problem is that the two frameworks’
effectiveness in transforming models and acquiring require-
ments knowledge is largely unknown. There is no theoretical
basis for evaluating which framework is more effective in
transforming models and acquiring requirements in the context
of multiple-viewed requirements modeling. A detailed analysis
of the capability of eliciting requirements from requirements
modelers, the capability of preserving semantics and the
extensibility of each framework, and an objective comparison
is needed so that researchers and modelers can rely on this
proposed criteria and comparison to choose between frame-
works for addressing requirements acquisition problem.

The remainder of the paper is organized as follows: In
Section 2, we explain the approach we use in order to compare
the two frameworks for their effectiveness of exposing require-
ments acquisition opportunities and propose the evaluation
criteria. In Section 3, the two frameworks are evaluated
according to a set of criteria; the results of this comparison
are presented. Section 4 discusses the limitations of this work
and concludes the paper.

II. COMPARISON METHODOLOGY

In this section, details of the comparison are presented.
These include the analysis models used in both frameworks,
comparison procedures, software system examples and pro-
posed criteria.

In this work, three types of UML diagrams are considered
for both frameworks (Figure 5). They are class diagrams, state
diagrams, and sequence diagrams which are among the most
commonly used diagrams in UML for specifying an object-
oriented system. The reason for choosing them is that the
structure, state, and interaction views of a system provide a
sufficiently broad range of the semantics of object-oriented
models to show the generality of our approach. The conver-
sions and comparisons are done by the author: conversion rules
for both frameworks are derived based on the latest UML
specification [1], and the conversions are conducted by strictly
following the rules. We tried to limit the bias to the minimum,
so it does not threat the validity of the results.

The way to conduct our comparison is shown in Table I. One
model is considered as the target model, and two other models
are transformed to it using one of the two frameworks: In PWF,
two models are transformed to the third one directly, while
in CRF, two models are first converted to CGs from which
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Fig. 5. Three UML diagrams in two frameworks

TABLE I
TRANSFORMATION STRATEGY

Transf. # Source models Target model

1 state diag., sequence diag. class diag.

2 sequence diag., class diag. state diag.

3 state diag., class diag. sequence diag.

the third diagram is derived. The target models generated by
different frameworks are then compared based on a set of
criteria.

Three non-trivial software case studies are used. They
are the University Information System (UnivSys.)[2],
which is an information system; the Cryptanalysis System
(Cryptanlys.)[3], which is an AI system, and the Mine Safety
Control System (MineSys.)[10], which is a real time control
system. The use of three case studies in three different
domains makes sure that our comparison results are not
dependent on the domain. The results of working out the
three case studies in both frameworks are available in the
appendices of [11].

A set of criteria that can be used to evaluate frameworks
used for requirements knowledge acquisition is then proposed.
Although only two specific frameworks are compared in this
paper, these criteria are not limited to them. The criteria
are meant to be applicable to any transformation framework
that claims to address the requirements knowledge acquisition
problem. The set of criteria is presented here:

1) Capability of acquiring missing requirements
2) Capability of generating definite requirements
3) Percentage of the missing requirements in generated

UML diagrams
4) Extensibility
5) Knowledge acquisition effort
The reason these criteria are picked is the purpose of the

model transformations in the two different frameworks: we are
interested in the fact that which framework will produce more
requirements acquisition opportunities for a modeler.

III. COMPARISON RESULTS

The results of the comparison are shown here. Each of
criteria proposed in last section is explained in detail.

A. Capability of Acquiring Missing Requirements

Both model transformation frameworks can generate a target
UML diagram and reveal requirements acquisition opportu-
nities. In this work, a requirements acquisition opportunity
refers to something that needs clarification in an augmented
UML diagram. For example, a question mark on an association
in a class diagram or an automatically generated class name
like ClassCausingPumpFailureEvent in Figure 3. It
reveals some missing requirement that a modeler needs to
provide, and there is no way that a framework can generate
that missing requirement automatically. Since the presence of
requirements acquisition opportunities indicates the possible
missing requirements knowledge, a high number of require-
ments acquisition opportunities in a UML diagram is a sign
that more requirements knowledge will be potentially acquired
from a modeler. This criterion evaluates the capability that a
framework has to acquire the missing requirements. This is
measured by counting the number of requirements acquisition
opportunities in the UML diagrams generated by a framework.
An advantage of using the quantity of requirements acquisition
opportunities as the metric is that this only depends on the
representation of UML diagrams and not on any subjective
judgment of incompleteness or experience of requirements
modelers. For example, different class diagram modelers will
have different ways to complete the same augmented class
diagram (Figure 3). So instead of asking several modelers to
really fill in the holes and getting an average, we simply count
the number of requirements acquisition opportunities that need
to be filled, since these requirements (requirements acquisition
opportunities) are missing for sure, and need to be provided
by the requirements modelers.

During the comparison, given the same state and sequence
diagrams of a software system, two class diagrams are gener-
ated by PWF and CRF, respectively; then the number of re-
quirements acquisition opportunities yielded in each of the two
generated class diagrams is counted. The types of requirements
acquisition opportunities that we are counting in an augmented
class diagram are listed under the gray row “In generated class
diagram” in Table II. The same comparison process works for
augmented state diagrams and augmented sequence diagrams.
The types of requirements acquisition opportunities that we
are counting in a generated state diagram are listed under
the gray row “In generated state diagram” and the types of
requirements acquisition opportunities that we are counting in
a generated sequence diagram are listed under the gray row “In
generated sequence diagram” in Table II. The complete results
of evaluating the generated class, state and sequence diagrams
for three case studies in the two frameworks are listed in Table
II. Higher values are better. Based on the result, CRF generated
more missing requirements than PWF did.

B. Capability of Generating Definite Requirements

In a generated target UML diagram, besides requirements
acquisition opportunities, there are newly generated require-
ments that are certain. We named these requirements “definite
inferred requirements” in this paper, and they do not need

209



TABLE II
COMPARISON OF THE CAPABILITY OF ACQUIRING MISSING REQUIREMENTS IN TWO FRAMEWORKS

PWF CRF

requirements acquisition opportunities UnivSys. Cryptanlys. MineSys. UnivSys. Cryptanlys. MineSys.

In generated class diagram

Number of unknown class names 7 8 4 7 8 6

Number of unknown attribute names 0 0 0 15 20 25

Number of unknown operation names 13 14 27 49 59 81

Number of unknown association names 12 11 13 12 11 15

Total 32 33 44 83 98 127
In generated state diagram

Number of unknown/potential states 20 18 19 20 18 13

Number of unknown transitions 4 3 5 5 4 3

Number of unknown events 5 3 2 5 4 3

Number of unknown effects 0 0 0 7 7 5

Number of unknown guards 0 0 0 15 14 10

Number of unknown entry/exit, do activities 0 0 0 60 54 39

Number of state invariants 0 0 0 10 10 7

Total 29 24 26 122 112 80
In generated sequence diagram

Number of unknown neighboring lifelines 6 8 8 6 7 8

Number of unknown messages 0 1 0 0 0 0

Number of unknown execution specs 0 0 0 25 37 58

Total 6 9 8 31 44 66

further clarification by modelers. For example, the method
processMethaneAlarmOnSignal() in the augmented
class diagram in Figure 3. This criterion evaluates the capa-
bility that a framework has to acquire the definite requirements
knowledge. This is measured by counting the number of
definite model elements in the UML diagrams generated by
a framework. The types of definite requirements that we are
counting in the three generated UML diagrams are listed in
the first column in Table III. The results of evaluating the
generated class, state and sequence diagrams for three case
studies in two frameworks are listed in Table III. Higher values
are better. Based on the result, the difference between PWF
and CRF is small.

C. Percentage of the Missing Requirements in Generated UML
Diagrams

This criterion evaluates the incompleteness of the UML
diagrams generated by PWF and CRF. The incompleteness
of a generated UML diagram is the number of requirements
acquisition opportunities over the number of overall generated
model elements in a generated UML diagram. The results of
evaluating the incompleteness of generated class, state, and
sequence diagrams for three case studies in two frameworks

are listed in Table IV. For example, for the generated class
diagram of the UnivSys. by CRF, it is 83.8% incomplete and
16.2% complete. Since the purpose of this paper is to evaluate
requirements acquisition, higher percentages are better. Based
on the result, CRF produces more incomplete diagram than
PWF.

D. Extensibility

In this work, three types of UML diagrams are chosen
for both frameworks. However, more UML diagrams can be
added to expand the frameworks. This criterion evaluates the
extensibility of a framework by measuring the amount of effort
needed to introduce another type of UML diagram (activity
diagram in this case) in both frameworks. For simplicity, only
limited model elements in activity diagrams are considered:
Activity partitions, Activity nodes, control flows, Forking, and
joining. When a new type of model is introduced, new trans-
formation rules need to be developed for both frameworks.
We are counting the number of new rules developed for a
framework to evaluate its extensibility. Lower values are better.
In PWF, 26 new rules are needed to add a fourth diagram (the
activity diagram), while in CRF, only 4 new rules are needed.
Apparently, CRF is more extensible than PWF.
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TABLE III
COMPARISON OF THE CAPABILITY OF GENERATING DEFINITE REQUIREMENTS IN TWO FRAMEWORKS

PWF CRF

Definite requirements UnivSys. Cryptanlys. MineSys. UnivSys. Cryptanlys. MineSys.

In generated class diagram

Number of definite classes acquired 5 4 8 5 4 8

Number of definite attributes acquired 2 3 11 1 2 5

Number of definite operations acquired 11 9 0 10 9 0

Number of definite association names acquired 0 0 0 0 0 0

Total 18 16 19 16 15 13
In generated state diagram

Number of definite state machines 5 4 5 5 4 5

Number of definite states 0 0 0 0 0 0

Number of definite transitions 15 14 9 10 10 7

Number of definite events 10 8 7 10 10 7

Number of definite effects 9 9 7 9 9 5

Total 39 35 28 34 33 22
In generated sequence diagram

Number of definite sequences 4 2 4 9 9 11

Number of definite messages 6 6 6 6 6 6

Number of definite execution specs 5 4 0 5 3 0

Number of definite states 6 10 14 6 10 14

Number of definite combined fragments 2 2 10 0 0 0

Total 23 24 34 26 28 31

TABLE IV
COMPARISON OF INCOMPLETENESS OF GENERATED UML DIAGRAMS BY TWO FRAMEWORKS

Generated PWF CRF

UML diagrams UnivSys. Cryptanlys. MineSys. UnivSys. Cryptanlys. MineSys.

Class diagram 64.0% 42.7% 20.7% 83.8% 78.2% 54.4%

State diagram 67.4% 40.7% 27.3% 86.7% 77.2% 61.1%

Sequence diagram 69.8% 48.2% 19.1% 90.7% 78.4% 68.0%

E. Knowledge Acquisition Effort

This criterion is used to evaluate and compare the amount of
effort needed to complete requirements acquisition opportuni-
ties in the UML diagrams generated by PWF and CRF. When
a modeler is presented with UML diagrams with requirements
acquisition opportunities, she needs to look at each hole and
choose to either fill it in or delete it. So, in this work, the
knowledge acquisition effort is measured by counting the
number of requirements acquisition opportunities that needed
to be considered (Table V). Higher values are better. Based on
the result, CRF requires more effort than PWF.

IV. DISCUSSION OF THE RESULTS

Criterion 1 compared the capability of acquiring missing
requirements of the two frameworks. Based on the results
of applying both frameworks to three case studies, the CRF
outnumbered the PWF in all generated UML diagrams in three
case studies (see Table II). In other words, using CRF, more
possible requirements may be acquired from a modeler in
the multiple-viewed requirements modeling context. Currently,
there is no metric to measure the usefulness of a requirements
acquisition opportunity. Criterion 2 compared the capability
of generating definite requirements in the two frameworks.
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TABLE V
COMPARISON OF THE KNOWLEDGE ACQUISITION EFFORT NEEDED IN UML DIAGRAMS GENERATED BY TWO FRAMEWORKS

Generated PWF CRF

UML diagrams UnivSys. Cryptanlys. MineSys. UnivSys. Cryptanlys. MineSys.

Class diagram 32 33 44 83 98 127

State diagram 29 24 26 122 112 80

Sequence diagram 6 9 8 31 44 66

Based on the results of applying both frameworks to three case
studies, PWF outnumbered CRF in almost all generated UML
diagrams in three case studies. In other words, using PWF,
more determined requirements can be generated. This implies
that PWF is better at generating target models from source
models. However, the difference is not much. Given a set of
requirements acquisition opportunities and a set of definite
requirements in a generated target UML diagram, readers may
wonder which one is more desired. In this work, we are aiming
for knowledge acquisition, so more requirements acquisition
opportunities are desired.

Built upon the previous two criteria, the comparison based
on criterion 3 shows that UML diagrams generated in CRF are
generally more incomplete than in PWF. This matches our first
conclusion that CRF is more capable of exposing requirements
acquisition opportunities in the multiple-viewed requirements
modeling context.

Criterion 4 is crucial for framework developers since a
framework grows when new types of diagrams are introduced.
By introducing a new type of UML diagram, activity diagrams,
in both frameworks, CRF is found to be clearly more exten-
sible than PWF. This advantage becomes more evident when
a framework supports more UML diagrams.

More requirements acquisition opportunities mean more
effort involved in resolving them. In CRF, a modeler has to go
through each requirements acquisition opportunity to decide if
it is indeed useful and meaningful. In this work, we assume
that every requirements acquisition opportunity takes the same
amount of time to be completed. We conclude that it takes
more time to complete a UML diagram generated by CRF
than by PWF because more need to be taken into account.

Besides the purpose of requirements acquisition, CRF has
the advantage of reasoning with the CGs Reservoir (the central
conceptual graphs in Figure 5) which stores the entire require-
ments of the system. We recommend CRF as a better model
transformation framework for the purpose of requirements
acquisition.

Two current limitations are the lack of automation support
and usage of simple case studies. Future work obviously will
focus on automation and industrial examples. The current work
assumes its input UML diagrams are syntactically and seman-
tically correct. If errors exist, those errors will be converted to
CGs or other UML diagrams and then used to infer incorrect

or badly formed requirements knowledge. Retracting the CGs
inferred from this wrong knowledge is a time-consuming and
complex task that the current framework cannot handle.

V. CONCLUSION

In this paper, we proposed and conducted a comparison
of two model transformation frameworks that can be used
in requirements acquisition. Five general comparison criteria
are provided for evaluating the frameworks so that modelers
can reference them when choosing frameworks. Based on the
results, common representation framework exceeds pairwise
Framework in term of requirements acquisition.
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Abstract— Selecting and prioritizing the most stable software 
requirements within a set of requirements and engaging them in 
releases that satisfy the most customers is a difficult task for the 
decision maker. Many methods have been employed to solve this 
type of problem. But we do not find many solutions that use 
Verbal Decision Analysis. Therefore, in this paper we aim to 
select and prioritize software requirements using Verbal Decision 
Analysis techniques as a tool, exploring the ZAPROS III-i 
method and comparing the results with those obtained by the 
NSGA-II, SPEA2 and Mocell metaheuristics and also with a 
random algorithm. 

Keywords- Software Release Planning, Multi-objective 
optimization, Verbal Decision Analysis, ZAPROS III-i 

I.  INTRODUCTION 
Requirements are critical in the software development 

process. They provide the basis for estimating costs and effort, 
as well as allowing the development of estimates and test 
specifications [1]. During the software release planning process 
we can find several constraints, such as: project budget and 
precedence between requirements [2].  

It is essential that the task of selecting and prioritizing 
requirements to take effect in the most efficient way possible. 
In the literature, we can find several methods to solve this 
problem. A common method is the use of metaheuristics that 
are algorithms used to solve optimization problems. Becceneri 
[3] say that metaheuristics is algorithmic tool, which can be 
applied to different optimization problems, with relatively 
small modifications, in order to make them adaptable to a 
specific problem. 

Deciding which requirement to prioritize for 
implementation is typically a decision problem. We mean that 
a high degree of subjectivity is present in the decision-making 
process. This is a suitable scenario for Verbal Decision 
Analysis (VDA), which consists of an approach based on 
multi-criteria problem solving through its qualitative analysis 
[4], that is, VDA methods take into account criterion 
subjectivity. 

Therefore, structured context in this work was the Software 
Releases Planning, which indicates a methodology that uses 
Verbal Decision Analysis to be used by software managers as a 
means to obtain an effective planning taking into account the 
selection of more priority requirements, having as criterion 
Stability of Requirements. 

Our goal is to obtain a solution that contains an order of 
requirements to be implemented considering constraints 
(technical precedence between requirements and resources 
available to the project) and objectives (maximizing customer 
satisfaction by selecting the most important requirements for 
key customers and maximize stability among requirements, 
initially implementing those with the highest degree of 
stability). The results of the approach proposed here are 
compared with Barbosa's [5], which is an extension of Brasil’s 
[16] work that used a similar methodology to solve problems 
with uncertainty of the number of requirements. In section 2 we 
will see works related to the planning of software releases and 
the approach proposed by [5]. In section 3 we will see the 
methods adopted to solve the problem proposed in this paper. 
In section 4 the results achieved and discussions and in section 
5 the conclusions and proposals of future work. 

II. RELATED WORK 
The work published by Bagnall [6] deals with the 

determination of the requirements that must be executed for the 
next release of the software. The author predicts that customers 
have different levels of importance to the company and points 
out the requirements that have prerequisites. The algorithms 
applied in this strategy show the obtaining of quick solutions to 
small problems. 

Therefore Greer et al. [7] say that defining which release to 
deliver the requirement is a decision that depends on several 
variables that relate in complex ways. The different 
perspectives of the stakeholders and the planning of releases, 
including effort restraint, are discussed. 

Brasil [16] presents a structured approach in multi-objective 
optimization using metaheuristics for the problem of selection 
and prioritization of software requirements, considering the 
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inherent characteristics of real project and an uncertain number 
of requirements. Among these characteristics, she considered: 
i) stability of the requirement; ii) costs to implement the 
requirement; iii) technical precedence between requirements; 
iv) importance of stakeholders to the company and v) its 
preferences regarding requirements. The objective of this work 
was to compare the efficacy of metaheuristics in problem 
solving through performance measures and to compare the 
performance of metaheuristics with the result of the 
implementation and execution of a solution generated from a 
random algorithm. 

The work differential [5, 16] was used as the selection 
criterion. Unstable requirements to be implemented late to 
avoid diverting project resources. The work of [5, 16] 
compared as solutions generated from the execution of the 
metaheuristics NSGA-II [8], Mocel [1] and a random 
algorithm. The results showed that metaheuristics were the best 
methods to reach higher quality solutions. 

The task of ordering requirements can be complex and 
challenging. Many proposals for metaheuristic solutions are 
found in the research work. However, methods structured in 
VDA are little known in the field. In the opinion of [5, 6, 7, 
16], the methodology of multicriteria support to the decision 
has several methods that can be applied in the most diverse 
problems. Therefore, the very choice of a multicriteria decision 
support method alone is already a multicriteria problem [9]. 

This work proposes to select and prioritize software 
requirements in the order in which they will be implemented 
using a VDA method known as ZAPROS III-i [10]. The results 
will be compared to those obtained when using quantitative 
methods (metaheuristics). 

For the problem considered in this work, the application of 
the ZAPROS III-i method came from the acceptance of the 
method by the decision maker, which meant that the issues that 
were being presented to the decision maker made sense to him, 
and he was confident to answer them. In addition to this point, 
the need to evaluate the acceptance of the data, its properties 
used by the method, and whether the result supported in the 
decision-making process was exalted.  

For the development of this work, we divided it into three 
stages: i) the generation of instances that represent a set of 
requirements to be implemented, ii) the classification of these 
requirements using ZAPROS III-I, iii) the comparison of the 
results obtained relating these with results obtained through the 
application of metaheuristic NSGA-II used in [5], SPEA2 [11], 
Mocell used in [1] and the solution of random algorithm and 
iv) Finally, we will evaluate the results. The figure 1 illustrates 
this flow. 

 
Figure 1.  Considered Workflow 

III. METHODS 
The choice of a multicriteria method among those available, 

applied to a given context, should be adequate for the 
characteristics of the problem in question. An important point 
will be an evaluation of the problem, of the decision objects 
and the available information. The choice of method should be 
the result of an evaluation of the chosen criteria, the type and 
precision of the data, the form of the decision maker's thinking 
and his knowledge of the problem [12]. It is also emphasized 
that the direct consequence of possibility of choice between 
several methods that results can be discordant and even 
contradictory.. 

A. Intance Generation 
Initially an application was developed to generate 

simulations of problems inherent in the software development 
process. In the work of [18] the results of the ZAPROS III-i 
method were compared with those obtained by the NSGA-II 
metaheuristic and good results were obtained with simulations 
involving 10 requirements and 5 clients. In this work we will 
increase the difficulty, especially the number of requirements 
that has been increased to 20, to analyze the behavior of the 
ZAPROS III-i method in this new situation involving a larger 
set of variables. Each simulation of the problem here contains:  

i) Number of requirements to be implemented, which in this 
work were fixed in 20 requirements 

ii) Number of customers interested in the project, which in this 
work was set at 7 

iii) Cost Total of the project that in the experiments was 
considered between 70% or 80% of the total value needed to 
implement all the requirements 

iv) Importance of each client to the company (whose value 01 
represents the least important customer and 10 Importance),  

v) Cost of each requirement (where 10 is the lowest cost and 
20 the highest),  

vi) Stability level of requirements, ranging from 1 to 10, where 
1 means little stable and 10 is very stable  

vii) Technical precedence matrix among the requirements, 
signaling that a particular requirement should only be 
implemented after another requirement indicated in that matrix  

viii) Importance of the requirements for the customer that 
scores from 1 (minimum) to 10 (maximum) a customer's 
preference for a given requirement. The variations of these 
situations are presented in a simplified way in Table 1, which 
shows the four main characteristics adopted by this work 

TABLE I.  CHARACTERISTICS OF PROBLEM SIMULATIONS 

File name 

Number 
of 

require-
ments 

Number 
of 

Clients 

Percentage of 
technical 

precedence for 
the requirement 

Budget 
available 
for the 
project 

I.20.7.10.70 20 7 10% 70% 
I.20.7.10.80 20 7 10% 80% 
I.20.7.20.70 20 7 20% 70% 
I.20.7.20.80 20 7 20% 80% 
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B. Classification using ZAPROS III-i 
When a decision can generate a considerable impact, such 

as management decisions, and must take into account some 
factors, the use of methodologies to support the decision 
making process is suggested, because choosing the 
inappropriate alternative can lead to waste of resources, time, 
and money, affecting the company [13]. 

The ZAPROS III method [14] is an evolution of the 
ZAPROS-LM one, with the application of the same procedure 
to elicit the preferences, but with modifications that make it 
more efficient and more accurate with respect to 
inconsistencies. Another difference between these methods is 
that the ZAPROS III is based on the elicitation of preferences 
around values that represent the distances between the 
evaluations of two criteria, called Quality Variations (QV), 
instead of comparing criteria estimates, as in its older version.. 

ZAPROS III-i method applies i) the Formal Index of 
Quality (FIQ) [14], which was used with the purpose of 
reducing the number of pairs of alternatives to be compared, ii) 
the ideas of comparison between alternatives through ordering 
the values of their quality vectors in ascending order [17] and 
iii) the comparison considering all possible alternatives for the 
problem, which can be used for solving complex decision 
making process. 

Therefore, ZAPROS III-i presents a valuable alternative to 
solve requirements selection problems, since the opinion of the 
decision-maker is taken into account in this process. 

C. Application of the methodology 
To rank order the factors that project managers should 

consider when allocating tasks in distributed software 
development projects [17], we applied a methodology 
consisting of four main steps, which are explained next: 1) 
Identification of the Alternatives; 2) Definition of the Criteria 
and the Criteria Values; 3) Characterization of the Alternatives; 
and 4) The ZAPROS III-i Method Application. 

1. The alternatives considered in this work were the 20 
software requirements to be implemented. Each 
requirement has its own characteristics and will be known 
ahead. 

TABLE II.  CHARACTERISTICS OF PROBLEM SIMULATIONS 

Criteria Criteria values 

A   Cost  
A1 Requirement has low cost  

A2 Cost of requirement is reasonable 
A3 Cost of requirement is high 

B   Stability  
B1 The requirement will hardly change 

B2 The requirement may change  
B3 The requirement will change 

C   Stakeholders  
C1 The stakeholder is very important 

C2 The stakeholder has partial and isolated importance 
C3 The stakeholder is of little importance  

D   Customer 
requirement value 

D1 The requirement is of great value to the customer 
D2 The requirement is of low importance to the customer 

2. For the purpose of comparison, the criteria adopted in this 
study were the same as those adopted by [5] and [18]. As 
[3, 5] used quantitative methods and this work adopted the 
qualitative methodology, the data were converted to the 

qualitative methodology, where, for example, the Cost 
criterion represented on a scale of 10 to 20 was discretized 
into three values, whose values between 10 and 13.3 are 
represented by criterion A1, values between 13.4 and 16.6 
represented by criterion A2 and values between 16.7 and 20 
represented by criterion A3. This same methodology was 
adopted for the other criteria. Thus, the criteria were ranked 
from the most preferable (A1B1C1D1) to the least 
preferred (A3B3C3D2), according to table 2. 

3. The characterization of alternatives was done according to 
the values contained in the requirements of the work 
problems of [5, 18]. Thus, considering the definition of 
criterion presented in the previous item and taking into 
account the criterion Cost, a requirement that presents Cost 
15 in [3, 5] was classified as Cost A2 considering table 2. 
In the particular case, as the criteria 'Stakeholders' And 
'Customer requirement value' have more than one customer 
by punctuating the same requirement, the arithmetic mean 
between the scores indicated by those clients for the 
classification represented in table 2 was considered. 

4. After defining and characterizing the alternatives, we 
moved on to the stage of ordering. At this stage, we applied 
the ZAPROS III-i method to put in order the influencing 
factors, such that it is possible to establish a ranking of 
them, how make in [13].  

In order to facilitate the decision-making process and 
perform it consistently, we used the ARANAÚ tool, presented 
in [10, 19, 20] which was implemented in Java platform, was 
first developed in [21] to support ZAPROS III method. In work 
of [13], was used the updated version to ZAPROS III-i method. 
The use of ZAPROS III-i method in the ARANAÚ tool 
requires four steps, as follows: 1. Criteria and criteria values 
definitions, 2. Preferences elicitation, 3. Alternatives definition, 
and 4. Results generation. The process runs as follows. First, 
we introduced the criteria presented in table 2 into the 
ARANAÚ tool. Next, the decision-maker decides the 
preferences. The interface for elicitation of preferences presents 
questionings that can be easily answered to obtain the scale of 
preferences. The questions provided require a comparison 
considering the two reference situations [4]. Once the scale of 
preferences is structured, the next step is to define the 
problem’s alternatives. The quantitative values of [5] were used 
and converted to qualitative values. 

D. Overlap of results  
For each simulation of the files of table 1 of the problem 

two solutions were extracted: a set of solutions of the NSGA-II, 
SPEA2, Mocell, Random Algorithm execution and a solution 
of the ZAPROS III-i. NSGA-II and SPEA2 are similar and 
proposes a set of multi-criteria solutions coming from the 
Pareto front and the project manager selects the solution closest 
to his preferences. Mocell is a multiobjective algorithm based 
on the Genetic Algorithm model. The ZAPROS III-i 
methodology contains a single solution that was generated 
from the preferences indicated by the project manager. The 
random algorithm uses no technique and was used to depict an 
execution without any search strategy. 
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IV. RESULTS 
At the end of each execution, the ARANAÚ [21] tool 

provided a ranking with the requirements ordered according to 
their execution priority. In table 3, we can see the result of this 
execution for file I.20.7.10.80. 

TABLE III.  RANKING OF ARANAÚ TOOL FOR THE FILE I.20.7.10.80 

Ranking 1 2 3 4 5 6 7 8 9 10 
Requirements 8 10 19 20 7 12 15 18 5 14 

Ranking 11 12 13 14 15 16 17 18 19 20 
Requirements 2 17 3 4 11 16 1 13 6 9 

 

To facilitate comprehension and analysis, the results 
obtained were plotted and compared graphically. In Figure 2, 3, 
4 and 5 we present the results of these executions with the 
NSGA-II, SPEA2, Mocell, Random Algorithm and the 
ZAPROS III-i, where each graph represents a simulation of the 
problem with its solutions. 

 
Figure 2.  Result of file I.20.7.10.70 

 
Figure 3.  Result of file I.20.7.10.80 

 
Figure 4.  Result of file I.20.7.20.70 

 
Figure 5.  Result of file I.20.7.20.80 

We can see five fronts of solutions. The Pareto fronts show 
a set points where each of them represent a possible ordering 
solution generated by each method. According to the legend of 
the graphs above, the colored dots correspond to the results 
obtained by the NSGA-II, SPEA2, Mocell, and Random. The 
black dots represent the solutions generated by ZAPROS III-i. 
Figures 2, 3, 4 and 5 represent solutions to problems with 20 
requirements and 7 clients interested in these requirements. 
Figures 2 and 3 represent problems with 10% technical 
precedence between the requirements and figures 4 and 5, 20%. 
Accordingly, Figures 2 and 4 represent 70% of the budget 
available for the execution of the project, while Figures 3 and 5 
represent 80%. 

The stability criterion represented on the graph by the 
antonym (Volatility) was introduced in this work to assist the 
decision maker in choosing those more stable requirements to 
be implemented first. However, the solutions showed that the 
decision maker, in the tests applied, chose to value the 
importance that the important customer to the company gave to 
a given requirement. For this reason we see the points of 
ZAPROS III-i below the chart (valuing the client) and more 
right prioritizing more volatile requirements. This fact occurred 
in the four situations shown in Figure 2, 3, 4 and 5.  

In Figure 2 and 3 we can see that the results obtained by 
NSGA-II and SPEA2 are superimposed. This fact occurs 
because of the similarity of the resolutive form chosen by these 
methods to solve the same problem. 

Independent of the different situations, the solution 
generated by the ZAPROS III-i qualitative methodology was 
close to the solutions generated by the NSGA-II quantitative 
methods. This is a plausible fact if we consider the difference 
between the quantitative methods, adopted in NSGA-II, 
SPEA2, Mocell, and the qualitative methods, existing in 
ZAPROS III-i. This result shows that it is possible for 
qualitative methods to explore areas other than those already 
studied. The fact that a ZAPROS III-i solution, a decision 
maker's opinion, is close to solutions with complex search 
strategies for better solutions, shows that qualitative methods 
have a potential to solve this type of problem as well as 
metaheuristics They've been doing it for a while. In this case, 
the computational cost of the quantitative methods is replaced 
by the form presented to the decision maker, through the 
ARANAÚ tool that, as said, deals with the chosen alternatives 
and defines an order using the ZAPROS III-i method. 
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The solutions present in front of pareto can be used by a 
decision maker to facilitate the choice of the solution that is 
most appropriate for the proposed problem. The solutions 
found by the NSGA-II algorithm illustrate this Pareto front in 
Figures 3 and 4. As seen, the decision maker has a set of 
solutions to choose the one closest to his reality. The results 
obtained with the ZAPROS III-i qualitative method show very 
promising, since its solution was very close to the Pareto front, 
generated by metaeuristics that are quantitative algorithms. As 
in this case this solution was generated from information 
provided by the decision maker in a qualitative way, we 
conclude that this solution is what he really expected, since it is 
structured in real information provided by himself. In figure 3 
and 4 the solution generated was equal to one of the solutions 
found by NSGA-II. 

V. CONCLUSION AND FUTURE WORKS 
The main contribution of this work is to apply a qualitative 

methodology structured in ZAPROS III-i Verbal Decision 
Analysis method to order software requirements and compare 
the solution generated with quantitative methodologies already 
known for doing this sort of ordering. The ARANAÚ tool 
provided support for this work, allowing good performance 
during testing and execution. As mentioned earlier, there are 
very few jobs that attempt to sort requirements using VDA 
methods. This work aimed to show that, although the results 
are not better than those obtained by the metaeuristics, the 
results obtained by ZAPROS III-i were very close to the front 
of the generated metaeuristic method. 

In relation to the work developed by Barbosa [5], Brasil 
[16], and others to which these were extended, what was 
proposed in this work is a new methodology to prioritize 
software requirements using VDA giving a new alternative to 
the decision maker, which until then had only automated 
methods (metaheuristics). 

As future work, we can increase the number of 
requirements to be sorted within the possibilities of VDA. This 
is a challenge because it is known that the problems solved by 
qualitative methods are limited in size due to the complexity of 
the methods themselves. To compare the results obtained by 
ZAPROS III-i with other metaheuristics that have populations 
of larger and more complex solutions. Increase the number of 
criteria to cover other types of problems related to ordering 
requirements. We can explore real-world problems by adapting 
the solutions according to the reality experienced by software 
development companies. We can apply other characteristics of 
the requirements, such as risk, estimated time for 
implementation and degree of complexity of the requirement. 
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Abstract—Crowdsourced testing is an emerging trend in soft-
ware testing, which relies on crowd workers to accomplish test
tasks. Typically, a crowdsourced testing task aims to detect as
many bugs as possible within a limited budget. For a specific
test task, not all crowd workers are qualified to perform it,
and different test tasks require crowd workers to have different
experiences, domain knowledge, etc. Inappropriate workers may
miss true bugs, introduce false bugs, or report duplicated bugs,
which could not only decrease the quality of test outcomes, but
also increase the cost of hiring workers. Thus, how to select the
appropriate crowd workers for specific test tasks is a challenge
in crowdsourced testing.

This paper proposes a Multi-Objective crowd wOrker SE-
lection approach (MOOSE), which includes three objectives:
maximizing the coverage of test requirement, minimizing the cost,
and maximizing bug-detection experience of the selected crowd
workers. Specifically, MOOSE leverages NSGA-II, a widely used
multi-objective evolutionary algorithm, to optimize the three
objectives when selecting workers. We evaluate MOOSE on 42
test tasks (involve 844 crowd workers and 3,984 test reports)
from one of the largest crowdsourced testing platforms in China,
and the experimental results show MOOSE could improve the
best baseline by 17% on average in bug detection rate.

I. INTRODUCTION

Crowdsourced testing is an emerging trend in software
testing. In recent years, it has received much attention from
the research community [15, 16], and there are many success-
ful crowdsourced testing platforms in industry, e.g., uTest1,
TestBirds2, and Pay4Bugs3. Different from traditional testing,
crowdsourced testing entrusts test tasks to crowd workers, who
are available on Internet and located in different places. A
crowdsourced testing task aims at detecting as many bugs
as possible, meanwhile the cost of hiring workers should be
controlled within the limited budget.

In current practice, crowd workers search available test
tasks themselves and perform any tasks they interested. Thus,
test tasks are often performed by a random set of workers.
However, for a specific test task, not all crowd workers are
qualified to perform it, and different test tasks require crowd
workers to have different experiences, domain knowledge, etc.
Inappropriate workers may miss true bugs, introduce false

1https://www.utest.com/
2https://www.testbirds.com/
3https://www.pay4bugs.com/

bugs, or report duplicated bugs, while hiring them requires
nontrivial budget. Selecting inappropriate workers for a test
task, not only decreases the quality of test outcome but also
increases the cost of hiring workers. Thus, how to select the
appropriate crowd workers for specific test tasks is a challenge
in crowdsourced testing [9, 19].

The ultimate purpose of crowd workers selection is to select
as few workers as possible to detect as many bugs as possible.
However, there is no ideal test criterion for this purpose,
because the real bug detection information of a test task can
only be available until the test task is finished. In this work,
we leveraged three alternative criteria for selecting workers,
which are critical in crowdsourced testing, i.e., the coverage
of test requirement, bug-detection experience of the selected
crowd workers, and the cost of the selected crowd workers.

Specifically, the coverage of test requirement assures all the
test requirements should be tested by the workers with similar
expertise. If some test requirements were missed, correspond-
ing bugs might not be detected. This objective is measured
using the percentage of terms in test requirement mentioned
in workers’ historical reports. The bug-detection experience of
the selected crowd workers assures more experienced workers
should be selected to perform the test task, which is important
in crowdsourced testing. This is because the experiences of
workers vary significantly and experienced workers are more
likely to detect bugs [19]. We use the total number of bugs
detected by the selected workers to measure this criterion. The
cost of the selected crowd workers considers the limited budget
of a specific test task. Specifically, the cost is the reward for
workers, which is set as a constant for each worker performing
the test task in most of crowdsourced testing platforms.

In this paper, we propose a Multi-Objective crowd wOrker
SElection approach (MOOSE), which aims at selecting the
appropriate crowd workers for specific test tasks by consider-
ing the above three criteria. MOOSE maximizes the coverage
of test requirement, minimizes the cost, and maximizes bug-
detection experience of the selected workers. It leverages a
widely used multi-objective evolutionary algorithm, namely
NSGA-II, to optimize the three objectives when selecting
workers.

We evaluate MOOSE on an industrial dataset from Baidu
CrowdTest - one of the largest crowdsourced testing platforms

DOI reference number: 10.18293/SEKE2017-102
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Fig. 1: The typical procedure of crowdsourced testing.

in China. The experimental results show the effectiveness and
practical value of MOOSE.

The primary contributions of this paper are as follows:
• We propose a multi-objective crowd worker selection

approach, which can maximize the coverage of test
requirement, minimize the cost, and maximize the bug-
detection experience of the selected workers. To the best
of our knowledge, this is the first approach for the
multi-objective crowd worker selection problem.

• We evaluate our approach on 42 test tasks (involve 844
crowd workers and 3,984 test reports) from one of the
largest crowdsourced testing platforms in China. The
results show that MOOSE could improve the best baseline
on average by 17% in bug detection rate.

II. BACKGROUND

A. Crowdsourced Testing

The overall procedure of crowdsourced testing is shown in
Figure 1. A task publisher provides a test task for crowd-
sourced testing, including the software under test and test
requirements. Then crowd workers could sign in to perform
the task, and are required to submit crowdsourced test reports
after finishing the task. Finally, the task publisher needs to
further inspect the submitted reports and verify whether they
are bugs or not.

In current practice, crowd workers search and take proper
test tasks all by themselves. However, such process might be
ineffective for bug detection, because crowd workers would
perform test tasks they are not good at for financial incentive.
Consequently, inappropriate workers for a test task may miss
true bugs, introduce false bugs, or report duplicated bugs,
which could not only decrease the quality of test outcomes,
but also increase the cost of hiring workers.

Intuitively, to mitigate the above issue in crowdsourced
testing, an appropriate subset of workers should be selected for
a specific test task. The selected workers can be recommended
to the task publishers, who could then invite them to participate
in the task. In addition, the selection results can also assist
crowd workers to find proper test tasks so as to save their
effort in searching tasks.

In crowdsourced testing, a test task is provided by a task
publisher, which are described with the natural language test
requirements. A test report is the test outcome submitted by
a crowd worker. It contains the natural language description
about operation steps and test outcomes. Specifically, it is
labeled by test engineers in the platform to indicate whether
the report reveals a “bug”, or whether the report is “duplicated”

with other reports. A crowd worker is a registered worker in
the crowdsourced testing platform.

B. Multi-objective Optimization

The multi-objective optimization problem seeks to simul-
taneously optimize multiple objective functions. It can be
defined as to find a vector of variable x, which optimizes a
vector of M objective functions fi(x), where i = 1, 2, ...,M .

The multiple objective functions are optimized using Pareto
optimality [3], which is a strategy that supposed one player’s
situation cannot be improved without making the other play-
er’s situation worse. Specifically, a decision vector x1 will
dominate a decision vector x2 if and only if their objective
vectors fi(x1) and fi(x2) satisfy:

fi(x1) ≥ fi(x2)∀i ∈ 1, 2, ...,M ; and

∃i ∈ 1, 2, ...,M |fi(x1) > fi(x2)

All decision vectors that are not dominated by any other
decision vectors are called to form the Pareto optimal set, and
the corresponding objective vectors are called the the Pareto
frontiers.

III. MOOSE

We first present a definition of multi-objective crowd worker
selection problem. Given a set of candidate workers W , a
vector of M objective functions fi, where i = 1, 2, ...,M ,
the problem is to find a subset of workers S that is a Pareto
efficient set with respect to the objective functions.

To solve the problem, we propose a multi-objective worker
selection approach (MOOSE), which maximizes the coverage
of test requirement, minimizes the cost, and maximizes the
bug-detection experience of the selected workers. Specifically,
the cost is the inevitable constraint for worker selection, the
other two objectives, i.e., the coverage of test requirement
and the bug-detection experience of the selected workers, are
critical criteria in crowdsourced testing. We use search-based
method to solve the multi-objective optimization. Like other
search-based software engineering tasks [4, 7, 10, 13, 20],
MOOSE contains representation, fitness function, and com-
putational search algorithm. It also contains a fourth part to
illustrate how to handle multiple objectives.

A. Representation

Like other selection problems [4, 6, 14], we encode each
worker as a binary variable. If the worker is selected, the value
is one; otherwise, the value is zero. The solution is a vector
of binary variables, which includes all the candidate workers
in crowdsourced testing. The initial population is generated
randomly, and the feasible solution would be selected when
their values are positive for all objective functions.

B. Fitness

To evaluate the fitness of each solution, we employed
a multi-objective function to simultaneously maximize the
coverage of test requirement, the bug-detection experience of
the selected workers, and minimize the cost.
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1) Coverage of test requirement: Test requirement cov-
erage is an important test criterion in software testing. In
crowdsourced testing, to cover the test requirements, on the
one hand, the selected workers should have similar expertise
with the requirements; on the other hand, the workers should
be different with each other, so as to cover different parts
of the requirements. In this work, we use the conducted
crowdsourced tasks and accomplished reports of a worker to
represent his/her expertise. Therefore, we use the technical
terms in one’s historical test reports to represent his expertise.
The coverage of test requirement (TR) is measured by the
percentage of all terms in the test requirement covered by
the expertise of the selected workers. Note that, not all the
natural language terms are meaningful for testing, we only use
the technical terms obtained based on the method in Section
IV-D. Formally, the coverage of test requirement is defined as
follows.

Coverage =
# unique terms of TR mentioned by workers

# unique terms in TR
(1)

2) Bug-detection experience of the selected workers: In
crowdsourced testing, it often has a very distinguished situ-
ation that the experiences of crowd workers vary a lot. Some
workers have detected many bugs. With the rich experience,
they hardly miss true bugs during testing. While some other
workers are almost new and do not have much experience,
which makes them easily miss true bugs, introduce false bugs,
and report duplicate bugs. Thus, it is important to select the
experienced workers to perform a specific test task. The bug-
detection experience is measured as the total number of bugs
the worker detected before. Since duplicated bugs detected by
different workers are useless to the overall test outcomes, we
use the number of unique bugs detected by a set of workers
to represent their bug-detection experience. As mentioned in
Section II, duplicated bugs are labeled by test engineers in the
platform, thus the unique bugs can be easily picked out.

3) Cost: The cost is an unavoidable objective in crowd
worker selection, because the constraint of the cost must be
considered when selecting workers in crowdsourced tasks. The
straightforward cost in crowdsourced testing is the reward for
workers. We suppose all the workers who participate in a test
task are equally paid, which is a common practice in real-
world crowdsourced testing platforms. The cost is measured
as the total reward of the selected workers.
C. Computational Search

We employed a widely used evolutionary algorithm, namely
NSGA-II, to simultaneously optimize the three objectives.
NSGA-II is a genetic algorithm based optimization technique
developed by Deb et al. [3], which is the state-of-the-art
optimization technique and has already been widely used in
other multi-objective optimization tasks [10].
D. Handling Multiple Objectives

In MOOSE, the three objectives are handled on orthogonal
scales. Then we employed Pareto optimality: a solution x1 is
said to dominate another solution x2, if x1 is no worse than
x2 in all objectives and x1 is strictly better than x2 in at least

TABLE I: Running Example.
Technical terms of TRs of example tasks Experience (unique bug) Cost
t1 t2 t3 t4 t5 t6 b1 b2 b3 b4 value

w1
√ √ √ √

1
w2

√ √ √ √ √
1

w3
√ √ √ √ √ √

1
w4

√ √ √ √
1

one objective. According to Pareto optimality, we can search
for the set of solutions which are non-dominating.

E. Running example

To make MOOSE more clear, we describe it using a running
example. As shown in Table I, there are four candidate workers
(i.e., w1 to w4).

• The workers’ historical test reports and test requirements
are pre-processed to extract the technical terms. Then
for each test task, whether a technical term of test
requirements is mentioned by a worker is encoded into
a binary vector. For simplicity, we only use six terms as
shown in Table I.

• The bug-detection experience of a worker is extracted and
encoded into a binary vector. For simplicity, we only use
four historical bugs as shown in Table I.

• The cost of selecting each worker is set to “1” and also
encoded into a vector.

• The above three binary vectors of a worker are merged
into one vector. Then the vectors of workers for a specific
test task are passed into the NSGA-II. Through the several
iterative generation, selection, and evaluation of NSGA-
II, the non-dominating solutions are finally obtained.

In our running example, the solution {w1, w2} is dom-
inant {w1, w3}, because it has a better coverage, a better
bug-detection experience, and equal cost. Similarly, {w3}
dominates all the solutions containing one worker, {w1, w2},
{w1, w2, w4} are the best solutions for selecting two or three
workers respectively.

IV. EMPIRICAL STUDY DESIGN

A. Research Questions

• RQ1: (Effectiveness of MOOSE) How effective is
MOOSE for crowd worker selection?

• RQ2: (Necessity of the objectives) Look inside of
MOOSE, is each of the three objectives necessary in
MOOSE?

• RQ3: (Quality of results) Do the results of MOOSE
achieve high quality?

B. Evaluation Metric

In this work, bug detection data are used to evaluate the
performance of our approach. Given a test task, we measure
the performance of a worker selection approach according to
whether it can select the “right” workers, who have performed
this test task and detected true bugs.

Bug Detection Rate (BDR) is the percentage of bugs
detected by the selected crowd workers in a test task out of
all bugs historically detected in the same test task. Formally,

220



TABLE II: Statistics of the dataset used in this work.
Statistic Number
# of test tasks 42
# of categories 13
# of candidate workers 844
# of test reports 3,984
average # of test reports per task 40
average # of bugs per task 25

given a set of selected workers, i.e., W , and a test task, i.e.,
T , the bug detection rate is defined as follows:

BDR =
#bugs detected by workers in W

#all bugs of T
(2)

Since a smaller subset is usually preferred in crowd worker
selection due to the limited budget, we investigate the BDR
when selecting from 1% to 50% of the total number of
candidate workers for a test task.

C. Baselines

To evaluate the performance of MOOSE, we introduce
three baselines. Random simulates the current practice in
most crowdsourced testing platforms, where workers search
test tasks to perform. It randomly selects workers from the
candidate set of workers. We run Random for 10 times and
record the best performance as its performance.

To further evaluate MOOSE, we also introduce two common
ranking baselines, i.e., Bug Ranking and IR Ranking. Bug
Ranking ranks all the candidate workers according to the
number of historical bugs the worker detected before, and
recommends the top workers. IR Ranking ranks all the can-
didate workers according to the textual similarity between the
workers’ historical test reports and test requirement (Similarity
is calculated using Euclidean distance between technical term
vectors [18]), and recommends the top workers.

D. Baidu CrowdTest Dataset

We collected crowdsourced testing data from an industrial
crowdsourced testing platform, namely Baidu CrowdTest. We
collected the test tasks that are closed between Nov. 1st 2015
and Nov. 30th 2015. In total, there are 42 tasks covering 13
categories, such as utilities, lifestyle, finance, etc. For each test
task, we manually collected all the detected true bugs of it.
The detail statistics of data set are shown in Table II.

To process the dataset, we employed Natural Language Pro-
cessing to extract a technical term vocabulary for measuring
the coverage of test requirements in Section III-B1. Firstly,
ICTCLAS4 is used for word segmentation, then stopwords are
removed, and part-of-speech tags are conducted. Finally terms
except verbs and nouns are removed. Filtering meaningless
terms like existing work [15], we obtain a vocabulary of
technical terms.

E. Experimental Setup

To evaluate MOOSE, following existing work [12], we use
cross-validation in our experiments. We first randomly selected
70% test tasks as a training dataset and the remaining ones as
the test dataset. To mitigate the randomness, the experiment

4http://ictclas.org
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Fig. 2: Comparison of MOOSE with different baseline ap-
proaches (RQ1).
is repeated 20 times, and we use the average BDR to evaluate
MOOSE’s performance.

For NSGA-II used in MOOSE , we used a random initial
population of size 200, and we iterated the algorithm for
200,000 max evaluation, with single point crossover and bit-
flip mutation. We set the max evaluation to 200,000, since
extended number of evaluations does not show any noticeable
improvement in performance. To take into account the inherent
randomness of the algorithm, for each test task, we executed
20 independent runs of the algorithm. Note that the running
time for NSGA-II is 3,000 ms on average for each test
task, which is negligible. We implemented MOOSE based
on jMetal5, a widely used Java framework aiming at solving
multi-objective optimization problems.

V. RESULTS

RQ1: How effective is MOOSE for crowd worker selec-
tion?

We first compare MOOSE with Random, which rep-
resents the current practice of worker selection in crowd-
sourced testing platforms. It can be easily observed from
Figure 2 that MOOSE outperforms Random. Specifically,
compared with Random, the BDR improvement ((MOOSE-
Random)/Random) achieved by MOOSE is 158% (0.16 vs.
0.42) when selecting only 10% workers, and the BDR im-
provement is 48% (0.45 vs. 0.67) when selecting 30% workers.
In addition, from selecting 1% to 50% workers, the average
improvement of BDR is 58%.

Furthermore, MOOSE also outperforms both Bug Ranking
and IR ranking, which are two commonly-used ranking
methods. The average improvement of BDR for Bug Ranking
is 17% and for IR Ranking is 25%. It can be found that Bug
Ranking and IR Ranking largely outperform Random, and in
some test tasks, they are close to MOOSE. They leverage the
measurements that are also about the workers’ bug-detection
experience and expertise, which implies these two criteria are
really useful for selecting workers.

In addition, Table III shows the average BDR when selecting
between 1% and 50% workers for each of the 42 test tasks.
In most of test tasks (37/42, 88%), MOOSE achieves the best
performance compared with the three baseline methods. In the

5http://jmetal.github.io/jMetal/
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TABLE III: The detailed results of MOOSE and other compared methods.
Bug Detection Rate of all compared methods (RQ1,RQ2) Bug Detection Rate of all compared methods (RQ1,RQ2)

Random Bug Rank IR Rank Bug+Cost Cov+Cost MOOSE Random Bug Rank IR Rank Bug+Cost Cov+Cost MOOSE
T1 0.235 0.334 0.274 0.494 0.417 0.529 T22 0.337 0.498 0.606 0.548 0.636 0.631
T2 0.480 0.467 0.413 0.411 0.506 0.520 T23 0.473 0.492 0.534 0.542 0.492 0.503
T3 0.374 0.429 0.518 0.474 0.537 0.554 T24 0.400 0.617 0.676 0.525 0.700 0.659
T4 0.536 0.677 0.501 0.667 0.670 0.671 T25 0.315 0.150 0.396 0.198 0.492 0.519
T5 0.516 0.803 0.810 0.756 0.809 0.823 T26 0.302 0.584 0.579 0.492 0.635 0.646
T6 0.000 0.684 0.292 0.861 0.846 0.881 T27 0.307 0.405 0.307 0.282 0.452 0.472
T7 0.469 0.475 0.381 0.609 0.593 0.611 T28 0.717 0.620 0.487 0.605 0.703 0.723
T8 0.193 0.401 0.204 0.404 0.360 0.391 T29 0.310 0.117 0.338 0.328 0.220 0.338
T9 0.598 0.723 0.560 0.681 0.756 0.763 T30 0.113 0.009 0.360 0.126 0.175 0.107

T10 0.246 0.713 0.600 0.612 0.732 0.744 T31 0.876 0.909 0.707 0.928 0.723 0.933
T11 0.157 0.492 0.500 0.740 0.719 0.742 T32 0.376 0.390 0.221 0.471 0.344 0.425
T12 0.169 0.633 0.083 0.480 0.547 0.636 T33 0.138 0.000 0.000 0.169 0.000 0.153
T13 0.400 0.415 0.451 0.512 0.569 0.507 T34 0.217 0.378 0.323 0.362 0.347 0.397
T14 0.405 0.674 0.623 0.756 0.615 0.728 T35 0.326 0.325 0.314 0.304 0.369 0.345
T15 0.249 0.633 0.486 0.616 0.520 0.651 T36 0.309 0.493 0.440 0.540 0.575 0.593
T16 0.371 0.348 0.225 0.348 0.389 0.371 T37 0.404 0.419 0.438 0.461 0.506 0.436
T17 0.000 0.598 0.576 0.630 0.640 0.659 T38 0.528 0.579 0.600 0.574 0.771 0.783
T18 0.030 0.104 0.070 0.144 0.092 0.150 T39 0.750 0.764 0.723 0.810 0.707 0.826
T19 0.365 0.614 0.786 0.587 0.548 0.558 T40 0.584 0.510 0.560 0.676 0.630 0.609
T20 0.380 0.407 0.368 0.462 0.440 0.440 T41 0.292 0.617 0.558 0.780 0.817 0.822
T21 0.357 0.605 0.619 0.365 0.523 0.620 T42 0.646 0.476 0.680 0.638 0.668 0.685
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Fig. 3: Comparison between MOOSE and two bi-objective
approaches: Bug+Cost and Cov+Cost (RQ2).

rest test tasks, the performance of MOOSE is also relatively
high.

For all experimental results reported above, we conduct
Mann-Whitney U test, and the p-value is much smaller than
0.05. This further implies that MOOSE can significantly
improve the three baselines.

In summary, MOOSE can significantly outperform the
current practice in worker selection, as well as two commonly-
used ranking methods. Therefore, MOOSE is effective for
crowd worker selection.
RQ2: Is each of the three objectives necessary in MOOSE?

In crowd worker selection problem, the objective of cost
is indispensable, which cannot be removed. Hence, we com-
pare the performance of MOOSE when removing either
of the other two objectives. We therefore design two bi-
objective approaches: Bug+Cost (Bug experience of the s-
elected workers+Cost) and Cov+Cost (Coverage of the test
requirements+Cost).

We can easily see from Figure 3 that our MOOSE out-
performs the two bi-objective approaches in terms of BDR.
The average improvement of BDR for Bug+Cost is 9.7%, for
Cov+Cost is 5.7%.

Table III also presents the average BDRs when selecting
between 1% and 50% workers for each of the 42 test tasks.
In most of test tasks (29/42, 69%), MOOSE is better than
both of the bi-objective approaches. In the rest test tasks,
the performance of MOOSE is also relatively high. For all
these experimental results reported above, we conduct Mann-
Whitney U test, and the p-value is much smaller than 0.05.

In summary, all the three objectives, which are the coverage
of test requirement, bug-detection experience of the selected
workers, and cost, are necessary in MOOSE.
RQ3: Do the results of MOOSE achieve high quality?

Since MOOSE is a search-based approach, which produces
Pareto fronts. To evaluate the quality of Pareto fronts, existing
studies in Search-based Software Engineering have applied
quality indicators, such as Contribution (IC), Hypervolume
(IHV ), and Generational Distance (IGD) [17]. To illustrate the
quality of an algorithm, these quality indicators compare the
results of the algorithm with the reference Pareto front, which
consists of best solutions. To assess the quality of results of
MOOSE, we employed these three quality indicators. The set
of non-dominated solutions found by MOOSE, Bug+Cost,
and Cov+Cost are used as Reference Set (RS) [17].

IC is the proportion of solutions given by an algorithm
that lie on the reference front. The higher this proportion, the
more contribution the algorithm to the best solutions and the
better the corresponding algorithm. IHV calculates the volume
covered by members of a non-dominated set of solutions
from an algorithm. The larger this volume, the better the
corresponding algorithm. IGD computes the average distance
between set of solutions from the algorithm and the reference
set. The smaller this distance, the better the corresponding
algorithm. Due to the limited space, for details about the three
quality indicators, please refer to [17].

For MOOSE, we measure these three quality indicators
for each test task, then the average values are obtained. The
average IC of MOOSE is 0.89, the average IHV is 0.90, and
the average IGD is 0.00. The results suggest that the results
of MOOSE achieve high quality.

VI. THREATS TO VALIDITY

The threats to external validity concern the generality of
this study. First, our experimental data consists of 42 test
tasks collected from one of the largest crowdsourced testing
platforms in China. The results of our study may not generalize
beyond this environment where our experiments were conduct-
ed. However, we used different sizes and a variety of data to
control this threat. Second, all crowdsourced reports investigat-
ed in this study are written in Chinese, and it is not guaranteed
that similar results can be observed on crowdsourced projects
in other languages. This threat, however, is alleviated as we did
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not conduct semantic comprehension, but instead we simply
tokenized sentences and used words as tokens for modeling.

The main threat to construct validity in this study involves
three objectives in multi-objective formulation. These three
objectives are designed from different test criteria: such as
the coverage of test requirements, bug detection experience of
the selected workers, and cost, but other objectives may also
contribute to bug detection in crowdsourced testing. Further
exploration of other objectives would address this threat.

VII. RELATED WORK
Crowdsourced testing has been applied to generate test cases

[2], solve the oracle problem [11], help usability testing [8],
etc. All these studies use crowdsourced testing to solve the
problems in traditional software testing activities. There are
studies focusing on solving the new encountered problem in
crowdsourced testing, e.g., crowdsourced reports prioritiza-
tion [5] and crowdsourced reports classification [15, 16]. Our
approach is also to solve the new encountered and important
problem in crowdsourced testing.

The Search Based Software Engineering (SBSE) is an
increasingly trend in software engineering. In SBSE, many
software engineering problems are reformulated as search
problems, such as test case selection [4, 10, 20], and mutation
testing [7, 13].

There are several related researches focusing on selecting
workers for various software engineering tasks, such as bug
triage [6], mentor recommendation [1], expert recommenda-
tion [14], etc. All the aforementioned studies either select one
worker, or assume the selected set of workers are independent
with each other. However, our work selects a set of workers
who are dependent on each other, because their performance
can together influence the final test outcomes.

VIII. CONCLUSION
In this paper, we propose MOOSE for crowd worker se-

lection, which maximizes the coverage of test requirement,
minimizes the cost and maximizes the bug-detection experi-
ence of the selected workers. Experimental results show that
MOOSE is effective in bug detection.

In the future, we plan to explore more test criteria that
may be helpful for worker selection in crowdsourced testing.
Collaborating with Baidu CrowdTest, we are on the way
to deploying MOOSE online in order to better evaluate its
performance in practice.
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Abstract—In this paper, we describe commonly used fixture setup 
strategies as well as their disadvantages and advantages. We 
propose a dependency model and a test fixture sharing model 
that allow the definition of a new fixture setup strategy. This 
strategy promotes code reuse by sharing fixture setups between 
test classes. The models are evaluated through a case study where 
the new fixture setup strategy presented a reduction of 47,62% in 
the fixture setup code. 

Keywords-software testing, unit testing, fixture setup; test 
fixture; test dependencies; test code reuse 

I.  INTRODUCTION 
Software testing is an important activity of the software 

development process. The notion of its importance has evolved 
in recent years. Software testing is no longer an activity that 
would only start after the coding phase. It is now carried out 
during the entire development process [4]. In that sense, 
software testing incorporates other purposes, such as to prevent 
bug inclusion [1], and to be a way for specification [3] and 
documentation design [9]. According to [12], tests should be 
easy to run (automated, self-checking and repeatable), easy to 
write/understand (simple, expressive and with separation of 
concerns), and easy to maintain (robust). The satisfaction of 
these requirements is important to ensure a cost-effective 
testing activity. 

When the software testing starts at early stages of 
development, some extra challenges appear. According to [11], 
not only the production code, but also the test code must be 
maintained. So, it is also necessary to maintain the tests 
throughout the entire development process [5] [14]. Test 
maintenance may end up having a high impact on overall 
testing costs, even higher than the cost of their initial 
implementation [2]. Therefore, test requirements mentioned 
above become even more important. 

According to [8], the success of automated testing is 
strongly influenced by the maintainability of the test code. To 
promote maintainability, the tests should be clearly structured, 
well named and small in size [8]. Furthermore, code 
duplication across the tests must be avoided [8]. Tests that are 
hard to write and understand may suggest a poor system 
design.  

According to [7], each test case is usually separated in a test 
method. A test case simulates a use scenario of the SUT. In this 
sense, a test case has to put the SUT in a state that represents 
the use scenario, that is, a state of interest to the test [11]. This 

is done through the execution of the test fixture setup code. 
According to [12], a test fixture represents anything necessary 
to exercise the SUT. The code where test fixtures are created is 
called fixture setup. 

Reference [12] presents several strategies for fixture setups. 
Among these strategies, we highlight the inline setup, implicit 
setup and delegate setup. Each strategy has a different impact 
in the following properties of the test code: simplicity (tests 
should be small and verify one thing at a time), expressiveness 
(tests should communicate intention, i.e., should be easy to 
understand what behavior a test wants to verify), separation of 
concerns (each test should focus only on a single concern of the 
system) and robustness (overlap between tests should be 
avoided in such a way that small changes on the production 
code do not affect a large amount of tests). It is important to 
note that the robustness is directly influenced by code 
duplication. Thus, avoiding the duplication of test code can 
help to reduce the development effort and, consequently, to 
create tests with better maintainability. 

The objective of this work is to propose a new fixture setup 
strategy that may be used as an option to promote better 
robustness of the testing code without affecting its other 
properties. We also propose a model to represent this new 
fixture setup strategy. Thus, test frameworks may incorporate 
this fixture setup strategy by implementing the proposed 
model. It is important to point out that our intention is not to 
propose a strategy that is superior to the others, but to present a 
new strategy that helps developers to create better tests with 
less effort. 

The sections of this paper are organized as follows: in 
Section 2 we present the most known fixture setup strategies in 
the literature; in Section 3 we propose a model that allows the 
reuse of fixture setups between test classes; in Section 4 we 
present a case study; in Section 5 we evaluate, through the use 
of framework Story implemented, the proposed model; and in 
Section 6 we present the conclusions of our work. 

II. FIXTURE SETUP STRATEGIES 
Meszaros [12] introduces the most used fixture setup 

strategies, mainly in the frameworks of xUnit family. The 
strategies are categorized as fresh fixture setup, where the 
fixture setup is run before at each test, or as shared fixture 
construction, where the fixture setup is run only once before a 
given group of tests. Both categories have strategies that allow 
the reuse of fixture setups (i.e., reuse of code). However, only 
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in the shared fixture construction is possible to reuse test 
fixtures (i.e., reuse of execution). 

A. Fresh Fixture Setup 
The fresh fixture setup category is composed by three 

strategies: inline setup, implicit setup and delegate setup. 
According to [12], an adequate combination of these three 
strategies may increase the code reuse and, even so, preserve 
the desired properties of simplicity, expressiveness and 
separation of concerns. Next, these three strategies are 
presented, as well the main advantages and disadvantages of 
each one. 

1) Inline Setup: in this strategy the fixture setup is placed 
inside the test method. In general, this strategy is chosen when 
a test needs a very specific test fixture or during the beginning 
of the development of the test code when duplication of code 
does not exist yet. An advantage of this strategy is a better 
understanding of the relationship between the test fixtures and 
the behavior that the test is verifying, since the fixture setup is 
near to the test verifications. However, its major disadvantage 
is the duplication of code among test methods. 

2) Implicit Setup: In this strategy the fixture setup is 
placed in a special method (usually called setup method) of the 
test class. The test framework is responsible for running the 
setup method before the execution of each test method 
existing in the test class. The reuse of the fixture setup is the 
major advantage of this strategy. However, higher is the 
amount of test methods in the same test class, harder is to 
preserve the properties of simplicity, expressiveness and 
separation of concerns. When many test methods are created, 
it is more difficult to understand the relationship between the 
test fixtures and the intention of each test, once some test 
fixtures may not be needed to all tests. 

3) Delegate Setup: in delegate setup, the code is placed in 
helper methods. In general, these methods are put in auxiliary 
classes, apart the test methods. Promoting fixture setup reuse 
between distinct test classes is the major advantage of this 
strategy. However, this strategy may demand high labor. 
Helper methods and classes must be created and maintained 
by developers. Thus, well-named helper methods are essential 
in order to preserve the expressiveness. Furthermore, in 
contrast with inline setup and implicit setup strategies, the 
framework does not call automatically the delegate setup. 

B. Shared Fixture Setup 
The strategies of the shared fixture category depend on a 

place to save test fixtures that are created. This place may be a 
file system, a database or even a static field. The fixture setup 
runs once for a given group of tests and then the created test 
fixtures are saved. Thus, the tests of that given group may 
access the test fixtures. The definition of when the fixture setup 
will be run varies according to each strategy. 

III. PROPOSAL 
Test code duplication is related to the robustness property, 

which in its turn is related to test code maintainability. Thus, 
reducing the test code duplication may improve the test code 

maintainability without impacting negatively in simplicity, 
expressiveness and separation of concerns. Strategies as 
implicit setup and delegate setup help to reduce the test code 
duplication. However, sometimes, to reduce the duplication of 
test code without affecting other properties may be a hard task. 
Higher is the amount of tests, harder is to maximize the test 
code reuse by clustering test classes according to the test 
fixtures (implicit setup) and harder is to maximize the test code 
reuse by creating many helper methods as test fixtures needed 
(delegate setup). 

In this work we propose the definition of a model to 
represent the dependence between test classes in order to create 
a new fixture setup strategy. The proposed model allows the 
reuse of fixture setups between different test classes. The main 
objective is to increase the tests robustness by increasing the 
reuse of fixture setups without reducing the general tests 
maintainability. 

The central assumption of our proposal comes from the 
simple observation that a given fixture setup execution may 
drives the SUT exactly to a specific state of another test class. 
It is crucial to clarify that the explicit definition of dependence 
between test classes, proposed by this work, does not break the 
independence principle described in [13]. 

A. Dependency Model between Test Classes 
The dependency model between test classes considers that a 

test class may depend on one or more test classes. The 
definition of dependence must be done in the dependent class. 
The dependency/dependent relationship between two test 
classes means that the dependency class has the fixture setup 
required by the dependent class. 

Fig. 1 shows a hypothetical implementation of the 
dependency model, using the Java language. The annotation 
@FixtureSetup is placed in the declaration of the test class 
UserTest (dependent) to indicate a dependency with the test 
class CleanDatabaseTest (dependency). Thus, each test run of 
the dependent class should be preceded, in the given order, first 
by the run of the fixture setup of the class CleanDatabaseTest 
and then by the run of the fixture setup of the test class 
UserTest. This enables the reuse of fixture setup between 
different test classes. 

 
Figure 1.  Annotation @FixtureSetup. 

B. Independence Principle  
Independence principle, described in [13], says that each 

test should be independent. It should be possible to run each 
test individually or through a suite of tests in an arbitrary order. 
This principle is justified by the fact that a given test run should 
not affect another test run. If a test fails because a previously 
test had let the SUT in an inconsistent state, then the 
independence principle is violated.  

It is important to clarify that the proposed dependency 
model does not violate the independence principle. The 
dependency model implies only in dependence between test 
classes, but not between tests. In the dependency model, before 

@FixtureSetup(CleanDatabaseTest.class) 
class UserTest { ... } 
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each test run, the test framework has to run all the needed 
fixture setup.  

C. Multiple Dependencies 
Fig. 2 shows an example where a test class depends on two 

test classes. Fixture setup run will follow the order in which the 
dependency classes are declared (i.e. the order of the 
dependency classes in the annotation @FixtureSetup). 

Fixture setups defined in different test classes can be 
combined to construct a new fixture setup. In the dependency 
model, this combination is achieved without any change in the 
dependency classes.  

 
Figure 2.  Multiple dependencies in annotation @FixtureSetup. 

D. Multiple Dependencies 
The dependence relationship between test classes is 

transitive. Thus, it is possible to create a chained sequence of 
test classes. Each test run of a given test class will be preceded 
by the recursive execution of the fixture setups. 

Test class sequences may be especially useful for 
implementation of evolutionary acceptance test specifications. 
Acceptance tests, also known as story tests [10], are user tests 
that verify if a system satisfies the acceptance criteria defined 
by a client [3]. In an evolutionary specification, the automated 
acceptance tests model use scenarios of the system where each 
test has as start point in a previously scenario [6].  

E. Test Fixture Sharing Model between Test Classes 
In the dependency model, a test class may reuse the fixture 

setup of another test class. The fixture setup of a given test 
class is the code that prepares the SUT in order to run the tests 
included in the test class. Test fixtures are the elements 
necessary to the tests and are created by the fixture setup run, 
such as: an object, a record in a database, a file, etc. 

The nature of both test fixture and fixture setup strategy 
determines the way in which the test fixture is available to the 
test. In the inline setup, implicit setup and delegate setup 
strategies the ways the test fixture are available are, 
respectively, a local variable, a test class and a return of the 
helper method call. 

The contributions of the work proposed in [11] were used 
here. That work presents a tool, called Picon, to promote code 
reuse in an isolated file. Each fixture setup is associated with a 
qualifier. The fixture setup run consists in injecting an object in 
a field (named with the same qualifier) of the test class. The 
injected object contains the test fixtures described in the fixture 
setup.The qualifier should be simple and, at the same time, 
express the fixture setup configuration [11]. Thus, the authors 
claim that the developer may quickly identify a given fixture 
setup just reading the qualifier.  

Besides the dependency model, we also define a test fixture 
sharing model between test classes. The purpose of this model 
is to make the test fixtures of a given test class available to tests 

of a different test class. A sharing mechanism allows sharing 
class fields and test fixture qualifiers. So, tests of a dependent 
class may access a test fixture associated to a field in a 
dependency class through the declaration of a field named with 
the desired test fixture qualifier created in the dependent class. 
Thus, the test framework must inject the field of the 
dependency class in the field of the dependent class. 

F. Graph Model 
In the dependency model, each test class can have as many 

dependency classes as needed. Furthermore, the dependency 
relationship is transitive. Thus, a directed graph is defined to 
represent test classes and dependency relationships. The 
digraph 𝒢 = (𝑽, 𝑬) is defined as follow: 

𝑽 = {𝒸 | 𝒸 is a test class} 

𝑬 = {(𝒸, 𝒹) | 𝒸 directly depends on 𝒹} 

We call 𝒢 as Static Dependence Graph (SDG). The set 𝑽 
contains all test classes of the system. However, sometimes it is 
convenient to include only test classes involved in a given test 
run. Therefore, the subgraph ℋ = (𝑾, 𝑭) is defined from the 
SDG as follow: 

𝑾 = {𝒸 ∈ 𝑽 | 𝒸 is a test class of the running test or 𝒸 is a 
dependency class of the running test} 

𝑭 = {(𝒸, 𝒹) | 𝒸 directly depends on 𝒹} 

We will call ℋ as Dependence Execution Graph (DEG). 
Both SDG and DEG are digraphs. Thus, the arrow points from 
the dependent class to the dependency class. In the DEG of the 
Fig. 3, the vertex 𝓣𝓓 is the test class of the running test. The 
𝓣𝓐, 𝓣𝓑 e 𝓣𝓒 vertices are the dependency classes of 𝓣𝓓. A 
depth first search starting from 𝓣𝓓 gives the Fixture Setup 
Execution Sequence (FSES) needed for the running test. The 
FSES gives the order in which the fixture setups should be run 
to prepare the SUT for the test. The depth first search can visit 
a vertex more than once. There are two valid FSES for the 
DEG shown in Fig. 3: 

𝐒𝟏 = (𝓣𝓐, 𝓣𝓑, 𝓣𝓐, 𝓣𝓒, 𝓣𝓓) 

𝐒𝟐 = (𝓣𝓐, 𝓣𝓑, 𝓣𝓒, 𝓣𝓓) 

In 𝐒𝟏 the approach includes each vertex 𝒗 whenever 𝒗 is 
found. So, the fixture setup run of 𝓣𝓐 is included twice. In 
other side, in 𝐒𝟐 the approach includes each vertex 𝒗 only the 
first time that 𝒗 is found. 

 
Figure 3.  Dependence Execution Graph. 

G. Oneness of Fixture Setup 
A given fixture setup has the oneness property when it 

should run only once during a same test run. To repeat a fixture 
setup run when the oneness property is true can cause an 
unwanted failure in the test. The dependency model will add 

@FixtureSetup({ 
 UserTest.class, 
 EventTest.class 
}) 
class UserEventTest { ... } 
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two new constraints: (1) the default value for the oneness 
property of a fixture setup is false; and (2) if the oneness 
property of a fixture setup is true, then it should be explicitly 
declared in the test class. In the framework Story, to define as 
true the oneness property we have to annotate the test class 
with the annotation @Singular. 

IV. CASE STUDY 
This section presents a case study where the proposal of 

this work was applied. Fig. 4, 5, 6 and 7 present test classes of 
a system for event scheduling and tracking. Many users can 
participate of one event and each user should inform his 
available schedule for the given event. Only the tests for the 
entities User and Event where considered in this case study. 
The test classes used in the case study were specifically chosen 
in order to exemplify the most important aspects of the 
proposal. Our intention is to show how the approach could be 
applied in a real development scenario. 

The tests for the entities User and Event are included in test 
class UserTest (Fig. 4) and test class EventTest (Fig. 5), 
respectively. The test class UserEventTest (Fig. 6) contains the 
tests for the associative entity UserEvent. 

The fixture setup UserTest is defined by the implicit setup 
method createAndInsertJohn(). Both tests of the test class 
UserTest depend on having the test fixture john registered in 
the database. The registration of the test fixture john is done by 
the UserTest fixture setup. 

 
Figure 4.  UserTest test class. 

The tests of the test class UserTest have, as starting point, a 
scenario where the database is empty. This scenario is expected 
in order to have a greater control over the tests and to avoid 
fragile tests [12]. There are two common approaches to put the 
SUT in the expected starting scenario: (1) clean all database 
before each test run; or (2) remove the persisted entities after 
each test run. The second approach could be achieved with the 
use of the @After JUnit annotation. This annotation is 
analogous to @Before but the difference is that @After is run 
after the test method. To simplify the study case, we do not 
take into account the use of the @After annotation in this work. 
The annotation, however, could be easily applied to the 
dependency model. To do that, it would be only necessary to 
run the methods annotated with @After in the inverse order of 
the methods annotated with the @Before. 

 
Figure 5.  UserTest test class. 

The test class NoDataTest (Fig. 7) contains tests that verify 
the SUT when the persistence layer is empty. For this, the 
fixture setup of the test class NoDataTest removes all possible 
entities persisted in the database. It is noteworthy that the 
starting point expected by the test class UserTest is exactly the 
state of the SUT after running the fixture setup of the test class 
NoDataTest. Initially, two strategies are considered in order to 
promote code reuse: (1) move the tests of the test class 
UserEventTest to the test class NoDataTest; or (2) extract the 
fixture setup of the test class NoDataTest to a helper class and 
promote the code reuse through a delegate setup. The first 
approach has some limitations regarding the organization of the 
test classes. Besides this, the implicit setup method 
createAndInsertJohn cannot be used because it would cause an 
unwanted failure in the test method emptyData(). The second 
approach requires an effort to create auxiliary code artifacts. 
Furthermore, the approach can contribute with obscure tests, 
since the fixture setup of the test class NoDataTest should be 
moved to a different place from that where it was originally 
defined. This makes harder to understand the relationship 
between the test fixture and the expected behavior of the test. 

Using the dependency model we are proposing, the test 
class UserTest can reuse the fixture setup NoDataTest without 
affecting the structure of the involved test classes. In the 
example, this is achieved using the annotation @FixtureSetup. 
The annotation @FixtureSetup indicates to the test framework 
that the run of the fixture setup of the test class NoDataTest 
should be done before each test run of the test class UserTest. 
We highlight the fact that the test fixture userDao is created in 
the fixture setup NoDataTest and is shared with the tests of the 
test class UserTest through the class fields. The class field 
UserTest.userDao is annotated with the annotation @Fixture 
and is named according to the test fixture qualifier userDao. 
The test fixture userDao is associated to the class field 
NoDataTest.userDao during the run of the fixture setup 
NoDataTest. After that, the test framework has to inject the 
class field NoDataTest.userDao into the class field 
UserTest.userDao. 

The test class EventTest is analogous to the test class 
UserTest, then the same considerations about the test class 
UserTest are also applied to the test class EventTest. 

@FixtureSetup(NoDataTest.class) 
class UserTest { 
 @Fixture UserDao userDao; 
 User john; 
 Long id; 
 
 @Before void createAndInsertJohn() { 
  john = new User(); 
  john.setName(“John”); 
  john.setCareer(“Teacher”); 
  id = userDao.insert(john); 
  assertNotNull(id); 
 } 
 
 @Test void get() { 
  User user = userDao.getEntity(id); 
  assertEquals(id,user.id()); 
  ... } 
 
 @Test void list() { 
  List<User> list = userDao.list(); 
  ...} 
} 

@FixtureSetup(NoDataTest.class) 
class EventTest { 
 @Fixture EventDao eventDao; 
 Event lecture; 
 Long id; 
 
 @Before void configure() { 
  lecture = new Event(); 
  lecture.setName(“Lecture”); 
  id = service.insert(lecture); 
  assertNotNull(id); 
 } 
 
 @Test void get() { 
  Evento event = eventDao.entity(id); 
  assertEquals(id,event.id()); 
  assertEquals(lecture.id(),event.id()); 
  assertEquals(“Lecture”,event.name()); 
} 
 
 @Test void list() { 
  List<Event> list = eventDao.list(); 
  ... } 
} 
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The tests of the test class UserEventTest depend on the test 
fixtures john and lecture. The test fixture john is created in the 
fixture setup UserTest and the test fixture lecture is created in 
the fixture setup EventTest. Using the dependency model, the 
test class UserEventTest can incorporate the needed fixture 
setups and, thus, increase code reuse. 

 
Figure 6.  UserTest test class. 

The test class NoDataTest has a particularity regarding the 
other test classes. Its fixture setup has the oneness property (i.e. 
the fixture setup run should not repeat for a same test run). The 
annotation @Singular is used in order to declare the oneness 
property of the fixture setup NoDataTest. The absence of the 
annotation causes an unwanted failure at the tests of the test 
class UserEventTest because the NoDataTest fixture setup run 
would be run twice: before the fixture setup UserTest and 
before the fixture setup EventTest. In this case, the second run 
of fixture setup NoDataTest would remove the test fixture john 
(persisted in the UserTest fixture setup run). The annotation 
@Singular prevents the test framework from repeating the 
NoDataTest fixture setup run, avoiding the test fixture john be 
removed. 

 
Figure 7.  UserTest test class. 

In the case study, we observe that the dependency model 
and the test fixture sharing model facilitate the development of 
tests in an iterative and evolutionary approach. It allows 
reusing fixture setups between test classes without affecting 
their structures. 

V. EVALUATION 
In order to evaluate the applicability of the dependency 

model and the test fixture sharing model we realized an 
experiment. The aim of the evaluation was to identify any 
difference between the code reuse of a set of tests using the 
conventional fixture setup strategies and the code reuse of a set 
of equivalent tests using the proposed fixture setup strategy. 
This experiment was realized through the development of the 
system presented in Section IV.  

The experiment was conducted as follow. First of all, tests 
were developed following an iterative development. The tests 
should run in the framework JUnit and use the conventional 
test fixture setup strategies. The conclusion of the system 
resulted in 77 tests and 11 test classes. A subset, composed by 
24 tests and 4 test classes, was selected from the total tests. 
This subset was named as control group. The tests selected to 
be included in the control group should include real database 
operations. Then, the control group was manually rewritten in 
order to use the dependency model and the test fixture sharing 
model of the framework Story, that implements our proposal. 
The set of rewritten tests, named as experimental group, was 
composed by 24 tests, 14 test classes and 1 helper class. The 
creation of the experimental group had consider the following 
constraints: (1) for each test of the control group should exist 
an equivalent test in the experimental group; (2) the test 
coverage should not change between the two groups; (3) the 
test fixture set and assertion set for each test of the control 
group should be the same for the equivalent test in the 
experimental group; (4) names of variables, methods and class 
fields should be preserved whenever possible; (5) Story 
annotations should be placed in an individual line; and (6) the 
tests can be freely reorganized since the previous restrictions 
are respected. 

After the experiment, the follow measurements were 
collected in the control group and experimental group: (1) 
amount of code lines of test classes and helper classes; (2) sum 
of the amount of repeated lines, excluding assertions; (3) sum 
of distinct repetitions, excluding assertions; (4) sum of the 
amount of repeated lines, including assertions; and (5) sum of 
distinct repetitions, including assertions. In all measurements 
we ignored: blank lines, package declarations and import 
declarations. In the measurements 2, 3, 4 and 5 the following 
symbols were not counted as repetitions: annotation @Test, 
annotation @Before, annotation @Fixture, identic method 
declaration and block delimiter symbol. 

Fig. 8 shows the results for the execution of the three 
distinct test groups: (a) tests of the control group; (b) tests of 
the experimental group; and (c) tests of both groups. As we can 
see in Fig. 8 (a) and in Fig. 8 (b), the test execution time 
between the two groups is consistently alike. This behavior is a 
reasonable proof that the third restriction was not violated. 

The experiment results are shown in Fig. 9. Each time 
reported is the result of a single execution. Black bars represent 
control group measurements while gray bars represent the 
experimental group measurements. The experimental group 
had an amount of test code lines slightly larger. The extra 
annotations of Story can justify the increase in the amount of 
test code lines. However, the experimental group presented a 

@FixtureSetup({ 
 UserTest.class, 
 EventTest.class 
}) 
class UserEventTest { 
 @Fixture User john; 
 @Fixture Event lecture; 
 @Fixture UserEventDao dao; 
 UserEvent johnLecture; 
 Long id; 
 
 @Before void configure() { 
  johnLecture = new UserEvent(); 
  johnLecture.setUser(john); 
  johnLecture.setEvent(lecture); 
  id = dao.insert(johnLecture); 
  assertNotNull(id); 
 } 
 
 @Test void get() { 
  UserEvent entity = dao.entity(id); 
  ...   } 
 
 @Test void list() { 
  List<UserEvent> list = dao.list(); 
  ... } 
} 

@Singular 
class NoDataTest { 
 EventDao eventDao; 
 UserDao userDao; 
 EventUserDao dao; 
 
 @Before void configure() { 
  eventDao = new EventDao(); 
  userDao = new UserDao(); 
  dao = new EventUserDao(); 
  eventDao.removeAll(); 
  userDao.removeAll(); 
  dao.removeAll(); 
 } 
 
 @Test void emptyData() { 
  assertTrue(eventDao.list().isEmpty()); 
  assertTrue(userDao.list().isEmpty()); 
  assertTrue(dao.list().isEmpty()); 
 }  } 
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considerable reduction in the amount of repeated lines (126 for 
the control group and 66 for the experimental group). 
Considering the proportionality of test code lines, the control 
group had 40,91% of repeated lines while the experimental 
group had 20,37%. Comparing the control group with the 
experimental group, the last one had, considering absolute 
values, a reduction of 47,62% of the repeated lines. 

 
Figure 8.  Execution of test groups through the Story. 

VI. CONCLUSION 
This work focused on presenting models to help increasing 

code reuse without negatively affecting code simplicity, 
expressiveness and separation of concerns. 

The dependency model and test fixture sharing model 
presented in this work contribute with a new fixture setup 
strategy. Through this strategy, it is possible to promote test 
code reuse without losing the freedom of reorganizing test 
classes. 

Furthermore, we presented a study case where we 
qualitatively evaluate how code simplicity, expressiveness and 
separation of concerns are well preserved. Another contribution 
was the definition of the oneness property applied to fixture 
setups. 

 
Figure 9.  Experiment results. 
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Abstract—Software testing is an important activity in quality
assurance and it generates large amount of knowledge. Soft-
ware testers need to gather domain knowledge to be able to
successfully conduct a software testing activity. Not having a
proper knowledge base within its own context by software testing
environments cause software testers to query limited knowledge
available or consult peer software testers, which would greatly
impact on their decision-making process. Ontologies emerge as
one of the more appropriate knowledge management tools for
supporting knowledge representation, processing, storage and
retrieval. Given great importance to knowledge for software
testing, and the potential benefits of managing software testing
knowledge, using semantic web technologies, ontology based
knowledge management system is developed. A Software testing
knowledge sharing ontology is designed to describe software test-
ing domain knowledge. SPARQL is used as the query language
to retrieve software testing knowledge from the semantic storage.
Both Ontology experts and non-experts evaluated the developed
ontology. We believe our software testing ontology can support
other software organizations to improve the sharing of knowledge
and learning practices.

Keywords—software testing ontology, software testing knowl-
edge, ontology based knowledge management system, knowledge
sharing.
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I. INTRODUCTION

Software testing is a sub area of software engineering which
is also a knowledge intensive and collaborative activity[1][2].
Knowledge can be applied to different testing tasks and
purposes. Since software development is an error prone task, to
achieve quality software products, Validation and Verification
should be carried throughout the development[3]. As software
testers, they would be familiar with the several software testing
methods and considerably aware of the software development
models, need information relevant to their context. For in-
stance, software testers may either need assistance on a test
case design information relevant to a similar project which was
handled previously for testing purposes or to design a test case.
Moreover, this information would also have a greater impact
on their decision-making process. Importantly, during the soft-
ware testing activities a huge amount of knowledge is being
continuously produced and consumed. But, the approaches

1DOI Reference Number: 10.18293/SEKE2017-020
2*Corresponding Authors

are limited and less employed to capture this knowledge and
manage inside the organization to facilitate software testers.
Our previous study results revealed some of the issues such as,
outdated knowledge in the repositories, un structured internal
documents and varied formats, less accessing facilities and
lack of targeted delivery methods. Hence, efficient mechanisms
for capturing, representing, reusing, and sharing the software
testing knowledge involved are sorely needed.

According to Gruber[4], an ontology is an explicit specifi-
cation of a conceptualization. Ontology provides a structured
view of domain knowledge and acts as a repository of concepts
in the domain. Recently, ontologies and Semantic Web tech-
nologies have received more attention and been gradually used
in the knowledge representation[5]. Given great importance
to knowledge for software testing, and the potential benefits
of managing software testing knowledge, using semantic web
technologies, ontology based knowledge management system
is developed.

The context has also been decided to confine the study to
a particular Sri Lankan software development company. The
key reasons are based on the geographical location of the
researcher, practicality and ease of access to those software
development companies and comparability of research data
due to company’s same jurisdiction, same economic and reg-
ulatory regimes governing their operation. Further, we briefly
explain each type of the high-level concepts based on IEEE
829-2008[6], also known as the 829 Standard for Software
and System Test Documentation and ISTQB (International
Software Testing Qualifications Board)[7]. Even though the
standard specifies the procedures of software testing, we have
also included what software company is stipulating in it’s
practice.

The remainder of this paper is organized as follows. Suc-
cinct analysis of related research is presented in the second
section. Section 3 discusses software testing ontology in detail.
Development of knowledge management portal to manage
software testing knowledge is discussed in Section 4. Section
5 discusses the evaluation of the ontology developed under
two points-of-view: domain experts and non-experts. Finally,
Section 6 concludes the paper and presents directions for
future work.

230



II. RELATED WORK

A number of overviews of work on knowledge management
in software testing have previously been published. The re-
search carried out by Wei and Ying[8] discussed the proposal
of implementing test knowledge management framework in
iDEN phone software system testing and how the knowledge
management approach can benefit the testing team in terms
of cost and productivity. A reusable test case knowledge
management model is proposed by Li and Zhang [9] to support
the knowledge reuse based on the ontology representation of
reusable test cases so that the test engineers can retrieve and
reuse test cases flexibly. Douglas [10] proposed to investigate
an open-standard based approach to the sharing of test results
in the form of digital objects. Such an approach would not
only reduce the needless replication of tests that occurs when
there are no public records of previous tests conducted, but it
would also allow the accumulation of a good deal of evidence
to support certain usability design patterns and guidelines.
Reference Ontology on Software Testing (ROoST) which was
developed managing relevant knowledge to reuse is difficult
and it requires some means to represent and to associate se-
mantics to a large volume of test information[11].Bajnaid[12]
proposed an SQA ontology that represents both domain and
operational knowledge which provides consistent support to
communicate between people and software agents but does
not eliciting anything related to software testing process.

III. DESIGNING OF SOFTWARE TESTING DOMAIN
ONTOLOGY

A. Describing the Software Testing Process

Software testing process contains TestPlanning for plan-
ning tests, TestCaseDesign for test case construction, and
test execution TestExecution for execution of test cases and
producing ActualResult, and TestResultAnalysis for analysis
and evaluate the test results [13]. In addition, our software
testing process includes Test Design Techniques, Test Levels,
Artifacts, TestEnviorment ( includes hardware, software and
Human resources) and Static Testing Techniques.

A TestPlan is produced during the TestPlanning activity.
TestCaseDesign activity targets to design a TestCase. During
the TestCaseDesign, if a Test Design Techniques is used then
the following axiom can be defined for TestCaseDesign to
design any TestCase as follows.

∀ tc:TestCase, tdt:TestDesignTechnique ,
tcd:TestCaseDesign hasDesignAccordingTo(tc,tdt) and
isGeneratesTestCase(tcd,tc)−→ isAdopts (tcd,tdt)

Several Artifacts have been used to derive test cases in
software testing which describes the functionalities, architec-
ture, and design of software. Such Artifacts are used as Test-
CaseDesignInput during the software TestCaseDesign activity
and the output is test cases. Test cases can be documented as
described in the IEEE 829-2008 documentation. The document
that describes the steps to be taken in running a set of tests

(and specifies the executable order of the tests) is called a
test procedure in IEEE 829. Besides, Test case contains a set
of input values (TestCaseInput), execution preconditions, ex-
pected results (Expected Result) and execution post conditions,
developed for a particular objective or test condition, such as
to exercise a particular program path or to verify compliance
with a specific requirement.

That is, a test case targets to test a Code To be Tested .
Code To be Tested can be any programs, modules, and the
whole system code. Furthermore, Test Code is a portion of
code that is to be run for executing a given set of test cases,
contain three subtypes such as Test Script, Driver and Stub.

Test Execution activity executes any Test case. Test
Execution requires as input the Test Code to be run and the
Code To Be Tested. Notably, both Test Code and Code To
Be Tested are needed for Test Execution activity. This can
be illustrated in an axiom as follows.

∀ te:TextExecution, tc:TestCase hasExecutesTest-
Cases(te,tc) −→ ( ∃ tcode:TestCode, CodeTobeTest:
CodeToBeTested) uses (te,tcode)

∧
isContainedOf(tcode,tc)∧

uses (te,CodeTobeTest)
∧

hasCodeTobeTested( tc,tcode)

The output of the Test Execution activity is the Test
Result. Each of the Test Result is particularly related to a
TestCase. Test Result may be related to an Actual Result,
for a particular TestCaseInput and ExpectedResult. Test
Execution also can be elaborated necessary and sufficient
axioms in Protégé 5.1 as follows.

hasExecutesTestCases only (TestCase and
(hasTestCaseExpectedResult some ExpectedResult))

A test execution can run and achieve a result ( Actual
Result ), but it can also fail, and generating a Test Issue .
Thus, a Test Result contains either an Actual Result, or Test
Issue or both. This can be expressed using the following
axiom.

∀ TestR:TestResult −→ (∃ ActResult:ActualResult, Issue:
TestIssue) (ActualResult(ActResult)

∨
(TestIssue(Issue))

∧
isGenarates(ActResult,Issue)

Further, Test Issue Report, could report this event in detail,
which requires investigation. Finally, during a Test Result
Analysis, Test Results are analyzed and a Test Analysis
Report is produced.

B. Ontology Engineering Approach

Ontology engineering approach investigates the principles,
methods and tools for initiating, developing and maintaining
ontologies[14]. In literature, many methodologies have been
proposed until now to build an ontology[15], [16], [17], but
we considered the Grüninger and Fox methodology[18], which
considered a formal approach to design ontology as well as
providing a framework for evaluating the adequacy of the
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developed ontology. This methodology focuses on building on-
tology based on first-order logic (FOL) by providing strong se-
mantics. In our scenario, we introduce Description Logic(DL)
which is a decidable fragment of FOL since we are designing
with OWL 2 Web Ontology Language[19] for sematic web.
The widely-used Protégé system (http://protege.stanford.edu)
has recently been extended with support for the additional
constructs provided by OWL2[20].

C. Contextual Information

We describe ”context specific”[21] to the software testers
belonging to a leading software company in Sri Lanka and
the approach which will be used to design the ontology
to provide context-specific information and knowledge to
software testers. To identify software tester’s context clearly,
we have extracted domain specific knowledge of software
testing ontologies from existing literature and interviewed the
software testing experts belonging to a particular company.

D. Competency Questions(CQs)

Competency Questions (CQ) are a set of questions that the
ontology must be capable of answering using its axioms[18].
Thus, these CQs work as requirement’s specification of the
software testing ontology. With a set of CQs at hand, it is
possible to know whether an ontology was created correctly, if
it contains all the necessary and sufficient axioms that correctly
answer the CQs. Some of the CQs used are shown in Table
III.

TABLE I
TESTER’S INFORMATION NEEDS IN CONTEXT (I.E. COMPETENCY

QUESTIONS)

Tester’s Information Needs in Context (i.e. Competency Questions)
List out the human resources available in a testing activity?
Suitable test case design techniques for a given scenario?
What are the Test Levels described in software testing?
To which Test levels a particular TestDesignTechnique could be ap-
plied?
What kind of test automated software tools are available for use in your
testing process?
Which Suitable Hardware Resources available for a given TestPlan?
What is the project name in which particular testing activity occurred?
What are the testing artifacts used in a testing activity?
What are the testing artifacts produced in a testing activity?
What are the testing objects used in a testing activity?

E. Ontology Components

At the first instance, high-level ontology concepts, their
properties and their relationships should be identified. The
basic high level ontology concepts are identified as Test En-
vironment ,Testing Activities, Static Testing Techniques, Test
Design Techniques, Test Objects, Test Level, Testing Artifacts
and Organizational Team. For example, the concept Organi-
zational Team having the properties of TeamID, TeamName,
Team Size and Team Type. Secondly, sub classes of the high-
level ontology concepts, their properties and relationships are
also defined. For example, Test Environment has Human Re-
source, Software Tools and Hardware as it’s sub classes. These

sub classes are related to their superclass by is a relation.
Artifact concept is mapped to disjoint and equivalent in OWL
subclasses. During the modeling of software testing domain
ontology, some special types of axioms such as Instantiation,
Assertion, Subsumption, Domain, Range and Disjointness are
included. The classes have been created in Protégé 5.1 can be
described by necessary and sufficient conditions as illustrated
in Table II.

TABLE II
NECESSARY AND SUFFICIENT CONDITIONS WRITTEN IN PROTÉGÉ 5.1

Testing Activities Axioms written in Protégé 5.1 for Equivalent
Classes

TestCaseDesign (isGeneratesTestCase only TestCase) and (isGen-
eratesTestCase min 1 TestCase)

TestExecution hasExecutesTestCases only (TestCase
and (hasTestCaseExpectedResult some
ExpectedResult))

TestPlanning (hasCreatesTestPlan some TestPlan) and (hasCre-
atesTestPlan only TestPlan)

TestResultAnalysis hasEvaluatesTestCases some (TestCase and
(hasTestActualResult some ActualResult))

IV. DEVELOPMENT OF SOFTWARE TESTING KM PORTAL

As mentioned before, ontologies are powerful mechanism
for representing knowledge presented in semantic web. The
ontology and semantic web technologies provide powerful
reasoning capabilities. In this section, we describe the ontology
based knowledge management system to manage software
testing knowledge, built upon the Java J2EE distributed com-
ponent environment.

Fig. 1. Design of Knowledge Management Portal

Our KM Portal design consists of Experience Sharing,
Ontology, Knowledge Retrieval, Storage and Reasoning Layer
and is shown in Figure 1. The class diagram of Knowledge
Sharing Portal is shown in Figure 2. We have implemented
as a starting point of specifying the Knowledge Management
Portal. Importantly, our presented concepts, properties and
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relationships here are identified according to the characteristics
of the particular organization’s software testing environment.

A. Ontology Layer

The ontology layer has our ontology which includes domain
rules, axioms etc. Using the Protégé Ontology Editor 5.1,
these concepts and their relationships were partly described
in section III.

B. Experience Sharing Layer

Through the Experience Sharing layer, software testers can
annotate their testing knowledge with the support of ISTQB
and IEEE 829-2008 terms. Once the knowledge is shared, such
knowledge is transformed by the semantic data generator into
the semantic data in a machine-understandable format of triple
structure.

C. Storage Layer

We used Triple-store, which stores RDF triples and are
queried using SPARQL. Jena TDB[22] has been selected to
use in this study because it is a component of Jena for RDF
storage and query. Importantly, it supports the full range of
Jena APIs and can be used as a high performance of RDF
store on a single machine.

D. Reasoning Layer

The Semantic Web Rule Language (SWRL) is based on
a combination of OWL with the Rule Markup Language
which provides inference capabilities[23] from existing OWL
ontology. Rules in SWRL reason about OWL instances in
terms of OWL classes and properties. Importantly, such rules
express more complex relationships and restrictions between
concepts. Software Testing rules were generated with Protégé
SWRL Editor that is a plugin in Protégé environment and with
the support of the Jess Rule Engine.

E. Knowledge Retrieval Layer

To show how our ontology can be used to share soft-
ware testing knowledge collected from software testers, the
Knowledge Retrieval Layer includes two functionalities that
use Semantic Web technologies: (1) basic search, and (2) Ad-
vanced Search. SPARQL(SPARQL Protocol And RDF Query
Language) has been used as the query language to retrieve
software testing knowledge from the semantic data storage.
The basic search provides a simple triple pattern matching
service, which is one of the most frequently used functions for
searching documents in the Semantic Web. Besides, Advanced
Search Option includes, logical operators (AND or NOT or
OR), so that user can combine different options to retrieve
knowledge.

V. ONTOLOGY EVALUATION

The quality of an ontology should be verified and validated
before it is used in practice to avoid defects[24]. Further,
such validation process will prevent contain ontology with
anomalies or pitfalls, inconsistent incorrect and redundant
information. Our evaluation of the ontology is carried out in

three methods such as internal(using reasoners and OOPS!),
ontology expert method and non-expert methods. Importantly,
Protégé inbuilt reasoners such as FaCT++ 1.6.5 and HermiT
1.3.8.413 were used to check the internal consistency and
inferences. OOPS!( http://oops.linkeddata.es/) is an online
ontology evaluator has been used for our context to detect
potential pitfalls that could lead to modelling errors, before
ontology has been deployed in the end-user application. This
method evaluates human understanding, logical consistency,
modelling issues, ontology language specification, real world
representation and semantic applications from the developed
ontology[24]. Table III summarizes the pitfalls encountered,
along with a brief description and the way each one of
them was handled. There were three levels such as Critical,
Important and Minor. Critical level is very crucial and it must
be corrected in order to avoid ontology inconsistency. To make
ontology nicer both Minor and Important cases were corrected.

TABLE III
PITFALL DESCRIPTION AND SOLUTION PROPOSED

Pitfall Description Solution Proposed
Missing Annota-
tion (256 cases |
Minor)

Ontology terms lack anno-
tation properties that could
improve the understanding
of the ontology

Included the
ontology annotation
properties

Missing domain
or range in
properties ( 7
cases |Important)

Relationships and (or) at-
tributes without domain or
range are included.

Restored missing
domains.

Missing Inverse
Relationships (14
cases| Minor)

When a relation has
non-inverse relationship
defined

Included
Missing inverse
relationships

Defining
wrong inverse
relationships. (6
cases | Critical)

Relationships are defined
as inverse relations when
they are not necessarily in-
verse.

They were removed
to improve the ex-
pressiveness

Expert evaluation activity is performed by two ontology
experts who have a good understanding of software testing.
Even though there were many methods discussed to evalu-
ate ontologies, our ontology experts considered Vocabulary,
Syntax, Structure, Semantics, Representation and Context to
perform evaluation[25]. The main objectives of expert evalu-
ation are (a) whether the software testing ontology meets its
requirements, standards, representation of concepts, relation-
ships among them (b) coverage of the software testing domain
and (c) checking for internal consistencies. The following
suggestions and improvements were highlighted by the ontol-
ogy experts: (a) Need of Annotations, renaming of concepts
to standard methods. (b)Improving the relationship names,
removing redundant relationships, some of the relationship
were not mentioned, adding of association relationships which
were missing. All such suggestions, comments were taken
into consideration and implemented in the software testing
ontology.

To carry out our first industrial application based evalua-
tion from software testing experts, the developed Knowledge
Management Portal was hosted locally inside one software
company in Sri Lanka. A separate questionnaire was designed
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SoftwareTestingProcess

+STP_ProjectName:String
+STP_ProjectDescription:String
+STP_ProjectStartDate:Date
+STP_ProjectEndDate

HardwareEnvironment

+HE_Description:String

ToolsForTesting 

+SE_ToolName:String
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Fig. 2. Class Diagram of Knowledge Management Portal of Software Testing Knowledge

TABLE IV
SUMMARY OF THE SURVEY AND KEY QUESTIONS

Problem Identified from
Survey - in the context of
Software Testers (Begin-
ning of the study)

Feedback from the software testers (After
developing Ontology and Implementing
KM Portal)

Is the knowledge in the
knowledge repositories
precise?

The large majority (66.67%) of the respon-
dents from group A believed (Strongly Agree
or Agree) that the provided content in Web
Portal is precise. Only 44.44% of the respon-
dents from group B believed (Strongly Agree
or Agree) that knowledge in the knowledge
repositories is precise.

To what extend is the soft-
ware testing process incor-
porated?

Results illustrates that responded software
testers have different views about the soft-
ware testing process.

To what extend Internal
documents are categorized
using a standardized clas-
sification?

More than (75%) of software testers partic-
ipated believed that the standards have been
maintained

To what Extend Search
or Retrieval Functionali-
ties of developed KM por-
tal support software test-
ing?

Group A (41.66%) of the respondents be-
lieved (Strongly Agree or Agree) that the
search or retrieval functionalities are ade-
quate while from group B this value is
55.56%.

To what Extend Knowl-
edge Sharing Functionali-
ties of developed KM por-
tal support software test-
ing?

41.66% respondents from group A believed
(Strongly Agree or Agree) that the knowl-
edge sharing functionalities are adequate.
66.67% of the respondents from group B
agreed(Agree) with the existing KM portal.

To what extend do you
think it useful applying
KM Practices in Software
Testing?

Both groups (A- 41.67%, B-55.56%) be-
lieved with such practices and such results
leads to conclude at least the importance
and the need of KM practices for their daily
activities.

Very	
Satisfied Satisfied Neutral Somewhat	

Satisfied
Very	un	
Satisfied

A 25.00 50.00 25.00 0.00 0.00

B 44.44 44.44 11.11 0.00 0.00

0
20
40
60
80

100

Pe
rc

en
ta

ge
(%

)

Recomendation of KM Portal for Knowledge 
Sharing  

A B

Fig. 3. Recommendation to use Ontoloy-based KM Portal

in English with five-point Likert-type scale to capture respon-
dents’ self-reported attitudes where respondents had to make
their level of agreement such as; Strongly Agree, Agree, No
Idea, Disagree and Strongly Disagree. Scores 5, 4, 3, 2, and 1
were assigned respectively for the above-mentioned categories.
The profiles and demographics of the participants (Employed
Group, work experience, job description, and qualification)
were questioned first and continued with questions focused
to check whether developed ontology was able to (a) express
software testing knowledge (b) support software testing knowl-
edge sharing (c) support software testing knowledge retrieval
and (d)User Satisfaction. We limited the time period to ten (10)
days to collect the questionnaire data. This was performed by
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two software testing groups working on a similar information
system project for comparison and in depth understanding.
Importantly, a prior training session was conducted through
recorded video to make software testers familiar with the
Knowledge Management Portal.

The results are summarized in Table IV. When asked to
evaluate the content of the KM Portal, Group B believes that
correct contents have been included than the Group A. All
of the software testers participated believed that the standards
have been maintained, but a few have included some extra
comments, such as inclusion of some vocabularies, parameters
in Test Level and Test Types. Moreover, when asked about
their satisfaction on the factors related to user manipulation,
personalization and knowledge community, both groups have
mostly responded neither satisfied nor unsatisfied. Notably,
a very few have been very much satisfied with the user
manipulation or knowledge community of the KM Portal. To
conclude, overall 80.95% (See Figure 3) of the respondents
would like to recommend the use of such KM Portal among
the software testers for knowledge sharing and knowledge
retrieval.

VI. DISCUSSION AND CONCLUSION

This research presents software testing ontology to rep-
resent software testing domain knowledge which includes
software testing concepts, properties and their relationships.
The implemented an ontology-based KMS based on semantic
web technologies provides facilities for software testers to
share their knowledge and experiences. Basic search and
advanced search operations are used to retrieve knowledge.
The implemented ontology was validated and evaluated before
it is used. Ontology experts opinion was received to improve
the ontology. The results from the industrial experimental
investigation show that the proposed ontology-based KM
Portal is adequate to support knowledge sharing and reuse,
allowing: (a) knowledge representation and organization; (b)
distributed knowledge inference and retrieval; (c) management
of organizational knowledge on software testing. Our Portal
addresses the existing key issues such as knowledge is not
reaching the software testers due to its unstructured, incom-
plete, varied formats, and lack of targeted delivery methods.
We believe our software testing ontology can support other
software organizations to improve the sharing of knowledge
and learning practices. In the future work, the reasoning engine
with Query-enhanced Web Rule Language (SQWRL) will be
incorporated into knowledge searching to support more precise
and effective knowledge sharing.
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Abstract— Cyber physical systems (CPSs) are pervasive in our 
daily life from mobile phones to auto driving cars. CPSs are 
inherently complex due to their sophisticated behaviors and thus 
difficult to build. In this paper, we propose a framework to develop 
CPSs based on a model driven approach with quality assurance 
throughout the development process. An agent-oriented approach 
is used to model individual physical and computation processes 
using high level Petri nets, and an aspect-oriented approach is used 
to integrate individual models. The Petri net models are 
systematically mapped to classes and threads in Java, which are 
enhanced and extended with domain specific functionalities. 
Complementary quality assurance techniques are applied 
throughout system development and deployment, including 
simulation and model checking of design models, model checking 
of Java code, and run-time verification of Java executable. We 
demonstrate our framework using a car parking system.  

Keywords - cyber physical systems; model driven development; 
high level Petri nets; simulation; model checking, runtime 
verification 

I.  INTRODUCTION 
Cyber physical systems (CPSs) are pervasive in our daily 

life and need to be extremely reliable since they are often safety 
critical. CPSs consisting of computation and physical processes 
are inherently complex and demonstrate many sophisticated 
behaviors including synchronous, asynchronous, distributed, 
real-time, discrete, and continuous [1]. In [2], several major 
design challenges of CPSs were discussed, including 
concurrency and timing, which are intrinsic and critical in CPSs 
but are not adequately addressed in current computing 
abstractions. While fundamental new technologies are needed 
to develop CPSs, incremental improvements of existing 
technologies including formal verification, simulation, software 
engineering processes, and design patterns are important parts 
of a potential solution [2]. 

In this paper, we provide a concrete framework to realize 
the ideas in [2]. We present a model driven approach from high 
level Petri nets to Java programs where several design heuristics 
are provided for program derivation and system properties 
mapping. Essential CPS design issues including concurrency 
and timing are modeled using high level Petri nets and analyzed 
through model checking and simulation. Assumed environment 
constraints from hardware devices are checked during 
implementation and runtime verification. The overall 
framework is shown in Fig. 1.  

Petri nets are a formal method well suited for modeling 
concurrent and distributed systems. Various time extended Petri 
nets are capable to deal with real-time systems [3]. High level 
Petri nets can use time stamps associated with tokens and timing 
related transition constraints to simulate time Petri nets [4]. 
Thus high level Petri nets are an excellent formal method for 

modeling essential features of CPSs. In addition, we have 
developed an agent oriented modeling approach to capture 
CPSs at a high abstraction level where meaningful 
computational components and physical processes with 
independent behaviors are viewed as agents and modeled 
individual high level Petri nets. An aspect oriented approach is 
used to incrementally integrate system components represented 
using individual high level Petri nets into a complete system 
represented in a single system high level Petri net. The resulting 
system net can be analyzed through simulation as well as model 
checking. The above modeling and analysis techniques are 
supported by tool chain PIPE+ [5] and SPIN [6]. A systematic 
translation approach has been developed, where a set of 
translation rules is used to map the individual agent nets into 
corresponding Java threads to form the general program 
structure. A complete Java program is obtained by combining 
the translated general program structure with domain specific 
program refinements. The additional refinements are necessary 
to realize CPSs, especially domain dependent physical devices. 
Bounded symbolic model checking and runtime-time 
verification are performed to ensure model level properties and 
additional properties are not violated in the implementation. 
The model level analysis and implementation level analysis are 
complementary. At model level, both safety and liveness 
properties can be checked to detect potential errors in the 
requirements with environmental assumptions such as the 
hardware devices working properly. At the implementation 
level, safety properties can be checked through bounded 
symbolic model checking and monitoring the actual behavior of 
hardware devices. 

Our main contributions include: (1) a formal framework for 
developing CPSs supported by a tool chain, (2) an incremental 
agent-oriented modeling methodology for representing CPSs 
using high level Petri nets, (3) a model level analysis 
methodology combining simulation and model checking, (4) a 
pattern based translation method for generating Java threads 
from high level Petri net models, and (5) an implementation 
level analysis methodology combining bounded symbolic 
model checking and dynamic runtime verification. 
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II. CPS MODELING AND ANALYSIS 
To effectively model and analyze the complex behaviors of 

CPSs, many modeling techniques have been proposed and 
adapted in recent years including formal methods such as 
hybrid automata [7] and special graphical modeling languages 
such as actor-oriented MoC [8]. High level Petri nets [9] are 
well suited to model the complex behaviors of CPSs. The 
graphical representation and data flow nature of Petri nets 
provide a natural and easy to understand model to capture 
physical and computation processes in CPSs. The executability 
of Petri nets further facilitate model level analysis. In this paper, 
we propose an agent-oriented approach to model individual 
physical and computation processes by extending our prior 
work [10] and an aspect-oriented approach [9] to synthesize 
individual models to obtain a complete system model. In the 
following sections, we provide some design heuristics of 
applying high level Petri nets to model CPSs and demonstrate 
them using a car parking system. The detailed Petri net 
definitions are omitted due to space limit. 

A. Modeling Individual Components 
A high level Petri net can be used to capture the structure 

and the behavior of a physical or computation process. Petri nets 
naturally support synchronous, asynchronous, and distributed 
control and data flows. High level Petri nets are capable to 
model virtual time through time stamps associated with tokens 
and transition constraints representing delays and durations. 
Continuous behaviors of physical devices can be abstracted and 
discretized using real typed places and the associated 
transitions, and can be further refined during implementation. 

Each type of physical devices (sensors and actuators) or 
computation processes is modeled with a high level Petri net 
called an agent net that has its own meaningful and 
demonstrates independent reactive and/or proactive agent 
behavior interacting with external environments, while concrete 
physical devices or computation processes are with structured 
tokens containing unique identification in the 1st field. 
Specifically, we provide the following general design heuristics 
in building an agent net: 

● Attributes of a physical device or states of a computation 
process are defined by places with appropriate types. 
Discrete values are defined using string or integer types and 
continuous values are defined using real type. Structured 
types (Cartesian product of basic types) are used to define 
complex attributes. Powerset is used to define multiple 
physical devices and computation processes; 

● Actions or state transitions are modeled with transitions 
containing first order logic formulas defining the 
preconditions and post-conditions; 

● The interaction between a physical device and an external 
environment can be modeled with a transition containing a 
random function emulating the possible values from the 
environment (open system) or with a transition picking up 
a possible value from an additional place denoting the 
external environment (closed system); 

● Virtual time is modeled with tokens having an additional 
field denoting time stamps and a special place modeling a 

logical clock. 

We demonstrate the above design heuristics in modeling a 
robotic car parking system. Each robotic car has one color 
sensor for navigating a path with colored lines and an ultrasonic 
sensor for detecting obstacle during parking. The car parking 
process involves the following steps: (1) finds the entrance of a 
parking garage by detecting a green line, (2) moves forward 
along a red line, (3) makes a turn when a blue line is detected, 
and (4) completes the parking when the minimum specified 
distance is reached. Based on the above simple system 
description. Three individual agent nets corresponding to the 
color sensor, the ultrasonic sensor, and the car parking process 
are constructed. Only essential attributes of the sensors and car 
are represented, for example, only one place ColorSensor for 
holding the current detected color is needed for the color sensor.  

B. Modeling the Whole System 
The overall agent system is obtained by integrating 

individual agent nets to form a system net that shows the 
interaction, communication, and cooperation among different 
agents. Synchronized activities are modeled through new joint 
transitions with modified constraints, and asynchronous 
activities are modeled through connecting a place in one agent 
net to a transition in another agent net. An aspect oriented 
approach [9] is used to build a complex model incrementally 
through weaving individual Petri nets representing agents 
capturing physical devices and computation processes. This 
aspect oriented approach further supports system adaptation 
and evolution, and facilitates compositional analysis. The 
overall car parking system model after weaving three agent nets 
is shown in the following Fig. 2.  

 
C. Analyzing the System Model 

A CPS system is often a hybrid system consisting of both 
continuous hardware devices and discrete computation 
processes. In most cases, the only available technique for 
continuous components is simulation. However, formal 
verification techniques based on symbolic reachability analysis 
is available for sub classes of hybrid systems such as those can 
be modeled using linear hybrid automata [1] where the state 
transition rates are constants with restricted checking and 
updating actions. High level Petri nets are executable and thus 
support simulation of hybrid system models. Furthermore our 
tool PIPE+ supports reachability analysis and model checking 
using SPIN in addition to simulation. 

1) Simulation and Simple Reachability Analysis 

Simulation is carried by firing enabled transitions. Two 
modes of simulation can be done in PIPE+: single steps and 
multiple steps. Simulation can be used to test whether a model 
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satisfies the CPS requirements by examining the tokens in 
places of interest or transition firing history. In addition to 
simulation, we have also implemented a simple reachability 
analysis that checks whether a place hold a particular value 
during an execution, which either confirms our intention 
(witness) or finds a potential error (counter example). When a 
reachability is confirmed, the simulation time and the transition 
firing sequence are recorded. However simple reachability 
analysis may not be conclusive when a search does not end. 
Repeated checking can be used to eliminate possible false 
negative in systems with finite execution sequences. 

The following table provides a simple reachability analysis 
of whether a waiting car will be parked. 

Table I – Simple reachability checking results 

Parked Reachability Time (ms) 
c Yes 459 

The firing sequence is very long in this case since both the color 
sensor and the ultrasonic sensor are modeled as independent 
agents, which are always enabled and keep firing. 

2) Model Checking 

Model checking performs exhaustive search on finite state 
systems and thus is not directly applicable to continuous 
systems. However we may be able to model check the bounds 
(called barrier certificates) of some continuous state variables. 
PIPE+ has a translator that automatically converts a high level 
Petri net model to a Promela program in SPIN. During the 
translation, each place is translated into a channel with the 
place’s type. This kind of conversion may not always work due 
to the loss of precision since Promela only supports integer. 

Properties to be checked are expressed using linear time 
temporal logic formulas. Safety and liveness properties are 
expressed in the general form []placename(x) and <> 
placename(x) respectively, where [] and <> are the temporal 
operators always and sometimes in SPIN and x can be a variable 
or a constant (a specific token). More complex formulas are 
defined using logical connectives. A safety property of the 
parking system is that a car is collision free during parking 
[]!(UltraSensor(v)&&v<5), where s is the ultrasonic sensor 
detected distance value. In the model, we can only use assumed 
value range for checking. A liveness property of the car parking 
system is that a waiting car will eventually be parked. Table II 
provides model checking results of the above properties. 

Table II – Model checking results 

Property   Satisfied Time (ms) 
[]!(UltraSensor(v) && v <5) Yes 47 

Waiting(c)-><>Parked(c) Yes 1 
 

III. MODEL REALIZATION 
Design models help us to better understand system features 

including functionality, structure, and behavior as well as to 
detect and prevent early system development errors. To 
leverage the design models to increase productivity and 
improve code quality, model driven development based on 
UML emerged in the last decade [11], in which UML based 

models are translated into programs of object oriented 
programming languages. However since there are multiple 
UML notations such as class diagram, state machine diagram, 
and sequence diagram for representing different aspects of a 
system, it is not easy to obtain a coherent set of code. We 
present a model driven approach to realize our high level Petri 
net models, which provides a systematic way of writing Java 
programs and establishes the traceability between the models 
and resulting programs. Our model driven approach consists of 
the general code structure and domain specific refinement. The 
general code structure can be systematically generated from the 
agent models and the overall system model. However the 
domain specific refinement requires manual process in 
identifying and defining additional features of the system, 
especially with regard to the physical devices. 

The following translation rules are used to generate the 
general code structure from high level Petri net models: 

(1) A class is generated for each agent net, where attributes are 
defined based on the unique data type fields of the places, and 
methods are the transitions. The behavior of objects (tokens) is 
defined by the net structure; 

(2) A thread is created based on each class in (1) to capture the 
independent active behavior of agents modeled by the agent net; 

(3) Agent interactions modeled through agent net weaving are 
translated into method calls between threads in (2); 

(4) A main program is generated for the overall model, which 
starts all the threads generated in (2) according to the initial 
marking; 

(5) A package is created to include the above code files. 

Applying the above translation rules to the car parking 
system, we obtain the following Java code skeleton (due to 
space limit, only the translation of car parking agent model and 
overall system model are shown) together with some blue 
colored domain specific refinement code: 

● The Car.java class and the Parking.java thread from 
parking process agent model: 
package EV3; 
import lejos.hardware.motor.Motor; 
import lejos.hardware.motor.NXTRegulatedMotor; 
… 
public class Car { 

float wheelWidth = 5.5; // in cm 
float trackWidth = 30.0; // in cm 
NXTRegulatedMotor leftM = Motor.A; 
NXTRegulatedMotor rightM = Motor.B; 
UltraSensor ultrasensor; 
ColorSensor colorsensor; 
… 

} 
package EV3; 
… 
public class Parking extends Thread { 

private Car carobj; 
public void findEntrance (…) {…} 
public void findPath (…) {…} 
public void findTurn (…) {…} 
public void park (…) {…} 
 … 
public void run { 
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     findEntrance(…);  
  findPath(…);  
  findTurn(…);  
  park(…);  
} 

} 
● The main program from the system model: 

package EV3; 
import java.util.concurrent.ExecutorService; 
import java.util.concurrent.Executors; 
import lejos.robotics.Color; 

   import lejos.utility.Delay;  
public Class Init { 
    public static void main(String[] args){  
 Car car = new Car(); 

ColorDetection cd = new ColorDetection(car); 
ObstacleDetection od = new ObstacleDetection(car); 
 Parking p = new Parking(car); 
 cd.start(); 
 od.start(); 
 p.run(); 
   } 
} 
In the above code, ColorDetection is a thread object that 

asks the color sensor to keep reading and storing the current 
color value as long as parking is not completed. The color 
sensor is represented by the class ColorSensor. 
ObstacleDetection is also a thread object that asks the ultrasonic 
sensor to keep reading the distance to the object ahead of the 
car in current path as long as parking is not completed. The 
ultrasonic sensor is represented by the class UltrasonicSensor.  

IV. RUNTIME VERIFICATION 
A good model can speed up the development of the system 

and provide quality assurance to the implementation. However, 
it doesn’t guarantee the correctness of the implementation due 
to several reasons. First, the model is an abstraction of the 
system. Some details and algorithms are omitted intentionally 
and some system properties cannot be specified. Second, the 
model driven approach requires some manual refinements and 
the complete system with additional code needs to be checked.  

To overcome the limitations and restrictions of model 
driven development, we adopt runtime verification to ensure 
system properties at implementation level. Runtime verification 
is a lightweight formal approach to detect violation of 
properties. In our work, properties are specified using linear 
temporal logic (LTL) formula. Monitors are generated from 
these LTL formulas using JavaMop [12] and woven into system 
implementation as aspects using AspectJ [13]. This ensures the 
independence of system implementation from monitor – the 
runtime verification code.  

LTL properties specified and analyzed at model level need 
to be monitored in implementation level to improve confidence 
of system implementation. However, atomic predicates of LTL 
formula in implementation level typically represent occurrences 
of events such as object creation, object initialization, method 
call, member data access and mutation. Such events can be 
specified in conjunction with conditions on function arguments, 
which are absent at model level. The following principles are 
provided to guide the mapping of atomic predicates (places) in 
Petri net model to implementation: 

(1) A place representing a state of the agent net: 

a. If a class generated from the agent net has a member data 
representing the state, then the place is mapped to the event 
of changing member data. For example, place Parked 
represents a state of car and class Car has a member data 
parkComplete denoting this state, thus Parked(c) is mapped 
to the event of Car.parkComplete being set to true. 

b. If a class generated from the agent net doesn’t have a 
member data representing the state, then an object reaching 
this state is a result of a function call and is mapped to the 
event that occurs whenever the function call is completed. 

(2) A place representing the duration of an action such as 
Turning in the agent net: the place is mapped to the event 
of executing the function starting the action. 

In our study, five different properties are designed and 
monitored at runtime, including: 

Property 1:  After detecting the entrance, a car will park 
successfully within a given time period; 

Property 2:  A car starts turning to a parking lot only after a blue 
line is detected; 

Property 3:  During the parking process, a car will never 
approach too close to any object on the path. 

Due to space limit, we only provide and discuss the monitor 
code of property 1. This liveness property is to guarantee the 
correctness of the overall program: A car eventually parks 
successfully. In the model level, it is specified as: [](Waiting(c) 
-> <>Parked(c)). This property can be verified in the model but 
its violation cannot be determined at runtime due to its infinite 
nature. Therefore, we modify the property to reflect the reality 
– the car must be parked within a given time period. Such 
modification is reasonable given the unreliable nature of robots: 
the color sensor may report wrong color or miss a color. The 
monitor of this property contains the following three main 
events: entranceDetectedtrue, parkCompletedtrue and timeout. 
Event entranceDetectedtrue occurs when car’s member data 
entranceDetected becomes true. When entranceDetectedtrue 
occurs, a timer is started. Event parkCompletedtrue occurs when 
car’s member data parkComplete is set to true. Event timeout 
occurs when a given time expires. 
event entranceDetectedtrue after(Car car, boolean val) : 

set(private boolean Car.entranceDetected) 
  && args(val)  && target(car) && condition(val){ 
 //start timer  
     ... 
  } 

event parkCompletedtrue after(Car car, boolean val) : 
  set(private boolean Car.parkComplete) 
  && args(val) && target(car) && condition(val)) { 
 //kill timer 
  } 

event timeout after(TimeoutEventGenerator t) : 
execution(publicvoidTimeoutEventGenerator.timeoutEvent()) 

  && target(t) && condition(t == teg) { 
  } 

ltl:[](entranceDetectedtrue =>  
            (!timeout U parkCompletedtrue)) 

The second property in model level specified as: 
[](Searching(c) =>  <>ColorSensor(Blue)) can be verified at 
both model level and implementation level. 

The third property is a safety property to ensure collision 
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free during parking. In model level, it is specified as: 
[](UltraSensor(v) /\ v < value), where value is a given constant. 
However, the verification results of such safety properties are 
based on some assumptions, and thus their violations must be 
monitored during runtime. 

Therefore runtime verification complements model level 
and implementation analysis through monitoring program 
behaviors that cannot be fully verified at model and 
implementation levels due to the limitation of models or 
bounded space explosion at implementation level.  

V. IMPLEMENTATION-LEVEL MODEL CHECKING  
Implementation level model checking is complementary to 

both modeling and runtime verification. While modeling is 
concerned about the correctness at design level, as the name 
suggests, implementation level model checking aims to verify 
the properties in the actual software implementation, because 
errors may be introduced during the software implementation.  

It is also well accepted that model checking and runtime 
verification should be combined to address each other’s 
weaknesses [14, 15]. Model checking achieves completeness, 
but often is too conservative and impractical for many realistic 
applications, whereas runtime verification can perform 
excellent checks over a portion of the program that is actually 
executed during the real deployment.  

Researchers have explored different approaches to combine 
model checking and runtime verification. For instance, [15] 
presents an analysis framework that can reuse the same 
analysis/verification algorithms for both static and dynamic 
analysis, in other words, model checking and runtime 
verification. While this is useful, it does not answer when to use 
model checking and when to use runtime verification. [14] 
explores the idea of partitioning a software system, such that 
one partition can be verified using model checking and the other 
can be checked via runtime verification. However, a user must 
identify this partitioning boundary based on her domain 
knowledge, which may not be practical in reality.  

A. Bounded Symbolic Model Checking 
In this work, we explore a new approach to combine model 

checking and runtime verification, namely bounded symbolic 
model checking. Specifically, we perform symbolic execution 
to examine the program execution space as much as possible to 
directly verify the property validation logic inserted by runtime 
verification. Given that a program may have infinite loops or 
loop conditions depending on symbolic inputs, the program 
execution space is infinitely large. As a result, our symbolic 
execution is bounded to search limited iterations in each loop.  

 

 
Fig.3 illustrates the workflow of this technique. Given a CPS 

program, we perform symbolic execution to generate a set of 
test cases, which will exercise as many code paths as possible. 
These test cases are then fed into the program with runtime 
verification code weaved in, to verify the properties.  

It is worth noting that we do not directly perform symbolic 
execution on the program with runtime verification code 
weaved in. This is because the inserted runtime verification 
code greatly increases the complexity of the code logic, and 
symbolic execution on it will quickly run into state explosion 
problem.  

Moreover, for convenience, we directly take advantage of the 
runtime verification code that has already been inserted, rather 
than verify the properties separately. In this way, we can also 
detect errors introduced by runtime verification. 

B. Implementation 
We implemented this idea as a plugin to the Java Path Finder 

framework [16] to perform model checking on LeJOS programs  
1) JPF model classes 

A LeJOS program can only run inside the LeJOS 
environment. As a result, it cannot run directly within JPF. In 
order to analyze a LeJOS program within JPF, we need to 
provide proper model classes to simulate the behaviors of 
related LeJOS APIs and classes. More specifically, we model 
following LeJOS classes: 

lejos.hardware.lcd.LCD; 
lejos.hardware.motor.BaseRegulatedMotor; 
lejos.hardware.sensor.EV3ColorSensor; 
lejos.hardware.sensor.EV3UltrasonicSensor; 
lejos.hardware.sensor.SensorMode; 
lejos.hardware.sensor.UARTSensor; 
lejos.robotics.navigation.MovePilot; 

  
2) JPF Symbolic Execution 

We make use of JPF-symbc to perform symbolic 
execution. For the auto parking example, the program reads 
input from the color sensor and the ultrasonic sensor. Therefore, 
by adding JPF symbolic annotations, we make these sensors 
return symbolic values.  

Since the auto parking program repeatedly reads from the 
sensors and perform corresponding behaviors, there exist 
several infinite loops. To ensure symbolic execution terminates 
within a reasonable time frame, we limit the number of loop 
iterations, by using JPF Verify API.  

Following is a code snippet showing how we limit loop 
iterations in the auto parking program: 
int in_count = 0; 
int out_count = 0; 
while (carObj.isFindLine()) { 
    int color = getColorSin(1); 
    while(color != Color.RED && color != Color.BLUE){ 
        in_count ++; 
    Verify.ignoreIf(in_count > 3); 
 ... 
    } 
    out_count++; 
    Verify.ignoreIf(out_count > 2); 
    ... 
} 
 

In this example, there are two while loops, inner loop and 

240



outer loop. There is a chance of program being trapped in either 
inner loop or outer loop (or both) during execution. So, we add 
a counter for each loop. When the counter is larger than a 
threshold, JPF will not continue execute the current path. We 
then solve the constraint for each path, and generate test inputs.  

C. Evaluation results 
Table III – Bounded symbolic model checking results 

# of test cases # of violations Generation time Replay time 

688 344 519 s 13120 s 

 
Table III lists the performance results for our bounded 

symbolic model checking on the original auto parking example. 
Symbolic execution generated 688 test cases totally in 519 
seconds.  

We then replayed these test cases on the auto parking 
program with runtime verification logic weaved in. The replay 
lasted for 13120 seconds.  This process is significantly slower, 
because the auto parking program periodically calls 
Delay.msDelay(int time) to wait for amount of time. Symbolic 
execution would ignore this delay to quickly explore multiple 
execution paths, while during replay in order to validate time-
related properties, we cannot ignore these delays.  

Eventually, we observed violations in 344 test cases. All 
the violations happened on only one LTL property, which is 
collision free property. This property is violated when the EV3 
car approaches too close to an obstacle.  
public void turn() { 
    if (carObj.getCMD() == 1){ 
        carObj.pilot.stop(); 
        carObj.pilot.setAngularSpeed(7); 
        carObj.pilot.arc(25, 90, true); 
        carObj.setMoving(true); 
        Delay.msDelay(15000); 
    }else if (carObj.getCMD()==0){ 
        carObj.pilot.stop(); 
        carObj.setMoving(false);     
    }        
} 

In the above example, the EV3 car would possibly turn for 
15000 milliseconds. After each turn, Ultrasonic sensor is used 
to detect distance between an obstacle and EV3. When the EV3 
car is running in a physical system (parking lot), this could be a 
safe action due to parking lot layout. However, during symbolic 
execution without knowledge about physical system, JPF 
explores all possible paths, and could read in a distance value 
less than safe distance after such a long turn, and results in a 
violation of collision free property.  

Through bounded symbolic model checking, we have 
verified that four LTL properties are ensured at least within a 
limited search scope. When resource is limited on the LeJOS 
system, one might consider removing the runtime monitor code 
for checking these four properties. On the other hand, collision 
free property cannot be properly verified using model checking, 
so runtime verification on this property is necessary.  

VI. CONCLUSION 
This paper presented a framework for developing CPSs 

supported by a tool chain. High level Petri nets are used for 
modeling CPSs due to their capability in addressing the critical 
features including concurrency and timing of CPSs. An 
incremental agent-oriented modeling methodology is used for 
creating CPS models. The resulting models are analyzed using 
simulation and model checking to detect early design problems. 
A translation method for generating general Java thread 
structure from high level Petri net models is provided. The 
resulting general Java code structure is manually extended with 
domain specific code refinement to obtain a complete program. 
This partial manual process of domain specific refinement 
requires creativity in adding details and thus is unavoidable; 
however is minimized in our framework. Implementation level 
quality assurance is carried out by combining bounded 
symbolic model checking and dynamic runtime verification. 
We demonstrated our framework thorough a simple parking 
system. There are still many gaps to fill to make our framework 
successful. We are currently working on a multi-car parking 
system and a drone system to gain more experience with regard 
to the applicability and scalability of our approach. 
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Abstract—With the growing in size and complexity of modern
computer systems, the need for improving the quality at all
stages of software development has become a critical issue.
The current software production has been largely depended
on manual code development. Despite the slow development
process, the errors introduced by the programmers contribute to
a substantial portion of defects in the final software product. This
paper explores the possibility of generating code and assertion
constraints from formal design models and use them to verify the
implementation. We translate Z formal models into their OCL
counter-parts and Java assertions. With the help of existing tools,
we demonstrate various checking at different levels to enhance
correctness.

I. INTRODUCTION

With the growing in size and complexity of modern com-
puter systems, the need for improving the quality at all stages
of software development has become a critical issue [1]. The
focus lies in how to effectively develop high quality software.
Looking at a topical software development life cycle, there
are two main types of potential errors to a software product,
i.e., design errors and programming errors [3], [4]. The former
refers to the defects introduced at the design stage where the
proposed product failed to capture the correct functionalities of
the system under construction. The latter refers to the defects
introduced at the implementation stage where the programmers
failed follow the correct design in producing the program
(code).

The key issue is how to effectively and efficiently develop
code from verified design models [7]. Automation reflects
an essential motive and aspect of future software engineer-
ing practice. The era of computing has revolutionised the
mathematical computation and data processing from human-
power into machine-power. However, the current software
construction is still largely depended on manual code develop-
ment, i.e., humans write programs manually from the design
solutions. Despite the slow development process, the errors
introduced by the programmers contribute to a substantial
portion of defects in the final software product. Ideally, the
executable program (code) should be automatically generated
from the design model [5], which has been known in other
engineering disciplines, e.g., mechanical and electrical, as
the production automation. This will not only dramatically
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increase the productivity, but also overcome the human errors
at the implementation phase and hence improve the overall
quality of modern software development.

Currently, there are few theories being developed to imple-
ment the automatic code generation. Most related works are
based on diagrammatic notations and generating partial code
framework, such as UML to Java [2], [11]. Advantages of such
an approach is that UML is nowadays the most commonly
used notation for documenting design models and therefore
this approach could become a widely acceptable and practical
way in industry. However, this traditional model language is
contributing relatively little to productivity [4]. Despite the
informal description of the design notations, the generated
programs are skeleton code only, which are not executable.
Refinement [12] is another related field that aims at deriving
less abstract models from formal specifications. However, to
the best of our knowledge, there has been no work in refining
a formal model directly into executable programs.

Fig. 1. Overview of our approach

In this paper, we explore the possibility of generating
code and assertion constraints from formal design models
and use them to verify the implementation. We translate Z
formal models into their OCL [8] counter-parts and Java
assertions. With the help of existing tools, we demonstrate
various checking at different levels to enhance correctness.
Figure 1 illustrates a summary of our approach.

Firstly, the design models are documented using the Z
formal specification language [10]. Z is a first order logic and
set theory based notation, which has a number of tools in sup-
porting the verification and validation of on the design, such
as Z/EVES, CZT, ProB, etc. Due to the high level abstraction
of the Z language and its lacks of object oriented design, an
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intermediate process is necessary for code generation. On the
other hand, UML, a semi-formal diagrammatic notation, is a
widely used design language by the industry and could well
serve the purpose. In our project, Java is selected as the target
implementation, and there are a number of tools support the
generations of skeleton code from UML to java.

Secondly, to overcome the informal descriptions of UML,
the formal specification from the Z model can be translated
into OCL annotations. According to the steps shown, the
approach translates Z formal models to UML with OCL
constraints and then generate code with embedded assertions
from UML to Java. Thirdly, to further guarantee correctness,
OCL constraints are translated to Java assertions to validate
the implementation. Furthermore, OCL constraints can be used
in JUnit [6] test cases, which is easier for the developers to
debug their code.

Finally, in addition to code generation, there are tools
that could be used to support the rigorous verification at
different stages of the development. For example, Z/EVE
provides theorem proving to verify the desired properties at
the specification level. At the UML/OCL phase, Papyrus can
interpret UML models with OCL constraints and generate Java
code. OCLinEcore and USE both provide simulation facilities
for creating object models and validating OCL constraints. At
the code level, Java assertions can be used for validating the
implementation. And assertions can also be used together with
JUnit for testing purposes.

The rest of the paper is structured as follows. Section 2
introduces the model transformation from Z to UML/OCL.
Section 3 presents the translation from UML/OCL to Java
code. Section 4 describes the benefit of translations in terms
of verification, simulation, code generation and validation.
Section 5 concludes the paper and outlooks the future work.

II. TRANSLATING Z INTO UML/OCL

This section describes the translation from Z formal models
into UML/OCL specifications. The mapping consists of two
parts, i.e., structure translation and behaviour translation.

A. Structure Translation

1) Z Schema: A Z formal specification contains state
schemas and operation schemas. The state schemas can be
translated to classes in UML/OCL. The operation schemas
can be translated into methods belongs to specific classes.
Operation schemas that change the value of state variables are
indicated using the “∆” convention; operation schemas that
do not change state variables are indicated with the “Ξ”. The
state schema name that after the “∆”or “Ξ” symbol can be
used to identify the class that a method is belonging to.

2) Z Data Types: A Z schema consists of two parts, i.e.,
declarations and predicates. The declaration part of structure
translation can be summarise into data type mappings to their
counterparts in UML/OCL.

a) Given, basic and free types: Z uses [] to express an
new given type. For example, [MSG] in Z can be translated to
a class MSG with no attributes. Z only supports two primitive
data types, i.e., nature numbers and integers, which can be
mapped to integers in OCL with additional constraint, such as
‘n>0’. Free types in Z can be mapped into enumeration types
with values in OCL. For example, ‘Z: StockStatus::=InStock
| OutofStock’ would be mapped into ‘enum StockStatus {In-
Stock,OutofStock}’ in UML/OCL.

b) Sets: are expressed as {x:X | P(x)} in Z, which can
be directly mapped into the Set type in OCL. In Z formal lan-
guage, S⊆T means that S is a subset of T, which is equivalent
to T→includesAll(S); For example, ‘products:P SaleItem’ in Z
can be translated into ‘products: Set(SaleItem)’ in UML/OCL.
Cardinality #X in Z is a natural number denoting the size of
a set. In UML/OCL, there is a predefined operation →size()
that has same meaning with “#”.

c) Cartesian Product, Relations and Functions: : A×B
(A cross B) in Z can be translated in to an association
class between two participating classes in UML/OCL with
multiplicity constraint as many to many. A relation R from
A to B in Z represents a subset of the cartesian product
with special restrictions. This can be translated into invariant
definitions on the associate class to restrict the mapping. A
function R: A→B in Z differs from a relation in the number
of valid mappings through the relationship, i.e., for each a ∈ A
there is at most one b ∈ B. In UML/OCL functions be denoted
as an association class that connects class A with class B, and
this association has multiplicity of many to one.

d) Sequences: in Z represents a sequence of elements
from a set A, denoted as ‘s:seq A’. UML/OCL also has a
concept ‘Seq’ to express a sequence of instances. Therefore, a
direct mapping from ‘seq’ in Z to the ‘Seq’ type in UML/OCL.

B. Behavioural Translation

The syntax of standard OCL language uses contextual key-
word to introduce the scope of an OCL expression, followed
by the name of the type. The keyword inv, pre and post
denotes the invariants, pre-conditions and post-conditions of
the constraints. After structure translation, design specification
need to be mapped by behavior translation, which consists of
the following two parts:

• Translations from state schema’s predicates into OCL
invariants that is denoted by the prefix ‘inv’.

• Translations from operation schema’s predicates to OCL
pre/post-conditions, which is denoted by the prefix ‘pre’
and ‘post’.

Translation of predicates in the state schema is rather
straightforward mappings into class invariants. However, the
mappings of predicates in the operation schema requires the
identifications of pre- and post- conditions. In a post-condition,
the expression can refer to two sets of values for a state
variable, i.e., the value before and after the operation. If the
predicate contains variable followed by the Z prime symbol
‘x”, it will be a post-condition. In UML/OCL, pre-state of a
variable is expressed with suffix @pre, and the post-state of a
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variable is expressed as itself. The “@pre” postfix is allowed
only in OCL expression that are part of a post-condition.

Operation schemas may have input and output variables,
input parameters are denoted with the postfix symbol of ‘?’;
and output parameters are denoted with the postfix symbol of
‘!’ in Z. These input and output variables can be translated
to input parameters and return type of the operation schema
(method) in UML/OCL.

Finally, in order to translate the entire predicate into its OCL
counterpart, we need to provide the mappings for various Z
operators.

a) Logic and relational operators: suc as ‘Not (¬ ),And
(
∧

),Or (
∨

),Implies (⇒) and Equivalence (⇔)’ can be trans-
lated into ‘not, and, or, implies and two direction implies
in UML/OCL. When we translate A ⇔ B, we should make
sure A implies B and B implies A. Relational operators such
as ‘≤,≥,=, 6=, and if then else’ can be directly mapped to
‘<=,>=, <>, and if-then-else-endif’ in UML/OCL.

b) Set operators: could be mapped into operations
in the UML/OCL set type, e.g., ‘s ∈ S’, can be
represented as S→includes(s) in UML/OCL. And
‘s/∈S’ means S→excludes(s). Set Union (∪), Set
Intersection (∩), Set Difference (\) maps into →union(),
→intersection(), and →reject() separately in UML/OCL.
For example, ‘products\{p}=products’\{p1}’ could be
mapped into ‘self.products@pre→reject(x|x.code=p.code)
=self.products→reject(x|x.code=p1.code)’.

c) Quantifiers: Universal Quantifier (∀) can be trans-
lated into the →forAll(...) operation in OCL; and the
Existential Quantifier (∃) can be translated into the
→exist(...) operation in OCL. For example, ‘∀p1, p2:
products •p1 6=p2 ⇔ p1.code6= p2.code’ can be trans-
lated into UML/OCL as “self.products→forAll(p1,p2|(p1<>p2
implies p1.code<>p2.code) and (p1.code<>p2.code implies
p1<>p2))”. Because this predicate is in the state schema
OLShoppingSys, so it should be translated into invariants in
OCL with context of the class OLShoppingSys.

Let us exam another more complete example in Z shown in
Figure 2.

Fig. 2. Example for quantifies

Firstly, ‘∃p1:products’ maps to ‘products→exist(p1|...)’,
all the other lines after the first line of predicate is a set of
boolean expression for p1, which are translated into ‘exist()’.
The predicate ‘products\{p1}=products\{p?}’ is translated
into‘products→exist(p1|self.products@pre→reject(x|x.code=

p.code)=self.products→reject(x|x.code=p1.code))’, as shown
in Figure 3.

Fig. 3. Translation result for quantifies example

There are two things to be kept in mind, i.e., UML/OCL
has a ‘endif’ after one ‘if-else-then’ expression finished and
enumerations literals can not be invoked directly. It will be
write as “Enumerations::literal”.

d) Relation operators: Domain and range: dom R is a
limitation for domain(A) so in UML/OCL, just limits to A
class; ranR is a limitation for range(B) so in UML/OCL just
limits B class. Domain and range restriction: R is a relation
for A↔B and S ⊆ A and T ⊆ B; then SCR is the set
{(a,b):R|a∈S} RBT is the set {(a,b):R|b∈T}. In UML/OCL,
domain and range restrictions can be translated into invariant
constraints imposed onto the association class. Relational com-
position: R : A↔ B and S : B↔ C R ; S ={(a,c):A×C|∃b:B•a
R b ∧ b S c}, according to the translation, A, B and C should
be three classes and R ; S just means creating a new association
class from A to C.

e) Function overriding: f,g:A→B;then f ⊕g is the func-
tion (dom g 6f)

⋃
g. As the semantics show that restrictions on

the association classes f and g have to be combined. That is,
the class A’s value must be dom g→union(dom f), and class
B’s value must be ran f minus the part that dom g points to
then →union(ran g).

f) Sequence operators: such as concatenation “~”: <a, b>
~<b, a, c> = <a, b, b, a, c> in Z means <a,b>→append(<b,a,c>)
in UML/OCL. In Z, sequence also has two important func-
tions, i.e., ‘Head’ and ‘Tail’. Head is to obtain the first
element of a sequence return as an element. Tail is to
have the rest of sequence’s elements except the head. In
UML/OCL, for a sequence Q, ‘Q→first()’ equals to ‘Head’
and ‘Q→excluding(Q→last())’ equivalents to ‘Tail’.

Based on the above mapping rules, we can translate a Z
formal specification into its corresponding UML/OCL model.

III. TRANSLATING OCL INTO JAVA ASSERTIONS

The next step is to validate the code from UML/OCL model.
In order to do so we first generate code from the UML
model and then insert the assertions for validation purposes.
There are many different tools provide code generation from
UML model. In this project, we just explored two candidates:
Papyrus and OCLinEcore. They both support OCL and code
generation. Papyrus can create UML models and OCL con-
straints graphically, which makes the UML/OCL model visible
and easier to understand. It can also generate Java skeleton
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code from models and create an basic type of UML model
file that can be reused in other tools such as OCLinEcore.

The reason for adding Java assertions and JUnit test cases to
code is that to provide extra checking for at the implementation
level. Whatever the implementation is, the assertions and
test cases can always verify the code correctness. This is a
novel contribution that is missing from other code generation
approaches.

1) Java Assertion: After generating Java skeleton code
using Papyrus, we translate OCL constraints to assertions to
ensure program’s correctness. A Java assert statement has two
expressions: assert <boolean expression> and assert <boolean
expression>:<error information>, if boolean expression is
true then program can be continue else program will throw
java.lang.AssertionError.

All of OCL constraints are boolean expressions, however,
some of them can not be represented in Java assertions directly.
For example, for a collection such as ‘Set’ in OCL, code
generation tools usually translate it into a list in Java code.
Thus methods in set can be expressed by list’s operations,
then use assertions to check this expressions (with keyword
“assert”). The following provides translation guidelines from
OCL to Java assertions.

a) Normal boolean expressions: Normal boolean expres-
sions that consist of relational/logical operators and operations
on collection types can be mapped into their Java assertions
counterparts.

• operators such as: <=,>=, <>,+ and -, are directly
supported by Java.

• “=”, “not”: In OCL constraints “=” translates to “==” in
Java and “not” translates to “!” in Java.

• →size(): is to calculate the number of elements in a
collection. We use Java List to represent a collection type
in OCL. List has a method “size()”to returns the number
of elements in the list.

• →includes(object o): checks whether an object is in the
collection or not. The “contains(Object o)” in List returns
true if this list contains the specified element.

• →excludes(object o): based on the previous rule, “!
contains(Object o)” means if the list does not contain
the specified element it returns true, which is same with
“→excludes(object o)”.

• →includesAll(c2:Collection): is to check whether this
collection contains all the elements in another collection
c2, which is similar to “containsAll(Collection c2)”in
Java.

• →excludesAll(c2:Collection): translates to “!contain-
sAll(Collection c2)” in Java.

• →isEmpty(): presents as “isEmpty()” in Java, which will
returns true if this list contains no elements.

• →union(c2:Collection): means the result will be a
union of the referred collection with c2. In Java, “ad-
dAll(Collection c2)” has same meaning as the union.

• →intersection(c2:Collection): is to find out a set of all
elements that are in both referred collection and c2. The
“retainAll(Collection c2)” does the same in Java.

• - (c2:Collection): equals to the “removeAll(Collection
c2)”, which takes away the elements in the referred
collection, which are in c2.

b) Loops: Apart from normal boolean expressions, there
are quantifier related operators which may not have direct
mappings into Java assertions expressions, such as:

• →exists(expr:OclExpression)
• →forAll(expr:OclExpression)
• →any(expr:OclExpression)
• →reject(expr:OclExpression)

These constructs above are working on collections that
require to examine each individual object against the OCL
expression. That is, the operations require to check every
object in collection, so a loop structure would be a natural
mapping for them. The actual OCL expressions are embedded
inside the loop for checking individual values one by one.

2) JUnit Test: OCL not only can be translated to java
assertion in java code, but also can generate Junit test case.
Junit test can test every method and class separately. It can also
simulate any situation for the system. The built-in assertion
mechanism of JUnit is provided by the class org.junit.Assert. It
provides more static methods than java assertion. The most im-
portant method in JUnit test is the “Assert.assertThat([reason,
]T actual, Matcher<super T> matcher)”, “reason” is a output
when this assert fails; “actual” is the real result at assertion;
matcher is an matcher for assertion, its logic determines the
actual objects whether satisfies assertion or not. Let us see a
simple example for creating Junit test case. For the invariant
of class OLShoppingSys, we assume a situation after load all
the products, every product’s code should be unique, the test
case is below at Figure 4.

Fig. 4. Invariants test case

The two invariants are ‘self.products→forAll(p1,p2|(p1<>p2
implies p1.code<>p2.code)’ and ‘(p1.code<>p2.code implies
p1<>p2))’. In this example, invariants want to check
any two variable in products. We create two for loops
to compare all the vaules in products’ list. For every
two values of products list, their code should not be the
same. The “Assert.assertThat(products.get(i).getCode(),
not(products.get(j).getCode()))” tests if two object references
not point to the same object. “assertTrue” has same meaning
with keyword “assert”, so this invariant can easily be
translated from Java assertions in code to test cases.
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In summary, by mapping OCL annotations on the UML
model into corresponding Java assertions during the code
generation process, we are able to provide extra quality
assurance/checking on the derived program, as well as for the
guided unit testing.

IV. VERIFICATION, SIMULATION AND CHECKING

After the translations, we have two forms of the design
that was derived from the Z formal model. In addition to the
verification on the Z formal specification itself, e.g., theorem
proving with Z-EVES or model checking with ProB, we
can further simulate and validate the transformed UML/OCL
model with various tools. For the implementation level check-
ing, we can perform validation and debugging with assertions.
It is worth noting that the theorem proving and model checking
at the Z specification level are complimentary to the simula-
tion and validation at the UML/OCL level. In addition, the
assertions at the implementation level further guarantee the
code correctness.

A. Design level validation with OCL

Now we have a UML model with OCL constraints, we
can simulate it and dynamic validate the design by creating
object instants and checking the static properties, invariants
and pre/post-conditions. The UML Specification Environment
(USE) [9] is a simulation and validation tool for OCL specifi-
cations. After USE load the OCL model, it can display a view
of the class diagram of the system. USE provides simulation
facilities by creating objects and association instances of the
model.

After creating the system states, USE can check the OCL
invariants by class invariant view. In the example below, when
we set ‘products1’ and ‘product2’ codes both to ‘1001’, the
result of invariants checking is false due to the unique code
restriction. After we change ‘product2’ code to ‘1002’, the
checking result is true, as shown in Figure 5.

Fig. 5. Invariants checking result in USE

Pre/post-conditions can be validated in USE. It simulates the
process of invoking the operation for validating the pre/post-
conditions. Here is a example for the success and failure of
pre-conditions of the ‘DeleteItem’ operation. As shown in
Figure 6, if user want to delete an item from the shopping
cart, the item must be in the cart. For instant, after adding
‘product1’ to cart, the user can not delete ‘product2’ from
cart, the pre-condition will be false, due to the ’product2’ has
not been added to cart. However, the user can delete ‘product1’
from cart. USE also has a functionality to record a sequence of
operations by the sequence diagram view. This function serves
as a simulation traces for the real user operations.

Fig. 6. Success and failure example for deleteItem

B. Code level checking with assertions

The reason that we translate OCL constraints to Java
assertions and JUnit test is to validate and check the im-
plementations of classes and operations. Java assertions and
JUnit test cases have same meaning with Z predicate and OCL
constraints, and they can both check invariants and pre/post-
conditions of a design model.

1) Java Assertion: Assertion is a normal debug style, and
lots of languages support this function like C, C++, Eiffel
and so on. In syntax, Java provides a keyword ’assert’ to
insert assertion. Java uses ‘-enableassertions/disableassertions’
to open/close assertion function. When a programming closes
assertion function, assertion expression will lose their effects.
If assertion function is open, then java will calculate the
expression value. If the value is false, then this expression
will throw a AssertionError.

Here is an example for using Java assertion in the online
shopping system, which checks assertions in the addItem
operation. The error denotes that input ‘p’ may not in the
products list or currently out of stock, which was guaranteed
in the assertion definition. If the item code does not meet this
requirement, the system will not invoke the addItem method.
For instant, we add a product (code is 1018) to cart, which
is out of stock, the result will throw an AssertionError, as is
shown at Figure 7.

Fig. 7. AddItem operation assertions

2) JUnit Test: JUnit testing can be performed indepen-
dently of the the actual implementation. Eclipse supports JUnit
test cases generated from Java code by right-click choose
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new JUnit test case. Users can also choose which classes and
methods they want to test in the set. JUnit test case can be run
by choosing to run as ‘JUnit Test’ in Eclipse. Several test be
created cases for checking online shopping system’s classes
and methods, as is shown at Figure 8.

Fig. 8. Test cases for online shopping system

Let us exam an example of simulating a situation of adding
items to the shopping cart, as is shown in Figure 9. This test
case is not just testing the addItem method, it also tests the
getChoice method. It prints out the choices and wait for the
user input. When the user inputs ‘1’, the system will know that
the user would like to add an item to cart, it will ask for input
of the product code. If the item code exists in the product list,
the result will be successful. In this test case, we can check
two parts: one for input product code, another is for the input
choice. If the product code is not valid or its stock status is
not ‘InStock’, the result will be failure. If the input choice is
not ‘1’, which means the user does not want to add an item,
the result will also be failure in this particular test case.

Fig. 9. JUnit testing for the AddItem method

The above case study of the online shopping system aims to
validate the feasibility of our approach. The associated tools,
such as Z/EVE, ProB, USE, Java assertions and JUnit test
cases also provide extra evaluations to the results of each steps
in our approach. We use the runnable case to demonstrate

all translations as well as verification results. Therefore, the
case study provides the evaluation for our approach, which is
feasible and effective.

V. CONCLUSIONS

In this paper, we explore the possibilities of automatically
derive implementation from formal design models. We trans-
late Z specifications into UML/OCL and then map them into
Java code. We use Java assertions to express OCL constraints
at the code level. Java assertions can be used to generate JUnit
test cases that are independent from the implementation and
can be run repeatedly. Java assertions act as extra checking
facilities to make sure the code correctness. At the each level
of translation, user can verify, simulate, validate and debugging
the model/code to ensure the quality of the final product.

Due to the limitation of time, some improvements for our
project can be made in the future. We defined the translation
guidelines from Z to UML/OCL, OCL to Java assertions.
However, the translation is still manual based. It would be
beneficial to develop a tool to provide the automated trans-
formations. Since OCLinEcore and JUnit have Eclipse plug-in
tools, and Z/EVE has an Eclipse plug-in version in CZT, there
is a possibility to create an Eclipse plug-in tool that integrates
the associated tools into one coherent interface. Thus, the
entire design modelling, transformation, code generation and
testing could all be achieved in Eclipse.
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Abstract— Model-Driven Software Engineering (MDSE) 

represents a promising research area with a variety of challenging 

issues open for discussion. Expanding the limits of the MDSE 

paradigm, runtime models keep abstract representations of the 

running system in order to trigger on-the-fly software 

reconfigurations. One of the most popular applications of runtime 

models are self-adaptive systems, since abstractions can be fine-

tuned not only in the development phases, but also in runtime. As 

this kind of system needs to modify its behavior during execution, 

this can be achieved by means of high-level model interventions. 

The objective of this article is to present relevant approaches of 

self-adaptive systems driven by runtime models. This article can 

help practitioners to get an overall picture of current approaches, 

in terms of methods, techniques and tools. Researchers can also be 

inspired to create new or to extend current approaches, facing the 

challenges identified here. To that end, we conducted a rigorous 

Systematic Literature Review based on the guidelines proposed by 

Kitchenham. This paper provides answers for four research 

questions, based on 16 selected articles. In the conclusion, we 

present some considerations and challenges based on the results 

obtained from this review. 

Keywords-Self-Adaptive System; Runtime Model; Model-Driven 

Software Engineering; Systematic Literature Review  

I. INTRODUCTION 

Modern software execution environments have become 
increasingly decentralized, heterogeneous, uncertain and 
changing. Fully adequate for these scenarios, mobile sensor-
based devices have been providing significant computational 
power in various domains. From their assorted sensors, a huge 
amount of data can be collected resulting in a rich environmental 
context. Reacting to changes in this context, mobile applications 
for remote environments, such as daily life objects from the 
Internet of Things (IoT) [1] or small devices connected to 
Wireless Sensor Networks [2] should dynamically adapt 
themselves to a new external configuration.  Thanks to this, 
Context-Aware and Mobile (CAM) applications [3] that explore 
Pervasive Computing techniques [4] have been receiving special 
interest in the recent years. 

This background has been leading the software engineering 
community to propose innovative ways for building, running 
and managing systems and services [5]. Besides that, the 
boundaries between design and runtime have to be changed, as 
designers can not anticipate all possible circumstances that 
might appear during the execution of an application [1].  

In order to meet those demanding expectations, dynamic 
adaptive systems represent a turning point for responding to 
changes, as software becomes capable of reconfiguring itself, 
without the need of being rebuilt. In addition, systems should be 
able to adapt its structure and/or behavior in response to changes 
in the execution context and varying user needs. For this 
purpose, dynamic reconfiguration should be applied at runtime 
whenever it is needed [5] [6] [7]. 

However, a particularly important problem arises from the 
complexity to manage self-adaptive systems. A promising 
approach to deal with this complexity is to develop adaptation 
mechanisms that leverage software models, referred to as 
models@run.time, or runtime models [8]. Conceptually, a 
runtime model is defined as an abstraction of a running system 
that is being manipulated during its execution for a specific 
purpose. Runtime models are also a causally connected self-
representation of the system that emphasizes the structure, 
behavior or goals from a problem space perspective [9]. 

Therefore, the combination of runtime models and self-
adaptive systems opens the possibility of using abstractions at 
different levels to change the behavior of running systems. The 
"model-driven" approaches based on runtime models raise the 
importance of modeling activities. As identified by [9] [10] and 
several others, both topics present important problems to be 
addressed, which increases the relevancy of research in this 
field.  

In this paper, a literary research was undertaken on the 
proposals of approaches for development, execution, change 
monitoring and reconfiguration of self-adaptive systems through 
runtime models. For the purpose of clarification, the 
understanding of an “approach” assumed by this paper is 
characterized in Sect. II.C. In order to identify, evaluate and 
interpret all the available papers relevant to our research 
questions, we choose the Systematic Literature Review (SLR) 
research method. 

This article is structured as follows: Sect. II provides some 
background about the research topics. Sect. III presents some 
summarized information about the research method definition 
that guided this review. In Sect. IV, the outcomes from the 
research process execution are exposed. Sect. V shows the data 
extraction and synthesis. Then, the next section presents analysis 
and discussion based on the research questions. Finally, we 
conclude this review in Sect. VII. 

248

mailto:models@run.time


II. BACKGROUND 

A. Runtime Models inside the MDSE Context 

In the literature, there is no consensus about the concept of 
MDSE. MDSE can be defined as a methodology for applying 
the advantages of modeling to software engineering activities, 
which comprises the following aspects: concepts, notations, 
process and rules, and tools [11]. MDSE is also defined as a 
family of development processes that focuses on the model as 
primary development artifact [12].  

Traditionally, the MDSE area has primarily focused on using 
models at design, implementation and deployment phases of the 
software development life cycle. However, as systems become 
more adaptable, reconfigurable and self-manageable, runtime 
models are needed to tackle the complexity of dynamic 
adaptations by keeping an abstract model of the running system. 
It pushes the idea of reflection one-step further by synchronizing 
the abstract model with the actual system, so a change performed 
on the model is automatically accommodated by the system [1]. 

B. Self-Adaptive Systems (SAS) 

A dynamically adaptive system should be able to adapt its 
structure and/or behavior in response to changes in the execution 
context and varying user needs. For this purpose, dynamic re- 
configuration should be applied at runtime whenever it is 
needed, in an anticipated or unanticipated form. This determines 
if the reconfiguration is caused by expected changes in 
requirements, so it can be considered and planned before being 
needed, otherwise it is impossible to predict [7].  

In addition, reconfiguration actions can be either 
architectural or behavioral. Architectural reconfigurations 
consist of modifying the system structure such as add, remove, 
start, stop, replace and migrate components/connections. On the 
other hand, behavioral reconfigurations are limited to modify 
properties of components or connections [7] .  

C. Characterization of an “Approach” for this SLR 

This paper considers an approach the documented 
integration of the following components: 

 Process: an overall workflow definition 

 Abstractions: meta-meta-models, meta-models, models 

 Transformations: models-to-text, text-to-models, final 
or intermediate code generation 

 Self-adaptive Infrastructure: framework, middleware, 
or model-based approach [13] that provides low-level 
services for SAS development and execution 

 Tools: developed or integrated supporting tools 

III. DEFINITION OF THE SYSTEMATIC LITERATURE REVIEW  

Our research methodology is inspired by Kitchenham et al. 
guidelines [14] and procedures [15], which are specifically 
proposed for Systematic Literature Reviews (SLR) in software 
engineering. To that end, three main phases are defined: 1. 
Planning the Review (identify the need for a review and develop 
a review protocol – Sect. III); 2. Conducting the Review 
(identify the research, select primary studies, assess the study 

quality, extract, monitor and synthesize the data – Sects. IV and 
V); and 3. Reporting the Review (present the results of the 
review and its dissemination to the interested parties – Sects. VI 
and VII). We started from the identification of the need for a 
review, as it follows. 

A. Related Work 

When starting the planning phase of our research 
methodology, we checked the need for a systematic review. 
Therefore, a search for SLRs on the main topics was conducted 
online through selected databases, from 2012 to 2017 (up to Jan 
30). The basic terms in the search string for SLRs were 
“systematic literature review”, “self-adaptive”, “model-driven” 
and several other variations. As a result, we found 55 reviews. 
After grouping and removing the duplicates, 31 distinct SLRs 
remained. Then, the SLRs were filtered by metadata evaluation, 
a stage in which 28 were dismissed for being out of context (8) 
or too specific in topics such as, security (4), processes (3), DSLs 
(2), formal verifications (2), and another 9 different topics.  

Finally, 3 SLRs remained for full text evaluation. Firstly, the 
review conducted by Svetits and Zdun [9] presented a 
comprehensive research on models at runtime literature, 
classifying the articles in terms of: objectives, architectures, 
techniques, and kinds of models. Secondly, the SLR conducted 
by Giachetti et al. [16] focused on interoperability in MDD 
processes, by evaluating five related features from selected 
approaches. Finally, Becker et al. [17] focused on model-driven 
performance engineering, classifying approaches into 
adaptation, architecture, performance analysis, and applicability 
criteria. 

In contrast to the cited works, this review is exclusively 
focused on self-adaptive systems driven by runtime models, with 
the adoption of a well-defined criteria of what is considered an 
approach. Besides that, its covers articles published until 2017. 

B. Research Questions 

As suggested by [14] and [16], the PICO(C) criteria [18] was 
applied in order to frame and structure our research questions. 
The values of each criterion are the following: 

 Population: Domain experts, software architects, and 
systems analysts. In short, model designers. 

 Intervention: Approaches for dynamic reconfigurations 
of self-adaptive systems through runtime models. 

 Comparison: evaluation of different approaches 
applying defined criteria. 

 Outcomes: processes, methods and techniques, model 
types and transformations, reconfiguration strategies, 
context-awareness and consistency checking, etc. 

 Context: development and execution phases of self-
adaptive systems. 

After taking into consideration the five viewpoints presented 
in the PICO(C) model, it became easier to identify the research 
questions that follow: 

RQ1.  What is the central point of each proposal in order to 
support dynamic reconfigurations of self-adaptive 
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systems through runtime models? What are the most 
predominant methods or techniques applied? 

RQ2. What levels of abstraction are provided for the model 
designer? Do the studies suggest an assignment of 
modeling tasks to different roles according to their 
skills (e.g. domain expert, software engineer)? 

RQ3.  Do the studies present an overview of the suggested 
process? How are they composed in terms of 
metamodeling, model languages and transformations 
(code generation included) and related tools? 

RQ4.  What are the strategies for model changes monitoring 
and adaptive system dynamic reconfigurations? Does 
the adaptation engine implemented by or integrated 
with the studies support anticipated and unanticipated 
context changes? 

C. Literature Selection Criteria 

During the research protocol definition, we specified a 
reliable study selecting criteria in order to ensure that all primary 
studies provide direct evidence about the research question [14].  

1) Inclusion criteria 

 Articles published from January 1, 2012 to January 20, 
2017 (around 5 years range) 

 Articles found in selected electronic databases 

 Articles published in peer-reviewed journals, 
conferences and workshops 

2) Exclusion criteria 

 Studies not reported in English 

 Publications without abstracts 

 Books, web sites, technical reports, and master thesis 

 Publications in which the research topics are not clearly 
established and documented, or that explore the term 
“model” outside the context of software development 

D. Data sources 

The search strategy for this review included four electronic 
databases (TABLE I), selected in terms of relevancy in the 
research areas of Computer Science and Engineering.  

TABLE I. Results from search on databases  

Database 

Total 

amount of 

records a 

SLRs 

(the need of 

a review) 

Primary 

Studies (initial 

search) 

SCOPUS (Elsevier) 
Over 60 
million 

21 111 

Association for Computing 

Machinery (ACM) Guide to 

Computing Literature  

2,625,656 17 71 

IEEE Xplore Digital Library 4,145,171 10 33 

ScienceDirect (Elsevier) 
Over 14 
million 

7 9 

Total 55 224 

a. Data collected on January 30, 2017 

E. Search String Composition 

After the database selection, we started to compose the 
search string by defining its components and keywords. Besides, 
we had to explore thoroughly every engine mechanism in order 
to produce a consistent query for each database [19]. During this 
process, we were aware of the variations of the research 
concepts, as shown in TABLE II. After many testing iterations, 
our search string was defined by aggregating the key topics for 
this review. 

TABLE II. Search keywords 

Concept Keyword and synonymous 

P = Self-Adaptive Systems 
“self-adaptive", "self adaptive", "adaptive 

system", "adaptive software" 

Q = Model-Driven 
Software Engineering 

"model-driven", "model driven", "mde", 
“mdse", “mdd" 

S = Runtime Models  

"models at runtime", "models@runtime", 

"models@run.time", "models for runtime", 
"runtime models"  

Result (P ˅ Q ˅ S) 

IV. EXECUTION OF THE SLR 

A. Literature Search Process 

The literature search process that guided our review is 
presented in Figure 1, which shows the outcomes from every 
activity of the process, highlighting the articles selected and 
dismissed due to related reasons. Initially, we submitted the final 
versions of them to each selected electronic database (1). Then 
the metadata of all returned articles (title, abstract and keywords) 
was exported to BibTeX format, which is accepted by the 
Mendeley import tool. Next, we proceeded with a careful 
metadata checking of every single article against the literature 
selection criteria (2). As a result, 150 articles were selected. 
After grouping and duplicates removal (3), 134 articles 
remained. 

 

Figure 1. Literature Search Process 

The final selection of articles was performed after full text 
reading and evaluation (4). In this stage, we especially focused 
on the compliance with the approach characterized in Sect. II.C. 
As a result, the 16 articles presented in TABLE III were selected 
for data extraction and synthesis (5). 

TABLE III. Selected Studies 

ID Reference 

S1 

S. Loukil, S. Kallel, and M. Jmaiel, “An approach based on runtime 

models for developing dynamically adaptive systems,” Futur. Gener. 

Comput. Syst., vol. 68, pp. 365–375, 2017. 
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ID Reference 

S2 

F. Moyano, C. Fernandez-Gago, and J. Lopez, “A Model-driven 

Approach for Engineering Trust and Reputation into Software 
Services,” J. Netw. Comput. Appl., vol. 69, no. C, pp. 134–151, 2016. 

S3 

B. Djoudi, C. Bouanaka, and N. Zeghib, “A formal framework for 

context-aware systems specification and verification,” J. Syst. Softw., 
vol. 122, pp. 445–462, 2016. 

S4 

J. M. T. Portocarrero, F. C. Delicato, P. F. Pires, T. C. Rodrigues, and 

T. V. Batista, “SAMSON: Self-adaptive middleware for wireless 

sensor networks,” in Proceedings of the ACM Symposium on Applied 
Computing, vol. April 04–08, pp. 1315–1322, 2016. 

S5 

M. Hussein, R. Nouacer, and A. Radermacher, “A Model-Driven 

Approach for Validating Safe Adaptive Behaviors,” in Proceedings of 
the 19th Euromicro Conference on Digital System Design, pp. 75–81, 

2016. 

S6 

J. Yu, Q. Sheng, J. K. Y. Swee, J. Han, C. Liu, and T. H. Noor, 

“Model-driven development of adaptive web service processes with 

aspects and rules,” J. Comput. Syst. Sci., vol. 81, no. 3, pp. 533–552, 

2015. 

S7 

P. A. de S. Duarte, F. M. Barreto, F. A. de A. Gomes, W. V. de 

Carvalho, and F. A. M. Trinta, “CRITiCAL: A Configuration Tool for 

Context Aware and mobiLe Applications,” in Proceedings of the 2015 
IEEE 39th Annual Computer Software and Applications Conference – 

Volume 02, pp. 159–168, 2015. 

S8 

J. Bocanegra, J. Pavlich-Mariscal, and A. Carillo-Ramos, “MiDAS: A 
model-driven approach for adaptive software,” in Proceedings of the 

WEBIST 2015 – 11th International Conference on Web Information 

Systems and Technologies, pp. 281–286, 2015. 

S9 

D. B. Abeywickrama, N. Hoch, and F. Zambonelli, “An integrated 

Eclipse plug-in for engineering and implementing self-adaptive 

systems,” in Proceedings of the Workshop on Enabling Technologies: 
Infrastructure for Collaborative Enterprises, pp. 3–8, 2014. 

S10 

M. Hussein, J. Han, J. Yu, and A. Colman, “Enabling Runtime 

Evolution of Context-Aware Adaptive Services,” in Proceedings of the  

2013 IEEE International Conference on Services Computing, pp. 248–
255, 2013. 

ID Reference 

S11 

M. Luckey and G. Engels, “High-quality specification of self-adaptive 

software systems,” in ICSE Workshop on Software Engineering for 
Adaptive and Self-Managing Systems, pp. 143–152, 2013. 

S12 

N. Ferry, F. Chauvel, A. Rossini, B. Morin, and A. Solberg, 

“Managing multi-cloud systems with CloudMF,” in ACM 
International Conference Proceeding Series, pp. 38–45, 2013. 

S13 

C. Ghezzi, L. S. Pinto, P. Spoletini, and G. Tamburrelli, “Managing 

non-functional uncertainty via model-driven adaptivity,” in 

Proceedings of International Conference on Software Engineering, pp. 
33–42, 2013. 

S14 

J. Floch, C. Frà, R. Fricke, K. Geihs, M. Wagner, J. Lorenzo, E. 

Soladana, S. Mehlhase, N. Paspallis, H. Rahnama, P. A. Ruiz, and U. 
Scholz, “Playing MUSIC - Building context-aware and self-adaptive 

mobile applications,” Softw. - Pract. Exp., vol. 43, no. 3, pp. 359–388, 

2013. 

S15 

S. Hallsteinsen, K. Geihs, N. Paspallis, F. Eliassen, G. Horn, J. 

Lorenzo, A. Mamelli, and G. A. Papadopoulos, “A development 

framework and methodology for self-adapting applications in 
ubiquitous computing environments,” J. Syst. Softw., vol. 85, no. 12, 

pp. 2840–2859, 2012. 

S16 

M. Amoui, M. Derakhshanmanesh, J. Ebert, and L. Tahvildari, 
“Achieving dynamic adaptation via management and interpretation of 

runtime models,” J. Syst. Softw., vol. 85, no. 12, pp. 2720–2737, 2012. 

 

V. DATA EXTRACTION AND SYNTHESIS 

In consonance with the research questions presented in Sect. 
III.B, relevant information was extracted from the selected 
studies. The overall answers to the first question (RQ1) are 
presented in Table IV. In relation to the third question (RQ3), 
Table V and Table VI present data extracted.

Table IV. Overview of the selected studies (RQ1) 

ID Central Point Main Methods or Techniques 

S1 
Middleware responsible for monitoring the system and performing architectural reconfiguration by Aspect 

Oriented Software Development. Concurrency between reconfigurations is supported. 

Architecture Description Language 

(ADL), AOSD 

S2 

Framework for trust and reputation that allows developers to implement different types of security models in 

a high level of abstraction thanks to the usage of metamodeling techniques. 

Kevoree Distributed Dynamic 

Component Model Integration 

S3 
Framework for specification and verification of context-aware systems. A DSL is provided to allow designers 
to specify context entities, states and actions. It also provides a tool with several features. 

CBSE, Formal Methods,  
Maude-based DSL 

S4 
Process to generate an instance of a Reference Architecture from its specification. Model-driven 

transformations are used to map elements and to generate the source code to be deployed in a WSN platform. 

Reference Architecture (RA), 

Middleware Instantiation, MAPE-K 

S5 
Approach to facilitate the validation of the adaptive behavior of embedded software in the fully electric 
vehicles domain. Fault injection and monitoring techniques are applied on a virtual self-adaptive platform. 

Architecture Description Language 
(ADL) 

S6 
Approach to support the development of dynamically adaptive WS-BPEL based systems. To that end, an 

aspect-oriented method is developed in order to perform runtime changes. 

AOSD, WS-BPEL, Web Ontology 

Language (OWL) 

S7 
Approach for developing Context-Aware and Mobile (CAM) applications, by modelling contextual 

information and rule-based behaviour by using a visual notation. 
OSGi, Middleware (LOCCAM), DSL  

S8 
Framework that provides a new language for requirements (with uncertainty support), a method to derive 

concrete implementations in specific architectures, besides a mechanism for traceability and sincronization. 
DSL, Traceability 

S9 
An integrated Eclipse plug-in tool to architect, engineer and implement self-adaptive systems through a 

feedback loop-based approach. Also provides modeling, simulation and code generation features. 
FCL-Based, MAPE-K 

S10 
Approach to enable runtime evolution of context-aware adaptive services in response to unanticipated changes 
in their environments or functionalities. Differences between running and its evolved model are computed. 

SAS Runtime Evolution 

S11 
Method for software specification by using UML based concern-specific modeling language. It allows 

separated and explicit specification of self-adaptivity concerns. 
SoC, MAPE-K 

S12 
Framework for modeling dynamically cloud-based adaptive systems by enabling adaptation at runtime. It 

consists of a tool-supporting DSL and a models@runtime environment. 
Cloud Computing, DSL 

S13 
Framework to support the development and execution of software that tolerates manifestations of uncertainty, 

in order to satisfy certain non-functional requirements divided into two classes Threshold-based and Max/Min. 

Probability Theory, Markov Decision 

Process (MDP) 

S14 
Description of typical context and adaptation features relevant for the development of context-aware and self-

adaptive mobile applications, based on several demonstrations of the MUSIC adaptation framework. 

Context-awareness, Self-adaptation, 

MUSIC framework 

S15 
Discussion of the motivation, technical approach, and results of the MUSIC project, which provides a software 
development framework for self-adaptive applications that operate in ubiquitous and dynamic environments. 

OSGi, MUSIC framework, MAPE-K 

S16 
Approach for realizing fine-grained dynamic adaptation in software systems by managing and interpreting 

graph-based models of software at runtime. Includes a comprehesive case study presented in detail. 
AOSD, MAPE-K, TGraph Approach 
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Table V. External tools applied (RQ3) 

Name Type Studies 

Ocarina  Distribute Applications Generator S1 

Kevoree  Distributed Reconfigurable Software Dev. S2 

Papyrus  Model-Based Engineering tool S5 

Acceleo Transformation Tool S3 

UNISIM-VP Virtual Platform for Simulator Environment S5 

Drools Business Rules Engine S6 

BPEL Execution Language Engine S6  

LOCCAM Self-Adaptive Middleware S7 

JET Template Engine for Code Generating S9 

ROAD Apache Axis2 Extension for adapting services S10 

PRISM Probabilistic Model Checker S13 

MUSIC Self-Adaptive Framework S14, S15 

MOFScript Transformation Builder S14, S15 

JGraLab API for Processing TGraphs S16 

Table VI. Languages and Notations applied (RQ3) 

Name Purpose Studies 

UML General-purpose Modeling 
S5, S9, 

S13, S16  

OWL Semantic Web 
S6, S14, 

S15 

OCL Object Constraint S1, S3  

Drools Business Rule S6, S10 

AADL Architecture Analysis and Design S1 

AO4AADL Aspect Oriented Extension for AADL  S1 

Schematron Rule-based XML Validation S1 

Kevscript Kevoree Reflection Layer Scripting  S2 

Pi-ADL Formal Description S4 

EAST-ADL Architecture Description S5 

BPMN Business Process Description S6 

UML AL  UML Action Profile S9 

DMM Graph-transformation S11 

ATN Automata Theory S13 

MUSIC  UML Profile for Adaptation Modeling S15 

GReQL Graph Repository Query Language S16 

GReTL Graph Repository Transformation Language S16 

VI. ANALYSIS AND DISCUSSION 

In this section, we analyzed each research question with the 
purpose of achieving the defined goals. 

RQ1. What is the central point of each proposal in order to 
support dynamic reconfigurations of self-adaptive systems 

through runtime models? What are the most predominant 
methods or techniques applied? 

A recurring method found in the studies is the MAPE-K 
reference model, which served as basis for their autonomic 
feedback loop implementation (S4, S9, S11, S15, S16). It is also 
important to highlight that the Component-Based Software 
Engineering (CBSE), in general or specifically related to the 
OSGi dynamic component model, had significate representation 
among the studies (S2, S3, S6, S7, S15, S16). This approach has 
been commonly used to support the Separation of Concerns 
(SoC) design principle and to provide dynamic architectural 
reconfigurations in the proposed self-adaptive systems. Towards 
similar goals, Aspect Oriented Software Development (AOSD) 
is found in a representative number of studies as well (S1, S6, 
S16). 

RQ2. What levels of abstraction are provided for the models 
designer? Do the studies suggest an assignment of modeling 
tasks to different roles according to their skills (e.g. domain 
expert, software engineer)? 

Ten studies present a high-level business model for runtime 
interventions (S1-S8, S10, S13). In general, the studies propose 
a clear separation between business logic, context awareness and 
adaptation concerns, by using models (S1, S3, S5, S6, S7, S10, 
S15), API (S2), reference architecture (S4) and language (S11). 
Two studies present a specific model for invariants specification 
(S1, S3). Less than half of the studies suggest well-defined 
separated roles for each abstraction level (S1, S4-S8, S11). In 
relation to the number of architectural layers, studies present two 
(S1, S2, S5, S7, S13), three (S4, S6, S8, S10) and four (S3, S16). 

RQ3. Do the studies present an overview of the suggested 
process? How are they composed in terms of metamodeling, 
model languages and transformations (code generation 
included) and related tools? 

Self-adaptive systems driven by runtime models require at 
least a two-stage process, since there are not only development 
phases, but also runtime dynamics when the system’s 
reconfiguration is expected to happen. In general, studies present 
a process in the form of an overall workflow (big picture 
discussed in detail) for both introduced stages (S1, S3-S7, S10, 
S11, S13, S16). In relation to the number of model 
transformations, the methods presented by the studies include; 
only one (S3, S5, S7, S8), two (S2) or three (S1, S6). Code 
generation, which represents a special kind of model 
transformation, is explored by the studies aiming to a 
platform/programming language, as follow: Java/Java (S1, S2, 
S5, S7, S9, S13-S16), AspectJ/Java (S1) and Contiki/C (S4). 
Among UML artifacts, Activity Diagram is the most popular 
representation applied in the studies as a source for code 
generation (S9, S13, S16). Another core concept of MDSE is 
metamodeling, which techniques are widely used by the studies 
(S1-S5, S7, S10-S12, S16). Some approaches implement 
Domain Specific Languages from scratch (S3, S6, S7, S8, S11). 
Besides that, several studies provide in-house developed tools 
for models, in concern of design (S1, S3, S6, S7, S8, S9, S10, 
S12, S14 and S15) and transformation (S3, S6, S8, S10, S13, 
S14, S15). To that end, most of these tools are Eclipse EMF-
based. Finally, S1 and S3 present sound techniques for invariants 
specification. 
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RQ4. What are the strategies for model changes monitoring and 
adaptive system dynamic reconfigurations? Does the provided 
or suggested adaptation engine support anticipated and 
unanticipated context changes?  

The most identified strategy for model change monitoring 
and adaptive system dynamic reconfigurations is the 
implementation of a middleware or framework (S1-S3, S5, S8, 
S12-S16). Formal methods are used in S3 and S13, but the latter 
generates an automaton from UML Activity Diagrams, while the 
former defines semantics for a DSL to formalize context-aware 
systems structure and behavior. In relation to reconfiguration 
actions, architectural (S1, S2, S3, S4, S7, S16) and behavioral 
(S3, S13, S6) were recognized. Finally, adaptation engines of 
S1, S3 and S10 can cope with unanticipated context changes.  

A. Threats to Validity 

Publication bias represents a serious threat to the validity of 
the conclusions produced by a SLR, since it is likely that 
published studies will have more ‘positive’ results, that is, 
failures are seldom reported. A common threat during the search 
process is not finding relevant studies. We minimized this risk 
by selecting four comprehensive databases. Besides that, we 
composed a search string with several variations, and we gave 
special attention to details of each query tool provided by the 
selected databases.  

With respect to the influence of personal researchers’ 
opinions during the selecting process, we defined a very clear 
literature selecting criteria during the SLR planning phase. 
Lastly, some information not explicitly described in the articles 
had to be inferred by the authors. To minimize this threat, we 
promoted review sessions, when conflicting or unclear 
interpretations were discussed cooperatively. 

VII. CONCLUSION 

This article presents an overview on approaches for 
development and execution of self-adaptive systems driven by 
runtime models. As a result of this Systematic Literature 
Review, 16 relevant articles were considered, after analyzing 
more than 220 initial studies.  

From what we observed, the method of consistency checking 
between model and system at runtime is not clearly discussed in 
the majority of the analyzed articles. Regarding this problem, 
few studies demonstrated a rollback behavior when the change 
invalidated a constraint or invariant. Consistency checking is 
noted by some authors as an important challenge in this field. 

Another challenge relies on using the adequate abstract 
models to define and perform dynamic reconfiguration. UML 
and its extension mechanisms have been widely used in this 
direction. Ontologies and Business Process Models have been 
explored also. In order to increase the model expressiveness, we 
considered the usage of different languages and notations 
extremely positive. 

Finally, there is a limited range of options available when it 
comes to environments for distributed reconfigurable software 
development and execution. Furthermore, the existent ones need 
to evolve to support traceability, unanticipated changes 
(uncertainty levels), models reusability and low-level services 
for self-adaptive systems implementation and monitoring. 

In reference to future work, we plan to consider more articles 
through the “snowballing” practice from references of the 
selected papers. Besides this, aligning the research protocol 
towards microservices-based approaches as a provider for 
architectural reconfigurations, is planned. 
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Abstract—Experts recommend to include physical activity in 
everyone’s daily routine as it helps to curb various medical issues. 

They provide diverse healthcare services (e.g., interventions, 
exercise routine, personal trainer plan, therapy, etc.) to promote 
healthy living and to increase physical activity in one’s ever 

increasing hectic schedules. An individual generates a lot of data 
when he/she performs a physical activity. However, this data 
(exercises, training plans, etc.) and any other associated data (e.g., 
results, vitals, calories, weight, etc.) is not represented using 
commonly agreed standards. The lack of standards has given rise 
to two primary issues. First, interoperability issues don’t allow the 
physical activity data to be shared and integrated with 
heterogeneous healthcare systems. Second, various organizations 
and research programs still majorly rely on paper to record the 
data. This makes it highly impractical to develop any data-driven 
physical activity applications or evidence-based program. This 
article provides a detailed analysis of the problem and provides a 
potential solution in terms of extending HL7 RIM model using 
health and life sciences entities from Schema.org. 

Keywords-physical activity model; exercise model; HL7 RIM 
physical activity; HL7 exercise; EIM; FHIR; FHIR exercise 

I.  INTRODUCTION 

In general, Physical Activity (PA) is defined as any body 
movement that works your muscles and requires energy 
expenditure. It is proven that 30 minutes of daily physical 
activity can significantly reduce a variety of chronic diseases, 
improve mental health and overall well-being of an individual 
[1]. Even though the benefits of performing any type of physical 
activity on the individual’s overall health has been proven, 

physical inactivity is still the fourth leading cause of death [2]. 
It also manifested in higher health care expenditures [3], [4]. To 
tackle physical inactivity, experts have designed numerous 
programs and interventions to increase physical activity among 
various age groups, irrespective of their medical condition [5]-
[8]. The data obtained through these interventions/programs is 
recorded, analyzed and reported either using either paper (notes, 
journals, reports, etc.) or semi-structured digital (e.g., excel, 
text, etc.) format. Experts also recommend exercise - one the 
most common and popular way to achieve physical activity or 
to reach personal health goals. Exercises come in various forms 
and can vary from low-intensity exercises such as walking, 

                                                           
1  https://www.bedrockdata.com/blog/the-danger-of-data-silos-part-1-where-
do-they-come-from 

 

strolling, sleeping, etc. to vigorous-intensity exercises such as 
running, swimming, sports, etc. Currently, most of this exercise 
data (e.g., the name of the exercise, repetitions, duration, 
process, etc.) generated by an individual/patient is recorded 
using paper or at best using a mobile app. For example, weight 
training is one the most popular exercises and individuals who 
include it their routine still use manuals (fitness journals or 
notebooks) to record their training/routine data. Further, in 
today’s digital era, the vital sign data (heart rate, blood pressure, 
etc.) and other associated data (calories, step count, elevation, 
etc.) generated by an individual/patient during the exercise or 
any physical activity is recorded by wearables. The wearables 
constantly monitor the individual’s vitals and synchronize the 

data to a mobile app which latter pushes the data to a data 
repository. Eventually, this process creates data silos1 as the 
data is captured by a variety of apps, represented using 
proprietary formats, and stored in proprietary data hubs that 
might not communicate with one another or to a healthcare 
system. In parallel, individuals also use various paper and 
mobile apps (e.g., MyfitnessPal2, CalorieKing3, etc.) to record 
their calorie consumption, food type, and nutrient information 
for various healthcare reasons. Similar to wearables, these 
mobile apps capture the data using proprietary data formats and 
later synchronize it to a proprietary data hub.  

So, what is the problem here? First, the physical activity data 
captured by these various instruments (interventions or exercise 
training or personal training, etc.) on an individual/patient is 
majorly paper-based or digital format without following any 
standards. This gives rise to interoperability issues, an issue 
previously encountered with paper-based health records, that 
doesn’t allow the data to be exchanged between heterogeneous 
systems, specifically with an Electronic Health Record (EHR) 
or any standard clinical system. What is the impact? The 
healthcare expert(s) do not have a wholistic view of an 
individual/patient health. Second, due to data interoperability 
issues, experts will not be able to aggregate the data from 
multiple diverse sources to design evidence-based physical 
activity programs as shown in Figure 1. For instance, Rishi 
Saripalle age 30 with no serious medical condition approaches 
a trainer to be physical activity and achieve his goals. Most of 
the trainers use their knowledge and experience to design an 
activity routine to help Rishi reach his goal. If a diet is required, 

2 https://www.myfitnesspal.com/ 
3 http://www.calorieking.com/ 
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Rishi might seek assistance from a nutritionist to put a plan 
together that works with his training. How can the trainer and 
the nutritionist prove that this training and diet plan works? 
Currently, the physical activity domain cannot provide evidence 
to such questions or questions with a similar theme. However, 
the domain of biomedical informatics can provide evidence to 
such questions as its medical data can be aggregated because 
the data is represented and shared using healthcare standards 
[9].  

 

How to integrate 
the physical activity 
from data disparate 
sources to provide 

data-driven decision?

Project Enhance and 
Other studies

 

Figure 1: Interoperability issues with physical activity data.  

 
These mentioned issues in the physical activity domain are 

primarily due to lack of standards, both structural and semantic, 
for representing and sharing physical activity data. This 
preliminary research is focused on structural standards. The idea 
is to use existing healthcare standards and other standard 
models/vocabulary to represent and share physical activity data 
across diverse healthcare systems. This goal is achieved by 
extending the HL7 Reference Information Model (RIM) [10] 
with health and life sciences entities developed by extending 
Schema.org model. Schema.org4 is a collaborative community 
effort to create and maintain schema(s) for data represented on 
the internet. To the best of our knowledge, this is a novel effort 
to capture physical activity data by extending existing healthcare 
standards. The rest of the article is organized as follows. Section 
2 will provide the reader detailed background knowledge on 
HL7 RIM and Schema.org. Section 3 provides the proposed 
design with detailed analysis, software model(s) and its 
application. Section 4 concludes the article with future research. 

II. BACKGROUND INFORMATION 

The primary issue identified in the previous section is the lack 
of common standard(s) for representing and sharing physical 
activity data. The domain of biomedical and healthcare 
informatics faced similar crisis i.e. using paper and unstructured 
format for recording and sharing patient summaries, laboratory 
results, prescriptions, and other relevant data. The Electronic 
Health Record (EHR) was the viable solution and the medical 
community worked diligently to provide reliable and scalable 
standards for representing and sharing EHR. Various structural 
(e.g. Clinical Care Document (CCD), Clinical Document 
Architecture (CDA) [10], HL7 V2 and V3 messaging standards, 

                                                           
4 http://schema.org/ 

etc.) and semantic (e.g., SNOMED-CT [11], ICD [12], etc.) 
standards are developed to provide a sound framework for 
supporting EHRs. The HL7 V2 standard was developed from 
the perspective of the clinicians and hospitals, but is not backed 
by strong software modeling principles. The HL7 V3 standard 
was designed using fundamental software modeling principles 
and formal object-oriented methodology primarily targeting 
biomedical informatics experts.  

The HL7 Reference Information Model (RIM) is the 
cornerstone of the HL7 V3 messaging design and development. 
The RIM model has six core classes: Act, ActRelationship, 
Participation, Roles, RoleLinks, and Entity. Everything 
happening in the domain is an Act. The Act is further specialized 
to define other acts such as Medications, Procedures, 
Observations, etc. The ActRelationship connects two or more 
Acts using relations such as composition, precondition, 
revision, etc. Participation defines the context for an Act. The 
participants are assigned a Role such as a patient, provider, 
practitioner, specimen, employee, etc. Multiple roles involved 
in the Act are related using RoleLink. Finally, Role is assigned to 
Entity such as a person, organization, place, etc. In summary, 
HL7 V3 messaging standard is based on the HL7 Reference 
Information Model with six backbone classes with well-
designed hierarchies and abstraction. 

Entity Role

RoleLink

Participation Act

ActRelationship

0…1

0…1

0…n

0…n
0…n

1
0…n

1

0…n

1

0…n

1

0…n

1

0…n

1

 

Figure 2: The HL7 Reference Information Model core classes. 

Figure 3 shows a HL7 V3 message that captures “Heart Beat” 

(recorded as an observation (OBS)) as an outcome (OUTC) of 
the activity “Jogging” (also recorded as observation (OBS)).  

<?xml version="1.0" encoding="UTF-8"?>

<entry typeCode="DRIV">

<act classCode="ACT" moodeCode="EVN">

<entryRelationship typeCode="SUBJ" inversionInd="false">

<observation classCode="OBS" modeCode="EVN">

<code code="1968006" 

codeSystem="2.16.840.1.113883.6.96" 

displayName="Jogging" codeSystemName="SNOMEDCT"/>

<entryRelationship typeCode="OUTC" 

inversionInd="true">

<observation classCode="OBS" modeCode="EVN">

<code code="248646004" displayName="HeartBeat"/> 

codeSystem="2.16.840.1.113883.6.96"

<statusCode code="Completed"/>

<effectiveTime value="20170301"/>

<value xsi:type="PQ" value="120“ unit=“bpm“/>

</observation>

</entryRelationship>

</observation>

</entryRelationship>

</act>

</entry>  
Figure 3: HL7 V3 message for representing heart beat due to 

jogging. 

With the current standard, only a few physical activities and the 
associated data can be represented and shared. For example, 
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activities such as jogging, running, swimming, etc. and any 
associated data (e.g., heart rate, blood pressure, calories, etc.) 
generated during the activity can also be captured using RIM. 
However, not all physical activities can be represented using the 
RIM such as weight training, exercise plans, diet, therapy, etc. 
However, the formal object-oriented model can be extended to 
capture data based on the requirement - physical activity data.  

To further support this statement and the research goal, the 
exercise community is pursuing Exercise is Medicine (EIM) 
[13]. The primary goal of EIM is to establish physical activity 
as a requirement for patients that can be prescribed by 
healthcare practitioners and persist it in an EHR. An EIM 5 
solution has three modules: Physical Activity Vital Sign 
(PAVS), EIM Prescription and EIM Referral. The PAVS 
records the physical activity levels of the patient by using the 
PAVS questionnaire. The EIM Prescription is the most 
interesting module which allows experts to prescribe a physical 
activity to the required patients similar to a medication 
prescription. Figure 4 shows the flow chart of embedding an 
EIM solution (three modules) into an EHR. 
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Figure 4: Exercise is Medicine in an EHR. 

Apart from reusing the existing standards and community 
driven efforts such as EIM, there are only a handful of research 
studies that have identified and reported the need to capture 
physical activity data for persistence, longitudinal healthcare, 
and analysis. Kim et al., [14] have developed a physical activity 
semantic model that is comprised of activity keywords, 
qualifiers, response measures and context. These entities are 
obtained by reviewing 302 physical activity questions collected 
from standardized questionnaires and public data repositories. 
Sallies [15] identified the importance of physical activity 

                                                           
5 http://www.exerciseismedicine.org/ 

similar to other experts and emphasized the need for the 
healthcare system to treat physical activity as a vital sign. This 
will manifest in recording and be observing the patient’s 

physical levels during their medical visits. Coleman et al., [16] 
conducted a study to describe the facts and validity of an 
exercise vital sign (EVS) for use in the outpatient electronic 
medical records. After 18 months, 86% (1,537,798) of all 
eligible patients had an EVS in their electronic medical record, 
36.3% of patients were completely inactive (0 min of exercise 
per week), 33.3% were insufficiently active (more than 0 but 
less than 150 minutes/week), and 30.4% were sufficiently 
active (150 min or more per week). Lobelo et al., [17] identified 
that mobile health (mHealth) applications and wearables can 
advance the assessment and integration of physical activity 
(PAVS module in EIM) in clinical settings and support 
community-based interventions. However, none of the 
discussed research studies leverage or extend an existing 
healthcare standard which is EHR compliant to capture the 
physical activity data.  

Schema.org is a community effort to design standard 
schema’s to provide structure to the data published on the 
internet. The Schema.org vocabulary includes entities, 
relationships between entities, and it can be extended through 
the Schema.org extension model. Millions of modern sites use 
Schema.org to markup their webpages so that they are machine 
readable and search engine friendly. Figure 5 shows the 
description of an article using ScholarlyArticle entity on the 
HMTL webpage. The ScholarlyArticle is the entity (itemtype) 
that can be reached at http://schema.org/ScholarlyArticle and 
the article is described using the ScholarlyArticle attributes 
(itemprop). 

<div itemscope itemtype="http://schema.org/ScholarlyArticle">

<span itemprop="author">Saripalle, Rishi</span>

<span itemprop="name">UMLS Semantic Network as a UML Metamodel for

improving Biomedical Ontology and Application Modeling

</span>

<div itemprop="isPartOf" itemscope

itemtype="http://schema.org/PublicationIssue">

<span itemscope itemtype="http://schema.org/Periodical" 

itemid="#periodical">

<span itemprop="name">IJHISI</span>

</span>

<span itemprop="datePublished">2015</span>

<span itemprop="isPartOf" itemscope

itemtype="http://schema.org/PublicationVolume">

<span itemprop="volumeNumber">10</span>

</span>

</div>

<div itemprop="isPartOf" itemscope

itemtype="http://schema.org/PublicationIssue">

<span itemprop="issueNumber">2</span>

</div>

</div>   

Figure 5: Representing an article using ScholarlyArticle entity in 
Schema.org. 

This research will be using the Health and Lifesciences6, a 
schema designed by extending the core Schema.org vocabulary 
that captures medical vocabulary such as Drug, Condition, 
Causes, Exercise, Anatomy, Device, etc. 
 

6 http://health-lifesci.schema.org/ 
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III. EXTENDING RFERENCE INFORMATION MODEL WITH 

ENTITIES FROM SCHEMA.ORG 

In this section will be present and discuss in detail our proposed 
extension to Reference Information Model (RIM) using entities 
from Health and Lifesciences vocabulary - an extension to core 
Schmea.org model. The entities that will be adapted into RIM 
model are: PhysicalActivity, ExercisePlan and Diet. Figure 6 
shows the hierarchy from Schema.org, where ExercisePlan isa 
PhysicalActivity which in turn isa MedicalEntity (part of Health 
and Lifesciences vocabulary) which in turn isa Thing (a top 
concept in core Schema.org schema).  
 

Thing MedicalEntity

PhysicalActivity

ExercisePlan

Diet

 
Figure 6: The hierarchical relationship between PhysicalActivity, 

ExercisePlan and Diet in Schema.org vocabulary. 

As previously mentioned, Act in a RIM class that captures 
everything that happens and is extended to define other classes 
(Procedure, Observation, Supply, etc.). The Act is extended with 
the three aforementioned entities from Schema.org. It must be 
noted that the Diet class from RIM is merged with Diet entity 
from Schema.org to enrich the semantic expressiveness of the 
class. Figure 7 shows the extended RIM model with the 
Schema.org entities (in gray).  
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Figure 7: Extended RIM Model with Schema.org entities 

As shown in Fig 7, PhysicalActivity and Exercise (renamed 
from ExercisePlan) are the subclasses of Act (similar to 
Observation) with “PHY” and “EX” as the respective classCode. 
The Diet entity from Schema.org is merged with the Diet class 
in RIM which inherits from Supply. The Schema.org entities 
adapted into the RIM model have their own properties and also 
the properties inherited from their parents, i.e. MedicalEntity 
and Thing (Figure 6). When these entities are defined as the 

subclasses of Act, they inherit the attributes and relationships of 
Act. Table 1 shows in detail the properties of the 
PhysicalActivity (with datatypes) from Schema.org and any 
equivalents attributes (with datatypes) PhysicalActivity class 
inherits from Act. Few properties of PhysicalActivity entity can 
be expressed as relationships with other RIM classes (Role, 
Entity, etc.) and a few properties can be eliminated as we are 
translating a Schema.org entity that is primarily used in 
describing data on the internet to a modeling class. The 
properties (expressed as “N/A” in Table 1) with no equivalent 

match in the Act or related to other RIM classes are defined as 
the attributes of PhysicalActivity class as shown in Figure 8. 

 
TABLE 1: PhysicalActivity properties from Schema.org and equivalent 

attributes (relationships) in RIM model. 

Property (from 
Schema.org) 

Datatype (from 
Schema.org) 

Equivalent 
Attribute 
from Act 

Class 

Equivalent 
HL 7 

Datatype 

associatedAnato
my 

AnatomicalStructure 
AnatomicalSystem/ 
SuperficialAnatomy 

N/A 
CD (Coded 
Descriptor) 

category Text N/A ST (String) 
pathophysiology Text N/A ST 

code MedicalCode Code CD 
guideline MedicalGuideline N/A ST 

alternateName Text N/A 
ED  

(Encapsulat
ed Data) 

name Text Title ED 
description Text Text ED 

epidemiology Text TX  
 

Property (from 
Schema.org) 

Datatype (from 
Schema.org) 

Expressed as a 
relationship with a RIM 

Class 

legalStatus MedicalGuideline 
SubstanceAdministration or 

ST (String) 
medicineSystem MedicineSystem Entity 
recognizingAuth

ority 
Organization Organization 

 
The Exercise class also inherits attributes from Act as shown 

in Fig 7. Table 2 only shows the properties from Schema.org 
that will be translated as attributes in Exercise with their 
respective datatypes as shown in Figure 8. Table 3 shows the 
properties of the Diet (with respective datatypes) from 
Schema.org that are included in the Diet class as attributes. 
Figure 8 shows the complete Diet class in the extended RIM 
model. With the extended RIM model, the physical activity data 
can be shared via HL7 V3 messages. Figure 9 shows a simple 
HL7 V3 message that captures a new (represented using status) 
physical activity that affects the body composition 
(associatedAnatomy) of the patient and is authored by Dr. Rishi 
Saripalle. With availability to translate HL7 V3 to HL7 V2 
messages, the message in Figure 9 can also be converted into 
HL V2 message, a more popular format which clinical 
information systems. With the extended model, an authorized 
organization or personal can prescribe a physical activity to a 
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patient, similar to a medication and the results can be shared 
with the prescribed party – one of the EIM goals. 
 

TABLE 2: Exercise properties from Schema.org and equivalent attributes 
datatypes in RIM model 

Property (from 
Schema.org) 

Datatype (from 
Schema.org) 

Equivalent HL 7 
Datatype 

activityDuration 
Duration/ 

QualitativeValue 
PQ (Physical 

Quantity) 
activityFrequency QualitativeValue/ Text PQ 
additionalVariable Text ST 

exerciseType Text CD 
intensity  QualitativeValue/ Text PQ 

alternateName Text ED 

repetitions  
QualitativeValue/ 

Number 
QTY (Quantity) 

restPeriods  
QualitativeValue/ 

Number 
QTY 

Workload 
QualitativeValue/ 

Energy 
PQ 

 
TABLE 3: Diet properties from Schema.org and equivalent attributes 

(relationships) datatypes in as RIM model. 
Property (from 

Schema.org) 
Datatype (from 

Schema.org) 
Equivalent HL 7 

Datatype 
dietFeatures  Text ST 
physiologicalBenefits  Text ST 

risks Text ST 
 

Property (from 
Schema.org) 

Datatype (from 
Schema.org) 

Expressed as a 
relationship with a 

RIM Class 
endroders Organization/Person Organization/Person 

 

associatedAnatomy: CD
category: ST

Pathophysiology:ST
alternativeName:ST

Epidemiology: ST

Physical Activity

activityDuration: PQ
activityFrequency: PQ
additionalVariable:ST

exerciseType:ST
repetitions: ST
restPeriods: PQ

intensity: ST
workload: PQ

ExercisePlan

energyQuantity: PQ
carbohydrateQuantity : PQ

dietFeatures:ST
physiologicalBenefits:ST

risks: ST

Diet

classCode: CS
modeCode: CS

id:DEST<II>
code:CS

actionNegationInd:BL
negationInd:BL

title: ED
Text:ED

statusCode: CS
effectiveTime: QSET<TS>

……
isCriterionInd:BL

Act

Supply

 
Figure 8: PhysicalActivity, Exercise and Diet classes in extended RIM model. 

Figure 10 shows another HL7 message that captures a physical 
activity with a defined exercise plan, and an associated diet 
authored by an expert associated with an organization. The 
extended RIM model can also capture multiple exercise plans 
that can be associated with a physical activity. In the course of 
this research, the author has noticed that the physical 
activity/exercise/cardio domain doesn’t have any standard 
terminology or ontology that express the vocabulary of the 
domain. Few existing medical standards (e.g., SNOMED) 
capture generic vocabulary such as jogging, walking, running, 

etc., but don’t capture in-depth vocabulary such as weight 
lifting, chest press, bench press, plank, lunges, etc. The domain 
would require a standard vocabulary for unambiguous 
interpretation of shared activity data.      
 
<entry>

<physicalactivity classCode=“PHY" modeCode=“RQO">

<code code="1968006" codeSystem="2.16.840.1.113883.6.96" 

displayName="Jogging" codeSystemName="SNOMEDCT"/>

<title mediaType=“text/html“ data=“Daily Activity”/> 

<associatedAnatomy code="M0002741" codeSystem=

"2.16.840.1.113883.6.177" displayName=

“Body Composition" codeSystemName=“MeSH“/>

<statusCode code=“new"/>

<author/>

<assignedAuthor>

<assignedPerson>

<name>

<prefix>Dr.</prefix>

<given>Rishi</prefix>

<family>Saripalle</prefix>

</name

</assignedPerson>

</assignedAuthor>

</author>

</physicalactivity>

</entry>  

Figure 9: A HL7 V3 message capturing physical activity 

<entry>

<physicalActivity classCode=“PHY" modeCode=“RQO">

<code code="1968006" codeSystem="2.16.840.1.113883.6.96" 

displayName="Jogging" codeSystemName="SNOMEDCT"/>

<title mediaType=“text/html“ data=“Daily Activity”/> 

<associatedAnatomy code="M0002741" codeSystem="…" displayName=

“Body Composition" codeSystemName=“MeSH“/>

<statusCode code=“new"/>

</physicalActivity>

<entryRelationship typeCode=“COMP" inversionInd="false">

<exercise classCode=“EXP" modeCode=“RQO">

<code code="282961006" codeSystem=" . …" displayName=“Squat" 

codeSystemName="SNOMEDCT"/>

<activityDuration xsi:type="PQ“ value=‘3’ unit=

“minutes"/>

<repetitions xsi:type=“QTY“ value=‘3’/>

<restPeriods xsi:type=“PQ“ value=‘1’ unit=“minute"/>

<statusCode code=“new"/>

</exercise>

</entryRelationship>

<entryRelationship typeCode=“COMP" inversionInd="false">

<exercise classCode=“EXP" modeCode=“RQO">

<code code="M0022909" codeSystem=". …" displayName=“Weight Lifting" 

codeSystemName=“MeSH"/>

<activityDuration xsi:type="PQ“ value=‘3’ unit= “minutes"/>

<additionalVariables mediaType=“text/html“ data=“85% of 

your max and rest for 2 min after”/>

<repetitions xsi:type=“QTY“ value=‘5’/>

<restPeriods xsi:type=“PQ“ value=‘2’ unit= “minute"/>

<statusCode code=“new"/>

</exercise>

</entryRelationship>

<entryRelationship typeCode=“COMP" inversionInd="false">

<Diet modeCode=“RQO">

<energyQuantity xsi:type="PQ“ value=‘2000’ unit= “calorie"/>

<carbohydrateQuantity xsi:type="PQ“ value=‘300’ unit= “calorie"/>

<statusCode code=“new"/>

</Diet>

<author> 

<assignedPerson>

<name>

<prefix>Dr.</prefix>

<given>Nutrition</prefix>

<family>Expert</prefix>

</name>

</assignedPerson>

<representedOrganization>

<name>ABC Experts</name>

<addr nullFlavor=“UNK”/>

</representedOrganization>

</author>

</entryRelationship>

</entry>

 
Figure 10: A HL7 V3 message capturing physical activity, an exercise plan, 

Diet and associated author of the Diet. 

IV. CONCLUSION AND FUTURE WORK 

In this research article, existing medical standard(s) which is 
compliant with EHR is extended to represent and share physical 
activity data across heterogeneous healthcare systems. This 
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goal is achieved by extending HL7 Reference Information 
Model (RIM) with entities defined in Health and Life Science 
vocabulary from Schema.org. To the best of our knowledge, 
this is a novel approach to represent the physical 
activity/exercise data using HL7 RIM and sharing it using HL7 
V3/V2 messaging standards. To support this approach, in 
Section 1, the article presented the current situation in the 
domain and the immediate need for capturing the physical 
activity data (Fig 1). Section 2 provides the required 
background knowledge and other scholarly research efforts 
aligned with the proposed idea, especially EIM solution (Figure 
4). Finally, the article demonstrates the capabilities of the 
extended HL7 RIM by constructing HL7 V3 messages (Fig 9 & 
Fig 10) using simulated data.  

The work presented here is a very crucial first step towards 
capturing physical activity data and moving towards evidence-
based practice, similar to biomedical and healthcare 
informatics. However, more work is required to expand, 
implement and integrate the proposed model into an EHR. 
Apart from Schema.org entities, integrating the paper-based 
format followed by various fitness organizations (e.g., LA 
Fitness, Gold gym, etc.) and expert’s knowledge would add 
value to the extended model. We are continuing our effort to 
implement the designed model using openEHR as a proof of 
concept. Further, with increasing use of mobile apps, ubiquitous 
computing for capturing data and the influence of light-weight 
web services, the proposed extended model classes will also be 
translated into Fast Healthcare Interoperability Resources 
(FHIR)7 resources [18]. This is achieved by using HAPI8, an 
open source implementation of FHIR standard. With the 
integration of the physical activity data into an EHR, an 
expert(s) will have a wholistic view of the patient health.  
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Abstract: With the rapid advance of mobile computing 

technology and wireless networking, there is a significant increase 

of mobile subscriptions. This brings new business requirements 

and demands in mobile software testing, and causes new issues and 

challenges in mobile testing and automation. As there are multiple 

platforms for diverse devices, engineers suffer from the different 

scripting languages to write platform-specific test scripts. In 

addition, a unified automation infrastructure is not offered with the 

existing test platform.  This paper proposes a novel approach to 

mobile application testing based on natural language scripting. A 

Java-based test script generation approach is developed to support 

executable test script generation based on the given natural 

language-based mobile app test operation scripts. A prototype tool 

is implemented based on some open sources. Finally, the paper 

reports empirical studies to indicate the feasibility and 

effectiveness of the proposed approach. 

 

KEYWORDS: mobile application testing; test automation; 

scenario-based testing; behavior-based testing 

 

1. Introduction 
 

Today mobile computing is the beginning of another 

revolution that is going to sweep the consumer industry with 

its fast paced growth. The demand for smart phones and 

tablets coupled with their expensive data plans is already 

soaring high and is a trillion dollar industry. As mobile APP 

and mobile application vendors, they have encountered the 

following critical issues. Testing mobile apps on different 

mobile platforms and various devices becomes very costly 

and tedious due to the fast upgrading of mobile devices, and 

rapid updates of mobile platforms and technologies. Testing 

mobile web applications on diverse mobile browsers on 

different devices become very difficult and costly due to 

increasing mobile scalability, constantly updates of mobile 

devices and mobile technologies, diversity of involved 

mobile web technology, and fast upgrading mobile 

application services [1, 2, 3, 18].  

   Most of the present research work focuses on providing 

solutions to the technical problems in the following areas: a) 

mobile app white-box testing methods; b) GUI-based test 

technique for mobile apps [5]; c) usability testing [6]; d) ad 

hoc scripting test tools; e) wireless network testing [9]. 

There are two challenges in mobile testing: the first issue is 

too costly to deal with diversity of mobile test environments 

on varieties of mobile devices, and the other is the lack of 

cost-effective method and platforms to support a unified 

mobile test automation crossing different mobile platforms 

on diverse devices. Most of the existing mobile testing tools 

support GUI-based functional testing and few support 

load/performance testing. Currently, a unified automation 

infrastructure is not offered with the existing test tools. In 

addition, there is lack of well-defined mobile test scripting 

method to deal with the massive multiple mobile test 

running. Therefore, test automation central control is needed 

to support behavior-based testing or scenario-based testing 

at multiple levels.  

In this paper we develop practical solutions and design a 

unified mobile test platform to address the needs and 

limitations. The intent is to develop a unified system that 

enables test engineers to dynamically test the mobile 

applications without the dependency on any scripting 

language. The proposed approach will enable test engineers 

to define the scenarios to be tested in plain natural language 

that supports seamless and efficient testing of mobile 

applications. In this approach, we attempt to design a system 

capable of testing the properties of the application 

automatically once the scenarios are written for a set of 

features from natural language. As the test cases can be 

purely user written stories, we can simple use natural 

language to write the functionality and scenarios to test, and 

then script the code to perform those tests automatically. 

Further, the code to execute these tests would be a part of 

step-definitions in the overall test automation framework.  

The paper is structured as follows. The next section 

presents the background and related work. The architecture 

of the BDD-based natural language processing analysis is 

discussed and the designed and implemented prototype tool 

for the proposed approach is presented in Section 3. Case 

studies of testing on several mobile apps are shown in 

Section 4. Conclusion and future work are summarized in 

Section 5. 
 

2. Background and Related Work 

2.1 Background  

Behavior driven development (BDD) includes a work flow 

which requires the software developers to test the behavior 
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of a piece of code as and when it is developed [21, 23]. It is 

used by the stakeholders to verify if the product approach is 

correct or wrong. BDD is based on scenarios to check the 

validity of the system. Using this design flow based on the 

scenarios will allow us to analyze the whole piece of code, 

scenario by scenario. This not only helps developers 

understand the functioning of the component, the 

stakeholders can also verify the step process. BDD is 

written in natural language which is easier for both the 

parties to understand and verify the functionality. Natural 

language allows the developers to see if there is any 

ambiguity in the thought process of a system due to a 

complicated process. BDD works in a sentence by sentence 

approach rather than taking the whole code as a whole. It 

allows everyone to see which line is getting the correct 

result and which is not. As the test cases can be purely user 

written stories, there is no need to write test cases in code. 

Therefore, we can use natural language to write the 

functionalities and scenarios to test, and then script the code 

to perform those tests automatically. Thus, we can easily 

write human understandable user stories and this can enable 

even beginners to test the applications. Further, the code to 

execute these tests would be a part of step-definitions. This 

acts as a layer of abstraction and promotes a series of 

advantages and efficiencies in mobile application testing.  

 

2.2 Related Work 

Up to today, many papers have been published to address 

different testing areas in mobile applications. These areas 

include such as white-box and black-box testing, quality-of -

service testing, wireless connectivity testing, and test 

automation frameworks.  

Existing white-box testing methods are still applicable to 

mobile apps. For example, Java Pathfinder [1] is a mobile 

program verification tool supporting white-box mobile Java 

program testing. Engineers can use this tool to detect race 

conditions and deadlocks based on UML state machines and 

symbolic execution. Mahmood and his colleagues [2] use a 

white-box approach to generate test cases with two 

program-based models (call graph and architectural) to 

achieve mobile program code coverage. Many black-box 

testing techniques are useful in mobile apptesting. Random 

testing and the scenario-based testing method [3] are good 

examples. GUI-based testing has been discussed in 

numerous papers. For instance, Anand and his colleagues [4] 

introduced an automated testing approach to validating 

mobile GUI event sequences for smart-phone apps. 

Similarly, Amalfitano and his colleagues [5] presented a 

tool AndroidRipper that uses an automated GUI-based 

technique to test Android apps in a structured manner. 

There are many tools that support BDD such as cucumber, 

jBehave, twist etc. In recent times, a large number of mobile 

testing tools have been developed to support mobile 

development [17, 21, 23]. As the number of mobile products 

is increasing, the testing of these products is important. We 

need to choose the testing tool that best suits the product. 

Thereby, increasing demand for mobile devices has lead to 

the needs for developing tools to test them at a high level. 

Based on our research, we found that most of the testing 

tools either perform the GUI testing or load and 

performance testing. But all the tools have some limitations. 

For instance, many tools require engineers to learn different 

scripting languages in order to write platform specific and 

tool specific scripts which would be difficult for them. 

However, engineer still need new test models to address 

special needs in testing mobile applications.  

Unlike the existing research, our goal in this paper is to 

address the growing needs of the mobile market like the use 

of natural language to test the mobile applications. Our 

approach aims in providing solution to such problems and 

our research has a wide impact on the market which keeps 

on changing rapidly. 
 

3. BDD-Based Natural Language Scripting for 

Mobile Application Test Generation 

The order of behavior driven development in the form of 

acceptance tests is as follows. 

(a) A scenario is described to define the action or 

behavior of the system to be tested; 

(b) Step definition is the part where the natural language 

is converted into the actual working code based on 

the mapping of the constructs of the natural language. 

A specific regular expression is used to determine the 

code which is to be executed on reading the sentence; 

(c) A code skeleton is needed to comply with the tool 

that is being used, so that efficient codes can be 

written and run; 

(d) Codes in the code skeleton are then run which will 

show us the results. This will verify if the code has 

passed or failed depending on the scenario.  

We used the tool cucumber (https://cucumber.io/to) to 

run the nature language scripts written in Gherkin language. 

The server side code i.e., the step definitions for cucumber 

are written in Ruby language which contains all the 

definitions and classes needed to test the functionalities of 

the mobile app. Cucumber runs and points out the steps 

which have been used but not yet defined and prompts the 

user to define each of those steps. These step definitions can 

be written in any language where we used Ruby for defining 

steps in our approach. The framework Calabash 

(http://calabash.sh) is used to support automated tests 

written in ruby and Gherkin. The framework contains all the 

scenarios in the feature file written in nature language, 

Gherkin. It also contains the step definitions which act as a 

server side code written in Ruby language. A number of 

self-defined functions are used in our current approach.  

In brief, the process of BDD for mobile testing here 

includes scenario description, step definition, code skeleton, 

and implementation. Figure 1(a), (b), (c), and (d) shows the 
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examples of BDD in the scenario of telephone call. 

 
Figure 1 A sample BDD process  

3.1 Modeling Semantic Relation of Natural Language  

In order to obtain a semantic relation between the keywords 

of the defined language, we need to put together the 

sentence in a syntactical manner. Both these parsers will 

help us create a Phrase Structure tree (PST). This phrase 

structure tree will be the backbone of our natural language. 

Our approach will try and break all the keywords to be used 

into skeleton codes. We firstly divide the language into 

grammatical components, and then define each and every 

grammatical component. Secondly, a class and function is 

tied to every component.  Thirdly, we define the code for 

each and every specific tie up.  Finally, we run the scripts to 

return the behavior. Figure 2 shows some examples on how 

to break a sentence into a PST. Figure 3 presents some key 

words in our language (bold words). When a part of natural 

language has been written, a parser is required to break the 

language into components and relate with the skeleton code 

in the background. 

 

Figure 2 PST examples 

 
Figure 3 A sample keywords in our language 

3.2 Design and Implementation for the Approach 
This section presents the developed software system 

architecture and explains about the involved components 

and their relations and connectivity.  

Figure 4 shows the workflow of the designed system. The 

blue colored components are developed in our approach. 

Most of the yellow colored components can be built from 

the existing work and some open source tools. The Gherkin 

extension is implemented where the majority of the 

functionality and logic is defined. The intelligence goes in 

extending the behavior of Cucumber by defining extensions 

based on scenarios written in nature language. The part 

enclosed in the dotted lines is the work flow of test scripting 

in the solution. Our approach aims to design a prototype 

systematic tool which can support to generate mobile 

application testing scripts based on the requirements of the 

user input. The user input determines which script to be 

selected from the database and which environment to set up. 

We analyze the user inputs and categorize them into three 

different parts. Then these parts will be segregated into the 

Gherkin extension which forms the scripts based on the user 

inputs. Next, some implemented key components and used 

technology are discussed in details.   

 
Figure 4 The workflow of the designed system for mobile 

application testing
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User inputs - Three types of user inputs are shown in Figure 4. 

The first set of inputs refers to the environment parameters. These 

set of options is predefined by the system user and would be 

allowed to choose the options according to the test suite or the 

test script. Test automation scripts in behavior driven 

development will be supplied by the user for automating test 

scripts execution. These scripts are being handled by some 

other team. The third input would be the required test 

scenarios for testing the application. The test scenarios are 

implemented at a multiple level.The existing work only 

focuses on one level scenario that was being executed. In 

this approach, we try and implement the scenarios at 

multiple levels.  

Gherkin extension - Gherkin is a simple natural language 

based programming language. It does not have a very 

complex and detailed syntax. Only a few keywords are 

required to use gherkin as a language. The input supplied by 

the user is processed by the Gherkin extension. When we 

run the gherkin scripts in cucumber, it generates a report 

based on the keywords and sentences provided no matter the 

script will run or not. If it runs, then we check if it behaves 

in the way we have defined in gherkin script. After that, the 

related information is sent to the Mobile Test generator (the 

component shown in Figure 4) for execution.  

Mobile test generator - In this mobile test generator, all the 

additional functionality and logic is applied to define the test 

scripts. The Cucumber understands the natural language 

based scripts, while internally uses Java/ Ruby language for 

procession. The interactions among the servers happen by 

using the defined API's. 

Defining Steps in Cucumber- We used the tool cucumber 

to run our natural language scripts written in Gherkin 

language. The server side code i.e., the step definitions for 

Cucumber are written in Ruby language which contains all 

the definitions and classes needed to test the functionalities 

of the mobile app. The sample features and scenarios are 

illustrated as follows. 

Cucumber Components- Features and Scenarios -

Following this approach for defining the steps will make the 

steps/scenarios more complete and readable though the 

order is not critical. Cucumber runs and points out the steps 

which have been used but not yet defined and prompts the 

user to define each of those steps. These step definitions can 

be written in any language where we used Ruby for defining 

steps in our approach. Even if one step is pending, the entire 

scenario is marked as pending. In case the first step fails to 

execute or is pending, the entire scenario is skipped. Step 

definitions can be used and re-used and one step can be 

called from another.  

We have used the framework Calabash to support 

automated tests written in ruby and Gherkin. It contains all 

the scenarios in the featurefile written in natural language, 

Gherkin. It also contains the step definitions which act as a 

server side code which are written in Ruby language. 

Calabash Android provides the client-server architecture. 

We have included many custom defined functions which are 

used in our current approach. 

 

4. Case Studies 

To apply the developed tool for dynamic mobile application 

testing, we used several realistic mobile applications and 

system. NDTV, Waze, and WordPress APP are selected for 

the study objects. We created step definitions for multiple 

apps to implement different functionalities and scenarios. 

The operational flow to set up the calabash android and 

finally run the test scripts is as below. 

Step 1: To define the calabash android environment;  

Step 2: To set up the apk parameters to build;  

Step3: To obtain the apk and start the calabash console; 

Step 4: To generate a feature directory;  

Step 5: To run cucumber;  

Step 6: Run the calabash android;  

Step7: Calabash Android Dem Spec Created. 

 

4.1 Study Results 

Case 1: NDTV App- Syntax  

Initially we started working on the NDTV new app for 

testing the buttons and scrolling features of the app.  

We defined multiple scenarios where a test engineer can 

test different properties according to the requirements. Here 

we explicitly defined 5 different scenarios. In the first 

scenario we change the headline once the app is launched. 

When the “news” shows, we define the steps to scroll down. 

As recent headlines appear, we further scroll down and use 

the button press feature to select the “recent” button on the 

app. Then we wait for progress and again scroll down. Yet 

again, we press the “trending” button and scroll down. In 

this way, we can create multi-level scenarios for testing 

different attributes of the application. We have used the 

NDTV apk file from the Google Play and tested it using the 

scenarios. When we try to run the calabash android gen 

command, it creates a sub directory.  

When all the cases are tested successfully, it displays the 

results as passed including the number of successful 

scenarios. The scenarios are executed on an android device 

and the screenshots depict the execution summary for 

different scenarios for NDTV app. Figure 5 presents the test 

results when running the scripts for the app. Right below 

NDTV we can see the text “News” which will be read by 

the application as a starter sign to execute next steps in the 

scenario shown in Figure 5(a). The next steps are directing 

the application to scroll down the page three times. The 

second screenshot shown in Figure 5(b) here shows the 

same feature of the script file but a different scenario. Here 

the second tab after “Top Stories” is clicked which can be 

seen down below as “Recent”.
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(a)                                                             (b)

Figure 5 Test results when running the scripts for 'NDTV' app

Case2: WAZE App- User Sign in Syntax  

We further enhanced the functionalities of our approach and 

implemented user sign-in feature for waze app as depicted 

below. The scenario is to log into the application. The 

scenario is defined as below.  

The test engineer logs into the application and upon login 

should see the User Agreement and then touch the Accept 

check box. Next user touches the Login button and enters 

the user id and password and then presses sign-in. Figure 6 

shows the sample of syntax for testing the scenarios. 

 

 
 

Figure 6 A sample syntax for testing the scenarios 

 

Case 3: Wordpress App: Scenarios and Syntax  

The next step was to execute some key functionalities for 

WordPress App. The below execution summary depicts the 

different scenarios for this app. Two scenarios are defined in 

detail. The first scenario is to log into the app being a valid 

user. The test engineer can validate the sign-in feature of 

app using this natural language based scenario. As the user 

gets to sign-in, it enters the username and password and then 

presses the sign-in button. As the user enters the application, 

it should see the “Posts” tab and press view for “more 

options”. The user then logs out of the application. There is 

a two second timer after which the user is prompted to sign-

in again.  

The second scenario describes the scenario when the 

login information is incorrect. The user should get a 

message that “login information is not correct”. Figure 7 

presents the feature of two scenarios.  

 

 
Figure 7 A sample syntax for testing the scenarios 

 

4.2 Study Limitations 

While designing the system and developing the tool, we 

faced several issues. Some of those issues are listed below. 

We had used emulator for testing the apps which took 
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longer time to run the whole scenario. To improve this we 

replaced the emulator with the android tablet we have and 

reduced the running time. Regarding to the resign tool, 

when the apps are tested, the .apk file needs to use the same 

signature in our approach. To achieve this we used the re-

sign jar which is a drag and drop java tool that strips the apk 

file from its signature and then signs it with our android 

debug key and solves the issue.  
 

5 Conclusions and Future Work 
As more constructions and deployments of mobile APPs 
and web applications on devices, engineers need more 
quality validation research and test automation tools to deal 
with the related issues and challenges. Currently, there is a 
need for an autonomous test scripting architecture for 
mobile apps, which we focus in this paper. This paper is a 
step forward towards natural language scripting. The intent 
of this work is to limit the dependency on any one scripting 
language and come out with the universal widely defined 
natural language.  

The proposed approach has a lot of application scope in 
the future industry. There is also a scope for automation in 
the future as the present server side code requires manual 
testing. This approach suffers from some limitations. For 
example, the syntax is currently dependent on variables. 
Thus if the variables associated change, the step definitions 
need to be modified. The new id’s need to be extracted from 
the app properties which is a complex problem in the known 
space. Therefore, there is tremendous scope to automate and 
reduce this dependency on the variables in the future work. 
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Abstract—Automated GUI testing based on behavioral model
is one of the most efficient testing approaches. By mining user
usage, test scenarios can be generated based on statistical models
such as Markov chain. However, these works require static
analysis before starting the exploration which requires too much
prerequisites and time. In this work, we propose a behavioral-
based GUI testing approach for mobile applications that achieves
faster and higher coverage. Our approach does not conduct
static analysis. It creates a behavioral model from usage logs
by applying a statistical model. The events within the behavioral
model is mapped to GUI components in a GUI tree. Finally,
it updates the model dynamically to increase the probability
of an event that rarely or never occurs when users use the
application. We evaluated our approach on three open-source
Android applications, and compared it with other approaches.
Our approach showed the effectiveness of our tool.
Keywords- Testing Tools; Testing Automation; GUI Testing; An-
droid; Behavioral Model;

I. INTRODUCTION

It is undeniable that the smartphone has become a part of
our life, and adoption has reached almost 3 billion active
smartphone users in 2016 and still increasing year by year.
Due to the huge and intensely competitive market, the high-
quality and flawless graphic user interface is an essential part
of success. Moreover, the mobile application design trend has
been evolving rapidly. GUI testing is a very important part of
achieving a high-quality application.

Various methods for automated GUI testing have already
been studied, implemented, and evaluated [1]. However, ac-
cording to a study conducted by Joorabchi et al [2], more
than 70% of the survey respondents preferred to adopt manual
GUI testing in practice, and less than 5% are engaged in
fully automated GUI testing. Moreover, more than half of
the participants admitted that GUI testing is challenging to
automate and is still labor intensive.

To overcome these challenges, our goal is to create an
automated tool that can be adopted easily, with smaller depen-
dency and higher efficiency. We propose a behavioral-based
automated GUI testing approach which requires as little setup
effort as possible, while still achieving equivalent or better
code coverage than other automated approaches by:

1) Avoiding static analysis by mapping the GUI tree and
behavior model during runtime.

2) Updating the model dynamically to increase the proba-
bility of an event that rarely or never occurs when the
user uses the application.

3) Applying a statistical model to create a behavioral
model.

The remainder of this paper is organized as follows: Section 2
provides related works on GUI testing, Section 3 describes the
methodology as well as the architecture, Section 4 evaluates
our approach, Section 5 outlines the limitations of our tool,
and Section 6 contains our conclusions and future works.

II. BACKGROUND AND RELATED WORKS

There are a number of works related to automated GUI
testing for the Android platform. One of these is a tool called
Monkey [3] which is bundled with Android SDK and is the
most frequently used tool to test Android apps.

Android Monkey generates and sends pseudo-random
streams of GUI events to the Application Under Test (AUT).
It is fully automatic, and it can efficiently test the AUT with
a large number of simple inputs. However, it is not suited for
generating inputs that require human intelligence, and it tends
to generate redundant inputs.

Other approaches such as model-based approaches [4],
[5] have been proposed. Dynodroid [5] is based on random
exploration with several strategies that make its exploration
more efficient compared to a uniform distribution random
testing. Frequency strategy selects the events that have been
least frequently selected so far. Biased random strategy, like
the frequency strategy, maintains a history of how often each
event has been selected, but in a context-sensitive manner.

The model-based exploration strategies consider each in-
dividual activity as a state, and each event as a possible
transition. Amalfitano et al. [4] presented AndroidRipper, an
automated GUI-based tool to test Android apps in a structured
manner. It implements a depth-first search (DFS) strategy and
restarts the exploration from a fresh starting state when it
cannot go to any other states during the exploration.

Recently, several techniques [6], [7], [8], [9] which captures
user’s input have been proposed. Linares-Vasquez, et al. [8]
created a tool called MonkeyLab which mines GUI-based
models that are used to generate actionable scenarios for
both natural and unnatural sequences of events. Gomez et
al. [9] proposed a crowdsourced approach and applied Path
Analysis and Sequential Patterns algorithms to reproduce
context-sensitive crashes by real users.
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III. METHODOLOGY

Although the basis of our approach of using a behavioral
model is not new, our approach is unique in that we continually
update the behavioral model as the test progresses. The initial
behavioral model is created from usage logs using statistical
modeling, but we also consider events that did not appear in
the usage logs. This is done through mapping events in the
behavioral model with GUI components in the GUI tree. Event
probabilities are adjusted as the test progresses.

Fig. 1 shows the overall architecture of the system. In this
paper, the photo editing application in Fig. 2 will be used as a
running example. Our approach can be divided into six steps
as follows:

1) Gather the usage logs beforehand and extract GUI tree
from the AUT (Section III-A).

2) Apply a statistical model to create a behavioral model,
then map with GUI Tree (Section III-B).

3) Select an event from the behavioral model randomly
(Section III-C).

4) Fire the selected event to the AUT (Section III-D).
5) Adjust the probability by frequency and update the

model if needed (Section III-E).
6) Repeat from (2) to (5) until reaching a time limit or

pre-decided number of events.

A. Observation

The purpose of this step is to acquire the mandatory compo-
nents, the usage logs and GUI tree, for generating behavioral
model.

1) Obtain Usage logs: This is the only prerequisite step
before runtime. Usage logs are obtained from the AUT by
using Recorder, the usage recording service. The Recorder ser-
vice was implemented using Android’s AccessibilityService1

which captures events executed by the testers or users in the
form of AccessibilityEvent. These events are then collected
and transferred to the Observer through Android Debug Bridge
(ADB). We focus on the events shown in Table I. Once the
user starts using the application while the Recorder service is
turned on, a recording session starts, which will end when the
user closes the application. Since this data is the basis for the
behavioral model, it is better to have many sessions. One way
to obtain a large amount of sessions is to crowdsource [9].
This process does not require the developer to modify AUTs
source code.

2) Extract GUI Tree from AUT: The GUI tree is a hierarchy
of GUI components, extracted from the AUT during runtime
using Android’s Hierarchy Viewer2. We chose this dynamic
approach, rather than statically analyzing the AUT’s apk file;
this results in adding less than 100ms overhead per action.
Fig. 3 shows a simplified GUI tree from the example activity in
Fig. 2. In this example, the simplified GUI Tree includes 6 GUI
components, e1 backButton, e2 editButton, e3 deleteButton,
e4 shareButton, e5 imageView, and e6 saveButton. In the

1https://developer.android.com/training/accessibility/service.html
2https://developer.android.com/studio/profile/hierarchy-viewer.html

TABLE I
ACCESSIBILITY EVENT TYPES

Event type Description

TYPE VIEW CLICKED Represents the event of click-
ing on a View.

TYPE VIEW LONG CLICKED Represents the event of long
clicking on a View.

TYPE VIEW SCROLLED Represents the event of
scrolling on a View.

TYPE VIEW TEXT CHANGED Represents the event of
changing the text of an
editText.

TYPE WINDOW STATE CHANGED Represents the event of open-
ing a PopupWindow, Menu,
Dialog, etc.

GUI tree, each component contains its type, resource-id, text,
coordinate, and possible actions that the user can take.

B. Behavioral Model Generation and Mapping

In this step, the behavioral model is created from usage logs,
then events are mapped to GUI components in the GUI tree.

1) Behavioral Model Generation: The behavioral model
is created from usage logs by approximating the conditional
probabilities using the Markov assumption (see a simplified
behavioral model in Fig. 4). We use 5-grams model. An n-
gram model is simply a sequence of words. In the context
of software testing, these words are events. The n refers
to the number of events. Consider a sequence of events
etap1, etap2, ehold1, eswipeUp. If n = 2, then the 2-gram or
bigram would be:

1) p(etap2|etap1)
2) p(ehold1|etap2)
3) p(eswipeUp|ehold1)

And for n = 3, the 3-grams or trigram would be:
1) p(ehold1|[etap1, etap2])
2) p(eswipeUp|[etap2, ehold1])

Where p(ex|[ej , ek]) is the probability of event ex being
selected given history events [ej , ek]. With larger n, a model
can store more context with a well-understood space-time
tradeoff. It is possible to use higher than 5-gram if more
sessions of usage log and processing power are available.

In practice, the app might not be entirely explored by users.
In Fig. 4, suppose that there is another event e6 that can occur
when the user is at Activity B, but it is missing from the
simplified behavioral model. This means that the model is not
fully covered and that event e6 will never be mapped, selected,
and executed by our tool. We call the event that is available
in the GUI tree but does not exist in the model an unknown
event.

To overcome this problem, it is necessary to adjust the
probability distributions. We use KenLM [10], which is a
fast and low-memory language model toolkit. It includes the
modified Kneser-Ney [11] technique, which is considered to
be an effective smoothing technique. The three key ideas of
the technique are:
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Fig. 1. An overview of the tool’s architecture.

Fig. 2. The Example Application Under Test

Fig. 3. A Simplified GUI Tree

• Absolute-discounting: in order to give an unknown event
some probability, we must reduce the probability of the
others in order to retain a valid probability distribution.

• Interpolation: recursively combine probabilities for all k-
grams where k ∈ 1, . . . , n. If an event sequence has any
k-gram suffix appear in the model, it will yield a non-zero
probability.

• Histories: the number of contexts that each event appears
in should be taken into account. For instance, if an event

occurs only in a specific context, it should be less likely
to appear in a novel context.

Fig. 5 shows one example behavioral model after smoothing.
The unknown event e6, as well as rare events e1 and e5 receive
some probability mass from the others.

2) Mapping behavioral model with GUI Tree: We do not
actually merge an event and a GUI component together.
Each event within the behavioral model is mapped to a GUI
component within the GUI tree using a unique resource-id as
a key, or with type and text if resource-id is not defined. The
GUI mapper is implemented using a hash table for quicker
lookup. The table is stored in main memory and updated
each time after Observation (Section III-A). After selecting
an event, the mapper looks up the table and returns the
corresponding GUI fragment to the event.

C. Selection

The purpose of our tool is to test the application, not to
create a natural action sequence. Therefore, the next event
enext will be randomly selected instead of naively picking
the event with the highest probability. Let e1, e2, e3, . . . , en ∈
{possibleEvents} and h be the history of previously selected
events. enext will be randomly selected by Event Selector
based on the smoothed probability of an event given a se-
quence of previous selected events:

enext = ω([P (e1|h), P (e2|h), P (e3|h), . . . , P (en|h)])

where ω(L) is the weighted random function of a
list L, [P (e1|h), P (e2|h), P (e3|h), . . . , P (en|h)] ∈ L,∑n

i=1 P (ei|h) = 1, and P (ex|h) is the probability of event ex
occurring given history h after updating (see Section III-E).
From Fig 5, L should be [0.07, 0.14, 0.28, 0.41, 0.07, 0.03]
for e1 to e6, respectively. We then calculate partial sum of the
list to be [0.07, 0.21, 0.49, 0.90, 0.97, 1.00]. ω will uniformly
random generate a number between 0.00 and 1.00 and select
an ex where the generated number is less than or equal to
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Fig. 4. A Simplified Behavioral Model Fig. 5. Behavioral Model after smoothing Fig. 6. Behavioral Model after updating

its partial sum but greater than ex−1. Suppose the number is
0.99. In this case, enext is e6.

D. Execution

The Event Executor executes the enext that was chosen by
Event Selector on an actual mobile device or an emulator
by UIAutomator, which is a custom wrapper around Android
Debug Bridge written in python. Our tool can execute events
such as Clicking, Long-Clicking, Scrolling, and Texting. In
our tool, these events are defined as follows:

• Clicking: to tap and release immediately at the center of
the view.

• Long-Clicking: to tap and hold 3 seconds before releasing
at the center of the view.

• Scrolling: to tap and drag to (x+ ∆x, y+ ∆y) position.
• Texting: to input an arbitrary pre-generated string3

Suppose enext is the e6 from Fig. 4, and it is clickable. The
Event Executor will fire a clicking event to the center of the
view, which in this case would be saveButton.

E. Updating

After execution, the model will be updated by using biased
random technique to adjust selected/executed event’s probabil-
ities. It reduces a factor of small delta δ from the previously
selected and executed event:

p′(ex|h) = p(ex|h)− d(ex, δfx) (1)

where fx is the frequency of ex, d(ex, δfx) is the discounted
value of ex, and p′(ex|h) is the probability of event ex given
history h. Suppose d(e6, δf6) = 0.05. Using equation (1),
p′(e6|h) is 0.025.

After reducing some probability from an ex, each p′ proba-
bility must be recalculated in order to retain a valid probability
distribution by dividing it with total p′ probability.

P (ex|h) =
p′(ex|h)∑n
i=1 p′(ei|h)

(2)

The results of equation( 2) are shown in Fig 6. The probability
of P (e6|h) decreases. On the other hand, P (e1|h) to P (e5|h)

3https://github.com/minimaxir/big-list-of-naughty-strings

TABLE II
LIST OF APPS USED IN OUR EVALUATION

App Version #LOC Desc

Anymemo 8.3.1 8989 a flash card learning software.
World Clock 0.6 1251 a simple clock around the

world app.
Weight Chart 1.0.4 1149 a log keeper application of

body weight and display on a
graphical chart.

slightly increases. This will allow other events to have a
greater chance to be selected which should lead to higher code-
coverage.

Finally, after executing e6 and repeating the observation
step (Section III-A), the Updater updates the behavioral model
(Fig. 6).

IV. EVALUATION

We conducted a case study to evaluate our approach fo-
cusing on code coverage, and compared it to three popular
approaches: Android Monkey, manual testing, and Dynodroid
tool.

A. Target Application

We target three unmodified open-source Android applica-
tions: Anymemo[12], World Clock[13], and Weight Chart[14].
We chose these apps since they have dynamic content, static
content, and complex user interface, respectively.

Table II shows the version numbers and short description
of the applications.

B. Experiment setup

All our experiments were done using Android API 19,
the current baseline version for application development, on
Nexus 5’s emulator with 1586 MB of RAM. The emulator
was run on a 64-bit MacOS 10.12.4 machine with 2.5 GHz
Intel Core i7 processors and 16 GB of RAM. The usage logs
were collected by asking five computer science students to use
each application for five minutes. No restrictions were placed
on how they were to use the applications. For each experiment
session, an AUT was installed on a freshly-created emulator
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with only default setting. Each experiment session for our tool,
Android Monkey, and Dynodroid consists of 5,000 touchable
events and we added a delay between events of 500ms to
ensure that screen transition or animation has completed before
executing the next event. For manual testing, we asked an
Android user to manually exercise these apps as much as
possible within 40 minutes. After each experiment session,
the emulator was destroyed to prevent it from affecting later
sessions. We used Emma [15] and custom shell script to collect
coverage measurement from AUT.

C. Results and Discussion

The results of our study are summarized in Table III. We
collected code coverage at 500 event intervals for a total of 10
data collection points. The most left column denotes the testing
approaches including our approach, Android Monkey, Manual
testing by human, and Dynodroid, respectively. The numbers
in the table show the number of lines and percentage of code
coverage by total lines of code (see Table II) that were covered
by each approach for the three applications tested. Our tool
outperformed Android Monkey and Dynodroid in Anymemo
but did not outperform manual testing.

Manual testing easily outperformed our tool and other
approaches, achieving the highest coverage for all three ap-
plications. This can be expectable, given that the human
can provide more intelligent text or sequential inputs. Fig. 7
shows the accumulated code coverage for Anymemo. The X
axis denotes the number of events based on the 500 event
intervals. The plots for manual testing are the final result
since we did not record coverage during manual testing. This
is because we did not want to disturb our human subjects
during the session. Due to our behavioral model, our tool
successfully completed a series of operations (in this specific
case, reviewing flash cards), and was able to conduct further
operations; but Android Monkey and Dynodroid could not
attain this level of operations within 5000 events. However,
our tool failed to generate a valid string for sensitive cases,
for instance, import and export path, since our tool records
only the event type, and not a particular string.

The results for World Clock and Weight Chart are just
slightly higher than Android Monkey. Moreover, in Weight
Chart, our tool significantly underperformed manual testing
and slightly lower than Dynodroid. A possible issue might
be the fact that our tool cannot detect and perform complex
gesture such as pinching or dragging to the Canvas compo-
nents [16]. For example, in Weight Chart, the possible actions
for a display graph, a line graph for showing weight data,
were not detected by our tool. This resulted in several actions
to not be reached.

D. Threats to Validity

There are potential threats to validity of our results. The first
threat to validity would be the use of students as the human
subjects. Since the task was to compare the coverage from
manual testing and other approaches, there is a possibility that
professional testers are better at exercising AUT.

TABLE III
ACCUMULATED CODE COVERAGE AFTER 5000 EVENTS OR 40 MINUTES.
THE STATS INCLUDE THE CODE COVERAGE FROM OUR TOOL (#COV),

FROM ANDROID MONKEY (#MCOV), FROM MANUAL TESTING BY
HUMAN (#HCOV), AND FROM DYNODROID (#DCOV)

App Anymemo World Clock Weight Chart

#COV 2885 (32.1%) 1120 (89.5%) 608 (52.9%)
#MCOV 1856 (20.6%) 1023 (81.9%) 536 (46.6%)
#HCOV 4173 (46.4%) 1149 (91.8%) 986 (85.8%)
#DCOV 1327 (14.8%) 1096 (87.6%) 673 (58.6%)

The second threat to validity is the three applications we
used. We chose the three because they were open-source, have
several categories, and were used by various studies[5], [1].
However, the sizes of our subject applications are relatively
small compared with the top applications in Google Play4. Fur-
ther evaluation with larger applications should be conducted.

The third threat to validity is the usage logs for a behavioral
model. We believe that testing the app casually vs seriously
gives a different result. Since the benefit is not clear, we did
not provide particular restrictions or goals during the recording
sessions.

V. LIMITATIONS OF OUR TOOL

This section outlines the current limitations of our tool.

A. Minimum Android API level

Our tool works on Android API level 16(Version 4.1.x)
and onward. However, this is not significant since only 2%
of Android device are API level 15 and below[17].

B. Scrolled Events need to be throttled

Since the scrolled events are emitted from the Android’s
AccessibilityService constantly while the user is scrolling, a
scroll event usually becomes repetitive events which disrupt
the model’s probability distribution. To prevent that from
happening, our tool merges consecutive scroll events into
a single scroll event. However, there is a chance that two
consecutive but different scrolls are merged unintentionally.

C. Resource-id must be provided

It is possible that the GUI component’s resource-id is not
defined by developers. In this case, other attributes are used
for mapping (see Section III-B2).

D. Canvas component’s properties are not detected

We rely on UIAutomator to dump the GUI hierarchy during
runtime. It fails to extract a canvas component’s properties,
which prevents our tool from executing corresponding GUI
events.

4https://play.google.com
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Fig. 7. Accumulated code coverage for Anymemo

VI. CONCLUSION AND FUTURE WORK

In this paper, we presented our on-going work on automat-
ing GUI testing for Android applications. Our approach com-
bines manual testing aspects by creating a behavioral model
based on actual usage logs. We map the behavioral model with
GUI tree in runtime, and handle the zero probability unknown
events with modified Kneser-Ney smoothing technique.

We have implemented and conducted a comprehensive
evaluation of our approach. We compared it with existing
Android testing approach such as Android Monkey, manual
testing, Dynodroid on open-source Android applications. Our
approach outperforms Android monkey for all applications,
and state-of-the-art tool Dynodroid for two out of three appli-
cations, but it is still behind manual testing.

For the future works, we will extend the actionable events
that our tool can handle such as Enabling, Pinching, and
Dragging. We also plan on extending our tool based on the
limitations given in section V. We intend to evaluate our tool
with larger Android application in the Google Play. Finally,
we will further investigate our tool in term of time to reach
the saturation point [18], and ability to find bugs.
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Abstract—Linearizability is an important correctness criterion
that guarantees the safety of concurrent data structures. Due
to the nondeterminism of concurrent executions, reproduction
and localization of a linearizability fault still remain challenging.
The existing work mainly focuses on model checking the thread
schedule space of a concurrent program on a fine-grained (state)
level, and hence suffers from the severe problem of state space
explosion. This paper presents a tool called CGVT to build a
small test case that is sufficient enough for reproducing a lineariz-
ability fault. Given a possibly long history that has been detected
non-linearizable, CGVT first locates the operations causing a
linearizability violation, and then synthesizes a short test case for
further investigation. Moreover, we present several optimization
techniques to improve the effectiveness and efficiency of CGVT.
We have applied CGVT to 10 concurrent objects, while the
linearizability of some of the concurrent objects is unknown
yet. The experiments show that CGVT is powerful and efficient
enough to build the test cases adaptable for a fine-grained
analysis.

I. INTRODUCTION

Linearizability [1] is a widely accepted correctness crite-
rion that guarantees the safety of concurrent data structures
or concurrent objects. Intuitively, a concurrent history of a
shared object is linearizable if each operation of the object
appears to take effect instantaneously at some point, called
linearization point, between the invocation and response of the
operation, and the history can be serialized as a sequence of the
operations that is consistent with the sequential specification
of the object. Linearizability checking is still a challenging
task for concurrent objects.

Due to the nondeterminism of concurrent executions, repro-
duction and localization of a linearizability fault is notoriously
difficult. This problem can be addressed by systematically
exploiting all possible fine-grained traces that are composed
of memory access instructions [2], [3], which however suffers
from the severe problem of state space explosion. Although
techniques such as iterative context bounding [4] can help
improve the scalability of this systematic testing approach,
it would work better with small test cases. Besides, such test
cases can be generated through static analysis or empirical
evidence [5], [6], but lack accuracy, especially for very com-
plicated objects or concurrency faults. ConTeGe [7] can fully
automatically produce a large number of small-scale traces,
which are composed of operations with random arguments, but
may not manifest potential faults. VeriTrace [8] can produce
traces that can trigger various buggy executions, but these

traces may contain redundant operations, therefore raise the
complexity of further analysis unnecessarily.

In this paper, we present a tool, CGVT, to build small test
cases that are sufficient enough for triggering linearizability
faults. Given a possibly long history that has been detected
non-linearizable, CGVT first locates the operations causing a
linearizability violation. Note that the operations resulting in
a non-linearizable execution are usually not located as would
be expected intuitively.
Example 1 Fig. 1 shows a simplified PairSnapShot [9], where
an array d (of size 2) is shared between two concurrent threads.
A write(i,v) operation writes v to d[i], while a read
operation reads the values of d[0] and d[1] together as a
pair. A correctness criterion is that read should always return
the values of the same moment. However, Fig. 2 illustrates a
concurrent execution in which the return values of read do
not exist at any moment of the execution. The ‘x’ labels in
Fig. 2 mark the moments when each instruction takes effect.
Then, this concurrent execution with the 5 operations explains
exactly the cause of the linearizability violation on a fine-
grained state level.

PairSnapShot: Pair read(){
while(true){

int d[2]; int x = d[0]; #2
int y = d[1]; #3

write(i,v){ if(x == d[0]) #4
d[i] = v; #1 return (x,y);

} }
}

Fig. 1: Source code of PairSnapShot

Thread 1
write(0, 2) write(1, 2) write(1, 1) write(0, 1)

Thread 2

t1 : (1, 1) t2 : (2, 1) t3 : (2, 2) t4 : (2, 1) t5 : (1, 1)

read→ (1, 2)q q
q q q qq q q qx x x x

x x x

#1 #1 #1 #1

#2 #3 #4

Fig. 2: A buggy trace of PairSnapShot

Example 2 Fig. 3 presents a linked-list based set [10]. Fig. 4
shows a non-linearizable trace of the set, where O1 and O2

appear to add 8 and 9, respectively, to the list, but later O3

does not find 8 in the list. Herein, the synchronized block
#3 can be treated as an atomic instruction. The actual cause
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of the linearizability violation is as follows: after both add
operations locate the same nodes pred and curr, add(8) first
sets pred.next to node 8, then add(9) sets it to node 9,
which makes node 8 removed from the list. It can be seen
that although it is the wrong return value of contain(8) that
reveals the linearizability violation, the root cause of this non-
linearizable trace only lies in the concurrent add operations.

Set:
add(int key){

Node pred,curr = locate(key); #1
if(curr.key == key) #2

return false;
synchronized(){ #3

Node n = new Node(key);
n.next = curr;
pred.next = n;
return true;

}
}

Fig. 3: Source code of a buggy set

Thread 1
66

operations not revealing any bug

O1 : add(8)→ true O3 : contain(8)→ false

O2 : add(9)→ true
Thread 2

q q q q
q q
x x

x x

x

x

#1 #2

#1 #2

#3

#3

Fig. 4: A buggy concurrent trace of Set

Example 1 shows a scenario where a violation is “revealed”
immediately after the corresponding linearizability fault is
“triggered”, while Example 2 shows another scenario where
a linearizability fault is “triggered” possibly long before the
corresponding violation is “revealed”. In this work, we aim
to localize, from a given non-linearizable trace, the operations
that essentially cause the linearizability violation and then syn-
thesize a small test case that can trigger the same linearizability
fault.
Contributions. The main contributions of this paper are three-
fold.

• We make clear the relationship between “triggering” and
“revealing” linearizability faults, and formally define min-
imum test cases that are sufficient to trigger linearizability
faults;

• We propose the framework of CGVT for building mini-
mum test cases, as well as a D-PCT based optimization
and a heuristic rule based acceleration technique;

• We implement a prototype tool, CGVT, which was ex-
perimented with 10 concurrent objects. The experiment
results show that the tool is effective and efficient enough
to build the test cases adaptable for a fine-grained analy-
sis.

Related work. The existing work on linearizability checking
mainly aims to solve the state space explosion problem to
accelerate the checking of concurrent histories. Automated
linearizability checking algorithms [11], [12] suffer from a

performance bottleneck. Based on [12], optimized algorithms
were proposed through partial order reduction [13] or com-
positional reasoning [6]. Model checking was applied for
linearizability checking, with simplified first-order formulas
that can help improve efficiency [5], [14]. Fine-grained traces
were introduced in [8] to accelerate linearizability checking.

The output of our work is a small test case that is adaptable
for concurrency fault analysis on a fine-grained level, such
as [2]–[4]. A framework with interleaving test generation
heuristics was introduced in [2] for bug detection and replay.
A constraint-based symbolic analysis method was proposed in
[3] to diagnose concurrency bugs. An acceleration technique
was presented in [4] for model checking thread schedule
spaces. Unlike these bug reproduction and localization tech-
niques [2], [4], [7] that aim at general concurrency bugs, our
work aims at linearzability violation specifically.

Our work can also facilitate debugging concurrency bugs.
Recent work on the debugging of concurrency bugs often
applies the techniques for sequential programs to concurrent
programs, such as assertions [15], or breakpoints [16].
Organization. The rest of the paper is organized as follows.
Section II introduces the trace model and the formal definition
of minimum test cases. Section III presents the implementation
of CGVT, with the D-PCT based optimization and the heuristic
rule based acceleration technique. Section IV discusses the
results of experiments. Section V concludes the paper.

II. TRACE MODEL

A. Linearizability

Let M,T,O,V respectively denote the set of operation
names, thread identifiers, operation identifiers and values.
Then, C = {m(va)

t
o : m ∈ M, va ∈ V, o ∈ O, t ∈ T} and

R = {mt
o → vr : m ∈ M, vr ∈ V, o ∈ O, t ∈ T} represent the

set of operation invocation events and response events, re-
spectively. We denote the operation identifier of an event
e ∈ (C ∪ R) as op(e). Events c ∈ C and r ∈ R match each
other, denoted c ⋄ r, if op(c) = op(r). A pair of matching
events forms an operation O, written as m(va) → vr.

A sequence S = e1e2 · · · en ∈ (C ∪R)∗ is well-formed if:
• Each response is preceded by a matching invocation:

ej ∈ R implies ei ⋄ ej for some 1 ≤ i < j ≤ n
• Each operation identifier is used in at most one invoca-

tion/response:
op(ei) = op(ej) and 1 ≤ i < j ≤ n implies ei ⋄ ej

A well-formed sequence S can be treated as a partial order
set (H,≺H), where H is called a history (or trace) composed
of the operations formed by matching events in S, and ≺H is
the happen-before relation in S. For operations O1, O2 ∈ H ,
O1 ≺H O2 if the response of O1 is ahead of the invocation of
O2 in S. Let size(H) denote the size of H , i.e., the number
of the operations involved in history H .

An invocation event is pending in H if no matching re-
sponse event follows it. An extension of H , denoted E(H), is
a history constructed by appending response events to all the
pending invocation events in H . Sometimes we ignore these
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pending invocation events and get C(H), the subsequence of H
consisting of all the matching invocation and response events
in H .

If H is a total order set, then H is sequential. A specification
of an object is the set of all the sequential histories that satisfy
the correctness criterion of the object.

Definition 1 (Linearizability). A history H of a concurrent
object is linearizable if there is an extension E(H) and a
history S in the specification of the object such that:

• Elements of E(H) and S are same;
• ≺H⊆≺S , i.e., if O1 ≺H O2, then O1 ≺S O2.

Here, S is called a witness of H .

B. Minimum test case

Operations with the same thread identifier form a sequential
program Ps, an execution of which results in a sequential
history. A concurrent program Pc with n threads is a set of
n sequential programs. An execution of Pc is a concurrent
execution of the n sequential programs, each starting at an
arbitrary moment.

A state of an object at some moment is a mapping from the
shared variables to their values. Considering the initial state
of an object as default, we can use a sequential program Ps

to represent a state, since Ps can determine it definitely. For
concurrent program Pc, thread schedules decide what states are
reached. A schedule for Pc is a sequence of memory access
instructions in Pc.

A test case is defined as a triple tc = (Ps, Pc, Pr), where
Ps is a state, Pc is a concurrent program and Pr is a sequential
program. Starting from state Ps, an execution of tc runs the
sequential programs in Pc concurrently to “trigger” a bug
if any, and then runs Pr at last to “reveal” the bug. The
trace of an execution of tc depends on the schedule of the
execution for Pc. If there exists a schedule leading a trace of
tc non-linearizable, we say that tc is potential to trigger a
linearizability fault or buggy; otherwise tc is correct.

Definition 2 (minimum test case). A test case tc is an
minimum test case if it is potential to trigger a linearizability
fault and removal of any operation in its Pc results in a correct
test case.

Examples The trace shown in Fig. 2 results from a minimum
test case where Ps = {write(0, 1), write(1, 1)}, Pc =
{{write(0, 2), write(1, 2), write(1, 1), write(0, 1)}, {read}},
and Pr = ∅. The trace shown in Fig. 4 results from
a minimum test case where Ps = {add(7), add(10)},
Pc = {{O1}, {O2}}, and Pr is a sequential program ending
with O3.

III. CGVT

In this section, we present the basic implementation of
CGVT, a D-PCT based optimization and a heuristic rule based
acceleration technique. CGVT is divided into two phases,
detection and localization. The former is to acquire a possibly
long trace that is non-linearizable, and the latter is to locate

the operations causing a linearizability fault, and synthesize a
minimum test case for it.

A. Basic implementation

Detection phase. VeriTrace [8] is an off-line tool for
automated linearizability checking. Given a concurrent object
as an input, VeriTrace automatically runs concurrently a
couple of threads, each executing a certain number of
operations, and records the history H of the concurrent
execution on the object. Then, WGL [13], a linearizability
checking algorithm, enumerates possible sequential histories
to search for a witness of the concurrent history H . If no
witness of H is found, then H is detected non-linearizable
and will be analyzed in the next phase for localization.

Localization phase. We define a prefix of the concurrent
history H , denoted Hp(n), as a sub-history of H composed
of the former n events in H .

Theorem 1. H is linearizable if and only if every prefix of H
is linearizable.

Proof For the “only if” direction, suppose that H is lineariz-
able and there exists a non-linearizable prefix Hp(k). Then,
any extension E(Hp(k)) is non-linearizable, which implies that
the addition of operations O′ ∈ E(Hp(k)) \ C(Hp(k)) can not
serialize it. Neither can the addition of operations O′′ such
that ∀m(m ∈ C(Hp(k)) ∧m ≺H O′′), because such O′′ can
only be ordered after the operations of C(Hp(k)) in a witness.
Therefore, there is no witness for any superset of C(Hp(k)),
which implies H is non-linearizable, a contradiction.

For the “if” direction, if every prefix of H is linearizable,
it is obvious that H is linearizable.

Algorithm 1 Bug Localization
1: OpOrder . SORTBYSIZE()
2: so ← |OpOrder|
3: function LOCALIZE
4: for i← {so, · · · , 0} do
5: Ps ← OpOrder [i]
6: Pc ← Hp(b) \ Ps

7: tc ← NEW TESTCASE(Ps, Pc,∅)
8: if !CHECK(tc) then break
9: end if

10: end for
11: for j ← {2, · · · , size(tc.Pc)− 2} do
12: Pc ← tc.Pc[0 : j]
13: Pr ← OpOrder[so] \ tc.Ps \ Pc

14: tc ← NEW TESTCASE(tc.Ps, Pc, Pr)
15: if !CHECK(tc) then return tc
16: end if
17: end for
18: end function
19:
20: function CHECK(tc)
21: while k ← {0, · · · , σ} do
22: if !Ln(tc.EXECUTE()) then return false
23: end if
24: end while
25: return true
26: end function
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From Theorem 1, it can be seen that for the given non-
linearizable history H , there exists a non-linearizable prefix
Hp(b) whose size is smaller than any other non-linearizable
prefixes of H . It is obvious that Hp(b) involves the opera-
tions triggering the linearizability fault, since otherwise Hp(b)
would be linearizable. We can use Hp(b) to construct a min-
imum test case for a fine-grained bug localization algorithm.

Algorithm 1 presents the algorithm for the coarse-grained
bug localization. OpOrder is a set of witnesses of all prefixes
of Hp(b). We sort the witnesses in OpOrder by their sizes
(line 1). The process of building a minimum test case contains
two steps:

1) Select a prefix of Hp(b), serialize it as Ps (lines 4-5), and
then set the remaining suffix of Hp(b) to be Pc (line 6),
check the test cases iteratively until a buggy one is found
(lines 8-9);

2) Set a new Pc to be a prefix of the previous Pc (line 12),
then serialize the remaining operations as Pr (line 13),
and check the test cases iteratively until a buggy one is
found (lines 15-16).

Note that the serialization in lines 5 and 13 is directly based
on the sequential traces in OpOrder, and in practice, we
can get both Hp(b) and OpOrder easily through the “cache”
mechanism of the WGL algorithm in the detection phase.

Function CHECK (lines 20-26) is used for checking whether
a test case is buggy, where Ln is a predicate judging the
linearizability of a trace. Here, σ is a threshold for the number
of times the test case is executed. Our experiments show that
using the setting of σ in the detection phase is always enough
to detect the fault in the localization phase.

B. D-PCT based implementation

D-PCT based detection. The concurrent executions induced by
VeriTrace closely depend on the run-time environment. The-
oretically, for a concurrent program that contains n threads,
each executing at most k instructions, the total number of its
schedules is (nk)!

(k!)n ≥ (n!)k, exponentially dependent on n and
k. It is difficult to detect the faults that only appear under
specific (complicated) schedules.

In order to address this problem, we adapt PCT [17], a
scheduling algorithm with a much higher probabilistic guar-
antee of finding bugs, as D-PCT (Dynamic PCT) and apply it
to CGVT, as shown in Fig. 5.

• In Fig. 5(a), during a concurrent execution in the detec-
tion phase, THREADSWITCH requests are called to ask
whether a thread switch should take place currently;

• In Fig. 5(b), D-PCT responds immediately by invoking
the PCT algorithm with the number of instructions (k).

Originally in PCT, k is required no less than the number of
the instructions so that PCT can generate a schedule covering
all the instructions, while in CGVT, k can not be pre-specified
before the execution. Here, we model the instructions as a
structure tree, by which we calculate k dynamically, as shown
in Fig. 5(c).

1 ...

2 Instruction;    #1

3 THREADSWITCH(#1);

4 Instruction;    #2

5 THREADSWITCH(#2);

6 ...

1 k←SUM(root)

2 function THREADSWITCH(#i)

3 if #i is within the assumption then

4           invoke PCT with k

5 else

6           recalculate k and invoke PCT with k

7 end if

8 end function

Structure Tree
Struct node{

const TYPE type;

const int num;

...

}

node root;

SUM(node);

...

(a) sending request

(b) D-PCT

(c) structure tree

Fig. 5: Application of D-PCT

We split the instructions of an operation into different
units: sequential units contain instructions executed sequen-
tially such as #1 in Fig. 1; loop units contain instructions
executed iteratively such as #2,#3,#4 in Fig. 1; selection
units contain several branches, each containing instructions
executed conditionally such as #3 in Fig. 3. Moreover, each
loop unit and each branch can further be split until all the
instructions belong to a sequential unit. The instructions in an
operation can be built as the following structure tree:

1) The root represents all the instructions of the operation;
2) Each child node of the root represents one of the three

units, from left to right following the program order of
the instructions;

3) Each child node of a selection unit node is one of its
branches;

4) The child nodes of a loop unit or branch node represents
its lower-level units until sequential units as leaves.

5) Each node holds two constants: type and num. type is
one of R, L, C, B, S respectively representing root, loop
unit, selection unit, branch, sequential unit. For a node
of type R, L, C or B, num is the number of its child nodes;
while for a node of type S, num is the number of the
instructions in the sequential unit.

Example Fig. 6 presents the structure trees of the three
operations in Fig. 1 and Fig. 3.

R,1

L,1

S,3

R,1

S,1

R,2

S,2

B,0

C,2

B,1

S,1

PairSnapShot

::write

PairSnapShot

::read Set::add

#1, #2

#3

#2, #3, #4

#1

Fig. 6: Structure tree
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Algorithm 2 Calculation of k
1: function SUM(node)
2: value← 0
3: switch node.type
4: case (S): ◃ sequential unit
5: value← value+ node.num
6: break
7: case (R|L|B): ◃ root, loop unit, branch
8: for n ∈ node.child do
9: value← value+ θ∗SUM(n)

10: end for
11: break
12: case (C): ◃ selection unit
13: for n ∈ node.child do
14: value← value+max(SUM(n) )
15: end for
16: break
17: end switch
18: return value
19: end function

With the help of a structure tree, D-PCT can make decision
on thread switching as shown in Fig. 5(b). At first, D-
PCT calculates k tentatively through function SUM (line 1),
assuming that loop units iterate θ times and selection units
select the branch with the maximum number of instructions.
Then, each time a THREADSWITCH request is called, D-
PCT checks whether the instruction, after which the request
is called, is beyond the assumption (line 3). If not, D-PCT
responds by invoking PCT directly (line 4); otherwise, D-PCT
recalculates the currently remaining k in a way similar to line
1 and then invokes PCT (line 6).

Algorithm 2 presents the concrete algorithm of function
SUM. It recursively searches the structure tree and adds up
the number of the instructions of different units assuming that
loop units iterate θ times (line 9) and selection units select
the branch with the maximum number of instructions (line
14). Here, for a node of type L, if its number of iterations is
known, θ is set accordingly, otherwise θ = 1; for a node of
type R or B, θ = 1.

D-PCT based localization. In addition to Fig. 5(b), D-PCT
records the instruction attached within each request to form
the actual schedules during the detection phase. Then in the
localization phase, these schedules are applied to function
CHECK() in Algorithm 1 to guide the executions of Pc. In
this way, the faults triggered under these schedules will be
reproduced in the localization phase.

C. A heuristic rule based acceleration

We present a heuristic rule to make CGVT perform better.
The rule is based on an observation that in Pc of a minimum
test case (Ps, Pc, Pr), there exists a thread in which only one
operation is executed.

This observation comes from the minimum test cases we
have collected, which are presented in Table I. In Column
2, we call a test case is of type 1 if the test case “reveals”
a fault immediately after the fault is“triggered”, like the test

case for PairSnapShot shown in Fig. 2; while a test case is
of type 2 if the test case “reveals” a fault possibly long after
the fault is “triggered”, like the test case for the linked-list
based set shown in Fig. 4. Column 3 reports the number
of the operations needed in the concurrent threads of Pc in
each minimum test case. Hence, we conjecture that whichever
type a test case belongs to, one operation in some thread
may be sufficient to trigger a fault. This observation is useful
for acceleration if test cases built accordingly can still trigger
faults.

TABLE I: Operation quantity on threads

Type OP Quantity
PairSnapShot [9] 1 1, 4
SimpleList [10] 2 1, 1
SimpleList (Size) [8] 1 1, 2
LockFreeList [18] 1 1, 1
K-Stack [19] 2 1, 1
OptimisticQueue [20] 1 1, 1
Snark [21] 1 1, 2
TreiberStack [5] 2 1, 3

IV. EXPERIMENT AND EVALUATION

Table II shows the experiment on 10 concurrent objects.
Some of the objects are from the previous work and known to
us, while others whose names begin with “BU” are adapted
versions of the existing objects and unknown to us. The
specification for the first 6 objects is Set. The specification
for “OPQueue” and “BUQueue” is FIFO-Queue. The specifi-
cation for the last two objects is Stack.

We compare the 3 versions of CGVT, respectively the basic
version (B) in Section III-A, the D-PCT based version (D)
in Section III-B, and the heuristic rule based version (H)
in Section III-C. In the detection phase, for each object,
ns (possibly long) histories (Col. 4-6) are examined, each
composed of nt∗no (Col. 3) operations with nt the number of
the threads and no the number of the operations executed by
each thread. Among these histories, nl histories are detected
non-linearizable (Col. 4-6). Note that the occurrence of a non-
linearizable history is the prerequisite for localization, and
the proportion reported in Col. 4-6 reflects the difficulty in
detecting the linearizability faults. The average time costs for
linearizability checking of these histories are listed in Col.
7-9. In the localization phase, selecting a non-linearizable
history from the detection phase, CGVT works out minimum
test cases of sizes shown in Col. 10-12. The time costs
of localization are listed in Col. 13-15, mainly for the two
calls of CHECK. The tool and benchmarks are available at
https://github.com/choshina/CGVT.

We have the following observations from Table II:
1) The concurrent objects that interest us most are BUList3

and CGListS. For these two objects, version B cannot
detect the bugs, but version D can. This shows that D-
PCT enhances the CGVT’s ability in detecting certain
complicated bugs.

2) Comparing the time cost of version H with that of version
D, we conclude that version H improves the efficiency.
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TABLE II: Evaluation of CGVT

Detection phase Localization phase

Object Operations Hist. size
(nt ∗ no)

!Ln/Total (nl/ns) Aver. time (ms) tc.Pc size Time cost (ms)
B D H B D H B D H B D H

LFList add;remove 2*500 5/20 2/20 8/20 643 611 237 2 2 2 154 233 207
CGList add;contain 2*50 20/20 20/20 20/20 33 24 23 2 2 2 51 256 219
CGList add;remove;size 2*500 0/80 3/80 1/80 660 682 483 - 4 3 - 756 832
BUList1 add;remove 2*500 7/20 5/20 5/20 488 704 532 2 2 2 162 245 311
BUList2 add;remove 2*50 18/20 20/20 20/20 31 35 28 2 2 2 83 365 247
BUList3 add;remove 2*500 0/80 2/80 3/80 625 603 524 - 2 2 - 326 335
OPQueue enqueue;dequeue 2*500 4/20 19/20 16/20 2430 1412 832 2 3 2 378 796 683
BUQueue enqueue;dequeue 2*200 0/80 0/80 0/80 288 726 230 - - - - - -

KStack push;pop 2*50 10/20 18/20 15/20 83 30 62 2 3 3 2323 864 831
TBStack push;pop 2*100 19/20 20/20 20/20 72 124 60 2 2 2 1596 532 356

Compared to version B, versions D and H perform better
on the faults “revealed” long after “triggered” (K-Stack,
TBStack).

3) From the results in the localization phase, it can be seen
that CGVT delivers the test cases with no more than 4
concurrent operations. Such test cases are quite small-
scale and adaptable for a fine-grained analysis.

V. CONCLUSION

This paper presents a tool, CGVT, for building a small test
case that is sufficient to trigger a linearizability fault. CGVT
firstly acquires a possibly large-scale concurrent history which
has been detected non-linearizable, then locates the concurrent
operations causing the linearizability violation, and synthesizes
a minimum test case. A D-PCT based technique enhances the
CGVT’s ability in detecting complicated bugs, and a heuristic
rule is introduced for accelerating detection and localization.

As future work, firstly, a tool for fine-grained localization is
needed. Given a small test case, this tool ought to enumerate
the fine-grained traces and investigate the data races on the
shared variables to provide some guidance on bug repair.
Secondly, we will try to apply CGVT and this tool to more
concurrent programs, and extend their localization abilities
from linearizability violation to other concurrency bugs.
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Abstract—Symbolic execution maintains a path condition pc

for every possible path of a program. It is challenging to construct
a pc if some complex issues are involved in the path. A predicate
interpretation pi is a subexpression of a pc and a pc of a path
is a conjunction of all pis in the path. Predicate interpretation
has been widely used in theoretical analysis on domain testing
and related fields. It recently emerges new impact on software
testing by using partial path constraints to generate test data. In
this paper, we propose an approach to produce pis in a program.
A tool for predicate interpretation analysis for Java programs is
implemented based on the data-flow framework of Soot. Most
of Java features can be handled in our tool. Moreover, a formal
rule of predicate interpretation analysis is presented for more
applications in the future. The experimental results show that
our tool can produce pis of a program effectively and efficiently.

I. INTRODUCTION

Predicates play a key role in programs to fulfill functionali-

ties with different execution paths. Predicate analysis on paths

have shown increasing significance in software testing and

debugging. Symbolic execution is a commonly used technique

to construct path conditions (pc) as constraints, which hold

the execution of a path in a program [7]. However, there are

some challenges to make it practical in industry. One of the

challenges is to effectively construct a pc of a path involving

some complex issues in a program [2].

Predicate interpretation (pi) [10] is a subexpression of a

pc. That is, a pi is a partial path constraint and a pc is a

conjunction of all pis in the path. A pi is a predicate with only

input variables. pis on a branch may be different because it

may appear on different execution paths. pi has been widely

used in theoretical analysis on domain testing and related

fields. Recently, pi emerges new impact on software testing by

using partial path constraints to generate test data, as pis are

more practical than a pc involving some complex issues. This

inspires us to build an effective tool for predicate interpretation

analysis on modern programming languages, such as Java.

Data-flow analysis is an important method of program static

analysis [6], which provides the theoretical basis of predicate

interpretation analysis. Soot [8], a well-known framework for

analyzing or optimizing Java byte-code, based on which many

analysis tools have been implemented1. A key feature of the

Soot framework is its excellent support for implementing intra-

procedural data-flow analysis. In addition, Soot includes call-

graph information and pointer analysis framework, which help

deal with some complex issues in our approach.

1http://www.sable.mcgill.ca/soot/

In this paper, we propose an approach of predicate in-

terpretation analysis based on data-flow framework of Soot.

Our approach collects appropriate predicates respectively and

replaces variables according to assignment statements along

with the corresponding data flows. A novel feature of our

approach is using loop induction to reduce the search space

and improve the speed of analysis. A formal rule of predicate

interpretation produced by the tool is presented for further

uses. Additionally, a preliminary experiment was conducted.

The experimental results show that our tool can produce pis

of programs effectively and efficiently.

II. APPROACH

A. Data-flow Framework

In this section, we adopt a unified data-flow analysis

framework based on lattice [6] to support PI analysis. The

framework (D, V , ∧, F ) [1] is described as follows. (1) A

direction of the data flow D, which is either FORWARDS

or BACKWARDS. (2)A semi-lattice, including a domain of

values V and a merge operator ∧. A semi-lattice has a top

element, denoted ⊤, such that for all x ∈ V , ⊤ ∧ x = x. (3)

A family F of transfer functions from V to V . A function in

F, such as fs, is a transfer function of the statement s.

We denote the data-flow values before and after each

statement s by IN[s] and OUT[s], respectively. Given a data-

flow graph and a backward data-flow problem, the unified

algorithm [1] is shown in Figure 1.

initialize a value set: v ;
IN [EXIT] = v ;
for (each statement s other than EXIT) IN[s ] = T;
while (changes to any IN occur)
         for (each statement s other than EXIT) {
                OUT[s ] = ∧m a successor of s IN[m ] ;
                IN[s] = f s (OUT[s ]);
         }

Fig. 1. Algorithm of backward data-flow

Data-flow values of every point in the data-flow graph are

initialized firstly. An iteration from the exit to the entry of

the graph is followed by the initialization. Each time we pass

by a statement s. The transfer function of the statement will

be used. If two data-flow values meet at a point, they will be

merged in accordance with the merge operation.
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B. Predicate Interpretation

A predicate interpretation (pi) is a predicate that only

contains parameters of a program [10]. If a predicate can

be represented by expressionΘ0, where Θ is a relational

operator and expression is a common arithmetic expression,

the corresponding pi is expression only with parameters Θ0.

PI analysis uses BACKWARDS data-flow technique. The

value domain V is the set of predicates, and the merge oper-

ation ∧ is union ∪. Some key points of data-flow framework

for PI analysis are summarized in Table 1. It is a monotonic

and distributive [6] data-flow framework which implies the

solution of the problem is the maximum fixed point solution

to the data-flow equations. We can apply these framework

elements in Table 1 to the algorithm in Figure 1 to obtain

the result of PI analysis.

TABLE I
PREDICATE INTERPRETATION ANALYSIS

Elements PI Analysis

Domain Set of predicates
Direction Backwards

Transfer Function (1)(2)(3)
Boundary IN[EXIT]=Ø
Merge (∧) ∪

Data-flow IN[s]= f(OUT[s]),
Equations OUT[s]= ∧p,succ(s)IN[p]

Initialize IN[s]=Ø, for each s.

Transfer functions in Table 1 are important for PI analysis.

We explain the transfer functions in detail as follows.

(1) If a statement s is a branch statement, the transfer

function of s will be

fs(x) = x ∪ gens (1)

where x is the pi set before the statement and gens is a set

of predicates in the statement s.

(2) If a statement s is an assignment statement of variable

v. Suppose the statement is v = g(v, y0, y1, y2, · · · ), where

g is a function about variables v and yi, i = 0, 1, 2, · · · . The

transfer function is

∀pi(v) ∈ x, fs(pi(v)) = pi(g(v, y0, y1, y2, · · · )) (2)

which means variable v in every predicate in x, the pi set be-

fore statement s, will be substituted with g(v, y0, y1, y2, · · · ).
In the equation, pi(v) means a predicate containing the vari-

able v.

(3) For others, transfer function is an identity function I

about the domain value x, such that

I(x) = x (3)

C. An Example

We introduce a simple example to explain our approach in

detail. Figure 2(a) shows a control-flow graph.
If we define a partial order ≤ of a semi-lattice, such that

∀x, y ∈ V, x ≤ y iff. x ∧ y

the partial order ≤ of PI analysis semi-lattice will be ⊇
because the merge operation is ∪. Following by the definition,

we can draw the domain V as a lattice diagram in Figure 2(b).

ENTRY

EXIT

s4: return 1 s5: return 0

s3: b>0

s2: b=b+1

s1: a>b

(a) A control-flow graph

{ }

{a>b, b+1>0, b>0}

{a>b}                    {b+1>0}                    {b>0}

{a>b, b+1>0}               {a>b, b>0}               {b+1>0, b>0}

(b) Lattice diagram

Fig. 2. An Example

The edges are all downward. From the diagram, we can get

the result of merge operation easily.

Before the statement s3: b > 0, OUT[s5]={} due to the ini-

tial condition and using the identity transfer function. After s3,

IN[s3]=fs3(OUT[s3]) = {} ∪ {b > 0} = {b > 0}. It uses the

transfer function (1), and OUT[s2]=OUT[s1]=IN[s3]={b >

0}.

When analysis passes assignment statement s2, using trans-

fer function (2), we replace variable b with b + 1, such that

IN[s2] = {b+1 > 0}. IN[s2] and IN[s3] will meet at the exit

of statement s1, where we use the merge operation according

to the red edges from Figure 2(b), such that, OUT[s1]=IN[s2]

∪ IN[s3]= {b+ 1 > 0, b > 0}.

Finally, we can obtain the resulting set of pis, which equals

to IN[ENTRY]={a > b, b+ 1 > 0, b > 0}.

III. IMPLEMENTATION

The framework of our tool for PI analysis based on

Soot is illustrated in Figure 3. It is made up of four

main parts:(1) Jimple Parser transforms Java byte code to

Jimple code, which is provided by Soot. (2) Transformer

transforms the input Jimple code, with our two new trans-

formers: MethodsInliner for inlining some user-defined

methods. StaticFieldInitializer for initialize some

static fields. (3) Data-flow Analysis is built on the data-flow

framework of Soot. (4) Filter is used to filter some redundant

expressions.

A. Transformer

Transformers accept Jimple codes of a program body as

input, and then transform them by two new body transformers.

The first one is MethodsInliner, which is used to inline

methods. In default case, our tool will inline all user-defined

methods and Java library methods will remain. The second

one is StaticFieldsInitializer, which is used to

initialize static fields of a class.

In most cases, MethodsInliner firstly inlines all

user-defined methods, and obtain some classes whose

static fields have been used in the program body.
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Fig. 3. Framework

Secondly, StaticFieldsInitializer adds methods

<clinit>() of the classes, which are collected from the first

step, to the head of program body. Lastly, MethodsInliner

inlines those <clinit>() methods.

An example of a class called Example is shown in Figure

5. In the class, method f calls g, and g uses a static field of

this class. With the last two transformations, the final predicate

interpretation set is {@parameter0 ≤ 10}. Otherwise it

will be {@parameter0 ≤ <Example: int CONST>},

which is not as elegant as the former.

int f(int){
    ……
    i0 := @parameter0: int;
    virtualinvoke 
    r0.<Example: int g(int)>(i0);
    ……
}

int f(int){
    ……
    i0 := @parameter0: int;
    $i3 = <Example: int CONST>;
    if i0 <= $i3 goto label0;
        ……
    label0:
        ……
}

int f(int){
    ……
    i0 := @parameter0: int;
    staticinvoke 
    <Example: void <clinit>()>();
    $i3 = <Example: int CONST>;
    if i0 <= $i3 goto label0;
        ……
    label0:
        ……
}

int f(int){
    ……
    i0 := @parameter0: int;
    <Example: int CONST> = 10;
    $i3 = <Example: int CONST>;
    if i0 <= $i3 goto label0;
        ……
    label0:
        ……
}

(A) Before Transformation                     (B) After 1st MethodsInliner

(C) After StaticFiledsInitializer               (D) After 2nd MethodsInliner

Fig. 4. Transformation

Comparing similar primitive approach in Soot,

MethodsInliner have two significant advantages,

(1) MethodsInliner uses a recursion algorithm to inline

all methods that need to be inlined in the program body. (2)

MethodsInliner takes polymorphism into account. For

example, there is an invoke statement like child.<Super:

void func()>() where child is an instance of a class

whose super class is Super. In this situation, we firstly get

the type of child, and redirect the method to the child class.

B. Data Flow Analysis

Data flow analysis is the main part of our tool. We de-

fine PIAnalysis extending BackwardFlowAnalysis of

Soot. The input of this part is a TrapUnitGraph of the

transformed Jimple code which adds edges from every trapped

unit to the trap’s handler unit.
PIAnalysis overrides several key methods, four of

which are: flowThrough() corresponding to Data-

Flow Equation, merge() corresponding to Merge(∧),

entryInitialFlow() corresponding to Boundary,

newInitialFlow() corresponding to Initialize in Table

1.
The most important method is flowThrough(), in which

we handle fifteen kinds of statements of Jimple [9]. Most of

them need not do anything, because they use the identity trans-

fer function. However, three kinds of them should be dealt with

by ourselves using the transfer function (1) and (2). The first is

branch statements including IfStmt and SwitchStmt. The

second includes IdentityStmt and AssignStmt. And

another one is InvokeStmt. In addition, induction is used

for loops to reduce search spaces and improve the speed of

analysis.
1) Branch Statement: Every IfStmt consists of a predi-

cate and a goto statement. The predicate will be added to the

set of pis according to the transfer function (1).
SwitchStmts have many branches. The tool creates a

predicate for each value of switch statement. For instance,

switch(key){ case v1: · · ·; case v2: · · ·; · · · },

and {key == v1, key == v2, · · · } will be added to the

pi set.
2) Identity Statement and Assignment Statement: There

is only one item in the two sides of the connector :=

in IdentityStmt. Given an identity statement which

defines variable i0 as the integer parameter, i0 :=

@parameter0: int, we use the transfer function (2) to

replace an item with the other.
The most complex case is the AssignStmt. We must deal

with many kinds of expressions on the two sides of =, such as

BinopExpr, ArrayRef, InvokeExpr, etc. We must pay

attention to two cases of them.
The first case is when the left side of = is an ArrayRef.

In many earlier researches, arrays were considered as com-

mon objects whose fields were labeled with integer indexes.

However, they ignored a big difference. Fields of a common

object have fixed names, but if we consider an array as an

object, the names of its fields will change at any time (e.g.

modifying array[i] sometimes implies that array[j] is

also changed if i equals to j). Figure 5(A) gives an example

to explain how to deal with them. If we substitute array[i]

with 6 according to the name, the condition expression will

be 6 == 7. However, if i equals to j during runtime, the

condition expression will be 7 == 7. Therefore, we keep

the predicate instead of replacing the variable. For instance,

array[i]==7 will remain, and i can be considered as a

reference variable whose value can be determined by some

strategies (e.g. generating randomly, etc.) in further use.
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The second case is when the right side of = is an

AnyNewExpr. We keep these assignment statements to avoid

confusion of different objects. Figure 5(B) presents an ex-

ample. If we substitute arr1 with new int[2], we won’t

be able to distinguish arr1 from arr2. In this example,

the sequence {arr1=new int[2], arr1[1]==7} will

remain.

func (int[] array, int i, int j){
      ……
      array[i] = 6;
      array[j] = 7;
      if (array[i] == 7) {
           ……
      }
      ……
 }

func (){
      int[] arr1 = new int[2];
      int[] arr2 = new int[2];
      ……
      if (arr1[1] == 7) {
           ……
      }
      ……
 }

(A) ArrayRef Example               (B) AnyNewExpr Example

Fig. 5. Assignment Statement

3) Invoke Statement: Most InvokeStmts have been in-

lined into the program body except Java library methods in

default case. In most situations, inlining all methods is im-

possible and unnecessary, and some of the remaining methods

may affect the values of local variables. These methods will be

put into the result set with predicates, because in static analysis

we can’t judge whether they will change their arguments

or callers. For example, a sequence {aList.clear(),
aList.isEmpty() == 0} will be kept. With the in-

voke statement clear(), aList.isEmpty() == 0 will

be considered as an input-independent pi. On the other

hand, if we can confirm a method is insignificant, such as

println(Object), we will put them in a configuration

file so that the method can be filtered by textbfFilter.

4) Loops: Loop is an important issue which will lead to

producing too many similar pis like a > 0, a+1 > 0, a+2 > 0
and so on, and even infinite data-flow analysis. To avoid these

problems, we define some reference variables to help present

loop variables contained in loop conditions.

A predicate of a simple loop like the one shown in Figure

6(A) can be simply written as b + 4 ∗ i < 10 where i is

a reference variable. If a loop variable is modified in more

than one places in the loop body (e.g. Figure 6(B)), we will

define several reference variables for it. Assume the loop in

Figure 6(B) is executed i times and the first branch of the

if statement is executed j times, then the other branch must

be executed i − j times. The predicate for the loop will be

written as a + 2 ∗ j + 3 ∗ (i − j) + 1 ∗ i < 10 where i and

j are reference variables that can’t be determined in static

analysis. If we nest the simple loop in Figure 6(A) to the end

of the loop in Figure 6(B), the pis of the nested loops will be

{b+4∗m∗n < 10, a+2∗ j+3∗ (n− j)+1∗n < 10} where

the simple loop executes m times, the outer loop executes n

times, and the first branch of “if” executes j times.

In summary, induction for loop variables cannot only sim-

plify the result set of pis, but also reflect the program structure

more precisely.

while (b<10){
      b=b+4;
}

(A) A simple loop                         (B) A complex loop

while (a<10){
      a=a+1;
      if(...) a=a+2;
      else  a=a+3;
}

Fig. 6. Loop

C. Filter

We obtain a set of pis after the data-flow analysis part.

Some expressions in the pi set are redundant which should

be removed. We implemented a filter to improve the results

by filtering four kinds of expressions: (1) Reduandante pis

defined as Opposite predicates or same predicates. For exam-

ple, a > b and b < a are the same predicate in semantics,

while a > b and a ≤ b are opposite, however, reflecting the

same program structure. (2) Input-independent pis, which

are relations between constants, such as 2 == 3 which

must be false.(3) Useless invoke statements. For example,

a method set(Local) may change a local variable, but a

method System.out.print() is insignificant. The latter

is “useless” and can be ignored. (4) Useless assignment

statements. If a remaining assignment statement has nothing

to do with pis in the result set, it can be deleted.

D. Output rule

It is important to make our tool work with different related

tools, such as constraint solvers. In order to be convenient to

transform results to other input format, we have established a

grammar for the result expressions. Figure 7 shows the main

part of the grammar where we define three result forms: (1)

pi stmt for pis. This is the main part of the final result set.

(2) new stmt for remaining assignment statements whose

right side is AnyNewExpr. These expressions are used to

distinguish different objects. It is explained in section 3.2.2.

(3) invoke stmt for remaining invoke statements which is

described in section 3.2.3.

IV. PRELIMINARY EXPERIMENT

We designed and conducted a preliminary experiment to

verify our tool on two subject programs, jtcas and ordset,

from SIR [3]. The common characteristics of the programs are

a few of numerical or string inputs and simple data structure.

It can help present the analysis results clearly.

The experiment was conducted in the default case which

means Java library methods will not be inlined into the

program body. A classic pi from the experiment is as follows

staticinvoke

<java.lang.Integer : int parseInt(java.lang.String)>

(@parameter0 : java.lang.String[][11]) <= 0

where a Java library method, parseInt(), is kept. The first

parameter of the analyzed program is a character string array.
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stmt = pi_stmt | new_stmt | invoke_stmt

pi_stmt = expr rel_op expr;
rel_op = ">" | "<" | ">=" | "<=" | "==" | "!=";

new_stmt = local "=" any_new_expr;
any_new_expr = new_array_expr | new_multi_array_expr
                          | new_expr;

invoke_stmt = instance_invoke_expr | static_invoke_expr;
instance_invoke_expr = "instanceinvoke" immediate 
                                       ".<" method_signature ">(" expr_list ")";
static_invoke_expr = "staticinvoke" 
                                       "<" method_signature ">(" expr_list ")";

expr = immdiate |  arithmetic operation between expr

immediate = constant | local | param_ref | instance_field_ref 
                   | static_field_ref | array_ref | invoke_stmt;
param_ref = "@parameter" int_constant ":" type
instance_field_ref = immediate ".<" field_signature ">";
static_field_ref = "<" field_signature ">";

Fig. 7. Parts of the grammar for expressions

If the 11th element is parsed as an integer, the value will be

greater than or equal to 0.

The main method in jtcas and a test driver method of

ordset was analyzed. The main method in jtcas accepts a

character string array as input. These command line arguments

are transformed to integers and they are handled with complex

logic to avoid traffic collision. The test driver method of

ordset creates two ordered sets, and some operations, like

union, adding elements, are completed on them.

The statistics results of the experiment are shown in Table

2. These pis have been divided into three types, each of which

results in a markedly different effect on the domain boundary

[10] in domain testing: Equalities(=), Inequalities (<, >, ≤,

≥) and Non-equalities( 6=).

TABLE II
EXPERIMENTAL RESULTS

statistic results
jtcas ordset

# percent # percent
Equalities 0 0% 7 2.8%

Inequalities 17 70.8% 189 75.0%
Non-equalities 7 29.2% 56 22.2%

Total 24 100% 252 100%
Redundant # 86 – 133 –

Preprocessing Time (ms) 330 610
Analysis Time (ms) 60 430

We can acquire some conclusions according to the statistic

results as follows. (1) In-equalities (<, >, ≤, ≥) of a common

program have a large proportion among all pis. The proportion

is about 70%, even more. The final result pi set contains only

a few equalities (=). (2) There are a large number of redundant

pis before filtering. This result suggests that the filter part is

necessary, and it can simplify the results greatly. (3) The time

cost of PI analysis is collected to demonstrate the efficiency

of our tool. It can produce all pis within several seconds for

most common programs.

V. RELATED WORK AND DISCUSSION

(pi) can be considered as a simplified version of path con-

dition. pi focuses on the local structure information instead of

the global. The compromise makes it more practical, especially

in domain testing [10]. Jeng [4] integrated domain testing and

data-flow testing which applied the pi to def-use chains in

data-flow testing. Jeng and Weyuker [5] proposed a simplified

domain testing strategy which was not limited to linear pis any

longer. In addition, Zhao [11] presented a method to generate

domain boundary for character strings.
PI analysis can also be done by forward data-flow anal-

ysis called symbolic analysis [1] which is regularly used in

traditional optimizing compilers. The main idea of symbolic

analysis is using parameters as reference variables to present

local variables in the program body. However, if it is used

in our approach, many resources will be wasted to analyze

unconcerned variables, which may not be used in predicates

later. Thus, our approach adopts backward data-flow analysis

to get predicates firstly, and then analyze the related variables

without any waste.

VI. CONCLUSION

In this paper, we introduce an approach for predicate

interpretation analysis based on data-flow analysis. Besides,

we implement a predicate interpretation analysis tool, which

incorporates loop induction to reduce the search space and

improve the speed of analysis. Further we conducted an

experiment and the results show that our tool can produce

pis of programs effectively and efficiently.

ACKNOWLEDGEMENT

This work was partially supported by the National Basic Re-

search Program of China (973 Program 2014CB340702), the

National Natural Science Foundation of China (No. 61373013,

61170067), HPI and HPI Research School, Program B for

Outstanding PhD Candidate of Nanjing University.

REFERENCES

[1] A. V. Aho, M. S. Lam, R. Sethi, and J. D. Ullman. Compilers–Principles,

Techniques, and Tools. Addison-Wesley Publishing Company, 2006.
[2] C. Cadar, P. Godefroid, and etc. Symbolic execution for software

testing in practice–preliminary assessment. In ICSE’11, pages 1066–
1071, 2011.

[3] G. R. Group et al. Software-artifact infrastructure repository (sir), 2009.
[4] B. Jeng. Toward an integration of data flow and domain testing. Journal

of Systems and Software, 45(1):19–30, 1999.
[5] B. Jeng and E. J. Weyuker. A simplified domain-testing strategy. ACM

Transactions on Software Engineering and Methodology, 3(3):254–270,
1994.

[6] G. Kildall. A unified approach to global program optimization. In
PLDI’73, pages 194–206, 1973.

[7] J. C. King. Symbolic execution and program testing. Communications

of the ACM, 19(7):385–394, 1976.
[8] R. Vallee-Rai, P. Co, E. Gagnon, and etc. Soot–a java bytecode

optimization framework. In CASCON’99, pages 125–135, 1999.
[9] R. Vallee-Rai and L. J. Hendren. Jimple: Simplifying java bytecode for

analyses and transformations. Technical report, 1998.
[10] L. J. White and E. I. Cohen. A domain strategy for computer program

testing. IEEE Transactions on Software Engineering, 6(3):247–257,
1980.

[11] R. Zhao, M. R. Lyu, and Y. Min. Domain testing based on character
string predicate. In ATS’03, pages 96–101, 2003.

282



DOI reference number: 10.18293/SEKE2017-086 

Generating Software Agents for Data Mining: An 

Example for the Health Data Area 

Reinier Morejón1, Marx Viana1, Carlos Lucena1 
1Laboratory of Software Engineering (LES) - Pontifical Catholic University - PUC-Rio  

Rio de Janeiro, RJ - Brazil 

{rnovales, mleles, lucena}@inf.puc-rio.br 

 
Abstract— Data mining has been a hot topic that attracts both 

database and machine learning researchers. Due to the constant 

growth of data volume there is an increasing need to obtain 

knowledge from these large data sets that are very difficult to 

handle and process with traditional methods. Software agents 

can play a significant role performing data mining processes in 

ways that are more efficient. For instance, they can work to 

perform selection, extraction, preprocessing and integration of 

data as well as parallel, distributed, or multisource mining. This 

paper proposes a framework based on multi-agent systems to 

apply data mining techniques to health data sets. For a first 

usage scenario, we use a data set for hypothyroidism and run 

two mining processes in parallel. 

Keywords. Multi-Agent Systems, Data Mining, Machine Learning 

I.  INTRODUCTION 

Since its origins, computing science has always 
represented an accelerated path of constant evolution and 
transformation, at the same time implying a similar 
progression of information generation. Not only is this 
evidenced by the spectacular growth of traditional Internet 
usage [21] and the equally outstanding rise of the Internet of 
Things [26] [9], but also by the large volume of data generated 
by the healthcare industry [25].  

Health care services are an expanding source of vast 
quantities of information about patients’ health. Beyond the 
traditional approaches of clinical practice, databases in 
today’s modern health institutions automatically collect 
“structured data relating to all aspects of care” [17] such as 
“diagnosis, medication, test results and radiological imaging 
data” [17]. These phenomena have a fundamental underlying 
element: the huge volume of data in constant expansion - data 
that can vary in types and sources [17], and need to be mined 
to produce significant knowledge. A task like this is very 
difficult to perform in traditional ways. Here is where Data 
Mining plays its role. 

There are sources such as: (i) legacy systems like devices 
attached to, or inside, the human body to monitor and maintain 
human health and wellness; (ii) disease management and 
fitness tracking [26], and (iii) huge data sets of medical 
records for research studies [12]. These sources represent an 
astonishing volume of data available. Obtaining meaningful 
knowledge is very important in this area. As Durairaj said in 
[10], the application of data mining algorithms in the 
healthcare industry plays “a significant role in prediction and 
diagnosis of diseases.” 

Although there are already some solutions using data 
mining to deal with specific health data - for example, diabetes 
[12] or heart disease [24], it is unusual to see architectural 
models designed for knowledge discovery from medical data 
records that have been applied to more than one disease. 
Adjustable solutions can adapt from one disease to another 
simply by setting new instances. We can cite hypothyroidism 
[15] and its complications [7], which brings an extensive 
possibility of research. Therefore, in this research we will be 
mining a hypothyroidism data set. 

In this context, we present the framework Java Agent 
Framework for Health Data Mining (JAF4HDM). This 
framework aims at providing support to build and operate 
different agents to run classification-mining methods. In order 
to take advantage of software agents to better implement data 
mining techniques over health data systems, such framework 
extends the JADE framework [2][3], which already provides 
support to building autonomous and pro-active agents. By 
using these new features, it is possible to build agents for 
classification-mining methods to: (i) work on one data set, (ii) 
perform the training process, and (iii) predict new unlabeled 
instances by using the rules obtained as a result of the training 
process.  

This paper is organized as follows: Section II presents a 
background about the relationship between Data Mining, 
Machine Learning and Multi-Agent Systems. Section III has 
a brief background of WEKA. Section IV presents the JADE 
framework. Section V discusses some related work. Section 
VI presents JAF4HDM. Section VII describes a case study by 
showing how agents help to classify hypothyroidism data. 
Section VIII presents our conclusion and future work. 

II. THE RELATIONSHIP BETWEEN DATA MINING, 

MACHINE LEARNING AND MULTI-AGENT SYSTEMS 

From the onset five important trends have been present 
[29] in computing: ubiquity, interconnection, intelligence, 
delegation and human-orientation. These trends have grown 
at a steady pace, which means more processing power; 
distributed and big scale architectures; more automation, and 
constant evolution for new solutions in the computing field. 
Likewise, the volume of information generated by computing 
systems has grown consistently and overwhelmingly.  

The volume of data in the world and in our lives seems to 
increase steadily—and there is no end in sight [28]. 
Nowadays, information technologies (ITs) overwhelm us with 
data as ITs systems record every action we take when we use 
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them. This happens not only with personal actions but also 
with all kinds of decisions and operations that take place in the 
world of commerce and industry [28]. In addition, the huge 
volume of data that health care transactions generate are too 
complex and voluminous to be processed and analyzed by 
traditional methods [18]. 

Throughout recent decades, the magnitude of data volume 
and ubiquity, for example, has resulted in two of the most 
prominent, dynamic, and exciting research areas in 
information sciences: (i) autonomous agents and multi-agent 
systems (MASs), and (ii) data mining and knowledge 
discovery in databases (KDD) [8]. 

A software agent is a computer system situated in some 
environment, capable of autonomous action in order to meet 
its design objectives [29]. In other words, an agent can figure 
out by itself what needs to be done without the need to receive 
an explicit order of what to do at any given moment.  

A multi-agent system is one that consists of a number of 
agents, which interact with one another, typically by 
exchanging messages through some computer network 
infrastructure. To interact successfully, these agents must be 
able to cooperate, coordinate, and negotiate between 
themselves [29]. 

On the other hand, we have data mining techniques that 
have different objectives from those of multi-agent systems. 
As in [28], data mining is the process of discovering patterns 
in data. The process must be automatic or (more usually) 
semiautomatic. The patterns discovered must be meaningful 
in that they lead to some advantage—usually economic.  

Experience shows that in many data mining applications, 
the explicit knowledge structures acquired and the structural 
descriptions are as important as—and often much more 
important than—the ability to perform well on new examples 
[28]. Then, if MAS and data mining have evolved with well-
defined, yet distinct, aims and objectives [8], how are they 
related? 

Typical problems in agents that could find satisfactory 
solutions in data mining include multi-agent learning, 
adaptation, evolution, and behavior analysis. For instance, 
knowledge extracted through data mining could provide more 
stable, predictable, and controllable models for dispatching 
and planning, or it can assist in the self-organization and 
evolution of multi-agent systems in acceptable directions. On 
the other hand, software agents can support and enhance the 
knowledge discovery process in many ways. For example, 
agents can contribute to data selection, extraction, 
preprocessing, and integration and they are an excellent choice 
for parallel, distributed, or multisource mining [8]. 

III. WEKA 

Waikato Environment for Knowledge Analysis (WEKA) 
is a collection of machine learning algorithms for data mining 
tasks. WEKA provides several implementations of learning 
algorithms to apply to data sets. Furthermore, it includes a 
diversity of tools for transforming data sets; it also allows 
preprocessing a data set, feeding it into a learning scheme, and 

analyzing the resulting classifier and its performance—all 
without writing any program code at all [11]. 

WEKA is easy to extend thanks to simple API and plug-in 
mechanisms and facilities that automate the integration of new 
learning algorithms by means of its graphical user interface 
[16]. 

The workbench includes methods for the main data mining 
problems: regression, classification, clustering, association 
rule mining, and attribute selection. In addition, it provides 
many data visualization facilities and data preprocessing tools. 
All algorithms take their input in the form of a single relational 
table obtained from a file or generated by a database query 
[11]. 

There are three ways of using WEKA: (i) to apply a 
learning method to a data set and analyze its output to learn 
more about the data; (ii) to use learned models to generate 
predictions on new instances (See Section VII), and (iii) to 
apply several different learners and compare their 
performance in order to choose one for prediction [11]. 

For a Java environment, it is possible to solve a learning 
problem without writing any machine learning code, just by 
accessing the available WEKA algorithms [11]. 

IV. JADE  

The Java Agent Development Framework (JADE) is a 
software framework to support the development of agent 
applications in compliance with the FIPA 2000 specifications 
for interoperable intelligent multi-agent systems [6]. Fig. 1 
shows a standard model of an agent platform, according to 
FIPA.  

Figure 1. Reference architecture of a FIPA Agent Platform [3]. 

According to Fig. 1, three elements are essential in a FIPA 
compliant agent platform. First, the Agent Management 
System (AMS)—only one per platform—which is the agent 
that exerts supervisory control over access to, and use of, the 
Agent Platform. Each agent must register with an AMS in 
order to get a valid agent identifier (AID) [3]. Second, the 
Directory Facilitator (DF), the agent that provides the default 
yellow page service in the platform. Finally, the Message 
Transport System, (or Agent Communication Channel 
(ACC)), the software component controlling all the exchange 
of messages within the platform, including messages to/from 
remote platforms. 

There are two different points of view for describing the 
JADE system: first, JADE is a runtime system for FIPA 
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compliant Multi-Agent Systems, supporting application 
agents every time they need to exploit some FIPA covered 
feature such as the life-cycle management of the agent. 
Second, JADE is also a Java framework for developing FIPA-
compliant agent applications, making FIPA standard assets 
available to the programmer through object-oriented 
abstractions [6]. 

JADE includes both the libraries (i.e. the Java classes) 
required for developing application agents, and the runtime 
environment that provides the basic services. This 
environment must be active on the device before the agent’s 
execution moment. Each instance of the JADE run-time is 
called container. All containers taken as a whole form the 
platform, which provides a homogeneous layer that hides the 
complexity and the diversity of the underlying tiers (hardware, 
operating system, type of network, JVM) from agents and 
application developers [5].  

V. RELATED WORK 

Some approaches proposed [12, 8, 14] perform the data 
mining process by using Multi-Agent Systems. For instance, 
in [14], the authors proposed a MAS Technology for 
Distributed Data Mining (DDM) and Distributed 
Classification (DC). They addressed as a key problem the fact 
that data sources are distributed, heterogeneous and, as a rule, 
of large scale [14]. In addition, the authors addressed as an 
issue that the Distributed Data Mining MAS design 
technology presumes collaborative activities of agent-
mediated distributed users [14]. Therefore, they proposed an 
architecture of DDM and DC MASs and a technology for their 
design. They further proposed a number of well-developed 
protocols supporting agent-mediated design of applied DDM 
and DC MASs [14]. 

Gao, Denzinger and James [12] proposed a cooperative 
multi-agent data mining model to apply to medical data on 
diabetes. They developed CoLe, a model for cooperative 
agents for mining knowledge from heterogeneous data [12]. 
They designed that model having in mind the use of various 
agents to perform a data mining process over a completely 
heterogeneous data set by taking advantage of the cooperation 
between these agents to generate more significant and more 
useful structures of knowledge that no individual mining agent 
can produce alone [12]. This model works by making 
iterations of the mining process, and for each iteration, the 
discovered knowledge can be useful for the next one. Based 
on the proposed model, the authors implemented, and tested, 
a multi-agent system for mining diabetes related data, by 
having two agents running mining algorithms and another 
agent with methods to produce hybrid rules. As a result of the 
experiments that were carried out, the implemented system 
outperformed the individual mining algorithms, with better 
and high-quality rules. Another discovery was the 
confirmation of a close relation between diabetes and 
hypertension. An improvement to this work could be the 
creation of a generic framework according to the CoLe model. 
The authors implemented a solution to diabetes-related 
heterogeneous data sets, making it clear in [13] that the CoLe 
work is specific to Early Diabetes Detection. 

The authors in [8] presented the synergies between Data 
Mining and Software Agents, creating the concept of Agent 
Mining. They generated a Disciplinary Framework - “a high-
level research map of agent mining as a disciplinary area” [8]. 
They also gave an overview of what agent mining means: “a 
young scientific field that advocates and studies the 
integration of agent technology and data mining” [8]. In 
addition, they performed a deep analysis of agent technology 
and data mining, speaking about the advantages and flaws of 
each and about the unquestionable benefits of them working 
together. In short, the authors show that the potential of “agent 
mining for the mutual enhancement of both fields and for the 
creation of super-intelligent system” [8] is promising and 
optimistic. 

Agent Academy (AA) [23] is an open-source framework 
and an integrated development environment to create 
Software Agents and Multi-Agent Systems. The authors 
developed by using JADE and WEKA APIs. The framework 
provides embedded intelligence to agents by inserting 
decision models generated by a previous data mining process 
over a background data-specific application. The authors 
applied AA only to a supply chain management industrial 
scenario. There is no evidence about the applicability of AA 
to a health-oriented scenario. 

VI. JAF4HDM: A SOFTWARE FRAMEWORK FOR HEALTH 

DATA MINIG 

This section describes the main elements required to 
understand the framework proposed in this paper. In addition, 
we will provide an overview of the JAF4HDM framework and 
discuss the different components, including the kernel 
(frozen-spots) and flexible points (hot-spots) [20]. 

A. The Framework 

The JAF4HDM framework is implemented using software 
agents, as illustrated in Fig. 2. The JAF4HDM extends JADE 
[6], a FIPA compliant framework to implement Multi-Agent 
Systems developed in Java. In addition, it makes use of 
WEKA API algorithms to process health data. The framework 
comprises three main functions: (i) a workover of different 
data sources to preprocess the data and make it ready for 
training, (ii) a training process, by executing a desired mining 
method for the previously prepared data, and (iii) the 
execution of the prediction task, performed by agents using 
the rules generated by the training process over new unlabeled 
instances. 

 

Figure 2. JAF4HDM framework architecture. 
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B.  The JAF4HDM Architecture 

The JAF4HDM framework supports the creation of a 
health data mining process that shows how to classify a given 
data set, such as hypothyroidism, which we show in Section 
VII. 

We based the JAF4HDM mining process on the model 
proposed in [12] nuanced with some conceptual elements 
proposed by [30], with the difference that we ran several 
mining methods on a single homogeneous data set by making 
predictions based on each method-generated rules instead of 
having an agent combining all the generated rules in one 
single set of rules. In addition, our idea is to apply our solution 
to several illnesses instead of just one. 

Fig. 3 shows that the process begins with one agent that 
prepares a single, homogeneous data set for training. Then, 
several agents will train different mining methods over that 
data set, obtaining a trained model with generated rules for 
each method. Finally, by using these rules other agents will 
predict the classification of each instance in a provided 
unlabeled data set. 

  

Figure 3. JAF4HDM mining process. 

There are three kinds of agents (See Fig. 3) as part of 
JAF4HDM, described in Table 1: 

TABLE I.  AGENTS DESCRIPTION 

Name Description 

DataSetupAgent 

Prepares the data that has to be 

processed for training by selecting the 

source of the data, extracting the data 

and getting it ready for the training 

process.  

TrainingAgent 

Over the previous prepared data, and 

with a selected classifier algorithm, 

this agent will train and save a model, 

so that it can be used in future 

predictions. 

PredictionAgent 

This agent will take an unlabeled data 

set and will classify it with an existing 

trained model. 

C. Hot-Spots and Frozen-Spots 

As previously mentioned, JAF4HDM is an extension of 
the JADE framework, and therefore, they share the same core 
and hot-spots. The process used for the communication 
between software agents, and the identifiers of agents are 
examples of hot-spots that JAF4HDM inherited from JADE. 
In addition, JAF4HDM defines other specific hot-spots, which 
are: 

Data Sets (DataSetupAgent Class): There are several ways to 
interact with a data set, from the format of the source (data 
base, csv file, arff file, etc) to the way that data is prepared 
(divided by cross validation split, or by percentage split). An 
agent will perform this task to make it more dynamic. 

Mining Methods (TrainingAgent Class): There are many 
methods to carry out data mining - all different in some ways. 
Each instance must use different algorithms to teach their 
models. TrainingAgents will train and generate models by 
performing mining methods. In this first stage of the work, we 
use WEKA API to perform the algorithms; in the next stages, 
JAF4HDM will be able to use other APIs. 

Prediction Agents (PredictionAgent Class): They must 
produce knowledge, but the ways to achieve this can differ 
depending on the selected methods. Consequently, these 
agents can conduct the new knowledge generation process in 
different ways. 

The frozen-spots in this context (also named Kernel) are 
composed of: (i) the JADE framework; (ii) classes that work 
with the mining methods, and (iii) a learned set of rules saved 
in models to make subsequent predictions. Fig. 4 shows the 
class diagram of JAF4HDM, and its hot- and frozen-spots. 

 

Figure 4. JAF4HDM Class Diagram. 

To implement and deploy one application, based on the 
JAF4HDM framework, we need to implement at least one 
instance of each defined agent in order to successfully execute 
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the mining process in the usage scenarios. To build an 
application based on JAF4HDM, there must be at least one 
DataSetupAgent, one TrainingAgent and one PredictionAgent 
for an effective execution of the mining process. 

VII. USAGE SCENARIO: MINING ON HYPOTHYROIDISM 

DATA 

A framework is classified according to its extensibility; it 
can be used as a white box or a black box [20]. In white box 
frameworks, an instantiation is only possible through the 
creation of new classes. A black box framework allows a 
developer to produce new instances using configuration 
scripts. This type of framework automatically creates the 
classes and source code for the chosen configuration, which 
facilitates the instantiation process [20]. For now, in its first 
version, JAF4HDM is only a white box framework. 

To test the framework applicability, it is necessary to 
implement one instance, which in this case is a specific 
scenario to predict unlabeled instances of hypothyroidism 
related data. 

To clarify it, the new system first will train two models, 
using PART and Decision Table classification algorithms 
(available in WEKA API) by mining a data set of Thyroid 
disease records. The Garavan Institute and J. Ross Quinlan, 
New South Wales Institute, Sydney, Australia supplied this 
data set [27]. Then, with the trained model, we will predict the 
classification of each instance in another data set in the same 
format as the first one, but unlabeled. 

Next, an explanation about how the framework in the 
current usage scenario was instantiated. The steps are as 
follows: 

A. Put both arff file data sets (labeled to train and 

unlabeled to predict) in the root folder of the project. As a 

good practice, both the labeled and unlabeled filenames are 

almost the same, only differentiated by the string “-test” 

added at the end of the unlabeled data set filename.  

B. The current version is for running one or more mining 

methods over a single data set, Therefore, to put in context 

the application with the right data set, two attributes must be 

set up manually with default values. These are: (i) 

dataset_name in DataSetupAgent Class with the name of the 

labeled data set, and (ii) datasettest_name in PredictionAgent 

Class with the name of the unlabeled data set. 

C. We built the current JAF4HDM instance to process the 

data set by using two classifier algorithms PART and 

Decision Table from WEKA. Therefore, it is mandatory for 

each algorithm to extend the TrainingAgent Class and the 

PredictionAgent Class.  

D. For each extended TrainingAgent, it is required to set 

the variables modeltotrain and receiver, which means, 

respectively, the algorithm to use and the name of the 

extended prediction agent that will use its results as entry. 

E. For each extended PredictionAgent, it is required to set 

the variables predictmodel and datasettestname, which 

means, respectively, the same algorithm used by the extended 

TrainingAgent (whose results served as entry) and the name 

of the unlabeled data set to be predicted. 

F. The agents must be defined in StartAgents Class 

before execution. 
During and after the execution process, the system 

generates useful information such as the obtained rules after 
each training agent execution. Table 2 shows a fragment of the 
rules generated by the training agent that runs the PART 
algorithm over a hypothyroidism related data set. The system 
also generates a file containing the model obtained after the 
training process and a file containing a new data set already 
labeled as a result of the prediction process.  

TABLE II.  SAMPLE OF RULES GENERATED BY THE TRAINING AGENT 

THAT RUNS THE PART ALGORITHM 

1 (TSH ≤ 6) → negative 

2 ((FTI ≤ 64) ˄ TSH_measured ˄ T4U_ measured ˄ ¬thyroid_surgery 
˄ (T3 ≤ 2.3)) → primary_hypothyroid 

3 (¬on_thyroxine ˄ TSH_measured ˄ ¬thyroid_surgery ˄ (TT4 ≤ 150) 
˄ (TT4 > 48) ˄ TT4_measured ˄ (T3 ≤ 2.3))→ 
compensated_hypothyroid 

4 on_thyroxine → negative 

5 ¬TSH_measured → negative 

6 (thyroid_surgery ˄ (TT4 > 69)) → negative 

 

As a sample of what a rule means in the data set context, 

we have in Table 2, line 1, the first generated rule, “(TSH ≤ 

6) → negative.” For one instance that means that if the TSH 

(Thyroid Stimulating Hormone) measurement is less than or 
equal to 6, then the instance is classified as negative for 
hypothyroidism. The second line shows that if one instance 
has an FTI (Free Thyroxine Index) measurement less than or 
equal to 64 and both TSH and T4U (it is a test to measure 
Thyroxine) have been measured, and there has not been a 
thyroid surgery, and the T3 (Triiodothyronine) measurement 
is less than or equal to 2.3, then the instance is positive for 
primary hypothyroid. The same applies to the next rules. We 
use these learned rules after training to predict or classify new 
instances in real time. Table 3 shows the result of a prediction 
task for one hypothyroid-related unlabeled data set. 

TABLE III.  RESULTS AFTER PREDICTING UNLABELED DATA SET 

INSTANCES 

Category Amount 

Total number of instances: 19 

Instances classified as ‘negative’ 13 

Instances classified as ‘compensated hypothyroid’ 4 

Instances classified as ‘primary hypothyroid’ 2 

Instances classified as ‘secondary hypothyroid’ 0 

 

Table III shows how a prediction agent classifies each 

element of the unlabeled data set. For example, we 

demonstrate the prediction according to the use of one already 

trained model (based on PART algorithm) over one unlabeled 

data set containing 19 instances of hypothyroid-related data. 
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Out of 19 instances, the prediction classified 13 as negative, 4 

as compensated hypothyroid, 2 as primary hypothyroid and 

none as secondary hypothyroid. 

VIII. CONCLUSION AND FUTURE WORK 

This paper proposes the JAF4HDM framework for Health 
Data Mining, with the objective of providing support to build 
and operate different agents to run classification-mining 
methods to: (i) work on one data set, (ii) conduct the training 
process, and (iii) predict new unlabeled instances by using the 
rules obtained as a result of the training process. We can verify 
the applicability of the JAF4HDM framework by using the 
scenario presented in Section VII, where instantiated agents 
are responsible for running a mining process over a 
hypothyroidism data set to predict new instances later. 

For future work our aim is to build features where: (i) the 
framework must be able to work with heterogeneous data sets 
using different methods on different types of data. It is 
necessary to conduct studies about heterogeneous data sets; 
(ii) the DataSetupAgent (See Table I) must be able to manage 
dynamically the extraction and preparation of data from its 
source in order to deliver to each TrainingAgent the adequate 
data set to perform the training process and, thus, avoiding to 
run on the whole data set directly, and (iii) The prediction 
process must have one agent that can receive the learned 
models from each training agent, find the way to mix the rules 
of these models, evaluate them and put the better ones into a 
final model. This agent will obtain meaningful information 
from models and will provide a feedback to trainers to 
improve their own work. In addition, it will help the 
DataSetupAgent to form the slices of data to process in the 
next iteration. 
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Abstract—Dynamic Protocol Mining (DPM) techniques are a 

promising approach to infer useful API protocols automatically. 

However, their results are biased to input test cases and the 

instrumentation overhead discounts their usability in industrial 

practice. In this paper, we propose a distributed dynamic protocol 

mining framework NSpecMiner. Our framework is based on a 

client-server architecture, where the client tracer gathers 

Program Execution Traces (PETs) and sends them to the server 

for mining. Mined protocols are saved on the server to provide 

various kinds of remote services, such as API protocol retrieval 

and program verification, etc. Compared with local miners, 

NSpecMiner has many advantages: 1) A large number of diverse 

PETs are likely to be collected from multiple clients, which is 

essential for mining accurate and complete API protocols. 2) 

Instrumentation overhead can be balanced among multiple clients. 

3) Via integrating the client tracer into widely used software, we 

can mine API protocols transparently and automatically without 

any human effort. To evaluate our technique, we performed a 

comparison test with a local miner ISpecMiner and NSpecMiner. 

Preliminary results show that our approach is effective to mine 

useful API protocols as local miners. While our method is able to 

gather PETs concurrently from multiple clients and other merits 

of the distributed technology will further benefit DPM 

significantly. 

Keywords—program temporal specification; program dynamic 

analysis; distributed specification mining; API protocol mining 

I. INTRODUCTION 

API protocols specify temporal constraints regarding the 
order of calls of API methods. For example, calling peek() on 
java.util.Stack without a preceding push() gives an 
EmptyStackException, and calling next() on java.util.Iterator 
without checking whether there is a next element with hasNext() 
can result in a NoSuchElementException. API clients that 
violate such protocols do not obtain the desired behaviors and 
may even crash the program [1]. 

API protocols are beneficial for many tasks of software 
development, such as program documentation, understanding, 
testing, verification, etc. However, programmers are reluctant to 
write API protocols. Even when available, there is no guarantee 

of their consistence, completeness, and correctness. Dynamic 
Protocol Mining (DPM) [2]-[5] is a promising approach to infer 
useful API protocols automatically. It always works in a two-
phase mode: 1) Program Execution Traces (PETs) are gathered 
from client programs leveraging instrumentation techniques. 2) 
API protocols are synthesized from PETs based on various kinds 
of sequential data mining techniques. Compared with Static 
Protocol Mining techniques (SPM) [6]-[13], DPM can achieve 
more accurate results based on runtime information. 
Additionally, it can be used more extensively, especially when 
source codes are unavailable. Furthermore, many tricky 
problems with SPM, such as infeasible paths, complicated data 
structures and pointer aliasing can be avoided. However, the 
following drawbacks limit its applications in industrial practice: 
1) The effect of DPM largely depends upon input test cases. If 
an improper set of test cases is selected, DPM may neglect many 
program paths and cause partial and inaccurate API protocols. 2) 
In order to gather PETs, DPM is required to run client programs, 
which may be difficult to be automated in some cases. 3) The 
runtime overhead caused by instrumentation techniques may 
discount the practical usability of DPM. 4) Existing DPM tools 
(such as ADABU [14]) always work in a manner as follows. First, 
they collect PETs from client programs using a tracer and then 
store the traces into a trace file. Then, they take the trace file as 
input and synthesize API protocols. Each run of a client program 
will generate a trace file and corresponding protocols. Results of 
multiple runs cannot be merged. What is worse is that mined 
protocols are biased to input trace files. Additionally, if PETs 
gathered from a program is scarce, we may achieve partial and 
inaccurate API protocols. Even though mined protocols can be 
merged, to gather enough PETs for mining, we should manually 
run a large number of programs one by one, which will result in 
significant manpower overhead and is unacceptable in practice. 

This paper aims to improve the DPM techniques and 
promote their applications in industrial practice. We present a 
DPM framework NSpecMiner, which is based on a client-server 
architecture. The client is a tracer, which collects PETs and 
sends them to the server for mining. The server receives PETs 
and synthesizes API protocols. After that, the mined protocols 
are stored on the server to provide various kinds of remote 
services, such as API protocol retrieval and program verification, 
etc. The functioning of our framework is illustrated in Figure 1. (DOI reference number: 10.18293/SEKE2017-089) 
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Compared with local miners (such as ADABU), this architecture 
can benefit protocol mining in many ways: 1) Since the server 
can receive PETs from different clients and programs (as shown 
in Figure 1, the server receives PETs from n clients, which run 
different programs respectively, such as FreeMind, 
RapidMiner, SQuirreL and OpenProj), a large number of 
diverse PETs are likely to be collected efficiently, which is 
essential for mining accurate and complete API protocols. 2) 
The instrumentation overhead can be balanced among multiple 
clients based on a divide-and-conquer strategy. 3) This 
architecture is flexible, because client tracers based on whatever 
instrumentation techniques can send PETs to the server for 
mining if their formats satisfy requirements. 4) Via integrating 
the client tracer into daily used software, the task of mining 
protocols can be completely automated. On the client side, once 
the software is run by an end user, PETs will be sent to the server 
for mining automatically in the background. The whole mining 
process is transparent to software users. Little extra manpower 
is required to run client programs exclusively for gathering PETs. 
On the server side, thousands of millions of PETs may be 
received from different clients per second and perfect API 
protocols will be learned, which may cost several months by 
local miners. 

The contributions of this paper are: 

• A dynamic API protocol mining framework 
NSpecMiner based on a client-server architecture is 
proposed. 

• A strategy of balancing instrumentation overhead is 
proposed. 

• Experiments are conducted to evaluate our technique. 

The rest of this paper is organized as follows: Section 2 
presents the overview of our framework. Section 3 introduces an 

example API protocol mining technique used in this work. 
Section 4 elaborates our strategy of instrumentation balance. 
Section 5 presents our strategy of API protocol evolvement. 
Section 6 evaluates our technique and demonstrates preliminary 
results. Section 7 presents our conclusions and future work. 

II. OVERVIEW OF NSPECMINER 

NSpecMiner is a generic dynamic API protocol mining 
framework. The distinguishing characteristic of it is that it is 
based on a client-server architecture, where clients collect PETs 
and send them to the server for mining. With the help of this 
framework, we can mine API protocols from application 
programs dynamically with little manpower overhead. 
Additionally, accurate and complete API protocols may be 
achieved.  

The overview of NSpecMiner is illustrated in Figure 2, 
which mainly consists of a client and server. The client of 
NSpecMiner comprises a Proram Tracer and a Network 
Communication Module (NCM). The Program Tracer collects 
PETs from application programs and passes them to NCM. It 
gathers PETs based on instrumentation techniques, which insert 
binary codes into interested method bodies. Once an 
instrumented program is ran with test cases generated 
automatically or manually, the embedded codes will output 
information of method calls sequentially. Whatever 
instrumentation techniques and tools can be used in our 
framework (such as ASM [15], BCEL [16], Java agent [17] and 
Javassist [18]-[19]), provided that the format of output PETs 
can satisfy the requirement of NSpecMiner. After that, the client 
sends gathered PETs to the server via NCM, one method call 
after another. 

The server receives method calls sequentially through NCM 
from multiple clients and passes them to the module of API 
Protocol Mining (APM). The APM is a key module for our 

 

Figure 1 Functioning of NSpecMiner 
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framework. It takes PETs as input and synthesizes API protocols 
based on sequential data mining techniques. For instance, [14], 
[20]-[23] mine API protocols based on Finite State Automaton 
(FSA). [24] models temporal specifications among Application 
Programming Interfaces (API) or Abstract Data Types (ADT) 
using Probabilistic Finite State Automaton (PFSA). Actually, 
whatever mining techniques based on sequential data can be 
used in our framework. In this paper, we utilize an online mining 
approach based on Markov model as an example to demonstrate 
the working principle of our framework. After that, 
NSpecMiner saves mined protocols on the sever through the 
module of API Protocol Storage (APS). Based on the protocols, 
our framework can provide various kinds of remote services, 
such as API protocol retrieval, program verification, etc. 

NSpecMiner uses the TCP for communication and UDP is 
an inadvisable choice, because only the TCP can provide a 
reliable delivery service. Based on the TCP, all method calls sent 
sequentially to the network can be received in correct order on 
the server side, which is crucial for API protocol mining.  

Via integrating the client tracer of NSpecMiner into widely 
used software, PETs will be sent to the server for mining 
automatically. The whole process is undergone in the 
background transparently. On the other hand, since the server 
can receive PETs from multiple clients (or programs), it is likely 
to achieve a large number of diverse PETs, which is essential for 
mining accurate and complete API protocols. 

III. MINING API PROTOCOL 

NSpecMiner is a generic framework, which can utilize 
various kinds of protocol mining techniques. In this paper, we 
use the online mining approach proposed by Chen et al. [25] as 

an example to demonstrate the working principle of our 
framework. 

Chen et al. [25] mined API protocols based on an extended 
Markov model with final probability (MCF). The formal 
definition of MCF is given below: 

Definition 1 (Markov chain with final probability). A Markov 
Chain with Final Probability (MCF) M is a 4-tuple (Q, τ, π, γ), 
where Q is a set of states, τ: Q×Q→[0, 1] is the transition 
probability function, which is always described using a 
transition matrix P, π: Q→[0, 1] is the probability distribution 
over initial states, γ: Q→[0, 1] is the probability distribution over 
final states. The functions π and γ must satisfy the requirements: 

∑qQ π(q) = 1 and ∑qQ γ(q) = 1. 

Compared with traditional Markov model, MCF has an 
additional probability distribution over final states (Final 
Probability), which indicates how probable a chance process 
will end with a state. 

Relying on the MCF, Chen et al. modeled API protocols by 
regarding states as methods and transitions as temporal 
relationships among methods. Figure 3 shows an example API 
protocol of Java class java.io.FileOutputStream described 

 

Figure 2 Overview of NSpecMiner 
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Figure 3 API protocol of Java class FileOutputStream described using MCF. 
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using the MCF. As we can see, the rounded rectangles are states, 
which are labeled with method signatures above a line. Arrows 
denote transitions, which are labeled with transition 
probabilities. InitPro and FinalPro are initial probability and 
final probability, respectively. What should be noted is that all 
states have properties InitPro and FinalPro. We omit the ones 
whose value is zero. 

Given a repository of PETs R, Chen et al. learned MCFs 
from R using an online approach. In detail, they received a 
method call of each PET sequentially. For each method call, 
they evolved the corresponding MCF until it was good enough. 
The online approach has minimum space overhead. Additionally, 
since it can evolve API protocols persistently, accurate and 
complete protocols may be achieved. 

Finally, they transformed a MCF to a Nondeterministic 
Finite-state Automaton (NFA) by discarding infrequent 
transitions and probabilities. The final API protocols described 
using NFA can be used for program verification, testing, 
documentation, etc. 

IV. INSTRUMENTATION BALANCE 

The time overhead incurred by instrumentation may cause 
performance issue to software running on the client machine and 
discount the practical usability of our framework. To mitigate 
the problem, we propose to balance instrumentation overhead 
among multiple clients. 

Let’s assume that we aim to mine API protocols of a set of 
classes U. It may cause much runtime overhead if we instrument 
all the classes in a single application program. To avoid this 
situation, we distribute the instrumentation task to multiple 
client programs via the instrumentation set. Let A be a set of 
application programs required to be instrumented. Given a 
program 𝑎 ∈ 𝐴, the instrumentation set of a from U denoted by 
IMTD(𝑎, 𝑈) is a subset of U, i.e., IMTD(𝑎, 𝑈) ⊆ 𝑈. The public 
methods of a class c will be instrumented in a run of program a, 
only if 𝑐 ∈ IMTD(𝑎, 𝑈). Obviously, via assigning program 𝑎 a 
reasonable instrumentation set, we can confine its 
instrumentation overhead to an acceptable range. We perform 
this task based on the following method. First, we compute the 
size of the instrumentation set based on a function 𝜑: 𝐴 ⟶ 𝑁, 
which is given below: 

𝜑(𝑎) = {

𝜑1         𝑎 is a hard real − time progam            
𝜑2         𝑎 is a soft real − time program            
𝜑3         𝑎 is a non − time − critical  program

 

where 𝜑1, 𝜑2 and 𝜑3 are specified constant values and satisfy 
the requirement 𝜑1 < 𝜑2 < 𝜑3. Our consideration is that less 
classes should be instrumented for time-critical programs than 
non-time-critical programs. After that, we select classes from U  
and add them to IMTD(𝑎, 𝑈) . What should be noted is that 
classes in U may not be covered by program a. To address this 
problem, we select classes from CMTD(𝑎)⋂𝑈 , where 
CMTD(𝑎)  is the set of classes covered by program a. 
Additionally, the following cases are considered: 

1. CMTD(𝑎)⋂𝑈 = ∅, let IMTD(𝑎, 𝑈) = ∅. 

2. CMTD(𝑎)⋂𝑈 ≠ ∅ ∧ |CMTD(𝑎)⋂𝑈| ≤  𝜑(𝑎) , let 
IMTD(𝑎, 𝑈) = CMTD(𝑎)⋂𝑈. 

3. CMTD(𝑎)⋂𝑈 ≠ ∅ ∧ |CMTD(𝑎)⋂𝑈| >  𝜑(𝑎) , we 
select 𝜑(𝑎) classes from CMTD(𝑎)⋂𝑈 based on a class 
selection algorithm and add them to IMTD(𝑎, 𝑈). 

In words, if the number of classes included in CMTD(𝑎)⋂𝑈 
is less than 𝜑(𝑎) , we add all classes in CMTD(𝑎)⋂𝑈  to 
IMTD(𝑎, 𝑈) . Otherwise, we select as many as 𝜑(𝑎)  classes 
from CMTD(𝑎)⋂𝑈. 

In order to collect enough PETs, local protocol miners may 
instrument all classes in U at one time, which may cause much 
runtime overhead. Relying on the strategy of instrumentation 
balance, we can collect as many PETs as local protocol miners 
with little runtime overhead, which improves the practical 
usability of our framework significantly. It should be noted that 
our instrumentation balance strategy is based on the granularity 
of classes rather than methods. The reason for this is that partial 
instrumentation of a class will cause imperfect PETs which may 
lead to inaccurate API protocols [26].  

V. API PROTOCOL EVOLVEMENT 

The network load overhead incurred by our framework may 
increase the cost of mining API protocols. In this section, we 
introduce our strategy of API protocol evolvement, which can 
reduce the network load overhead to some extent. 

It should be noted that, there is no necessity to evolve API 
protocols persistently. Once a protocol is good enough, we can 
stop refining it, which can reduce the network load overhead and 
save computational resources on both client and server sides. In 
order to accomplish the task, a metric used to measure the 
goodness of API protocols is required. Currently, there does not 
exist such a metric and measuring the goodness of API protocols 
accurately and automatically is challenging. In this work, we 
perform the task approximately based on the following heuristic: 
let 𝑐 be a class, 𝑝 be the API protocol of 𝑐, which is described 
using a MCF: (Q, τ, π, γ). If the following requirements (Good-
Enough Requirement) are satisfied, we believe 𝑝 is good enough.  

• 𝑄 ⊇ PM(𝑐) , where PM(𝑐)  denotes the set of public 
methods of class c (a single-object API protocol 
subsumes only public methods of a class); 

• p keeps 𝛿 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  in the continuous evolvement 
for 𝑇𝑒  times, where 𝑇𝑒  is the specified Evolving 
Threshold. Let 𝑝𝑖 : (𝑄𝑖 , 𝜏𝑖 , 𝜋𝑖 , 𝛾𝑖)  and 
𝑝𝑖+1: (𝑄𝑖+1, 𝜏𝑖+1, 𝜋𝑖+1, 𝛾𝑖+1)  be the API protocols 
achieved before and after the ith evolvement of p 
respectively. We say p is 𝛿 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡  in this 
evolvement if it satisfies the following requirements: 1) 
𝑄𝑖 = 𝑄𝑖+1; 2) |𝜏𝑖(𝑡) − 𝜏𝑖+1(𝑡)| ≤ 𝛿, where t denotes a 
common transition of 𝑝𝑖  and 𝑝𝑖+1 ; 3) | 𝜋𝑖(𝑞) −
𝜋𝑖+1(𝑞)| ≤ 𝛿 , where 𝑞  is a common state of 𝑝𝑖  and 
𝑝𝑖+1; and 4) |𝛾𝑖(𝑞) − 𝛾𝑖+1(𝑞)| ≤ 𝛿. 

In detail, for each API protocol 𝑝, we maintain two variables 
𝑛𝑝 and 𝑛𝑒. The former records the number of methods included 

in 𝑝. The latter denotes the count of continuous evolvement, in 
which 𝑝 is 𝛿 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡. At the end of each evolvement, we 
update 𝑛𝑝. As to 𝑛𝑒, we compare the protocols achieved before 

and after each evolvement. If 𝑝 is 𝛿 − 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, we have 𝑛𝑒 ←
𝑛𝑒 + 1, otherwise 𝑛𝑒 ← 0 . Once 𝑛𝑝 ≥ 𝑛𝑐  and 𝑛𝑒 ≥ 𝑇𝑒  where 
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𝑛𝑐  is the number of public methods included in class 𝑐 , we 
notify all clients to stop instrumenting class 𝑐. Since no more 
PETs regarding 𝑐 will be received, the evolvement of 𝑝 on the 
server side will stop automatically. 

In some cases, we need to restart the evolvement of good-
enough protocols. For example, let’s assume that 𝑝 is a good-
enough protocol of class 𝑐 . The API protocol of 𝑐  may be 
changed in the upgraded version of 𝑐. Thus, we should restart 
the evolvement of 𝑝  until the good-enough requirement is 
satisfied in terms of the latest version of 𝑐. This task can be 
accomplished by notifying clients to restart instrumenting class 
𝑐. 

VI. PRELIMINARY RESULTS 

In order to investigate the feasibility of our technique, we 
implemented NSpecMiner based on a previous prototype tool 
ISpecMiner [25] and called the novel tool ISpecMiner+. 
ISpecMiner and ISpecMiner+ are nearly the same: 1) both tools 
employ the Java agent [17] technique to instrument client 
programs; 2) both tools mine API protocols based on the online 
approach proposed by Chen et al. [25]. The only difference is 
that ISpecMiner is a local miner, while ISpecMiner+ is a 
distributed API protocol miner.  

To evaluate our approach, we performed a comparison test 
with ISpecMiner and ISpecMiner+. Our experiment proceeds 
as follows. We used ISpecMiner and ISpecMiner+ to mine API 
protocols from a same set of programs. After that, we 
investigated API protocols achieved by ISpecMiner and 
ISpecMiner+, respectively. The experimental setup was exactly 
the same as that of [27]: 1) the subject programs used for mining 
were four real-world Java programs FreeMind, RapidMiner, 
SQuirreL SQL Client and OpenProj; and 2) 10 JDK classes from 
java.io and java.util were instrumented and investigated. 
Detailed information about the experimental setup please refer 
to [27]. ISpecMiner was configured to run each subject 
programs once sequentially. For each program, ISpecMiner 
instrumented all 10 JDK classes. Since ISpecMiner mines API 
protocols using an online approach, results of each ran will be 
merged automatically. ISpecMiner+ worked in a LAN 
environment similar to that shown in Figure 1, which consists of 
a server and four clients. Information of the server and client 
computers is summarized in Table I. On the server, 
ISpecMiner+ was configured to receive PETs from port 5123. 
Each client computer ran a subject program and instrumented all 
10 JDK classes. To avoid biases, a subject program was feed 
with the same test cases under ISpecMiner and ISpecMiner+.  

By analyzing experimental results, we found that API 
protocols mined by ISpecMiner and ISpecMiner+ were exactly 

the same. It indicates that NSpecMiner is effective to mine 
useful API protocols as local miners. While our technique is able 
to gather PETs concurrently from multiple clients. For each 
client user, only one subject program is required to run. If we 
integrate the client tracer of NSpecMiner into daily used 
software, API protocols can be synthesized on the server 
automatically and transparently. Little manpower overhead is 
required to exclusively run client programs for gathering PETs. 

VII. CONCLUSIONS AND FUTURE WORK 

In this paper, we proposed a generic DPM framework 
NSpecMiner. The most distinguishing characteristic of our 
framework is that it is based on a client-server architecture. The 
distributed technology has been used widely in many aspects of 
software development, such as the Cooperative Bug Isolation 
Project [28], which collects program runtime information for 
tracking down bugs using a method similar to ours. However, to 
the best of our knowledge, NSpecMiner is the first DPM 
framework based on the distributed technology. As elaborated 
in this work, the client-server architecture can mitigate many 
limitations of DPM techniques, such as the overfitting problem 
incurred by scarce PETs, the difficulty to be automated, much 
runtime overhead caused by instrumentation, etc. Compared 
with local dynamic miners, NSpecMiner is able to mine 
accurate and complete API protocols with much lower cost, 
which increases the practical usability of DPM techniques 
significantly. In the evaluation, we performed a comparison test 
with local API protocol miners and our framework. Preliminary 
results show that our framework is effective to mine useful API 
protocols as local miners. While NSpecMiner is able to gather 
PETs concurrently from multiple clients and other advantages 
of the distributed technology will further benefit DPM 
significantly. If we integrate the client tracer of NSpecMiner 
into daily used software, API protocols can be synthesized on 
the server automatically and transparently. Little manpower 
overhead is required. 

In conclusion, the distributed technology is significantly 
valuable for DPM and may promote its applications in industrial 
practice. Although the distributed technology is a common 
approach, there exist many particular challenges while using this 
approach for DPM, such as the strategy of instrumentation 
balance, the evolvement of API protocols, etc., which deserve 
much more research effort. Although some unforeseen issues 
regarding scalability, privacy and security may be raised when 
using our framework in practice, we are confident that they can 
be resolved relying on today’s available technology. 
Additionally, along with the progress of network technology, 
our framework will be more useful. In this work, we presented 
a general view of NSpecMiner and only a preliminary 
evaluation result was given. Detailed discussions and more 
extensive evaluations of our framework are left as an extension 
of this work. 
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Abstract—Misconfigurations have become a major cause of
software failures. Most research focuses on misconfiguration di-
agnosis and troubleshooting, which occur after the misconfigura-
tions have happened. Actually, if we can prevent misconfiguration
before software runs, many potential catastrophic failures of
systems can be avoided, thus reducing customers’ downtime and
support costs. In software configuration, we found that most con-
figuration options have specific constraints, which have a strong
connection with the configuration option type. If we can check
the configuration settings against the inferred type before the
software runs, many misconfigurations can be prevented. In this
paper, we explore a name-based method called ConfTypeInferer
to automatically infer the type of configuration options, which
can help users to correctly configure and check settings, thus
preventing misconfigurations proactively. We manually studied
several popular open-source software projects to investigate the
classification and naming conventions of configuration option.
Based on these findings, we designed and implemented the
ConfTypeInferer. We performed comprehensive experiments to
evaluate the effectiveness of our method.

Index Terms—misconfiguration prevention; configuration option
type inference; name-based analysis;

I. INTRODUCTION

In recent years, configuration issues have drawn tremendous
attention for their increasing prevalence and severity [1][2].
One important reason for today’s prevalent configuration is-
sues is the ever-increasing complexity of configuration, which
is reflected by the large and still increasing number of configu-
ration options. For example, hundreds of configuration options
need to be set for the running of database servers [3] and
web servers [4]. The runtime environment of software can be
determined from the settings of the configuration options, such
as memory size, time interval, resource limits, etc. To set them
correctly, users need to understand the meaning of each config-
uration option. Unfortunately, although most software manuals
contain a detailed description of how to set each configuration
option correctly, it is non-trivial for users to find out what the
corresponding guidance is. Users rarely have the patience to
look at thousands of pages of documents. They always make
configurations based on experience, or exaggerate a bit, by
intuition, which leads to many misconfiguration issues.

Faced with these issues, many previous studies [5] [6] [7]
[8] have devoted their work to misconfiguration diagnosis and

DOI reference number:10.18293/SEKE2017-072

Fig. 1. Example of misconfiguration caused by invalid type. In example 1-1,
the user takes a path type for a filename type, and the diagnosis cost lots of
user effort. In example 1-2, the user sets a URL configuration option as a
server name, which is ignored by system.

troubleshooting, which occurs after the misconfigurations have
happened. Actually, if we can prevent or detect misconfigura-
tions before software runs, many potential catastrophic failures
of systems can be avoided, thus reducing not only the cus-
tomers’ downtime but also the support costs. Some researchers
have noticed that and already conducted some work to explore
misconfiguration prevention. Xu et al. [9] check parameter
settings at the system’s initialization time to reduce damage
from failures. Encore [10] detects software misconfigurations
by exploiting the interaction between the configuration settings
and the executing environment, as well as the rich correlations
between configuration entries. Actually, we found that most
configuration options have specific constraints, which have
a strong connection to the configuration option type. Fig. 1
gives two real-world examples of misconfigurations caused
by an invalid type. Without knowing the option type, a user’s
settings often violate configuration constraints, which results
in many misconfigurations. These misconfigurations waste a
tremendous amount of user effort for diagnosis and might
cause severe failure in the system’s runtime. If we can check
these configuration settings against the inferred type before
the software runs, many misconfigurations can be prevented.
In this paper, we try to prevent misconfiguration proactively
by inferring the configuration option type for users, which can
be used for checking the configuration settings, thus avoiding
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many potential misconfigurations. We explore a name-based
method called ConfTypeInferer to automatically infer the type
of the configuration option.

Some challenges need to be addressed. First, we need a
specific and comprehensive classification for configuration
options, which is the basis of the type inference. Second, we
need to figure out the naming conventions for the configuration
options, which is the basis of semantic extraction. Third, we
need to verify whether the configuration-option name really
contains enough semantic information for type inference, or,
in other words, whether the name-based method works.

To address these challenges, we manually analyzed several
popular open-source software projects, such as PostgreSQL,
Httpd, Nginx, Squid, etc. After a thorough study of the
classification and naming conventions for their configuration-
option names, we investigated the feasibility of the name-
based method. Except for the enumeration type, the method
works well for inferring most configuration option types. Then
we designed and implemented ConfTypeInferer by combining
name-based analysis with program analysis, in which the
program analysis is to make up for the deficiency of the
name-based analysis in inferring the enumeration type of
configuration option and to verify the type inferred.

Our contributions are summarized as follows:

• Through manual analysis of several popular open-source
software projects, we summarized several instances of
finding configuration options, verifying the feasibility of
the name-based method (Section II).

• We designed and implemented the architecture for Con-
fTypeInferer, the name-based method used to infer the
type of configuration option (Section III and Section IV).

• We conducted comprehensive experiments to evaluate the
effectiveness of ConfTypeInferer. Our results show that
the accuracy of type inference can reach over 90%, and
at the same time, it can prevent many misconfigurations
(Section V).

II. THE FEASIBILITY OF THE NAME-BASED METHOD

To evaluate the feasibility of the name-based method, we
try to answer the following research questions:

RQ1: How many and what types of configuration option ex-
ist in open-source software projects? Answering this question
will provide a classification for type inference.

RQ2: What are the naming conventions for configuration
options in open-source software projects? Answering this
question will give us an in-depth understanding of configura-
tion option names, and provide us with some ideas for mining
semantic information from configuration option names.

RQ3: Do these configuration-option names convey enough
information for type inference? Answering this question is the
key to verify the feasibility of the name-based method.

To answer the above questions, we empirically studied more
than 1,000 configuration options in several popular open-
source software projects. The main findings of our study are
illustrated as follows.

TABLE I
COVERAGE OF OUR CLASSIFICATION IN OPEN-SOURCE SOFTWARE.

Software Number Coverage(%)
Redis-3.2.3 70 98.6

PostgreSQL-9.6rc1 269 98.1
Lighthttpd 273 96.2
Postfix-2.5 109 94.7

Squid-3.5.21 340 90.0
MySQL-5.7.15 732 87.7
Httpd-2.4.23 634 86.1
Nginx-1.10.2 637 85.1

Fig. 2. Classification tree of configuration options

For RQ1, although some previous work [11] includes s-
tudies on type taxonomy, our aim is to generate configuration
constraints by type inference. Therefore, we need a sufficiently
fine-grained classification for all configuration options. We
manually analyzed software manuals, configuration files, and
even source code to classify each option. Fig. 2 illustrates
our classification in the form of a tree. This classification tree
can be supplemented with more software to be considered.
We evaluated our classification effectiveness on about 3,000
options of eight open-source software systems by checking
whether each option can be classified as one of types listed
Fig. 2. As shown in Table I, the coverage of the classification
is as high as 90% on average, with a minimum of 85.1%.
Therefore, the result indicates the validity and efficiency of
our classification.

For RQ2, we find that the configuration option names
chosen by programmers are usually made up of readable words
or common abbreviations connected by some separators. For
example, in PostgreSQL, programmers use underscores to con-
nect several words for the name of a configuration option, e.g.,
“listen addresses,” while in Httpd programmers use camel-
case naming, e.g., “MaxRequestsPerChild,” This naming con-
vention makes it easier for us to perform text processing and
extract semantic information. Besides, those words contained
in configuration-option names usually convey explicit semantic
information, including explanation, description, or constraints
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Fig. 3. The number of words in the configuration-option name.

about the configuration option, which reflect the option’s
type to some extent. For instance, the option names of path
type usually contain keywords such as “directory,” “location,”
“path,” etc, and the option names of memory type usually
contain keywords such as “memory,” “buffer,” “size,” etc.
These keywords can be used to build a dictionary for each
configuration option type for keyword matching.

For RQ3, we studied the number of words in each
configuration-option name. As Fig. 3 shows, the majority
(91%-98%) of those configuration-option names contain more
than one words, this observation enhances the feasibility of the
name-based method because it is widely accepted that more
words convey more information. In addition, we find that this
name-based method doesn’t work well in some cases. On the
basis of the findings for RQ2, we established a dictionary
for each type by collecting those high-frequency keywords
in the configuration-option names, and implemented a simple
program to infer the configuration option type through text
processing and keyword matching. The inferring results are
presented in Fig.4. We observe that the inference results
are ideal (74%-100%) for most configuration option types.
Unfortunately, the tool behaved poorly (only 24%) when
inferring the enumeration type, whose ratio is relatively higher
than the other type. An enumeration type option means the
programmer enumerates all possible values to be set, while
it’s not impossible, but is difficult to infer the enumeration
type from several words since there are so many words that
can be used to express enumeration type. We chose abstract
syntax tree (AST) analysis to address this problem (introduced
in Section IV).

III. ARCHITECTURE OF CONFTYPEINFERER

Based on the findings in Section II, we designed and
implemented ConfTypeInferer, an automatic type inferer for
configuration options. Fig. 5 illustrates its architecture. In the
extraction phase, we take configuration files as input, which
could be the original template configuration files or user-
specified ones. After parsing the configuration files through
some parsing tool, we can determine the name of partial
configuration options. In the mapping phase, we use the
tool ConfMapper [12], which was designed to implement
automatic mapping from configuration options to the relevant

Fig. 4. The inference result of keyword matching.

program variables, and we get pairs of option and variable.
In the inferring phase, ConfTypeInferer conducts name-based
analysis on the configuration-option names to infer the type.
In addition, we identified the options for enumeration type by
AST analysis. In the verifying phase, we conducted data-flow
analysis for the program variable of each option to verify the
type inferred previously.

We implemented the AST analysis and data-flow analysis
on the basis of Clang [13], a C language family frontend for
LLVM [14].

IV. DESIGN AND IMPLEMENTATION

This section presents detailed descriptions of the design and
implementation of ConfTypeInferer. The goal of ConfTypeIn-
ferer is to design a user-oriented tool that automatically infers
the configuration option type without any manual effort.

A. Extraction and Mapping

To infer the configuration option type, we need to extract
the configuration options and corresponding variables, which
is the basis of name-based analysis and program analysis.
This question has been studied in our previous work [12].
We proposed a tool named ConfMapper to accomplish the
automated mapping from the configuration options to the
relevant program variables without needing to understand the
complicated semantic context in the source code.

B. Inferring by Name-based Analysis

As discussed in Section II, the naming convention of most
configuration options makes it possible for us to perform
text processing and extract semantic information. However,
many difficulties still exist in the implementation of name-
based analysis. For instance, a keyword might reflect different
configuration option types, and a name might contain several
keywords that reflect different types, so how can we use
the semantic information to infer the type in these cases?
In ConfTypeInferer, we have come up with a scoring model
to choose the most likely type. Specifically, we divide the
name-based analysis into three steps. First, we separate the
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Fig. 5. The architecture of ConfTypeInferer.

configuration-option names into words by text processing, and
establish a dictionary for each configuration option type, with
the words ranked according to their frequency. Second, we
use the scoring model to infer the configuration option type.
Third, infer the enumeration type using AST analysis.

1) Word Segmentation and Dictionary Establishment:
Based on the naming convention for the configuration option,
we use uppercase letters, underscore (“ ”), dot (“.”), and
hyphen (“−”) as separators to get words contained in the
configuration-option name. We build a dictionary for each
configuration option type by categorizing the words according
to different types. In each dictionary, these words are ranked
by their frequency of occurrence.

2) Score Model: As a name might contain several key-
words, which reflect different types, and a keyword might
reflect different configuration option type, the score model is
described in (1).

scoretype =

n∑
wordi

scorefreq · scoreorder 1 ≤ i ≤ n (1)

Here n means the number of keywords in an option name,
wordi represents the ith keyword, and scoretype, scorefreq,
and scoreorder mean the total score for a certain configuration
option type, the frequency score for a matched word, and the
order score for a matched word, respectively. The type with
highest score is the inference result.

More concretely, scorefreq is set in the step for dictionary
establishment, according to the word’s frequency of occur-
rence. In our tool, we set three score levels using the function
described in (2). The x is the frequency rank of a word.

scorefreq =


3 1 ≤ x ≤ 5

2 6 ≤ x ≤ 10

1 x ≥ 11

(2)

The scoreorder is set according to the word’s position in
a configuration option name. We find that those words at
the front of a configuration option name are usually used to
describe the words following them, which means that the last
word is most likely to reflect its type, e.g., “listen addresses”

Fig. 6. An example of calculation of scoretype

“ssl cert file,” and “temp buffers.” This is a common habit
when people are naming a thing. However, there are excep-
tions, such as if the programmer has a strange naming habit,
which would affect our inference result. In our tool, we set
two score levels and, usually, the last word of a name has a
higher score.

Fig. 6 gives an example of the calculation of scoretype. The
configuration-option name “max file size” contains three key-
words that reflect different types, among which the keyword
“max” could reflect further different types including memory,
time, and count. After doing the calculation shown in Fig. 6,
we can infer the correct type.

C. Inferring Enumeration Type

As mentioned in Section II, it is not enough to infer the
configuration option type only by name-based analysis. We
tried to use the program analysis method to address this
issue. In order to infer the options for enumeration type, we
manually analyzed their program variables in the source code.
We find that programmers assign values to these variables by a
similar pattern. In general, most software does this assignment
by specific structures or functions whose name contains the
configuration option or its variable, and the body of structures
or functions contains many macros and strings related to the
configuration option. This assignment pattern can be located
and identified by AST analysis. In addition, we can also obtain
all possible values of an enumeration type option by AST
analysis.
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D. Verifying the Inferred Type

We verify options’ types by checking their variables’ data
type. This step is mainly based on our finding relating to the
close connection between the configuration option type and
the relevant program variables data type. For example, for a
path type option, its variable must a string, while a memory
type might have a variable of integer or float-point number
type. In the mapping phase, we have determined the pairs of
option and variable, and the data type of the variable can be
obtained by a data-flow analysis.

E. Constraints Enhancement

We envisage that ConfTypeInferer is the first step towards a
generic and systematic solution to prevent configuration errors.
With the option type inferred, we can define constraints for a
specific type, which can be used for misconfiguration checking
in source code and configuration files.

1) Comments Enhancement in Configuration files: Com-
menting configuration files is a common practice in software
development; the comments are direct, descriptive, and easy-
to-understand, which can give users guidance on configuring
correctly. However, we have found that the amount of useful
information contained in comments is very limited in current
software. With the constraints for specific option types, we can
enhance comments and provide clues for user’s configuration.

2) Misconfiguration Checking in Source Code: One reason
for the difficulty in troubleshooting misconfigurations is the
lack of diagnostic information. We can use the option type
inferred to enhance the configuration constraints in the source
code, which can be used for misconfiguration checking, thus
improving the system’s reliability and preventing many poten-
tial configuration errors.

V. EVALUATION

In this section, we discuss the comprehensive experiments
conducted to evaluate the effectiveness of ConfTypeInferer on
two aspects: the accuracy of type inference and the effective-
ness of misconfiguration prevention.

A. Accuracy of Type Inference

As we completed our study, we chose eight popular open-
source software projects to evaluate the accuracy of type
inference. Their information is shown in Table II. Note that
there are four software projects(MySQL, Redis, Lighthttpd,
and Postfix) that are not used for building dictionaries, and
we chose them to verify that our name-based method works
well on other C/C++ software projects. We get all the options
and their correct types by manually viewing the software
documentation, configuration files, and even the source code.

As Fig. 7 shows, the accuracy of type inference in open-
source software projects can reach over 90%. This is an
acceptable result considering the large number of configuration
options. The results for MySQL, Redis, Lighthttpd, and Postfix
verify that this method works well on other C/C++ software
projects.

TABLE II
LIST OF SOFTWARE FOR EXPERIMENTS

Software Description Software Description
PostgreSQL Database Nginx Reverse proxy
Lighthttpd Web server Squid Web delivery
MySQL Database Redis Database
Httpd Web server Postix Mail proxy server

Fig. 7. Accuracy of type inference in open-source software. The percentages
in the figure represent the correct inference percentages for the configuration
options.

B. Effectiveness of Misconfiguration Prevention

To evaluate ConfTypeInferer’s effectiveness in misconfig-
uraiton prevention, we performed two experiments with four
software projects: PostgreSQL, Httpd, Nginx, and Postfix. In
the first experiment, we injected random errors into correct-
ly configured systems and used ConfTypeInferer to detect
the injected errors. In the second experiment, we applied
ConfTypeInferer to check against real-world misconfiguration
problems.

1) Injected Misconfigurations: For each software project,
we randomly injected 20 errors with SPEX-INJ [15] into the
configuration files. SPEX-INJ automatically generates config-
uration errors by violating the constraints. As Table III shows,
we detected most constraint violations using the option’s
inferred type.

2) Real-world Misconfigurations: We searched forums, fre-
quently asked questions (FAQs) pages, and configuration docu-
ments to find actual configuration problems that users have ex-
perienced with our target software projects. In total, we chose
eight representative misconfigurations to reproduce. These
misconfigurations are type-related and caused by errors in the
configuration files. We tried to detect these misconfigurations,
given the option type inferred. Table IV lists the configuration
errors for each software projects, as well as the detection

TABLE III
THE NUMBER OF INJECTED MISCONFIGURATIONS DETECTED BY

CONFTYPEINFERER

Software Total Detected
PostgreSQL 20 16

Httpd 20 13
Nginx 20 12
Postfix 20 15
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TABLE IV
DETECTION OF REAL-WORLD MISCONFIGURATIONS

ID Software Problem Description Success
1 PostgreSQL Logging is not performed because log directory (path) is set incorrectly Y
2 PostgreSQL Query operation is very slow due do the work mem (memory) option being set too low N
3 Httpd Website visitors are unable to upload files due to the wrong permission (permission) being set N
4 Httpd Unable resolve PHP code due to setting the AddType (enumeration) option as a freedom string Y
5 Nginx File creation error due to datadir’s wrong owner (username) Y
6 Nginx Failed to connect to the proxy server due to the wrong proxy pass (url) being set Y
7 Postfix Cannot deliver mail locally due to the mydestination (email) option being set incorrectly Y
8 Postfix Cannot forward user’s email to the Internet due to the relayhost (email) option is set incorrectly Y

results. Table IV shows many (6/8) misconfigurations can be
prevented by type checking. However, some misconfigurations
cannot be prevented even when the type is inferred. For
example, for Problem ID 3, you need more detailed constraints
to set a memory option. This limit has inspired our future work
for inferring more detailed constraints based on the inferred
type.

VI. RELATED WORK

To prevent misconfigurations, some research detects mis-
configurations by constraint verification. ECC Fixer [16] infers
configuration constraints by program analysis and detects the
configuration violations, it designs an algorithm that automati-
cally generates range fixes for a violated constraint. SPEX [15]
infers configuration constraints from source codes, and use
these constraints to harden systems against configuration errors
and to detect error-prone designs. These methods all neglect
the semantic information of configuration-option names, which
can complement program analysis.

The identifier names chosen by developers convey informa-
tion about the semantics of a program. This information can
complement traditional program analyses in various software
engineering tasks, such as bug finding, code completion, and
documentation. Recent work uses identifier names to infer API
specifications [17], to synthesize code completions [18], and
to detect incorrectly ordered method arguments of the same
type [19].

VII. CONCLUSION

Misconfigurations have become a major cause of software
failures. In this paper, we have explored a name-based method
called ConfTypeInferer to automatically infer the type of
a configuration option, which can help users to configure
correctly and check their settings, avoiding many unnecessary
misconfigurations. We manually studied several popular open-
source software projects and research on the classification and
naming conventions for configuration option. Based on these
findings, we designed and implemented the ConfTypeInferer.
We conducted comprehensive experiments to evaluate the
effectiveness of ConfTypeInferer.
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Abstract—Cross-company defect prediction (CCDP) is a 

practical way that trains a prediction model by exploiting one or 

multiple projects of a source company and then applies the model 

to target company. Unfortunately, larger irrelevant cross-

company (CC) data usually makes it difficult to build a 

prediction model with high performance. On the other hand, the 

CC data has the highly imbalanced nature between the defective-

prone and non-defective classes, which will degrade the 

performance of CCDP. To address such issues, this paper 

proposes an approach, in which data sampling is combined with 

data filter, to overcome these problems. Data sampling seeks a 

more balanced dataset through the addition or removal of 

instances, while data filter is a process of filtering out the 

irrelevant CC data so that the performance of CCDP models can 

be improved. We employ two data filtering methods called NN 

filter and DBSCAN filter combined with SMOTE (Synthetic 

Minority Oversampling Technique) and RUS (Random Under-

Sampling). Eight different approaches would be produced when 

combing these four techniques: 1- NN filter performed prior to 

RUS; 2- NN filter performed after RUS; 3- NN filter performed 

prior to SMOTE; 4- NN filter performed after SMOTE; 5- 

DBSCAN filter performed prior to RUS; 6- DBSCAN filter 

performed after RUS; 7- DBSCAN filter performed prior to 

SMOTE; 8- DBSCAN filter performed after SMOTE. The 

empirical study was carried out on 15 publicly available project 

datasets. The experimental results demonstrate that NN filter 

performed prior to RUS (Approach 1) performs better than the 

other seven approaches. 

Keywords—software defect prediction;cross-company defect 

prediction;data sampling; data filter 

I.  INTRODUCTION  

Software defect prediction is one of the most important 
software quality assurance techniques. It aims to detect the 
defect proneness of new software modules via learning from 
defect data. So far, many efficient software defect prediction 
approaches [1-6] have been proposed, but they are usually 
confined to within project defect prediction (WPDP). WPDP 
works well if sufficient data is available to train a defect 
prediction model.  However, it is difficult for a new project to 
perform WPDP if there is limited historical data. 1  Cross-
company defect prediction (CCDP) is a practical approach to 
solve the problem. It trains a prediction model by exploiting 
one or multiple projects of a source company and then applies 
the model to target company [7]. In recent years, most existing 

 
1 DOI reference number: 10.18293/SEKE2017-134 

CCDP approaches have been proposed. The challenges of 
building a CCDP model with high performance usually include: 

(1) How to weaken the impact of irrelevant CC data to 
improve the performance of CCDP. 

The ability to transfer knowledge from a source company to 
a target company depends on how they are related. The 
stronger the relationship, the more usable will be CC data. The 
performance of CCDP is generally poor because of larger 
irrelevant CC data. Previous work [8] founds that using raw 
CC data directly would increase false alarm rates due to 
irrelevant instance in CC data, so several data filtering works 
should be done before building the prediction model. For 
example, Turhan et al. [8] and Peters et al. [9] proposed the NN 
filter and the Peters filter to select the CC instances which are 
mostly similar to WC data as the training dataset. 

(2) How to cope with the class imbalance problem to 
improve the performance of CCDP. 

The CC data has the highly imbalanced nature, because the 
number of non-defective instances is usually larger than the 
number of non-defective ones. The class imbalance problem 
may cause difficulties for learning, as most classification 
algorithms only perform optimally when the number of 
instances of each class is roughly the same. When these 
algorithms are trained by a highly skewed dataset in which the 
minority class is heavily outnumbered by the majority class, 
these classifiers tend to favor the majority class and have less 
ability to classify the minority class. Therefore, several data 
sampling works should be done before building the CCDP 
model. For example, Lin et al. [10] introduced a novel CCDP 
approach named Double Transfer Boosting (DTB). DTB firstly 
uses NN filter to filter out irrelevant CC data, and then uses 
SMOTE algorithm [11] to re-sample the CC data before 
building the CCDP model. 

However, it is still unclear what extent combining data 
filter and data sampling can contribute to CCDP, and how to 
make better use of them to improve CCDP. To address such 
issues, this paper proposes an approach, in which data 
sampling is combined with data filter, to cope with both class 
imbalance problem and the influence of irrelevant CC data. A 
question may arise when we combine the two techniques, that 
is, which technique, data filter or data sampling, should be 
performed first? To answer the question, we employ two data 
filtering methods called NN filter [8] and DBSCAN filter [12] 
combined with SMOTE [11] and RUS [13]. We investigate 
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eight different approaches: 1- NN filter performed prior to 
RUS; 2- NN filter performed after RUS; 3- NN filter 
performed prior to SMOTE; 4- NN filter performed after 
SMOTE; 5- DBSCAN filter performed prior to RUS; 6- 
DBSCAN filter performed after RUS; 7- DBSCAN filter 
performed prior to SMOTE; 8- DBSCAN filter performed after 
SMOTE. To our best knowledge, no study has been done for 
combining data filter with data sampling and investigating the 
eight approaches in the domain of CCDP. 

The empirical study was carried out over 15 publicly 
available projects, all of which exhibit a high degree of class 
imbalance between the defective-prone and non-defective 
classes. Three different learners were used to build CCDP 
models. The experimental results demonstrate that NN filter 
performed prior to RUS (Approach 1) has significantly better 
performance than the other seven approaches.  

The remainder of this paper is organized as follows. Section 
II presents the related work. Section III describes two data 
filtering methods, two data sampling methods, and eight 
combination approaches. Section IV demonstrates the 
experimental results. Section V discusses the potential threats 
to validity. Finally, Section VI addresses the conclusion and 
points out the future work. 

II. RELATED WORK 

In this section, we first review the existing cross-company 
and cross-project defect prediction approaches. Then, we 
briefly review the data sampling methods. 

A. Defect prediction 

In order to solve the problem that the new companies have 
too limited historical data to perform WCDP well, the cross-
project and cross-company defect prediction appear.  
Zimmermann et al. [55] studied CCDP models on 12 real-
world applications datasets. Their results indicated that CCDP 
is still a serious challenge because of the different distribution 
between the training project data and the target project data. In 
order to narrow the distribution gap, there are three mainstream 
ways.  

The first one is to apply the data filtering method to find the 
best suitable training data (e.g., [8, 9, 12, 14]). For example, 
Turhan et al. [8] proposed a nearest neighbor (NN) filter to 
select cross-company data. Peters et al. [9] introduced the 
Peters filter to select training data. 

The second mainstream way is to design effective defect 
predictor based on transfer learning techniques (e.g., [7, 10, 
15,16, 17, 18, 19]). For instance, Ma et al. [15] proposed 
Transfer Naïve Bayes (TNB) model. Chen et al. [10] proposed 
double transfer boosting (DTB) model.  Another challenge in 
CCDP is that the set of metrics between the source company 
data and target company data is usually heterogeneous.  Jing et 
al. [7] and Chen et al. [19] proposed the effective solutions for 
heterogeneous cross-company defect prediction.  

The third mainstream way is to apply unsupervised 
classifier that does not require any training data to perform 
CCDP (e.g., [20-23]), therefore the distribution gap between 
the training project data and the target project data is no longer 
an issue. For instance, Zhang et.al [22] proposed to apply a 

connectivity-based unsupervised classifier that is based on 
spectral clustering to perform CPDP. 

B.  Data sampling 

Besides the larger irrelevant instances in CC data, CCDP 
models also suffer from the class imbalance problem.  A 
considerable amount of research has been done to investigate 
this problem at data and algorithm levels. Data-level methods 
include a variety of resampling techniques, manipulating 
training data to rectify the skewed class distributions, such as 
random oversampling and random under-sampling. They are 
simple and efficient, but their effectiveness depends greatly on 
the problem and training algorithms [24]. Algorithm-level 
methods address class imbalance by modifying their training 
mechanism directly with the goal of better accuracy on the 
minority class, including one-class learning [25], and cost-
sensitive learning algorithms [26]. Algorithm-level methods 
require specific treatments for different kinds of learning 
algorithms, which hinders their use in many applications, 
because we do not know in advance which algorithm would be 
the best choice in most cases. In addition to the aforementioned 
data-level and algorithm-level solutions, ensemble learning [27] 
has become another major category of approaches to hand 
imbalanced data by combining multiple classifiers, such as 
SMOTEBoost [28], and AdaBoost.NC [29]. Ensemble learning 
algorithms have been shown to be able to combine strength 
from individual learners, and enhance the overall performance. 
They also offer additional opportunities to handle class 
imbalance at both the individual and ensemble levels. This 
paper investigates SMOTE and RUS, because of their 
simplicity, effectiveness, and popularity in the literature. 

While a great deal of work has been done for data filter and 
data sampling separately, limited research has been done and 
reported on both together, especially in the context of CCDP. 
Among the few studies, Lin et al. [17] proposed the 
combination of NN filter and SMOTE to preprocess the CC 
data before building the CCDP model. However, it is still 
unclear what extent combining data filter and data sampling 
can contribute to CCDP, and how to make better use of them to 
improve CCDP. This is exactly what we will solve in this paper. 

III. METHODOLOGY 

A. Data filter 

 Previous work [8] founds that using raw CC data directly 
would increase false alarm rates due to irrelevant instances in 
CC data, so several data filtering works should be done before 
building the prediction model. The main goal of data filter is to 
select the most valuable training data for the CCDP model by 
filtering out irrelevant instances in CC data. In this study, we 
employ two representative data filtering methods, NN filter and 
DBSCAN filter. 

The NN filter was proposed by Turhan et al. [8]. Based on 
the widely used KNN algorithm, NN filter can find out the 
most similar k×n instances from CC data while n is the number 
of WC instances and k is the parameter of the KNN algorithm. 
The procedure of NN filter is as follows: 

1. Find k neighbors from the CC data for each WC instance 
based on Euclidean distance, and 
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2. Collect the selected neighbors without duplication into a 
new CC data. 

The DBSCAN filter was proposed by Kawata et al. [12]. It 
assumes that CC instances which are in the same cluster as WC 
instances are the most valuable instances in CC data. The 
procedure of DBSCAN filter is as follows: 

1. Combine the CC data and WC data, 

2. Find sub-clusters by using DBSCAN algorithm, 

3. Select sub-clusters which consist at least one WC 
instance, and 

4. Collect the CC data in the selected sub-clusters into a 
new CC data. 

B. Data sampling 

Besides larger irrelevant instances in CC data, CCDP 
models also suffer from the class imbalance problem. A variety 
of data sampling techniques have been studied in the literature. 
The main goal of data sampling is to achieve a certain balance 
between the defective-prone class and non-defective class. In 
this study, we employ two representative data sampling 
methods, SMOTE (Synthetic Minority Oversampling 
Technique) and RUS (Random Under-Sampling). 

SMOTE [11] was proposed by Chawla in 2002. It is an 
over-sampling approach in which the minority class is over-
sampled by creating “synthetic” examples. The procedure of 
SMOTE is as follows: 

1. For each instance in the defective-prone class, 
calculate the Euclidean distance between it and other instances 
in the defective-prone class to find its k nearest neighbor. 

2. According to the amount of over-sampling, determine 
the sampling rate and select a certain number of instances from 
k nearest neighbor randomly. The sampling rate (between 
defective-prone and non-defective instances) was set to 50:50 
throughout the experiments. 

3. Take the difference of the feature vector between it 
and its nearest neighbor. 

4. Multiply this difference by a random number between 
0 and 1, and add it to the feature vector under consideration. 

5. Generate new instances for each instance in the 
defective-prone class and add new samples into it. 

RUS (Random Under-Sampling) [13] is a simple method to 
select a subset of non-defective instances randomly and then 
combine them with defective-prone instances as a training set. 

The procedure of random under-sampling is as follows:  

1. Calculate the ratio of the defective-prone class to the 
non-defective class, and get the sampling frequency. 

2. Sample the non-defective class by the sampling 
frequency. 

3. Select all defective-prone instances. 

4. Combine selected instances and attributes for training. 

C. Eight combination approaches 

The primary goal of this study is to evaluate the data 
preprocessing technique in which data filter is combined with 
data sampling. Eight different scenarios (also called approaches) 
would be produced depending on whether data filter is 
performed before or after data sampling. The eight different 
approaches are described as follows: 

● Approach 1: NN filter performed prior to RUS; 

● Approach 2: NN filter performed after RUS;  

● Approach 3: NN filter performed prior to SMOTE;  

● Approach 4: NN filter performed after SMOTE; 

● Approach 5: DBSCAN filter performed prior to RUS; 

● Approach 6: DBSCAN filter performed after RUS; 

● Approach 7: DBSCAN filter performed prior to 
SMOTE; 

● Approach 8: DBSCAN filter performed after SMOTE. 

IV. EXPERIMENTS 

In this section, we evaluate the eight combination 
approaches to perform CCDP empirically. We first introduce 
the experiment dataset, the performance measures and the 
experimental procedure. Then, in order to investigate the 
performance of the eight combination approaches, we perform 
some empirical experiments to find answers to the research 
question mentioned above. 

A. Data set 

In this experiment, we employ 15 available and commonly 
used datasets which can be obtained from PROMISE. The 15 
datasets have the same 20 attributes, so we can apply all 
attribute information directly. Table 1 tabulates the details 
about the datasets. 

TABLE I.  DETAILS OF EXPERIMENT DATASET 

Project Examples %Defective Description 

ant 125 16 Open-source 

arc 234 11.5 Academic 

camel 339 3.8 Open-source 

elearn 64 7.8 Academic 

jedit 272 33.1 Open-source 

log4j 135 25.2 Open-source 

lucene 195 46.7 Open-source 

poi 237 59.5 Open-source 

prop 660 10 Proprietary 

redaktor 176 15.3 Academic 

synapse 157 10.2 Open-source 

systemdata 65 13.8 Open-source 

tomcat 858 9 Open-source 

xalan 723 15.2 Open-source 

xerces 162 47.5 Open-source 

 

B. Performance measures 

In the experiment, we employ three commonly used 
performance measures including pd, pf and g-measure. They 
are defined in Table 2 and summarized as follows. 
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TABLE II.  PERFORMANCE MEASURES 

 Actual 

yes no 

Predicted yes TP FP 

no FN TN 

pd 𝑻𝑷

𝑻𝑷+ 𝑭𝑵
 

pf 𝑭𝑷

𝑭𝑷+ 𝑻𝑵
 

G-measure 𝟐 ∗ 𝒑𝒅 ∗ (𝟏 − 𝒑𝒇)

𝒑𝒅 + (𝟏 − 𝒑𝒇)
 

 

● Probability of detection or pd is the measure of defective 
modules that are correctly predicted within the defective class. 
The higher the pd, the fewer the false negative results. 

● Probability of false alarm or pf is the measure of non-
defective modules that are incorrectly predicted within the non-
defective class. Unlike pd, the lower the pf value, the better the 
results. 

● G-measure is a trade-off measure that balances the 
performance between pd and pf. A good prediction model 
should have high pd and low pf, and thus leading to a high g-
measure. 

C. Experimental Procedure 

 In every experiment, one dataset is selected as WC data and 
the rest are regarded as CC data to conduct the experiment. The 
CC data is considered as basic training data which will be 
adjusted in every experiment. All processing steps (data filter 
and data sampling) are done on CC data. Then processed CC 
data are used to build the CCDP model. Finally, the resulting 
model is evaluated on the WC data. The procedure will be 
repeated 30 times in every experiment to avoid sample bias. 
Then, the mean values of performance are calculated. 

 In this experiment, we choose three representative 
classifiers as the basic prediction model, Naive Bayes (NB) 
[33], Random Forest (RF) [34], and Logistic Regression (LR) 
[35].The reason we choose these classifiers is that these 
classifiers fall into three different families of learning methods. 
NB is a probabilistic classifier; RF is a decision-tree classifier; 
and LR is a linear model for classification. 

D. Experimental results 

Fig. 1 presents the scatter plots of (PD, PF) points from the 
eight approaches on the fifteen projects. Note that a CCDP 
approach has more points distributed at bottom right if it has 
higher PD value and lower PF value. We can gain the 
following results from Fig. 1.  

(1) In terms of the defect detection rate (PD), Approach 1 
outperforms other approaches for NB model, which shows its 
effectiveness in finding defects. However, Approach 1 has a 
little high PF value. In terms of the false alarm rate (PF), 
although Approach 3 is the best, it performs not well in PD, 
which makes it hardly useful in practice.  

(2)Although Approach 8 appears to be better at PD than 
other approaches for RF model, it performs the worst in PF. 
Approach 1 presents generally higher PD and lower PF than 
other approaches for RF model. 

(3) Approach 8 shows better PD than other approaches for 
LR model, but its advantage is rather limited. Approach 1 
presents generally higher PD and lower PF than other 
approaches for RF model. 

 

(a)NB 

 

(b)RF 

 

(c)LR 

Fig. 1. Performances with Scatter plots of (PD, PF) points of the eight 

approaches on the fifteen projects 

Tables 3-5 show the G-measure values for each project on 
all approaches with three CCDP models.  
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TABLE III.  G-MEASURE PERFORMANCES WITH NAÏVE BAYES 

Project 1 2 3 4 5 6 7 8 

ant 0.64  0.56 0.53 0.56 0.50  0.57  0.60  0.54  

arc 0.66  0.62 0.56 0.56 0.63  0.65  0.52  0.63  

camel 0.67  0.68 0.54 0.60 0.72  0.72  0.54  0.71  

elearn 0.71  0.72 0.55 0.72 0.62  0.75  0.31  0.72  

jedit 0.57  0.52 0.46 0.55 0.59  0.65  0.55  0.59  

log4j 0.62  0.59 0.60 0.60 0.65  0.80  0.58  0.63  

lucene 0.64  0.51 0.50 0.54 0.54  0.67  0.57  0.67  

poi 0.49  0.37 0.42 0.47 0.55  0.62  0.45  0.57  

prop 0.49  0.61 0.55 0.60 0.58  0.66  0.50  0.59  

redaktor 0.61  0.66 0.66 0.63 0.35  0.45  0.29  0.34  

synapse 0.77  0.71 0.74 0.63 0.37  0.54  0.65  0.43  

system 0.66  0.68 0.57 0.35 0.67  0.65  0.51  0.71  

tomcat 0.69  0.73 0.65 0.69 0.58  0.62  0.45  0.60  

xalan 0.67 0.66 0.63 0.66 0.47  0.52  0.52  0.51  

xerces 0.51  0.39 0.35 0.34 0.34  0.48  0.37  0.36  

AVG 0.63  0.60 0.55 0.57 0.54  0.62  0.50  0.57  

TABLE IV.  G-MEASURE PERFORMANCES WITH RANDOM FOREST 

Project 1 2 3 4 5 6 7 8 

ant 0.73  0.65  0.66  0.72  0.57  0.60 0.60  0.59  

arc 0.51  0.65  0.41  0.40  0.58  0.67 0.51  0.31  

camel 0.64  0.51  0.37  0.26  0.66  0.52 0.54  0.37  

elearn 0.66  0.33  0.00  0.75  0.31  0.71 0.31  0.50  

jedit 0.69  0.66  0.47  0.57  0.48  0.53 0.55  0.27  

log4j 0.73  0.60  0.34  0.38  0.49  0.76 0.58  0.45  

lucene 0.51  0.65  0.28  0.36  0.51  0.44 0.57  0.34  

poi 0.62  0.65  0.38  0.35  0.39  0.67 0.45  0.57  

prop 0.67  0.64  0.38  0.26  0.52  0.65 0.50  0.40  

redaktor 0.50  0.37  0.30  0.38  0.30  0.41 0.29  0.30  

synapse 0.78  0.71  0.65  0.64  0.21  0.75 0.55  0.52  

system 0.60  0.64  0.34  0.47  0.56  0.59 0.51  0.50  

tomcat 0.66  0.65  0.42  0.42  0.43  0.63 0.55  0.66  

xalan 0.66  0.62  0.64  0.62  0.51  0.63 0.52  0.59  

xerces 0.50  0.49  0.42  0.32  0.38  0.47 0.37  0.53  

AVG 0.63  0.59  0.40  0.46  0.46  0.60 0.49  0.46  

TABLE V.  G-MEASURE PERFORMANCES WITH LOGISTIC REGRESSION 

Project 1 2 3 4 5 6 7 8 

ant 0.74  0.71  0.71  0.73  0.57  0.70 0.46  0.66  

arc 0.61 0.52  0.49  0.36  0.58  0.57 0.54  0.60  

camel 0.72  0.57  0.52  0.45  0.66  0.77 0.63  0.78  

elearn 0.73  0.50  0.56  0.33  0.31  0.82 0.32  0.71  

jedit 0.66  0.72  0.63  0.67  0.48  0.48 0.58  0.65  

log4j 0.77  0.62  0.61  0.64  0.49  0.67 0.70  0.73  

lucene 0.59  0.63  0.56  0.54  0.51  0.63 0.59  0.64  

poi 0.53  0.65  0.63  0.60  0.39  0.63 0.50  0.65  

prop 0.66  0.63  0.57  0.61  0.52  0.66 0.49  0.65  

redaktor 0.69  0.63  0.71  0.65  0.30  0.52 0.28  0.43  

synapse 0.72  0.67  0.73  0.39  0.21  0.75 0.47  0.71  

system 0.59  0.66  0.64  0.67  0.56  0.54 0.59  0.62  

tomcat 0.59  0.32  0.50  0.63  0.43  0.62 0.42  0.65  

xalan 0.63  0.63  0.64  0.62  0.51  0.63 0.53  0.59  

xerces 0.60  0.44  0.36  0.34  0.38  0.47 0.42  0.41  

AVG 0.66  0.56  0.59  0.55  0.46  0.63 0.50  0.63  

 

We can gain the following results from Tables 3-5. 

(1) On more than half projects, Approach 6 performs better 
than the other seven approaches for NB model. However, 
Approach 1 achieves the best average G-measure value for NB 
model (see Table 4).  

(2) On nine projects, Approach 1 achieves higher G-
measure than the other seven approaches for RF model. In 

addition, Approach 1 achieves the best average G-measure 
value for RF model (see Table 5). 

(3) On six projects, Approach 1 achieves higher G-measure 
than the other seven approaches for LR model, while Approach 
8 displayed similar or slightly worse performance than 
Approach 1.  In addition, Approach 1 achieves the best average 
G-measure value for LR model (see Table 5). 

Therefore, we can conclude that NN filter performed prior 
to RUS (Approach 1) has significantly better performance than 
the other seven approaches.  

V. THREATS TO VALIDITY 

In this section, we discuss several validity threats that may 
have an impact on the results of our studies. 

External validity. Threats to external validity occur when 
the results of our experiments cannot be generalized. As a 
preliminary result, we performed our experiments on the 15 
datasets to answer the research questions. Although these 
datasets have been widely used in many software defect 
prediction studies, we still cannot claim that our conclusions 
can be generalized to other software projects. Nevertheless, this 
work provides a detail experimental description, including 
parameter settings (default parameter settings specified by 
sklearn), thus other researchers can easily replicate this 
empirical study on new datasets. 

Internal validity.  Threats to internal validity refer to the 
bias of the choice of CCDP classifiers, data filtering methods 
and data sampling methods. In this work, we only use three 
classifiers, Naive Bayes (NB), Random Forest (RF), and 
Logistic Regression (LR) due to its popularity in defect 
prediction. In addition, we choose two representative data 
filtering methods, i.e., NN filter and DBSCAN filter, two 
representative data sampling methods, i.e., RUS and SOMTE. 

Construct validity. Threats to construct validity focus on 
the bias of the measures used to evaluate the performance of 
CCDP. In our experiments, we mainly use pd, pf, G-measure to 
measure the effectiveness of the eight approaches. Nonetheless, 
other evaluation measures such as AUC measure can also be 
considered. 

VI. CONCLUSION AND FUTURE WORK 

In this paper, we propose data filter combined with data 
sampling to overcome the influence of larger irrelevant CC 
data and class imbalance problems that often affect CCDP 
models. Eight combination approaches are investigated: 1- NN 
filter performed prior to RUS; 2- NN filter performed after 
RUS; 3- NN filter performed prior to SMOTE; 4- NN filter 
performed after SMOTE; 5- DBSCAN filter performed prior to 
RUS; 6- DBSCAN filter performed after RUS; 7- DBSCAN 
filter performed prior to SMOTE; 8- DBSCAN filter performed 
after SMOTE. 

We conduct experiments on the 15 datasets to evaluate the 
performance of the proposed eight approach. The experimental 
results indicate that NN filter performed prior to RUS 
(Approach 1) has significantly better performance than the 
other seven approaches.  

305



 

 

 In the future, we would like to employ more datasets to 
validate the generalization of the derived conclusions [36-37]. 
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Abstract—To enable the cod sarch results to run immediately
without any subsequent modification, an intent-enhanced code
search approach (IECS) is proposed. It has the ability of intent
predicting to guess what else a user might do after obtaining
the search results. Based on the intent-relevant semantic and
structural matches, IECS improves the performance of code
search by incorporating the intent for expansion. To perform
IECS, the code search tool SnippetGen is implemented. Com-
pared with CodeHow and Google Code Search (CS), SnippetGen
outperforms them by 28.5% with a precision score of 0.846 (i.e.,
84.6% of the first results are relevant).

Keywords-Code search; Intent predicting; Query expansion

I. INTRODUCTION

To reuse the existing method, many code search tools are
proposed. Early code search engines, e.g., Google1, Krugle2

and Koders3, offered only the keyword-based search with low
precision. The later work did semantic search to enhance the
accuracy of the search results, e.g., signature matching, type
matching [15], [10]. But these approaches were impractical,
because they required too little or too much specification. The
current work supports query expansion to promise the better
usability, such as CodeHow [2]. It considers the impact of the
APIs and expands the query with the APIs. Although these
existing code search tools seem to yield correct matches, the
search results could not meet the user demands directly and
need to be modified [3]. One major reason is that these tools
lack the ability of intent predicting to guess what else a user
might do after obtaining the search results.

Example: Given a query “access data in excel”, “the method
ExcelToDataSet” could be returned by the standard Boolean
model [1], because the method contains all the query terms
with the highest term frequency such as “ Excel8.0; ” and “Fill
(dataset) ”. Unfortunately this method is always modified,
because it only accesses the data from the outdated excel2003
but fails in the most frequently-used excel2007. In this case, a
user changes this method from (“Microsoft.Ace.OLEDB.4.0”,
“Excel8.0”) to (“Microsoft.Ace.OLEDB.12.0”, “Excel12.0”).
If search engine could anticipate this intent, it can generate

1codesearch.google.com
2krugle.org
3koders.com

an expansion query “Microsoft.Ace.OLEDB.12.0 Excel12.0
access data excel” and retrieve the modified method. This
example shows that through intent predicting , more accurate
code search could be achieved.

In this paper, we propose an intent-enhanced code search
approach (IECS) using the intent to enhance the search. Figure
1 presents the overall structure containing intent-enriched,
intent-first and intent-expanded component . In the intent-
enriched component (as shown in Fig.1a), code modifications
are recorded through the code version tracking service .
Then an intent extraction algorithm is proposed to exploit
the intents from modifications. This algorithm refines the
commonly-used intents, extracts the intent-relevant context
and enriches methods with the intents and context in turn. In
the intent-first component, results are retrieved by computing
the semantic and structural similarity scores between the intent
and the query , and combining the two similarity scores (as
shown in Fig.1b). If the results cannot match the query, the
intent-expanded component is triggered to expand a query by
considering both the intent and the text similarity (as shown in
Fig.1c). Finally, the Extended Boolean model [17] is adopted
to retrieve the more relevant results.

queryUI
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Open Source &   

Local Projects

( c) Intent-Expanded

intent
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relevant code snippets
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record

exploit
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modification

( b) Intent-First

semantic 

similarity

structural

similarity
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Fig. 1. Similar changes to three methods

An IECS-supported code search tool SnippetGen is imple-
mented. The front-end is a visual studio 2010 extension. The
backend is a codebase which is constructed by collecting 2,151
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projects from Github4 and indexing 1.16 million C# methods
using Lucene5. SnippetGen is compared with CodeHow [2]
and Google Code Search (CS) [16] by performing 70 real-
world queries. The results show that SnippetGen achieves a
precision score of 0.846 which outperforms them by 28.5%
when the top 1 results are inspected. The results con?rm the
effectiveness of SnippetGen in programming practices.

The contributions of this paper are as follows:
• An intent-enhanced code search approach (IECS) is pro-

posed. It contains an intent extraction algorithm to exploit
the potential intents of the method.

• IECS performs code retrieval preferentially within the
intent scope based on semantic and structural matches,
which is more effective than within the complete method
scope.

• SnippetGen, that performs IECS, is implemented. The
experiment results show that SnippetGen outperforms
CodeHow and CS by 28.5% with a precision score of
0.846.

II. INTENT-ENRICHED COMPONENT

An intent extraction algorithm is proposed to extract the
intents from the past modifications. Algorithm 1 describes this
process procedurally in the four steps. Note that each method
may have much intent. If SnippetGen incorporates all intent
for expansion, it may produce worse results than not expanding
the query. Thus the refinement strategy is considered to ensure
the intents that benefit the code search.

Step 1: Identifying modifications. For each method mi,
SnippetGen employs ChangeDistiller [11] to compare the AST
of the mi’s old and new versions from the past modifications.
Then SnippetGen characterizes modifications as a sequence of
node operations ∆i consisting of node insertions, deletions,
updates and moves.

Step 2: Refining modifications. SnippetGen uses the modi-
fied Longest Common Edit Operation Subsequence (LCEOS)
algorithm [18] to identify the common node operations pairs
∆c =

∩n
i=1 ∆i, such that ∀1 ≪ i ≪ n,∆ci ⊆ ∆i,

by iteratively comparing the node operations pairwise. In
these common node operations pairs, if one or more concrete
instances of types, methods, variables and constants have the
same edit type or inheriting type, despite of the different name,
SnippetGen thinks they are abstract equivalent. Then it gener-
alizes these concrete instances with abstract identifiers $t, $m,
$v and $c, so as to enforce a consistent naming. Meanwhile,
it records the mapper between the abstract identifiers and the
concrete instances. If some subsequent node operations pairs
are inconsistent with the current mapper, they are omitted.

Step 3: Extracting Intents. SnippetGen extracts the intents
from the mapper. Meantime, it extracts the intent-relevant con-
text with control, data and containment dependence analysis.
This context comprises the unchanged AST nodes that depend
on the node operations or on which node operations depend
in common node operations ∆c.

4https://github.com/explore
5http://lucene.apache.org/

Algorithm 1 IntentExtraction
Input: Original Version O, a set of Modified Version M
Output: Intents
/* step 1: identify modificaion */
foreach mi in M
| ∆i=mi-o //obtain the i-th modifications(∆i)
| add ∆i to ∆s; // obtain all modifications(∆s)

end
/* step 2: refine modification */
// identify the common modifications
∆c=

∩n
i=1 ∆i such that ∀1 ≤ i ≤ n ∆ci ⊆ ∆i

foreach ∆ci in ∆c

| // obtain the node operations pairs(nop) from ∆ci

| ∆ci → nop:
| // obtain the concrete instances(ci) of types, methods,
| variables and constants from nop
| nop→ ci
| if abstractMatch(ci) is true
| | // ci’s edit type or inheriting type is equivalent
| | if ci is inconsistent with the mapper
| | | omit nop;
| | | continue;
| | end
| | ci=ai;//substitute the abstract identifiers(ai) for ci
| | build the mapper(ai,ci);
| end

end
/* step 3 extract intents */
mapper→ intents; //extract the intents from the mapper
method = method+intents; //enrich the method with the
intents
Return intents

Step 4: Having obtaining intents, SnippetGen enriches each
method with the intents and intent-relevant context.

Example: Given the method ExcelToDataSet’s original
version O, there are two modified versions F , S. SnippetGen
employs ChangeDistiller to input (O,F ) and output ∆F =
{Update (O1 F1)}, which shows the variable “Provider”
and the variable “Extended Properties” (line1) are
changed to “OleDb.12.0” and “Excel12.0; HDR=NO”
respectively (as shown in Fig.2a). Similarly, SnippetGen
inputs (O,S) and outputs ∆B={Update (O1 S1)}
(as shown in Fig.2b). Thus SnippetGen identifies
the longest common node operations pairs, such that
∆c=∆F∩∆S={pair1 (Update (O1 F1) ,Update (O1 S1))}. In
these common node operations pairs, SnippetGen substitutes
the abstract identifiers $v1 and $v2 for (“Microsoft.ACE.OLE
DB.12.0”, “Excel12.0; HDR=NO”) in ∆A,(“Microsoft.ACE.
OLEDB.12.0”, “Excel12.0;”) in ∆B (as shown in Fig.2c).
Meanwhile, it records the mapper ($v1, $v2)={(“Microsoft.
Ace.OleDb.12.0”, “Excel12.0; HDR=NO”), (“Microsoft.Ace.
OleDb.12.0”, “Excel12.0”). Finally, SnippetGen extracts the
intent from this mapper , such that Intent=(“Microsoft.ACE.
OLEDB.12.0, Excel12.0; HDR=NO”).
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DataSet ExcelToDataSet(string Path) {
UPDATE: 
1. string strConn=string.Format("Provider={0};Data 
Source={1};Extended Properties=

{2};","Microsoft.Ace.OleDb.4.0",Path, "Excel8.0;");

TO (First modification F)
1’. string strConn=string.Format("Provider={0};Data 
Source={1};Extended Properties=

{2};","Microsoft.Ace.OleDb.12.0",Path, 
"Excel12.0;HDR=NO;");

TO (Second modification S)

1’. string strConn=string.Format("Provider={0};Data 
Source={1};Extended Properties=

{2};","Microsoft.Ace.OleDb.12.0",Path, "Excel12.0");

To (Common abstract modification)

1’ string strConn=string.Format("Provider={0};Data 
Source={1};Extended Properties={2};",$v1,Path,$v2);

2. OleDbConnection conn = new OleDbConnection(strConn);

3. conn.Open();

4. OleDbDataAdapter myCommand = new 

OleDbDataAdapter("select * from [Sheet1$]", strConn);
5. Dataset ds = new DataSet(); 

6. myCommand.Fill(ds, "table1");
7. return ds;}

a

b

c

Fig. 2. Similar changes to three methods

III. INTENT-FIRST COMPONENT

To retrieve the relevant methods preferentially within the
method’s intent scope, SnippetGen computes the semantic
similarity between the query and the intents as well as the
structural similarity between the query and the intent-relevant
contexts, combines the two similarity values, and finally re-
turns the relevant code. In this process, we define two method
scores and an operation.

Definition 1 (Semantic Score). For each method mi,
SnippetGen views the query and mi

′s intents, as a bag of
words, computes their textual similarity score md

i . score using
VSM6 [9], and returns the top i semantic method scores
denoted as md:

md =
{
md

1, md
2, · · · , md

i

}
In VSM, the query and the mi

′s intent are represented
by a vector. The term frequency (tf ) and inverse document
frequency (idf ) are calculated based on the frequency of words.

Definition 2 (Structural Score). For each method mi,
SnippetGen views the query and mi

′s intent-relevant context
as a bag of function calls, computes their structural similarity
score ms

i . score using VSM, and returns the top i structural
method scores denoted as ms:

ms = {ms
1, ms

2, · · · ,ms
i}

In VSM, the query and the method are represented by a
vector. Tf and idf are calculated based on the frequency of
the function being called.

Definition 3 (Score Combination). Let the methods ap-
pearing in both md and ms as moverlap, and let the methods

6https://github.com/hcutler/tf-idf/tree/c505c72af7f3eb6e3dd5b10d9e8f
54c08e1434d3

appearing only in md or ms as mnotoverlap. Given md
i and

ms
i , the combination as follows:

mi.score =
md

i .score +ms
i .score (if mi ∈ moverlap)

MinOverlapScore ×m
d/s
i .score

maxNotOverlapScore+ ∝
(if mi /∈ moverlap)

(1)
where MinOverlapScore is the minimum score of all methods
in moverlap; maxNotOverlapScore is the maximum score of all
methods in mnotoverlap. If mi only appears in md, md/s

i .score
equals to md

i .score. If mi only appears in ms, m
d/s
i .score

equals to ms
i .score. The parameter ∝ is an adjustment factor

to make sure that the score of moverlap is larger than that of
mnotoverlap. Empirically, we set ∝ to 0.1.

Actually, Equation (1) says that, if mi appears in both md

and ms, its score is the sum of the two scores. Otherwise, its
score is calculated based on the similarity score in md or ms.
SnippetGen computes the scores in above way and obtains the
top i potentially relevant methods:

mrelevant = {m1,m2, · · · ,mi}

Example: for the query “access data in excel”, the semantic
relevant methods md with similarity scores are {Excel2007
ToDateSet=0.5, AccessToDateSet=0.4, ExcelTo DateSet=0.4}.
The structural methods ms with similarity scores are
{OleDbDataAdapter.Fill=0.9, Excel2007ToDateSet=0.6, Ex-
celToDateSet=0.5}.

The overlapping methods moverlap are “Excel2007To Date-
Set” and “ExcelToDateSet”. We compute their score as 0.5 +
0.6 = 1.1, and 0.4 + 0.5 = 0.9, respectively.

The non-overlapping methods mnotoverlap are “OleDb-
DataAdapter.Fill” and “AccessToDateSet”. We get Min Over-
lapScore value 0.9 and maxNotOverlapScore value 0.9. Thus
the scores for “OleDbDataAdapter.Fill” and “AccessToDate-
Set” are 0.81 and 0.36, respectively. Finally, the rank of
potentially relevant methods mrelevant are as follows:

• “Excel2007ToDateSet” (score=1.1);
• “ExcelToDateSet” (score=0.9);
• “OleDbDataAdapter.Fill” (score=0.81);
• “AccessToDateSet” (score=0.36).

IV. INTENT-EXPANDED COMPONENT

If the methods retrieved by intent-first component cannot
match the query, following the query expansion option [7],
SnippetGen expand a query with intents to retrieve the relevant
methods.

A query Qt containing n terms is defined as:

Qt = (t1, · · · tn)

For a method, three features is defined as:

F = (f1, f2, f3)

where f1 stands for the intent ; f2 stands for the FQN; f3
stands for the method body .
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A query can be expressed in terms of fi: ti where ti ∈ Qt

and fi ∈ Ft. It means to search for methods that contains
the term ti in a field fi. SnippetGen constructs a Boolean
query expression for retrieving methods that match the query
in terms of text similarity:

qtext = (f2 : t1 ∨ f3 : t1) ∧ · · · ∧ (f2 : tn ∨ f3 : tn)

This query expression searches for methods that contain the
terms t1, . . . , tn in fields f2 (FQN) and f3 (Method Body).

After the intent-first component, SnippetGen gets k poten-
tially relevant methods mrelevant. For each method mi in
mrelevant, SnippetGen tokenizes the intent to get a keyword
list Ai. Then it constructs Boolean query expressions as
follows:

qmi = f1 : intenti ∧ (f2 : t1 ∨ f3 : t1)

∧ · · · ∧ (f2 : tn ∨ f3 : tn)

where mi ∈ mrelevant and tk ∈ (Qt − Ai). Note that we
remove the terms that appear in Ai from the query Qt, since
the impact of these terms have been considered in the mi’s
intent . This query searches for the methods that contain the
intenti in fields f1(intent) as well as other query terms in fields
f2(FQN) and f3(Method Body).

A method may be retrieved by more than one query
expressions defined above . SnippetGen combines the query
expressions into an expanded query for retrieving methods:

qexpand = (qm1 , qm2 , · · · , qmk
, qtext)

Given the query: “access data in excel”, the query terms
Qt=(access, data, excel). The potentially relevant method’s
intent is (“Microsoft,Ace,OleDb,12.0,Excel12.0,HDR=N
O”). The comprehensive query expressions are as follows:

qm1=(f1:Microsoft, Ace,OleDb, 12.0, Excel12.0
HDR = NO) ∧(f2:access ∨ f3 : access)
∧(f2 : data∨ f3 : data)

qtext=(f2 : access ∨ f3 : access)∧(f2 : date∨ f3 : date)
∧(f2 : excel ∨ f3 : excel)

To retrieve relevant methods given the queries, we adopt
the Extended Boolean model (EBM) [17], which combines
the characteristics of the VSM and Boolean model. Given a
query expression qexpand = (qm1 , · · · , qmk

, qtext), it is easy
to implement EMB by using Lucene7.

V. EXPERIMENT

A. Setup

First, a codebase as the backend of SnippetGen is construct-
ed by collecting 2,151 projects downloaded from Github and
indexing 1.16 million C# methods by using Lucene. Second,
70 real-world queries are employed by Portfolio’s author [8].
All these queries are formulated as set of keywords to address
some programming tasks reported in Portfolio’s user study.
Third, the front-end of SnippetGen as a Microsoft Visual
Studio 2010 extension is implemented.

7https://lucene.apache.org/core/2 9 4/scoring.html

To investigate the effectiveness of our approach, 20 par-
ticipants are employed. Six participants are graduate students
who have at least of two years of C# programming experience.
The others are PhD students who have 3-6 years of C#
programming experience. Each participant runs SnippetGen,
CodeHow and Google Code Search (CS) to address 3-4
queries and inspect the top 20 results for each query to judge
whether they are relevant or not.

CodeHow is the latest query-expanded code search tool [2].
To reprogram it, we index the online MSDN8 document as
expansion library using Lucene. Participants use CodeHow and
enter the query directly to retrieve the results. CS represents
conventional keywords-based code search web applications.
Participants should go to the website, look for implementations
and extract them by copying and pasting results into the
workspace.

B. Evaluation Metrics

To evaluate the effectiveness of SnippetGen, we make use
of the Precision@k9:

Precision@k =
1

|Q|

|Q|∑
i=1

relevanti,k
k

(2)

where relevanti,k represents the relevant methods for query
i in the top k results, Q is a set of queries. Precision@k takes
an average on all queries whose relevant answers could be
found by inspecting the top k(k = 1, 5, 10, 20) results. A better
code search tool allows developers to discover the needed code
by examining fewer results. The higher the metric value, the
higher the accuracy is.

We also make use of Normalized Discounted Cumulative
Gain (NDCG)10 [12] to measure the ranking capability of the
code search based on the graded relevance of the results of a
set of queries. It varies from 0.0 to 1.0, with 1.0 representing
the ideal ranking of the results. The higher the NDCG value
, the better the ranking capability is.

C. Experimental Results

We compare SnippetGen with CodeHow and CS by per-
forming the 70 queries. As Table I shows, when the top 1
results are inspected, SnippetGen achieves a precision score of
0.846, which means that 84.6% of the first results are relevant
methods without any subsequent modification. When the top 5
results are inspected, SnippetGen achieves a precision score of
0.861. These results are considered satisfactory . Note that only
the results, which both receive relevant feedback and need not
to be modified subsequently, are labeled as relevant. Thus the
precision of CodeHow and CS is lower than previous papers,
such as ref [2], [10].

We pick out CodeHow for comparative analysis, as it is the
latest code search tool proposed in 2015. As Table I shows,

8https://msdn.microsoft.com/en-us/library
9https://github.com/jcnewell/MyMediaLiteJava/blob/master/src/org/my

medialite/eval/measures/PrecisionAndRecall.java
10https://github.com/jcnewell/MyMediaLiteJava/blob/master/src/org/my

medialite/eval/measures/NDCG.java
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CodeHow achieves a score of 0.658 when the top 1 results
are inspected. SnippetGen achieves 28.5%, 66.2%, 70.3%, and
89.5% improvements in terms of Precision@1, Precision@5,
Precision@10, and Precision@20 , respectively. In terms of
NDCG, SnippetGen obtains a score of 0.873, which also
outperforms the CodeHow (0.712) by 22.6%. In the same way,
SnippetGen performs better than CS.

TABLE I
THE COMPARISON AMONG SNIPPETGEN, CODEHOW AND CS

SnippetGen CodeHow CS
Precision@1 0.846 0.658 0.421
Precision@5 0.861 0.518 0.368
Precision@10 0.792 0.465 0.346
Precision@20 0.762 0.402 0.283

NDCG 0.873 0.712 0.682

Figure 3 shows the percentage of queries that SnippetGen
performs better/worse than CodeHow. When the top 1 results
are examined, SnippetGen wins in 36% of the queries and
loses in 18% of the queries. In terms of the top 5 results,
SnippetGen wins in 61% of the queries and loses in only 7% of
the queries. The results confirm that the improvement achieved
by SnippetGen is significant.

Fig. 3. The mechanism of change pattern

Fig. 4. The mechanism of change pattern

To analyze the reason for the lost cases, we continue
to explore what factors are correlated with the accuracy of
SnippetGen. We depict the two lost cases (i.e., T1 “Convert
utc time to local time” and T2 “How to get Color from
Hexadecimal color code”) as shown in Fig.4a. They show that
the more past modifications provided, the less common subset
is likely to be shared among these modifications. This results

in that the accuracy goes down. For the draw, the methods
are never modified. In this case, SnippetGen should be similar
to what other tools could achieve. Different from Fig.4a, we
depict the two promising cases (i.e., T3 “access data from
excel” and T4 “find regular LINQ expressions”) as shown in
Fig.4b. They show that the more past modifications provided,
the higher accuracy is. It illustrates when methods are similar,
adding modifications may not decrease the number of common
modifications, but may induce more identifier abstraction and
produce more sufficient intents.

These results illustrate that the accuracy of SnippetGen
varies with the similarity and number of past modifications.
Even the similarity takes precedence over the number. Too
many modifications or too few is not good for the accuracy.
The more similar modifications are, the higher accuracy is.

VI. DISCUSSIONS

Intent Source: The intent is extracted from each method’s
past modifications. No modifications, no intent to occu r.
It results in SnppetGen not matching semantic similarity
between the query and the method’s intent, as well as not
matching structural similarity between the query and the
method’s intent-relevant context. According to our user study,
the methods without intent make up 25.7% to 38.4% of
methods’ volume in codebase. If the method carries no intent,
SnippetGen uses the original FQN and Method Body.

Intent Sensitivity: The intent is closely related to past
modifications, but the intent varies inconsistently with the
number of the modifications. The more modifications are
provided, the fewer common subset is likely to be shared,
which results in the problems of over generalization. The
fewer modifications are provided, the more common subset is,
which results in the problems of over specification. Actually,
instead of the number of the modifications, the intent strictly
depends on the similarity among them. If the modifications are
diverse, SnippetGen extracts the fewer common modifications
and obtains the insufficient intent. If the modifications are
similar, SnippetGen extracts the more common modifications
and obtains the sufficient intent.

To reach the maximum similarity, we try two ways. First,
we apply the heuristic algorithm to pick out the similar modifi-
cations from all modifications, so that the intent becomes more
sufficient despite a big difference between a few modifications.
Second, we use the threshold in LCEOS (as shown in the pro-
cess of identifying common intent) to tolerate inexact matches
among modifications. For example, if SnippetGen fails to find
any common edit operation between two modifications, it
generalizes all concrete instances of types, methods, variables
and constants with abstract identifiers to match edit type or
inheriting type.

VII. RELATED WORK

Early code search engines are the keywords-based informa-
tion retrieval techniques [4]. For example , Google, Koders
and Krugle allow a user to input keywords and perform the
file-level retrieval. However, Myers [16] observed that these
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code search engines always achieve inaccurate search results,
because they are not designed to support programming tasks.
To improve the accuracy, later work did semantic search.
Originally, the work by Wing looked at matching function
signatures [15]. Then it was extended to match more complete
formal semantics using λ prolog and Larch-based [19]. But
these techniques were impractical because either they attempt-
ed to do too little or too much. Recently, to promise better
usability, several approaches have been proposed to improve
the effectiveness of free-text code search via query expansion.
For a vague input, adding one or more synonyms of the words
appearing in the query can enhance the precision of search re-
sults. McMillan proposed Portfolio that takes natural language
descriptions as “synonyms” and outputs a list of functions
or code fragments along with corresponding call graphs [6].
Wang et al. [5] proposed an active code search approach which
incorporates user feedback as “synonyms” to refine the query.
Fei et al. [2] propose a latest code search technique that could
understand the APIs a user query refers to and considers both
text similarity and potential APIs. In addition, there are other
query expansions either by using an appropriate ontology [20],
natural language [14], or collaborative feedback [13].

These existing code search tools seem to yield semantically
correct matches, but the search results might be too complex
or too slow to meet the user needs. These results still has to
be modified. But SnippetGen can retrieve the more relevant
methods without any subsequent modification. Although our
work is viewed as a query expansion, we differ from them. We
give the code search engine the ability of intent predicting to
guess what else the user might do after he obtains the search
results. We incorporate intent as “synonyms” for expansion
and consider the impact of both potential intents and text
similarity on code search. Besides, we propose the refinement
strategy in the intent extraction algorithm. This strategy can
pick out the appropriate intents to benefit the code search.

VIII. CONCLUSION

In this paper, an intent-enhanced code search approach
(IECS) is proposed. Based on the intent-relevant semantic and
structural matches, it exploits the intent before performing
code retrieval and allows a user to retrieve the relevant code
by expanding the query with the intent. In the future, we
plan to address the issues discussed in Section VII. For
example, in the intent-enriched component, we either improve
similarityCchoosing heuristic algorithm to ensure a sufficient
intent, or employ the deep learning approach to make the intent
become self-improvement.
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Abstract—Graph querying is crucial to fully exploit the
knowledge within the widely used graph datasets. However, graph
datasets are usually noisy which makes the approximate graph
matching tools favored to overcome restrictive query answering.
In this paper, we introduce a new framework of approximate
graph matching based on aggregated search called Label and
Structure Similarity Aggregated Search (LaSaS). LaSaS enables
effective and efficient graph querying without considering any
fixed schema of the data graph by (i) using the aggregated search
strategy to increase the number of answers, (ii) using a lightweight
graph similarity metric that takes into account nodes label and
graph structure similarity to enable finding approximate matches
and also by (iii) using a simple graph weight update routine
instead of computing the maximum common subgraph which
reduces the overall computation cost. We evaluated our proposed
approach over the real-life DBpedia graph and results show the
effectiveness and stability of the approach on different parameter
settings. Moreover, results also show that LaSaS yields more
precise matches in a shorter amount of time when compared
to state-of-the-art related approaches.

Keywords—Graph querying, Graph matching, Graph similarity
metric, Aggregated search.

I. INTRODUCTION

Nowadays, a steep increase in data production is witnessed,
which favors the use of graphs as a storage support to fully
exploit the knowledge within the dataset. In fact, graphs are
a popular data model that enables efficient data processing
benefiting from all the graph theory findings and technics.
In considering this matter, graph querying has attracted the
interest of many researchers as it represents an essential task
to exploring the knowledge in these datasets.

In order to query these graph databases, generally, a graph
matching task is performed using either graph isomorphism
to find exact answers to the query, or other technics that
allows approximate graph matching. In the case of graph
isomorphism, seeking exact answers to the query can be very
expensive as well as restrictive since actual datasets are usually
noisy. Moreover, it requires the user to have a complete
knowledge of the data structure which is not always the
case. To bypass these restrictions, approximate graph matching
is widely used in many real life applications such as web
anomaly detection [1], search result classification [2] and spam
detection [3] to name a few.

However, few works on graph querying have addressed the
graph matching problem by building an answer to the query
based on the aggregation of heterogeneous graphs. The idea

DOI reference number: 10.18293/SEKE2017-046

is to find a matching to a given query by combining several
subgraphs that when aggregated, they form an approximate
match for the query. This search paradigm is known as
aggregated search in graphs [4], [5] i.e., given a query graph
q and a set B of graphs, aggregated search aims to find
matches to q by combining or aggregating subgraphs in B.
The aggregated search is different from the classical graph
matching problem where all occurrences of the query are to
be found in one target graph G. In contrast to the graph
context, aggregated search is a popular search paradigm in
Information Retrieval where an answer to a query is given by
combining contents of heterogeneous sources, e.g., text, image,
and video instead of giving the classical list of relevant links.
The concept of aggregation has rarely been tackled in graph
databases, though it represents various advantages compared to
the classical graph matching problem. Furthermore, aggregated
graph matching represents a powerful matching paradigm, as
it brings about significant improvements when considering the
number of findable solutions to a given query, where a simple
graph matching can not find any. A motivating example for the
aggregated search in graph databases is plagiarism detection:
the aggregated graph search can detect a plagiarism even when
the cheater takes several small shards from different documents
and combines them. The aggregated graph search can detect
these plagiarism cases.

Generally, most works on graph querying adhere to costly
operations such as graph isomorphism [6], [7], or maximum
common subgraph search [4], which are too restrictive. Simi-
larly, approximate matching frameworks consist in either strict
label similarity [8], or structural similarity [9] which restricts
the number of findable solutions. Moreover, to the best of our
knowledge, approximate graph matching using the aggregated
search paradigm is novel and has never been tackled.

Broadly motivated by addressing these shortcomings, we
propose in this paper a new framework for approximate graph
matching called Label and Structure Similarity Aggregated
Search (LaSaS). The proposed framework enables an effective
RDF graph querying without any knowledge of neither the de
facto SPARQL language nor the schema of the data graph.
Our contribution is threefold: First, we use the aggregated
search paradigm to enrich the set of answers. Second, a
lightweight graph similarity metric that takes into account both
the graph label and graph structure similarity to enable finding
approximate matches. Third, we propose a simple graph weight
update that replaces the maximum common subgraph search
task and reduces the complexity cost.

The remaining of the paper is organized as follows: Section
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2 presents an overview of the related work about graph
querying. In Section 3, we present preliminaries and necessary
notions for the understanding of our LaSaS method, which is
entirely presented in Section 4. Section 5 reports and discusses
our experimental results. Section 6 concludes with a summary
of our contributions and raises issues for future work.

II. RELATED WORK

Graph querying is a crucial task as most of the actual
datasets are being stored and exploited as graphs. Many graph
querying techniques exist in the literature and the proposed
framework is closely related to aggregated search and ap-
proximate (sub)graph matching, the latter being considered
as an elementary operation in our matching framework. So
in this section, we provide a brief description of the graph
querying methods that are based on (sub)graph matching and
the aggregated search in graphs.

Subgraph matching. Subgraph matching is a well-studied
problem with a rich literature. Two main categories fall under
the subgraph matching problem, the exact and the inexact sub-
graph matching. Exact subgraph matching finds exact answers
to the query via graph isomorphism [7], [6]. Approaches in
this group are criticized for their intractability [10], their cost
prohibitive characteristic and for being restrictive w.r.t. to the
number of answers to the query.

On the other hand, inexact graph matching allows slight
differences between the query and the matches which is
highly suitable for actual needs as graph datasets are usually
noisy, and relevant answers could be found using approximate
matching. Under the category of inexact (sub)graph matching,
we find subgraph matching based on graph simulation [11],
[12], which can be determined in quadratic time and is defined
as a relation between the query nodes and the target nodes.
However, it suffers a considerable loss of structural similarity
which makes it untailored for many applications such as in
bioinformatics.

Another variant of inexact graph matching is the graph
homomorphism [13]. The idea is to find mappings to the query
such that node labels difference falls under a threshold whereas
the query edges are mapped to paths of a given length.

More related to our work, Tian et al. proposed a tool called
SAGA [14]. The approach allows approximate matching by
breaking the query into subgraphs and finding small hits that
are assembled to form a match. Although SAGA method is
based on an efficient indexing to speed up the processing, it
actually reduces to solving the maximum clique problem which
represents a costly operation.

It is also worth mentioning that there are parallel works
related to the approximate graph matching in bioinformatics.
This category of methods includes PathBlast [15], NetAlign
[16] and IsoRank [17] to name but a few. These methods are
found to be efficient in tasks related to the domain application
such protein interaction networks alignment [16], [15].

Besides, a different type of approximate structural match-
ing works has been proposed in [18], [8]. These works are
based on concept propagation [19] and spreading activation
[20] instead of classical matching schemes (graph isomorphism
and similarity metric). Nevertheless, these works consider a
strict label node matching, which is still too restrictive.

Although not pursued here, approximate and inexact
(sub)graph matching encompasses decades of research work.

Hence, we encourage interested readers to [21] as well as
references therein for further details about the problem.

Querying RDF graphs. In the realm of querying RDF
graphs, SPARQL is a widely used query language. It requires
a complete knowledge of the schema of the graph database,
i.e., the structure, node labels and types of entities in the
graph. Moreover, writing queries in SPARQL proves to be a
complicated task that requires users to be familiar with the
language. In order to alleviate this, Zou et al. studied the
problem of answering SPARQL queries via subgraph matching
and proposed gStore [9], which allows approximate node label
matching but adheres to strict structural matching leading the
method to be restrictive.

Aggregated search in graph databases. Aggregated
search is a familiar search paradigm in Information Retrieval
in the context of documents [22]. However, few works tackled
the problem of aggregated search in graph databases. Elghazel
et al. [4], [5] studied the problem of aggregated search in
labeled graphs and their problem formulation is close to ours.
Nevertheless, their method looks for exact matches which is
restrictive on one hand, and on the other hand very expensive
due to the maximum common subgraph search and the max-
imum clique detection, which are considered as being among
the most expensive operations on graphs.

Most of the aforementioned works altogether lack several
critical points: (i) They present a restrictive tool for query
answering either by imposing a strict node label similarity
or by a strict structural similarity, which does not allow
approximate relevant answers to be discovered, (ii) the graph
matching is usually done by checking the maximum common
subgraph which is a costly computational task. (iii) Methods
querying semi-structured data requires a complete knowledge
of the graph schema and are often complicated. (iv) Few
works considered a query answering by several graphs in
concomitant, and if so, they seek exact matches which is
still restrictive. To address these shortcomings, we propose
a new graph matching framework that aims to answer a
query by allowing approximate label and structural similarity
through a lightweight similarity metric which alleviate the
task of maximum common subgraph search. Moreover, our
proposed framework enables efficient RDF graph querying
without having any knowledge about the schema of the graph.
Last but not least, our proposed framework is based on the
aggregated search to enable a joint query answering by several
heterogeneous graphs in order to benefit from the information
wealth within these graphs.

III. PRELIMINARIES

This section is dedicated to introducing notions used in
our proposed method. First, we give definitions about the usual
data structures used: the query, the target graphs and the answer
set. Then we introduce a new graph similarity metric and the
objective function of the proposed matching scheme, we end
this section by giving the problem formulation of aggregated
grah search.

A. Query, Target graph, Answer
Query. The query q is an undirected labeled graph q =

(Vq, Eq, µq) where Vq represents the vertex set, and Eq the
edge set. µq is a function µq : Vq → LVq

that associates labels
to vertices, with LVq the vertex label set.
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Target graphs. Target graphs are represented by the set
B of p graphs which are referred to as fragments fi, i ∈ [p].
Fragments fi = (Vi, Ei, µi) are undirected labeled graphs s.t.
Vi (resp. Ei) is the vertex set (resp. edge set) of fi. µi is a
function Vi → LVi associating labels to vertices, with LVi is
the vertex label set of fi.

Answer set. The expected answer set A is defined as
follows: A = {a1, · · · , ak} where ai are called aggregates.

We have ai =
pi⋃
j=0

fij s.t. pi is the number of fragments in ai

and we have pi ≤ p , i.e., ai is constituted by as few fragments
as possible.

Though our method focuses on undirected labeled graphs,
it is straightforward to extend it to process other kinds of
graphs.
B. Objective function

Graph similarity metric. We first introduce a graph
similarity metric that computes the similarity between two
graphs based on two main features: (i) the node label similarity
and (ii) the structure similarity. The similarity function is
denoted by s(fi, q) where s : B × {q} → [0, 1] is a function
that quantifies the similarity that fi shares with q in terms
of label and structure similarity s.t. the closest s to 1, the
more similar are fi and q. In the following, we present the
components of the similarity metric s: Label similarity and
structure similarity components.

1) Label similarity component: Label similarity of frag-
ment fi and query q is denoted by ∆L(fi, q) and is computed
as follows:

∆L(fi, q) =
1

ni
.
∑

v∈Vfi

J(µ(v), µ(Q(v))) (1)

where ni is the number of vertices in fi, and J is the
jaccard similarity coefficient such that J(l1, l2) =

Wl1
∩Wl2

Wl1
∪Wl2

,
with Wl1 (resp. Wl2 ) is the words set in label l1 (resp. l2). Q
is an application Q : Vi → Vq that associates vertices from
the fragment to their counterpart in the query and we have:
Q(v) = u iff J(µi(v), µq(u)) > τ where τ is a user fixed
threshold.

2) Structure similarity component: On the other hand,
∆D(fi, q) denotes the structure similarity between fragment
fi and query q as follows:

∆D(fi, q) =
1

ni
.

∑
u,v∈Vfi

,u<v

δt(d(u, v), d(Q(u), Q(v))) (2)

where
δt(x, y)

{
1 if |x− y| < t
0 otherwise.

d(u, v) denotes the distance between vertices u and v. ∆D

computes the structure similarity in terms of distances in fi
and q. ∆D increases each time the distance between two nodes
in the target graph is equal or near to the distance between their
corresponding nodes in the query graph. More precisely, ∆D

increases when the distance difference is under a threshold t
called the structure disparity threshold. The value assigned to
threshold t should be small in order to avoid disparate matches
and to preserve the structure similarity. Besides, t should not

neither be equal to zero otherwise it would be very restrictive
as only strikingly similar matches will be favored.

Taking these both components into account, we define the
similarity function s as follows:

s(fi, q) = λ.∆L(fi, q) + (1− λ).∆D(fi, q) (3)

where λ is a tunable parameter in [0, 1].
Objective function. Let η denote the matching that as-

sociates the aggregates ai in the answer set A to the query q
(matching query nodes to target nodes). We define the objective
function of the matching η as follows:

Ψ(η) =
1

k
.

k∑
i=0

s(ai, q) (4)

C. Problem Formulation
Given a set of fragments B, a query q. The aggregated

graph search problem consists in finding the matching η that
associates the answer set A of k aggregates to q s.t. Ψ(η) = 1.

Proposition 1. Aggregated graph search problem is NP-Hard.

Proof: Let us consider the simple case of k = 1. That is
to say, the expected answer set consists of one aggregate a1
s.t. a1 =

p1⋃
j=0

fj , where Ψ(η) = 1, i.e., s(a1, q) = 1, with η is

the matching that associates aggregate a1 to q. By definition,
the similarity function s(a1, q) = 1 means that we are looking
for minimum elements from B (see section III-A) s.t. their
union covers q: label similarity component equals one means
that all nodes are matched and their labels are exactly similar,
on the other hand, structure similarity component should be
one, meaning that the query and the aggregate have similar
structure. This reduces to resolving the NP-Hard set cover
problem where the universe is the query q that we aim to
cover with minimum elements from B. This ends the proof.

IV. QUERY PROCESSING ALGORITHM

In this section, we present our query processing algorithm
named LaSaS, which is a heuristic solution intended to solve
the problem of aggregated graph search. We expose in details
the proposed algorithm and its different steps.

LaSaS algorithm (described in algorithm 1) works in three
distinct steps: first, the Selection step aims to select the most
relevant fragments from the fragment set B based on the simi-
larity metric s (see section III-B). Second, the Aggregation step
combines the relevant fragments found by the Selection step
to form the aggregate a. Third, the Refinement step enhances
the quality of the aggregate by pruning irrelevant nodes and by
mapping paths of a thresholded length to unmapped edges if
any. Note that this threefold process is necessary for obtaining
one aggregate, whereas in the general case of k aggregates,
this process will repeat k times. In the following, we present
each step in details.

1) Selection step: The first step consists in selecting the
most relevant fragments, as many as necessary to cover the
whole query q. The selection is based on successive iterations
of two main substeps: (i) similarity checking and (ii) query
updating until a stopping condition is verified. In the similarity
checking, a rank is associated to each fragment fi in B
which is given by the similarity metric s(fi, q) (see section
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Algorithm 1 Label and Structure Similarity Aggregated Search
Input: Fragments set B, Query graph q, number of expected
aggregates k.
Output: Answer set A.
1. i = 0;
2. while i < k
3. Select potential fragment from B that are similar to q;
4. Add the selected fragments to set S;
5. Aggregate all fragments in S to form an aggregate ai;
6. Refine ai;
7. Prune irrelevant nodes;
8. If there are unmapped edges in ai:
9. Map paths to missing edges;
10. A = A ∪ {ai};
11. i = i+ 1;
12. S = ∅;
13. end while
14. return A;

III-B), then the fragment fmax having the maximal similarity
is selected and we have fmax =argmax

fi

s(fi, q) where

fi ∈ B. The query is then updated according to the best-ranked
fragment fmax such that the query part that has been covered
by fmax is withdrawn according to several conditions which
will be detailed in the following. When the query is updated,
the selection process repeats: similarity checking and query
update substeps are performed until one of these stopping
conditions are verified: (i) |Vq| < ε, meaning that almost all
query nodes have been matched and/or (ii) the fragment set
B is empty, given that a fragment is removed from B once
chosen during the selection step.

Query Update. The foremost role of query update step
is to ensure complementarity among selected fragments. This
step updates the query by removing nodes that are covered
by the selected fragment, thus enabling subsequent selections
to choose fragments covering complementary parts of the
query. The query update can be done in two distinct ways:
using Maximum Common Subgraph (MCS), and using Weight
Update (WU).

Query update using MCS. As aforementioned, the query
is updated given the best fragment fmax. First, the maximum
common subgraph (MCS) of q and fmax is computed, then the
MCS is withdrawn from q while keeping the boundary nodes
that belongs to the MCS as explained in the following.

Let q′ denote the updated query q. We have:

• V1(q′) = {v|v ∈ Vq & v /∈MCS(q, fmax)}
• V2(q′) = {u|(u, v) ∈ Eq & v /∈MCS(q, fmax)}

The vertex set of q′ is Vq′ = V1(q′)∪V2(q′), and the edge set
is Eq′ = {(u, v) ∈ V 2

q′ | (u, v) ∈ Eq}.
Query Update using Weight Update (QUWU). Com-

puting the maximum common subgraph is known to be NP-
complete by reduction from the maximum clique problem.
Hence, it is cost prohibitive to use it in our method in such
a repetitive operation as the query update. Alternatively, we
perform a weight update on the query s.t. removable nodes
on the query will be weighted by 0 and by 1 otherwise. In a
nutshell, QUWU works in 2 steps: First, covered nodes will
have their weights set to 0.5 as follows: ∀(u, v) ∈ Efmax

: if

(Q(u), Q(v)) ∈ Eq then w(u) = w(v) = 0.5, where w(u)
is the weight of vertex u. Figure 1 depicts the equivalent
result to computing the MCS. Second, weight binarization is
performed, i.e., among covered nodes, removable nodes will
be weighted by 0, otherwise by 1. QUWU process will not
be further detailed due to lack of space, however, it is worth
mentioning that it has a polynomial time complexity w.r.t. the
number of query nodes.

Consequently, the stopping condition of the selection step
would be that all vertices of q are weighted by 0, i.e. W ≤ ε,
where W =

∑
v∈Vq

w(v).

Fig. 1. Vertex weight update vs. Maximum Common Subgraph.
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Since QUWU does not reduce the query size as it does
not withdraw vertices but update their weights, it is necessary
to tweak the similarity function s (see equations 5 and 6) in
order to consider only vertices that are weighted by 1, i.e., not
previously covered.

∆L(fi, q) =
1

ni
.

∑
v∈Vfi

w(Q(v))6=0

J(µ(v), µ(Q(v))) (5)

∆D(fi, q) =
1

ni
.

∑
u,v∈Vfi

,u<v

w(Q(v))6=0

δt(d(u, v), d(Q(u), Q(v))) (6)

2) Aggregation step: The fragments obtained upon success-
ful completion of the selection step are stored in the solution
set denoted by S. The aggregation step constructs an aggregate
ai from the solution set S as follows:

Vai
=
⋃
fi∈S

Vi and Eai
=
⋃
fi∈S

Ei

3) Refinement step: Refinement of aggregate ai is achieved
by (i) connecting the aggregate whenever it is disconnected,
and (ii) by pruning irrelevant nodes from ai.

Connecting the aggregate. Cases when ai is disconnected
may occur when selected fragments cover disjoint areas of
query q leaving some query edges unmapped. Our algorithm
maps these edges to paths by performing a path search in
B in order to interconnect the connected components (ccs)
in ai. To this end, we search for a path between any two
nodes belonging to different ccs of ai in the graph G, where

G =
p⋃

i=0

fi. For an optimal path finding task, we customized

the Dijkstra algorithm by adding a constraint thresholding the
path length, where only paths having a relatively small length
are considered in order to speed up the search time, as long
paths search will be abandoned once the threshold exceeded
and, on the other hand, to preserve semantic relevance within
ai. Finally, the path search stops once ai becomes connected.

Pruning. The aggregate ai is further refined by withdraw-
ing irrelevant nodes. To do so, we iteratively prune irrelevant
leaves from ai until no irrelevant leaf is left, where a leaf
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is a vertex of degree 1. As depicted in figure 2, not all
irrelevant nodes are pruned from A by the end of the pruning
process, however, by limiting the pruning to irrelevant leaves,
the connectivity of the aggregate is preserved as the removal
of an irrelevant node with a degree>1 may disconnect the
aggregate.
Fig. 2. Pruning process of the aggregate.
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V. EXPERIMENTAL EVALUATION

This section shows the empirical evaluation of the proposed
approach. We first describe the experimental set up along with
the graph dataset and the evaluation methodology. Then we
present the evaluation metrics. Finally, we present and discuss
the obtained results.
A. Experimental set up

Graph Dataset. In order to evaluate our method, we
used the real life dataset DBpedia Knowledge Base [23]
that consists of RDF triples extracted from Wikipedia. We
considered a total of 666043 triples from ten different entities.

Fragments generation. In order to constitute the set of
fragments B, we partition the dataset used in such a way that
no fragment is isomorphic to the query q. To avoid crossing
edges between fragments, nodes belonging to the crossing
edges are duplicated in the fragments involved.

Query generation. Two parameters are necessary to gen-
erate a query: the number of nodes denoted by n and the query
diameter d which represents the largest distance between any
two nodes. A query is generated by extracting a subgraph from
the dataset and introducing some label and structure noise to
it. The label noise is generated by randomly modifying some
words in the original label while the structure noise is provided
by randomly removing or adding some edges.

Evaluation metrics. The F1-measure is used as the main
evaluation metric to show the effectiveness of our method.
It combines the recall (R) and precision (P) where the recall
shows the ratio of the correctly found node matches overall
correct matches, and the precision is the ratio of correctly
found matches overall found matches. F1-measure is as fol-
lows:

F1 =
2

(1/R+ 1/P )

In addition to he F1-measure, the runtime is also reported.
Methodology. Our experiments are based on the following

guidelines: We create 4 query sets, and we generate 100 query
under each set. First, we assess the influence of the structural
noise on our method by fixing the label noise and varying the
structural noise for all the 4 query sets. Similarly, to assess
the label noise influence on our method, we fix the structural
noise and vary the label noise on all the 4 query sets. We vary
the ratio of the matching nodes in the query, i.e., the query
nodes that are surely present in the fragments set B, and see
the repercussion on the performances of our method. Last but
not least, we compare LaSaS to state-of-the-art tools: SAGA
and BLINKS [24], a keyword graph search method.

All algorithms have been implemented in C++, and all
experiments were performed on a single machine, with Intel
Xeon(R) CPU at 1.9GHz, and 16GB of main memory.
B. Experimental results

Label noise influence. We vary the label noise and report
the F1-measure in figure 3. Having the structural noise fixed to
10%, F1-measure does not reach 1 when label noise equals 0%.
Results show that LaSaS maintains the same performances for
0% to 10% of label noise, meaning that it efficiently discovers
the correct matches despite the noise. However, when the label
noise goes up to 30%, F1-measure drops considerably, which
shows that LaSaS is label noise sensitive.

In figure 3, we show the runtime for all query sets while
varying the label noise. Results show that for each query set,
the runtime is even for different values of label noise, however,
a slight increase of the runtime is noticed when the label noise
reaches 30%, which is normal as the method spends additional
time to look for other candidate matches. Altogether, increas-
ing the label noise does not incur a considerable computational
cost.
Fig. 3. F1-measure and Runtime (in seconds) reported upon four different
query sets with 100 query within each set while varying the label noise, and
the structural noise was set to 10%.
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Structural noise influence. Figure 4 reports results for
different values of structural noise while label noise was set to
10%. When no structural noise is added, the F1-measure does
not attain 1 due to the label noise being set to 10%. Moreover,
the F1-measure does not have an abrupt variation for all query
sets (with the lower bound being 0.8 and the upper bound
being 0.86), which translates the capacity of LaSaS to find the
correct matches despite the added noise on the structure.

Figure 4 reports the runtime while we vary the structural
noise, and results show that the runtime is almost steady for
all query sets, that is to mention that the computational cost
incurred by the added structural noise is negligible.

Ratio of query matching nodes. We refer to the ratio
of matching nodes that are already in the fragments set B
by Φ, and we investigate its influence on the performances
of LaSaS. Figure 5 reports the F1-measure and shows that
performances are optimal when the ratio of the matching nodes
is equal to 100%, and it decreases gradually when the ratio of
the matching nodes decreases. This shows the effectiveness of
our method, as it finds the best results when they are available.

The reported runtime as shown in figure 5 increases with
the ratio Φ, which means that the method takes more time to
process as there are additional relevant answers in the B set.

LaSaS vs. SAGA and BLINKS. In Table I, we compare
our method LaSaS to two state-of-the-art tools SAGA and
BLINKS. Results in table I show that LaSaS outperforms both
SAGA and BLINKS in effectiveness by achieving a greater
F1-measure and in efficiency by finding results faster.
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Fig. 4. F1-measure and Runtime (in seconds) reported upon four different
query sets with 100 query within each set while varying the structural noise,
and the label noise was set to 10%.
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Fig. 5. F1-measure and Runtime (in seconds) reported upon four different
query sets with 100 query within each set while varying the matching nodes
ratio in the B set.
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VI. CONCLUSION

In this paper, we discussed a novel framework for approxi-
mate graph matching based on aggregated search called Label
and Structure Similarity Aggregated Search (LaSaS). The
proposed approach enables an effective graph querying without
any knowledge of the schema of the data graph. The framework
joins ideas from aggregated search and graph matching to
effectively find approximate matches for a query from a set
of heterogeneous graphs. LaSaS is based on three key ideas:
(i) aggregated search strategy in order to enrich the set of
answers (ii) a lightweight graph similarity metric that takes into
account both the nodes label and graph structure similarity to
enable finding approximate matches (iii) a graph weight update
that replaces the maximum common subgraph search task and
reduces the complexity cost. Our method allows approximate
matching by allowing slight label difference and by mapping
edges to paths with a thresholded length. This feature makes
our method unrestrictive and hence enable it to find more
answer results compared to existing strict matching schemes
like graph isomorphism. Empirical evaluation over the real life
DBpedia graph [23] illustrates the effectiveness of our method
over different parameter settings and corporates the stability
of LaSaS. Moreover, the experimental results indicate that
the proposed method outperforms the state-of-the-art related
approaches by finding more precise matches. Future works will
be conducted to build an index on the query and fragments to
further accelerate the process of the selection step. We also
plan to extend the empirical study to compare our method to
additional matching tools on supplementary graph datasets.
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TABLE I. COMPARISON RESULTS OF LASAS, SAGA AND BLINKS:
F1-MEASURE IN TERMS OF NODES AND GRAPHS AND RUNTIME FOR

FINDING THE BEST MATCH (TOP-1) OVER 100 QUERIES OF SET 2 (N=5,
D=2). LABEL NOISE AND STRUCTURE NOISE WHERE BOTH SET TO 10%.

LaSaS SAGA BLINKS
F1-measure (nodes) 0.93 0.74 0.62
F1-measure (graphs) 0.9 0.7 0.58

Runtime (sec) 0.15 10.83 1.81
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Abstract—Currently, the evolution of technology allows to find 
which events occurs around us at any given location. Social 
networks are one of the reasons of this trend and new applications 
are emerging aiming at finding and disclosing events. This paper 
proposes a platform of event searching. In particular, we propose 
a new architecture that uses machine learning to classify events 
with tags. An experimental evaluation with different types of 
algorithms was done using Facebook as a source of dataset events. 

Keywords - events search; data mining; machine learning 

I.  INTRODUCTION 
Nowadays, the quantity of digital information about what 

happens around us is dispersed in many applications. Usually, 
working with events, implies dealing with variables like date, 
location and time [1]. With the emergence of social networks, 
other types of relevant information should be considered, like a 
list of users that have an interest in the event or a list of users 
who will attend the event. In the literature, it is usually 
mentioned that users like sharing their stories, opinions, photos, 
and videos on social networks, creating a direct and social 
interaction between the participants on a certain event [2].  

The events are a natural way to show an observable 
occurrence, grouping people, places, times, and activities [3]. 
Also, they might be considered as observable experiences that 
are often documented through photos and videos [4]. 

This paper presents a new idea of a platform for event 
searching. In particular, we propose a new architecture using 
machine learning to provide more accurate information 
according to the user interests. The main advantage of the 
platform is to bring a more personalized system where the user 
can find what s/he needs and get recommend events based on 
personalized tags that s/he follows.  

Our main contributions are: a new approach for an event 
search platform using machine learning; integration of LODE 
ontology to structure event data and use it on classification; and 
classification tests with 101,121 events with 83.33% of 
classified events. 

The remainder of this paper is organized as follows. Section 
II describes our event search platform and its architecture. 
Section III describes the process of organization data with the 
LODE ontology. Section IV describes the algorithms used and 
the experimental tests for events classification. Finally, Section 
V concludes the paper and presents future work.  

                                                             
 DOI Reference Number: 10.18293/SEKE2017-159  

II. THE EVENT SEARCH PLATFORM 
Finding digital content related to events is challenging, 

requiring searching at different sources and sites [5] and 
sometimes, the data is ambiguous and incomplete. 

A. The idea 
The goal is to create an event search platform where every 

event can be classified with several tags. A good similarity is for 
example the Foursquare application [6]. Each place is associated 
to multiple tags, e.g., a restaurant can be associated to pasta, 
cocktails, pizza and, others, depending on their service type. 

Our idea is to take advantage of these tags system and apply 
it on an event search platform. For example, a Bruce Springsteen 
concert [7] may be associated with tags like rock, hard rock or 
folk. Merging these two concepts (events and tags) can bring 
some advantages, such as: 

• The platform can accommodate not only predefined 
events with selected tags, but all kind of events. For 
example, we can have one event related with music and 
one event related with a scheduled construction work on 
a specific street; 

• Creation of customized lists according to the user’s 
preferences; 

• Creation of a more personalized search engine to return 
more accurate events to the user; 

• Better interactivity with users, allowing them to create 
and classify events with tags. If a tag does not exist, the 
user can create the tag at the time of creating the event, 
allowing the system cover all type of events with the 
user input. As a business rule, each event should have at 
least one tag. 

Machine learning is used for events classification to bring 
more improvements in the recommendation and search of 
events, as well as on the notification of events. Its main goal is 
to classify events obtained from APIs in several tags, but it can 
also help make the system more personalized to the user. For the 
platform, we can add a new feature like the suggestion of tags in 
the process of creating an event. For example, if a tag is followed 
by 1000 users, the suggestion of this tag at the time the event is 
created, can reach a larger number of people who might be 
interested in participating in it. 

Yet, there is some concern about allowing users to create 
their events as well as classify them. This feature may lead to 
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inconsistent data and may have repercussions on the events 
classification. To solve this problem, we can use the 
recommendation system proposed in [8]: at the time of creating 
the event, the platform recommends a series of tags that can be 
used to classify the event depending on its data. If it is necessary 
to create a new tag, the submitted event must go through an 
approval process, to verify that the tags created are related with 
the event. This way, we think that it is possible to solve the issue 
of data inconsistency generated by the user. 

B. Proposed architecture 
Figure 1 shows the architecture of our platform and how its 

components communicate between them. Next, we will describe 
every component and its main function. 

Client Applications are the applications that allow the user 
interact with the system and view the lists of events as well as 
create their own events. These applications will communicate 
with the server through the developed API, which is based on 
HTTPS (Hypertext Transfer Protocol Secure) protocol. The data 
sent is in JSON (JavaScript Object Notation) format and consists 
of event data. 

 
Figure 1.  Proposed architecture 

Application Server is the first responsible for supporting 
client applications, containing a RESTful API [9] to handle the 
requests about events. There is also a module for managing event 
classification (Server Worker Fetcher). 

In order to save the data, the current architecture provides 
two databases. The PostgreSQL (Production) database will be 
the database that stores all event data already classified and used 
by the applications described above. The PostgreSQL (Machine 
Learning) is a copy of PostgreSQL (Production) database and 
will only be used as training base of the algorithm to classify the 
events coming from external APIs. This database will be 
updated periodically to improve event classification.  

Server Worker Fetcher is a server worker whose main 
function is to get and classify events. It is divided into three 
modules: Data Fetcher module handles the communication 
between external APIs and the server to get events data; 
Classifier module handles the classification of event data 
through a machine learning algorithm. The PostgreSQL 

(Machine Learning) database provides the data for 
classification; Persistence Module stores event data already 
classified into the PostgreSQL (Production) database. 

Finally, the external APIs are the APIs responsible to provide 
events. 

III. EVENT DATA WITH LODE ONTOLOGY 
One of the main contributions of this work is to show a 

different approach of an event search platform using machine 
learning. This section aims to present the process of integrating 
the LODE ontology to structure the event data and use them in 
the classification. A comparative study of several APIs was 
carried out, to understand which entities are similar between 
them. 

The purpose of LODE ontology is to enable interoperable 
modelling of factual aspects to encapsulate the most useful 
properties to describe events [3]. The goal is to give answers 
about “What is happening?”, “Where it is happening?”, “When 
it is happening?”, “Who is involved?” [3], and organize this 
information in several properties, which are Event, atPlace, 
atTime and, involved. 

Events often need a response from the user. This response is 
called R.S.V.P, which means “Répondez S’ill Vous Plaît” in 
French. This data permits to know if whether users will attend 
the event. This status is represented in several users counts that 
can be subdivided into the following categories: 

• Attending guests: represents the guests that will attend 
the event; 

• Declined guests: represents the guests that won’t be 
attending the event; 

• Interested guests: represents the guests that have interest 
in the event but don’t know if they will be attending; 

• No reply guests: guests who didn’t reply to the invite; 
• Maybe guests: guests that maybe will attend the event. 

The final attributes of our dataset can be seen on Table I: 

TABLE I.  Attributes of our dataset 

Properties Attributes 

atPlace venue_latitude 
venue_longitude 

atTime 

event_start_hour 
event_end_hour 

event_start_day_of_month 
event_end_day_of_month 

inSpace venue_id 
involved artist_id 

social 

event_attending_count 
event_declined_count 

event_interested_count 
event_noreply_count 
event_maybe_count 

IV. EXPERIMENTAL EVALUATION 
In the experimental evaluation, we intend to find the best 

classification result in order to validate events classification for 
only one tag. 
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A. Algorithms 
We use the following algorithms provided by Weka, 

corresponding to different classification categories: Decision 
Trees, was chosen the Random Forest [10], for the lazy 
classifiers, the K-Nearest Neighbors [11] was chosen, whose 
implementation in Weka is named IBk and, for function 
classifiers, Sequential Minimal Optimization (SMO) [12] was 
chosen, an algorithm for training support vector machines.  

B. Classification results and discussion 
In order to perform these experiments, it was necessary to 

create two datasets. The first dataset has about 1,121 events 
sourced from Facebook. The second dataset is a generated 
dataset with about 100,000 events. 

The tests performed in this work are evaluated using the 
correctly classified instances. The 10-fold cross validation test 
mode was used, which means that 90% of the data is used for 
training and 10% for testing in each fold test. 

The first test aimed to get the classification results for both 
datasets, to understand the first results, without changing the 
data as well as the algorithms. Table II shows the difference 
between the results obtained for the dataset with Facebook 
events in relation to the randomly dataset. 

TABLE II.  Results of the first classification test 

 % of correctly classified instances 
Algorithms Facebook Dataset Randomly Dataset 

IBk 50.02% 100% 
SMO 46.67% 100% 

Random Forest 70.28% 100% 
 

For the IBk and SMO algorithms, the difference is around 
50% and for the Random Forest algorithm the difference is 
around 30%. These differences are related to some missing 
values in the Facebook dataset. Since the dataset is composed by 
numeric data, the APIs do not always return all data to the 
attributes, leading to missing values. These same values are 
represented as zero, which on our view, affects the classification 
of events. There are three approaches to lead with missing 
values: mark, impute and remove missing values. 

The technique to mark missing values aims to change the 
missing data that will be represented as “?”. Yet, instances with 
missing values do not have to be removed and we can replace 
the missing values with other values with the mean of the 
numerical distribution. In order to have also missing data on our 
generated dataset, we created another one and we did the same 
tests for this new dataset. The results for these two techniques 
described above can be seen on Table III. 

Comparing the results of Table II with Table III for the 
generated dataset, we can conclude that adding values missing 
also made the results worse. It is clear that both approaches 
cannot be taken into account in the classification process.  

The last approach to deal with missing values is to remove 
events that contain one or more attributes with missing data. 
Considering the results of the previous Table II and III, we chose 
Feature Selection to understand which attributes are the most 

useful or relevant to our scenario. This is important because the 
number of attributes used can make the work of the classifier 
more difficult, making it slower and even diminishing accuracy. 

TABLE III.  Classification results for mark and impute missing values 
techniques 

 
Technique 

% of correctly classified 
instances 

Algorithms Facebook 
Dataset 

Randomly 
Dataset 

IBk 

Mark Missing 
Values 41.60% 62.09% 

Impute Missing 
Values 48.12% 68.88% 

SMO 

Mark Missing 
Values 43.86% 77.96% 

Impute Missing 
Values 43.89% 76.33% 

Random Forest 

Mark Missing 
Values 61.54% 70.45% 

Impute Missing 
Values 68.89% 79.44% 

 

Feature selection method aids to create an accurate 
predictive model. They help choose features that will give good 
or better accuracy whilst requiring less data [13]. They can be 
used to identify and remove irrelevant or redundant attributes 
from data that do not contribute to the accuracy of a predictive 
model or can decrease the accuracy.  

Many feature selection techniques are supported in Weka. 
We choose the Information Gain Based Feature Selection, a 
popular technique to calculate the information gain based on the 
entropy concept. It is used as a measure of feature relevance in 
filter strategies that evaluate a feature individually [14]. We can 
calculate the information gain for each attribute for the output 
variable. Entry values vary from 0 (no information) to 1 
(maximum information). Those attributes with more 
information will have a higher information gain than the others. 
Since the Facebook dataset represents the actual data of our 
platform, we only applied this technique on this dataset to 
understand the most relevant attributes. Table IV only shows the 
attributes that have a contribution for our case. 

TABLE IV.  Attributes contribution gain results 

Attributes Information Gain 
artist_id 0.8864 

event_start_hour 0.4246 
event_end_day_of_month 0.4246 

venue_longitude 0.3639 
event_maybe_count 0.1003 

event_interested_count 0.0600 
event_attending_count 0.0423 

venue_id 0.0403 
 

We used an arbitrary cut-off of 0, which means that the 
attributes with this value were removed from the dataset. We 
proceeded again to the classification tests with the changes made 
on the dataset. The results can be seen on Table V.  

Table V shows a great improvement comparing with results 
of Table II. Random Forest increased 13.05%, IBk increased 
27.02%, and SMO increased 23.07%. This feature selection 
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showed that we have a lot of irrelevant attributes making the 
classifiers slower and even in some cases diminishing its 
accuracy. 

TABLE V.  Classification results after apply the Information Gain 
Feature Selection 

Algorithms % of correctly classified instances 
IBk 77.74% 

SMO 69.74% 
Random Forest 83.33% 

 

In conclusion, given the large difference in the results 
between Table II and Table III, compared with Table V, it is 
possible to verify that one of the problems of our dataset and the 
unsatisfactory results of the first two tests are related with the 
missing data. However, with the use of Information Gain feature 
selection technique, when classifying with only the most 
relevant attributes of our dataset, even with missing data, the 
results have risen considerably. In addition, within the relevant 
attributes it is possible to observe that 3 attributes are related 
with R.S.V.P, confirming that they bring relevant data in the 
classification of events. 

In a first phase, feature selection needs to be applied since it 
allows to remove immediately the redundancy and irrelevance 
of some attributes. Even for a large database with 100,000 
events, if we don’t have missing data, the results are very good, 
as shown in Table II, but if we add missing data the results are 
worst. In this case, techniques of remove missing values should 
be applied, to understand the impact of these missing data in the 
dataset. 

V. CONCLUSIONS AND FUTURE WORK 
We propose an event search platform with a new architecture 

using machine learning. The use of machine learning aims to 
classify events in a specific tag. Our idea takes advantage of a 
tags system to agglomerate, not only predefined events on some 
categories, but all kind of events. Other advantages of our 
proposal, are to create customized data according to the user’s 
preferences and a better interactivity between the users and 
events. 

The LODE ontology was used to organize the data obtained 
from external APIs and was made an experimental study to find 
the best classification result and algorithm to validate the 
addition of machine learning on the architecture proposed. For 
performing these experiments, it was necessary to create two 
datasets: the first dataset has about 1,121 events sourced from 
Facebook and the second dataset is a generated dataset with 
about 100,000 events. 

 From the three algorithms used (Random Forest, IBk, and 
SMO), the first results weren’t satisfactory for the Facebook 
dataset. The best result was 70.28% for the Random Forest 
algorithm. But, for the generated dataset, the results were good, 
reaching 100% of classified instances.  

From the experimental tests, it was verified that sometimes 
the APIs return missing values which leads to a poor 
classification of the algorithms. Using the feature selection 
technique, we came to the conclusion that certain attributes of 
the Facebook dataset were irrelevant. After being eliminated, 

Random Forest obtained the best classification result, reaching 
83.33% of classified instances. Comparing the results of the 
generated dataset in the beginning of tests with this result, it is 
possible to conclude that our training data can’t have missing 
values because, the algorithms performance is worst 

Although the classification result (83.33%) was good, there 
are open issues that we will be performed as future work. The 
experimental dataset has a small event base, so it is necessary to 
have more events to confirm the results obtained in these tests. 
With more events, other techniques of feature selection, such as, 
learner feature selection or correlation feature selection, must be 
considered, to understand the data generated in the dataset, to 
find a pattern that allows obtaining the best percentage for the 
classification of events. 

All these results prove that the proposed platform is viable. 
Yet, allowing users to create and sort their events, the ambiguity 
and inconsistency of the data may be a problem in the future. 
Despite the proposals presented in this paper to solve the 
problem, they must be validated. Also, it is also necessary to find 
a solution to merge the data coming from external APIs, since 
each API has its own data structure. These issues lead us to other 
relevant issues about the performance, such as: the time that 
takes to build our training base and prepare the data for 
classifications, the performance of a classification procedure and 
the combination of data among the external APIs. 
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Abstract—In recent years several data classification techniques
have been proposed. However, it is not a trivial task to choose
the most appropriate classifier for deal with a particular problem
and set it up properly. In addition, there is no optimal algorithm
to solve all prediction problems. In order to improve the result
of the classification process, the stacking strategy combines the
knowledge acquired by individual learning algorithms aiming to
discover new patterns not yet identified. Stacking combines the
outputs of base classifiers, induced by several learning algorithms
using the same dataset, by means of a meta-classifier. The main
goal of this paper is to evaluate the effects of classifier diversity on
the accuracy of stacking. We have performed a lot of experiments
which results show the impact of multiple diversity measures on
the gain of stacking, considering many real datasets extracted
from UCI machine learning repository and three synthetic two-
dimensional datasets. The results revealed connections between
some measures and the gain of stacking, but they imply a weak or
moderate relationship that suggest predicting the improvement
on the best base classifier accuracy using diversity measures is
inappropriate.

I. INTRODUCTION

Classification is the most usual task among data mining tasks.
It is based on the discovery of prediction rules that aid in
making decisions. Generally, this task is used when there are
large amounts of records in a database, which have several
fields, and it is necessary to extract from this base some
relevant knowledge with predictive capacity.

Classification algorithms can be organized into different
types according to the technical features they use in learning.
Each type is best suited for a particular dataset. Although some
classifiers individually provide solutions which are considered
effective, the experimental evaluation performed by [1] shows
a drop in the quality when there are large sets of patterns
and/or a significant number of incomplete data samples or
irrelevant features. That is, such classifiers may not effectively
and/or efficiently recognize patterns in complex problems.

Classifiers that implement different algorithms potentially
provide additional information on the patterns to be classified.
The combination of the outputs of a set of different classifiers
aims to get a more precise classification, i.e. to reach a greater
accuracy. In this context, stacking [2] is a widely used method
for combining multiple classifiers generated from different

DOI reference number: 10.18293/SEKE2017-016

learning algorithms applied on the same dataset. It is also
known in the literature as stacked generalization [3], [4].

In the stacking method the choice of base algorithms is very
important. It is desirable that there be different solutions to the
problem to be solved, i.e., it is important to obtain a diversity
among the results found by these algorithms. According to [5],
the performance of the stacking method strongly depends on
the accuracy and diversity of classifiers results. To verify this
diversity, there are several measures based on the agreement
and/or disagreement of the classifiers [6].

Therefore, the use of base algorithms with different particu-
lars is ideal, since the patterns learned tend not to be the same.
Thus, even low accuracy classifiers combined can generate a
strong classifier, providing gain for stacking. Otherwise, when
several classifiers agree on the vast majority of responses (no
diversity), the combination will possibly have the same result,
with no improvement in the stacking quality.

The purpose of this paper is to evaluate the effects of clas-
sifier diversity on the accuracy of stacking. The experiments
we have performed show the relationship between multiple
diversity measures and the gain of stacking, considering a
lot of real datasets extracted from UCI machine learning
repository and three other synthetic two-dimensional datasets
used for visual inspection.

II. RELATED WORK

Stacking method combines multiple base classifiers trained by
using different learning algorithms L on a single dataset S,
by means of a meta-classifier [7], [8]. Each training sample
sj = (Xj , yj) is a pair composed by an array of features Xj

and the class label yj .
The process can be described in two distinct levels. The

first level-0 defines a set of N base classifiers, where Ci =
Li(S)|1 ≤ i ≤ N . Level-0 classifiers are trained and tested
using the cross-validation or leave-one-out procedure. The out-
put dataset D used for training the meta-classier is composed
by examples ((y1j , . . . , y

i
j), yj), i.e. a vector of predictions for

each base classifier yij = Ci(Xj) and the same original class
label yj [3]. In the second level-1, the meta-classifier combines
base classifiers outputs from D into a final prediction yfj . The
stacking pseudocode can be seen in Algorithm 1.
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Algorithm 1: Combining classifiers with stacking
Input: training samples sj ∈ S
Output: final predictions yf

j

1 begin
2 Select N learning algorithms (L1, L2, . . . , LN );
3 for i = 1, 2, . . . , N do
4 Train Ci = Li(S) using cross-validation;
5 yi

j = Ci(Xj);
6 end
7 Make up a new dataset D combining all predictions yi

j ;
8 Train M = L(D) using cross-validation;
9 yf

j = M(D);
10 end
11 return yf

j

Several approaches have proposed the use of stacking to
increase the classification quality in recent years [9], [10], [11],
[12], [13]. Considering the covered related work, the classi-
fication techniques most used at level-0 are those based on
decision trees, artificial neural networks and Bayes’ theorem,
which are usually combined by a function-based classifier.
The majority of approaches stacks the predicted labels or the
confidence of these predictions to compose the feature vector
of level-1.

The diversity of predictions yij is a key issue in the combi-
nation of classifiers. Reference [6] defines several measures of
diversity and relate them to the quality of classification system.
Experiment results revealed the used measures were strongly
correlated between themselves and the possible inadequacy of
the diversity measures for predicting the improvement on the
best individual accuracy. Although there are proven connecti-
ons between diversity and accuracy in some special cases, the
results raised some doubts about the usefulness of diversity
measures in constructing classifier sets in real-life pattern
recognition problems. References [14], [15] also conclude that
diversity measures can hardly be used as selection criteria
for building ensembles. However, other authors report success
using diversity to detect noise [16] and to generate more
precise classification systems [17], [18], [19], [20].

III. PROPOSED METHOD

The proposed method for analyzing the effects of classifiers
diversity on the accuracy of stacking are graphically represen-
ted in Figure 1. For each analyzed dataset, different learning
algorithms are used to train multiple base classifiers. The
predictions returned by these classifiers are evaluated and
used to perform several measures of diversity [6]: double-
fault df , Disagreement Dis, Q statistic, Correlation coefficient
ρ, Kohavi-Wolpert variance KW , Interrater agreement k and
Entropy E. These measures check whether and how the
classifiers agree or disagree on the predicted class label. At
level-1, classifiers predictions for each original instance are
used to compose a new dataset that is submitted to another
algorithm for training the meta-classifier. Final prediction is
determined from the combination of knowledge learned by
the base classifiers.
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Fig. 1. The proposed method for analyzing the effects of classifiers diversity
on the accuracy of stacking.

The feature vectors for each training set are made up of all
data fields and the class label. The following algorithms are
used at level-0 of the stacking method: Multilayer Perceptron
(MLP) [21], a variation of Support Vector Machine (SVM)
[22] called SMO [23], Nave Bayes (NB) [24], RIPPER [25],
C4.5 [26] and Random Forest (RF) [27]. This choice was
motivated mainly because the algorithms are quite heteroge-
neous, since they are based on distinct particulars. The meta-
classifier is trained using any of these classification algorithms
combining the knowledge learned by the base classifiers, and
it is finally used to get a final prediction. The gain of stacking
G is computed by the ratio between accuracy values achieved
by the meta-classifier and by the best base classifier.

The effects of diversity on stacking can be analyzed by
observing the relationship between diversity measures values
and the gain of stacking for multiple datasets. It is expected
that the most diverse sets of classifiers will contribute to the
quality of stacking. This relationship is quantified using a
linear regression function and a regression model tree induced
by the algorithm M5 [28] with the gain of stacking G as
the target field. The vector of features is composed by the
diversity measures previously computed (d1, d2, . . . , dn). The
regression models show how much each measure pitches in
with the gain of stacking.

IV. EXPERIMENTAL EVALUATION

We have used 54 real classification datasets extracted from
UCI1. The full list is available in the research group website2.
The chosen datasets cover several areas of knowledge: busi-
ness, computer, financial, game, life, physical and social. Many
of them were widely cited in the scientific literature and they
have sundry objectives. The field data types can be integer,
real or categorical. The amount of instances ranges from 187
to 12,960. The number of fields and class labels varies from
4 to 216 and from 2 to 48 respectively. These datasets were
deposited in the UCI repository from the year 1987 to 2015.

Furthermore, have used three two-dimensional synthetic
datasets with very different spatial distributions that allow us to
interpret results and algorithms behavior by visual inspection

1archive.ics.uci.edu/ml
2ginfo.c3.furg.br
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Fig. 2. Datasets Spiral, R15 and D13.

(see Figure 2). Spiral [29] consists of three concentric spirals.
R15 [30] is composed by 15 similar Gaussian distributions. We
reduced it to 2 classes and included little noise by changing the
label of some instances manually selected. D13 [31] presents
two Gaussians randomly parameterized and with a lot of noise
(half of the instances randomly selected). The number of
instances varies from 150 to 600.

The experiments were performed using the data mining tool
Weka [32]. The algorithms were parameterized to improve the
accuracy or using default values.

A. Diversity and stacking results

Experimental results are summarized in Table I and II that
show for each dataset the following information: the computed
diversity measures double fault df , disagreement Dis, statistic
Q, correlation coefficient ρ, interrater agreement k, Kohavi-
Wolpert variance KW and entropy E; the algorithm used
to learn the best base classifier (L0) and its accuracy in
percentage (AL0

); the algorithm used to learn the best meta-
classifier (L1) and its accuracy in percentage (AL1

); and
the gain of stacking (G), used to sort the results, also in
percentage. Values of df , Dis, Q and ρ are averages of the
computed values for each pair of base classifiers.

Table I presents experiments with real datasets that reached
the worst and best values of G, i.e. we have omitted the results
for any dataset where the gain of stacking ranges between -1
and 1%. Table II covers the synthetic datasets.

Observing Table I, we notice that stacking worked well
only for 8 out of 54 datasets, where the gain in accuracy
ranged from 1.2 to 5.1% (lines 1-8). The best gain of stacking
was reached by Balance Scale dataset, in an already accurate
result (90.7%) which is difficult to improve. The most frequent
algorithm that reaches the best accuracy for level-0 was
MLP ranging 26.6 ≤ AL0 ≤ 90.7, followed by RF with
84.8 ≤ AL0 ≤ 92.9. At level-1, the best meta-classifiers
were trained with SMO (26.9 ≤ AL1

≤ 94.9) and RF
(83.7 ≤ AL1

≤ 95.4).
However, stacking decreased the classification quality for

some datasets (lines 9-17) reaching in the worst case G =

−9.4%. The most frequent algorithms with best accuracy were
RF (L0) and SMO (L1). For some datasets, more than one
classifier used at level-1 returned the same result. For instance,
SMO and MLP reaches equal values (AL1

= 78.8%) for Leaf
dataset (line 9).

We have considered good values of diversity those that
were sufficiently larger or smaller than the average for all 54
datasets, taking into account whether the measure is directly
or inversely proportional to the diversity among the classifiers.
These good values are in bold. A general analysis of them
indicates that there is more classification diversity for the
experiments in which there was gain of stacking (lines 1-8)
than for those in which there was loss of quality (lines 9-17).

Abalone dataset (line 8) had the best value of double fault
(df = 0.09) due to the low accuracy (AL0 = 26.6%) presented
by the base classifiers. Many of them fail together because
these is a multi-classification problem involving 28 distinct
class labels. For datasets Connect. Bench (S,M vs. R), Statlog
(Vehicle Silh.) and Diabetic Retinopat. Debrec. (lines 2-4) df
values were less significant, compared to Abalone, but good
in relation to the average. These df values are related to the
better accuracy presented by the base classifiers and to the
lower number of classes. We observe that for these datasets,
all the measures of diversity return good values, collaborating
with the hypothesis that the greater the diversity, the greater
the stacking accuracy.

However, the experiment involving Low Resolution Spectro-
meter dataset (line 16) revealed the opposed behavior where
the gain of stacking was negative (G = −5.6%), i.e. the
quality of classification decreased considerably, even with high
values for all measures of diversity. These high values are
returned because there are 531 instances distributed in 48
classes, making even hard the agreement of many classifiers.
Balance Scale dataset (line 1) is another counterexample
in which there was no diversity among classifiers, but the
stacking has reached the best G among all the performed ex-
periments. Furthermore, diversity was considered non-existent
or low in 33 out of 37 datasets where the gain of stacking
ranged from -1 to 1%.
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TABLE I
DIVERSITY MEASURES AND STACKING RESULTS FOR REAL DATASETS.

Dataset df ↓ Dis ↑ Q ↓ ρ ↓ k ↓ KW ↑ E ↑ L0 AL0
L1 AL1

G
1 Balance Scale 0.78 0.13 0.87 0.50 0.48 0.06 0.17 MLP 90.7 RF 95.4 5.1
2 Connect. Bench (S,M vs. R) 0.62 0.27 0.58 0.28 0.26 0.11 0.35 MLP 82.2 Jrip 85.6 4.1
3 Statlog (Vehicle Silh.) 0.55 0.30 0.64 0.32 0.28 0.13 0.37 MLP 81.7 RF 83.7 2.5
4 Diabetic Retinopat. Debrec. 0.49 0.32 0.56 0.29 0.29 0.13 0.41 MLP 72.0 SMO 73.8 2.4
5 Ionosphere 0.83 0.12 0.83 0.41 0.38 0.05 0.13 RF 92.9 SMO 94.9 2.2
6 Contrac. Method Choice 0.38 0.29 0.71 0.42 0.42 0.12 0.36 MLP 54.2 SMO 55.3 2.0
7 Vertebral Column 0.72 0.19 0.74 0.39 0.38 0.08 0.23 RF 84.8 RF 86.1 1.5
8 Abalone 0.09 0.28 0.47 0.21 0.21 0.12 0.36 MLP 26.6 SMO 26.9 1.2
9 Leaf 0.52 0.30 0.70 0.37 0.33 0.12 0.37 MLP 79.7 SMO# 78.8 -1.1

10 Glass Identification 0.49 0.32 0.61 0.33 0.30 0.13 0.40 RF 79.9 RF 79.0 -1.2
11 Credit Approval 0.77 0.14 0.85 0.50 0.48 0.06 0.17 RF 86.7 NB 85.7 -1.2
12 Ecoli 0.79 0.11 0.92 0.57 0.57 0.05 0.14 RF 87.2 RF 86.0 -1.4
13 Solar Flare 0.62 0.15 0.91 0.64 0.64 0.06 0.18 J48 72.1 SMO 70.9 -1.7
14 Dresses Attribute Sales 0.46 0.26 0.77 0.47 0.47 0.11 0.32 JRip 63.0 NB 60.2 -4.4
15 Audiology (Std.) 0.72 0.13 0.94 0.64 0.63 0.05 0.16 MLP 83.2 SMO 79.2 -4.8
16 Low Resolution Spectrom. 0.18 0.36 0.47 0.25 0.23 0.15 0.46 RF 54.0 SMO 51.0 -5.6
17 Primary Tumor 0.33 0.19 0.89 0.61 0.60 0.08 0.25 NB 50.1 RF 45.4 -9.4

Average (all 54 datasets) 0.74 0.15 0.76 0.41 0.39 0.06 0.19
# MLP reaches equal results

Table II shows diversity and stacking results for synthetic
datasets. Using Weka’s default values to parametrize the
classification algorithms (lines 1-3), R15 and Spiral present
gain of stacking, but only classifiers applied to Spiral dataset
were high diverse (values in bold). Manually configuring
the parameters to reach best accuracy (lines 4-6), stacking
decreased the classification quality for all 3 datasets, even with
high diversity among classifiers.

To check whether the gain of stacking are in fact statistically
significant, we performed a paired Student’s T-test [33] com-
paring the accuracy values of the best meta-classifier (AL1

)
with those of the best base classifier (AL0). We used the T-
test because it evaluates whether the means of two normal
distributions of values are statistically different, showing good
results even when the distributions are not perfectly normal.

Table III shows the gain of stacking and the values of
1-tailed p for each dataset where p < 0.05, i.e. when the
stacking was statistically superior or inferior than the best base
classifier. The number of observations (Obs.) was set to the
amount of instances. The statistical difference occurred in 18
of the 54 experiments considering real datasets and only in two
involving the synthetic ones. The gain of stacking for the other
datasets was considered a technical tie. Datasets in which there
was high diversity of the classifiers are highlighted in bold.

Experiments including datasets Connect. Bench (S,M vs. R),
Abalone and Turkiye Student Eval. present good values for all
diversity measures. Although the diversity measures applied
to Spiral dataset have also returned great values, regardless
of the parameter configuration, the gain of stacking was
not considered significant because the best classifier achieves
accuracy equal to 98.7%, which is very difficult to improve.
For most experiments there seems to be no relationship
between the classifiers diversity and the significant gain in
stacking accuracy.

B. Diversity effects

We used regression models to quantify the effects of diversity
on the gain of stacking applied to real datasets. We varied
the learning algorithm (linear or M5) and the training set: 17
datasets with best and worst (b/w) G, where −1 ≥ G ≥ 1,
present in Table I, 18 real datasets where the gain of stacking
passed T-test present in Table III and considering all 54
real datasets. The models were evaluated using correlation
coefficient and root relative squared error (RRSE).

For the training set composed by the 17 datasets with best
and worst values of G, the minimum number of instances to
allow at a leaf node in M5 algorithm ranged from 2 to 4,
however the result was the same tree with only one node
containing the model described by Equation 1. We notice
that df had a positive effect on the gain but the influence
of ρ was negative. Other diversity measures were irrelevant in
estimating the gain. The correlation with the gain of stacking
was 0.5243 and the RRSE was 79.67%.

G = 0.1278 df − 0.2189 ρ+ 0.0168 (1)

Considering only the 18 datasets that passed T-test, gain
of stacking was affected only by ρ (Equation 2), which
correlation was 0.3532 and RRSE equal to 99.89%.

G = −0.0847 ρ+ 0.0362 (2)

Equation 3 shows the linear model trained with all 54
datasets. For this model, only df and KW had effect on
the gain of stacking. ρ and other measures were not used.
Correlation and RRSE was 0.4081 and 91.58% respectively.

G = 0.0971 df + 0.3757 KW − 0.0957 (3)
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TABLE II
DIVERSITY MEASURES AND STACKING RESULTS FOR SYNTHETIC DATASETS.

Datasets Parameters df ↓ Dis ↑ Q ↓ ρ ↓ k ↓ KW ↑ E ↑ L0 AL0
L1 AL1

G
1 Spiral

default
0.44 0.43 0.52 0.21 0.05 0.18 0.63 RF 98.7 RF# 99.3 0.6

2 R15 0.76 0.19 0.66 0.48 0.23 0.08 0.21 J48∗ 93.8 SMO 94.5 0.7
3 D13 0.71 0.12 0.94 0.67 0.67 0.05 0.15 JRip 79.2 MLP 78.5 -0.8
4 Spiral’ manually 0.75 0.23 0.47 0.11 0.02 0.10 0.26 RF 99.4 SMO# 99.0 -0.3
5 R15’ configured 0.93 0.02 1.00 0.87 0.87 0.01 0.02 J48 94.0 JRip∗+ 93.7 -0.4
6 D13’ 0.72 0.10 0.95 0.71 0.70 0.04 0.13 JRip+ 79.2 SMO 76.5 -3.4
# MLP reaches equal results ∗ NB reaches equal results + J48 reaches equal results

TABLE III
STATISTICAL TEST APPLIED TO THE GAIN OF STACKING.

Set Dataset Obs. p G
1

real

Connect. Bench (S,Mvs.R) 208 0.008 4.1
2 Ionosphere 351 0.008 2.2
3 Vertebral Column 310 0.045 1.5
4 Abalone 4177 0.001 1.2
5 Mammographic Mass 961 0.025 0.6
6 Soybean 683 0.045 0.6
7 Tic-Tac-Toe Endgame 958 0.025 0.5
8 QSAR biodegradation 1055 0.045 0.4
9 Wilt 4839 0.001 0.3

10 Spambase 4601 0.014 0.1
11 Chess (KR vs. K-P) 3196 0.046 0.1
12 Turkiye Student Eval. 5819 0.025 0.1
13 Phishing Websites 11,055 0.003 0.1
14 Credit Approval 690 0.008 -1.2
15 Ecoli 366 0.045 -1.4
16 Solar Flare 323 0.045 -1.7
17 Dresses Attribute Sales 501 0.001 -4.4
18 Audiology 226 0.003 -4.8
19 synthetic R15 600 0.005 0.7
20 D13’ 150 0.045 -3.4

Table IV summarizes the best results comparing the eva-
luation of linear regression and model trees. We notice that
the correlation between the diversity measures and the gain of
stacking was weak or moderate for all induced models. The
training set composed by 17 w/b G reached the best correlation
and RRSE. However, in some cases where the gain of stacking
was high, it was not statistically higher than the best base
classifier.

In order to better understand the effects of diversity on the
performed experiments, for each dataset where the gain of
stacking passed T-test, i.e. where the stacking accuracy was
statistically different from the best individual base classifier
result, we plotted the values of the diversity measures used in
the induced models. Figure 3 shows the relation between df
and the gain of stacking. High values of both diversity and gain
are plotted in green while low values are plotted in red. These
points support the hypothesis that the greater the diversity, the
greater the stacking accuracy. Other points plotted in blue go
against this hypothesis. Similarly, Figures 4 and 5 present the
relationship among KW , ρ and G.

Analyzing these figures we notice that only a few points
are good values of diversity. Many of them are located near
the center of abscissa axis, as well as the vast majority of
low diversity values. The only exception where diversity are
strong related to the increase of accuracy occurred with the

inv dir inv inv

Nome Dataset Falha Dupla Med Discordância Estatística Q Coef correlação

sonar-weka 0.62 0.27 0.58 0.28

ionosphere-weka 0.83 0.12 0.83 0.41

column_2C_weka-weka 0.72 0.19 0.74 0.39

abalone-weka 0.09 0.28 0.47 0.21

massa mamografica-weka 0.76 0.11 0.93 0.63

soybean-weka 0.90 0.06 0.95 0.56

jogo da velha-weka 0.83 0.15 0.78 0.30

QSAR biodegradation-weka 0.75 0.16 0.81 0.45

sensoriamento remoto-weka 0.93 0.06 0.93 0.39

spambase-weka 0.84 0.13 0.77 0.34

kr-vs-kp-weka 0.94 0.06 0.91 0.28

turkiye-weka 0.70 0.26 0.72 0.29

phishing-weka 0.93 0.04 0.96 0.52

aprovacao credito-weka 0.77 0.14 0.85 0.50

proteinas-weka 0.79 0.11 0.92 0.57

solar-flare-weka 0.62 0.15 0.91 0.64

atributos vestido-weka 0.46 0.26 0.77 0.47

audiology-weka 0.72 0.13 0.94 0.64

0.74 0.15 0.76 0.41

Alta diversidade e alto ganho apoia (verde). Baixa diversidade e baixo ganho apoia (vermelho). Alta diversidade e baixo ganho rejeita (azul). Baixa diversidade e alto ganho rejeita (azul). 
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Fig. 3. Relation between double-fault and the gain of stacking.

0.00 

0.05 

0.10 

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 
D

iv
e
rs

id
a
d

e
 (

Ganho (%) 

+ 

- 

0.00 

0.10 

0.20 

0.30 

0.40 

0.50 

0.60 

0.70 

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 

D
iv

e
rs

it
y
 (
ρ

) 

Gain (%) 

+ 

- 

0.00 

0.02 

0.04 

0.06 

0.08 

0.10 

0.12 

0.14 

-6.0 -5.0 -4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0 5.0 

D
iv

e
rs

it
y
 (

K
W

) 

Gain (%) 

+ 

- 

Fig. 4. Relation between Kohavi-Wolpert variance and the gain of stacking.
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Fig. 5. Relation between correlation coefficient and the gain of stacking.
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TABLE IV
EVALUATION OF THE REGRESSION MODELS.

Datasets Model Correlation RRSE (%)
1 17 b/w G M5 0.5243 79.67
2 all 54 linear 0.4081 91.58
3 18 T-test linear 0.3532 99.89

dataset Connect. Bench (S,M vs. R) which experiment reaches
df = 0.62, KW = 0.11, ρ = 0.28 and G = 4.1%.

V. CONCLUSION

This paper presented an analysis of the impact of diversity
on stacking multiple classifiers. The experiments we have
performed show some link between the studied diversity
measures and the gain of stacking considering a lot of datasets.

The regression models revealed connections between some
measures and the quality of stacking. df , KW and ρ are
related to the final classification accuracy, but low values of the
correlation coefficients and high values of RRSE imply a weak
relationship. So, as suggested by the literature for bagging
and majority voting ensembles, predicting the improvement
on the best base classifier accuracy using diversity measures
is inappropriate.

As future work, we intend to conduct experiments with
additional diversity measures and with more synthetic data-
sets, aiming to better understand the relations between data
distribution, decision boundaries, classifiers diversity and the
quality of stacking.
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Abstract—With the popularity of social networks,
Twitter has become one of the dominant providers
of massive quantities of information. Exploring the
distributions and correlations from Twitter data helps
accurate personalized recommendations. Online Ana-
lytical Processing, or OLAP, provides an intuitive form
that is suitable for exploring Twitter data. Unfortu-
nately, the traditional OLAP approaches can only deal
with structured data, not unstructured textual data like
tweets. The key to applying OLAP to Twitter data is to
mine and build a dimension hierarchy of tweeter inter-
ests. However, the current methods can extract tweeter
interests from Twitter data on a single level, but fail to
obtain a hierarchy of tweeter interests with different
granularities. To address this problem, we propose a
LDA-based model, called MS-LDA, which combines
tweeters’ social relationships and tweets to extract and
build the tweeters’ interest dimension hierarchy. Such
a dimension hierarchy can be further employed to
apply OLAP techniques to Twitter data. In addition,
we employ Word2vec to obtain the linguistic similarity
of words in tweets, to improve its effectiveness. The
extensive experiments demonstrate that our method can
effectively extract the dimension hierarchy of tweeters’
interests for multidimensional analysis.

Keywords: Multidimensional Analysis, Twitters,
Tweets, Interests, OLAP, LDA, Tweeters.

I. Introduction
Twitter is an online social networking service that en-

ables tweeters to send and read short messages called
“tweets”. Technically, Twitter data can be divided into
two parts, i.e., structured data such as “id” and “location”,
and unstructured data which include text messages, short
links and so on. In addition, tweeters have some social be-
haviours, such as Follow (paying attention to others), Men-
tion (“@” others) and Retweet (forwarding others’ tweets).

Online Analytical Processing, or OLAP, enables users to

analyse multidimensional data interactively from multiple
perspectives using operations such as roll-up, drill-down,
slicing and dicing [1]. With the explosive growth of Twit-
ter, it has become increasingly necessary to introduce the
technology of OLAP to analyse complex Twitter data in an
interactive manner. Unfortunately, although OLAP technol-
ogy provides an intuitive inquiry form that is consistent with
human custom, it can only handle structured data, and fails
to deal with scenarios related to unstructured text data such
as tweets. Therefore, the key to applying OLAP to Twit-
ter data is the question of how to identify dimensions from
Twitter data. Among these, the interest dimension attracts
the most attention from researchers.

Although some progress has been made in the area of on-
line analysis of Twitter data, there are still some problems to
be solved. Many state-of-the-art approaches can only iden-
tify a single dimension from tweets instead of the whole
dimension hierarchy. Although some of the approaches are
able to identify dimension hierarchies, this usually depends
on the efforts of domain experts. The main issue this paper
tries to resolve can be described as follows: how to extract
the relevant information from the unstructured Twitter data
to construct dimension hierarchies of tweeters’ interests to
achieve effective online multidimensional analysis.

In this paper, we propose a multi-layered semantic LDA
(MS-LDA) model to achieve multidimensional analysis of
Twitter data. Firstly, we acquire tweets and the social rela-
tionship among tweeters through the REST APIs provided
by Twitter. Secondly, we utilize data pre-processing tech-
niques, such as ignoring stop words and part of speech
analysis, to remove the irrelevant words in tweets. Finally,
we extract the dimension hierarchy of tweeters’ interests
based on the probability distribution of the various inter-
ests and sub-interests revealed in the tweets. To summa-
rize, the multi-layered semantic LDA (MS-LDA) proposed
in this paper can not only extract tweeters’ interests, but
also dig out more fine-grained sub-interests. The interests
and their sub-interests thus constitute the dimensional hier-
archy of interests and the final data cube together with the
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other structured dimensions.
The main contributions of this paper are as follows. 1)

We present a new model called MS-LDA for mining the di-
mension hierarchy of a tweeter’s interests from unstructured
massive Twitter data, which considers not only tweets but
also the social relations among tweeters. 2) We take advan-
tage of Word2vec, a two-layer neural network model, to ob-
tain the linguistic similarity of words to improve the effec-
tiveness of identifying the interest dimensions. 3) We per-
form the multidimensional analysis of Twitter data which
demonstrates the effectiveness of MS-LDA.

The rest of the paper is organized as follows. After Sec-
tion 2 introduces related work, Section 3 describes the ap-
proach in detail, focusing on the interest mining and the
construction of interest dimension hierarchies. In Section
4, we show the overall effect on real Twitter data, and com-
pare our approach with others. Finally, Section 5 concludes
the paper and outlines future work.

II. Related Work
During the past decade, with the increased amount of text

data, such as web pages, tweets and web blogs, the question
of how to apply the traditional OLAP technique to the un-
structured text for business intelligence has attracted much
attention from many researchers.

Numerous studies have been conducted to explore the
social networks such as Twitter. Siswanto et al. [2] use
the supervised learning-based classification to determine
the user’s interests based on the bio and a collection of
tweets. Lim et al. [3] present a framework for classifying
the relative interests of Twitter users using information from
Wikipedia. Pu et al. [4] present Wiki-LDA to mine user’s
interests in Twitter. Xu et al. [5] propose a framework to
discover users’ interests by introducing a modified author-
topic model called the twitter-user model. Zhao et al. [6]
introduce a Twitter-LDA model which is specifically used
to extract topics from short tweet data.

Meanwhile, many researchers concentrate on extending
the traditional multidimensional data model to support un-
structured text such as Twitter data. For example, Maha et
al. [7], propose a generic multidimensional model dedicated
to the OLAP of tweets whereas N. Rehman et al. [8] develop
a system for warehousing streams from Twitter. These au-
thors also attempt to extend the established OLAP technol-
ogy to enable multidimensional analysis of social media
data by integrating text and opinion-mining methods into
the data warehousing system [9].

In contrast to previous work, the Multi-layered Seman-
tic LDA (MS-LDA) model proposed in this paper can not
only extract tweeters’ interests but also dig out more fine-
grained sub-interests. The interests and the corresponding
sub-interests thus constitute the dimensional hierarchy and
the final data cube for multi-dimensional analysis.

III. Mining Interests
This section discusses how to construct MS-LDA to

mine tweeters’ interests from Twitter data, and how to con-
struct interest dimension hierarchies based on the mined in-
terests.

A. Overview of MS-LDA

LDA is a document topic generation model, which de-
notes that each word in the document is obtained through
a particular process, that is, choosing a topic with a certain
probability, and then choosing a word from this topic with
a certain probability [10]. Unfortunately, due to the similar-
ities existing between some topics, LDA cannot distinguish
between some fine-grained ones. In addition, LDA does not
consider the semantic features of words. In a similar way
to LDA, the words and documents in MS-LDA are associ-
ated with a potential topic. However, using MS-LDA it is
possible to identify multi-level topics hidden in large-scale
data such as Twitter, which LDA fails to do. Moreover, MS-
LDA allows the semantic similarity between words and in-
terests to affect the process of model generation, in order
to improve the recognition results of sub-interests. Here,
we employ the term “interest” instead of the term “topic” to
better fit the current application domain.

Tweets are different from the general texts. In addition
to text information, the tweets also contain complex social
relationships, such as Following, Mentioning and Retweet-
ing [11]. To capture the above social relationships, we build
a social list for each tweeter, including the original tweeters
of forwarded tweets, the mentioned tweeters and the fol-
lowed tweeters. We then add this social list as an influence
factor into the MS-LDA model.

In summary, MS-LDA integrates tweets and the social
relationships among tweeters, and is therefore suitable for
multi-level interest mining. The Bayesian network graph
of MS-LDA is shown in Figure 1. When MS-LDA gener-
ates a tweet, it first chooses an interest from the multinomial
distribution θm which is generated by Dirichlet distribution
with parameter α. Next, it chooses a sub-interest z

′
ac-

cording to the degree of social impact and semantic impact.
Finally, it chooses a word w from the multinomial distribu-
tion ϕ

′

k′
which is generated by Dirichlet distribution with

parameter β
′

and Y
′
. For simplicity, Table 1 summarizes

the notations used throughout this paper.

Figure 1: The Bayesian network of MS-LDA
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Table 1: Notations used throughout the paper
Notation Definition

K Number of interests
M Number of tweeters
V Number of words
K
′

Number of sub-interests

θm
Interest distribution over the tweeter
m based on tweets

θ
′
m

Sub-interest distribution over the tweeter
m based on tweets

ϕ
′

k
′ Word distribution over sub-interest k

′

γk Sub-interest distribution over interest k
η Hyper parameter for γk, 1 ≤ k ≤ K
α Hyper parameter for θm, 1 ≤ m ≤M
α
′

Hyper parameter for θ
′
m, 1 ≤ m ≤M

β
′

Hyper parameters for ϕ
′

k
′ , 1 ≤ k

′
≤ K

′

w Word in tweets

zm,v (z−m,v)
Interest of word v in tweets of tweeter m
(indicator before sampling)

z
′
m,v (z

′
−m,v)

Sub-interest of word v in tweets of tweeter
m (indicator before sampling)

nm,k′ (n
′
m,·)

Co-occurrence of tweeter m and sub-interest
k
′

(or all sub-interests)

nk,v (nk,·)
Co-occurrence of interest k and word v (or
all words)

nk,k′ (n
′
k,·)

Co-occurrence of interest k and sub-interest
k
′

(or all sub-interests)

nk′ ,v (nk′ ,·)
Co-occurrence of sub-interest k

′
and word

v (or all words)

In other words, for a given tweet, its joint probability
distribution of all the words and their interests and sub-
interests can be calculated as follows:

P
(
z, z

′
, w
∣∣∣α, α′ , β′ , η,H, Y, Y ′) =

P (z|α)P (z
′ |z, α′ , η,H, Y )P (w|z′ , β′ , Y ′)

(1)

B. Derivation of MS-LDA

The MS-LDA model can be derived using the Gibbs
sampling method. The main steps are as follows:

Firstly, the interest probability distribution P (z|α), the
sub-interest probability distribution P

(
z
′
∣∣∣z, α′ , η,H, Y )

and the word probability distribution P (w|z′ , β′ , Y ′) can
be calculated according to the Euler formula, as follows:

P (z|α) =

(
(Γ(Kα)∏
k Γ(α)

)T M∏
m=1

∏
k Γ(nm,k + α)

Γ(nm,· +Kα)
(2)

P
(
z
′
∣∣∣z, α′ , η,H, Y ) =(

(Γ(K
′
α
′
)∏

k
′ Γ(α′)

)T ∏M
m=1

∏
k
′ Γ
(
H

m,k
′
(
n
m,k
′+α

′))
Γ(Hm,·(n′m,·+K

′α′))

×
(

(Γ(K
′
η)∏

k
′ Γ(η)

)T ∏K
k=1

∏
k
′ Γ
(
Y
k,k
′ (n

k,k
′+η)

)
Γ(Yk,·(n

′
k,·+Kη))

(3)

P
(
w
∣∣∣z′ , β′ , Y ′) =(

(Γ(V β
′
)∏

v Γ(β′ )

)T ∏K
′

k′=1

∏
v Γ
(
Y
′

k
′
,v

(n
k
′
,v

+β
′
)
)

Γ

(
Y
′

k
′
,·

(n
k
′
,·+V β

′ )

) (4)

The interpretation of the Hm,k′Y
′

k′ ,v
and Yk,k′ in the

above equations is as follows.
The social behaviour among tweeters reflects their in-

terest preferences to a certain extent. Hm,k′ , or the social
impact, denotes the degree to which the social relationship
affects the tweeter m being interested in the sub-interest k

′
.

Let Pm,k′ be the probability of tweeter m being interested in
the sub-interest k

′
, which can be obtained by Eq. (3), and let

Sm = {u1, u2, u3, · · · , uNm
} be the social list of tweeterm

in which uj represents the j-th tweeter in the social list Sm
andNm represents the total number of tweeters in the social
list Sm. The social impact can thus be calculated according
to Eq. (5), where P−uj ,k

′ represents the probability that the

tweeter uj is interested in the k
′

sub-interest in the previous
iteration.

Hm,k′ =

∑Nm

j=1 P−uj ,k
′

Nm
(5)

We consider that the higher the semantic similarity be-
tween words and the sub-interest, the greater the proba-
bility that the word belongs to the sub-interest. Let Y

′

k′ ,v

be the degree of word/sub-interest semantic impact of the
word v belonging to the sub-interest k

′
. For the computa-

tion of word/sub-interest semantic impact, we pick up the
most frequent n

′
words which belong to the sub-interest k

′

to compose a collection Q
′

k′
= {q′

k′ ,1
, q
′

k′ ,2
, . . . , q

′

k′ ,n′
}.

Let R
′

k′
= {r′

k′ ,1
, r
′

k′ ,2
, . . . , r

′

k′ ,n′
} be the number-of-the-

words collection in which each item gives the number of
occurrences of the corresponding word, and Sim(v, q

′

k′ ,j
)

be the semantic similarity between the word v and q
′

k′ ,j
.

The word/sub-interest semantic impact can thus be obtained
from Eq. (6).

Y
′

k′ ,v
=

∑n
′

j=1

(
r
′

k′ ,j
• Sim

(
v, q

′

k′ ,j

))
∑n′

j=1 r
′

k′ ,j

(6)

For example, when calculating the degree of seman-
tic impact of the word “Yao Ming” (short to v) belong-
ing to the sub-interest P , we first pick up the most fre-
quent top three words which belong to the sub-interest P ,
i.e., Q

′

P = {Basketball,Kobe Bryant,NBA}. Suppose
R
′

P = {30, 20, 10} is the number of occurrences of the cor-
responding words. Thus, the degree of word/sub-interest
semantic impact of the word “Yao Ming” belonging to the
sub-interest P can be calculated as:
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Y
′

P,v =
(30 ∗ 0.35 + 20 ∗ 0.63 + 10 ∗ 0.42)

(30 + 20 + 10)
= 0.455.

To calculate Sim(v, q
′

k′ ,j
), we utilize Word2vec, an ef-

ficient tool proposed by Google to characterize a word as
a vector [12]. According to Word2vec, the similarity in
the vector space can be used to represent the similarity of
text semantic. For example, we can obtain the vectors of
“Basketball”, “Football”, “Yao Ming” and “Kobe Bryant”.
The similarity of “Yao Ming” and “Basketball” calculated
by Word2vec is higher than that of “Yao Ming” and “Foot-
ball”, which is consistent with the real case.

For the words w1 and w2, we firstly obtain their vectors
V1 and V2 respectively by Word2vec. Then, their semantic
similarity can be calculated as follows:

Sim (w1, w2) =

∑x
i=1 (V1,i × V2,i)√∑x

i=1 V
2
1,i ×

√∑x
i=1 V

2
1,i

(7)

In a similar way to the word/sub-interest semantic im-
pact, the higher the semantic similarity between sub-interest
and interest, the greater the probability that the sub-interest
belongs to the interest. Let Yk,k′ be the degree of sub-
interest/interest semantic impact of the sub-interest k

′
be-

longing to the interest k. We select the most frequent
n words which belong to the interest k to compose a
collection Qk = {qk,1, qk,2, . . . , qk,n}. Suppose Rk =
{rk,1, rk,2, . . . , rk,n} is a collection such that each item is
the number of occurrences of the corresponding word. The
sub-interest/interest semantic impact can thus be calculated
as:

Yk,k′ =

∑n
i=1 rk,i

∑n
′

j=1 r
′

k
′
,j
Sim(qk,i, q

′

k
′
,j

)∑n
′

j=1 r
′

k
′
,j∑n

i=1 rk,i
(8)

We then sample all interests and sub-interests until we
achieve the stable sampling results according to the follow-
ing two posterior distributions:

P
(
z
′
m,v

∣∣∣w,α′ , β′ , z′−, H, Y ′) =
P
(
z
′
,w
∣∣∣α′ ,β′ ,H,Y ′)

P(z′−,w|α′ ,β′ ,H,Y ′)

∝
Y
′

k
′
,v

(
n
k
′
,v

+β
′
)

Y
′
k
′
,·

(
n
k
′
,·
+V β

′
) × H

m,k
′

(
n
m,k
′+α

′
)

Hm,·(n′m,·+K
′
α
′)

(9)

P
(
zm,v

∣∣∣z′ , z−, α, Y, η) =
P
(
z,z
′ ∣∣∣α,Y,η)

P(z′ ,z−|α,Y,η)

∝
Y
k,k
′
(
n
k,k
′+η

)
Yk,·(nk,·+Kη) ×

nm,k+α
nm,·+Kα

(10)

Finally, we obtain:

θm =
nm,k + α

nm,· +Kα
(11)

θ
′

m =
Hm,k′

(
nm,k′ + α

′
)

Hm,·(n
′
m,· +K ′α′)

(12)

ϕ
′

k′
=

Y
′

k′ ,v
(nk′ ,v + β

′
)

Y
′

k′ ,·(nk
′ ,· + V β′)

(13)

γk =
Yk,k′ (nk,k′ + η)

Yk,·(n
′
k,· +Kη)

(14)

C. Constructing Interest Dimension Hierarchies

Following the above steps, we can obtain the tweeter-
interest probability distribution θm, tweeter-sub-interest
probability distribution θ

′

m, sub-interest-word probability
distribution ϕ

′

k′
, and interest-sub-interest probability distri-

bution γk. Now, we exploit these matrices to construct the
interest dimension hierarchy to support OLAP.

First, we determine the relationship between sub-
interests and interests according to the distribution of the
interest-sub-interest probability distribution γk. Secondly,
a word can belong to multiple sub-interests according to the
distribution of sub-interest-word ϕ

′

k′
. We choose the top 20

maximum probability words that belong to the sub-interest
to be the word set of this sub-interest. Finally, we name the
sub-interest according to its corresponding word set, and the
interest according to the sub-interest set that belongs to it.

IV. Experiment
A. Experimental Setup

To evaluate the effectiveness of our approach, we con-
ducted extensive experiments on real Twitter data collected
by Twitter Rest API. Firstly, we selected 15 Twitter users
from the Twitter homepage as the seeds and acquired all
their 7,373 followers. Next, we retrieved the tweeters’
profiles (nicknames, locations, etc.), tweets (text, favourite
count, retweet count, etc.), and their social relationships
(follower list, fan list, etc.). Finally, we removed the tweets
with fewer than six words and the duplicate tweets. In this
way, we obtained 10,160,317 tweets from 6,907 tweeters.

Table 2 shows the statistics of the dataset. The number
of tweets that contains “@” amounts to 62% of the total and
the average number of twitter’s followers is 1565, indicating
the rich social relationships.

Table 2: Dataset Statistics

#Twetters #Tweets
#Tweets
with @

#Topics #Words
#Distinct
words

#Follower

Total 6,907 10,160,317 6,301,995 571,068 175,040,499 541,430 10,810,638

Average

of twitters
— 1,471 912 83 25,342 78 1,565

Average

of tweets
— — 62% — 17.2 — —

The vector model of Word2vec was trained using the
Google News data set, which consists of 100 billion words
and covers three million words and phrases, each of which
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has 300 dimensions. The experiments ran on a server with
six cores of E5-2620 2.00GHz, 64GB memory, and the
Windows 7 operating system.

B. Evaluation of Sub-interest Identification

We randomly selected 110 tweeters from the total of
6,907. Five postgraduate students manually labelled the
sub-interests of the 110 tweeters independently. If they
failed to reach the same sub-interests for a given tweeter,
they simply labelled the tweeter with the majority vote. The
performance of MS-LDA was evaluated using three widely-
adopted metrics, namely precision, recall and F-measure.

precisioni = 100%×

|tweeters correctly identified to i−th interest|
|tweeters identified to i−th interest|

(15)

recalli = 100%×

|tweeters correctly identified to i−th interest|
|tweeters actually belonging to i−th interest|

(16)

f-measurei = 100%× 2× precisioni × recalli
precisioni + recalli

(17)

f-measure =
1

n

n∑
i=1

f-measurei (18)

A tweeter often has more than one interest. We con-
sider that a tweeter has a particular interest if his probability
of having this interest is greater than a predefined thresh-
old value. Here, we set this threshold as 0.1, or T=0.1.
To evaluate its effectiveness, we compared our model with
LDA and Twitter-LDA [6]. We manually labelled the sub-
interests based on the results obtained by LDA and Twitter-
LDA since neither LDA nor Twitter-LDA provides multi-
level interests. Because a poor result would lead to a poor
labelling of sub-interests and vice versa, this comparison
can partially demonstrate the performance of our approach.
Table 3 shows the average precision (P), recall (R) and F-
measure (F) of MS-LDA compared with those of LDA and

Table 3: Comparisons of MS-LDA, Twitter-LDA and LDA

LDA Twitter-LDA MS-LDA

P% R% F% P% R% F% P% R% F%

Average 68.69 73.82 69.89 75.09 81.14 76.18 82.24 87.11 82.96

Twitter-LDA. As it indicates, our model achieves the best
values.

Unlike Twitter-LDA, MS-LDA considers the social rela-
tionships among tweeters and the word semantics of tweets.
In order to investigate the effect of these two factors, we
also conducted experiments without these factors. As Fig-
ure 2 shows, the F-measures of standard MS-LDA are bet-
ter than those of MS-LDA which does not consider social
relationships or word semantics under all circumstances.
On the other hand, the F-measure of MS-LDA without
considering tweeters social relationships achieves 79.54%,
which is lower than that of the standard MS-LDA but higher
than Twitter-LDA. Meanwhile, the total F-measure of MS-
LDA without considering tweets’ word semantics achieves
72.48%, which is far lower than that of the standard MS-
LDA and Twitter-LDA, but higher than the traditional LDA.

Table 4 shows the statistical significance based on p
value of MS-LDA compared with those of LDA and
Twitter-LDA. In the case of the significance value being set
to 0.1, i.e., α = 0.1, our method outperforms the other two
with regard to precision, recall and F-measure.

Table 4: Statistical Significance Between MS-LDA and LDA
P R F

P Value: MS-LDA vs LDA 0.0954 0.0934 0.0901
P Value: MS-LDA vs TWITTER-
LDA

0.0951 0.0934 0.0951

C. Overall Effect

Based on the above data model, we can conduct various
operations such as roll-up, drill-down and dicing on Twitter
data. For example, Figure 3 shows the result when drilling
down from “Sports”, which reveals the distribution of three
different sub-interests of “Sports” in different areas. The
data can be aggregated by rolling the area level up to the
country level based on the “Location” dimension.

Figure 2: The effectiveness of considering social relationship and word semantics
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Figure 3: Distribution of sports interests in different locations

Generally speaking, the interests that tweets reveal are
always changing, indicating a drift with time. Because all
the tweeters’ tweets are grouped according to different gran-
ularities with respect to time periods, the trained MS-LDA
model can be employed to discover the drift of interest dis-
tribution of the tweeters in different periods. As Figure 4
demonstrates, in January and February tweeters pay more
attention to basketball, but in April and May their interests
are transferred to football. On the other hand, the numbers
of tweeters who are concerned about movies remains almost
stable from January to February in 2016.

Figure 4: Changes in tweeter interests

V. Conclusion and Future Work
In this paper, we propose an improved topic model, i.e.,

MS-LDA, which is used to extract the dimension hierar-
chies of tweeters’ interests, normally hidden in the large
amount of unstructured Twitter data. We conducted exten-
sive experiments on a large real data set collected by Twitter
API to evaluate the effectiveness of MS-LDA. The results
show that MS-LDA has a better interest recognition effect
than other models.

The Word2vec model employed in this paper is trained
using news provided by Google. However, the presentation
of news in general is somewhat rigorous, while tweets are
more colloquial. In the future, we will consider the use of
Twitter data to train the Word2vec model to improve the
effectiveness of MS-LDA. In addition, we plan to parallel
MS-LDA to improve the running speed.
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Abstract—With the popularization of software version control
system and defect tracking tools, large amounts of software
development data is recorded. How to effectively use these
data to improve the quality of software development, has become
a hot topic in recent years. Software defect prediction technology
can take full advantage of the historical data to build predictive
models and automatically detect defective modules for efficient
software test to improve the quality of a software system. But the
class-imbalanced data makes the prediction model classifying a
modules as a defective-free one easily, while the misclassification
of defective modules generally incurs much higher cost risk than
the misclassification of defective-free ones. To resolve this
problem, we propose a cost-sensitive software defect prediction
method using dictionary learning. It iteratively optimizes the
classifier parameters and the dictionary atoms, to ensure that the
extracted features (sparse representation) are optimal for the
trained classifier; Moreover, we take the different
misclassification costs into account, increasing the punishment
on misclassification defective modules in the procedure of
dictionary learning, making classification inclining to classify a
module as a defective one. Experimental results on the 10 class-
imbalanced data sets of NASA show that our method is more
effective than other methods.

Keywords- Software defect prediction; Dictionary learning;
Cost-sensitive; Bilevel optimization; Sparse coding

I. INTRODUCTION
In recent years, soft version control system and defect

tracking system have widely used in software project, so
that each code submission, each defect report comments are
fully recorded. How to make use of these data to measure
the efficiency, calculate the cost, and predict the quality of
the products becoming a hot topic in the software
development of big data background [1]. The software
defect prediction technology can take full advantage of the
software historical data to build the prediction model, which
can accurately predicts whether the software module
contains the defect and allocate the test resource to analyze
the defective module in the early stage of the system
development, thus reducing the software development and
maintenance cost [2].
The traditional software defect prediction mainly uses the

classification technology of machine learning [3][4] ，
generally divided into two stages: the first stage is the
feature extraction, analysis the attribute feature of input
software model (such as Halstead, McCabe and others)，
generate feature vector. The second stage is the defect
identification, using the previously trained classifier model

to discriminate whether the input software module is
defective. Commonly used method include Support Vector
Machine (SVM) [5], Naive Bayesian (NB) [6], Neural
Network [7] and so on. The performance of the traditional
method is seriously limited by the software features, and the
feature selection is the difficulty of software defect
prediction, lack of common feature representation and
feature selection algorithms. Through in-depth research on
the characteristics of defect prediction tasks and defect data,
we can find that sparseness is a general nature of defect
prediction: 1) in general, the defect module is distributed
sparsely in the software data set, that is, the number of
defective modules is far less than defective-free modules in
the software system, which makes the defect data has the
class-imbalance characteristics[8][9]; 2) the software
module to be tested is usually similar to the historical data
of the project and belongs to the same, so it can be sparsely
represented by a specific similar historical software module.
With the development of theory and application in Sparse

Representation based Classification (SRC), it has been
widely applied in pattern recognition, image classification,
defect prediction, and so on[10][11][12]. Compared with
the traditional classification algorithms, SRC has better
discrimination and robustness, it consists of three parts: one
is over-complete dictionary; the second is the linear
representation under a specific sparse constraints based on
the over-complete dictionary; the third is the classification
according to the over-complete dictionary and the sparse
coefficient of the input data. Wright et al. [13] proposed a
SRC-based face recognition method that achieved good
results. Jing et al. [14] are the first to apply the dictionary
learning technology to the field of software defect
prediction, and achieved good results by using the over-
complete dictionary prediction defect software module.
However, the classification loss function of the method was
defined as data sample reconstruction error, making the
classification performance mainly dependent on the quality
of the training data.
Based on the sparseness principle of software defects,

this paper proposes a software defect prediction model
based on cost-sensitive dictionary learning (CSDL) under
the background of large data, and designs a projection first-
order stochastic gradient descent algorithm based on
sparseness. The algorithm solves the objective function and
verifies the validity of the above model and algorithm on
the 10 class-imbalanced data sets provided by NASA. The
method is divided into two stages: 1) training the over-
complete dictionary, extract the features (sparse coding); 2)

* Corresponding author.
DOI reference number: 10.18293/SEKE2017-188
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training classifier according to the extracted features.
Training dictionary to solve the sparse coding or training
classifier parameters alone cannot get the ideal
classification effect. In this paper, we propose a method to
iteratively optimize the parameters of the classifier and the
dictionary atom to ensure the feature extraction (sparse
representation) under the optimal classification performance.
At the same time, we take full account of the impact of
different misclassification in the process of learning the
dictionary, improve the cost of misclassifies a defective
module as defective-free one, so that the resulting
dictionary is more inclined to classification defect module.
Because sparseness is a kind of non-related and versatile
features, the model and algorithm proposed in this paper are
superior to other traditional methods.

II. RALATED WORK

The purpose of software defect prediction is to
automatically identify software modules that contain defects,
which are critical to ensuring software quality.
Menzies et al. [15] argue that software engineering data

sets are class-imbalanced, using data sampling and lifting
algorithms to improve the performance of the model.
However, the sampling strategy will change the distribution
of the source data, affecting the effect of the prediction. Sun
et al. [16] proposed a coding-based integrated learning
approach that transforms the class-imbalanced defect data
into multi-class balanced data to avoid the class-imbalance
problem by specific coding strategies. Jiang et al. [17]
pointed out that the performance of the defect prediction
model is affected by different misclassification cost. In this
paper, on the one hand, cost-sensitive learning method is
used to produce the smallest misclassification cost, which
makes it easy to classify the defective module with higher
misclassification cost, and reduce the class-imbalance
problem. On the other hand, considering the different
misclassification cost, so that the prediction model is more
inclined to classify the defect module, thus improve the
prediction performance of the model.
In the sparse representation based classification method,

it is necessary to set the dictionary in advance. Wright et al.
[13] used all classes of training samples as a dictionary
coding test sample, and classify the test samples through
minimizing the reconstruction errors. However, the
dictionary which they proposed cannot represent test data
efficiently due to the presence of noise in the original data
set. In addition, the number of dictionary atoms is too large
to increase the complexity of coding. Mariral et al. [18]
proposed a discriminant dictionary learning method by
training the classifier coding coefficients and validating
them in the digital recognition and texture classification. As
the classification loss function in the SRC is usually defined
as a reconstruction error of data samples. Therefore, the
performance of the classifier mainly depends on the quality
of training data and cannot achieve good classification
effect. Jiang et al. [19] integrated the identification of sparse
coding error and classification error into a target function to
improve the representation and discriminant of the
dictionary, joint the learning dictionary with a linear
classifier. Although the above methods can achieve better
classification accuracy in the corresponding fields, the

imbalanced defect data in the field of software defect
prediction makes the learning dictionary tendency
classification module as defect-free, and the cost of the
misclassified defect module is far more than the defect-free
module. Therefore, full consideration of this information
can be more effective in improving the performance of
defect prediction.
In this paper, we optimize the classifier parameters and

dictionary atoms iteratively in the process of dictionary
learning, to ensure that the feature (sparse representation) is
extracted under the optimal classification performance.

III. COST-SENSITIVE DICTIONARY LEARNING METHOD
FOR BIG DATA

This section describes the defect prediction process of
CSLD method in two stages, and the concrete process is
shown in Figure 1. The first stage is to optimize dictionary
and the classifier parameters iteratively; the second stage is
the classification. In software defect prediction, a test
module is usually similar to a partial history module and
belongs to the same class (defect or defect-free class), that
is, the test module can be compressed as a linear
combination of a small number of the same class of
modules in historical training data, this representation is
usually sparseness. However, classification loss function in
the SRC is usually defined as the reconstruction error of the
data samples, it is heavily rely on the data quality, and
cannot achieve good classification effect. Therefore, this
paper presents a dictionary learning method, which
optimize the dictionary atoms and classifier parameters
iteratively, and applies it to the task of software defect
prediction. In addition, there are two types of
misclassification errors in the software defect prediction.
The type I misclassifies a defective-free module as
defective module, while the type II misclassified a defective
module as defective-free module, the cost of them is
different. In the process of dictionary learning, we fully
consider the misclassification costs of type I and II errors to
reduce the minimum misclassification cost and improve the
prediction performance.

Figure 1. The predict process of CSDL model
The main process of CSLD method is shown in Figure 1.

First, using KSVD [20] technology to initialize over-
complete dictionary D . In the iterative optimization stage,
the sparse coding (feature extraction) a of training
samples x in over-complete dictionaryD is solved and used
to optimize the parameters of the classifier; at the same time,
in order to ensure that the sparse coding is under the
premise of the optimal classification performance, we apply
the algorithm 1 which is proposed in this paper to update
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the over-complete dictionary iteratively. In the test
classification phase, the test sample solves the sparse
coding in the optimized dictionary and inputs it into the
optimization classifier. We use logic loss function as the
objective function of the classifier.
Sparse coding depends on the over-complete dictionary, its

representation is 1 2( , , , ), ( )m
p iD d d d d m p    ,

where id represents a base vector in the dictionary, referred to
as atom. Each sample x can be combined linearly by
dictionary atoms, pa is the coefficient of sparse
representation of x in the dictionary, it is solved by Elastic
Net [21].
A. Feature Extraction based on Sparse Coding
Assuming that the software module sample space is X , the

label space is Y , the training sample set
is 1 2{ , , , } ,m n

nX x x x X    X , where n is the number
of sample modules, m is the number of attributes of the
sample. The module label iy Y indicates the label of the

software module ix . In the software defect prediction model
{ 1, 1}Y    Y , where “+1” denotes a defective module, “-1”

denotes a defective-free module. Given training sample
set 1 1{( , ), ,( , )}( 1, , )i iL x y x y i n   , 1 2( , , , ) m p

pD d d d   
is the learned over-complete dictionary, 1 2( , , , ) p n

nA a a a   
is the sparse coding based on D , the sparseness is guaranteed
by the 1l norm of the matrix as a regularization term. It should
be noted that each sub-dictionary should have the same
number of dictionary atoms, in general, the number of sub-
dictionary atoms is equal to the dimension of the data. Elastic
Net is used to solve sparse coding coefficients:

2 2

1 21

1
argmin

2 iF FiA
A X DA a A     (1)

It can also be expressed as a sparse coding for a single
sample , namely:

2 2

1 22 1 2

1
argmin

2i
i i i i ia
a x Da a a     (2)

where 1 and 2 are the regularization of the parameters

used to balance these three terms. When set 2 0  , the above

formula is a 1l sparse decomposition problem. It should be

noted that, must set 2 0  , to ensure that the objective
function is differentiable.
B.Cost-Sensitive Dictionary Learning
In this paper, an optimal classification model is obtained

according to the input feature for the minimum classification
loss, and the cost of different misclassification is considered
in the process of dictionary construction [22]. In the task of
software defect prediction, we use Cost(+1) to represent the
cost of misclassifying a defective module as defective-free
module, and Cost(-1) represents the cost of misclassifying a
defective-free module as defective module.
Using the iterative optimization sparse coding ( , )i ia x D to

train the classifier parameter W , and using logistic loss as a

classifier objective function. Therefore, the loss function can
be defined as:

1
( ( , ), ) ( , , ( , ))n

i i ii
T A X D W y W a x D


  (3)

Where ( , )( , , ( , )) ( )log(1 )
T

i i iyW a x D
i i i iy W a x D Cost y e  is a

weighting logic loss function, ( , )i ia x D is the sparse coding

of sample ix in dictionary D , ( )iCost y is the cost of
misclassification.

Finally, the joint minimization objective function
proposed in this paper can be expressed by the two-level
optimization model [23]:

2

2,

2 2
1 21

min ( , )
2
1. . argmin
2

D W

iF FiA

vT A W W

s t A X DA a A 



   
(4)

In the test phase, each test sample is sparsely encoded on the
dictionary D according to the formula (2), and then the
resulting sparse coefficients is used as the input of the previous
optimal classifier. Finally, the test samples are classified
according to the formula (4).
C. Optimization Algorithm
We constructing the projection first-order stochastic gradient

descent algorithm (SGD) to solve the formula (4), using KSVD
technology to initialize sub-dictionary for each class, as shown
in algorithm 1. It consists of an outer SGD loop that
increments the sample training data, each time the gradient of
the classifier parameters W and dictionary D for sample is
solved, and update W andD .
Algorithm 1 Stochastic Gradient Descent Algorithm (SGD)

to solve formula (4)
Input: 1 2 0 0( , ); , , ; ,X Y v D W  (the initial dictionary and
classifier parameters)； Iter (the number of iterations)；

0 ,t  (learning rate)
Output: ,D W
1. For t=1 to Iter do
2. Draw a subset ( , )t tX Y from ( , )X Y ;
3. Sparse coding: computer *A using Feature -Sign

algorithm:
2 2* 2

1 1

1
argmin

2 2t iF FiA
A X DA a A


    ;

4. Compute the active set:  (the nonzero suport of
A );

5. Compute * :Set * 0C


 and
* 1

2( ) [ ( , )]T
AD D I T A W 



     ;

6. Choose the learning rate:
  0min ,t t t   ;

7. Update D and W by a projected gradient step:
 

* *

( ( , ) )
( ( ) )
t WW

T T
t tD

W W T A W vW
D D D A X DA



  

   

      


 ,

where W and D are respectively
orthogonal projections on the embedding space of
W and D ;
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8. end for
9. return W and D .

In practice, the distribution of data is usually unknown, we
sample in a random sorted training set. In addition, in order to
allow each iteration to sample more samples rather than
sampling only a single sample, this paper adopts the minibatch
strategy. In order to get stable results in the experiment, 200
samples were sampled at each time.

IV. EXPERIMENT AND RESULT ANALYSIS

This section introduces the experimental setup in detail,
including the dataset, the evaluation metric and the analysis of
the experimental results.
A. Experimental Subject

Table I. NASA DATASET
dataset No.attr No.def Defect modules
CM1 38 42 12.21%
JM1 21 1759 18.34%
KC1 21 325 15.54%
KC3 40 36 18.00%
MC2 40 44 34.65%
MW1 20 27 10.23%
PC1 20 61 8.04%
PC3 20 140 12.44%
PC4 38 178 12.72%
PC5 39 503 2.96%

The experimental data for this paper are based on 10 class-
imbalanced data sets provided by NASA, as shown in table II.
The NASA project is the software system or subsystem of
NASA, which contains static code metrics for software
modules and the corresponding defect labels (defective
software modules are labeled as “Y” , and defective-free
module are labeled as“N”). The ratio of the class-imbalance,
that is, the percentage of the number of minority classes and
the number of majority classes ranges from 2.96% to 34.65%,
the size of the data set namely the number of software modules
is between 127~17001.
B. Performance Evaluation
Generally, the performance of the prediction model is

evaluated synthetically by using recall, precision, type I error
rate (Err1), type II error rate (Err2) and F1 value.
The metrics of model evaluation are defined as follows:
Recall: The ratio of the number of modules correctly

predicted as defect to the number of real defective modules.
TP

recall
TP FN




(5)

Precision: The ratio of the number of modules correctly
predicted as defect to the number of modules predicted as
defect.

TPprecision
TP FP




(6)

Recall and precision are a contradictory measure, so it is not
appropriate to use only one of them to evaluate the
performance of the prediction model. The F1-measure can
combine them to evaluate models, F1-measure is widely used
in performance evaluation of prediction model and other
software engineering research fields [12]. The calculation
formula of F1-measure is the harmonic mean of recall and
precision:

2
1

recall precision
F

recall precision
 




(7)

Type I error rate (Err1): The ratio of the number of falsely
predicted as defective modules and the number of defective-
free modules in real.

1

FP
Err

TN FP



(8)

Type II error rate (Err2): The ratio of the number of falsely
predicted as defective-free modules and the number of
defective modules in real.

2

FN
Err

TP FN



(9)

From the above ratio relationship can be seen, Err1 is
relative to the real defective-free module predict as defective
module, and Err2 is relative to the real defective module
predict as defective-free module, both of them should be used
simultaneously. Due to the different costs of detection and
maintenance of Err1 and Err2, the influence of the cost of
misclassification on the model is defined by the Expect Cost of
Misclassification (ECM) as shown in equation (10), where C1
and C2 are the cost of Err1 and Err2 respectively, corresponds
to Cost (-1) and Cost (+1) in the cost matrix, Pndf and Pdf
represent the prior probabilities of the defective-free modules
and defective modules, respectively. In many cases, as the
misclassification cost of a single class is difficult to obtain, the
influence of different misclassification costs on prediction
model is often analyzed by using the misclassification cost
ratio instead of a single misclassification cost, as shown in
equation (11).

1 1 2 2ndf dfECM C Err P C Err P  (10)

1 22 1( / )ndf dfNECM Err P Err PC C  (11)

C. Parameter Settings
Similar to previous work in literature [16], the parameters
1 and 2 , regularization parameter v , and learning rate  of

Elastic-net are determined by cross validation, we use
heuristics to reduce the search space of these parameters. The
specific process is as follows: Firstly, we need 2 >0 when
we prove that the objective function is different, and the
choice of small 2 value is a necessary condition for the
convergence of the algorithm. However, the experimental
results show that the better sparse representation can be
obtained when setting 2 =0; Secondly, we can achieve better

reconstruction results when the parameter 1 is near 0.025,
therefore we test in the given range
1 0.025 0.0125 ( { 3, ,3})k k      to achieve the

parameter 1 ; Thirdly, when there are a large number of
training samples, the regularization parameter v can be set as
an arbitrary small value, such as setting v =10-5, without
enough training samples, this parameter is set by cross
validation; Finally, the maximum number of iterations is set to
500. In addition, similar to the literature [14], in order to
emphasize the influence of risk costs on the prediction model,
according to the actual situation of the project, we set different
C2/C1 values of misclassification costs.
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In all experiments, if not specified, CSDL parameter settings
are obtained through 10-fold cross validation, so as to avoid
over-learning. Although our experiments verify that the choice
of these parameters can achieve better prediction results, the
finer parameter adjustment can further improve the
performance of the algorithm.
D. Experimental Design
We designed different experiments to evaluate the proposed

CSDL algorithm, and compared it with the defect prediction
algorithms which are proposed in recent years, including
Cost-sensitive Discriminative Dictionary Learning (CDDL)
[14], SVM [5], NB [6]，Coding based Ensemble Learning
(CEL)[16] and Cost-Sensitive Boosting Neural Network
(CSBNN)[17].
Experiment one. Comparison of experimental results. The

experiment was used to explore the effectiveness of the
proposed method, and verify the performance of the CSDL
algorithm. It was running on the 10 NASA datasets, and
compared with 5 defect predictive algorithms which were
proposed in recent years. We try to follow the parameters of
the algorithm in the original document.
Experiment two. The impact analysis of different

misclassification costs rate, which explore the effect of
predicted model performance under the different rate of
misclassification costs. We set the misclassification costs rate
of C2/C1 range from 1 to 10.
E. Experimental Results and Analysis
We compared the CSDL with SVM, NB, CEL, CSBNN

and CDDL, using 10-fold cross validation on the 10 NASA
datasets, and calculate 10 sets of evaluation indicators (the
value of F1) respectively. We focus on the study of optimal
performance of the algorithm corresponding to other two cost-
sensitive algorithms CSBNN and CDDL, so it is not need to
have the same misclassification costs among them. The results
are shown in TABLE II. The last row of table shows the
average F1 on all the experimental datasets, the best F1 are
presented with boldface.
From Table II, we see that the average F1-measure of

CSDL is the highest. Firstly, we compared CSDL with NB,
SVM and CEL, CSDL can obtain the best F1-measure in all
of the experimental data sets. For example, in the KC1 data
set, the F1-measure of NB, SVM and CEL are 0.376, 0.295
and 0.352 respectively, while the F1-measure of CSDL is
0.446.
Secondly, we compared CSDL with two cost-sensitive

algorithm CSBNN and CDDL. In order to obtain the optimal
predict performance, we select different misclassification
costs to different projects. Compared with CSBNN, among
all of the NASA data sets, CSDL can obtain the better predict
performance through adjustment corresponding
misclassification cost rate. For example, in the PC3 data set,
the optimal F1-measure of CSDL is 0.435, which is higher
than CSBNN’s 0.382. While the F1-measure of CSDL are
not all higher than CDDL. For example, in the JM1 data set,
the optimal F1-measure of CSDL is 0.380, which is less than
CDDL’ s 0.395. In most cases, the F1-measure of CSDL is
higher than CDDL.
In order to evaluate the performance of CSDL fairly and

objectively, we make use of Wilcoxon signed rank sums test
method to analysis the experimental results of F1-measure at a
5% significance level. That is, the performance difference
between two comparison methods were statistically

significant when p is less than 0.05. As shown in Table III, in
all NASA data sets, only one value of p is larger than 0.05.
Thus, the performance difference between CSDL and other
five methods were statistically significant.

TABLE II. F1-MEASURE OF DIFFERENT METHODS
DATASET NB SVM CEL CSBNN CDDL CSDL

CM1 0.325 0.214 0.279 0.312 0.366 0.398
JM1 0.332 0.311 0.341 0.383 0.395 0.380
KC1 0.376 0.295 0.352 0.405 0.435 0.446
KC3 0.385 0.382 0.353 0.384 0.421 0.455
MC2 0.456 0.521 0.501 0.567 0.632 0.618
MW1 0.312 0.275 0.278 0.336 0.382 0.395
PC1 0.284 0.362 0.327 0.315 0.415 0.421
PC3 0.291 0.87 0.365 0.382 0.413 0.435
PC4 0.367 0.475 0.492 0.463 0.541 0.577
PC5 0.331 0.176 0.357 0.365 0.600 0.576

AVG. 0.346 0.330 0.364 0.391 0.460 0.471

TABLE III. WILCOXON RANK TEST P VALUE OF CSDL AND
OTHERMETHODS

DATASET
CSDL

NB SVM CEL CSBNN CDDL

CM1 2.95×10-9 1.21×10-10 3.71×10-5 6.73×10-7 2.91×10-7

JM1 1.96×10-11 3.92×10-6 6.16×10-9 0.1323 1.54×10-3

KC1 3.66×10-9 9.12×10-11 5.74×10-7 6.21×10-8 9.61×10-6

KC3 7.53×10-5 5.71×10-3 1.19×10-5 3.26×10-6 8.71×10-5

MC2 6.68×10-8 5.69×10-6 3.21×10-6 1.73×10-6 9.91×10-8

MW1 3.19×10-8 2.91×10-5 2.27×10-4 1.88×10-5 2.57×10-8

PC1 1.31×10-4 5.79×10-5 3.29×10-6 3.99×10-8 5.41×10-7

PC3 4.25×10-8 2.73×10-10 4.05×10-6 4.26×10-5 5.89×10-6

PC4 9.37×10-11 4.43×10-8 4.75×10-8 5.42×10-9 4.19×10-7

PC5 4.13×10-13 4.28×10-7 4.63×10-10 4.63×10-11 2.55×10-5

We compared CSDL with other two cost-sensitive
algorithms CSBNN and CDDL, and set different
misclassification cost rate to analysis how it affects the
module performance. We make use of evaluation index Err1,
Err2 and NECM to describe the impact of misclassification
cost rate on the overall cost. The performance of the model is
evaluated synthetically by the F1-measure. Due to space
limitations, only the experiment results of data sets KC1,
CM1 and PC1 under the different misclassification cost rate
are given, we set C2/C1 range from 1 to 10, as shown in Figure
2~5.

Figure 2. The performance comparison of KC1 dataset

Figure 3. The performance comparison of CM1 dataset
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Figure 4. The performance comparison of PC1 dataset

Figure 5. The F1-measure comparison on the KC1,CM1 and PC1
Figure 2~4 show that, with the increase in the

misclassification cost rate, more and more defective modules
were successfully detected, while the number of detective-free
modules detect as defective modules also increases. The
CDDL algorithm is more smooth in the Err1, Err2 indicators.
CSDL and CDDL in the performance of NECM is always
better than CSBNN algorithm. In the data sets KC1 and PC1,
when the misclassification cost rate is less than 4, the
performance of NECM on CSDL is not better than CDDL, but
as the misclassification cost rate increase(larger than 5), the
performance of NECM is significantly better than other
methods. In the data set CM1, CSDL can get the best NECM
performance when the misclassification cost rate is lower than
6, but the NECM performance of the CSDL algorithm
decreases with the increase of the misclassification cost rate.
In most cases, CSDL is always able to get the best NECM
performance by effectively adjusting the misclassification cost
rate.
In addition, the performance of three cost-sensitive

algorithms on KC1, PC1, CM1 datasets is evaluated
synthetically using F1-measure. As can be seen from Figure.5,
the F1 performance of the prediction model changes
significantly with the increase of the misclassification cost
rate. Although in some cases, the F1 performance of CSDL is
not optimal, but we can always make CSDL algorithm to
achieve better F1 value by adjustment misclassification cost
rate reasonably. In the actual application scenario, the
software module's misclassification cost rate is difficult to
obtain. As a result, it is often necessary to obtain an optimal
predictive performance through an extensive search process
for the misclassification cost rate.

V. CONCLUSIONS
In this paper, we propose a big data oriented cost-sensitive

dictionary learning method to predict software defect, and use
the logic regression classifier as the final classification
judgment result. We iteratively optimize the dictionary atom
and classifier parameters, and take full account of the different
misclassification cost rate to improve the performance of the
classifier. The experimental results show that our method has
better detection effect than the other five methods, and can
provide better support for software testing.
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Abstract—Link prediction is an important research direction
in the field of Social Network Analysis. The significance of
this research area is crucial especially in the fields of network
evolution analysis and recommender system in online social
networks as well as e-commerce sites. This paper aims at
predicting the hidden links that are likely to occur in near future.
The possibility of formation of links is based on the similarity
score between pair of nodes that are not yet connected in the
social network. The similarity score, which we call link prediction
score has been evaluated in Map-Reduce programming model.
The proposed similarity score is based on both the structural
information around the nodes and the degree of influence for
neighboring nodes. The proposed algorithm is scalable in nature
and performs quite well for large scale complex networks having
good number of nodes and edges based on large pool of data
or often termed as big-data. The efficiency and effectiveness
of the algorithms are extensively tested and compared against
traditional link prediction algorithms using three real world social
network datasets.

Keywords—Link Prediction; Preferential Attachment; Sim
Rank; Jaccard Coefficient; Kartz Measure

I. INTRODUCTION

Online Social Networks(OSNs) are an inevitable part of
today’s society. Research on this area has given rise to an
entirely new field of research called Social Network Analysis
(SNA). The size of social network is observed to be increase
in a very large scale during a short span of time; as a result, it
demands a necessity for analysis of such a large sized network.
However, traditional tools are found to be bit inefficient in
analyzing large scale network. Distributed computing frame-
work may be considered as an alternative for analyzing such
large network in reasonable amount of time. Understanding the
evolution of social network is one of the important aspects of
social network analysis, where the aspect of “link prediction”
plays an important role. Predicting links which may come up
in a network in future can be utilized in different applications,
such as recommender system in e-commerce sites, OSNs and
predicting hidden links in a terrorist network etc. But, large-
sized networks, which are quite prevalent these days, give rise
to a need for considering a highly scalable method, rather than
using other conventional methods with higher time and space
complexity.

The evaluation of link prediction may have certain dif-
ficulties. First one, sparsity of large complex networks may
lead to difficulty in designing a statistical model due to prior
existence of very few link. Secondly, it is a difficult task to
develop a highly efficient algorithm for big real-time networks.
Generally, there exists a trade-off between computational time
complexity and accuracy, because as, we go on increasing
accuracy, time-complexity increases and vice-versa. Hence, the
challenge is to design an accurate and efficient algorithm for
analysis of huge and sparse networks. This paper presents an
approach for prediction of links considering mutual neighbors
between two nodes, their shortest distance and their influence
in the network. This algorithm has been implemented using
Map-Reduce technique making it suitable for large-scale social
networks. By considering the small-world effect and scale-free
network, this algorithm is observed to have less implementa-
tion complexity.

The subsequent sections of the paper are organized as
follows: In section 2, the related work in the field of link pre-
diction in large scale social network is discussed. Motivation
behind the Map-Reduce approach for link prediction has been
presented in section 3. In Section 4, the proposed algorithm
has been presented. Section 5 indicates its implementation part.
In section 6, a comparative study is presented by using the
graphical representation. Section 6 concludes the paper and
presents the scope for future work.

II. RELATED WORKS AND BACKGROUND DETAILS

The problem of Link-Prediction has been a trending topic
of research for the past few years in the field of SNA. The first
promising work in this field was carried out by Libebn-Nowell
and Kleinberg [4], where authors introduced the significance
of topological information and discussed as to how it can prove
to be highly effective in predicting links in social networks. It
can be observed from their work that topological information is
highly effective in comparison with picking up random edges
from a social network, as these networks are sparse in nature.
There have been a lot of works based on proximity evaluation
for link prediction in the paper [1] These methods seem to be
not that much effective in large-scale networks. For example,
escape-probability concept has been proposed as a powerful
measure of direction-aware proximity by Zhou and Jia [6],
which is closely related to rooted page rank. But the proposed
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TABLE I: Link Prediction Algorithms

Link Prediction Algorithm Equations Description

Common Neighbor [1] LPCN (x, y) = |N(x) ∩N(y)| Probability of having hidden links between two
nodes increases with the number of common neighbors.

Preferential Attachment [2] LPPA(x, y) = |N(x)| ∗ |N(y)| Hidden links are most likely to be observed between higher
degree nodes rather then smaller degree nodes.

Adamic Adar [3] LPAA(x, y) =
∑

z∈{N(x)∩N(y)}
1

log(N(z))

Adamic adar is the measure that gives
higher preference to those pair of nodes which have
neighbors that are not shared with other nodes.

Kartz Measure [4] LPKZ(x, y) =
∑∞

i=1 β
i
∣∣∣pathi

x,y

∣∣∣ This measure is defined as the sum of all the
paths (less than diameter) between two nodes.

Sim Rank [5] LPSR(x, y) = γ

∑
a∈N(x)

∑
b∈N(y)LPSR(a,b)

|N(x)||N(y)|
Probability of establishing link between
two nodes is more if they are connected with more similar neighbors.

method of computing escape-probability helps only to scale
networks with large number of nodes [7].

Some of the conventional techniques used for prediction of
links are listed in Table I. In all of these techniques, a score
is assigned to every possible, but not yet connected, pair of
nodes (x, y), based on the input snapshot ‘G’ of the social
network at a certain time. Link Prediction heuristics predict
links between nodes based on their similarity i.e., more similar
the nodes, higher is their score.

III. MOTIVATION

In a social network, it is observed that an influential node
tends to involve in network evolution rapidly as, more and
more nodes try to associate themselves with this node. This
aspect has been the intuition behind algorithms like preferential
attachment and rooted page rank [8], but it does not consider
either the shortest distance between the concerned nodes or
the number of mutual neighbors, which these nodes share.
Similarly, in certain heuristics like Jaccard, Adamic-Adar etc.,
mutual neighbors between two nodes are being considered
without considering the influences of concerned nodes. To put
a check on these limitations, a method has been proposed in
this study, which considers not only the popularity of nodes in
a network, but also the geodesic distance and mutual neighbors
between concerned nodes. The significance of mutual neigh-
bors and influence of mutual nodes are observed to be the
important parameters which are being applied in other link
prediction algorithms. In a social network, if two persons
share popular friends then, there is a higher possibility of
them getting connected, than the case where mutual friends
are not that much popular. The motivation behind the use of
eigenvector centrality is that it provides centrality score, which
considers the importance of its neighboring nodes.

IV. PROPOSED ALGORITHM

The Proposed algorithm for link prediction is based on the
Map-Reduce programming model, presented in Algorithm 1.
In this algorithm, probable score for link has been measured
only for those pair of nodes between which no edge exists.

Algorithm 1: Link Prediction using Map-Reduce(LPMR)
Model

Input: The large scale social network G = (V,E) in edge
list format and eigen-vector centrality for each node in
vector form.
Output: Link predicted score between i and j where A[i,j]=0
i.e. node pair between which no edge exists

Reducer 1

Input Graph in Edge- 

List format

Mapper 1

Node with local information 

(Neighbor list of each node 

at one distance)

Mapper 2

Reducer 2

Eigen Centrality 

Vector

of Graph

distance < = 3

Mapper 3

Reducer 3

Link Prediction 

Score

YES

NO

Node with global information

(Node, Neighbor list, 

distance)

distance = distance+1

Fig. 1: Proposed Framework for Link Prediction

Step 1: The edge list is processed in first Map-Reduce
phase. The first Map-Reduce phase is used to transform the
edge list into adjacency list format, which contains local
information of each node in the network. Local information
may have list of neighboring nodes at one distance
Step 2: Modified adjacency list is then provided as input to
the second Map-Reduce phase.
Step 3: Second Map-Reduce phase is used to apply extended
ring search algorithm on modified adjacency list in order to
get global information around the node.
Step 4: Global information contain structural information
around a node upto path length four.
Step 5: Second Map-Reduce phase is repeated until the walk
length is less than four. Neighbor list upto three walk length
distance can be easily obtained in this step.
Step 6: The output of second Map-Reduce phase is then
processed through Final Map-Reduce stage where link score

342



TABLE II: Real world datasets used for experiment

Datasets No. of Nodes No. of Edges Diameter Clustering Coefficient
Hamsterster Friendship [10] 1858 12534 14 0.901

Jazz Musician [11] 1133 2742 6 0.52
Ego Facebook [12] 2888 2981 9 0.0359

has been predicted.
Step 7: The link score has been predicted using the proposed
similarity score which can be mathematically expressed as
follow:

LS =
1

d
(EC(a) + EC(b))

∑
z∈{N(a)∩N(b)}EC(z)∑
k∈{N(a)∪N(b)}EC(k)

(1)

where LS is the predicted link score between node a and
b. EC(a) and EC(b) is the eigen-vector centrality score of
node a and b respectively. d is the shortest distance between
a and b.

The proposed LPMR model evaluates the similarity be-
tween nodes in the real world datasets. The initial input to the
LPMR is the edgelist of graph G and eigen vector, where eigen
vector centrality of all nodes has been provided. To compute
shortest path of upto length L in graph G, customized form of
expanding ring search algorithm is employed [9]. Traditional
breadth first search (BFS) algorithm to find all shortest paths
between any pairs of nodes has time complexity O(n3). Map-
Reduce based algorithm has been applied for BFS in order to
have global information of the node. Customized expanding
ring search algorithm can find shortest paths of distance upto L
from every node in a graph in a computational time complexity
of O(n), which is much less than the traditional algorithms.
In this work execution time is further improved using Hadoop
distributed frame work.

V. IMPLEMENTATION

A. Experimental Setup

Proposed Map-Reduce based Link prediction algorithms
have been implemented on three real world social network
datasets. All the experiments have been carried out on a cluster
of 5 nodes, each with i7 processor having 3.4Ghz clock speed.
Master node has the configuration with 1TB hard disk and
10GB RAM. It also acts as worker node. Each of other four
nodes acts as slave or worker node. They all have symmetric
configuration with 1TB hard disk and 20GB of RAM.

B. Dataset Used

The performance of the distributed link prediction algo-
rithm i.e. LPMR is compared with the following existing link
prediction algorithms:

a Common Neighbor (CN) [1]

b Kartz (KZ) Measure [4]

c Preferential Attachment (PA) [2]

d Adamic Adar(AA) [3]

e Sim Rank (SR) [5]

For testing our proposed algorithm, three real world social
network datasets are considered. Details of the datasets are
listed in TABLE II. The proposed algorithm use three pair
of Map-Reduce components. Each component is intended for
specific task of link prediction process. Input of the algorithm
is the network with edge list format. As Map-Reduce takes
only key-value pair as input, this format is to be strictly
adhered in order to have compatibility with Map-Reduce
model; however the dataset is transformed into a specific
adjacency list format during different phases of Map-Reduce
to gather the local information in the network. The first pair of
Map-Reduce is used to discover the neighboring list of each
node at one walk-length. After obtaining local information
the dataset is then passed through second Map-Reduce phase
where neighboring list of each node at four walk length has
been discovered. This provides global information around the
node in the network.

Link prediction score has been calculated in third Map-
Reduce phase where eigen centrality of each node has been
considered. Eigen centrality of each node has been provided
at the beginning of the algorithm. The intuition behind using
eigen centrality is that it captures the importance of each
node by having connection with other important nodes. It
can be observed that probability of establishing links between
the node is high, if they are connected to more important
nodes. The proposed link prediction score is also based on
eigen centrality value of its common neighbors. It can be
mathematically expressed as:

LS =
1

d
(EC(a) + EC(b))

∑
z∈{N(a)∩N(b)}EC(z)∑
k∈{N(a)∪N(b)}EC(k)

(2)

where LS is the predicted link score between nodes a and b.
EC(a) and EC(b) are the eigen-vector centrality scores of node
a and b respectively. d is the shortest distance between a and
b.

VI. COMPARATIVE STUDY

The performance of LPMR model is compared with other
existing algorithms in terms of parameters such as precision,
recall, f-measure and execution time by using three different
datasets of social network. Few links have been randomly
removed from the original datasets. After execution of link
prediction algorithms, the predicted links have been compared
with the links that have been removed prior to the experiments.
All the experiments have been performed in Hadoop platform.
The results have been aggregated and presented in the form
of boxplot. Boxplot for Precision, recall, execution time and
F-measure of link prediction probability is presented in Fig 2a,
2b, 2c and 2d respectively. Precision value for link prediction
algorithms is presented in Table III. From Fig.2a, it can be
observed that LPMR algorithm has better precision value
as compared to those obtained using other traditional link
prediction algorithms. Recall in information retrieval is the
fraction of the links that are relevant to the hidden links being
successfully retrieved. It is the number of detected links that
actually exist before removal. From Fig. 2b, it can be identified
that mean value of recall is better for Map-Reduce based
algorithm.

Execution time for the proposed algorithm i.e. LPMR is
compared with other algorithms. The execution time (second)
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Fig. 2: Comparative Analysis using Boxplot

TABLE III: Precision for different Algorithms

Network CN AA Katz SR PA LPMR
Hamsterster Friendship 0.232 0.211 0.292 0.249 0.167 0.385

Jazz Musician 0.195 0.283 0.345 0.257 0.159 0.336
Ego Facebook 0.302 0.351 0.344 0.033 0.274 0.375

TABLE IV: Execution Time for different Algorithms in Sec

Network CN AA Katz SR PA LPMR
Hamsterster Friendship 39 36 21 58 28 16

Jazz Musician 68 92 74 66 67 22
Ego Facebook 120 98 96 72 59 35

of different algorithms on different datasets are listed in Table
IV. It can be observed from Fig. 2c that both minimum time
and average time for the LPMR is comparatively less than
other approaches. F-measure has been calculated for different
algorithms on three datasets. F-measure value for Map-Reduce
based algorithm is found to be more distributed as compared
to other traditional algorithms. It can be observed from Fig.2d
that mean value of F-Measure is more in LPMR algorithm .

VII. CONCLUSION AND FUTURE WORK

Link prediction is one of the most important research
directions in a number of application domains under SNA.
It deals with revealing hidden links in the network. In this
paper, an effort has been made in revealing hidden link in
large scale network in distributed manner. Hadoop platform
has been utilized for link prediction algorithm which is based
on Map-Reduce programming model. The proposed algorithm
has been extensively tested against few standard link prediction
approaches. The Map-Reduce based Link prediction algorithm
is found to be more suitable for processing large scale complex
network. In Future, further enhancement to the proposed al-
gorithm can be made for analyzing link prediction in dynamic

network. Distributing processing tools like Storm and Spark
can be implemented for streaming network where nodes and
edges are added dynamically in continuous manner.
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Abstract—Face recognition system is a widely-used intelligent 

application nowadays. Existing recognition system evaluation 

methods primarily focus on recognition rate, i.e., the correct 

result. However, current research seldom focuses on the quality 

evaluation of face recognition systems. They seldom consider 

accuracy or the quality of recognition. To address this issue, this 

paper proposes several quality factors for evaluation. In addition, 

corresponding metrics for diverse quality factors are illustrated. 

Moreover, the paper presents an experimental study on a 

realistic non-trial face age recognition system using the proposed 

quality evaluation method. The study result shows the proposed 

method is feasible and effectiveness in quality evaluation.  

 

Keywords: face recognition, age recognition application, quality 

factors, quality evaluation 

 

I. INTRODUCTION 

Face recognition is one of the commonly-used intelligent 

systems in people’s daily life. During the past ten years, face 

recognition technology has been widely focused and studied. 

Thus, face recognition systems are fast developing, from the 

feature points extraction or face matching in early years to 

face authentication, face age recognition and prediction and 

face dynamic tracing in recent times. Face recognition usually 

consists of the following steps: face image collecting, image 

preprocessing, image feature extraction, image processing 

(such as matching, recognition, and etc.). Facial age 

recognition has been concentrated and becomes a hot research 

issue recently in face recognition, which mainly realizes the 

judgment and prediction of age of a face picture. Some 

well-known age recognition systems have been used widely 

such as Microsoft's latest application--HOW-OLD and 

Alibaba cloud face age recognition API. When a user uploads 

photos, HOW-OLD will be able to recognize the gender and 

age of the given image. It works through learning and training 

of massive data in cloud, using detecting and identifying to 

tell the age of the image. HOW-OLD is mainly done by face 

detection, gender classification and age detection. Face 

detection is the basis of the other two technologies, and age 

detection and gender detection conduct the classification 

problem in the process of machine learning. This relates to the 

facial features of the portrait, the collection of learning data, 

the establishment of a classification model and model 

optimization. HOW-OLD analyzes the 27 points on people's 

faces to draw conclusions. These points are key nodes of the 

face, such as the pupil and the corner of the eye. Many 

researchers proposed optimize algorithm of facial age 

recognition. However, there are few quality evaluations for 

facial age recognition. The commonly-used metrics is 

recognition rate, which only tells the number of successful 

recognition. Age recognition system is a complex application 

that allows and tolerates errors (error is deviation from actual 

and expected value in software engineering). For example, 

assuming the real age of a face picture is 20 years old, if the 

recognition result is between 18 and 22, we may say that the 

system has a good recognition, rather than it must be 

recognized as 20-years-old exactly. Thus, how to measure the 

quality of face age recognition is an important issue for those 

kinds of systems. 

Based on our recent research and survey, this paper 

proposes a set of reference quality factors for quality 

evaluation of face age recognition system. In addition, an 

experimental study is performed to discover the quality 

defects and problems of face age recognition. The remaining 

part of the paper is structured as follows. Section II is the 

related work. Section III presents the proposed quality factors 

and their measurements for facial age recognition systems. 

Section IV shows our experimental study and comparison 

with existing approach. Conclusions and future work are 

summarized in the end. 

 

II. RELATED WORK 

There are increasing quality problems resulting in erroneous 

testing costs in enterprises and businesses. According to IDC 

[1], the Big Data technology market will "grow at a 27% 

compound annual growth rate (CAGR) to $32.4 billion 

through 2017". In our previous work, the issue of quality 

assurance and validation for big data and applications was 

preliminary discussed [2, 3]. 

In the field of facial age recognition, most of the 

researchers focus on recognition algorithms. Du proposed a 

facial age estimation method based on sparsity constrained 

non-negative matrix factorization [4]. Yu proposed an age 

recognition method based on fusion error correcting output 

coding [5], which is a kind of SVM multi class classifier and 

integrates the error correcting output coding. Zhu proposed a 

3D facial age recognition algorithm based on multi classifier 

fusion [6]. There are more proposed different age estimation 
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methods, such as [7-11].  

Facial age recognition becomes a hot research domain in 

pattern recognition, so there is little evaluation method of 

facial age recognition. When evaluating the effect of the 

algorithms, researchers usually use the average absolute error 

to evaluate its quality [4, 7, 8, 9, 10], or the group recognition 

rate [5, 6, 8, 11]. The average absolute error is the average 

value of the absolute difference between real age and 

recognition age. The group recognition rate means the ratio of 

the occurrence when real age and recognition age are in the 

same age group.  

Age recognition system not only need consider recognition 

rate or pass rate, but also the error between real age and 

recognition age. In the field of Agricultural, water 

conservancy, weather and economy, some error factors are 

used to evaluate the error, such as average absolute error, 

relative error [12-15]. But these quality factors haven’t been 

used systematically and adaptively to evaluate an age 

recognition system. In Physics and Mathematics, there are 

also some error theory and error factors [16][17]. 

 

III. QUALITY FACTORS OF AGE RECOGNITION  

Based on our investigation and analysis, we find that the 

average absolute error has some limitations in quality 

evaluation. For instance, when we recognize an image with 

10-years-old in real as 20 years old, and recognize an image 

which is 70-years-old in real as 80 years old, the average 

absolute error is both 10 years old, but actually, recognize 10 

as 20, the error rate is up to 100%, while recognizing 70 as 80, 

error rate is only 15%. Thus only using the average absolute 

error to evaluate the quality of facial age recognition is not 

reasonable. The group recognition rate used to evaluate age 

recognition is also not fully available, since the age 

recognition is a fault-tolerance application. When we define 

groups, there exists unavoidable boundary. For example, we 

define two group intervals as (10, 20] and (20, 30]. Both 

groups are not available in left boundary while available in 

right boundary. When the real age falls on the boundary just 

right, such as 20, if the system recognizes it as 19, then the 

result belongs to interval (10, 20]. However, when the system 

recognizes it as 21, it belongs to the interval (20, 30]. Thereby 

evaluation system may think there is an error. As we know, 

both 19 and 21 is an acceptable recognition result of real age 

20.  

Thus, only using average absolute error or the recognition 

rate cannot measure the quality of the age recognition system 

effectively. It is easy to ignore the hidden quality problems 

and is not conducive to the improvement of the system. The 

error between the facial age recognition results and actual real 

results, determines the accuracy of face recognition. Combing 

the error theory in theoretical physics and mathematics with 

the study of features of age recognition system, we propose 

several quality evaluation factors for age recognition systems 

shown in figure1. 

The quality factors are mainly composed of two parts: 

recognition rate and accuracy rate. They are illustrated as 

follows. 

Quality factors for age 

recognition system 

Recognition rate accuracy rate

Face 

Recognition 

rate

Group 

Recognition 

hit rate

Recognition 

Absolute 

accuracy rate

Recognition rate 

based on 

absolute error

Recognition rate 

based on relative 

error

Average absolute 

error

Average relative 

error

Age Recognition 

variance

         

Figure 1 Quality factors for age recognition system 

Recognition rate 
The recognition rate refers to the ratio of recognition age 

to the actual age. The recognition rate is a reflection of the 

capability of age recognition such as the recognition ratio in 

different age groups with fault tolerance. Overall, the 

recognition rate reflects the correctness of an age 

identification system. Here we propose five quality 

calculating indexes for recognition rate. They are listed as: (1) 

the face recognition rate; (2) the group recognition hit rate; (3) 

Recognition absolute accuracy rate; (4) the recognition rate 

based on absolute error; and (5) the recognition rate based on 

relative error. The detailed calculation metrics for the five 

calculating indexes are explained as follows. 

(1) Face recognition rate. Recognition rate is affected 

by a number of external factors, such as the angle of face, the 

size of face, and multi-faces in one image. There are more 

reasons that may cause the failure of face recognition in 

practical use. Here we adopt formula 1 NPR
N

  to 

measure face recognition rate, where NP refers to the passed 

recognition cases (regardless of recognition accuracy), i.e., the 

system recognize a face and give its corresponding age, and N 

refers to the total cases that have faces without image quality 

problems. 

(2) Group recognition hit rate. It refers to the ratio of 

the recognition cases that in the correct age group. For 

instance, we divide age range into several groups, with 

interval such as 10-20, 20-25, and etc. To avoid the boundary 

problem as discussed before, we assume if the real age is just 

at the boundary, both the left and right age group are 

considered to be correct for the recognition age. A good age 

recognition system should be able to make the recognition 

rate as high as possible. We use formula 2 NHR
N

 to 

measure group recognition hit rate, where NH refers to the 

cases that hit the correct age group, and N refers to the total 

cases that pass the recognition system. 

(3) Recognition absolute accuracy rate. It describes the 

ratio of the cases that the recognition age equals to the true 

age. In this metric, we use the formula 3 NCR
N

 , where 

NC means the cases that the recognition age is equal to the 
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actual age and N refers to the total cases that pass the 

recognition system. 

(4) The recognition rate based on absolute error. It 

refers to that the error is divided with a fixed real number. The 

recognition rate based on absolute error represents the ratio 

of the cases that the error between real age and recognition 

age is smaller than the fixed real number as threshold. When 

the fixed real number threshold is zero, the value is the same 

as the index (3) above. The given formula is
( ( 1 2) )

4
COUNT abs age age e

R
N

 
 , where age1 means the 

real age, age2 is the recognition age, e represents the fixed 

real number threshold, and N refers to the total cases that pass 

the recognition system. 

(5) The recognition rate based on relative error. This 

index shows that the error is divided based on the percentage 

of actual age. Since recognition rate based on absolute error 

cannot avoid the effect of the age size, we need to define new 

metrics for recognition rate. For instance, when we recognize 

an image with 70 years-old in true as 80 years-old, and 

recognize an image which is 20 years-old in true as 30 

years-old, though the absolute error is both 10, it is obvious 

that recognizing 20 as 30 is more intolerable than recognizing 

70 as 80, since the error for those two cases is 50% and 15% 

respectively. The recognition rate based on relative error is 

the ratio of the cases that the error between real age and 

recognition age is smaller than the percentage of actual age as 

threshold. The formula is given as 
( ( 1 2) / age1 )

5
COUNT abs age age e

R
N

 
 , where age1 means 

the real age, age2 means the recognition age, e means the 

percentage, and N refers to the total cases that pass the 

recognition system. 

Accuracy 
Accuracy is a measurement of recognition error between 

recognition age and real age. If the 19-years-old is recognized 

as 20, from the recognition group rate, this age recognition is 

successful, because the error is small, but this does not mean 

there is no error. A good age recognition system should ensure 

a high recognition rate and a high accuracy with low error. 

The accuracy is divided into three indicators: average 

absolute error, average relative error, and age recognition 

variance. The explanations and their metrics are shown as 

follows. 

- Average absolute error. It refers to the average absolute 

value of the error between real age and recognition age. The 

lower the value is, the closer the actual age and the age of 

recognition is, and the better the recognition quality is. The 

formula is given as (age1 2)
5

abs age
R

N


 , 

where age1 means the real age, age2 means the recognition 

age, and N refers to the total cases that pass the recognition 

system. 

- Average relative error. As explained in the quality factor #3 

in recognition rate before, here we use average relative error 

to avoid the side-effect of age size. The formula is given as

(age1 2)
6

1

abs age
R

Nage


 , where age1 means the 

real age, age2 means the recognition age, and N refers to the 

total cases that pass the recognition system. 

- Age recognition variance. The absolute error and relative 

error of recognition cannot reflect the overall performance of 

the age recognition system. A big error may be evened out due 

to other small errors. Age recognition variance is more 

sensitive to the larger error point. The variance of the 

identification is defined as 
(age1 2)*(age1 2)

7
age age

R
N

 
 , where age1 

means the real age, age2 means the recognition age, and N 

refers to the total cases that pass the recognition system. 

 

IV. AN EXPERIMENTAL STUDY 

In Section III, we discuss the quality factor and the calculation 

methods for quality evaluation of the age recognition system. 

In this section, we verify the effectiveness of the proposed 

quality factors and calculations by a realistic experimental 

study. 

 

A. Study Object  

The study object selects “Face Recognition Technology - 

Alibaba Cloud Computing Services Facial Age Recognition 

API” provided by Alibaba in china as the research object. The 

base64 encoding of images is submitted to APIs, and the 

system returns with recognition result. The experiment data 

sets are selected from the wiki_crop.tar in the open face 

dataset IMDB-WIKI. There are total 52444 face data, and 

10K images are selected randomly as experimental data sets. 

 

B. Study Result Analysis 

The study result of age—cases distribution is shown in figure 

2, where the X axis represents age and the Y axis is the 

number of cases. The minimum age is 7 years old while the 

oldest is 98 years old, with 1 years old as the age interval. The 

actual age cases are marked in blue while recognition age 

cases are marked in orange. 

 

Figure 2 Age-Cases distribution  

It can be seen from the figure that the actual age is 

primarily distributed in the age interval 22-37, and the 

recognition age is mainly distributed in the 30-40 age group, 

thus the peak of the age group is offset. Take the group of age 
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30-40 as an example, the number of age recognized as 30-40 

is higher than the actual number. There are three possible 

reasons: (1) the system recognizes those under 30 years-old to 

30-40; (2) the system recognizes those higher than 40 

years-old to 30-40; and (3) it is also possible that the some of 

those belongs to 30-40 are recognized out of this range, but a 

number of people whose age is less than 30 or older than 40 

are recognized as 30-40 age group, resulting the higher 

number. 

The result of actual age—recognition age distribution is 

shown in Figure 3. The X-axis denotes the real age and the 

Y-axis denotes the average recognition age. The minimum age 

is 7 years old while the oldest was 98 years old with 1 year 

old as the age interval. The actual age cases are marked in 

blue while the recognition age cases are marked in orange. As 

shown in the Figure, the deviation is found as follows: Those 

between 0-30 years old are often recognized older than their 

actual age. Those between 70-90 years old in actual are often 

recognized younger. Age between 30-70 years old in actual 

are nearly the same as the recognition age. Overall, the error 

for cases in 0-30 and 70-90 groups is high while the error for 

cases in 30-70 groups is much lower.  

 

Figure 3 Actual age—Recognition age distribution  

Now we analyze the result based on the proposed quality 

factors. The results of each quality factor that belongs to 

recognition rate are illustrated as follow. 

(1) Face recognition rate. Among these 10000 image cases, 

6081 cases are recognized as face images with given 

recognition age, and 3919 are recognized neither as face 

images nor be given recognition age. Through artificial 

identification, we find that the failed 3919 cases are divided 

into three categories: (a) image quality problems exist, as 

there is no face in the image, accounted for 33%; (b) though 

there do have faces in the image, the recognition face is too 

small, or face is profile, accounting for 54%, among which, 

profile faces account for 12% and small faces account for 

42%; and (c) there exist images with front face are clear 

enough, accounting for 13%. In addition, among the passed 

6081 cases, 5861 cases are recognized as single face while 

220 cases are recognized as multi faces. Through our 

identification, we found that in the 220 multi-face images, 

there only 16% of the total images indeed have multi faces, 

and the other 84% only have single face while the system 

recognized it as multi-face. In summary, the number of cases 

that have faces without image quality problems is 6590, 

among which the face recognition rate is 88.92%. The study 

results show that the age recognition system cannot fully 

recognize. The possible reasons are as follows. 

-The defect of age estimate algorithm; 

-The amount of train data set that the age recognition 

provider use is not enough; 

-The train data set that the age recognition provider use 

does not have universality or representativeness; 

-The quality of the provided train data set has problems; 

(2) Group recognition hit rate. Here we use the 6590 cases 

which passed the system. The result is shown in Figure 4. 

 

Figure 4 group recognition hit rate  

From the figure we discover that the lowest recognition rate 

falls in the 10-20 age group and 80-100 age group while the 

higher recognition rate is in 30-70 group.  

(3) Recognition absolute accuracy rate. As shown in Figure 

5, the group with the lowest recognition accuracy is group 

10-30 and group 80-100 while the higher recognition rate 

group is 30-70. 

           Figure 5 recognition absolute accuracy rate 

(4) Recognition rate based on absolute error. The study 

result is shown in Figure 6. 

 

Figure 6 recognition rate based on absolute error map 

From the figure we can see that, cases which have absolute 

error lower than 2 years and 2-5 years both account for 20%. 
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Cases with absolute error higher than 20 years account for 5%, 

and the others both account for 25%. In different age groups, 

absolute errors show differences. For instance, in the group of 

age 0-10, the errors are no more than 2 years; in the group of 

30-60, the errors are usually between 0-5; and in the age 

group of 70-100, errors are usually much higher than other 

age groups. 

(5) Recognition rate based on relative error. The result is 

shown in Figure 7. From the figure we can see that, cases 

which have relative error lower than 20% account for 45%. 

Cases which have relative error higher than 40% account for 

20%. Others account for 10% or less. In different age groups, 

relative errors have differences. For example, in the group of 

10-20, the errors are usually above 40%; in the group of 30-60, 

the errors are usually as low as 5%-15%. In the group of 

70-80, though the absolute error is large, the relative error is 

small. 

 

Figure 7 recognition rate based on relative error  

The results of each quality factor of recognition accuracy 

are listed as follows. 

(1) Average absolute error. The result is shown in Figure 

8. We can see that the total average absolute error is about 9 

years. Among these, the minimum average absolute error is at 

the section of 30-40 years, at about 6. The maximum average 

absolute error is in the group of 90-100. Therefore, the system 

works well on middle-aged person and works bad in the 

young and aged faces. 

 

 

Figure 8. average absolute error map 

 (2) Average relative error. As shown in Figure 9, the 

total average relative error is about 25%. Among these, the 

average relative error in age group 40-60 is around 15% and 

the average relative error in group 10-20 is up to 75%. 

Figure 9 average relative error map 

(3) Age recognition variance. As shown in Figure 10, 

variance can catch big errors instead of evening out them. We 

can see that the variance in group 10-20 and 70-100 are quite 

large, while the variance in the middle age is smaller. 

Figure 10 age recognition variance  

 

C.  Study Conclusions 

Through the experimental study, we discover several 

defects of the chosen face age recognition system. They are 

listed as follows 

(1) In some cases, the system cannot recognize some of 

the face images, let alone identify their age. 

(2) The system recognizes some single people images as 

multi people images in some cases. 

(3) If the face is too small, or face is profile, the 

recognition may fail sometimes. 

(4) Regarding the recognition rate of absolute error, the 

ratio of those have errors less than 5 years (excluding 

completely correct identification) account for about 50%, thus 

the system has a good recognition ability. 

(5) For recognition rate of relative error, the ratio of 

those have error larger than 40% account for too much and 

these usually occurs in the age group of 10-20 and 80-100. 

The system works poor in the young and the aged groups. 

(6) In terms of absolute error, 30-50 years have the best 

performance, while the average absolute error of the aged is 

higher than 20%. 

(7) According to the relative error, 30-50 year group 

shows the best performance, while the worst performance 

exists in the 10-20 age group. 

 

D. Comparison with Other Evaluation Methods 
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Compared with average absolute error, such as the 

proposed methods in [4, 7, 8, 9, 10], to some extent, average 

absolute error can reflect whether the age recognition system 

shows good or bad. However, in the 10-20 age group of our 

experiment, the absolute error is not the highest. Nevertheless, 

in some cases, the average absolute error is more than 10 

years. Compared with the actual age, the error is high up to 

more than 50% or even 100%. Therefore, the average 

absolute error is not enough to reflect the problem in this 

case. 

Compared with the average relative error work- It can 

reflect the age recognition system is good or bad in some 

cases. In our study, the average relative error is not the 

highest in the 80-100 age group, and the average relative 

error of 10-20 and 20-30 groups are higher. However, there 

exist cases that the system recognizes a 90-year-old people to 

70 or even younger. Only using this metric might lead to 

ignoring of the problems that the system works badly on the 

aged group. 

Only using the recognition group hit rate, such as the 

methods in [5, 6, 8, 11],  the recognition group hit rate to a 

certain extent reflects the performance of the age recognition 

system, However, it can only reflect the hit number, not the 

recognition quality and recognition accuracy. In addition, only 

using age group hit may ignore the error problems of those in 

the middle of an age group. 

 

E. Study Limitations 

There still existing some limitations of our study. They are 

listed below. 

- The magnitude of experiment data is 10K. It can be 

expanded to millions or more in future work;  

- The network or the net speed may affect the response time of 

the system;  

- More quality factors and quality indicators can be proposed 

to evaluate the error between real age and estimate age;  

- We do not take the quality of the picture into account. The 

noise or bad quality of the picture may affect the experiment 

result.  

 

V. Conclusions and Future Work 

This paper presents a practical study on a realistic recognition 

system based on the proposed quality evaluation method. The 

study results show that compared with the single metric such 

as recognition rate or absolute error, the proposed method 

performs better in finding quality issues existed in the age 

recognition system. In the future work, the quality factors in 

this paper can be extended to evaluate other intelligent 

systems such as prediction applications and recommendation 

applications.  
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Abstract—Prediction the number of faults in software 

modules can be more helpful instead of predicting the modules 

being faulty or non-faulty. Some regression models have been 

used for predicting the number of faults. However, the software 

defect data may involve irrelevant and redundant module 

features, which will degrade the performance of these regression 

models. To address such issue, this paper proposes a feature 

selection method based on Feature Spectral Clustering and 

feature Ranking (FSCR) for the number of software faults 

prediction. First, FSCR groups the original features with spectral 

clustering according to the correlation between every two 

features. Second, FSCR employs ReliefF algorithm to compute 

the relevance between each feature with respect to the number of 

faults and selects top p most relevant features from each resulted 

cluster. We evaluate our proposed method on 6 widely-studied 

project datasets with four performance metrics. Comparison 

with five existing feature selection methods demonstrates that 

FSCR is effective in selecting features for the number of faults 

prediction. 

Keywords—software fault prediction;regression model;feature 

selection; spectral clustering 

I. INTRODUCTION 

Software defect prediction is one of the most important 
software quality assurance techniques. Based on the 
investigation of historical metrics, defect prediction aims to 
detect the defect proneness of new software modules. 
Therefore, defect prediction is often used to help to reasonably 
allocate limited development and maintenance resources [1]. 
So far, many efficient software defect prediction methods using 
statistical methods or machine learning techniques have been 
proposed [2-5], but they are usually confined to predicting a 
given software module being faulty or non-faulty by means of 
some binary classification techniques.1 

However, predicting the defect-prone of a given software 
module does not provide enough logistics to software testing in 
practice [6]. Some of the faulty software modules may have 
comparatively vast quantities of faults compared to other 
modules and hence require some additional maintenance 
resources to fix them. So, it may result in a waste of limited 
maintenance resources if simply predicting the defect-prone of 
a given software module and allocating the limited 
maintenance resources solely based on faulty and non-faulty 
information. If we are able to predict the accurate number of 

 
1 DOI reference number: 10.18293/SEKE2017-081 

faults, software testers will pay particular attention to those 
software modules that have more number of faults, which 
makes testing processes more efficient in the case of limited 
development and maintenance resources. Thus, prediction the 
number of faults in software modules can be more helpful 
instead of predicting the modules being faulty or non-faulty [6]. 

A number of prior studies have investigated regression 
models on predicting the number of faults. Some researchers 
[7-12] have investigated genetic programming, decision tree 
regression, and multilayer perceptron in the context of the 
number of faults prediction and found that these models 
achieved good performance. Chen et al. [11] performed an 
empirical study on predicting the number of faults using six 
regression algorithms and found that the prediction model built 
with decision tree regression had the highest prediction 
accuracy in most cases. In another similar study, Rathore et al. 
[12] presented an experimental study to evaluate and compare 
the other six regression algorithms for the number of faults 
prediction. The results found that decision tree regression, 
multilayer perceptron, and linear regression achieved better 
performance in many cases.  

However, the performance of these regression models is 
still vulnerable to irrelevant and redundant module features that 
may undermine the prediction effect.  It is crucial to apply 
feature selection to the number of faults prediction since 
feature selection can filter out irrelevant and redundant features 
by evaluating the contributions of module features. The output 
of feature selection is a subset of the original feature set. This 
feature subset is more effective for the number of faults 
prediction. 

In this paper, we propose a novel feature selection method, 
FSCR, to support feature selection for the number of faults 
prediction. FSCR is short for feature selection based on Feature 
Spectral Clustering and feature Ranking, which enhances 
feature selection for the number of software faults prediction 
via a two-stage approach. First, FSCR groups the original 
features with spectral clustering according to the correlation 
between every two features. Second, FSCR employs ReliefF 
algorithm to compute the relevance between the features and 
the number of faults and selects top p most relevant features 
from each resulted cluster. 

We evaluate our proposed feature selection method, FSCR, 
by answering two research questions on performance. 
Experiments are conducted on 6 publicly available projects. 
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Experimental results show that FSCR can effectively select 
features to improve the performance of the models for the 
number of faults prediction.  

II. RELATED WORK 

In this section, we first briefly review the existing defect 
prediction methods. Then, we review the existing feature 
selection methods. 

A. Defect Prediction 

Many researchers have proposed various models for 
predicting the module being faulty or non-faulty. Support 
vector machine [13-14], neural networks [15], decision trees 
[16] and Bayesian methods [17] paved the way for 
classification-based methods in the flied of defect prediction. 
These methods used software metrics to properly predict 
whether a module is defect-prone or not.  

A number of prior studies have investigated regression 
models on predicting the number of software faults. Graves et 
al. [18] presented a generalized linear regression based method 
for the number of faults prediction using various change 
metrics datasets collected from a large telecommunication 
system and found that modules age, changes made to module 
and the age of the changes were significantly correlated with 
the defect-prone. Chen et al. [11] performed an empirical study 
on predicting the number of faults using six regression 
algorithms and found that the prediction model built with 
decision tree regression had the highest prediction accuracy in 
most cases. In another similar study, Rathore et al. [9] 
presented an experimental study to evaluate and compare the 
other six regression algorithms for the number of faults 
prediction. The results found that decision tree regression, 
genetic programming, multilayer perceptron, and linear 
regression achieved better performance in many cases. 
However, the prediction performance of these models gets 
worse when the defect datasets contain irrelevant and 
redundant features. 

B. Feature Selection in Defect Prediction 

A number of prior studies have investigated feature 
selection methods on predicting the module being faulty or 
non-faulty. Gao et al. [19] studied four different filter-based 
feature selection methods with five different classifiers on a 
large telecommunication system and found that the 
Kolmogorov-Smirnov method performed the best. Gao et al. 
[20] presented a comparative investigation to evaluate their 
proposed hybrid feature selection method, which first uses 
feature ranking to reduce the search space and then applies 
feature subset selection. In order to investigate different 
feature selection methods to classification-based bug 
prediction, Shivaji et al. [21] utilized six feature selection 
methods to iteratively remove irrelevant features until 
achieving the best performance of F-measure. Chen et al. [22] 
proposed a two-stage data preprocessing framework, TC, 
which combines feature selection and instance reduction. Liu 
et al. [23] proposed a new feature selection framework, 
FECAR, to conduct feature clustering and feature ranking.  

III. METHODOLOGY 

In this section, we present our FSCR method for the 
number of faults prediction. We first introduce the framework 
of our proposed method; then we present the detailed steps in 
the stage of feature spectral clustering and feature ranking. 

A. The framework of our method 

The method consists of two major stages: feature spectral 
clustering and feature ranking. Fig.1 illustrates the process of 
FSCR using a simple example. 
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Figure 1. The process of FSCR 

Assumes that the dataset has ten original features, 
represented by hollow circle in Fig.1. In the first stage, these 
features are partitioned into three clusters by using the spectral 
clustering algorithm, namely, C1={0,1,4,8}, C2={2,6,9} and 
C3={3,5,7}. In the second stage, we rank all features in every 
clusters based on the relevance between each feature with 
respect to the number of software faults, and select the top p 
features from each cluster. Therefore, the final feature subset 
contains 1, 6, 7 and 8.  

Therefore, the input of the FSCR method is the original 
feature set {f1,f2,…,fn}, the correlation measure FA between 
every two features, the relevance measure FB between each 
feature and the number of software faults, the number of the 
clusters k and the number of selected features m. The output of 
the FSCR method is the final feature subset R. The details are 
shown in the Algorithm 1. 

B. The first stage 

The first stage partitions the original features into k 
clusters such that features in the same cluster are similar and 
features in different clusters are dissimilar to each other. The 
main goal of the stage of feature clustering is to eliminate 
redundant features that have similar effect with other features. 
Note that in contrast to traditional clustering, our goal is to 
group features rather than instances. 

This stage first uses the Pearson correlation coefficient to 
calculate the pairwise correlation between every two features 
using the following formula: 

r=
∑ (𝑥𝑖−�̅�)(𝑦𝑖−�̅�)𝑖

√∑ (𝑥𝑖−�̅�)2
𝑖 √∑ (𝑦𝑖−�̅�)2

𝑖
                     (1) 

where values xi and yi denote the numeric values of the feature 

x and feature y in the i-th instance (i=1,2,…,n),  �̅� =
1

𝑛
∑ 𝑥𝑖

𝑛
𝑘=1 and �̅� =

1

𝑛
∑ 𝑦

𝑖
𝑛
𝑘=1 (𝑖 = 1,2, … , 𝑛). 
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Algorithm 1.   FSCR method 

Input:  

Original feature set {f1,f2,…,fn}  

Correlation measure FA between every two features 

Relevance measure FB between each feature and the 
number of software faults  

Number of the clusters k  

Number of selected features m 

Output:   

Final feature subset R 

/*The first stage: feature clustering*/ 

1: for i=1 to n do 

2:    for j=1 to n do 

3:       Compute the correlation between fi and fj. using FA; 

4:    end for 

5: end for 

6: Partition original n features into k clusters {C1,C2,…,Ck}using 

spectral clustering algorithm; 

/*The second stage: feature ranking*/ 

7: for i=1 to n do 

8:    Using the relevance measure FB to compute the relevance 

between fi and the number of the software faults;  

9: end for 

10: for i=1 to n do 

11:    Ranking the features in Ci in descending order according to 

the relevance;  

12: end for 

13: for i=1 to k do 

14:     Adding top [
|𝐶𝑖|×𝑚

𝑛
] features of  Ci  into R; 

15: end for 

16: return R； 

  Then, this stage uses spectral clustering to cluster the 
original feature set based on the correlation between every two 
features. Different from the other distance-based clustering 
algorithms, spectral clustering [24] makes use of the spectrum 
(eigenvalues) of the similarity matrix of the instances to 
perform dimensionality reduction before clustering in fewer 
dimensions. The similarity matrix can be defined as a 
symmetric matrix W, where Wij represents a measure of the 
similarity between every two instances Xi and Xj.  

C. The second stage 

In this stage, we select top p relevant features from each 
resulted cluster to construct the final feature subsets. We first 
employ the ReliefF algorithm [25] to compute the relevance 
between each feature and the number of the software faults. 
ReliefF randomly selects an instance Ri, but then searches for k 
of its nearest neighbors from the same class, called nearest hits 
Hj, and also k nearest neighbors from each of the different 
classes, called nearest misses Mj(C). It updates the quality 
estimation for all features depending on their values for Ri, hits 
Hj and misses Mj(C). If instances Ri and H have different 
values of the attribute A then the attribute A separates two 
instances with the same class which is not desirable so we 
decrease the quality estimation W[A]. On the other hand if 
instances Ri and M have different values of the attribute A, then 
the attribute A separates two instances with different class 
values which is desirable so we increase the quality estimation 
W[A]. The whole process is repeated for q times, where q is a 
user-defined parameter. In this experiment, we use the default 
parameter specified by sklearn [26]. 

Then, we rank the features in Ci in descending order 

according to the relevance and select [
|𝐶𝑖|×𝑚

𝑛
]  features from 

each clusters, where |Ci| is the number of the features in the 
cluster Ci, m is the size of the final feature subset and n 
represents the number of the original features. The selected 
features construct the final feature subset. According to 

literature [19], we select ⌈log2n⌉  features from the original 

features. 

IV. EXPERIMENT SETUP 

A. Data set 

In this experiment, we employ 6 available and commonly 
used software project datasets with their 22 releases which can 
be obtained from PROMISE [27]. The details about the 
datasets is shown in Table I, where #Instance represents the 
number of instances, #Defects represents the total number of 
faults in the release, %Defect represents the percentage of 
defect-prone instances, and Max is the maximum value of 
faults. There are the same 20 independent variables (the 20 
feature metrics) and one dependent variable (the number of 
faults) in the six datasets. A comprehensive list of the metrics 
refers to literature [12]. 

TABLE I.  DETAILS OF EXPERIMENT DATASET 

Project Release #Instance #Defects %Defects Max 

Ant 

Ant-1.3 125 33 16.0% 3 

Ant-1.4 178 47 22.5% 3 

Ant-1.5 293 35 10.9% 2 

Ant-1.6 351 184 26.2% 10 

Ant-1.7 745 338 22.3% 10 

Camel 

Camel-1.0 339 14 3.4% 2 

Camel-1.2 608 522 35.5% 28 

Camel-1.4 872 335 16.6% 17 

Camel-1.6 965 500 19.5% 28 

Jedit 

Jedit-3.2 272 382 33.1% 45 

Jedit-4.0 306 226 24.5% 23 

Jedit-4.1 312 217 25.3% 17 

Jedit-4.2 267 106 13.1% 10 

Jedit-4.3 492 12 2.2% 2 
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Project Release #Instance #Defects %Defects Max 

Synaps

e 

Synapse-1.0 157 21 10.2% 4 

Synapse-1.1 222 99 27.0% 7 

Synapse-1.2 256 145 33.6% 9 

Xalan 

Xalan-2.4 724 111 15.3% 7 

Xalan-2.5 804 388 48.3% 9 

Xalan-2.6 886 412 46.5% 6 

Xerces 
Xerces-1.3 503 69 13.7% 30 

Xerces-1.4 589 438 74.4% 62 

B. Performance measures 

Since CERFS is a model to predict the number of faults, it 
should be evaluated using criteria for regression models. In the 
experiment, we employ root mean square error (RMSE) to 
measure the performance. In addition, considering the 
imbalanced characteristic of software defect datasets, we also 
employ three commonly used performance measures that 
evaluate classification models, including pd, pf and G-measure. 
These performance measures are defined in Table III and 
summarized as follows. 

TABLE II.  PERFORMANCE MEASURES 

 Actual 

yes no 

Predicted yes TP FP 

no FN TN 

pd 𝑻𝑷

𝑻𝑷 + 𝑭𝑵
 

pf 𝑭𝑷

𝑭𝑷 + 𝑻𝑵
 

G-measure 𝟐 ∗ 𝒑𝒅 ∗ (𝟏 − 𝒑𝒇)

𝒑𝒅 + (𝟏 − 𝒑𝒇)
 

RMSE 

√
∑ |𝒀�̅� − 𝒀𝒊|

𝟐𝒏
𝒊=𝟏

𝒏
 

 

● Probability of detection or pd is the measure of defective 
modules that are correctly predicted within the defective class. 
The higher the pd, the fewer the false negative results. 

● Probability of false alarm or pf is the measure of non-
defective modules that are incorrectly predicted within the non-
defective class. Unlike pd, the lower the pf value, the better the 
results. 

● G-measure is a trade-off measure that balances the 
performance between pd and pf. A good prediction model 
should have high pd and low pf, and thus leading to a high G-
measure. 

● RMSE measures the deviation between the predicted 
value �̅� i and the actual value Yi. It is a good measure of 
accuracy to compare prediction errors of different regression 
models for a given variable, e.g., the number of faults. 

C. Research Questions 

Our evaluation answers two research questions.  

RQ1. Does our proposed FSCR method perform better than 
state-of-the art feature selection methods in terms of predicting 
the modules being faulty or non-faulty? 

This question validates the important criterion of defect 
prediction: the performance improvement in terms of pd, pf 
and G-measure (as defined in Section IV-B). 

RQ2. Does our proposed FSCR approach perform better 
than state-of-the art feature selection methods in terms of the 
accuracy of predicting the number of the software faults? 

This question validates the important criterion of the 
number of faults prediction: the performance improvement in 
terms of RMSE. (as defined in Section IV-B). 

We compare our method with six classical feature 
selection methods in defect prediction:(1)Full, (2)Chi-Square 
[28], (3) Signal-to-Noise [29], (4)Information Gain [30], 
(5)Gain Ratio [31], and (6)FSCAR [23].  

Full is the original feature subset. Compared to this 
method, we can study whether the FSCR can improve the 
performance of the number of faults prediction. Chi-Square 
(CS) and Signal-to-Noise (S2N) are statistic-based feature 
selection methods. Information Gain (IG) and Gain Ratio (GR) 
is the probability-based feature selection method. FECAR is a 
feature selection method combining feature ranking and 
feature clustering proposed by Liu et al [23]. FECAR first 
clusters features via k-medoids method and then select several 
representative features from each cluster. 

D. Experiment Procedure 

In experiments, we performed 10-fold cross validation 
when training classifiers on the selected features throughout 
this paper, to avoid any potential problem of overfitting 
particular training and test sets within a specific project. In 10-
fold cross validation, a dataset is divided into 10 folds at 
random. Nine of the ten folds take turns to be used as the 
training set while the other fold is used as the test set. The 
training data are used to build a regression model; then the 
built model is evaluated on the test data. The above procedure 
is repeated 300 times (10 folds 30 independent runs) in total 
for each feature selection method to avoid sample bias. Then, 
the mean values of performance for all methods are calculated. 

In order to compare the performance of feature selection 

methods, we employ three regression models in defect 

prediction, Bayesian Ridge Regression (BRR), Gradient 

Boosting Regression (GBR) and Linear Regression (LR). The 

reason we choose these regression models is that these models 

perform best in predicting the number of software faults [11-

12]. 

V. EXPERIMENT RESULTS 

In this section, we present the experiment results to answer 
our two research questions mentioned above. 

A. RQ1 

As mentioned in Sections IV-C, we compare our method 
FSCR with six feature selection methods. Table IV records the 
pd, pf and G-meausre of six datasets with six different feature 
selection methods on three regression models, BRR, GBR, LR. 
The column “Full” presents the training set without involving 
any feature selection method; W/D/L, short for Win/Draw/Loss, 
denotes the number of projects, on which FSCR performs 
better than, the same as, or worse than another method, in 
terms of G-measure. 
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As is shown in the Table III, FSCR performs better G-
measure values than all the other methods. For BRR model, 
FSCR achieves the best average pd and G-measure value, but 
fails in the best pf value. For GBR model, FSCR can achieve 
the best pf and G-measure values. For LR model, FSCR 
achieves best values in terms of all the three measures. The 
Win/Draw/Loss values shows that, on three regression models, 
FSCR outperforms others on over half of projects in terms of 
all the three measures. 

TABLE III.  AVERAGE PERFORMANCE OF 6 PROJECTS WITH  THREE 

REGRESSION MODEL  ON PD, PF, AND G-MEASURE 

Model Metric Full FSCR CS GR S2N IG FECAR 

BRR 

PD 0.512  0.584  0.514  0.521  0.556  0.548  0.579  

PF 0.236  0.169  0.182  0.171  0.164  0.165  0.170  

G 0.613  0.668  0.591  0.586  0.642  0.622  0.665  

W/D/L 4/0/2 
 

5/0/1 4/0/2 5/0/1 4/0/2 4/0/2 

GBR 

PD 0.479  0.521  0.466  0.498  0.535  0.501  0.513  

PF 0.157  0.121  0.206  0.142  0.123  0.161  0.126 

G 0.610  0.637  0.585  0.613  0.633  0.609  0.631  

W/D/L 6/0/0 
 

5/0/1 4/0/2 6/0/0 4/0/2 4/1/1 

LR 

PD 0.504  0.591  0.434  0.536  0.523  0.511  0.586  

PF 0.244  0.152  0.183  0.213  0.221  0.175  0.159  

G 0.604  0.671  0.565  0.625  0.609  0.649  0.668  

W/D/L 5/0/1 
 

4/0/2 4/0/2 6/0/0 6/0/0 3/0/3 

 
Fig. 2 shows the box-plots of G-measure values, with six 

methods for three regression models on 6 projects. For BRR 
model, the median value by FSCR is much higher than that by 
all the other methods. For GBR model, the median value by 
FSCR is higher than that by CS and S2N, while is similar with 
that by GR and IG, and is a little lower than that by FECAR. 
However, the maximum by FSCR is much higher than FECAR 
and all the other methods. For LR model, the median is similar 
with that by GR and FECAR, while is much higher than that by 
S2N and IG. In addition, the maximum by FSCR is much 
higher than that by all the other methods. 

 

Figure 2.  Box-plots for G-measure on 6 projects with three regression 
models. 

RQ1 Summary. According to the experiment results in 
Table 4 and Figure 2, we conclude that FSCR can perform 
better than state-of-the-art feature selection methods in 
terms of predicting the modules being faulty or non-
faulty. 

B. RQ2 

Tables IV, V and VI present the detailed RMSE values of 
each project on three regression models. From these tables, we 
can observe that FSCR performs better average RMSE value 
than all the other methods. The Win/Draw/Loss records also 
indicate that FSCR wins other methods on most projects on 
three regression models in term of RMSE measure. In addition, 
Hedges’g [32] is employed to demonstrate the effect size. The 
effect size of Hedges’g values are greater than 1.0 on most 
projects, which can be interpreted as a large improvement.  

TABLE IV.  RMSE VALUES ON 6 PROJECTS USING BAYESIAN RIDGE 

REGRESSION WITH THE HEDGES’G 

Project Full FSCR CS GR S2N IG FECAR 

Ant 1.155 0.829 1.074 1.129 0.945 1.176 0.921 

Camel 1.046 1.031 1.142 1.023 0.972 0.824 0.837 

Jedit 1.426 0.986 0.965 0.965 1.028 0.975 0.912 

Synapse 1.247 0.892 0.978 0.911 0.945 0.994 0.978 

Xalan 1.010 0.714 1.123 1.101 0.897 1.109 0.925 

Xerces 1.206 0.821 0.912 0.956 0.852 0.912 0.944 

AVG 1.181  0.878  1.032 1.014  0.939 0.998 0.919 

W/D/L 6/0/0 
 

6/0/0 5/0/1 5/0/1 5/0/1 5/0/1 

Hedges’g 2.252  1.457  1.327  0.657  0.980  0.462 

 

TABLE V.  RMSE VALUES ON 6 PROJECTS USING GRADIENT BOOSTING 

REGRESSION WITH THE HEDGES’G 

Project Full FSCR CS GR S2N IG FECAR 

Ant 1.011 0.986 0.894 0.954 0.949 1.024 0.929 

Camel 0.945 1.031 1.035 0.927 0.975 0.961 1.163 

Jedit 1.295 0.714 0.917 1.082 1.021 0.913 1.075 

Synapse 1.091 0.821 0.941 0.959 1.047 0.974 0.838 

Xalan 0.906 0.837 1.109 1.056 1.145 1.127 0.914 

Xerces 1.472 0.892 0.952 1.214 0.969 0.917 0.977 

AVG 1.120 0.880 0.974 1.032  1.017  0.986  0.982 

W/D/L 5/0/1 
 

6/0/0 4/0/2 4/0/2 5/0/1 6/0/0 

Hedges’g 1.361 
 

0.939  1.356  1.420  1.064  0.873  

 

TABLE VI.  RMSE VALUES ON 6 PROJECTS USING LINEAR REGRESSION 

WITH THE HEDGES’G 

Project Full FSCR CS GR S2N IG FECAR 

Ant 1.152 0.957 0.982 1.053 0.964 1.058 0.973 

Camel 1.059 1.045 1.123 0.949 1.103 0.934 1.078 

Jedit 0.914 0.794 0.994 1.027 1.025 0.853 0.935 

Synapse 1.015 1.124 0.854 1.154 1.161 0.927 0.926 

Xalan 1.205 0.885 0.942 1.048 1.054 1.185 0.910 

Xerces 1.012 0.921 0.952 1.038 1.035 0.924 0.953 

AVG 1.059 0.954 0.974 1.044 1.057 0.980 0.962 

W/D/L 5/0/1 
 

5/0/1 5/0/1 6/0/0 5/0/1 5/0/1 

Hedges’g 0.944   0.193  1.048  1.075 0.219 0.086  

 

RQ2 Summary. According to the experiment results in 

Tables 4-6, we conclude that FSCR can perform better than 

state-of-the-art feature selection methods in terms of the 

number of faults prediction. 
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VI. CONCLUSION AND FUTURE WORK 

In this paper, we propose a novel feature selection method 
for the number of faults prediction.  The method involves the 
following two stages: in the first stage, we employ a feature 
spectral clustering method to cluster the original features; in the 
second stage, we select the highly relevant features from each 
cluster. Experiments on 6 project datasets indicate that the 
proposed method, FSCR, can perform competitive results for 
the number of faults prediction. 

In the future, we will further investigate the impact of the 
parameters setting, such as the number of clusters and the 
number of features selected from each cluster. In addition, we 
would like to validate the generalization ability of our method 
on more datasets [33-34]. 
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Abstract

Software metrics have a fundamental role in the pro-
cess of software quality management. However, in most
cases, they are only used to quantify attributes, not sup-
porting decision-making during the software life cycle. To
support decision-making, it is necessary to give them by
defining thresholds. In the literature, several approaches
have been proposed with this purpose. On the other hand,
most of them do not consider context factors such as the
domain. Given this, in this paper, we evaluate if context
factors influence the definition of thresholds for software
metrics. Our work is restricted to Chidamber and Kemerer
metrics, due to availability of data. We conducted an em-
pirical study composed of two quasi-experiments. Each
quasi-experiment uses an approach presented in the liter-
ature to define thresholds for software metrics, with the de-
fined thresholds as the dependent variable. As the factor, we
used a variable with two possible treatments: to consider
the context or not. To define context, we used factors pre-
sented in the literature. As the objects of study, we used the
source code of fifteen Java-based open-source projects. For
measurement purposes, we used the six original Chidamber
and Kemerer metrics. For both quasi-experiments, the ac-
curacy of the definition of thresholds improved by consider-
ing the context. Therefore, we concluded that context fac-
tors influence the definition of the threshold for Chidamber
and Kemerer metrics, which is an indicator that it influences
other software metrics.

Software measurement; thresholds derivation; CK met-
rics.

1. Introduction
Software metrics is a collective term used to describe the

wide range of activities concerning measurement in soft-
ware engineering [1]. The reasons to use software metrics
are: (i) to assist in project planning; (ii) to determine the
strengths and weaknesses of the process and the product;
and (iii) to evaluate the impact of a used particular tech-

nique. In practice, the use of metrics in large organizations
such as HP, Motorola and NASA was evaluated by Ordonez
and Haddad [2]. The result of this study indicated that met-
rics, when used early in the software development cycle,
help to correct requirement failures and prevent errors.

Despite the potential benefits of metrics, in most cases,
they are only used to quantify attributes and do not sup-
port decision-making [3]. According to Ferreira et al. [4],
this has been identified as one of the reasons why metrics
are not effectively used in industry. To maximize the use
of metrics and support their interpretation, it is essential to
define significant thresholds.

Many approaches to identify thresholds have been pro-
posed in the literature. Ferreira et al. [4] used the EasyFit
tool [5] to find the distribution most similar to the distribu-
tion of the metric. From percentile cuts, the categorization
of thresholds was defined as good, moderate and bad. Fou-
cault et al. [6] and Alves et al. [3] also used percentile cuts
to compute thresholds. Foucault et al. [6] used a statisti-
cal analysis called bootstrap [7] to estimate the confidence
interval of the percentile.

Receiver Operating Characteristic (ROC) curves were
used by Shatnawi et al. [8] to associate metric to errors and
find the threshold that provides better justification for these
errors. In 2015, Shatnawi [9] proposed an approach that
performs a logarithmic transformation on the data to reduce
the skewness. In this approach, thresholds were extracted
from the mean and standard deviation of the distribution re-
lated to the metric. Most of the works, such as Ferreira et
al. [4], Alves et al. [3] and Shatnawi et al. [8], did not con-
sider context variables to define the thresholds. On the other
hand, Zhang et al. [10], in an empirical study that collected
data from 320 software systems, demonstrated that the dis-
tribution of maintainability metrics values are influenced
by context variables such as the application domain, the
programming language and the number of changes made
during the software development, giving indications that
thresholds can also be influenced by these variables.

In this study, we hypothesize that context variables influ-
ence the software metrics’ threshold, given that the distri-
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bution of a metric influences its interpretation (i.e., thresh-
olds). In this paper, we investigate if context variables in-
fluence the accuracy of the definition of software metrics’
thresholds. With this purpose, we conducted an empiri-
cal study composed of two quasi-experiments. Each quasi-
experiment uses a solution proposed in the literature to de-
fine thresholds for software metrics, with the calculated
thresholds as the dependent variable.

Based on the number of referrals, we used the ap-
proaches proposed by Foucault et al. [6] and by Shat-
nawi [9]. As the factor of the study, we used a variable with
two possible treatments: to consider the context or not. As
the objects of study, we used the source code of fifteen Java-
based open-source projects. For measurement purposes, we
used the six original Chidamber and Kemerer (CK) met-
rics [11].

The remainder of this paper is organized as follows: in
Section 2, we present the background regarding software
metrics and thresholds derivation. In Section 3, we describe
the empirical study design. In Section 4, we present the
analysis and results. In Section 5, we present the threats to
validity. Finally, in Section 6, we present our conclusions
and future work.

2. Background
2.1. Chidamber and Kemerer Metrics

Metrics are used as a control instrument in the software
development and maintenance process. Since 1970, hun-
dreds of metrics have been proposed in the literature [12].
For instance, Chidamber and Kemerer [11] proposed a set of
object-oriented metrics that is widely used by researchers,
which are presented as follows:

• Coupling Between Object classes (CBO): the coupling
of a class is characterized by the number of relation-
ships that a class has (i. e. counted for method calls,
field accesses, inheritance, method arguments, return
types, and exceptions). High coupling indicates a low
reuse and a rise on the sensitivity to changes;

• Depth of Inheritance Tree (DIT): this metric calculates
the depth of the inheritance tree (i.e., the distance be-
tween a class and its root class). It indicates that the
deeper a class is in a class hierarchy, the more methods
are inherited. Thus, the class becomes more complex
and prone to errors;

• Number Of Children (NOC): represents the number
of subclasses that inherit characteristics from a given
class. This information provides evidence of the im-
portance of the class importance to the project. A high
value for this metric may correspond to inappropri-
ate abstractions or mistakes related to inheritance con-
cepts;

• Response For a Class (RFC): refers to the number of
methods that can be executed by a class instance in
response to an event or a received message. The higher
the value, the greater the complexity of its testing and
maintenance;

• Lack of Cohesion in Methods (LCOM): refers to the
number of pairs of methods of a particular class in
which the similarity is zero, minus the number of pairs
of methods in which the similarity is nonzero. The
similarity is calculated by the common use of variables
of a class instance. Thus, a high value means that the
class is not cohesive.

• Weighted Methods per Class (WMC): refers of the sum
of the complexities of the methods of a given class.
The higher the value, the more complex the class is.

Many studies have verified the relationship between CK
metrics and faults in classes. In a systematic review, Ju-
reczko and Madeyski [13] analyzed their effects on fault
proneness. They showed that object-oriented metrics are
better at finding fault than procedural metrics. Furthermore,
they claim that CK metrics form the most common set of
metrics to predict failures in classes. In Table 1, we de-
tail the effect of CK metrics in a class’ fault-proneness as
presented in Shatnawi [9]. The first column corresponds
to CK metrics. Second and third columns correspond to
the quantity of research papers that present the negative and
positive impact of CK metrics in a class’ fault-proneness.
Finally, the last column corresponds to the research papers
that present data refuting the hypothesis that there is a rela-
tionship between CK metrics and faults.

Table 1: A summary of the CK metrics’ impact in fault
proneness [13, 9].

Metric Positive Negative Not significant
WMC 12 0 0
DIT 4 2 6
NOC 2 3 4
CBO 11 0 1
RFC 11 0 0

LCOM 6 0 1

2.2. Thresholds Definition

The effective use of software metrics is hampered by
the lack of significant thresholds [3]. In the literature,
few metrics have defined thresholds. Furthermore, many
researchers have proposed different approaches to define
them [3, 4, 6, 14, 15, 9, 16, 8, 10].

Alves et al. [3] present a method that determines thresh-
old empirically from measurement data. (i.e., benchmark-
ing). The method is based on statistical properties of the
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metric such as scale and distribution. To evaluate their ap-
proach, they collected data from 100 object-oriented soft-
ware systems to calculate thresholds, which were success-
fully used to assist on software analysis, benchmarking and
certification. The main risk of such a solution is to use
thresholds to assist decision-making that were calculated
for a different context.

In Sánchez-González et al. [16], an empirical study
was performed to evaluate the effectiveness of two thresh-
old definition techniques: ROC curves [8] and the Ben-
der method [17] to define thresholds. As objects of study,
they used measures for business process models. They con-
cluded that ROC curves obtain more accurate thresholds.

In the works of Oliveira et al. [15, 14], the concept of rel-
ative thresholds is proposed as well as a tool for extracting
these thresholds. Their approach handles the heavy-tailored
distribution of source code metrics by complementing abso-
lute thresholds with a percentage of software code entities
that must follow it. The technique is validated with an in-
dustrial case study. As Alves et al. [3], its limitation is that
the calculated threshold and percentage might be dependent
on the context.

In Foucault et al. [6], a solution based on statistical meth-
ods was presented. This approach is based on (i) double
sampling [18] to randomly selects projects samples; and (ii)
bootstrap to estimate the thresholds based on quartiles. De-
spite the potential of this approach, the validation process
was limited to a test to identify the best configuration for
the approach itself since, according to the authors, the two
statistical methods are widely used.

In Shatnawi [9], a solution based on logarithmic transfor-
mation was presented. In this approach, initially, the data
is transformed using the natural log, leaving the symmet-
ric data thus closer to a normal distribution. Afterward, a
temporary reference value (T ′) is collected using the mean
(M ) and standard deviation (SD) so that T ′ = M + SD or
T ′ = M − SD. Finally, the T ′ is converted to the original
distribution by using the exponent function of T ′, generat-
ing the final reference value.

3. Study Design
To evaluate if context factors influence the definition of

software quality metrics’ thresholds, we performed an em-
pirical study composed of two quasi-experiments. Each
quasi-experiment used one solution to define the thresholds
of software metrics presented in the literature. The solutions
used are the ones presented by Shatnawi [9] and Foucault et
al. [6]. The defined thresholds are the dependent variable.
As the factor, we used a variable with two possible treat-
ments: to consider the context or not. The context factors
were defined according to Zhang et al. [10]. As database,
we used six CK metrics extracted of the source code of fif-
teen Java-based open-source projects.

3.1. Scope

The goal of the study is to evaluate if context factors in-
fluence the definition of software quality metrics’ threshold
in the context of Chidamber and Kemerer metrics. There-
fore, we addressed the following research question:

RQ: Does considering context factors improve the
quality of the definition of software quality metrics’ thresh-
olds?

Given the research question, we defined the following
informal hypotheses:

H0: The results are the same or worse.
HA: The results are better.

3.2. Objects of study

For both quasi-experiments, we used the same data as
Shatnawi [9], which is composed of several releases of fif-
teen open-source projects written in the Java programming
language. We classified each project according to its appli-
cation domain and the number of changes given the defini-
tions presented in Zhang et al. [10]. The application domain
of 73% of the projects is software development, 13% is the
development of build tools, and 13% is the development
of frameworks. For the number of changes, we used the
thresholds defined by Zhang et al. [10] given the number of
commits to the repository: 12 as very small; 123 as small;
413 as medium; 1142 as large; and 94853 as extra large.

3.3. Variables and treatment

In this study, we have two independent variables: (i) the
technique used to define the thresholds and (ii) the context
usage. As already stated, for the first variable (i), we used
two options: the solutions presented in Shatnawi [9] and
Foucault et al. [6]. In this study, we executed one quasi-
experiment for each possible value of the first variable (i).
For the second variable (ii), there are two options: to con-
sider the context or not. To define the context, we used
two out of three variables identified by Zhang et al. [10]:
application domain and the number of changes, since the
programming language of the base used is the same. There-
fore, for each quasi-experiment, the treatment factor is the
context usage. Furthermore, for each quasi-experiment, we
have one dependent (i.e., response) variable: the quality of
the thresholds defined.

3.4. Measurement procedure

To evaluate the hypotheses, assess the research questions
and research goals, we collected metrics. Furthermore, by
defining the metrics, we formalized the hypotheses pre-
sented in Section 3.1 statistically test them. As stated in
Section 3.3, for each quasi-experiment, we have one depen-
dent variable: the quality of the thresholds defined. They
were collected through the open source tool ckjm1 and pub-

1http://www.spinellis.gr/sw/ckjm/
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lished by the Metrics Repository [19, 20]. The measure-
ment procedure was based on Shatnawi [9].

In this study, we assumed that the highest the source
code quality, the fewer faults the software has. Since all of
the objects of study are software written in Java code (i.e.,
Object-oriented), as presented in 3.2, in order to measure
the source code quality, we used the most popular Object-
oriented metric set: CK metrics [11], which we presented
in an overview in Section 2.1.

To measure the number of software faults, we used the
BugInfo tool2. With this tool, we collected the number of
faults of each class for all of the versions of the projects.
This tool analyses the commits of a given project and de-
tects, using regular expressions, if given classes had faults.
Therefore, whenever a commit message is compatible with
a defined regular expression, the number of faults for the
given classes is incremented. Given this, we used the num-
ber of faults detected using the BugInfo tool to indicate
source code quality.

To measure the threshold quality, we used the F-measure.
For this purpose, the first step was to group the objects
of study given the context variables presented in Section
3.3. Afterward, we separated the group into two samples.
The first sample, called context sample, was composed of
data from projects with the given characteristics: developed
in Java, with software development as the application do-
main and classified as extra large regarding the number of
changes. The second sample, called control sample, is com-
posed of the remaining data.

For each quasi-experiment, we used the samples to com-
pare the results found by applying the given thresholds’ def-
inition solution (i.e., Shatnawi [9] or Foucault et al. [6])
considering or not context variables. For each sample, we
applied the k-fold cross-validation with k = 10. For ev-
ery iteration, we used 9k to define the thresholds for six
CK metrics: CBO, DIT, NOC, RFC, LCOM and WCM.
We used 1k interaction’ to evaluate the thresholds. As a re-
sult, we have two possible outcomes: (i) faulty classes, if
M ≥ R; or (ii) nonfaulty classes, if M < R, where M is
the collected metric value and R is the defined threshold.
The procedure is presented in Figure 1.

Table 2: The confusion matrix based on a threshold value.

Predicted Faulty Nonfaulty
M >= R True positive False positive
M < R False negative True negative

We used the confusion matrix presented in Table 2 to
measure the performance of using the thresholds model in
identifying actual fault classes using three measures: Re-

2https://kenai.com/projects/buginfo

Figure 1: Design.

call, Precision, and F-measure. These measures are calcu-
lated as follows:

Recall =
TP

TP + FN
(1)

Precision =
TP

TP + FP
(2)

F −measure =
(β2 + 1) ∗ Precision ∗Recall
β2 ∗ Precision+Recall

(3)

• The term β is used to assign a weight to Recall. In
our work, β is equal to 1, and Recall and Precision are
equally weighted.

• True Positive (TP): faulty classes that are correctly
classified as such (i.e. there are faults fixed in the class
and the metric value exceeds the threshold).

• False Negative (FN): faulty classes that are misclassi-
fied as nonfaulty (i.e. there are faults fixed in the class,
but the metric value is less than the threshold).

• True Negatives (TN): nonfaulty classes that are cor-
rectly classified as such (i.e. there are no faults fixed
in the class and the metric value is less than the thresh-
old).

• False Positives (FP): nonfaulty classes that are misclas-
sified as faulty (i.e. there are no faults fixed in the class,
but the metric value exceeds the threshold).

The values of both Recall and Precision are between
[0, 1]. Values that are closer to 1 mean better results, with
1 as an ideal value (i.e., without FN or FP). According to
Shatnawi [9], in practice, it is hard to achieve high Recall
and high Precision. Finally, we used the F-measure to eval-
uate the overall performance of classification, combining
Recall and Precision.
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At the end, for each metric, we had a set of F-measures
for the context sample and a different set for the control
sample. We compared the pairs of F-measures of both sets
using the non-parametric Wilcoxon test [21]. Thus, for each
quasi-experiment, we formally defined a null and alternative
hypothesis:

Therefore, for each quasi-experiment, we formally de-
fined a null and alternative hypothesis:

H0: Ω ≤ Ψ, where Ω is the F-measure for the con-
text sample and Ψ is the F-measure for the control sample.

HA: Ω > Ψ.

4. Analysis and Results
4.1. First quasi-experiment: Foucault et al. approach

For the first quasi-experiment, we evaluated the solution
proposed by Foucault et al. [6]. This approach, as presented
in Section 2.2, is based on quantile analysis. We decided to
use only the first percentile (80%) since it has the ability to
represent the whole. An average of the thresholds’ values
found can be seen in Table 3. By comparing the thresh-
olds defined for both samples (i.e., context and control), it
is possible to see that the DIT metric was the same for both
samples.

Table 3: An average of the thresholds’ values found using
Foucault et al.’s approach.

Metric Context threshold Control threshold
WMC 9.00 10.05
NOC 0.00 0.20
CBO 9.05 10.10
RFC 25.15 27.85
DIT 2.50 2.50
LCOM 33.30 44.64

In Table 4, we present the average F-measure of the two
data samples. Furthermore, we present the improvement of
the threshold definition, θ = Ω/Ψ, and the p-value result-
ing from the Wilcoxon test. By analyzing the results, we
conclude that, for all metrics, the threshold definition was
slightly improved by considering the context. Since for all
metrics p−value < 0.05, we refute the null hypothesis that
states that considering the context to define the thresholds
does not influence its definition for the solution presented
by Foucault et al. [6].

4.2. Second quasi-experiment: Shatnawi approach

For the second quasi-experiment, we evaluated the solu-
tion proposed by Shatnawi [9]. This approach, as presented
in Section 2.2, is based on log transformation.

Initially, for each k-fold interaction, two thresholds de-
rived from each of the six CK metrics, one for each of the
two database samples. An average of the thresholds’ values

Table 4: Results for Foucault et al.’s approach.

F-measure
Metric Context Control θ p-value
WMC 0.23 0.20 15.00% 1.62e-04
NOC 0.42 0.18 133.30% 5.41e-06
CBO 0.23 0.14 64.30% 5.41e-06
RFC 0.22 0.19 15.80% 2.16e-05
DIT 0.18 0.10 80.00% 5.41e-06
LCOM 0.16 0.15 6.70% 1.43e-03

found can be seen in Table 5. By comparing the thresholds
for both samples, the differences were minimal.

Table 5: An average of the thresholds’ values found using
Shatnawi’s approach.

Metric Context threshold Control threshold
WMC 1.79 1.82
NOC 0.75 0.74
CBO 1.81 1.85
RFC 3.79 3.90
DIT 0.92 0.93
LCOM 0.62 0.62

In Table 6, we present the average F-measure of the two
data samples. Furthermore, we present the improvement
of the threshold definition, θ = Ω/Ψ, and the p-value re-
sulting from the Wilcoxon test. By analyzing the results,
we can notice that for all metrics, the threshold definition
was slightly improved by considering the context. This is
possible because the thresholds were defined for different
samples. Since for all metrics p− value < 0.05, we refute
the null hypothesis that states that considering the context
to define the thresholds does not influence its definition for
the solution presented by Shatnawi [9].

Table 6: Results for Shatnawi’s approach.

F-measure
Metric Context Control θ p-value
WMC 0.40 0.31 29.03% 5.41e-06
NOC 0.09 0.06 50.00% 5.41e-06
CBO 0.39 0.30 30.00% 5.41e-06
RFC 0.39 0.31 25.81% 5.41e-06
DIT 0.42 0.32 31.25% 5.41e-06
LCOM 0.34 0.28 21.43% 9.08e-05

5. Threats to Validity
A threat to internal validity is that we did not consider

the impact of many software development factors such as
development process and team experience. In addition, the
experiment would strengthen the evidence by performing
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the same tests alternating the control and context groups,
showing the threat of the control group. Finally, we only
evaluated Java-based projects.

As threat to external validity, we only used data from fif-
teen systems and two solutions to derive thresholds, which
might not be enough to generalize the data in the context of
CK metrics. Furthermore, we cannot generalize the results
for other software metrics.

As threat to construct validity, we identified a faulty class
through regular expressions in commit messages using the
BugInfo tool, which might not be accurate. In addition,
we used the percentage of faults to validate the thresholds.
Even though there is evidence that the six CK metrics can
indicate flaws in software [13] and is the same process used
by Shatnawi [9], the reliability of the metric can be a threat
to the validity of our study.

6. Conclusions
In this paper, we presented results of an empirical study

performed to evaluate the influence of the context on the
definition of software metrics’ thresholds. The scope of our
contribution is restricted to CK metrics. We executed two
quasi-experiments, each one using one solution proposed
in the literature to define thresholds for software metrics.
We used the solutions presented in Foucault et al. [6] and
Shatnawi [9]. The objects of study were data from fifteen
open-source Java-based projects.

We used the Wilcoxon test to evaluate both quasi-
experiments. For both cases, the threshold’s definition ac-
curacy improved by considering the context to compute
it. Therefore, we present evidence that, in the context of
CK metrics, it is relevant to consider the context to define
thresholds. As a result, we conclude that thresholds can
only be reused for projects with similar contexts.

In our future work, we plan to study the implications of
our results in decision-making and software quality man-
agement. Furthermore, we plan to execute experiments to
investigate how, for other types of software metrics, the con-
text influences the definition of thresholds.
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Abstract—The crowds’ continuous participation and contri-
bution are the key factors for the success of open source
projects. However, among the massive competitors, it is difficult
for a project to attract enough contributors by just passively
waiting for enthusiasts to join in. Instead, it should actively
seek gifted developers. Most of the current studies mainly
focus on recommending experts inside a repository for some
specific development tasks. In this paper, we propose a novel
approach ConRec to recommend potential contributors across
the entire open source community for given projects. It lever-
ages the developers’ historical activities in projects to analyze
their technical interests and technical connections with others.
Thereafter, it combines collaborative filtering algorithm with
text matching algorithm to recommend proper developers. We
conducted extensive experiments on 5,995 open source projects
and 2,938,620 developers in GitHub. The results show that the
proposed algorithm can recommend contributors to open source
projects with the best performance of 63% in accuracy, and solve
the cold start problem as well.

Keywords-Contributor Recommendation; Collaborative Filter-
ing; Text Matching; GitHub

A. Introduction

Open source software (OSS) has become increasingly pop-
ular in software development. Quite different from the tra-
ditional software development, OSS is driven by massive
crowds including developers, users, managers and so on. These
stakeholders involve in OSS by interests, and most of them
have their own full-time job and can only spend spare time
on OSS. They can join in or withdraw from it at any time.
Nevertheless, OSS has achieved great success at creating high-
quality software like Linux, MySQL, Spark and so on, and is
viewed as “eating the software world” by “the Future of Open
Source Survey” [1].

The behavior of open source itself does not necessarily
result in a project’s success, but the continuous participation
and active contribution from the crowds do play a crucial
role. In GitHub, there are more than 48 million open source
projects. However, over 2 million projects are not forked or
watched by anyone after releasing, and 15.1% of them were
not updated for more than a year and finally failed. Even

DOI reference number: 10.18293/SEKE2017-067

for those projects which used to be successful will languish
without continuous contribution of developers.

Therefore, finding and attracting the right developers to
participate is quite crucial for OSS. On the one hand, proper
developers can provide necessary technical expertise that a
project needs; On the other hand, suitable projects can inspire
developers to participate in and to contribute their innovations
continuously. However, there is a massive amount of compet-
itive OSS, and developers are often limited by their time and
energy to browse and choose from all the related projects. An
automatic approach to bridge the gap between developers and
projects and match them means much for both developers and
projects.

Several studies have explored the act of recommending
developers to open source projects. Nguyen et al. [2] and
Ma et al. [3] proposed approaches to fix the recommendation
issues by analyzing the implementation history and expertise
of developers. Thongtanunam et al. [4] and Yu et al. [5]
focused on the automatic pull-request reviewer recommen-
dation problem by analyzing the development history and
social connections of individuals in the software community.
Most of these studies mainly focus on specific software tasks
and limit the recommended candidates to the core developers
of the projects. By contrast, the current study is rooted in
the granularity of open source repositories, and our output
allows recommendations of external experts throughout the
community.

This study developed a general algorithm called ConRec for
recommending suitable contributors to open source projects
based on a collaborative filtering algorithm and text matching
based method. We performed extensive experiments to com-
pare the performances of different algorithms on various types
of projects. The test data included approximately six thousand
projects and over three million candidates in GitHub. ConRec
performed well in all types of projects while solving the “cold
start” problem. The main contributions of this study are as
follows:

• We design a commit network to measure the collaboration
connections between developers. Based on this network,
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we develop a weighted collaborative filtering (WCF)
algorithm to recommend.

• We design a text matching based recommendation algo-
rithm based on the text information of projects. It can
solve the cold start problem effectively for projects which
have only few pre-existing developers before recommen-
dation.

• We combine the above two algorithms together and
design a hybrid approach called ConRec. We conduct
extensive experiments on over 5,990 projects and about
three million developers in GitHub, and achieves recom-
mendation accuracy of about 63%.

The rest of this paper is organized as follows. Section 2
reviews a few related studies. Section 3 describes the frame-
work of ConRec and the detailed recommendation algorithms.
Section 4 presents the design of the experiments. Section
5 discusses the experiment results. Section 6 elaborates the
conclusion and describe the future plans of the study.

I. RELATED WORK

A. Expert Identification and Prediction

In software development, the expertise of developers is one
of the most important factors that influence the efficiency
and quality of software development. Hence, an accurate
expert identification is of immense importance in global and
distributed software development. Many studies have explored
expert identification and prediction from different perspectives.
In references [2][3], Nguyen and Ma, et al. evaluated the
expertise of developers by analyzing the usage frequency of
methods and time distribution on issue fixing, respectively.
Thereafter, they designed the corresponding metrics to mea-
sure the technical capabilities of developers from the aspects
of usage and implementation. Gharehyazie et al. [6] leveraged
the activities of participants in a mailing-list communication
network and issue fixing history, as well as proposed an
approach to predict the probability of becoming a developer in
a project. Robbes [7] used the interactions between developers
to calculate their expertise. Schuler and Zimmermann [8]
measured the expertise of developers by using the frequency
of usage of specific application programming interface.

Most of these studies mainly focused on the capability of
developers to solve problems, thereby failing to consider the
probability of participating in target projects. The current study
combines the ability of developers and the association among
them to find suitable committers to projects.

B. Task Assignment

The development of social coding communities has resulted
in collaboration and cooperation becoming particularly com-
mon. Moreover, the rapidly increasing numbers of repositories
and tasks pose difficulties for developers.

Automatic task assignment has been extensively studied.
In particular, bug assignment has attracted significant re-
search interest. Bhattacharya [9], [10], Naguib [11], Xia [12],

Pre-existing developer: developer who has already committed to the project.

Shokripour [13], and others introduced many methods to
recommend experts to solve bugs. Yu et al. [5], [14], [15]
analyzed the social coding pull-request mechanism and devel-
oped methods for pull-request recommendation. Balachandran
and Thongtanunam et al. [16][4] generated methods for code
reviewing in social coding communities. Kagdi [17] heuristi-
cally created a code reviewer recommendation system using
the history of activities and expertise of developers.

These studies mainly focused on the fine-grained tasks of
open source repositories. By contrast, the present research
is concerned with finding suitable contributors for a project,
which is a coarse-grained topic.

C. Collaborative Network in Social Coding Communities

Although social coding is quite different from traditional
software development, the working habits of developers are
quite similar. People tend to work in groups and form new
groups with familiar cooperators, thereby leading to the for-
mation of a collaborative network.

Hertel et al. [18] studied the motivation of participants in
OSS, and determined that people tend to work as a team.
Grewal et al. [19] explored the network embeddedness of open
source projects and realized that strong embeddedness leads to
success. Weiss et al. [20] revealed that developers will migrate
from one community to another with other collaborators.
Hahn et al. [21] used these studies as basis to indicate that
prior social relations in a network of developers can assist
to attract additional developers. They also determined that
developers tend to join in projects with which they have strong
collaborative ties [22].

In considering the existing studies, we learned that devel-
opers in OSS tend to form collaborative networks. Further-
more, cooperators tend to form groups when developing new
projects. On the basis of this phenomenon, we developed the
following recommendation algorithm.

II. METHOD

In this section, we present the framework of ConRec and
introduce the detailed mechanism of the proposed algorithm.

A. Intuition of ConRec

The basic idea stems from the observation of the rela-
tionship between developers and projects. Hahn [22] and
Madey et al. [23] determined that developers in social coding
communities tend to form groups, and that these collaborative
networks affect the choice of participation of developers. We
extract a part of the commit network in Figure 1.

Figure 1 shows that developers who have committed to the
same project tend to collaborate in other projects. The same
is true real life; when developing a project, developers form
groups, become familiar with one another, and gain mutual
trust. Therefore, they are likely to collaborate in other projects.
Figure 1 also shows that developers who focus on “cocos2d”
tend to work on the same projects. This condition indicates that
similar technical interests lead to similar behaviors of partic-
ipation. The same is true in reality, in which developers with
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Fig. 1: Part of Commit Network

different skills or in different research fields focus on different
areas. Accordingly, we developed the ConRec algorithm for
recommending suitable contributors to open source projects.

B. Framework of ConRec

ConRec involves three steps: gathering prepared information
for the recommendation algorithm, calculating relations be-
tween potential developers and target projects, and ranking and
obtaining the final results. Figure 2 illustrates the framework.

1) Gather Prepared Information: The first step is to gather
prepared information for the target project, including its pre-
existing developers, potential developers, major programming
language, and the technical terms in the project name and
description.

2) Calculate Relation: The second step is to perform the
recommendation task for the target project based on the
prepared information. We use the WCF algorithm and text
matching based algorithm to calculate the relation between
potential developers and projects. Thereafter, we consolidate
the results by merging the recommendation results of WCF
with the text matching results.

3) Rank Results: The third step is to obtain the final
recommendation results of the target project. After calculating
the relation of developers, we rank the results in descending
order and identify the top-k developers as the final result.

C. WCF Algorithm

This part describes the WCF algorithm in detail, which
comprises two steps. Figure 3 shows the work flow of this
algorithm.

1) Expert Selector: The first step is to select the developers
who are familiar with the major programming language of
the target project. If the developer lacks experience in the
target programming language, then he/she may lack interest
and experience difficulty committing to the target project.
Therefore, we count the number of times a developer commits
with the target programming language, and we consider that
potential developers should commit at least four times to

Latent developer: developer that may commit to the project in the future.

projects which use the target language as the major program-
ming language. The reason for opting for this value as the
threshold is discussed in research question 3.

2) WCF: The second step is to recommend developers
based on the collaborative filtering algorithm. Here, we select
the pre-existing developers from the prepared information
gathered in the first step of ConRec. Thereafter, we calculate
the relation between each pre-existing developer and potential
developer based on their relation to other projects. Equation 1
shows the relation between a developer and a project where the
first and second parameters denote the developer and project,
respectively. Commit(d, p) refers to the number of times
developer d commits to project p, and Up denotes the set of
pre-existing developers for project p.

Rdp(d, p) =
Commit(d, p)∑|Up|

i=1 Commit(Up[i], p)
(1)

For the developer relation, we use the Vector Space Simi-
larity algorithm (Equation 2), where PA refers to the projects
that A have committed to.

Rdd(A,B) =

∑
p:{PA∩PB}Rdp(A, p) ∗Rdp(B, p)√∑
p:PA

R2
dp(A, p) ∗

∑
p:PB

R2
dp(B, p)

(2)

After calculating the relation between the developers, we
compute the relation between the developer and project ac-
cording to Equation 3, where Dp denotes the pre-existing
developers for project p.

result(A, p) =
∑
d:Dp

Rdp(d, p) ∗Rdd(A, d) (3)

Lastly, we rank the results of all potential developers for the
target project in descending order, and select the top-k values
as the final result.

D. Text Matching Based Recommendation Algorithm

This part aims to improve the recommendation result of
WCF algorithm. When lacking pre-existing developers, WCF
is unsuitable for recommendation. To solve the cold start
problem, we extract the technical terms and match the de-
velopers that focus on the target techniques. The idea is based
on reference [24], which uses text information to measure
expertise. Figure 4 shows the work flow.

1) Generate Technical Terms: First, we generate the tech-
nical terms from the name and description of the target
project using smart IKAnalyzer, and remove the words that
are included in the stop-word dictionary.

2) Generate Term Map: Second, we identify the potential
developers based on the technical terms of the target project.
Developers who have participated in projects can get their
related terms. Thereafter, we can calculate the relation between
terms and developers based on the TF-IDF algorithm [25].
The equation is shown as below, where Pt represents the set
of projects with term t, and T refers to the entire set of terms.

Rdt(d, t) =
∑
p:Pt

Rdp(d, p) ∗ log
|
⋃
x:T

Px|

|Pt|
(4)
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3) Rank Result: After calculating the relation between the
potential developers and terms, we compute the final results
using Equation 5, where Tdp denotes the set of terms that
match developer d with project p. Thereafter, we rank the
results in decreasing order. When WCF cannot recommend
a sufficient number of developers, the text matching based
algorithm serves as the supplement of the WCF algorithm,
the recommendation result of which is used for those projects

that lack of pre-existing developers.

result(d, p) = |Tdp| ∗
∑
t:Tdp

Rdt(d, t) (5)

III. EXPERIMENT

In this section, we will propose some research questions
about our recommendation algorithm, and describe the exper-
iment data set. Meanwhile, we describe the metrics that is used
to validate the proposed algorithm.

A. Research Questions

We derive the following research questions to explore the
relation between developers and projects based on the commit
number and analyze the performance of our recommendation
algorithm.
• Q1: How does ConRec perform compared with the two-

value traditional collaborative filtering method?
• Q2: How do the algorithms differ for projects with

different numbers of pre-existing developers?
• Q3: How will the number of commits affects the rec-

ommendation performance when defining the experts in
given programming languages?

For Q1, we conduct experiments and compare the accuracy
of different algorithms when recommending to a number of
projects. For Q2, we divide the test projects into two parts. One
part involves projects that have few pre-existing developers
and the other involves projects with adequate pre-existing
developers. Thereafter, we compare their performance. For Q3,
we conduct experiments to observe the performance of ConRec
when providing different threshold values to the expert selector
part.

B. Data Set

Prior to the experiment, we generate data from the GHTor-
rent MySQL dump, which was released in March 2016. We
firstly determine a time point. All the information prior to the
time point is referred to as pre-existing information and the
remaining is regarded as potential information.

http://ghtorrent.org/downloads.html
Time point: 2014-09-14.
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In order to validate our recommendation algorithm, we
should select well developed open source projects and deter-
mine whether our algorithm can recommend new committers
to them after the time point. We select 492,590 projects, the
commit numbers of which rank in the top 5% of all projects
with over one committer. We consider them well-developed
projects after the time point. Meanwhile, we select 450,170
projects, the number of new committers of which rank in
the top 5% after the time point. Thereafter, we calculate the
intersection of the projects with the top 5% commits and the
projects with top 5% number of new committers after the time
point. We also remove those projects created after the time
point or had already been deleted or forked from others, and
eventually obtain 5,995 projects. In the entire set, 888 projects
have less than two committers prior to the time point; these
projects are treated as ones with few pre-existing developers.
The rest of the projects are deemed to have adequate pre-
existing developers.

For potential developers, we remove those who have
no commit experience prior to the time point; thus, from
10,132,629 users in GitHub, we arrive at 2,938,620 developers.

For the CF and WCF algorithm, we run them on the entire
set of 10,132,629 developers and 28,118,416 projects.

The data set that we obtained is shown in Table I.

TABLE I: Dataset for Test

Items Number
ProjectCF

a 28,118,416

Projecttest b num(p.d.)c≤ 1 888
num(p.d.) ≥ 2 5107

DeveloperCF
d 10,132,629

Developerpotential
e 2,938,620

a ProjectCF : projects used in CF algorithm.
b Projecttest: projects used to test the performance.
c num(p.d.): the number of pre-existing developers.
d DeveloperCF : developers used in CF algorithm.
e Developerpotential: potential developers with over one commit
prior to the time point.

C. Experiment Metrics

For the validation of our experiment, precision, recall,
and MRR are unsuitable to evaluate the performances. For
precision, we cannot ensure that the false positives (i.e.,
recommended developers who have not committed to the
project) will not commit to the target project sometime in the
future. For recall, the developers we recommend may commit
to the target project later even though they have yet to commit.
For MRR, committers whose commit numbers rank low are
temporary, but they may surpass those leaders in the future.

We can use the accuracy value to test the effectiveness of the
algorithm. If our algorithm can find a developer who commits
to the target project after the time point, then we can say
that the system takes effect. The accuracy value is positively
correlated with the effectiveness of the algorithm. The equation
of accuracy is shown below, where hit@k refers to the number

New committer: developer who commit to the project for the first time.

of hit projects when recommending k developers and |test|
represents the number of all the test projects.

accuracy =
hit@k

|test|
(6)

IV. RESULTS

In order to answer the three research questions mentioned
above, we carried out three sets of experiments.

A. Overall Performance of ConRec

To answer Q1, we compare the accuracy value of our
recommendation algorithm with the traditional collaborative
filtering (CF) algorithm using the whole set of testing projects.
For the CF algorithm, it first constructs a two-value matrix to
record the commits of potential developers. Accordingly, 1
stands for the developer who has already committed to the
project and 0 stands for the opposite. Thereafter, it calculates
the relationship between the potential developers and the target
project, and eventually ranks the results in descending order.

Figure 5 shows the result.
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Fig. 5: Accuracy Comparison with the Entire Set of Projects

Our recommendation algorithm ConRec performs consid-
erably better than the CF algorithm, with the accuracy of
the former ranging from 26.5% to 63%. Hence, ConRec
can meet the requirements of many projects and recommend
suitable committers to them. For CF, the result shows that
the two-value relation between committers and projects is
inaccurate, that is, the algorithm cannot measure the strength
of relationships.

B. Performance under Different Numbers of Pre-existing De-
velopers

For Q2, we perform experiments and compare the perfor-
mance of different algorithms in projects that have few or
adequate pre-existing developers to determine whether ConRec
can solve the cold start problem. Precisely 888 projects have
few pre-existing developers. Figures 6 and 7 show the result.
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Developers

Figure 6 shows that the CF and WCF algorithms do not per-
form satisfactorily when recommending developers to projects
that have few pre-existing developers. Hence, collaborative
filtering is not suitable for newly joined or unpopular projects.
The text matching based algorithm shows a good performance,
but the performance of ConRec is superior. For projects with
adequate pre-existing developers (Figure 7), ConRec achieves
the best performance, followed by WCF and CF. ConRec
evidently performs better than WCF; thus, the complement of
the text matching based results can facilitate the improvement
of the recommendation results even for projects with adequate
pre-existing developers. The CF algorithm performs better
than the text matching based algorithm, thereby indicating that
a collaborative network is more suitable than text information
when recommending. This factor is our basis for using the
text matching based algorithm to complete the matching result
of WCF. The text matching based algorithm performs better
than CF when recommending developers to an entire project
set (see Figure 5). The reason is that, the number of projects
that have few pre-existing developers is 888, which comprises
14.8% of all the test projects.

Therefore, the terms generated from the text information of
the projects can facilitate solving the cold start problem and
improve the recommendation results for projects that have few
or adequate pre-existing developers.

C. Performance of ConRec in Different Threshold Values of
Expert Selector

Considering about Q3, we perform a contrast experiment
with different threshold values of the expert selector. Figure 8
shows the accuracy of ConRec when recommending 50 de-
velopers, where the x- and y-axes represent the threshold and
accuracy values, respectively. We set the threshold value range
from 2 to 30 with every other number.

Figure 8 shows that when the threshold value is set to 4, the
accuracy performs the best. Hence, when a developer commits
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Fig. 8: Accuracy Change with Different Threshold Values

over 4 times with the target language, we can regard him/her
as an expert. For threshold values below 4, the accuracy is
not that good because developers who are unfamiliar with the
programming language remain included. For threshold values
over 4, the performance decreases with the increase of the
threshold value. The reason is that ConRec filters accurate
developers and use text matching based algorithm to complete
the recommendation result.

In conclusion, the threshold value of the expert selection
part influences the performance of ConRec. If the value is
considerably small, then developers who are unfamiliar with
the target programming language are not filtered. If the value
is substantially large, then a few related developers are filtered,
and the text matching based algorithm is initiated. However,
the results are not as good as those of the collaborative filtering
algorithm. Therefore, we select the threshold value to 4 in
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ConRec.

V. CONCLUSION AND FUTURE WORK

The study aims to develop a general algorithm for recom-
mending suitable committers to open source projects based on
a collaborative network. We derive three research questions
and perform many experiments on 5,995 popular projects in
GitHub. The results indicate the superior performance of Con-
Rec. ConRec somewhat solves the cold start problem by com-
bining the collaborative filtering and text matching algorithms.
ConRec is suitable for different open source communities
because it simply considers the commit information and the
text information of a project, including the name, description
and language. These details are common information in social
coding communities.

However, it still has a few limitations.
Expert selection is relatively simple, that is, the program-

ming skill of a developer is more related to the quantity of
code than to the number of commits.

Many projects involve over one programming language.
Therefore, developers may commit to a project without using
the major programming language.

Many short-term developers engage in open source projects;
hence, they are likely to commit to a project in a short time.
Therefore, the algorithm should also consider the commit time
of pre-existing developers. For example, commits from a long
time ago may not be considered.

Different types of activities of developers like fork, watch
and star may also be considered. Different types of developers
can simultaneously participate in different numbers of projects.

For our future study, we will firstly build up a prototype sys-
tem by implementing our algorithm. Thereafter, we improve
the algorithm by simultaneously considering these limitations
and iterating the system.
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Abstract—A good software process can help project manager
manage software development effectively and control develop-
ment risks. For this reason, theory and experts’ experience are
concluded and put into process patterns. But it still requires
human skills to search for appropriate process patterns in
practice. To tackle this challenge, this paper proposes a Goal-
Question-Metric (GQM) based approach to recommending soft-
ware process patterns. The essential idea of this approach is to use
a GQM method to design scenario questions for software process
patterns, elicit the requirement of new project by answering these
questions, and then recommend the optimal matching patterns
to the project. In particular, we use a Latent Dirichlet Allocation
model on the scenario descriptions of software process patterns
to achieve a text-topic distribution, and then apply the K-means
method to do text clustering, which facilitate scenario questions
design a lot. We evaluate the performance of our topic clustering
method by comparing it with that of the statistics method
based on TF-IDF. The evaluation results show that our method
contributes a high F-score which is 11.6% higher than that of the
traditional TF-IDF approach. Furthermore, the average precision
of recommendation can reach 57%.

Index Terms—Software Process Pattern Recommendation; Ma-
chine Learning; Goal-Question-Metric

I. INTRODUCTION

Nowadays a large number of software systems are under
development, meanwhile, software process plays a key role in
helping software managers develop high-quality systems and
control risks. For aiding software development, process experts
have designed many software process patterns [1] [2] [3],
including waterfall process model, incremental process model,
evolution model, scrum model, test driven development and
so on. These process patterns have aggregated considerable
experience and knowledge, as they are extracted from many
successful projects, refined and improved constantly. Liter-
atures [4] [5] show that these patterns do provide general
process solutions that can lead to further successful software
projects.

Although many useful process patterns have been designed,
it is not easy to find an appropriate one for a given software
project. Software development is a knowledge intensive task,
and many technical, social, and environment constraints and
factors can influence the software development. Choosing an
appropriate process pattern is not only an intelligent work,

DOI reference number: 10.18293/SEKE2017-082

but also a manpower consumption work. The chosen pro-
cess patterns may not be appropriate if these constraints are
not considered. Therefore automated process pattern recom-
mendation with high performance is in urgent need. It can
put forward suggestions for the users to choose appropriate
process patterns so that the software development can be
significantly improved, which means the whole process can
be optimized, the redundant development activities can be
eliminated, and the quality and maintainability of the software
under development can be enhanced.

However, it is non-trivial to recommend software process
patterns automatically in practice because of two main diffi-
culties:

1) How to acquire and express the software process pat-
terns and software project requirements which can be
understood by computers? Software process patterns
are summed up by process experts through practical
experience. There is no pattern language standard to
unify formats and styles of process patterns, which
makes them unstructured and difficult for computers to
understand and process. There is the same problem with
the software project requirements.

2) How to recommend appropriate software process pat-
terns according to the project requirements automati-
cally? Traditionally, software process patterns are rec-
ommended by human experts. However, usually there
are not enough process experts, especially in small
organizations. Therefore, we need an AI expert to do
it in an automatic way, where the biggest trouble lies
in how to compute the matching degree between the
project requirements and software process patterns in a
universal way.

To tackle the above challenges, we propose a Goal-
Question-Metric (GQM) based approach to recommending
software process patterns. In this approach, we design scenario
questions and answers for each software process patterns ac-
cording to their description. When a new project comes, these
questions are answered according to its specific requirements
by the project manager (PM). By calculating the correlation
between project requirements and all process patterns based on
real answers and expected answers, a candidate list of software
process patterns is recommended.

This paper makes the following contributions:
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1) We present a GQM-based approach of software process
pattern recommendation. Through questionnaires, we
extract the structured scenario data from the textual
description of software process patterns and project
requirements. And then, the correlations between re-
quirements and process patterns are calculated. As a
result, software process patterns with high correlations
are recommended.

2) We propose a topic clustering method to facilitate design
scenario questions. We use LDA [6] to build a topic
model for each sentences of software process patterns
descriptions. After that, we calculate the similarities
between sentences based on topic distribution, and use
K-means [7] algorithm to do text clustering. With these
clusters, we can design the scenario questions in a
cluster-level instead of single sentence level, which can
save lots of time and labor.

The remainder of this paper is organized as follows: Sec-
tion II presents the related work; Section III describes our
approach; Section IV discusses the experiments and results;
Section V concludes the paper.

II. RELATED WORK

Pattern is a common solution to a recurring problem in
a given context [8]. Birukou et al. [9] divided the problem
of reusing patterns into two steps, searching for patterns and
selecting patterns. The problem of searching for patterns is
to find appropriate patterns to solve given problems, and the
problem of selecting patterns is to choose patterns to apply
from a list of patterns. In the domain of software engineering,
there are many different kind of patterns. Research mainly
focus on the selection and recommendation of design patterns
and process model.

A. Selection and Recommendation of Design Patterns

R. Mustapha et al. [10] proposed a recommender system
for design patterns by labelling each patterns with several
key words, and ask user to input some key words and about
their project, then patterns are recommended according to key
words matching. F. Palma et al. [11] proposed a recommen-
dation method of software development design patterns. They
extracted features manually from various design patterns, and
then achieved scores of these extracted features by question-
naire. The matching degree between requirements and design
patterns was calculated by the sum of answered weights.
Sanyawong et al. [12] extracted names of classes and methods
from software design. With these names, the similarity be-
tween different software designs can be calculated, and design
patterns were recommended to novice designers. Issaoui et
al. [13] used semantic information of class names, method
names and description of software to do recommendation.

B. Selection and Recommendation of Process Model

In recent years, with the rapid development of the Internet
and open source communities, lots of historical data about
the software projects has been saved which can be used by

researchers. Little et al. [14] proposed several attributes to
score the suitability of the development process approach for
a particular project. Egwali and Akwukwuma [15] proposed
35 criteria and a relative rating mechanism for these criteria to
select appropriate process model. But these criteria rely heav-
ily on the authors’ subjective opinions which may affect the
selection appropriate process models. Song et al. [16] defined
a machine learning based method of software process model
recommendation. Choosing an appropriate process model for
a new project is achieved by utilizing the relationship between
software project characteristics and the appropriate process
models.

In summary, most of current research on patterns selection
and recommendation mainly adopt features extracted from
structured data. Kubo et al. [17] proposed a method to
search appropriate unstructured patterns according to patterns’
popularity, but this method can’t match the requirement of a
software project in detail.

III. APPROACH

A. Approach Overview

In order to deal with above problems, we propose a GQM-
based approach to software process pattern recommendation,
as shown in figure 1. The input is a reusable software process
pattern library, where each pattern is described in the form
of Name, Intent, Domain, Solution, Initial Context [4], as
illustrated in Table I. The output is a recommended pattern
list to a new project.

TABLE I: DESCRIPTION EXAMPLE OF PATTERN FLOOT.

Item Name Content
Name Full Life Cycle Object-Oriented Testing, FLOOT
Intent FLOOT methodology is a collection of testing tech-

niques to verify and validate object-oriented soft-
ware. The goal is to define software defects before
delivery to users and assure your software applicable
as a complete artifact.

Domain Testing
Solution 1. Make testing plan for systematic testing;

2. Input systematic testing plan;
3. Commit systematic testing, including functional
testing, pressure testing, installation testing and op-
eration testing;
4. Record problem and defect for regression testing.
Condition 1: If it passes regression testing, go to step
5;
Condition 2: If it fails to pass regression testing, go
to step 1.
5. After systematic testing, software is under user
testing, including Alpha/Beta testing, delivery test-
ing.

Initial Context 1. Your software is under package for delivery.
FLOOT will test software as a whole for installation
tools, documents and software.
2. Master test / quality assurance plans are finished.
You need to manage and track testing work.

Our approach consists of two phases:
1) At questions and answer design phase, we preprocess

scenario descriptions of process pattern, build topic
model for each scenario sentence. After that, we do text
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Fig. 1: Our Approach to Software Process Pattern Recommendation

clustering on all sentences for patterns by calculating
similarity on text topic matrix. For each cluster, scenario
questions are designed, and each question on every
related pattern is assigned with an answer.

2) At pattern recommendation phase, PM firstly needs to
answer related scenario questions and score the rele-
vance between their requirements and questions. We get
the candidate list of patterns recommended by calcu-
lating the matching degree between PM’s answers and
pattern answers designed in the previous phase.

B. Design of scenario questions and answers

Software process patterns are accumulated by experts’ past
experience and knowledge. However, such textual descriptions
cannot be understood by machine. We adopt scenario questions
to describe process pattern characteristics and new project
requirements, for the further recommendation. Here, it will
be described in details how the questions and answers are
designed using the GQM model and machine learning tech-
nology.

1) Goal-Question-Metric Model: GQM [18] is a three
layer model, where goals should be identified first, questions
are designed to achieve these goals, and then questions are
answered by metrics. In this paper, we apply GQM model to
the questions design of process patterns. As Figure 2 shows,
goals on the top layer are process patterns, questions on the
middle layer are scenario questions, and metrics on the bottom
layer are the answers to scenario questions, which are in the
form of (Yes / No / Don’t know) with a weight on a scale of 0-
10. Each pattern has its scenario questions and corresponding
answers.

Fig. 2: GQM Model for Pattern Question Design.

2) Steps of Question Design: There are four steps in
scenario question design.
• Preprocessing. The sentences in the Intent, Domain and

Initial Context from pattern description (Table I) are
extracted and filtered as the scenario descriptions of a
pattern, and then represented in the form of bag of words.

• Text topic modeling. We apply LDA [6] on all the
scenario sentences from all patterns to build topic model,
and get text-topic probability distribution matrix. The size
of matrix is d × k, where d means the amount of all
sentences and k indicates the count of topics (in our
method we set k with 100). Each row vector in matrix
means topic probability distribution of one sentence, and
the whole matrix represents topic probability distribution
of all pattern descriptions.

• Calculating topic similarity and sentences clustering.
We adopt K-means [7] to probability distribution matrix
for sentences clustering. The similarity between texts is
related to the similarity between vectors in matrix, which
is calculated by Euclidean distance, as defined in formula
(1).

distance(X,Y ) =

√∑k

i=1
(xi − yi)2 (1)

where X,Y is the row vector which consists of xi and
yi; xi and yi are respective probability of the sentence
belonging to the ith topic; and k is the number of all
topics. After text clustering to all the pattern description
sentences, we can obtain the topic cluster collection of
all the sentences. In our method, we set K for K-means
with 25.

• Design of questions and answers. We design scenario
questions according to all clusters of pattern descriptions.
Each pattern has one or more questions. As the example
in Figure 3 shows, each pattern description consists of
several sentences. After topic clustering, each cluster con-
tains various sentences from different patterns. Questions
are mainly from the clusters sentences. Once all questions
have been designed for all clusters, we assign a right
answer to each question on every related pattern.

3) An Example: Here is an example of how to design
scenario questions and answers. Table II shows the scenario
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Fig. 3: Patterns, Clusters and Questions.

descriptions of three patterns, waterfall development (WD),
iterative development (ID), and prototype development (PD).
Table III lists the topic clustering results and their designed
questions. And Table IV shows the scenario questions and
answers for each pattern, where ’—’ means the question is
not related to the pattern.

TABLE II: EXAMPLE OF SCENARIO DESCRIPTION.

Pattern Name Pattern Description Sentences
Waterfall development 1. Be useful for complex system whose re-

quirements should be stable and clear.
2. Be suitable for the projects with less risks.
3. Places emphasis on documentation.
4. Emphasis is on planning, time schedules,
target dates, budgets and implementation of
an entire system at one time.

Iterative development 5. The requirements could be not so stable at
the beginning.
6. Offer many different available versions.
7. Often contact with users to obtain feed-
back.
8. Can reach a high demand of risk control.

Prototype development 9. Be suitable for small project whose require-
ments are not very clear.
10. Work with users during the development.
11. Ensure the developed software with a high
usability.
12. May delay the whole development cycle.

TABLE III: TOPIC CLUSTERING AND QUESTION RAISE.

Sentence Clusters Scenario Questions
{1,5,9} 1. Are the requirements of your project stable and

clear?
{2,8} 2. Does your project have some high risks need to

control?
{3} 3. Do you need detailed documents?
{4,12} 4. Do you need a complete development and strict

plan?
{6} 5. Do you need to release system versions quickly?
{7,10} 6. Do you need to contact with users often during

development process?
{11} 7. Does your project need a high usability?

C. Recommendation of Software Process Pattern
In this phase, appropriate patterns will be recommended

according to the requirement of a new project. Our approach

TABLE IV: EXAMPLE OF Q&A DESIGN FOR PATTERNS.

Question WD ID PD
1. Are the requirements of your project
stable and clear?

Yes Yes or No No

2. Does your project have some high risks
need to control?

No Yes —

3. Do you need detailed documents? Yes — —
4. Do you need a complete and strict devel-
opment plan?

Yes — No

5. Do you need to release system versions
quickly?

— Yes —

6. Do you need to contact with users often
during development process?

— Yes Yes

7. Does your project need a high usability? — — Yes

obtains project requirements by questionnaire and uses sce-
nario questions to match process patterns. The benefit of ques-
tionnaire is that it avoids analyzing the textual requirements
of a new project by nature language processing technology,
and helps understand them more accurately.

1) Recommendation Method: Figure 4 shows the recom-
mendation method of software process pattern. When a new
project coming, PM will answersthe scenario questions with
”Yes/No/Don’t know” and score the weights between the
project requirements and questions. The weight is an integer
from 0 to 10 for quantification of the relationship between
patterns and project requirements. After recording the answers
and weights, we can calculate all the matching degrees be-
tween patterns and questions. As a result, we sort all the
matching degrees and pick the first five process patterns as
the candidate list to PM. In addition, it is not all questions
that should be answered. Questions are often correlative, so
we will filter the remaining questions based on the answers of
previous questions.

Ask PM

Start

End

PM Answers 
Scenario Questions

Filter Questions 
According to Answers

Is Collection 
Empty?

Calculate Matching 
Degree of Patterns

Recommend Candidate 
List of Patterns

Traverse 
Question Collection

Exclude 
Irrelevant Questions

Record Answers & 
Weights

True

False

Fig. 4: Recommendation Method

To recommend the appropriate patterns for a project, the
matching degree between their answers of scenario questions
is calculated by formula (2).
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MD =
1

NQ
(

n∑
i=1

(Weighti same)−
m∑
j=1

(Weightj diff)) (2)

In the formula, MD is the matching degree between patterns
and new project requirements; NQ is the number of all related
questions for the pattern;

∑n
i=1(Weighti same) is the weight

sum of all PM’s answers in accordance with pattern’s answers;∑m
j=1(Weightj diff) is the weight sum of all PM’s answers

inconsistent with pattern’s answers. For example, there is
a question collection {Q1,Q2,Q3} and their pattern answers
are {yes,no,no}. A PM answers these questions and gives
{(yes,10),(yes,8),(no,9)}. The questions with the same answers
are Q1 and Q3, while Q2 is the question with different
answer. As a result,

∑n
i=1(Weighti same answer) is 19 and∑m

j=1(Weightj diff answer) is 8. So the matching degree
between this pattern and PM’s requirements is 11

3 .
2) An Example: Here is a small example to illustrate

which pattern is prefered. Company A needs to develop a
graphic software. The requirement is not very clear and the
client ask for a high usability. In order to get appropriate
software process patterns, PM needs to answer the scenario
questions. Table V shows the records of pattern recommen-
dation questionnaire. In the table, column ’A’ represents the
answer to question and ’W’ is the weight. Three patterns
are examined, including waterfall development pattern (WD),
iterative development pattern (ID), and prototype development
pattern (PD).

Take waterfall development pattern as an example, its
related question collection is {Q1,Q2,Q3,Q4} and corre-
sponding answers are {yes,no,yes,yes}. PM’s answer pairs
are {(no,8),(yes,5),(no,5),(yes,3)}. Only Q4 is matched. So
Weightsame answer is 3, Weightdiff answer is 18 and the
matching degree between pattern waterfall development and
PM’s requirements is - 154 . According to the total weight,
prototype development pattern is the optimal fit among these
three patterns.

TABLE V: RECORDS OF PATTERN RECOMMENDATION QUESTIONNAIRE.

Question A W WD ID PD
1. Are the requirements of your
project stable and clear?

No 8 -8 8 8

2. Does your project have some
high risks need to control?

Yes 5 -5 5 —

3. Do you need detailed docu-
ments?

No 5 -5 — —

4. Do you need a complete and
strict development plan?

Yes 3 3 — -3

5. Do you need to release system
versions quickly?

No 8 — -8 —

6. Do you need to contact with
users often during development
process?

Yes 8 — 8 8

7. Does your project need a high
usability?

Yes 10 — — 10

Total Weight — — - 15
4

13
4

23
4

TABLE VI: PERFORMANCE COMPARISONS OF TEXT CLUSTERING.

Clusters Num Of Sentences
TF-IDF LDA

P R F P R F

Architecture 11 0.63 0.64 0.63 0.72 0.73 0.72

Documentation 8 0.83 0.63 0.71 0.75 0.75 0.75

Design 25 0.65 0.60 0.62 0.82 0.76 0.79

Governance 19 0.71 0.53 0.61 0.72 0.68 0.70

Testing 12 0.50 0.75 0.60 0.75 0.83 0.79

IV. EXPERIMENTS

In this section, we conduct experiments to answer these two
research questions:

RQ1: Compared to traditional text clustering approaches
based on statistics, does our approach reach a better perfor-
mance?

RQ2: Does our approach recommend appropriate software
process patterns to a new project?

A. Experimental Settings

Ambler published an online software process pattern col-
lection*. We extract totally 378 description sentences for 89
patterns from this website. For RQ1, we use Precision, Recall
and F1-Measure as the evaluation criteria. For RQ2, we use
HitRate to calculate the precision of pattern recommendation,
as defined in formula (3), where hitCnt means the number
of successful recommendation and TotalCnt means the total
number of recommendation.

HitRate =
hitCnt

TotalCnt
(3)

B. Text Clustering Experiment

To answer RQ1, we conduct a comparison experiment
between our approach and the statistics approach based on
TF-IDF. We select 75 sentences from all these 378 description
sentences and divide them into 5 topics manually, as the
benchmark. At the same time, the automatic text clustering
is made by two approaches, where the topic number for LDA
is set with 100 and the target clusters number of K-means with
5.

The experimental result is illustrated in Table VI. It shows
that our approach based on LDA has higher precision and
recall compared traditional TF-IDF approach, which has better
effect on text clustering of software process pattern descrip-
tions.

C. Pattern Recommendation Experiment

To answer RQ2, we collect 30 software projects which have
been closed successfully and record their corresponded process
patterns manually as the benchmark. We invite 18 PMs with
different professional level to involve in this experiment. For
each PM, we select 5 projects randomly and offer them enough
time to understand the requirements of selected projects. Then
they follow our approach to obtain recommended patterns.

*http://www.ambysoft.com/processPatternsPage.html
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In a recommendation, if one of the top five recommended
patterns matches with the recorded patterns, we regard this
recommendation as a successful one.

In our method, Totally 57 questions are designed for all
these 89 patterns we extract. Table VII (HR denotes hit recom-
mendations and TR denotes total recommendations) lists the
recommendation results for different PM professional levels.
It shows that the average precision of pattern recommendation
can reach 57%, which can meet the managers’ requirements
on recommending software process patterns.

TABLE VII: RECOMMENDATION RESULTS.

Professional Level of PMs Num of PMs HR TR HitRate
Beginner 4 10 20 50%
Normal 4 11 20 55%
Medium 4 13 20 65%

Advanced 4 12 20 60%
Skilled 2 6 10 60%

D. Comparison with other methods

Considering other two state-of-the-art methods mentioned
in [14] and [16]. For the first method, it only uses 4 kinds
of different process model, so it is not suitable to do a direct
comparison. For the second method, a huge amount of historic
software project data are collected to employ this model.,
it is hard for us to obtain satisfied data for redoing their
experiments. So we just analyze the pros and cons of different
methods as shown in Table VIII. Our approach can deal with
unstructured textual descriptions of software patterns, and thus
is more practical and can be applied in more scenarios.

TABLE VIII: COMPARISON OF DIFFERENT APPROACHES.

Method Pros Cons
Our Method accurate recommendation; ex-

pandable pattern repository;
unstructured data understand-
able

semi-automatic
questions design; Rely
on the answering of the
PM, not so objective

[14] Raise criteria to measure com-
plexity and uncertainty; Divide
projects into 4 categories ac-
cording to complexity and un-
certainty

unstable precision; di-
vide all process patterns
into 4 category, not spe-
cific enough

[16] quantified software develop-
ment attribute; accurate recom-
mendation

inapplicable to unstruc-
tured data(such as re-
quirements); not conve-
nient to add new process
patterns

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a GQM based software process
recommendation approach. The approach applies GQM model
to design scenario questions for different patterns, with the
help of natural language processing and machine learning tech-
niques. For a new project, its requirements are elicited through
answering these questions, and then the optimal matching
patterns are recommended. Experimental results show our
approach can recommend the proper process patterns to a
specific project with a high precision.

As for future work, we will explore an automatic ap-
proach to generate scenario questions from the descriptions
of software process patterns. And we also plan to do more
experiments to compare our approach with others, apply our
approach in practice and improve it according to the feedback.
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Abstract—Recently, software crowdsourcing platforms, which
provide paid tasks for developers, become attractive to both
employers and developers. Developers expect to find tasks that
match their interests and capabilities via crowdsourcing plat-
forms, and thus recommender systems play important roles in
these platforms. However, we still face several challenges when
building a recommender system for a crowdsourcing platform.
A major challenge is how to recommend tasks to cold-start de-
velopers whose task interaction data is not available. This paper
presents a novel, topic sampling approach to tackling with the
cold-start developer recommendation problem. First, it employs a
general method for modeling developers and tasks, which solves
the data heterogeneous issue across different platforms. After
that, it casts the cold-start developer recommendation problem
into a multi-optimization problem, and takes a topic-sampling
based genetic algorithm to recommend tasks. More specifically,
our approach is different from traditional solutions in that it
leverages task descriptions and popularity-to-be, allowing new
tasks to be recommended to cold-start developers. To evaluate
the effectiveness of the proposed approach, we have conducted
experiments on a large dataset crawled from three real-world
software crowdsourcing platforms. Compared with other state-of-
the-art recommendation solutions, the experimental results show
that the proposed approach improves 75% of precision and recall
on average.

Keywords—Cold-Start Problem, Software Crowdsourcing,
Topic Sampling, Developer Recommendation.

I. INTRODUCTION

Software crowdsourcing has attracted great attentions from
both industry and academia recently. An increasing number
of software companies have turned to find online developers
in software crowdsourcing platforms, such as OsChina1 and
Zhubajie2, to accomplish various types of software develop-
ment tasks, including architecture design, component devel-
opment, testing and bug fixing. On a crowdsourcing platform,
developers hunt for suitable tasks, and employers also search
for qualified developers. Inappropriate developer-task match-
ing may decrease the quality of the software deliverables.
Thereafter, a recommender system needs to be designed and
integrated into a crowdsourcing platform, helping users find
the best fitting developers or tasks effectively.

For a software crowdsourcing recommender system, a major
challenge is how to recommend tasks to cold-start developers

† Corresponding Author
1http://www.oschina.net/
2http://www.zbj.com/
DOI reference number: 10.18293/SEKE2017-104

(i.e., new developers) whose task interaction data is not
available. Even worse, unlike movies or music items in tradi-
tional recommender systems, tasks in software crowdsourcing
platforms may be insufficient in their data accumulations, since
they usually have short lifetime period. Available developer
behavior history information becomes rare, making the cold-
start developer problem severe.

In this paper, we focus on solving the cold-start developer
problem in software crowdsourcing recommender systems,
i.e. recommending tasks to cold-start developers with little
online behavior information. Traditional solutions conduct
some questionnaire surveys [1] on cold-start developers and
then build models based on results or simply recommend
popular tasks to them [2]. However, it requires a lot of expert
efforts to prepare good questionnaires, while developers may
still forget to fill up them. Furthermore, these methods cannot
recommend new tasks whose popularity are relative low to
developers, even though these tasks are potentially popular in
the future.

To tackle these problems, we propose a topic sampling
based approach to recommend tasks to cold-start developers.
Our approach builds the models of developers and tasks in
a general way, casts the cold-start developer recommendation
problem into a multi-optimization problem, and takes a topic-
sampling based genetic algorithm to recommend tasks. More
specifically, it leverages task descriptions and popularity-to-be,
and can recommend even new tasks to cold-start developers,
which makes it significantly different from previous solutions.
We conducted several experiments to evaluate the proposed ap-
proach. Using three real datasets from software crowdsourcing
platforms, we can conclude that our approach has a significant
enhancement, 75% on both precision and recall in average, at
the recommendation.

Our main contributions are summarized as follows:
1) Task Popularity-to-be Estimation. Instead of using ex-

isting task popularity, we propose an estimation method
to get task popularity-to-be as one of key properties of
task model. It adopts regression, a machine learning
technique, to estimate whether a cold-start task may
become popular in the future.

2) General Resources Modeling. We propose a general
modeling method for modeling developers and tasks.
The method abstracts the key properties of resources
from heterogeneous data, modeling developers from
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their profiles and behaviors, while modeling tasks from
their descriptions by natural language processing tech-
nologies. Then it transfers the features from warmed de-
velopers (also called non-cold start developers) to cold-
start developers, through classification and clustering.

3) Cold-start Developer Recommendation Algorithm. With
task model and developer model, a semi-supervised al-
gorithm is designed to recommend tasks to cold-start de-
velopers, called Topic Sampling-based Recommendation
Algorithm, which designs the recommendation problem
as a new multi-optimization problem and employs the
genetic algorithm to solve it.

II. RELATED WORK

Recommendation System. The traditional approaches on rec-
ommendation are collaborative filtering (CF) approaches [3],
such as singular value decomposition (SVD) [4], where the
user gets items based on other items with similar patterns.
However, an inherent prerequisite of CF is to have historical
user-item interactions. Thus, CF suffers from the cold-start
problem.

Some researchers proposed content-based approaches for
building a recommender system. For example, Takacs et al.
constructed content similarity matrix and used neighbor based
approach to recommendation, where users ratings are affected
by their nearest neighbors [5]. But it is difficult for content-
based approaches to construct proper profiles for cold-start
developers.
Cold-Start Problem. In this paper, we focus on the user
cold-start problem in recommender systems. To model the
preferences of cold-start users, previous work usually ob-
tain related information by short interviews [6] [7]. During
interviews, the users are asked to rate several items from
carefully constructed seed sets, which are constructed based
on popularity, contention, and coverage [8]. However, usually
only a few people will fill out the questionnaires, and badly
written questions limit the usefulness [9].

One of the classical approaches to addressing cold-start
problem is popularity-based approach. Miao et al. jointly
predicted the rating and popularity for cold-start items by
sentinel user selection [10]. Arapakis et al. characterised the
online popularity of news articles by two different metrics [11].
But popularity-based approaches are not good at personalizing
recommendation.

Another is bandits-based approach. Li et al. modeled per-
sonalized recommendation of news articles as a contextual
bandit problem [12], and solved it by using user-click feedback
to maximize total user clicks. In [3], CF was combined with
exploration-exploitation strategies for content recommenda-
tion. Instead of cold-start users, it is better at solving cold-start
item problem.
Developer Recommendation. There are also some studies
of recommendation technologies for software crowdsourcing
platform. Zhu extracted skill and location features from the
textual descriptions, and adopted learning to rank technology

to perform recommendation [13]. Lee et al. proposed a dy-
namic planning algorithm to recommend tasks [14]. Yuen et al.
pointed out that the past task preference and user performance
could be utilized for task preference model [15]. However all
of these work did not address the cold start problem.

III. PROBLEM DEFINITION AND APPROACH OVERVIEW

We give a formal definition of cold-start developer rec-
ommendation problem, and then present an overview of our
approach.

A. Cold-Start Developer Recommendation Problem

There are two basic resources on a software crowdsourcing
platform: tasks denoted as T , and developers as U . Once an
employer has requested a task, the developers can bid for,
win, and then deliver the task. So we express the relationship
between one developer u and one task t as the set R =
{bidding, winning, delivering}. Thus, data on the software
crowdsourcing platform can be expressed as a relationship
triples: (u, t, r) ∈ U × T ×R.

Definition 1: Developer Activity Percentile. We design a
new metric, developer u’s current activity percentile Act (u),
to measure how often the developer interact with tasks, which
is defined as the number of tasks u has bid for.

Act (u) =
∑
i∈T

1 {if u bids i} (1)

Then, we calculate the average current activity percentile
µact and the variance of the current popularity σ2

act on the
platform. In this paper, we suppose that the activity per-
centile is consistent with the Gaussian distribution Act ∼
N
(
µact, σ

2
act

)
.

Definition 2: Cold-Start Developer. When the activi-
ty percentile of developer u is less than twice the vari-
ance of the Gaussian function formed by all develop-
ers’ activity percentile on the platform, developer u is
regarded as a cold-start developer, that is, Act (u) <
Gaussian

(
µact − 2 ∗ σ2

act;µact, σ
2
act

)
.

Definition 3: Cold-Start Developer Recommendation Prob-
lem. For the all tasks, it is given that ∀t ∈ T, t = {desc, f},
where desc represents description of task t and f a boolean
value indicating whether task is terminated. The problem is
that recommender system must learn an appropriate model to
recommend a suitable task set T

′
for a cold-start developer,

where ∀t′ ∈ T ′
{
t
′
.f = 0

}
. Besides, the task set recommend-

ed must meet ∀t′ ∈ T ′
{
i does not bid t

′
}

, that is, without
being bid by i.

B. Approach Overview

To address the above cold-start problem, a novel approach
is proposed, as shown in Fig. 1. It consists of two phases, the
resource modeling phase which models tasks and developers
from heterogeneous data in the platform, and the recommenda-
tion phase which recommends appropriate tasks for cold-start
developers with topic sampling.
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Fig. 1: Our Approach to Cold-Start Developer Recommendation.

1) Software Crowdsourcing Resource Modeling: Due to
heterogeneous data from different software crowdsourcing
platforms, we build the models of developers and tasks in a
general way. For tasks, our approach extracts task topics by the
topic model, and calculates task popularity by the regression
model. For developers, it builds profile vector, topic vector and
activity percentile through NLP technologies.

2) Cold-Start Developer Recommendation: Recommenda-
tion phase has three steps: (1) Warm Developer Clustering
produces some clusters and their center topics; (2) Cold-Start
Developer Classification assigns each cold-start developer to
one cluster of warm developers; (3) Recommendation Based
on Topic Sampling proposes a topic-based popularity sampling
algorithm which applies genetic programming to perform
recommendation.

IV. SOFTWARE CROWDSOURCING RESOURCE MODELING

In this section, a general resource modeling method will be
introduced, which can extract task and developer information
from heterogeneous data in different software crowdsourcing
platforms.

A. Task Modeling

One of the basic elements in software crowdsourcing is the
task. Each task has its own task description including a title
and a body. Although there are other properties to describe
tasks in some specific platforms like tags, etc., without loss
of generality, we only set task descriptions as the input of
modeling phase.

1) Task Topic Modeling: Task descriptions are written in
natural language by the employer. We use a popular topic
modeling algorithm, Latent Dirichlet Allocation (LDA) [16],
to obtain the topic distribution to represent tasks description-
s. Before applying LDA, the descriptions need to be pre-
processed. We first concatenate the title and the body of a
task description to a big text, and remove stop words and
words whose part-of-speech tags are not noun, adjective, or
verb. Then each text is represented by a bag-of-words (BOW)
vector. We set the number of topics to 150, and thus, each
description is finally transformed into a 150-dimensional topic
vector. Distinctly our method can transform heterogeneous
task data from different platforms into an isomorphic vector.

2) Task Popularity Modeling: In traditional popularity-
based recommendation systems, an item’s current popularity
Popc is defined as the average rating of all users to item or
how many people rate/bid it. However, it cannot reflect the
popularity well especially for new tasks. A new task may be
popular in the future, but at the beginning, it cannot attract
enough developers in short time, and thus its current popularity
is low. To better model tasks, we propose a new concept called
popularity-to-be Pope, which is calculated by a regression
model and extremely beneficial for new tasks.

Given the training dataset D =
{(x1, y1) , (x2, y2) , · · · , (xn, yn)} , x ∈ Rk, y ∈ R, where
yi is current popularity of a task which has been bid
and delivered, and xi the corresponding task topic vector.
Regression algorithms can fit a model f̂ (x) → R from
these historical data. Then using this model, for a task, its
popularity-to-be can be estimated by the task topic vector.

There are many regression algorithms, such as Classification
and Regression Tree (CART) [17], linear regression [18],
Gaussian mixture model [19], etc. In the experiment, the
classical CART algorithm achieves the best performance and
thus we apply it to estimate task’s popularity-to-be.

It is meaningful and effective to extract information from
the task description for estimating popularity because the
task popularity-to-be can indirectly reflect the distribution
of topic. However, the longer tasks are released, the less
credible the estimated popularity will be. In order to avoid
the inaccuracy issue, we propose a time-weighted method
ultimately to calculate the popularity of task j.

Pop (j) = α (ts, tc) ∗ Popc (j) + β (ts, tc) ∗ Pope (j) (2)

Both α (ts, tc) and β (ts, tc) are two time weighting factors,
calculated by the task’s release time tc and the current time
ts. For α (ts, tc), it should be increased with tc − ts since
the reliability of current popularity is growing higher as
released time goes by. Meanwhile, the reliability of estimated
popularity decreases. So α (ts, tc) and β (ts, tc) are defined
as:

α (ts, tc) = ln (tc − ts + 1) , β (ts, tc) =
1

ln (tc − ts + 1)
(3)
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B. Developer Modeling

We build the model of developers from three aspects.
1) Developer Profiling: When registering on different soft-

ware crowdsourcing platforms, a new developer is required
to fill in different individual information that can be con-
verted into a unified vector to denote his profile model. The
individual information generally contains three kinds of data
type: numeric, string, and enumerations. Numeric data can be
added directly to the profile vector, as well as enumeration
after relatively simple discrete processing. For a string, it is
generally accepted by converting it to a BOW vector so that
the string can be appended to the profile vector.

2) Calculating Developer Activity Percentile: The develop-
er activity percentile is calculated by his/her online behaviors,
just according to the definition 1.

3) Refining Developer Topic: The relationship between
developer and task is denoted by triples, representing whether
a developer has bid, won, or delivered a task. In previous
work [10] [11], only the bidding relation triples are used. In
this paper, we use all relations to build developer topic model
to keep more valuable information:

vu = λB

∑
t∈Bu

vt + λW

∑
t∈Wu

vt + λD

∑
t∈Du

vt (4)

where λB , λW and λD represent weights of bidding, winning
and delivering, while Bu, Wu and Du means sets of the task
that developer u has bid, won and delivered. Delivering of
the task reflects one developer’s ability with the maximum
influence, followed by winning and bidding, and thus we have
λB < λW < λD. The more the tasks are delivered, won and
bid, the stronger developer’s ability is.

V. COLD-START DEVELOPER RECOMMENDATION

In this section, we introduce a semi-supervised topic sam-
pling algorithm to recommend tasks to cold-start developers on
the software crowdsourcing platform. The algorithm consists
of three steps: warm developer clustering, cold developer
classification and recommendation by topic sampling.

A. Warm Developer Clustering

In the crowdsourcing platform, it is time-consuming to pre-
define the classes for all developers, which requires massive
expert knowledge. In this paper, we apply clustering methods
to obtain the classes automatically. Our algorithm only clusters
warm developers because they have enough information left in
the platform. K-means and DBScan are the effective clustering
algorithms. We will compare the performance of these two
algorithms in the experiments. The better one will be chosen.

After clustering by developer profiles, the cluster topic for
each cluster is calculated by the formula-(5), where d is the
number of developers in the cluster and ui.topic denotes the
developer i’s topic in the cluster. Thus it can be seen the cluster
topic is the topic vector center of instances in one cluster.

Topic (C) =

∑d
i=1 ui.topic

d
(5)

B. Cold-Start Developer Classification

For cold-start developers, they only have profile vector, and
can be classified to warm developer clusters. To find a proper
cluster for a cold-start developer, we first define cluster center
for each cluster. Supposing there are d points in the cluster C,
the cluster center is defined by formula-(6). Then for a cold-
start developer, the distances between his profile vector and all
cluster centers are calculated. The nearest cluster is the target
cluster for the developer.

Center (C) =

∑d
i=1 ui.profile

d
(6)

C. Recommendation by Topic Sampling

Accordingly, we design a recommendation algorithm based
on topic sampling to make a recommendation for cold-start
developers who are classified in a proper cluster.

1) Multi-objects Optimization Problem Formulation: From
the profile aspect, a cold-start developer u has high similarity
to developers in the same cluster. We consider that topic which
the developer interests also has high similarity with those
developers. However, the cold-start developer does not have
the topic vector, so we use the corresponding cluster topic
to represent the interested topic of the cold-start developer,
denoted by Topicu (C). Based on Topicu (C), our algorithm
samples l tasks which have high similarity to Topicu (C) and
then recommends these tasks to the cold-start developer.

However, sometimes the assumption that the cluster topic
can represent the cold-start developer’s topic is not exactly pre-
cise since we only use developer profile to cluster and classify
cold-start developer. To solve this issue, during the sampling
process, we also take the task popularity into consideration.

Therefore, the cold-start developer recommendation is de-
signed as a multi-objects optimization problem (MOP) that
considers both task topic and popularity, formulated as

max.

∑l
i=1 Pop (ti)

l
s.t.

∑l
i=1 ti.topic

l
− Topic (C) 6 ε (7)

The constraint,
∑l

i=1 ti.topic
l − Topic (C) 6 ε, tries to make

the topic center of selected tasks close to the cluster topic
Topicu (C). The optimization function

∑l
i=1 Pop(ti)

l ensures
the overall popularity of selected tasks as high as possible. In
our approach, task popularity considers both current popularity
and popularity-to-be, so the recommendation algorithm can
also recommend the latest tasks to developers, outperforming
other popularity-based recommendation algorithms [1] [2].

2) Recommendation Algorithm Design: As an MOP, our
recommendation problem is suitable to adopt genetic algo-
rithm (GA) to search for optimal goals. GA is randomized
search and optimization techniques based on the concepts
of natural activity percentile of genes, individual selection,
and the evolutionary process [20]. Applying the GA to the
recommendation algorithm, the individual is the recommended
task list, the gene is the task in the list and the population is the
list of recommended lists. The optimization function, formula-
(7), dictates that the next generation population will knock out
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the list with a lower popularity and retain higher. The details
of our recommendation algorithm are described as follows.

Algorithm: Topic Sampling Based Recommendation Algorithm
Input: all available tasks T

population size s
recommended tasks size l
cluster topic vector Topic(C)
selection criteria ε
iterative times t
mute rate α

Output: Reclist [0]
1: Reclist = new array(s)
2: for i from 1 to s:
3: Reclist.append(newinstance(Topic(C), ε, T, l)
4: Sort(Reclist)
5: for i from 0 to t:
6: for j from s

2
to s:

7: if getoperation(α)==”mute” :
8: Reclist[j] = mute(Reclist[j], Topic(C), ε
9: else:

10: idx = randomint(0, s
2

)
11: Reclist[j], Reclist[j+1]=cross(Reclist[j], idx, Topic(C), ε)
12: j++
13: Sort(Reclist)

The first three lines of the algorithm initialize the initial
population of random processing. Each individual is composed
of two parts, gene and health degree, where the gene is the
task list, the health degree is calculated using the formula (7).
Then the algorithm sorts the health degree of the individual in
descending order. The individuals with small health degrees
in the current population are subject to mutation and cross-
swapping operations (Line 6). Then the getoperation function
decides whether to perform mutation operations (Line 8) or
cross-swaps (Lines 10-12) on the current individual referring
to the mutation rate (Lines 7-9). Additionally, the objects of the
cross-swapping are randomly selected from the high-quality
individuals retained in the previous population (line 10). At
the end, the most healthy individuals of the final population
are returned.

In order to prevent it taking too much time in the mutate and
cross functions, we can set a maximum number of mutations
and the number of crossovers. When the number of mutations
is greater than any of them, a new individual should be
regenerated and returned.

VI. EVALUATIONS

In order to evaluate the proposed cold-start recommendation
approach, we have carried on several comparative experiments
to answer four research questions.

RQ1: During task popularity estimation, which regression
algorithm performs best?

RQ2: For the warm developer classification, which performs
better, k-means or DBScan?

RQ3: During the task modeling, which popularity metric
will more benefit the final recommendation result, Popc or
Pop?

RQ4: Compared with other state-of-the-art recommendation
approaches, how is the performance of our approach?

A. Experimental Dataset
We crawled data between Dec. 2010 to Apr. 2016 from

Zhubajie, Oschina, and Witkey, which are all the largest soft-
ware crowdsourcing platforms in China. There are several task
categories in these platforms, and only software development
tasks are considered in the experiments. In total, there are
15,375 developers and 31,255 software development tasks, as
shown in Table I. Obviously, the data of Witkey is less than the
other two platforms, and the relationship is relatively sparse.

TABLE I: Dataset from Three Software Crowdsourcing Plat-
forms in China

Platfrom Tasks Developers Relationship
Zhubajie 6000 10597 48769
Witkey 2800 5231 15498
Oschina 6575 15427 77925

B. Regression Experiment and Results
To answer the RQ1, we conducted the experiment to esti-

mate task popularity by four widely used regression methods,
including linear regression, classification and regression tree
(CART), Gaussian mixture and artificial neural network. And
three well-known metrics are used to evaluate predictive
accuracy: mean absolute error (MAE), root mean square error
(RMSE) and R-square.

Fig. 2: Comparison among Different Regression Algorithms.

Fig. 2 shows the results, where CART achieves the best
performance with the lowest MAE, RMSE and the highest R-
square. Thus in our approach, we apply the CART to estimate
task popularity.

C. Clustering Experiment and Results
To answer RQ2, we conducted a cold-start developer recom-

mendation experiment using the k-means algorithm (k = 15 in
the experiments) and DBScan algorithm for warm developer
clustering in our approach. We use precision and recall as the
evaluation metrics.

We experimentally set λB , λW and λD to 0.3, 0.8 and
1.0 in formula (4), respectively. Considering the requirements
from two real software crowdsourcing platforms, we set rec-
ommended list size to 15, i.e., l = 15. The other settings in
our algorithm are: (1) the popularity size s is 100; (2) the
iterative times t is 100; (3) the mute rate α is 0.3.

TABLE II: Comparison between Two Clustering Algorithms
Platform K-means DBScan

Precision Recall Precision Recall
Zhubajie 0.099 0.557 0.087 0.524
Witkey 0.069 0.531 0.072 0.559
Oschina 0.077 0.481 0.037 0.361
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TABLE III: Cold-Start Developer Recommending Results
Platform Ours with Popc Ours with Pop NRec with Popc NRec with Pop MRec with Popc MRec with Pop

Precision Recall Precision Recall Precision Recall Precision Recall Precision Recall Precision Recall
Zhubajie 0.073 0.531 0.099 0.557 0.052 0.317 0.068 0.433 0.059 0.346 0.079 0.474
Witkey 0.059 0.498 0.069 0.531 0.044 0.286 0.047 0.398 0.049 0.313 0.054 0.442
Oschina 0.066 0.449 0.077 0.481 0.035 0.243 0.046 0.354 0.040 0.269 0.057 0.396

The recommendation results using two clustering algorithms
are listed in Table II, which show that k-means wins on
stability. In the dataset of Oschina, DBScan results in the
worst recommendation recall and precision, because DBScan
clusters all warm developers as one group.

D. Recommendation Experiment and Results

To answer the RQ3 and RQ4, we select two popular
popularity-based recommendation approaches in [10] and [11],
might called NRec and MRec, to perform the task recommen-
dation for the cold start developers, and compare them with
our approach. Each approach will adopt the two popularity
metrics respectively, i.e. Popc and Pop. We also use precision
and recall to evaluate the recommendation results.

The experimental results are shown in Table III. It can
be observed that our approach outperforms MRec and NRec
either with Popc or Pop, and improves 75% of precision and
recall on average.

Even though the recommendation results of NRec and
MRec with Pop are not the best one, they performs better than
with Popc (i.e. the current popularity). Also MRec with Popc
and NRec with Popc cannot recommend the latest requested
task. So it is obvious that Pop is more beneficial to the final
recommendation result than Popc.

VII. CONCLUSION AND FUTURE WORK

In this paper, we propose a novel approach to task rec-
ommendation for cold-start developers in crowdsourcing plat-
forms, using a topic-sampling based genetic algorithm. It
builds the model of cold-start developers by leveraging the
warm developers’ preference and tasks’ topics. Experimental
results show that our approach can minimize the impact of the
developer cold-start problem effectively.

For the future work, we plan to explore the task cold-start
problem in depth, i.e., recommend developers to cold-start
tasks, which is equally important. We will also research on the
platform cold-start problem by transfer learning technologies,
to build an effective recommender system for a new software
crowdsourcing platform.

ACKNOWLEDGEMENT

This research is supported by 973 Program in China (Grant
No. 2015CB352203) and National Natural Science Foundation
of China (Grant No. 61472242 and 61572312).

REFERENCES

[1] K. Christakopoulou, F. Radlinski, and K. Hofmann, “Towards conver-
sational recommender systems,” in The ACM SIGKDD International
Conference, pp. 815–824, 2016.

[2] A. I. Schein, A. Popescul, L. H. Ungar, and D. M. Pennock, “Methods
and metrics for cold-start recommendations,” in International ACM SI-
GIR Conference on Research and Development in Information Retrieval,
pp. 253–260, 2002.

[3] S. Li, A. Karatzoglou, and C. Gentile, “Collaborative filtering bandits,”
in International ACM SIGIR Conference on Research and Development
in Information Retrieval, pp. 539–548, 2016.

[4] O. N. Osmanli and I. H. Toroslu, “Using tag similarity in svd-based
recommendation systems,” in International Conference on Application
of Information and Communication Technologies, pp. 1–4, 2011.

[5] Tak, G. Cs, I. Szy, B. Meth, and D. Tikk, “Matrix factorization and
neighbor based algorithms for the netflix prize problem,” in ACM
Conference on Recommender Systems (Recsys), Lausanne, Switzerland,
pp. 267–274, 2008.

[6] N. Golbandi, Y. Koren, and R. Lempel, “On bootstrapping recommender
systems,” in ACM Conference on Information and Knowledge Manage-
ment, CIKM 2010, Toronto, Ontario, Canada, October, pp. 1805–1808,
2010.

[7] A. M. Rashid, G. Karypis, and J. Riedl, “Learning preferences of new
users in recommender systems: an information theoretic approach,” Acm
Sigkdd Explorations Newsletter, vol. 10, no. 2, pp. 90–100, 2008.

[8] F. Hu and Y. Yu, “Interview process learning for top-n recommendation,”
in ACM Conference on Recommender Systems, pp. 331–334, 2013.

[9] R. Karimi, A. Nanopoulos, and L. Schmidt-Thieme, “Improved question-
naire trees for active learning in recommender systems,” Proceedings of
the LWA 2014 Workshops, pp. 6–11, 2014.

[10] Z. Miao, J. Yan, K. Chen, X. Yang, H. Zha, and W. Zhang, “Joint
prediction of rating and popularity for cold-start item by sentinel user
selection,” IEEE Access, vol. 4, pp. 8500–8513, 2016.

[11] I. Arapakis, B. B. Cambazoglu, and M. Lalmas, “On the feasibility of
predicting news popularity at cold start,” in 6th International Conference
on Social Informatics, Barcelona, Spain, pp. 290–299, November 11-13,
2014.

[12] L. Li, W. Chu, J. Langford, and R. E. Schapire, “A contextual-bandit
approach to personalized news article recommendation,” in International
Conference on World Wide Web, pp. 661–670, 2010.

[13] J. Zhu, B. Shen, and F. Hu, “A learning to rank framework for developer
recommendation in software crowdsourcing,” in Asia-Pacific Software
Engineering Conference, pp. 285–292, 2015.

[14] S. Lee, S. Park, and S. Park, “A quality enhancement of crowdsourcing
based on quality evaluation and user-level task assignment framework,”
in International Conference on Big Data and Smart Computing, pp. 60–
65, 2014.

[15] M. C. Yuen, I. King, and K. S. Leung, “Task recommendation in
crowdsourcing systems,” in International Workshop on Crowdsourcing
and Data Mining, pp. 22–26, 2012.

[16] D. M. Blei, A. Y. Ng, and M. I. Jordan, “Latent dirichlet allocation,”
Journal of Machine Learning Research, vol. 3, pp. 993–1022, 2003.

[17] M. Khandelwal, D. J. Armaghani, R. S. Faradonbeh, M. Yellishetty,
M. Z. A. Majid, and M. Monjezi, “Classification and regression tree
technique in estimating peak particle velocity caused by blasting,”
Engineering with Computers, vol. 32, no. 120, pp. 1–9, 2016.

[18] B. Pavlyshenko, “Machine learning, linear and bayesian models for
logistic regression in failure detection problems,” in IEEE International
Conference on Big Data (BigData), Washington DC, USA, pp. 2046–
2050, December 5-8, 2016.
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Abstract—Since security is recommended to be evaluated at
the beginning of the software development process, specifying
software security requirements is inevitable in developing Crit-
ical Information Security Systems. However, according to the
ISO/IEC 15408 (known as Common Criteria), determining de-
tailed software security requirements (SRs) is quite challenging,
complex which needs lots of expert knowledge of security. In this
paper, a data-driven Functionality Topic-Security Requirement
(FT-SR) model is proposed to recommend software SRs based on
the relationship between software functionality specification and
SRs from software Security Target (ST) which have been written
in accordance with ISO/IEC 15408. First, we extract descriptions
of functionality and tag SRs all from software STs. Second, Latent
Dirichlet Allocation (LDA) is adopted to build functionality topics
for product functionality description. Third, a FT-SR model is
developed based on the mapping between product functionality
topics and SRs which have been tagged in ST documents. Finally,
a recommendation strategy is proposed to recommend SRs based
on the FT-SR model for software products. Our experiments
are performed on ST documents of over 600 software products
provided by Common Criteria. Experimental results show that
the proposed approach can generate a set of recommended SRs
reducing the difficulty of SRs recommending even for people lack
knowledge of security.

Keywords-Security Requirements; the Common Criteria; Soft-
ware Functional Description; FT-SR Model

I. INTRODUCTION

Many security issues occur in software as a result of errors
and misspecifications in analysis, design and implementation
[1]. Nowadays developers are more concerned about software
security in the software development process. In order to
develop security software products, specifying SRs is vitally
important [2]. Security requirements of software systems can
be challenging to identify during the requirements engineering
process [3]. So far many methods have been proposed for SRs
elicitation reference. Early work suggests that use case has
been widely used during requirements for eliciting security
threats and requirements [4]. As a result, use cases [4],
misuse cases [5] and abuse cases [6] have all been proposed
for specifying SRs, respectively. Although these methods are
useful, they are inefficient and time-consuming because of
without the guidance. Maria Riaz, et al. [7] developed a tool-
assisted process presenting a list of applicable SRs templates
for identifying SRs. And, they prove that the automatically-
suggested templates usage increases the efficiency of identify-
ing security requirements by comparing to a manual approach

without the guidance of templates [3]. These researches all
need using standards such as Common Criteria (referred to as
“CC” in this paper), known as ISO/IEC 15408 [8]–[10]. The
standard allows to select suitable SRs for a specific product
or a group of products. However, since CC standards are too
confusing to understand, these researches about determining
softwares SRs processes are difficult and complex.

In this paper, we propose a new research direction of
identifying and ensuring SRs for software products which only
have functional descriptions without SRs. We firstly extract
text description related to software functionality and tag related
SRs all from software ST documents. ST documents are
written in accordance with CC and certified by Competent and
Independent Licensed Laboratories. Second, Latent Dirichlet
Allocation (LDA) is used to build functionality topic feature
for functional description of the evaluated software products.
Meanwhile, according to the relationship between software
functionality and SRs showing in STs, a FT-SR model is gener-
ated for software products. Finally, for given software products
which only have functional description, SRs are recommended
on the basis of the FT-SR model. A recommended strategy
combining with a filtering framework [11] is developed to
recommend SRs.

Therefore, the main contribution of this paper is as follows:
• A novel method is proposed to obtain softwares SRs even

if person has little knowledge of security.
• The Functionality Topic-Security Requirement (FT-SR)

model is built based on the mapping between functional
description of software products and software products
security requirements.

• A data-driven measure based on text description is con-
sidered to solve software security problems.

The remainder of the paper is organized as follows. Section
2 describes the methodology of overview. Section 3 analyzes
the proposed method conducted in detail. Section 4 presents
the experimental results and discussion. Section 5 concludes
the paper and points out future work.

II. METHOD OVERVIEW

A. Problem Definition

As paying attention to software SRs and the relationship
between functional description and SRs, we can formally
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define SRs and the relationship respectively in order like:

SRi = {SFRi, SARi} = {< sfci,1, . . . , sfci,K >, (1)
< saci,1, . . . , saci,P >}

Note that, CC defines SRs as two aspects: security function-
al requirements (SFR) [9] and security assurance requirements
(SAR) [10]. SFRi and SARi respectively refer to security
functional requirements and security assurance requirements
which are SRs SRi of software product Si needed. sfci,j rep-
resents security functional component. saci,j represents secu-
rity assurance component. K is the number of security func-
tional components and P is the number of security assurance
components in Common Criteria.

si = {Fi, SRi} = {< tpi,1, . . . , tpi,N >, (2)
< sfci,1, . . . , sfci,K >,< saci,1, . . . , saci,P >}

Note that: Fi =< tpi,1, . . . , tpi,N > refers to functionality
feature of software product si , N is the total number of
functionality topic for all software products, 0 ≤ tpi,j ≤ 1 rep-
resents the probability that software functionality is relevant
to a certain functionality topic.

Accordingly, the problem of security requirements based on
software functionality topic are defined as:

Q1: given the software product si and functional description
from STs, how to generate the functionality topic feature and
recommend its security requirements?

Q2: given the software product si, functional description
and the recommendation security requirements, how to evalu-
ate the recommendation results in our experiment?

B. Framework Overview

In order to solve those questions mentioned above, we intro-
duce the architecture of our method which combines the FT-
SR model and a recommendation strategy to recommend SRs
for software products only having functionality requirements
without SRs. It is shown in Fig.1.

Software Functional Description Gathering and Security
Requirements Tagging: The goal of this process is to gather
functional description and tag SRs from ST documents. Detail
will be shown in Section 3.1.

Software Functionality Topic Clustering: The goal for this
process is to obtain software functionality topic feature for all
software products based on their functional descriptions. Here,
we use LDA to cluster functional description being gathered
and generate functionality topic features. Detail will be shown
in Section 3.2.

Software Functionality Topics and Security Require-
ments (FT-SR) Model Building: For each software product,
we have tagged its security requirements in accordance with its
ST. We build functional topic-security requirements (FT-SR)
model based on the mapping between its functional topics and
its SRs. Detail will be shown in Section 3.3.

Security Requirements Recommending: For software
product si which only have functionality requirements, we can
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Fig. 1: Architecture of FTM-based Security Requirements Recom-
mendation

get its SRs based on the functionality topics feature and FT-
SR model combining a recommendation strategy. Detail will
be shown in Section 3.4.

III. THE PROPOSED METHOD

This section discusses the methodology that has been used
in the work.

A. Software Functional Description Gathering and Security
Requirements Tagging

In this section, the descriptions of software functional-
ity are extracted and security requirements are tagged all
from Security Target for software products. Those software
products are publicly available on the Common Criteria
(http://www.commoncriteriaportal.org/products/). The ST doc-
uments are involved in more than 1000 products which have
been certified by Competent and Independent Licensed Labo-
ratories. ST documents have been downloaded and collected
in this paper. Our task is to carefully read software product’s
ST documents to extract the description of functionality and
tag SRs. For each software product, we extract its functional
descriptions from the Chapter 1 of ST documents, meanwhile,
we tag its security requirements in accordance with the Chap-
ter 6 of ST.

B. Software Functional Topic Clustering

The goal for this process is to generate functionality topics
for all the software products based on their functional descrip-
tions. We follow the methodology using the Latent Dirichlet
Allocation (LDA) to clustering all software’s functional de-
scriptions into different functionality topics, so that we can
get the probability that each software product is relevant to
certain functionality topics. Note that the summation of all
the elements for each topic feature vector equals to 1. The
results of LDA are N functional topics and the probability that
each software product is relevant to the N functionality topics.
Thus, functionality of all software products is represented as
a topic feature vector, as follows:

F =

 tp1,1 tp1,2 . . . tp1,N
tp2,1 tp2,1 . . . tp2,N
. . . . . . . . . . . .

tpM,1 tpM,1 . . . tpM,N

 (3)

383



Where: tpi,j refers to the probability that one software
product is relevant to one functional topic, 0 ≤ tpi,j ≤ 1.
Fi =< tpi,1, . . . , tpi,N > refers to the set of probability that
software product si is relevant to each functional topics. N is
the number of all functionality topics that all software products
were clustered into different functionality topics; M is the
number of all software products.

In this section, the correlation which also is functionality
topic feature between functional description and each func-
tionality topic can be obtained for each software product.

C. Functional Topic-Security Requirements (FT-SR) Model

For each software product, SRs are tagged in section 3.1.
And, the FT-SR model is built between the relationship
between functionality topics feature, software product and
SRs for software products. First, the tagged SRs feature is
presented a feature vector, as follow:

SR =

 sfc1,1 . . . sfc1,K , sac1,1 . . . sac1,P
sfc2,1 . . . sfc2,K , sac2,1 . . . sac2,P
. . . . . . . . . . . . . . . . . .

sfcM,1 . . . sfcM,K , sacM,1 . . . sacM,P


(4)

Where sfci,j represents specific security functional require-
ments sfcj what software product si needed. K is the total
security functional components what CC have defined. Note
that, if sfci,j = 0, this means the software product si doesn’t
use security functional component sfcj .

Where saci,j represents the specific security assurance re-
quirements sacj what software product si needed. P is the total
security assurance components what CC have defined. Note
that, if saci,j = 0, this means the software product si doesn’t
use security assurance component sacj .

According to above steps, we build the FT-SR model which
is the relationship between functionality topic and SRs for each
software product. The relationship is expressed as same as (2).

D. Security Requirements Recommending

Software Products of Similar Functionalities Selecting.
For a given software product si which have only functional

descriptions, as LDA is used to mapping its functional de-
scription into generate probability of each functionality topics,
software product si is represented as a functionality topic
feature vector. Therefore, this paper calculate the similarity
between two software products si, sj as follow:

Sim(si, sj) =

∑N
n=1 tpi,n × tpj,n√

(
∑N

n=1 tp
2
i,n)(

∑N
n=1 tp

2
j,n)

(5)

Thus, we can get a list which related software products with
similarity functionality to the given software product si .Using
a subset of software products for recommendation can gain
a better performance because of the noise in the dataset.
Therefore, we use the threshold method to obtain a subset
of appropriate software products with similarity larger than
the given threshold θsim. Given the selected software product-
s P ∗(si) with similarity larger than the given threshold θsim.
The threshold is changing and the better threshold has been

found by comparing the assurance of recommendation result
in our experiment.

Security Requirements Selecting and Recommending.
According to the selected software products P ∗(si) , we can

calculate the likelihood that software product si need security
requirements SRj is calculated as follow:

l(si, SRi,j) =

∑
sk∈P∗(si)

Sim(si, sk)l(sk, SRk,j)∑
sk∈P∗(si)

Sim(si, sk)
(6)

Note that, if l(sk, SRk,j)=1 , software product sk need-
s the security requirement SRj , otherwise l(sk, SRk,j)=0.
Thus, we select the likelihood vector for the given soft-
ware products L(si) =< l(si, sfci,1), . . . , l(si, sfci,Q),
l(si, saci,1), . . . , l(si, saci,R) >, where l(si, sfci,j) ≥
l(si, sfci,k) ≥ θNP ,1 ≤ j ≤ k ≤ Q, l(si, saci,j) ≥
l(si, saci,k) ≥ θNP , 1 ≤ j ≤ k ≤ R, θNP is the likelihood
threshold.

Therefore, the set of SRi =< sfci,1, . . . , sfci,Q,
saci,1, . . . , saci,R > is the recommendation of security re-
quirements candidate for software product si.

IV. EXPERIMENTAL RESULTS AND EVALUATION

A. Data Set

Since Common Criteria is well-known for
Information Technology Security Evaluation and most
software products are evaluated by Common Criteria,
we use the “Certified Products” as dataset from
http://www.commoncriteriaportal.org/products/. The software
products have been classified into 14 categories by Competent
and Independent Licensed Laboratories. Our method applies
to the 14 categories of software products which behave in
the exact similar way. Considering the number of software
products each category, we have mainly gathered three
categories of products which are ICs, Smart Cards and
Smart Card-Related Devices and Systems, Multi-Function
Devices and Network and Network-Related Devices and
Systems because of their large quantity. Then as software
products have grown into different versions, we choose the
latest version of every product and download its Security
Target separately in accordance with categories. Overview of
datasets is shown in Table 1.

TABLE I: Overview of Datasets

Dataset Number
ICs, Smart Cards and Smart Card-Related

Devices and Systems 403

Multi-Function Devices 115
Network and Network-Related

Devices and Systems 138

B. Result and Evaluation

In our method, we use the similarity threshold θsim to
select the software products which have similar functionalities.
Therefore, in order to evaluate its assurance, we randomly
select 25% software products from each category products
as the testing dataset respectively and the three experiments
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reported in Figure 2. We vary threshold θsim from 0 to 1 to
generate different recommendations. Mean Average Precision
(MAP) are used to evaluate the performance of accuracy
for results of recommendation and answer the question 2
mentioned above. It can be formally defined as follow:

MAP =
1

R

R∑
r=1

Ir
Nr

(7)

Where R refers to the number of software products in test-
ing dataset, Nr refers to the number actually used security
requirements for rth product sr. Ir refers to the number of
the recommended security requirements which belong to the
actually used security requirements Nr. And, the MAP of
the recommendation is reported in Fig 2. As shown in Fig
2, it can be seen that for the dataset, if θsim > 0.5, the
MAP is decreasing; This is because that with a too larger
similarity threshold, most of software products can not have
enough similar products to generate a valid recommendation.
Therefore, in the rest of this paper, we set θsim = 0.5 for
the selection. For the dataset, those software products are
classified into 14 categories. Thus, for the given software
products, its type should also belong to the 14 categories for
recommendations.

Fig. 2: Overview of Datasets

C. Comparison
Now, Common Criteria is used to analyze security require-

ments internationally. This process specifies [12], among other
things, (a) which are the assets to be protected (b) which are
the threats to the declared assets and (d) which are the coun-
termeasures. The CC then describes the countermeasures and
demonstrates that they are sufficient to counter the declared
threats. Therefore, if developers want to get SRs for software
products, they have to acquire the knowledge of CC and find
out what kind of information they needed in the procedures.
So according to Common Criteria security standard, obtaining
softwares SRs process is an extremely difficult and complex
task. In addition, its results are largely influenced by subjective
knowledge of analyst, so accuracy of security requirements
can’t be guaranteed.

However, our method solves those disadvantages showing
above. For given software products which only have functional

requirements without SRs, we could recommend its SRs
applying on their functional descriptions even for people with
little knowledge of security engineering and Common Criteria.

V. CONCLUSION

Identifying SRs is an important part during the software
development. Most of existing work is related to Common Cri-
teria. Since Common Criteria standards are often too confusing
to understand, these researches are difficult and complex. In
this paper, functionality of software products are considered
to recommend SRs. Functional descriptions are extracted
manually and clustered into functionality topic. Basing on
the mapping between SRs and functionality topics, the FT-
SR model is built. Finally, for given software products which
only have functional requirements without SRs, their SRs are
recommended based on FT-SR model. The advantage of our
method is acquiring SRs even for people lack knowledge about
security.

In the future, we will further extend our method to more
precisely recommend SRs of software products to help SRs
identification. We can consider more software information to
recommend more appropriate SRs.
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Abstract—The allocation of software development tasks is a 

critical management activity in distributed development projects. 

One of the most important problem is to find the lowest-cost way 

to assign tasks in global software development, which can be 

solved by Hungarian algorithm. However, the original 

Hungarian algorithm only assume that a task can only be solved 

by one development site. The assumption is not agreed with the 

actual case where a software development task is usually be 

solved through a collaboration among several sites. To address 

such an issue, this paper proposes a reinforced Hungarian 

algorithm (RHA) for task assignment in global software 

development. RHA consists of three major stages. First, RHA 

transforms a n×m cost matrix into two n×n cost matrix by adding 

(2n-m) virtual development sites. Second, RHA performs the 

original Hungarian algorithm on the two n×n cost matrix to get 

the optimal assignment results. Finally, RHA removes the (2n-m) 

virtual development sites and gets the final optimal assignment 

result for m tasks. Simulation results indicate that RHA is a 

viable approach for the task assignment problem in global 

software development.1 

Keywords—task allocation; global software development; 

Hungarian algorithm 

I.  INTRODUCTION  

As global and distributed software development is 
becoming a norm in the software industry [1-2], a tight budget 
and a shortage of resources and time have motivated many 
software enterprises to start looking for outside partners. With 
the advent of big data era [3-4] and the development of 
network technology [5-6], known as global software 
development (GSD), the allocation of software development 
tasks over several sites, which may be spread across different 
countries, has become a common practice in industrial software 
engineering [7-8].  

 
1 DOI reference number: 10.18293/SEKE2017-042 

Software development task assignment is one of the core 
steps to reasonably allocate limited development resources and 
effectively exploit the capabilities of the development sites in 
global software development. However, task allocation is still 
one of the major challenges in global software development.  

A large number of possible combinations for task 
assignment makes the process more complicated. For example, 
if a software development project consists of five different 
tasks which need to be assigned among four development sites, 
theoretically there are 45=1024 different combinations 
available for task assignment [9]. It is evident that evaluating 
all possibilities is impossible and it needs an approach to assign 
the task to the available development sites. 

There are several possible strategies for allocating tasks 
that use different criteria for allocation.  

Bass et.al [10] state that in practice, allocating task to low-
cost countries has become a cost-saving strategy for many 
organizations. Therefore, one of the most important problem is 
to find the lowest-cost way to assign tasks in global software 
development, which usually be solved by Hungarian algorithm 
[11]. However, the original Hungarian algorithm solves the 
problem that the project manager allocates n tasks to n sites 
with the least total cost by performing all operations on a n×n 
cost matrix. It only assumes that the number of tasks is equal to 
the number of sites and a task can only be solved by one 
development site. The assumption is not agreed with the actual 
case where the number of tasks and the number of site  are not 
equal in general, and a software development task is usually be 
solved through a collaboration among several sites. 

To address such an issue, this paper proposes a reinforced 

Hungarian algorithm (RHA) for task assignment in global 

software development. The algorithm solves the problem that 

the project manager allocates n tasks to m sites at the least 

total cost by performing all operations on a n×m matrix. RHA 
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consists of three major stages. First, RHA transforms a n×m 

matrix into two n×n matrix by adding (m-n) virtual tasks. 

Second, RHA performs the original Hungarian algorithm on 

the two n×n cost matrix to get the optimal assignment for 2n 

tasks. Finally, RHA removes the (m-n) virtual tasks and gets 

the final optimal assignment for m tasks.  

The effectiveness of RHA is demonstrated by comparing it 

with the expansion matrix method [12]. Simulation results 

indicate that RHA can get the optimal assignment with the 

lowest cost in global software development.  

The remainder of this paper is organized as follows. Section 
II reviews the Hungarian algorithm. Section III describes the 
proposed reinforced Hungarian algorithm (RHA) for task 
assignment in global software development and Section IV 
shows the operational process of the algorithm by an example. 
Section V demonstrates the experimental results. Section VI 
presents the related work. Finally, Section VII addresses the 
conclusion and points out the future work. 

 

II. HUNGARIAN ALGORITHM 

In this section, we first give the problem definition. Then, 
we briefly review the Hungarian algorithm. 

A. Problem definition 

The usual assignment problem is defined as follows: assign 
n tasks to n development sites with the least total cost, if task i 
is assigned to site j with a non-negative integer cost cij. This 
problem is a special case of the linear programming problem, 
defined as follows: 

Min S=∑ ∑ 𝑐ij𝑥𝑖j
n
j=1

n
i=1                                              (1) 

 

Subject to ∑ 𝑥𝑖j = 1𝑛
𝑖=1  (j=1, 2, ..., n),                          (2) 

∑ 𝑥ij = 1𝑛
𝑗=1  (i=1, 2, ..., n),                          (3) 

xij=1 or 0.                                                      (4) 

where xij= 1 means task i is assigned to site j, otherwise xij=0, 
task i is not assigned to site j. The costs cij form a cost matrix, 
denoted C. 

Theorem 1: If a number is added to or subtracted from all 
of the entries of any one row or column of a cost matrix C, then 
the optimal assignment for the resulting cost matrix C’ is also 
an optimal assignment for the original cost matrix C. 

Proof: Assume that ui is subtracted from all of the entries 
in each row and vj is subtracted from all of the entries in each 
column from the original cost matrix C. For the resulting cost 
matrix C’, the problem is defined as follows: 

Min S′ = ∑ ∑ (𝑐𝑖𝑗 − 𝑢𝑖 − 𝑣𝑗)𝑛
𝑗=1

𝑛
𝑖=1 × 𝑥𝑖𝑗             (5) 

 = ∑ ∑ 𝑐𝑖𝑗𝑥𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1 − ∑ ∑ 𝑢𝑖𝑗𝑥𝑖𝑗

𝑛
𝑗=1

𝑛
𝑖=1 −

                                        ∑ ∑ 𝑣𝑖𝑗𝑥𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1   

Because ∑ 𝑥𝑖𝑗 = 1 𝑛
𝑖=1  (j=1,2,3…,n) and  ∑ 𝑥𝑖𝑗 = 1 𝑛

𝑗=1  

(i=1,2,3…,n), 

then  

Min S′ = ∑ ∑ 𝑐𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1 × 𝑥𝑖𝑗 − ∑ 𝑢𝑖

𝑛
𝑖=1 − ∑ 𝑣𝑗

𝑛
𝑗=1   

            = Min S − ∑ 𝑢𝑖
𝑛
𝑖=1 − ∑ 𝑣𝑗

𝑛
𝑗=1  

Since ∑ 𝑢𝑖
𝑛
𝑖=1 + ∑ 𝑣𝑗

𝑛
𝑗=1  is a constant number, the optimal 

assignment for the resulting cost matrix C’ is also an optimal 
assignment for the original cost matrix C 

B. The Hungarian algorithm 

The Hungarian algorithm applies the above mathematical 
model and theorem 1 to a given cost matrix to find an optimal 
assignment. 

Step 1. Subtract the smallest entry in each row from all the 
entries of its row. 

Step 2. Subtract the smallest entry in each column from all 
the entries of its column. 

 Step 3. Draw lines through appropriate rows and columns 
so that all the zero entries of the cost matrix are covered and 
the minimum number of such lines is used. 

Step 4. Test for Optimality: (1) If the minimum number of 
covering lines is, an optimal assignment of zeros is possible 
and we are finished. (2)If the minimum number of covering 
lines is less than, an optimal assignment of zeros is not yet 
possible. In that case, proceed to Step 5. 

Step 5. Determine the smallest entry not covered by any 
line. Subtract this entry from each uncovered row, and then add 
it to each covered column. Return to Step 3. 

C. Example 

A software development project consists of four different 

tasks: Task 1, Task 2, Task 3 and Task 4. There are four 

development sites: S1, S2, S3, and S4. They each demand 

different pay for various tasks. The problem is to find the 

lowest-cost way to assign the tasks. The 4×4 cost matrix of 

this problem is shown as follows. 

9 4 4 8 5 8 2

9 6 10 6 4 8 8

6 6 11 8 7 6

8 2 8 4 5 8 2

 
 
 
 
 
 

. . .

. . .

. .

. . .

 

Step 1. Subtract 4.8 from Row 1, 6.4 from Row 2, 6.6 

from Row 3, and 5 from Row 4. The resulting matrix is as 

follows. 

4 6 0 0 2 3 4

3 2 3 6 0 2 4

0 4 4 1 4 1

3 2 3 4 0 3 2

 
 
 
 
 
 

. . .

. . .

. .

. . .

 

Step 2.  Subtract 1 from Column 4. The resulting matrix 

is as follows. 
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4 6 0 0 2 2 4

3 2 3 6 0 1 4

0 4 4 1 4 0

3 2 3 4 0 2 2

. . .

. . .

. .

. . .

 
 
 
 
 
 

 

Step 3. Cover all the zeros of the matrix with the minimum 

number of horizontal or vertical lines. 

4 6 0 0 2 2 4

3 2 3 6 0 1 4

0 4 4 1 4 0

3 2 3 4 0 2 2

. . .

. . .

. .

. . .

 
 
 
 
 
 

 

Step 4. Since the minimal number of lines is less than 4, 

we have to proceed to Step 5. 

Step 5. Note that 1.4 is the smallest entry not covered by 

any line. Subtract 1.4 from each uncovered row. The resulting 

matrix is as follows. 

4 6 0 0 2 2 4

1 8 2 2 1 4 0

0 4 4 1 4 0

1 8 2 1 4 0 6

 
 


 
 
 

 

. . .

. . .

. .

. . .

 

Now add 1.4 to each covered column. The resulting 

matrix is as follows. 

4 6 0 1 6 2 4

1 8 2 2 0 0

0 4 4 2 8 0

1 8 2 0 0 6

 
 
 
 
 
 

. . .

. .

. .

. .

 

Now return to Step 3. 

Step 3. Cover all the zeros of the matrix with the 

minimum number of horizontal or vertical lines. 

4 6 0 1 6 2 4

1 8 2 2 0 0

0 4 4 2 8 0

1 8 2 0 0 6

 
 
 
 
 
 

. . .

. .

. .

. .

 

Step 4. Since the minimal number of lines is 4, an 

optimal assignment of zeros is possible and we are finished. 

4 6 0 1 6 2 4

1 8 2 2 0 0

0 4 4 2 8 0

1 8 2 0 0 6

 
 
 
 
 
 

. . .

. .

. .

. .

 

Since the total cost for this assignment is 0, it must be an 

optimal assignment. Here is the same assignment made to the 

original cost matrix 

9 4 4 8 5 8 2

9 6 10 6 4 8 8

6 6 11 8 7 6

8 2 8 4 5 8 2

 
 
 
 
 
 

. . .

. . .

. .

. . .

 

So we should assign Task 1 to Site 2, Task 2 to Site 4, 

Task 3 to Site 1, and Task 4 to Site 3. 

III. RHA 

In this section, we first give the problem definition. Then, 
we present our RHA method for task allocation in global 
software development. 

A. Problem definition 

The original Hungarian algorithm only assume that the 
number of tasks is equal to the number of sites and a task can 
only be solved by one development site and a task can only be 
solved by one development site. The assumption is not agreed 
with the actual case in global software development where the 
number of tasks and the number of site  are not equal in general, 
and a software development task is usually be solved through a 
collaboration among several sites. 

Therefore, the task assignment problem in global software 
development is defined as follows: assign n tasks to m 
development sites with the least total cost (m>n), if task i is 
assigned to site j with a non-negative integer cost cij. This 
problem is a special case of the linear programming problem, 
defined as follows: 

Min S=∑ ∑ 𝑐ij𝑥𝑖j
n
j=1

m
i=1                                              (6) 

 

Subject to ∑ 𝑥𝑖j = 1𝑚
𝑖=1  (j=1, 2, ..., n),                          (7) 

∑ 𝑥ij = 1𝑛
𝑗=1  (i=1, 2, ..., m),                          (8) 

xij=1 or 0.                                                      (9) 

For this case, we need to find an optimal assignment given 
a n×m cost matrix. 

Theorem 2: If a n×m matrix is transformed into two n×n  
matrix by adding (2n-m) virtual sites with the zero entries, then 
an optimal assignment for the resulting cost matrixes is also an 
optimal assignment for the original cost matrix. 

Proof: For the resulting cost matrix C’, the problem is 
defined as follows: 

Min S′′ = ∑ ∑ 𝑐′𝑖𝑗 ×2𝑛
𝑗=1

𝑛
𝑖=1 𝑥′𝑖𝑗                   (10) 

 

Subject to ∑ 𝑥′𝑖𝑗 = 1 (𝑗 = 1,2, … ,2𝑛)𝑛
𝑖=1               (11) 

∑ 𝑥′𝑖𝑗 = 1 (𝑖 = 1,2, … , 𝑛)𝑛
𝑗=1                (12) 

∑ 𝑥′
𝑖𝑗 = 1 (𝑖 = 1,2, … , 𝑛)2𝑛

𝑗=𝑛+1             (13) 

𝑥′𝑖𝑗 = 1 𝑜𝑟 0  (i = 1,2, … , n; j = 1,2, … ,2n)    (14) 

 

Min S′′ = ∑ ∑ 𝑐′𝑖𝑗 ×2𝑛
𝑗=1

𝑛
𝑖=1 𝑥′𝑖𝑗    

= ∑ ∑ 𝑐′𝑖𝑗
𝑚
𝑗=1

𝑛
𝑖=1 𝑥′𝑖𝑗 + ∑ ∑ 𝑐′𝑖𝑗

2𝑛
𝑗=𝑚+1

𝑛
𝑖=1 𝑥′𝑖𝑗   

Because c′𝑖𝑗 = 0  (𝑖 = 1,2, … , 𝑛; 𝑗 = 𝑚 + 1, 𝑚 + 2, … ,2𝑛) 

Then Min S′′ = ∑ ∑ 𝑐′
𝑖𝑗 ×2𝑛

𝑗=1
𝑛
𝑖=1 𝑥′

𝑖𝑗 + 0 

 =∑ ∑ 𝑐′
𝑖𝑗 ×2𝑛

𝑗=1
𝑛
𝑖=1 𝑥′

𝑖𝑗 
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 = Min S′ 

B. The RHA method 

The following algorithm applies the above mathematical 
model and theorem 2 to a given n×m cost matrix to find an 
optimal assignment. Algorithm 1 presents the pseudo-code of 
our proposed RHA method. 

 

 

IV. EXAMPLE 

In this section, we illustrate the execution of RHA by an 
example.  

Example 1: A software development project consists of 
four different tasks: Task 1, Task 2, Task 3 and Task 4. There 
are six development sites: S1, S2, S3, S4, S5, and S6. They 
each demand different pay for various tasks. The problem is to 
find the lowest-cost way to assign the tasks. The 6×8 cost 
matrix of this problem is shown as follows. 

𝐸𝑖𝑗=

9 4 4 8 5 8 2 12 7 4

9 6 10 6 4 8 8 8 8 9

6 6 11 8 7 6 7 6 6 6

8 2 8 4 5 8 2 6 4 8 6

. . . .

. . . .

. . . .

. . . . .

 
 
 
 
 
 

 

Step 1. Subtract 4.8 from Row 1, 6.4 from Row 2, 6.6 

from Row 3, and 5 from Row 4. The resulting matrix is as 

follows. 

4 6 0 0 2 3 4 7 2 2 6

3 2 3 6 0 2 4 2 4 2 6

0 4 4 1 4 1 3 4 0

3 2 3 4 0 3 2 1 4 3 6

. . . . .

. . . . .

. . .

. . . . .

 
 
 
 
 
 

 

Step 2. Subtract 1 from Column 4, and 1.4 from Column 

5. The resulting matrix is as follows. 

4 6 0 0 2 2 4 5 8 2 6

3 2 3 6 0 1 4 1 2 6

0 4 4 1 4 0 2 0

3 2 3 4 0 2 2 0 3 6

. . . . .

. . . .

. .

. . . .

 
 
 
 
 
 

 

Step 3. Transform 6×4 matrix into two 4×4 matrix by 

adding 2 virtual sites with the zero entries. The resulting 

matrixes are as follows. 
 

The first matrix:

4 6 0 0 2 2 4

3 2 3 6 0 1 4

0 4 4 1 4 0

3 2 3 4 0 2 2

. . .

. . .

. .

. . .

 
 
 
 
 
 

 

The second matrix:

5 8 2 6 0 0

1 2 6 0 0

2 0 0 0

0 3 6 0 0

. .

.

.

 
 
 
 
 
 

 

Step 4. Performs the original Hungarian algorithm on the 
two 4×4 cost matrix. The assignment result of the first cost 
matrix is as follows: 

Task1--->S2 

Task2--->S4 

Task3--->S1 

Task4--->S3 

The assignment result of the second cost matrix is as 
follows: 

Task1--->S7 

Task2--->S8 

Task3--->S6 

Task4--->S5 

Step 5.Removes the 2 virtual development sites and output 
the final assignment result: 

Task1--->S2 

Task2--->S4 

Task3--->S1,S6 

Task4--->S3,S5 

V. EXPERIMENTS 

In this section, we evaluate our proposed reinforced 
Hungarian algorithm (RHA) for task assignment empirically. 
We first introduce the performance measures. Then, in order to 
investigate the performance of RHA, we perform some 
empirical experiments. 

Algorithm 1.  RHA approach 

Input:  n×m cost matrix 

Output:  optimal assignment result 

1. Subtract the smallest entry in each row from all the 
entries of its row; 

2. Subtract the smallest entry in each column from all the 
entries of its column;   

3. Transform n×m matrix into two n×n matrix by adding 
(2n-m) virtual sites with the zero entries; 

4. Performs the original Hungarian algorithm on the two 
n×n cost matrix; 

5. Removes the (2n-m) virtual development sites ;    

6.  return  optimal assignment result; 
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A. Performance measures 

In the experiment, we employ one commonly used 
performance measures, i.e, successful allocation rate. It is 
defined and summarized as follows. 

●  Successful allocation rate (SAR) is the measure of tasks 
that are successfully allocated to development sites. The 
SAR=Ms/M, where Ms is the number of cost matrixes that are 
successfully allocated and M is the number of all cost matrixes. 
The higher the value of successful allocation rate, the more 
effective the algorithm is. 

B. Experimental results 

In this experiment, we analyze the effectiveness of RHA 
with different number of development sites. Here we fix the 
number of tasks to 4 and evaluate the performance of the 
evaluated algorithms by increasing the number of development 
sites from 6 to 12 with an increment of 2. Therefore, we 
generated four sets of matrix data, which contains 100 4×6 
matrixes, 100 4×8 matrixes, 100 4×10 matrixes and 100 4×12 
matrixes, respectively. 

 Result Analysis: As we can see in Fig.1, the successful 
allocation rate of RHA is always 1. The successful allocation 
rate of the expansion matrix method goes up when the number 
of development sites increases. It shows that RHA can 
effectively allocate tasks to development sites with the lowest 
cost when the number of development sites changes. 

 

Fig. 1. SAR performances with different number of development sites 

Experiment 2: In this experiment, we analyze the 
effectiveness of RHA with different number of tasks. Here we 
fix the number of development sites to 4 and evaluate the 
performance of the evaluated algorithms by increasing the 
number of tasks from 4 to 10 with an increment of 2. Therefore, 
we generated four sets of matrix data, which contains 100 4×4 
matrixes, 100 4×6 matrixes, 100 4×8 matrixes and 100 4×10 
matrixes, respectively. 

 Result Analysis: As we can see in Fig.2, the successful 
allocation rate of RHA is always 1. The successful allocation 
rate of the expansion matrix method decreases when the 
number of tasks increases It shows that RHA can effectively 
allocate tasks to development sites with the lowest cost when 
the number of tasks changes. 

 

Fig. 2. SAR performances with different number of tasks 

  

VI. RELATED WORK 

In this section, we briefly review the existing task 
assignment methods [13-26] in global software distribution. 

Geographically distributed development creates new 
questions about how to coordinate muhi-site work. Grinter 
proposes four methods product development organizations to 
coordinate muhi-site work. He finds that no matter what model 
is used, it is difficulty to acquire expertise and the distribution 
of project mass may be unequal [13-14].  

Lamersdorf et.al think that distributed development is often 
driven by some factors which are not distinguished, such as 
risks, workforce capabilities, the innovation potential of 
different regions, and cultural factors. They discuss about these 
factors and find a lack of empirically-based multi-criteria 
distribution models [15]. A qualitative study aiming to identify 
and understand the criteria used in practice was conducted by 
Lamersdorf, et al. The results show that the sourcing strategy 
and the type of software to be developed have a significant 
effect on the applied criteria [16]. The criteria and causal 
relationships were identified in a literature study and refined in 
a qualitative interview study. Lamersdorf et.al introduce a 
model which aims at improving management processes in 
globally distributed projects by giving decision support for task 
allocation that systematically regards multiple criteria [18]. A 
planning tool to identify task assignment based on multiple 
criteria and weighted project goals was developed by 
Lamersdorf and Munch. The model is called TAMRI (Task 
Allocation based on Multiple cRIteria) and its implementation 
is based on Bayesian networks. The application of the tool 
requires a large amount of knowledge on casual relationships 
in distributed development. [17].  

Though these process models have helped companies to 
achieve global standards, some social aspects are not 
considered. Amrit proposes a methodology to test a hypothesis 
based on how social networks can be used to improve 
coordination in software industry [21]. Setamanit describes 
GSD-a hybrid computer simulation model of the software 
development process in order to identify the practices of work 
distribution and try to classify criteria [22]. Marques presents a 
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domain ontology to represent concepts related to task 
allocation in distributed teams in his paper. This method deals 
with the lack of standardized vocabulary and achieve 
knowledge acquisition and sharing [23]. 

 

VII. CONCLUSION AND FUTURE WORK 

In this paper, we address the issue of how to find the 
lowest-cost way to allocate tasks among development sites. We 
propose a reinforced Hungarian algorithm (RHA) for task 
assignment in global software development. RHA consist of 
two stages. In the first stage, the n×m matrix are transformed 
into two n×n matrix by adding virtual development sites. In the 
second stage, the two n×n matrix are solved by the original 
Hungarian algorithm. Finally, the virtual tasks are removed to 
get the optimal assignment results. We conduct experiments on 
the synthetic datasets to evaluate the performance of the 
proposed algorithm. The experimental results indicate that the 
proposed algorithm can effectively allocate tasks to 
development sites with the lowest cost. 

In the future, we would like to validate the generalization 
ability of our method on available real-world datasets. In 
addition, we plan to investigate the task assignment method 
based on social data [24-25].  
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Abstract—Cross-company defect prediction (CCDP) is a 

practical way that trains a prediction model by exploiting one or 

multiple projects of a source company and then applies the model 

to target company. Unfortunately, larger irrelevant cross-

company (CC) data usually makes it difficult to build a cross-

company defect prediction model with high performance. To 

address such issues, this paper proposes a data filtering method 

based on Agglomerative Clustering (DFAC) for cross-company 

defect prediction. First, DFAC combines within-company 

instances and cross-company instances and uses Agglomerative 

clustering algorithms to group these instances. Second, DFAC 

selects sub-clusters which consist at least one WC instance, and 

collects the CC instances in the selected sub-clusters into a new 

CC data. Compared with existing data filter methods, the 

experimental results on 15 public PROMISE datasets show that 

DFAC increases PD value, reduces PF value and achieves higher 

G-measure and AUC values.1 

Keywords—software defect prediction;cross-company defect 

prediction;data filter; Agglomerative clustering 

I.  INTRODUCTION  

Software defect prediction is one of the most important 
software quality assurance techniques. Based on the 
investigation of historical metrics [1-2], defect prediction aims 
to detect the defect proneness of new software modules. 
Therefore, defect prediction is often used to help to reasonably 
allocate limited development and maintenance resources [3-5]. 
With the advent of big data era and the development of 
machine learning techniques [6], many machine learning 
algorithms are applied to solve the practical problems in life [7-
9].  

 
1 DOI reference number: 10.18293/SEKE2017-043 

In the same way, many efficient software defect prediction 
methods using statistical methods or machine learning 
techniques have been proposed [10-21], but they are usually 
confined to predicting a given software module being faulty or 
non-faulty by means of some binary classification techniques. 
WPDP works well if sufficient data is available to train a defect 
prediction model.  However, it is difficult for a new project to 
perform WPDP if there is limited historical data. Cross-
company defect prediction (CCDP) is a practical approach to 
solve the problem. It trains a prediction model by exploiting 
one or multiple projects of a source company and then applies 
the model to target company [22]. 

In recent years, most existing CCDP approaches have been 
proposed. Unfortunately, larger irrelevant cross-company (CC) 
data usually makes it difficult to build a cross-company defect 
prediction model with high performance. Therefore, how to 
weaken the impact of irrelevant CC data to improve the 
performance of CCDP is a big challenge. The ability to transfer 
knowledge from a source company to a target company 
depends on how they are related. The stronger the relationship, 
the more usable will be CC data. The performance of CCDP is 
generally poor because of larger irrelevant CC data. Previous 
work [23] found that using raw CC data directly would 
increase false alarm rates due to irrelevant instance in CC data, 
so several data filtering works should be done before building 
the prediction model. For example, Turhan et al. [23] and 
Peters et al. [24] proposed the NN filter and the Perters filter to 
select the CC instances which are mostly similar to WC data as 
the training dataset. 

Considering such challenge, this paper proposes a data 
filtering method based on Agglomerative clustering (DFAC) 
for cross-company defect prediction. First, DFAC combines 
within-company instances and cross-company instances and 
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uses Agglomerative clustering algorithms to group these 
instances. Second, DFAC selects sub-clusters which consist at 
least one WC instance, and collects the CC instances in the 
selected sub-clusters into a new CC data. We evaluate our 
proposed method, DFAC, on 15 publicly available project 
datasets. Experimental results show that DFAC can effectively 
filter out the irrelevant CC instances to improve the overall 
prediction performance. On most of project datasets under 
evaluation, DFAC performs the best G-measure values. 

The remainder of this paper is organized as follows. Section 
II presents the related work. Section III describes our proposed 
DFAC method. Section IV demonstrates the experimental 
results. Section V discusses the potential threats to validity. 
Finally, Section VI addresses the conclusion and points out the 
future work. 

 

II. RELATED WORK 

In this section, we first review the existing defect prediction 
methods. Then, we briefly review the cross-company defect 
prediction or cross-project defect prediction. 

A. Defect prediction 

Many researchers have proposed various models for 
predicting the module being faulty or non-faulty in terms of 
within-project defect prediction (WPDP). 

Support vector machine [10], neural networks [11-13], and 
decision trees [14-15] paved the way for classification-based 
methods in the flied of defect prediction. These methods used 
software metrics to properly predict whether a module is 
defect-prone or not.  However, feature irrelevance and 
imbalanced nature of the defect datasets degraded the 
prediction performance. Therefore, some feature selection 
methods [16-17] and class imbalance learning methods [18] 
have been proposed to cope with feature irrelevance and class 
imbalance problem for software defect prediction.  For 
example, Wang et al. [17] leveraged Deep Belief Network to 
automatically learn semantic features from source code. 

In the process of defect prediction, misclassify different 
software defect classes can be divided into two types, namely, 
“Type I” and “Type II”. “Type I” misclassification cost and 
“Type II” misclassification cost are different.  Therefore, some 
cost-sensitive learning methods [19] have been proposed to 
address this issue by generating a classification model with 
minimum misclassification cost. In addition, several methods 
[20-21] based on ensemble learning have been proposed to 
address the defect prediction problem. However, these methods 
are confined to predicting a given software module being faulty 
or non-faulty. 

B.  Cross-company defect prediction 

In order to solve the problem that the new companies have 
too limited historical data to perform WCDP well, the cross-
project and cross-company defect prediction appeared.  
Zimmermann et al. [25] studied CCDP models on 12 real-
world applications datasets. Their results indicated that CCDP 
is still a serious challenge because of the different distribution 
between the training project data and the target project data. In 

order to narrow the distribution gap, there are three mainstream 
ways.  

The first one is to apply the data filtering method to find the 
best suitable training data (e.g., [23, 24, 26]). For example, 
Turhan et al. [23] proposed a nearest neighbor (NN) filter to 
select cross-company data. Peters et al. [24] introduced the 
Peters filter to select training data via the structure of other 
projects. They compared the filter with two other approaches 
for quality prediction to assess the performance of the Peters 
filter, and found that 1) WCDP are weak for small data sets; 2) 
the Peters filter + CCDP builds better and more useful 
predictors. 

The second mainstream way is to design effective defect 
predictor based on transfer learning techniques (e.g., [22, 27, 
28]). For instance, Ma et al. [27] proposed a novel algorithm 
called Transfer Naive Bayes (TNB) to transfer cross-company 
data information into the weights of the training data and then 
build the predictor based on re-weighted CC data. The results 
indicated that TNB is more accurate in terms of AUC, within 
less runtime than the state of the art methods and can 
effectively achieve the CCDP task. Chen et al. [28] proposed 
double transfer boosting (DTB) model.  Another challenge in 
CCDP is that the set of metrics between the source company 
data and target company data is usually heterogeneous.  The 
heterogeneous CCDP (HCCDP) task is that the source and 
target company data is heterogeneous.  Jing et al. [22] provided 
an effective solution for HCCDP. They proposed a unified 
metric representation (UMR) for the data of source and target 
companies and introduced canonical correlation analysis 
(CCA), an effective transfer learning method, into CCDP to 
make the data distributions of source and target companies 
similar. Results showed that their approach significantly 
outperforms state-of-the-art CCDP methods for HCCDP with 
partially different metrics and for HCCDP with totally different 
metrics, their approach is also effective.  

The third mainstream way is to apply unsupervised 
classifier that does not require any training data to perform 
CCDP (e.g., [29-30]), therefore the distribution gap between 
the training project data and the target project data is no longer 
an issue. For instance, Zhang et.al [30] proposed to apply a 
connectivity-based unsupervised classifier that is based on 
Agglomerative clustering to perform CPDP. 

 

III. METHODOLOGY 

A. DFAC 

 Previous work [23] found that using raw CC data directly 
would increase false alarm rates due to irrelevant instances in 
CC data, so several data filtering works should be done before 
building the prediction model. The main goal of data filter is to 
select the most valuable training data for the CCDP model by 
filtering out irrelevant instances in CC data. In this paper, we 
propose a Data Filtering method based on Agglomerative 
Clustering algorithm (DFAC).  

 DFAC consists of two stages. In the first stage, DFAC 
combines within-company instances and cross-company 
instances and uses Agglomerative clustering algorithms to 
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group these instances. The main goal of agglomerative 
clustering is to partition WC instances and CC instances into k 
clusters such that instances in the same cluster are similar and 
instances in different clusters are dissimilar to each other. 

 Agglomerative clustering is an iterative process, which 
merges current clusters continuously. It is possible that a 
current cluster only contains one instance, e.g., each instance is 
treated as one cluster at the beginning of the iteration. In 
agglomerative clustering, instances are merged into clusters 
according to the distances between current clusters. We employ 
the average linkage method to define the distance of two 
current clusters. The average linkage between two clusters is 
defined as the average of the distance between any instance 
pair between two clusters. Suppose that 𝑈𝑎  and 𝑈𝑏  are two 
current clusters during the clustering process. The distance of 
the two clusters 𝐷𝑎,𝑏  can be calculated by the following 

formula: 

 𝐷𝑎,𝑏 =
1

𝑚𝑎𝑚𝑏
∑ 𝑑𝑖,𝑗𝑥𝑖∈𝑈𝑎,𝑥𝑗∈𝑈𝑏   (1) 

where 𝑚𝑎and 𝑚𝑏  are the number of instances inside clusters 
𝑈𝑎  and 𝑈𝑏  and 𝑑𝑖,𝑗  is the distance between two instances 𝑥𝑖 
and 𝑥𝑗. We define the distance 𝑑𝑖,𝑗 of two instances 𝑥𝑖 and 𝑥𝑗 
with Euclidean distance. 

DFAC assumes that CC instances which are in the same 
cluster as WC instances are the most valuable instances in CC 
data. Therefore, in the second stage, DFAC selects sub-clusters 
which consist at least one WC instance, and collects the CC 
instances in the selected sub-clusters into a new CC data.    

B. Example 

Fig.1 shows the resulting clusters of a set of instances using 
the Agglomerative clustering algorithm, where “ ” represents 
the CC instance and “ ”represents the WC instance.  

C1 1

4
6

17
5 21

15

16

18

C2

C3

10

19

11

2

9

3

22

12

14

7 8

13 20

 

Fig. 1. Resulting clusters of a set of instances using Agglomerative clustering 
algorithm 

 These instances are partitioned into three clusters by using 

the Agglomerative clustering algorithm, namely, C1={x1, x4, x5, 

x6, x17, x21}, C2={x2, x3, x9, x15, x22}, and C3={x7, x8, x12, x13, x14, 

x16, x18, x20}. Take the cluster C1 for example, since the CC 

instances x1, x4, x5 and x6 are in the same cluster as the WC 

instance x17 and x21, these CC instances are selected to form 

the final CC training data.  Take the cluster C2 for example, 

since the cluster do not consist any WC instance, the CC 

instances in this cluster are discarded. The CC instances in the 

cluster C3 are selected in the same manner. Therefore, the final 

CC training instances consist of x1, x4, x5, x6, x7, x8, x12, x13 and 

x14. 

 

IV. EXPERIMENTS 

In this section, we evaluate our DFAC method to perform 
CCDP empirically. We first introduce the experiment dataset, 
the performance measures and the experimental procedure. 

A. Data set 

In this experiment, we employ 15 available and commonly 
used datasets which can be obtained from PROMISE [31]. The 
15 datasets have the same 20 attributes, so we can apply all 
attribute information directly. Table I tabulates the details 
about the datasets, and Table II shows a more detailed 
description of the 20 independent code attributes. 

TABLE I.  DETAILS OF EXPERIMENT DATASET 

Project Examples %Defective Description 

ant 125 16 Open-source 

arc 234 11.5 Academic 

camel 339 3.8 Open-source 

elearn 64 7.8 Academic 

jedit 272 33.1 Open-source 

log4j 135 25.2 Open-source 

lucene 195 46.7 Open-source 

poi 237 59.5 Open-source 

prop 660 10 Proprietary 

redaktor 176 15.3 Academic 

synapse 157 10.2 Open-source 

system 65 13.8 Open-source 

tomcat 858 9 Open-source 

xalan 723 15.2 Open-source 

xerces 162 47.5 Open-source 

TABLE II.  CODE ATTRIBUTES OF THE DATASETS 

No. Attribute Description 

1 wmc Weighted methods per class 

2 dit Depth of inheritance tree 

3 noc Number of children 

4 cbo Coupling between object classes 

5 rfc Response for a class 

6 lcom Lack of cohesion in methods 

7 ca Afferent couplings 

8 ce Efferent couplings 

9 npm Number of public methods 

10 lcom3 Lack of cohesion in methods 

11 loc Lines of code 

12 dam Data access metric 

13 moa Measure of aggregation 

14 mfa Measure of functional abstraction 

15 cam Cohesion among methods of class 

16 ic Inheritance coupling 

17 cbm Coupling between methods 

18 amc Average method complexity 

19 max_cc 
Maximum McCabe’s cyclomatic 

complexity 

20 avg_cc Average McCabe’s cyclomatic complexity 
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B. Performance measures 

In the experiment, we employ three commonly used 
performance measures including pd, pf and g-measure. They 
are defined in Table 2 and summarized as follows. 

TABLE III.  PERFORMANCE MEASURES 

 Actual 

yes no 

Predicted yes TP FP 

no FN TN 

pd 𝑻𝑷

𝑻𝑷+ 𝑭𝑵
 

pf 𝑭𝑷

𝑭𝑷+ 𝑻𝑵
 

G-measure 𝟐 ∗ 𝒑𝒅 ∗ (𝟏 − 𝒑𝒇)

𝒑𝒅 + (𝟏 − 𝒑𝒇)
 

 

● Probability of detection or pd is the measure of defective 
modules that are correctly predicted within the defective class. 
The higher the pd, the fewer the false negative results. 

● Probability of false alarm or pf is the measure of non-
defective modules that are incorrectly predicted within the non-
defective class. Unlike pd, the lower the pf value, the better the 
results. 

●  G-measure is a trade-off measure that balances the 
performance between pd and pf. A good prediction model 
should have high pd and low pf, and thus leading to a high g-
measure.  

C. Experimental Procedure 

In order to confirm whether DFAC can perform better than 
other data filtering methods, we compare DFAC with four 
state-of-the-art CCDP approaches. More details are provided 
below: 

 ● NN filter [23] is based on the widely used classification 
method K-Nearest Neighbors (KNN) algorithm to filter 
irrelevant CC data. It can find out the most similar K×N 
instances from CC data while N is the number of instances in 
WC data and K is the parameter of the KNN method. In our 
experiment, we choose K as 10. 

● DBSCAN filter [26] is based on the DBSCAN algorithm. 
DBSCAN defines the high density with two parameters: the 
distance which determines whether two records are close to 
and the number of records which determines whether a core 
sample is in a dense area. In our experiment, we choose the two 
parameters as 10 and 10, respectively. 

 In every experiment, one dataset is selected as WC data and 
the rest are regarded as CC data to conduct the experiment. The 
CC data is considered as basic training data which will be 
adjusted in every experiment. All data filtering methods are 
done on CC data. Then processed CC data are used to build the 
CCDP model. Finally, the resulting model is evaluated on the 
WC data. The procedure will be repeated 30 times in every 
experiment to avoid sample bias. Then, the mean values of 
performance are calculated. In this experiment, we choose 
Naive Bayes (NB) [32] as the CCDP model due to its 
effectiveness in defects prediction. 

D. Experiment results 

The comparison results of 15 projects with NB classifier on 
pd, pf and G-measure are summarized in Table IV. Table IV 
shows that DFAC performs better average pd and pf values 
than all the other data filtering methods. It shows that the NN 
filter often achieves good pd but the worst pf so that it usually 
ends up with low g-measure value. The performance of 
DBSCAN filter seems sometimes have lower pf value than the 
NN filter but it has lower pd value.  It’s very clear that DFAC 
has lower pf value and higher pd value than the other two data 
filtering methods. In the aspect of pd value, the DFAC 
approach increases the pd value to an extent on most data sets. 
The pd values of 8 projects are better than others. On most tests, 
DFAC achieves higher G-measure than the other data filtering 
methods. In total, DFAC has acceptable pf value and can 
obtain better pd values in most experiments we conducted, and 
it almost always achieve the higher G-measure value than other 
data filtering methods. In other words, the DFAC approach 
outperforms other methods, therefore it can be an effective data 
filtering methods. 

 Fig. 2 shows the box-plots of G-measure values, for NN 
filter, DBSCAN filter and DFAC, with NB classifier on 15 
projects. It seems that NN filter approach always has low G-
measure comparing to DBSACN filter and DFAC. Although 
DFAC has the same minimum with DBSCAN filter, the 
median values of both metrics of DFAC are higher than those 
of NN filter and DBSCAN filter. Meanwhile, the maximum by 
DFAC is higher than that by DBSCAN filter, but a litter lower 
than that by NN filter.  

 

Fig. 2. Box-plots for G-measure on 15 projects. 

 In total, DFAC has acceptable pd value and can obtain 
better pf values in most experiments we conducted, and it 
almost always achieve the higher G-measure than other data 
filtering methods. In other words, DFAC outperforms other 
data filtering methods.  
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V. THREATS TO VALIDITY 

In this section, we discuss several validity threats that may 
have an impact on the results of our studies. 

External validity. Threats to external validity occur when 
the results of our experiments cannot be generalized. As a 
preliminary result, we performed our experiments on the 15 
datasets to explore the generality of our method. Although 
these datasets have been widely used in many software defect 
prediction studies, we still cannot claim that our method can be 
generalized to other datasets. Nevertheless, this work provides 
a detail experimental description, including parameter settings 
(default parameter settings specified by sklearn), thus other 
researchers can easily replicate our method on new datasets. 

Internal validity.  In our study, we repeat 30 times to 
avoid sample bias, and calculate average results to verify the 
performance of all test methods. We compared our method 
with NN filter and DBSCAN filter. To avoid the potential 
faults during the implementation process of the experiment, we 
implement these models based on the python machine learning 
library sklearn. 

Construct validity. Threats to construct validity focus on 
the bias of the measures used to evaluate the performance of 
CCDP. In our experiments, we mainly use pd, pf, G-measure to 
measure the effectiveness of the four approaches. Nonetheless, 
other evaluation measures such as AUC measure can also be 
considered. 

 

VI. CONCLUSION AND FUTURE WORK 

In this paper, we propose a data filtering method based on 
Agglomerative clustering for CCDP. The method consists of 
two stages. In the first stage, DFAC combines WC instances 
and CC instances and uses Agglomerative clustering 
algorithms to group these instance. In the second stage, DFAC 
selects sub-clusters which consist at least one WC instance, and 
collects the CC instances in the selected sub-clusters into a new 
CC data. We conduct experiments on the 15 datasets to 

evaluate the performance of the proposed DFAC method. The 
experimental results indicate that the proposed method can 
effectively filter out and weaken the impact of irrelevant data 
to improve the performance of CCDP. The proposed DFAC 
method is an effective data filtering method for CCDP. 

In the future, we would like to employ more project 
datasets to validate the generalization of our proposed method. 
In addition, we plan to apply our method to a real-life 
application [33-34]. 
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Abstract—Emergent health resource supply is the key support to 
the accomplishment of medical rescue mission. It contains huge 
data of various kinds of health resource to deal with. Soeme 
researches were directed to solve such problem, including using 
various optimization models (OM) and decision support 
system(DSS). However, these methods were not widely used. One 
major impediment is the lack of standard knowledge 
representation models to guide the knowledgebase development. 
Our research presents a new approach to develop a semantic 
health resource knowledge base (SHRKB), based on a semantic 
health resource knowledge ontology (SHRKO) using HL7 RIM to 
represent emergent medical rescue domain knowledge. We also 
build semantic health resource expression repository (SHRER) 
and queries encoded in SPARQL format to extend the SHRKO 
with dynamic decision logic. The method is validated in a case 
study of the medical assistance mission executed by the hospital 
ship Peace Ark. The results show that SHRKB could support 
same decision method come to more effective plan than normal 
knowledge base. Future, a more efficient DSS for crisis health 
resource preparation could be established based on the SHRKB.

Keywords- ontology; semantic; knowledge base; decision 
support; crisis preparation.

I.  INTRODUCTION & RELATED WORK

Emergent health resource supply is the key problem for curing 
people wounded in the unexpected crisis. Some research 
showed that the mortality and the disability rate had a linear 
relationship with the time when starting to treat the 
wounded.[1,2] So, the emergent health resource should be 
prepared as quickly as possible to support the curing 

treatment. However, the preparation is very complex because 
huge data of various types of health resources should be dealt 
with and several factors should be taken into concern. 
Different types of casualty would occur and hundreds types of 
medicine and medical equipments. There were many 
researches on the emergency supply management. Major 
researches were on four aspects, the selecting of location for 
storing[3,4], the distribution [5,6], the scheduling [7] and the 
supplement [8]. Optimization models(OM) and decision 
support systems (DSS) had become increasingly used in these 
researches to facilitate the management of emergency supply 

[9,10,11]. OM and DSS could substantially improve the supply 
effectiveness. However, despite its great potential and a 
history of successful cases to this day, DSS have not found 
widely use in medical rescue tasks outside of one or two 
medical maneuvers. One of the major impediments to its 
widespread adoption is the lack of standard semantic based 
knowledge representation models to guide the development of 
the knowledge base, which is the core component of a DSS for 
medical rescue tasks.

The ontology, originally defined as “a formal, explicit 
specification of a shared conceptualization”[12], has been 
considered as a key technology in knowledge engineering. 
Medical is a complicated domain. Compared with the data in 
other domains, there are too many natural language 
descriptions and terminologies in medical data. As a result, a 
variety of ontologies have been constructed in medical 
domain, for example, the Biocaster ontology [13], Unified  
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Medical  Language  System (UMLS) Semantic Network 
System(Unified  Medical  Language  System  Semantic  
Network  Documentation)[14], etc. On one hand, because of the 
distributed nature of ontology development, the proliferation 
of medical ontologies often have a feature of heterogeneity 
and overlapping domains. On the other hand, little research 
has been conducted on the rescue medical resource ontologies 
development. Both would obstacle to knowledge integration in 
emergent medical rescue domain. The ontologies we 
constructed in our research also made use of general medical 
domain ontologies already existing to describe general 
medical knowledge.

Our research presents a new approach to develop a 
semantic health resource knowledge base (SHRKB), based on a 
semantic health resource knowledge ontology (SHRKO) using 
Health Level Seven International (HL7) reference information 
model (RIM) to represent emergent medical rescue domain 
knowledge. We also build a semantic health resource 
expression repository (SHRER) of rules encoded in Jena rule 
format to extend the SHRKO with dynamic decision logic. The 
proposed method is validated in a case study of the overseas 
humanitarian medical assistance mission, to demonstrate its 
technical feasibility.

II. TASK DESCRIPTION

The methods and steps used in our research are as follows. 
First, we set the target domain and acquire the domain 
knowledge. Second, we use HL7 RIM to present emergent 
medical rescue domain knowledge. HL7 all message 
specifications are based on the RIM, a shared information 
model for integrating entity data and medical domain 
knowledge[15], which can serve as the basis of unified domain 
ontology development. We extract the core concepts, 
properties, attributes and links of the knowledge. Then we use 
top-down design pattern to develop ontologies. Third, we use 
web ontology language (OWL) to describe the meta ontology 
and add ontology instances to form the ontology base. Fourth, 
we build a semantic health resource expression repository 
(SHRER) of rules encoded in Jena rule format. Finally, we 

validat the method with a case study, and the knowledge base 
could be used in DSS. All these steps are shown in Figure 1.

III. DEVELOPMENT OF ONTOLOGY-BASED KNWLEDGE BASE

A. Knowledge Acquisition
The knowledge acquisition phase includes three processes: 
knowledge identification, knowledge extraction, and 
knowledge authentication. Three types of knowledge sources 
are identified in the knowledge identification process:

 Published medical literature on healthcare resource 
preparation plans for crisis rescue (HRPPCR) or 
medical rescue guidelines, standard nomenclatures and 
medical rescue information models;

 Healthcare resource data from the history medical 
rescue tasks;

 Experiences of medical rescue practitioners and 
domain experts.1

The define of certain  HRPPCR, is to design the type and 
quantity of the basic and specialized resources based on the 
possible distribution of the injuries' condition, category and 
portion injury[16,17]. The basic health resources(BHR) are for 
general injuries which always occur in most crisis rescuing. 
For example, the health resources for hemostasis, bandaging 
and fixing. The special health resources(SHR) are for special 
injuries which occur in certain crisis rescuing. For examples, 
the medicine and equipments for burned injuries in fire 
disaster; the medicine used for epidemic disease after flood 
disaster; etc. 

In the processes, we gain a general view of the plan define 
workflow. We use the UML activity diagram to describe the 
workflow, as shown in Figure 2(taking BHR preparation as an 
example).

Project in the National Science & Technology Pillar Program during the 
Twelfth Five-year Plan Period (No. 2015BAK10B01); Army logistics key 
projects(#BHJ12L007, # CHJ11J016).

Figure 1. RESEARCH STEPS USED IN THE 
DEVELOPEMENT OF THE SHRKB

Figure 2. BHR PREPERATION WORKFLOW
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The define of basic HRPPCR is a step-by-step process. Each 
department of the medical rescue team has a certain function. 
For example, the triage department mainly responds for first-
aiding, sorting and allocating further aids on the basis of 
medical treatment needs. For another example, the operating 
department is mainly responded for performing surgery on the 
injury if necessary. These two departments are of core 
importance in a medical rescue team and need different types 
and quantity of health resources based on both the function of 
the departments and the workloads (medical rescue needs) 
predicted in the first step. So, we define the basic HRPPCR 
from department A to department N based on the rescue task 
needs. The whole basic HRPPCR is formed at the end of the 
process.

B. Information semantic extraction
We extract information semantics from these class diagrams 
using the meta-ontology approach[18]: concepts are expressed 
as classes; attributes and relationships are expressed as 
properties; decision algorithms are expressed as rules, as 
shown in Figure 3.

Figure 3. SEMANTIC EXTRACTION USING THE META-
ONTOLOGY APPROACH

Close consultation with domain experts are involved in the 
concurrent knowledge authentication process to examine the 
necessity of extraction and the correctness of extracted 
information semantics.

C. Knowledge Representation
Knowledge representation focuses on the construction of the 
semantic health resource knowledge base (SHRKB), including 
the ontology of medical rescue domain knowledge and an 
expression repository of rules and queries. We develop 
SHRKB on Protégé, an open-source ontology editor and 
framework from Stanford University. In this paper, we use the 
development of the knowledge base of health resource 
evaluation as an example.

1) Semantic health resource knowledge ontology(SHRKO)
SHRKO is the backbone ontology of SHRKB to represent 
health resource domain knowledge. We develop SHRKO 
following the ontology developing guide on, main steps 
include: defining classes, defining the properties of classes, 
defining the linkages and creating instances.

 Following a top-down design pattern, we define four top-level 
classes in SHRKO, i.e., Data, Model, Expressions and Rules. 
Below is a brief description of each class: 

a) 1. Data. Data models the standard data types defined 
in HL7 Version 3 Data Types Abstract Specification(HL7 v3.0 
Data Types Specification.). 

b) 2. Model. Model is compliant to the model definition 
of the HL7 RIM Version 2.41 (HL7 Reference Information 
Model.), involving three main classes, Act, Role, and Entity, 
linked together with three association classes: 
ActRelationship, Participation and RoleLink. Act represents 
all the acts, performed and recorded by responsible actors in a 
healthcare workflow; ActRelationship is a directed association 
between a source act and a target act; Entity represents 
physical thing, group of physical things or an organization 
capable of participating in an act while in a role; Role is a 
competency of an that plays the role as identified, defined, 
guaranteed, or acknowledged by the entity that scopes the role; 
Participation is an association between an act and a role; 
RoleLink is a connection between two roles expressing a 
dependency between those roles. 

c) 3. Expression. Expression is the linkage class between 
SHRKO and SHRER. We defined the following properties to 
represent linkage semantics: hasExprId is the expression 
identifier in SHRKO, hasExprFile is the pointer to the 
external expression file, hasTriggerSource marks the trigger 
source of the expression, either time-based, event-based or 
user defined, hasExpression is a textual description of the 
expression body. 

d) 4. Rule. Rule is the standard to describe the evaluation 
or distribution of the health resource. We defined the 
following properties to direct the making of rules in the rule 
base: Evaluation is the rule to evaluate the resource needs 
based on the task workloads or the prediction of the wounded 
types and quantity, Distribution is the rule to determine the 
health resource's distribution between departments or different 
medical rescue teams. 
Based on this, we take these top-level classes as superclass 
and constructed subclasses layer by layer. Thus, we describe 
the conceptions of the sub-node of the knowledge system. 
Meanwhile, we add relevant attributes and linkages to the 
subclass. We also reuse existing domain ontologies if 
necessary, e.g., Systematized Nomenclature of Medicine-
Clinical Terms(SNOMED-CT), Logical Observation 
Identifiers Names and Codes(LOINC), International 
Classification of Diseases-10(ICD-10). These are international 
standard medical term system. Using these ontologies to 
extend the semantic of our meta ontology could make the 
ontologies we developed interconnected with the international 
standards.

we use the development of the knowledge base of health 
resource evaluation as an example to show the creating of 
instance.

The objective of constructing the health resource evaluation 
knowledge base is to provide standards for quick health 
resource preparation based on different situation. The final 
plan based on this could be more fit for the mission needing 
without too much waste. Thus, the medical rescue team could 
bring more useful health resource with them to save more lives 
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making the limited transport capacity to the maxim 
effectiveness. The main factors to be considered are the 
number of wounded persons or people in disease, the possible 
distribution of the different injuries' condition and category, 
the number of medical rescuer. Health resources largely 
include medicine(M) resources (mainly pharmaceuticals), 
medical consumable goods, medical devices and medical 
instruments. The medicine resources and medical consumable 
goods are non-reusable resources. Medical devices and 
medical instruments are reusable resources. The main 
attributes of the resource were category (Kind) and resource 
quantity (Number).

Based on the analysis above, we construct the meta ontology 
to describe the standards of health resource evaluation, 
including four superclass as Data, Model, Expression and 
Rule. Based on the meta ontology, we add constraint condition 
and supplementary condition to reify the subclass. Main 
subclass include: Medicine Class,  describing basic 
information of medicine, including the attributes of name, ID, 
Coding System, Frequency, Dosage Unit, Dosage Daily, Drug 
Interaction, etc.; Device Class, describing basic information of 
medical devices, including the attributes of name, ID, Coding 
System, Max workload, Length, Height, etc.; Consumable 
goods Class, describing basic information of medical 
consumable goods, including the attributes of name, ID, 
Coding System, Qualification, etc.; Instrument class, 
describing basic information of medical instrument, including 
the attributes of name, ID, Coding System, Function, Assort, 
etc.; Injury Condition Class, describing specific condition of 
wounded, including the attributes of injury portion of body, 
injury type, injury pattern and injury trend; Distribution class, 
describing specific distribution of the resource between 
different departments or rescue teams; Term class, including 
referenced international standard medical term system, e.g. 
SNOMED-CT, LOINC, ICD-10, etc. Finally, we use OWL to 
describe the meta ontology and add the ontology instances to 
form the standard ontology as showed in figure4.

Figure 4. ONTOLOGY MODEL OF HEALTH RESOURCE 
EVALUATION

In Figure4, we use different color to mark different classes. 
The yellow marks are instances of certain subclass.

In addition, we import the SWRL temporal ontology to 
enhance the temporal expressivity of SHRKO with temporal 
models and built-ins.

2) Semantic health resource expression repository 
(SHRER)
SHRER is designed to extend SHRKO expressivity with 
expressions so that it can be queried and reasoned over for 
knowledge-based decision making. We consider two kinds of 
expressions: queries and rules. Queries are written in simple 
protocol and RDF query language (SPARQL). Rules are 
encoded in Jena rule format.

D. Knowledge Validation
We develop a prototype semantic-based health resource 
preparation decision support system (S-HRPDSS) in Java to 
enable SHRKB-based preparation decision making. The 
proposed method is validated in a case study of the overseas 
humanitarian medical assistance mission executed after a 
disaster by the hospital ship Peace Ark, a member of China's 
People's Liberation Army (PLA) Navy.

We instantiate the SHRKB with the domain knowledge from 
the Chinese marine medical guideline(CMMG)[19] and the 
standards of medical first aid in marine rescue mission from 
Advanced first aid afloat (Fifth edition)[20]; history marine war 
medical rescue data contained in the CMMG summaries, 
electrical medical records from "Mission Harmonious 2011", 
"Mission Harmonious 2013"and "Mission Harmonious 2014", 
as well as electrical medical records from emergent 
department of Navy General Hospital since 2010 are then 
imported into SHRKO as input fact data; given health resource 
related data(i.e. injury's or disease's condition, category) and 
rules from SHRER, we can use the Jena inference engine to 
derive new facts about the health resource 
preparation(evaluation or preparation plan recommendations).

Then we use cluster analysis, a statistics method to make plan 
on certain resource types to cope with the mission needs, 
based on normal knowledge base and semantic knowledge 
base to find the differences.

We define the health resource (HR) was defined as: HR=（M, 
C, D and I）M stands for medicine, C stands for medical 
consumable goods, D stands for medical Device, I stands for 
medical instruments. K stands for Kind, the main index in a 
health resource preparation plan. The cluster analysis is used 
to determine K as follows.
𝐻𝑅𝑖𝑗 = (𝑁𝑖𝑗，𝐾𝑖𝑗)，𝑤ℎ𝑒𝑟𝑒𝑏𝑦 𝑖 = α，β，γ，𝑗 = 𝑀，𝐶，𝐷，𝐼   and 
𝐾α,𝐾β ⊂ 𝐾

Kij is to describe all categories of resources; Nij is the index to 
describe the quantity of each kind of resources in the Kij.  α is 
for basic health resources, β is for special health resources. M 
stands for the medicine resources (mainly pharmaceuticals) , C 
stands for medical consumables, D stands for medical devices, 

401



I stands for medical instruments.

The determination of K: K is associated with either the type of 
crisis or the function of different department in the medical 
rescue team. So the correlation coefficient R can be used for 
resource category clustering. Xi stands for the frequency use 
of a certain kind of the resource in “n” samples. When Kα is 
determined, the samples will be the special health resources 
used in the rescue task. When Kβ is determined, the samples 
will be the health resources used in a certain department of the 
rescue team. Xj stands for the frequency of occurrence of a 
certain medical rescue tasks in “n” samples. Stronger 
correlation coefficient reveals a closer link between the 
resource category and the medical treatment function.

𝑅𝑖𝑗 =

𝑛

∑
𝑘 = 1

(𝑋𝑘𝑖 ‒ �̅�𝑖)(𝑋𝑘𝑗 ‒ �̅�𝑗)

[ 𝑛

∑
𝑘 = 1

(𝑋𝑘𝑖 ‒ �̅�𝑖)
𝑛

∑
𝑘 = 1

(𝑋𝑘𝑖 ‒ �̅�𝑖)2]
IV. RESULTS

A total of 270 classes (4 top-level classes and 266 subclasses), 
387 properties (319 object properties and 68 data type 
properties) and 219 rules are created in SHRKB.

The validation results from the case study of the overseas 
humanitarian medical assistance mission executed after a 
disaster by the hospital ship is demonstrated in Table 1. N 
stands for the health resource preparation plan clustered by the 
cluster analysis based on normal medical knowledge base 
(normal plan for short). S stands for the health resource 
preparation plan clustered by the cluster analysis based on our 
semantic health resource knowledge base(SHRKB) (SHRKB 
plan for short). A stands for the mission actual consumption of 
the health resource. (K stands for the set of health resource 
categories, |K| stands for the number of the medical resource 
categories.)

Table 1- Comparison of the resource categories of normal, actual 
consumption and SHRKB results.

As it is presented, the resource categories in the normal plan 
100% met the requirement of the actual consumption. 
However there were more than 30% of the non-reusable 
resource categories in it remained unused during the mission. 
On the other hand, the inventory of 6 kinds of the non-reusable 
resources in the normal plan, especially some key resources, 
would be used up during the mission which indicating that the 
categories of resources are not adequate for the actual 
consumption. In the normal plan it appears that the surplus and 
deficiency could exist side by side. 

The categories of the reusable resources in the SHRKB plan 
meet the requirement of the actual consumption at a more than 

95% level. The categories of non-reusable resources meet the 
requirement at a level exceeding 80% mark. The categories 
which didn’t appear in the plan but is present in the actual 
consumption are concentrated in some anti-infection 
medicines or anodyne which are used in a narrow range. These 
resources could be replaced  by others resources which have a 
wider range of application. The SHRKB plan could meet the 
actual consumption with less categories of resources. Thus, 
this plan would be more simple and effective to health 
resource preparation in emergent case.

From this rough comparison , we could see the results made 
by the same decision method running on the SHRKB are 
better. It demonstrates the benefits of the combination use of 
the HL7 RIM and ontology.

We are still developing a DSS for health resource preparation 
in marine emergent case. The system prototype is showed in 
figure 5. This system could help managers to make a quick 
decision on health resource preparation both in category 
selecting, quantity calculating, supplement planning and better 
routes comparing. Thus, the medical rescue team would be 
ready to set off in a short time and cure injuries in the best 
time. The right part of the system shows the basic inputs 
including ship scheme, mission information, departments 
properties, injuries or disease sets. The up-left part shows the 
health resource allocation plan in the history case which 
matches the input condition on the left. The down-left part 
shows the health resource allocation plan recommended by the 
system through a series of OM calculating.

Figure 5 PROTOTYPE OF DSS FOR HEALTH RESOURCE 
PREPARATION IN EMERGENT CASE.

V. DISCUSSION AND CONCLUSION

In this paper, we present a new approach to enhance effective 
use of DSS in health resource preparation/respond by 
developing SHRKB, a health resource knowledge base based 
on rules of HL7 RIM and ontology. HL7 RIM offers a static 
model of health care information, which includes classes and 
state-machine diagrams and is accompanied by use case 
models, interaction models, data type models, terminology 
models, and other types of models based on which domain-
specific information models are then derived through a series 
of constraining or refinement processes. Ontology provides a 

|𝐾(𝑁)| |𝐾(𝐴)| |𝐾(𝑆)| | ̅𝐾(𝐴) ∩ 𝐾(𝑁)| | ̅𝐾(𝐴) ∩ 𝐾(𝑆)|

Consumables 80 56 48 24 8
Medicine 243 167 140 76 27
Equipment 22 20 19 2 1
Instrument 52 52 52 0 0
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standard model for data and knowledge representation.

The result of the case study using the same method running on 
different knowledge base shows, SHRKB could support the 
method come to more effective plan than normal knowledge 
base does. This demonstrates our research's advantages as 
follows: (1) the unified representation formalism for both 
mission data and domain knowledge to facilitate the semantic 
interoperability between DSS and healthcare information 
systems; (2) semantic-based integration and reuse of computer 
technologies and domain knowledge for convenient 
knowledge base maintenance; (3) knowledge-based inference 
for dynamic health resource preparation for crisis relief. 

Still, our research has some imperfections. For example, if we 
want to develop DSS based on SHRKB, the validation of 
SHRKB is not enough. Considering the complication of the 
health resource preparation for the crisis, the data and 
knowledge acquisition are not enough. The evaluating of the 
health resource preparation plan is not enough. The data and 
knowledge acquisition is not enough because crisis rescuing is 
always in a hurry and there's hardly time for the rescuers to 
collect data or knowledge on purpose.

So, our future work will focus on: (1) develop DSS for health 
resource preparation based on SHRKB; (2) investigation of 
knowledge based preparation plan evaluation methods; and (3) 
integration with machine learning techniques for automatic 
knowledge acquisition and close-loop knowledge 
management.
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Abstract—Writing teaching is an indispensible part of college 

English teaching in China. Compared with L1 students, the 

writing teaching of L2 students is much more challenging. Recent 

years, Automatic Evaluation System (AES) has been more 

frequently employed to score students’ essays by teachers. 

However, AES cannot replace teachers for the following 

shortcomings. 1) The essay evaluation is not very precise; 2) It 

cannot truly reflect a student’s real writing ability based on 

independent scores. To solve the problems, this paper proposes a 

method of constantly evaluating L2 student’s real writing ability, 

which evaluates, compares and analyzes several essays written by 

a student within a certain period. First, the framework of 

constant evaluation of writing ability is proposed, which consists 

of a single essay evaluation and a timeline-based evaluation. Next, 

several aspects of automatic evaluation of a single essay are 

improved. Then, a timeline-based writing ability evaluation 

method is proposed based on the knowledge graph. Finally, the 

experiments are conducted, the results of which show that the 

proposed method is effective in evaluating a student’s real 

writing ability. 

Keywords-writing evalution; AES; auto scoring; L2 students; 

timeline-based evalution; knowledge graph 

I.  INTRODUCTION 

Writing teaching is an indispensible part of college English 
teaching in China. Compared with L1 students, the writing 
teaching of L2 students is much more challenging. It is 
apparent that L2 students’ English proficiency is lower than L1 
students’. Each basic element of an article may be a barrier to 
writing for L2 students. That is to say, there will be problems 
of the choice of words, sentences, paragraphs or discourses. 
Therefore, it has been widely acknowledged that English 
writing teaching is a rather tough and challenging task. In order 
to increase the efficiency of evaluating students’ essays and 
decrease the workload of teachers, Automatic Evaluation 
System (AES) has been more frequently employed in the 
writing teaching to help teachers to evaluate students’ essays 
and turned out to be effective[1].  

However, AES can’t provide a precise evaluation because 
of the limitation of text understanding technologies, so it is 
impossible for AES to replace teachers to evaluate students’ 
essays. What’s more, the score of a single essay can’t truly 
reflect a student’s real writing ability. In the long run, if 
students depend much on it, AES may have a negative impact 
on their learning plan. In effect, a student’s writing ability is 
influenced by diverse factors, apart from their own knowledge. 

For example, in different conditions, a student will present 
obviously different writing abilities. In a good condition, the 
choice of words, sentence-making and sentence variety will be 
at the high level; otherwise, they will be poor, which shows the 
volatility of one aspect of his/her abilities in writing. It 
shouldn’t become a focus of teachers if a student shows that 
his/her abilities decrease temporarily in one aspect. On the 
contrary, it will have a negative effect on the student’s learning 
initiative if teachers highlight this problem. Especially in China, 
there are a large number of students, it is rather hard for 
teachers to follow every student and constantly evaluate 
students’ writing ability.  

To solve the problems, this paper proposes a method of 
constantly evaluating L2 student’s real writing ability, which 
evaluates, compares and analyzes several essays written by a 
student within a period. First, the framework of constant 
evaluation of writing ability is proposed, which consists of a 
single essay evaluation and a timeline-based evaluation. Next, 
several aspects of automatic evaluation of a single essay are 
improved. Then, a timeline-based writing ability evaluation 
method based on knowledge graph is proposed. Knowledge 
graph of writing ability is constructed to make a comprehensive 
description of a student’s writing ability, including use of 
words, choice of sentences, coherence, logic etc.  By analyzing 
the changes of knowledge graphs with time going on, the real 
writing ability of a student can be tested and obtained. Finally, 
the experiments are conducted and the experimental results 
show that the proposed method is effective in evaluating a 
student’s real writing ability. 

The rest of this paper is organized as follows:  section II 
introduces related work, and section III puts forward a 
framework of constantly evaluating one’s writing ability. 
Section IV and section V discusses the method of evaluating a 
single essay and the method of constantly evaluating one’s 
writing ability respectively. In section VI, the experiment is 
performed to verify the proposed method and the last section 
draws a conclusion.  

II. RELATED WORK 

AES is defined as the computer technology that evaluates 
and scores the written prose [2]. With the growing 
development of computer technology, AES systems have been 
improved a lot and are being improved. In order to make the 
large-scale essay scoring process more practical and effective, 
Project Essay Grader (PEG) was developed by Ellis Page upon 
the request of College Board [3]. It utilizes proxy measures to 
evaluate the quality of essays. But it has been criticized for 
ignoring the semantic aspect of essays and focusing more on 
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the surface structures [4][5]. With the advance of computer 
technology, more AES systems, such as Intelligent Essay 
Assessor (IEA), the Electronic Essay Rater (E-Rater) were 
developed to meet the requirements. IEA analyzes and scores 
an essay using a semantic text analysis method called Latent 
Semantic Analysis (LSA). It is claimed that unlike other AES 
systems, IEA’s main focus is more on the content-related 
features rather than the form-related ones. However, this 
doesn’t mean that IEA offers no feedback on formal aspects, 
i.e., grammar and punctuation, in an essay. However, the 
system doesn’t evaluate the creativity and reflective thinking. 
E-Rater was developed by the Educational Testing Service 
(ETS) to evaluate the quality of an essay by identifying 
linguistic features in the text [6]. E-Rater uses natural language 
processing (NLP) techniques, which identify specific lexical 
and syntactic cues in a text, to analyze essays [5]. Later, 
artificial Intelligence (AI) was introduced to the development 
of AES systems. IntelliMetric, developed by Vantage learning, 
is known as the first essay-scoring tool that was based on AI. 
Like, E-Rater, IntelliMetric relies on NLP, which determines 
“the meaning of a text by parsing the text in known ways 
according to known rules conforming to the rules of English 
language” [7]. Another AES system, named My Access, is 
known as the instructional application of IntelliMetric. My 
Access is a web-based writing assessment tool that relies on 
Vantage Learning’s IntelliMetric automated essay scoring 
system. The main purpose of the program is to offer students a 
writing environment that provides immediate scoring and 
diagnostic feedback, which allows them to revise their essays 
accordingly and motivates them to continue writing on the 
topic to improve their writing ability. ETS’ Criterion, a web-
based instructional writing tool, uses the E-Rater engine to 
provide both scores and targeted feedback. It allows students to 
improve their writing skills while working independently with 
immediate, detailed feedback on grammar, spelling, mechanics, 
usage, and organization and development. 

III. FRAMEWORK OF CONSTANTLY EVALUATING  

STUDENTS’ WRITING ABILITY  

According to the above analysis, it is a gradual process to 
enhance students’ writing ability and there exist ups and downs 
in the writing quality with individual factors and changes of the 
external surroundings outside. L2 students will show different 
features of changes in their abilities of different writing 
elements with the time passing. For example, there remains 
greater influence on diction (choice and use of words). As to 
different themes and styles, there are great differences. If they 
haven’t written an essay of the same subject for a long time, 
students’ ability of using the words of the subject will 
obviously decrease. Comparatively speaking, the ability of 
writing arrangement is rather stable. As long as they keep 
practicing writing, students can maintain this ability and are 
likely to enhance it. So considering such factors as fluctuation 
of writing ability, the evaluation of a single essay can’t reflect a 
student’s real writing ability objectively and comprehensively. 

The paper proposes the method of constantly observing and 
evaluating a student’s writing ability, whose framework is 
shown in Fig. 1 and mainly consists of two modules. 

1)  Single essay evaluation module 

This module realizes the evaluation of a single essay, which 
is similar to the function of AES. The difference between them 
is that this module also provides additional data for the writing 
ability evaluation module so as to build the forgetting curve of 
the student. 

Time-based  Composition Evaluation

Single Composition Evaluation

 Compositions
Word 

Analysis
Sentence 
Analysis

 paragraph 
Analysis

discourse 
Analysis

Forgetting 
curve 

Writing
Abilitiy
Model

Evaluation
Knowledge

Base

Continous
Analysis

 

Figure 1. Framework of constant evaluation of writing ability  

 

This module is composed of word evaluation, sentence 
evaluation, paragraph evaluation, discourse evaluation and an 
overall evaluation by summarizing these evaluations of writing 
elements.  The overall score of an essay gives a direct and 
straightforward evaluation to students, while the evaluation of 
writing elements can present students their weak points in 
certain aspect, which has a much more instructive effect on 
writing teaching. 

2) Writing ability evaluation module 
This module is to evaluate students’ writing ability 

comprehensively within a certain period. Namely, based on 
evaluations of several essays within a certain period, the timing 
analysis is adopted to analyze different writing ability 
evaluation indexes and then the knowledge graph of writing 
ability is built. 

The indexes of writing ability are related to each other, so it 
is not likely to improve the overall level of the students 
effectively only by intensifying the training of one element. For 
instance, a student leaves much room to improve his/her ability 
of making a sentence. If he/she only practices making a 
sentence, he/she can’t really improve his/her overall writing 
ability, for how to make a sentence has much to do with such 
elements as words, phrases, grammar, sentence patterns.  

Knowledge graph is a model used to show the relation 
between knowledge points, which can offer both the overall 
view and the detailed view. Therefore, the writing ability is 
modeled by knowledge graph, which can also show the writing 
ability of a student from both the overall and the detailed 
aspects.  
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IV.   SINGLE ESSAY EVALUATION  

Compared with teachers’ evaluation, AES has the following 
shortcomings when just used to evaluate a single essay: 1) the 
precisions of some evaluation indexes are low; 2) some 
evaluation indexes cannot be assessed by AES. However, the 
distinguishing advantage is its high speed, which is suitable for 
the heavy task of constantly evaluating a large number of 
essays of the students by using our method. 

A. Evaluation indexes 

Taking both the difficulties in the implementation and the 
precision of AES into consideration, we select some feasible 
and practicable evaluation indexes to evaluate a single essay 
evaluation, which are shown in Table I. 

TABLE I.  ESSAY EVALUATION INDEXS 

One class index Two class index Weight 

1.Word & phrase 1.1 Spelling 0.3 

 1.2 Grammar 0.3 

 1.3 Vocabulary 0.5 

2.Sentence 2.1 Punctuation  0.2 

 2.2 Sentence structure 0.3 

 2.3 Sentence grammar 0.3 

 2.4 Sentence pattern 0.5 

3.Pragraph 3.1 Sentence coherence 0.6 

 3.2 Topic relevance 0.8 

4. Discourse 4.1 Ideas 0.7 

 4.2 Organisation 0.6 

 4.3 Pragraph coherence 0.6 

 4.4 Theme relevancy 0.8 

 

B. Evaluation method 

Among the above-mentioned evaluation indexes, some can 
be easily realized by means of computer algorithm. For 
example, the evaluation of spelling and grammar can reach 
high precision with the support of the dictionary and grammar 
corpus. But evaluations of coherence, unity and transition are 
not easy to carry out.  Some evaluation indexes in our method 
are discussed as follows. 

1) Vocabulary: To vocabulary, we focus on the evaluation 

of the breadth and depth of the use of words. Taking into 

account the actual situation of Chinese students, we select ten  

levels of vacabularies as the  standards, shown in Table II, 

whose difficulties increase gradually.   
The ability of choosing and using the words is calculated 

based on the distribution of words in the essay, which is 
calculated as 

1 1
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i i i
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v w l w
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     ,   (1) 

where, m  is the number of words in the essay, 
il  is the number 

of words in  the level i  vocabulary, and il

m
 is the ratio of level 

i  in the essay.  The ability of using the words, v , is the 

weighted sum of the use of words at all levels. It is valuable to 
know the changes of a student’s v within the given time for the 

purpose of evaluating his ability of using the words. 

TABLE II.  DIFFICULTY LEVELS OF VOCABULARY 

Level # Vocabulary Weight 

1 College English Test  Band 1 0.1 

2 College English Test  Band 2 0.2 

3 College English Test  Band 3 0.3 

4 College English Test  Band 4 0.4 

5 College English Test  Band 5 0.5 

6 College English Test  Band 6 0.6 

7 Test for English Majors Band 4 0.7 

8 Test for English Majors Band 8 0.8 

9 TOFEL 0.9 

10 GRE 1.0 

 

2) Sentence Pattern  
The variety of sentence patterns is viewed as a main 

evaluation index. If different sentence patterns are employed to 
express one’s opinions in an essay, the whole will be richer. A 
succession of simple sentences may be jerky and choppy, a 
succession of loose sentences relaxed or even slovenly and a 
succession of periodic sentences formal, stiff and difficult to 
follow. Too many sentences of the same pattern following one 
another are at least monotonous. 

According to different standards, sentence can be divided 
into different types. According to their use, sentences are 
declarative, interrogative, imperative or exclamatory. 
According to their structure, sentences are simple, compound, 
complex or compound-complex. From the rhetorical point of 
view, sentences are loose, periodic and balanced. 

In the English writing, the method of evaluating the variety 
of sentence patterns is used to calculate the distribution of 
different sentence patterns in an essay. The calculation 
method is  

1
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m

i

i
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s sp

sn sm 

    ,   (2) 

where, 
sp

sn
 denotes the ratio of sentence patterns used in the 

writing, sn and sp denotes the number of the variety of 

sentence patterns and the number of the variety of sentence 

patterns in the writing respectively;
1
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N
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repetition of sentence patterns, sm is the number of specific 

sentence patterns, n isp is  the frequency of repeating the 

sentence pattern I, sm is the number of sentences in the writing. 

3) Coherence 
The coherence of an essay includes the text coherence and 

the semantic coherence.  

Text coherence is a literary technique that refers to the 
meaningful connections that readers perceive in a written text. 
In other words, it is a well-written piece that is not only 
consistent and logical, but also unified and meaningful. It 
makes sense when read as a whole. The structure of a coherent 
paragraph could be general to particular and particular to 
general or any other format.  In order to achieve the effect of 
coherence, proper transitions have to be employed which are 
used to make a connection clear [9]. The local coherence and 
global coherence of an essay can be evaluated by analyzing the 
transitional words and phrases.  

Semantic coherence refers to the coherence of content, 
namely, the association of the whole passage from the 
beginning to the end. Given that L2 students don’t usually 
write a long essay and each paragraph consists of several 
sentences, it is not easy to calculate the semantic coherence of 
sentences within a paragraph. This paper mainly focuses on 
the semantic coherence among paragraphs, the algorithm of 
which is described in Algorithm 1. 

Algorithm 1:  Semantic coherence evaluation of an  essay 

Input: C      // a student’s essay             

Output: sc   // semantic coherence  

1) For each 
ip  in C  do           // 

ip  is the ith paragraph of C  

2)      extract keywords of  
ip  using TF-IDF 

3)         denote  
1 2{ , ,..., }i np k k k     

4) End for 

5) Mine association rules based on paragraphs and get the 

association rules set  ARs  

6) For i=1 to n  do 

7)     Calculate the association degree  isc between 
ip  and 

1ip 
 

8) End for 

9) 
1

1

1

1

n

i

i

sc sc
n







   

In the algorithm, each paragraph is denoted by VSM (from 
step 1 to 4). And then, each paragraph can be seen as a 
transaction and the essay can be seen as a transaction set. Each 
keyword of a paragraph can be seen as an item. As a result, the 
association rule mining algorithm can work on it. In this step 
we can get the association rule set ARs in this paragraph. Step 

7 finds out all the association rules in ARs which can bridge 
the neighboring paragraphs. Weighs of all the selected 
association rules can be summed to get the sci. In the end, the 
average of the semantic coherence between each pair of 
neighboring paragraphs is calculated and then viewed as the 
total semantic coherence of the essay.  

4) Theme relevancy 
What students write must center about a given theme, 

otherwise they will have to face the danger of straying away 
from the point. By calculating the similarity between each 

paragraph and the theme, we can obtain a value of theme 
relevancy. The method similar to Algorithm 1 is employed to 

show each paragraph’s VSM, namely, 
1 2{ , ,..., }i np k k k . 

Meanwhile, the requirements of the writing can be represented 

by VSM, 
1 2{ , ,..., }ntheme t t t . 

The similarity between 
ip and  theme  can be calculated by 

COS method  

1

2 2

1 1

( )

( , )

( ) ( )

n

i i

i

n n

i i

i i

k t

sim p theme

k t



 









 

  (3) 

And the total theme relevancy can be gotten by calculating 
the average of similarity of all paragraphs.  

V. COMPREHENSIVE EVALUATION OF WRITING ABILITY 

BASED ON TIMING ANALYSIS  

A. Knowledge Graph of  writing abliltiy 

To offer students their global evaluation and specific 
evaluation on their writing ability, the paper introduces 
knowledge graph to present students’ writing ability, shown in 
Figure 2. In the figure, circle refers to evaluation indexes at 
different levels. Yellow circle(dotted box) indicates level 0, 
which is students’ global evaluation; green one(dashed box) 
refers to level 1, which is similar to the first row of Table I. 
Gray one(solid box) refers to lever 2, similar to the second row 
of Table I. The size of the circle shows the weight of the nodes, 
here referring to the score a student gains on the index. In order 
to directly demonstrate the continuous changes of students’ 
writing ability, the model employs numbers from 0 to 100 to 
show the weight of nodes. 
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Figure 2.  Knowledge graph of writing ability 

 

In Figure 2 drawn from Table 1, the arrow shows the 
relevancy exists between the two evaluation indexes.  As to 
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different students, their knowledge graph of writing ability is 
different, is listed as follows: 

a) The size of nodes: The size of nodes indicates that 

students have different abilities in a certain aspect of writing. 

According to the size of nodes, students can do some targeted 

and specific training, which contributes to improving their 

overall writing ability.  

b) The length of sides:The length of edge indicates that 

students have different connections between the indexes of 

writing ability. If he/she gets a low score on an index, he/she 

has to intensify his training of this index and relevant indexes, 

and then they will bear fruit. 

B. Build the Knowledge Graph of  writing abliltiy 

Because we are still keeping working on mining the relation 
between evaluation indexes, here we mainly discuss the 
method of calculating the node weight of knowledge graph of 
writing ability. 

According to the above analysis, the evaluation of a single 
essay cannot be used to judge a student’s writing ability. We 
must eliminate ill effects of some factors including the 
surroundings on students’ writing ability from the perspective 
of time.  Therefore, the model of a student’s writing ability 
needs to save the historical evaluation data. The model of a 
student’s writing ability is represented by several knowledge 
graphs with time label. Figure 3 presents the first level of 
evaluation index of a student’s knowledge graph in the time 
sequence. This Figure shows the changes in his /her writing 
ability and provides historical data for us to calculate his/her 
next knowledge graph as well.  

When analyzing a single index from the aspect of time, we 
will find the influence of such factors as the surroundings will 
be singular points in the writing ability curve, such as the 
fourth node shown in Figure 4. If the cycle is short, these 
singular points can be effectively eliminated by means of linear 
fitting. If the cycle is long, Detrended Fluctuation Analysis 
(DFA) will be adopted to eliminate the detrended fluctuation 
[8]. Detrended fluctuation analysis (DFA) is a method of 
determining the statistical self-affinity of a signal.  

 

 

Figure 3.  Time-based writing ability model 

 

Figure 4.  Time-based analysis of writing ability index 

 

VI. EVALUATION 

To verify the effect of the proposed method, the 
comparative experiment is conducted to compare the precision 
of evaluation of teachers with that of the proposed method. 

A. Participants 

Participants are involved in ten students and ten teachers. 
Twenty essays written by each in two semesters are regarded as 
experimental data. Ten teachers fall into two groups, five 
teachers in each. Among them, one is experimental group, the 
other is expert group. The experimental group mainly evaluates 
students’ essays and their writing ability. While the expert 
group judges the evaluation results of teacher and the proposed 
method. 

B. Procedures 

1) Teachers in the experimental group adopt a method of 
global scoring to evaluate each essay in the sequence 
of time when students complete them. Meanwhile, 
they have to evaluate them based on the first level and 
second level indexes respectively.  

2) Teachers in the experimental group require timing 
analysis of twenty essays of each student. Every four 
essays is seen as an observation point and builds a 
knowledge graph of writing ability, so there are five 
knowledge graphs totally. 

3) The first two steps are repeated by computer based on 
the proposed method. 

4) The teachers in expert group compare the evaluations 
of teachers in the experimental group with those given 
by computer. 

C. Experimental Results and Analysis 

The experimental results are shown in Figure 5 and Figure 
6. Figure 5 shows the comparative experiment on the precision 
of writing evaluation. It must be pointed out that each essay 
should be evaluated by five teachers and finally take the 
average. The data in Figure 5 is the average of twenty essays of 
each student. 
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Figure 5.   Comparison of scoring precision between teachers and the proposed 
method  

Figure 6 shows the result of comparative experiments on 
the construction of knowledge graph. The comparative item is 
the precision of construction method. To make the results more 
general, the final knowledge graph of each student is 
constructed on the average of knowledge graphs constructed by 
five teachers independently.  

 

Figure 6.   Comparison of knowledge graphs constructed by teachers and the 
proposed method 

The results of comparative experiment show that the 
precision of teachers’ evaluation is better than the proposed 
method, in terms of evaluation of a single essay or 
comprehensive evaluation of writing ability. But the results 
also indicate that the gap between machine scoring and manual 
scoring narrows when they conduct a comprehensive 
evaluation. 

The experimental process still shows that the speed of 
teachers’ evaluation is much slower than machines’. What’s 
more, in the large-scale evaluation, the precision of manual 
evaluation will decrease.  The results indicate that the precision 

of machine evaluation is bigger than 0.7, and the error is less 
than 0.15, compared to the accuracy of teachers. So in the large 
scale evaluation, machine can take the place of teachers. 

VII. CONCLUSIONS 

As to the problem of evaluation of L2 students’ English 
writing ability, the method of constantly evaluating their 
writing ability is proposed and timing knowledge graph is 
constructed to reflect students’ overall writing ability so as to 
have the knowledge of students’ real writing ability. The 
experimental results show that the proposed method is effective 
in evaluating a student’s real writing ability. 

The future work is involved in carrying out a deep research 
on mining the relation of the indexes of knowledge graph. At 
the same time, the research on how to work out learning plan 
automatically by means of timing evaluation results is going to 
be carried out. 
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Abstract— Spatial clustering is an important field of spatial data 
mining and knowledge discovery that serves to partition a spatial 
data set to obtain disjoint subsets with spatial elements that are 
similar to each other. Existing algorithms can be used to perform 
three types of cluster analyses, including clustering of spatial 
points, regionalization and point pattern analysis. However, all 
these existing methods do not provide a description of the 
discovered spatial clusters, which is useful for decision making in 
many different fields. This work proposes a knowledge discovery 
process for the description of spatially referenced clusters that 
uses decision tree learning algorithms. Two proofs of concept of 
the proposed process using different spatial clustering algorithm 
on real data are also provided. 

Keywords- Knowledge Discovery Process; Spatial Clustering; 
Regionalization; Decision Tree Learning; Spatial Data Mining. 

I.  INTRODUCTION 

Clustering is an information mining and knowledge 
discovery task that can be used to partition a spatial data set to 
obtain disjoint subsets whose elements are similar to each other 
[1, 2].  

There are three ways to consider spatial information in 
clustering analysis: (i) spatial clustering to find disjoint groups 
of spatial points using spatial attributes, non-spatial attributes 
or both; (ii) regionalization, adding a spatially contiguity 
constraint between spatial objects to spatial clustering, and (iii) 
point pattern analysis, to detect unusual concentrations of 
spatial points in some regions of the space [3].  

This variety adds a level of complexity to the data mining 
task [3] and, because of that, new algorithms and methods for 
spatial clustering have been developed in recent years: 
REDCAP algorithms for regionalization; DBSCAN, 
NSCABDT, ASCDT, among others,  for clustering of spatial 
points; and DBSCAN and  RDBC for point patterns analyses, 
to name a few [3, 5-16]. 

However, these algorithms just make use of different 
strategies to generate groups or clusters between the different 
spatially referenced objects, but none of them serves to obtain, 
in a systematic way, the description of the automatically 
generated clusters in order to know which criteria were used to 
realize this activity.  

For this reason, a knowledge discovery process, defined as 
a group of logically related tasks that form a set of information 
with a degree of value for the organization obtains knowledge 
pieces that generalize the previous information [1, 17, 18], is 
designed to generate decision rules on clustering results 
regardless of the selected approach to generate spatial clusters. 

The remainder of this paper is organized as follows: Section 
2 describes the problem derived from the analysis of the state-
of-the-art. In Section 3, we propose a Knowledge Discovery 
Process to solve the problem described. In Section 4, two 
proofs of concept are presented using real data. Finally, 
conclusions derived from the research are outlined in Section 5. 

II. PROBLEM DEFINITION 

Many algorithms and methods were developed to discover 
spatially referenced clusters in any of its forms: spatial clusters, 
regions or point patterns. These algorithms make use of 
different heuristics and techniques to separate the spatial 
objects more similar to each other, according to a specific 
similarity function. As result of this task, for each spatial 
object, the cluster to which it belongs is specified. However, as 
mentioned before, these algorithms do not allow describing the 
automatically discovered clusters according to the attributes 
chosen for that activity. 

This issue affects the decision makers that use this kind of 
data mining algorithms. When spatial clustering algorithms are 
used and because clusters are not relevant by themselves, the 
results obtained have to be analyzed and visualized to retrieve 
relevant information for decision making in a certain problem 
domain.  

If there is no systematic way to conduct this activity, 
decision-makers should make an extra effort to interpret the 
results or should be necessary to spent more resources using 
experts to do this task previously. 

For this reason, it is interesting to design a knowledge 
discovery process, such as those proposed in [1], which can be 
used to obtain partitions of the information mass in a 
systematic way and then describe each partition or cluster 
according to the values of the attributes of the data that belong 
to each of them. 

DOI reference number: 10.18293/SEKE2017-013 
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III. PROPOSED SOLUTION 

García-Martinez et al. (2013) proposed a knowledge 
discovery process for Group-Membership Rules to  identify  
the  conditions  of  membership  to  each  of  the  classes  of  an   
unknown  partition  a  priori,  but  existing  in  the  available  
information  bases  of  the  problem domain.  This process 
makes use of Top Down Induction of Decision Tree algorithms 
(TDIDT) on the result of applying a clustering algorithm, e.g. 
Self-Organizing Maps (SOM), on transactional data to 
determine the conditions to belong to a group. Based on this 
previous work, a knowledge discovery process for description 
of spatially referenced clusters is proposed in this paper 
following the same concept. 

This process, as mentioned before, serves to find spatial 
clusters in any of its forms (i.e., regionalization, clustering of 
spatial points and point pattern analysis), and find the rules that 
describe the characteristics of each of them, based on the data 
attributes selected to be used for clustering. Figure 1 shows the 
proposed process using Business Process Model Notation [19]. 

The process, as can be seen in Figure 1, takes a set of 
spatially referenced data as input represented in different 
formats such as, inter alia, plain text, databases, tables and 
geographic information system maps. These data are integrated 
to a table comprised of the object identifier, spatial attributes 
(e.g. object location), and non-spatial attributes such as object 
properties according to the problem domain.  

The integrated data are used for cluster discovery process 
[1]. For this purpose, it is necessary to select a type of spatial 
cluster among the aforementioned types: regionalization, 
clustering of spatial points or point patterns analysis, according 
to the problem domain, and choose appropriate algorithms in 
each case.  

This paper proposes the use of any of the   REDCAP 
algorithms for region generation, because of their benefits over 
other regionalization algorithms [6]. In this case, it is necessary 
to provide contiguity constraints between the spatial objects as 
algorithm input. 

On the other hand, both in the case of clustering of spatially 
referenced objects and point pattern analyses, it is suggested to 
use density-based algorithms[11,14], such as DBSCAN-like 
algorithms [11, 15, 16], DENCLUE [20], ASCDT [9] o DBSC 
[10], because of the same reason  mentioned above.  

In each case, the input attributes depend on the selected 
algorithm. After the clustering algorithm execution, it is 
necessary to create a new table comprised of the integrated 
information with a new attribute in which each row registers 
the cluster to which the spatial object belongs.  

In the last step, a Decision Tree Learning algorithm, such as 
C4.5 [21] or Random Forest [22-24], to name a few, is used to 
generate the rules that describe the characteristics of each 
cluster. For this purpose, it is necessary to identify the input 
attributes and the target attribute beforehand: input attributes 
will be the non-spatial data attributes, and target attribute will 
correspond to the attribute added in the last step, which has 
information about the automatically generated clusters. The 

parameters for the decision tree learning algorithms have to be 
selected depending on the particularities of the data. 

As a result of the proposed knowledge discovery process, a 
set of rules that describes the automatically generated clusters 
is provided. 

 
Figure 1.  Knowledge discovery process for description of spatially 

referenced clusters 

IV. PROOFS OF CONCEPT 

This section includes two proofs of concept of the proposed 
process using real datasets obtained from different sources. In 
subsection 4.1 regionalization algorithms are used on 
demographic data, and in subsection 4.2 density-based 
clustering algorithms are applied to meteorological stations 
data.  
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IF  “households” >= 30 
AND “population” >= 107 
AND “population” < 2394  
AND “median_income” < 72 500 
AND “land_area” < 21 839 152 
AND “land_area” >= 6 236 971.5 
THEN Region = 1  [Confidence = 66.67%] 
 
IF “land_area” >= 21 839 152 
THEN Region = 2  [Confidence = 83.33%] 
 
IF “households” >= 30 
AND “median_income” < 72 500 
AND “land_area” < 1 011 569.5   
AND “population” >= 245 
THEN Region = 3  [Confidence = 42.86%] 

A. Demographic Data Regionalization 

In this proof of concept of the proposed knowledge 
discovery process, demographic data of 100 cities from the 
state of Iowa (IA) of the Unites States of America, updated on 
October 4th, 2016 and obtained from [26] were used for 
regionalization. 

In the first step of the process, the selected data were 
integrated and normalized into a set of attributes, as shown in 
Table 1, being all of them numeric attributes. 

Then, a regionalization algorithm from the REDCAP 
family of regionalization algorithms was selected: the First 
Order-SLK algorithms. This algorithm is not the REDCAP 
algorithm with a better behavior [6], but the simplest among 
them and, because of that, it was chosen to illustrate how the 
proposed process behaves. In this case, Delaunay triangulation 
was selected as contiguity criterion: two cities are contiguous if 
they are connected by an edge in the Delaunay triangulation of 
all the cities, using the Euclidean distance between them [25]. 

After the application of this algorithm selecting 6 as the 
number of desired regions to be obtained, the regions shown in 
Figure 2  using Voronoi diagrams [27] with each city as 
generator were discovered.  Then, those regions were 
integrated in a single record with the original data. 

Later, the Top Down Induction of Decision Tree algorithm 
C4.5 [20] was selected to generate the rules that describe the 
discovered regions, using Tanagra's implementation [28] and 
selecting the discovered region column in the integrated data as 
target attribute, and the demographic attributes “Population”, 
“Households”, “Median_income” and “Land_area” as input 
attributes. 

As a result, we obtained 13 rules. For each region there is 
one or more rules than describe it. If the region is described 
with more than a single rule, it means that the region contains 
non-similar elements. Figure 3 shows the rules of the regions 
described with a single rule. On the other hand, the rules of the 
regions described with more than a single rule are shown in 
Figure 4. 

As shown in Figure 3, regions 1, 2 and 3 are described with 
a single rule. Region 1 has more than 30 households, a 
population greater than 107 but lower than 2394, median 
incomes lower than USD72500 and a land area between 
6236971.5 and 21839152 square meters.  Region 2 has a very 
simple description: if the land area of the city is greater than 
21839152 square meters, the city belongs to region 2. Finally, 
the rule that describes region 3 has a low confidence; it means 
that the cities that belong to it are not very similar, only 42.86% 
of the cities correspond to the description. The remaining 
57.14% are not similar to each other and, because of that, there 
is no other rule that describes it. 

The regions described with many rules, such as regions 0, 4 
and 5 (Figure 4), can be divided into new regions to obtain 
more homogeneous sub-regions. For instance, region 5 is 
described with 2 rules with over 60% confidence: the first rule 
refers to cities with a land area between 4113504 and 
6236971.5 square meters, a population between 107 and 2394, 
a median income lower than USD72500 and over 30 

households, while the second one refers to cities with less than 
30 households and a land area lower than 21 839 152 square 
meters. If more regions are specified, it is possible to divide the 
regions described using many rules into many different and 
homogeneous regions. However, this depends on the 
heterogeneity function used in the regionalization algorithm, 
which in turn depends on the domain of the problem. 

TABLE I.  DESCRIPTION OF THE ATTRIBUTES OF THE 

DEMOGRAPHIC DATA  USED IN THE FIRST PROOF OF CONCEPT 

Attribute Description 

Id City Identifier 

Latitude 

Longitude 
City coordinates 

Population The total population living within city limits, using the 
latest US Census 2014 Population Estimates  

Households The total number of households within city limits using 
the latest 5 year estimates from the American Community 
Survey. 

Median_income The average (median) household income for the record 
using the latest 5 year estimates from the American 
Community Survey (USD) 

Land_area The area of land covered by the city in sq. meters. 

 

 
Figure 2.  Regionalization of cities of the state of Iowa, USA 

Figure 3.  Description rules of regions described with a single rule, obtained 
using the proposed process. 
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Figure 4.  Description rules of regions described with many rules, obtained 
using the proposed process. 

B. Spatial Point Clustering 

For this second proof of concept, data obtained from 
meteorological stations in Argentina on June 6, 2016 were used 
for this experiment [29]. The considered attributes of the 
mentioned data are shown in Table 2. The values were 
normalized. 

TABLE II.  DESCRIPTION OF THE ATTRIBUTES OF THE METEOROLOGICAL 

DATA  USED IN THE SECOND PROOF OF  CONCEPT 

Attribute Description 

Lat 

Long 
Meteorological Station Coordinates 

TMin Minimum temperature measured on June 6, 2016  

TMax Maximum temperature measured on June 6, 2016 

TAv Average temperature measured on June 6, 2016 

 

 
Figure 5.  (a) Argentinean meteorological stations distribution with data on 

June 6, 2016. (b) Meteorological stations in cluster 0 (c) Meteorological 
stations in cluster 1. (d) Meteorological stations in cluster 2. (e) 

Meteorological stations in cluster 3. (f) Meteorological stations in cluster 4. 

The algorithm selected for the proof of concept was 
DBSCAN [15], a density-based algorithm for clustering using 
the implementation available in the data mining software 
WEKA [30], resulting in 5 spatial clusters with the distribution 
shown in Figure 5. Later, the clusters were integrated in a 

If "land_area" >= 1 011 569.5 
And "land_area" < 1 427 927.0 
And "median_income" < 72500.0 
And "population" >= 106.5 
And "households" >= 30 
Then Region = 0 [Confidence = 85.71%] 
 
If "population" < 245 
And "population" >= 106.5 
And "land_area" < 1 011 569.5 
And "median_income" < 72 500 
And "households" >= 30 
Then Region = 0 [Confidence = 71.43%] 
 
If "population" >= 522,5000 
And "land_area" >= 2 579 852.5 
And "land_area" < 4 113 504 
And "median_income" < 72500,0000 
And "households" >= 30,0000 
Then Region = 0 [Confidence = 83.33%] 
 
If "land_area" < 2 579 852.5 
And "land_area" >= 1 760 551.5 
And "median_income" < 72 500 
And "population" >= 106.5 
And "households" >= 30 
Then Region = 0 [Confidence = 0,5556] 
 
If “population” < 106 
And “households” >= 30 
And “land_area” < 21 839 152 
Then Region = 4 [Confidence = 60%] 
 
If "median_income" >= 72 500 
And "population" >= 106.5 
And "households" >= 30 
And "land_area" < 21 839 152 
Then Region = 4 [Confidence = 60%] 
 
If "population" >= 2 394,5 
And "land_area" >= 4 113 504 
And "land_area" < 21 839 152 
And "median_income" < 72 500 
And "households" >= 30 
Then Region = 4 [Confidence = 57.14%] 
 
If "land_area" < 1 760 551.5 
And "land_area" >= 1 427 927 
And "median_income" < 72 500 
And "population" >= 106.5 
And "households" >= 30 
Then Region = 4 [Confidence = 77.78%] 
 
If "land_area" < 6 236 971.5 
And "land_area" >= 4 113 504 
And "population" < 2 394.5 
And "population" >= 106.5 
And "median_income" < 72 500 
And "households" >= 30 
Then Region = 5 [Confidence = 71.43%] 
 
If "households" < 30 
And "land_area" < 21 839 152 
Then Region = 5 [Confidence = 64.29%] 
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single data file and used as input for Top Down Induction of 
Decision Trees (TDIDT) algorithm C4.5 [21] implemented in 
the data mining software Tanagra [28], using the cluster 
column as target attribute and the non-spatial attributes TMin, 
TMax, TAv as input attributes, with the non-normalized values 
of each of them, resulting in a decision tree that yields the rules 
that can be seen in Figure 6. 

 

Figure 6.  Description rules of the spatial clusters obtained using the 
proposed process. 

The description rules allow differentiating clusters with 
83.19% confidence. Cluster 0 has an average temperature 
lower than 9.85ºC, a minimum temperature higher than 0.65ºC 
below zero and a maximum temperature lower than 13.5ºC.  
This last value can distinguish cluster 0 from cluster 3, which 
has a maximum temperature higher than or equal to 13.5ºC.  

On the other hand, cluster 1 can be characterized by its low 
average temperature and minimum temperature, with values 
lower than 9.85ºC and -0.65ºC respectively, while the same 
values are higher than 9.85ºC and 7.2ºC in cluster 2.  

Finally, cluster 4 has average temperatures higher than 9.85°C 
and minimum temperatures lower than 7.2ºC. 

In this case, due to the fact that all the attributes of the data 
have been used for the clustering and not only the spatial 
attribute, as in the previous proof of concept, the confidence 
was reduced to 83.19%, as can be seen in Figure 5, where 
clusters overlap spatially. However, each cluster is 
homogeneous enough to be described using only one rule for 
each of them. 

V. CONCLUSION 

A knowledge discovery process for description of spatially 
referenced clusters that works with any kind of clusters, i.e. 
regions, clusters of spatial objects and point patterns, and the 
description of the characteristic values of the attributes of its 
members using decision tree learning algorithms is proposed in 
this paper. 

This knowledge discovery process provides a systematic 
way for business intelligence to obtain relevant information 
about automatically generated spatial clusters to be used in the 
decision making, in contrast to existing algorithms. Having a 
process that specifies the activities to conduct the analysis in a 
systematic way makes the clustering task more flexible for 
information mining engineers and decision-makers. 

Two proofs of concept of the process using real data have 
been shown using two different kinds of spatial clusters: the 
first one uses an algorithm to generate regions, and the second 
one discovers clusters of spatial points.   

In future works, the behavior of the process on data with 
many non-spatial attributes will be investigated, as well as the 
influence of choosing different spatial clustering algorithms.  
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Abstract— Conceptual Integrity has been claimed to be the 
essence of high-quality software system design. On the other 
hand, it has been a rather elusive attribute of software systems, 
challenging various attempts of a clear-cut characterization. This 
paper evolves in this direction by two means: first, by analysis 
and clarification of open issues in architecture and abstraction 
terms; second, by pointing out to a mathematical formulation in 
algebraic terms. This paper also serves as a broad introduction to 
discussions on “Conceptual Integrity of Software Systems”.1 

Keywords: Conceptual Integrity; software system design; 
architecture; abstraction; algebra; Linear Software Models; 
Modularity Matrix; Conceptual lattice; plausibility criteria; design 
constraints. 

I.  INTRODUCTION 

Frederick Brooks [2], [3], based upon his extensive 
experience with system development, in particular the first 
families of OS/360 operating systems, proposed that 
Conceptual Integrity is essential for high-quality software 
system design. It takes some time to assimilate this idea, but 
even after reading about it once and again and having second 
and third thoughts, Conceptual Integrity remains attractive, but 
a quite elusive notion. 

The first task of this paper is to introduce the notion, its 
attractiveness and why it is still elusive. Then, we argue in 
favor of mathematical formalization, like in any respectable 
science. The overall purpose of this paper is to try to open and 
discuss deep issues on “Conceptual Integrity of Software 
Systems” and to point out to a formal solution to these issues. 

A. The Notion of Conceptual Integrity 

Software system design and development, as it is common 
practice nowadays, gives a superficial impression of 
unrestricted flexibility, where everything is allowed and 
nothing is forbidden. Often practitioners think that software 
design and development is an art, rather than a science. People 
exposing this opinion may express distaste for suggestions of 
mathematical description of the processes involved. 

The feeling of unrestricted flexibility and its artistic 
connotation is acquired from the first experiences with 
computer programs that one writes. Except for an apparent 
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arbitrariness of the programming language syntax, one has full 
confidence in the choice of the preferred programming 
construct – this is the unrestricted flexibility – and the program 
is supposed to run for sure. Then, happens the inevitable bug, 
demanding a subtle correction – this is the artistic connotation. 

A widespread rational response to the artistic flexibility is to 
introduce methodologies. If one is methodical, then the price of 
software design and development should decrease. This is the 
first encounter with elusiveness (cf. the word “Mythical” in the 
title of the earlier book by Brooks). Any experienced software 
developer knows that methodologies are not the panacea that 
they promise to be. They fail, sometimes miserably. 

Then, Conceptual Integrity, by Brooks, enters the stage. 
This is a deeper response to the software system development 
problem. We explain the notion in literally architecture terms, 
exactly as in Brooks’ books, while presenting open issues in 
section III. 

B. Paper Organization 

The remaining of the paper is organized as follows. Section 
II refers to related work. Section III introduces open issues of 
Conceptual Integrity in a broad context. Section IV focuses on 
architecture principles. Section V turns to abstraction 
principles. Section VI summarizes algebraic principles of 
software design. Section VII concludes with a discussion. 

II. RELATED WORK 

A. Conceptual Integrity Outside Software Systems 

This paper refers to Architecture of buildings in general, 
following Brooks’ metaphors used in his books to illustrate 
notions of Conceptual Integrity. In this context, we refer here to 
a few architecture-related modeling techniques and ontologies. 

DeLuca and co-authors [5] describe a generic formalism for 
semantic modeling of architectural elements, which compose 
buildings of historic interest in classical architecture. Doerr [8] 
reviews ontologies for cultural heritage; he emphasizes 
physical objects in archeology, including architecture. Quattrini 
et al. [22] describe modern computer-based techniques for 
semantically-aware 3D modeling of architecture.  
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B. Conceptual Integrity Within Software Systems 

Conceptual Integrity is closely related to efforts regarding 
various development phases of software systems. These efforts 
are among others: requirements engineering, conceptual 
modeling, integrity verification, software system design, and 
software architecture planning. The relevant literature is very 
extensive, and we provide just a few representative pointers. 

Jackson and co-authors [6],[17],[18] analyzed widely used 
software systems, such as Git, in terms of Conceptual Integrity, 
suggesting design improvements. 

Insfran et al. [16] refer to conceptual modeling based on 
requirements engineering. For these authors conceptual 
modeling is an UML object-oriented approach rather than 
based on conceptual integrity. Nevertheless, there are 
similarities between these approaches, as discussed later on. 

Cabot and Teniente [4] refer to integrity checking of 
UML/OCL conceptual schemas. Integrity here means software 
state conditions that must be satisfied. Sometimes it 
specifically refers to avoidance of critical system malfunction. 
Conceptual schemas are basic relations between concepts 
within the general knowledge required by any information 
system (see also e.g. the book by Olive [21]). 

Kazman and Carriere [19] reconstruct a software system 
architecture using conceptual integrity as a guideline. Their 
goal is to achieve a restricted number of components connected 
in regular ways, with internally consistent functionality. 

C. Mathematical Conceptual Integrity of Software 

In this work we shall mainly refer to the Modularity Matrix 
[9],[10],[13] which is based upon linear algebra. Other matrices 
have been used for modular design. For instance, the Design 
Structure Matrix (DSM) is an integral part of the ‘Design 
Rules’ by Baldwin and Clark [1]. It has been applied for 
various kinds of systems, including software systems. DSM 
design quality is estimated by an external economic theory 
superimposed on the DSM matrix. 

Conceptual lattices, analyzed within Formal Concept 
Analysis (FCA) were introduced in Wille [24]. A generic 
review of its mathematical foundations is given by Ganter and 
Wille [14]. Conceptual Lattices have been shown to be 
equivalent to Modularity Matrices (e.g. Exman and Speicher 
[12]), linking the algebraic characteristics to conceptual ones. 

III.  OPEN ISSUES: ARCHITECTURE, ABSTRACTION, 
ALGEBRA 

We now consider the open issues of Conceptual Integrity in 
a wide context. We start by referring to it in architecture terms. 
Then we consider abstraction and algebraic formulations. 

A. Open Issues: Architecture 

In Brooks’ book “The Mythical Man-Month” [2] in front of 
the fourth chapter opening (page 41) there is a photo of the 
interior of the Reims cathedral, planned by Jean D’Orbais. An 
annotated sketch of the cathedral is seen in Fig. 1 in this paper. 
It has an imposing huge height relative to humans, as usual for 
medieval gothic cathedrals, implying the difficulty to actually 
build it.  

 
Figure 1. Reims Cathedral Interior: sketchy annotations – one can see the 
perfect symmetry of its elements: two rows of very high parallel columns 
(annotated by vertical blue color line segments), two stained glass rose 
windows (annotated by a pink background within a red circle), and above the 
columns the parallel gothic arches. 

Nonetheless, despite the incredible weight of its stones, it 
displays elegance, coherence, and symmetry of its component 
forms: e.g. long repetitive rows of identical very high columns 
and two symmetrical stained glass rose windows above the 
altar region. 

Another example is the renaissance cathedral of Firenze, 
whose symmetric dome with repetitive elements was designed 
by Brunelleschi. It is seen in Fig. 6-4 (page 75) in “The Design 
of Design” [3] book by Brooks. 

Thus, Conceptual Integrity in classical, medieval and 
renaissance architecture means that the overall structure is 
immediately recognized by its repetitive and symmetric 
components’ consistency, and is very attractive by its esthetics. 
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Figure 2. Bilbao Museum by Frank Gehry: sketchy annotations – one perceives 
the intentional total absence of symmetry of its elements. It displays one very 
high column (annotated by two vertical blue linear segment bounds) in its 
entrance; compare its height with that of human visitors, which are pointed out 
by the (dark blue) arrow. The overall asymmetric structure should resemble a 
ship contour (annotated by red linear segments, of various sizes and non-
parallel directions). The outer metal structures reflect light by fish-like scales. 

The Guggenheim Museum in Bilbao, designed by the 
architect Frank Gehry, has been metaphorically referred to as a 
modern cathedral, due to its enormous size, in particular the 
huge height of its atrium [15]. Fig. 2 is an annotated sketch of 
it. Moreover, it seems to be very consistent, by the similarity of 
materials and forms, to resemble a ship – since Bilbao is a port. 
In fact, it was designed with the support of the Digital Project 
(see e.g. [7]), which itself is based upon CATIA a sophisticated 
software system used to plan modern aircraft. 

On the other hand, nothing is repetitive or symmetric in the 
Bilbao Museum. There are no two identical components in the 
Museum. We thought that we had the keys to the notion of 
Integrity, but, modern architecture breaks down the older keys. 
This is our second encounter with elusiveness. We are left with 
the open issue: 

 

 

 

 

 

 

Paradoxically one still could say that the Bilbao Museum 
displays an internal Conceptual Integrity – the ship outline – 
and even to the apparently dissimilar buildings of the city of 
Bilbao. Moreover, the outer titanium metal sub-structures 
reflect light like fish scales! But how is ship and fish related 
concepts? This is discussed in the next sub-section on 
Abstraction. 

B. Open Issues: Abstraction 

We shall refer to abstraction in two senses: first, geometric 
or image abstraction; second, conceptual abstraction. 

Regarding geometric abstraction, we mean that any 
considerations of Integrity are not taken with respect to the 
actual buildings referred to in the previous architecture sub-
section. Neither real stone blocks, nor titanium metal surfaces 
are necessary to perceive symmetry or the “ship” shape. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Reims Cathedral Geometric Abstraction: only sketchy annotations – 
this figure abstracts Fig. 1 to just the schematic representation of the rows of 
parallel columns (in blue) and the two stained glass rose windows (in red). 

 
 
 
 
 
 

 

 

Figure 4. Bilbao Museum Geometric Abstraction: only sketchy annotations – 
this figure abstracts Fig. 2 to just the schematic representation of the exactly 
copied contour segments (in red) and the column bounds  two vertical (light 
blue) segments. The contour segments were in addition linked by round (dark 
blue) lines, to facilitate our perception of the overall “ship” form. 

 
One performs quite complex abstraction operations in the 

human brain, which are simulated by computer image 
processing – noise elimination, segmentation, and object 
recognition – to extract just the lines needed to infer either 
symmetry as in Fig. 3 or a “ship” shape as in Fig. 4. 

Conceptual abstraction is a further step beyond geometric 
abstraction. In the cathedral case the relevant concepts are 
“columns” and “stained glass rose window”, together with the 
even more abstract concept of “symmetry”.  The next step in 
conceptual abstraction is the usage of architecture domain 
ontologies (see e.g. [8]). In the Bilbao Museum case, relevant 
concepts could be “port” of Bilbao, “ship” and “fish”. These 
could be found in Maritime domain ontologies (see e.g. [23]). 
But, the conceptual jump from these specific concepts to a 
Museum of modern art architecture is far from obvious. Then: 
 
 
 
 

Open Issue #1 – Conceptual Integrity in Architecture  
Despite symmetries being fundamental to physics – i.e. 
they correspond to conservation principles – and being 
important in classical architecture, symmetries are not 
ubiquitous in modern architecture.  
What is the generalization of symmetry that is common to 
Conceptual Integrity in all kinds of architecture?  

 

 

Open Issue #2 – Abstraction Conceptual Integrity 
Abstraction Conceptual Integrity seems to be intrinsically 
associative irrespective of the relevant domain. 
How to formally capture the associative character of 
abstraction Conceptual Integrity? 
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C. Open Issues: Algebra 

Let us temporarily take for granted that Algebra is the 
mathematical basis of our formal approach to Conceptual 
Integrity – an approach extensively justified elsewhere (see e.g. 
[10], [11]), with respective arguments presented later on in this 
paper. In order to apply algebra to concepts we do not try to get 
an answer to Open Issue #2. Instead, we assume that the 
associative process of choosing sets of abstraction concepts – 
as discussed in the previous sub-section – is done by human 
software engineers, without any current attempt to formalize 
this process.  

The algebraic phase of Conceptual Integrity starts with the 
chosen sets of concepts that humans find necessary to build a 
desired software system. We have called the specific ontology 
relevant to a desired software system as “application 
ontology”. One can easily see that application ontologies have a 
striking similarity to UML class diagrams. Ontology concepts 
correspond to classes, and relationships among classes are of 
three kinds: inheritance (a sub-class is a type of class), 
composition (wholes are made of parts) and association (say 
usage of the functionality of another class). Thus, we deal with 
classes and their functionalities, and their respective 
generalizations. 

What is lacking in the above picture? The answer is: we 
lack criteria to verify that the choice of concepts is reasonable. 
This is the role of algebra. Thus: 

 

 

 

 

  

IV.  ARCHITECTURE PRINCIPLES 

The answer to the Open Issue #3 starts with the 
understanding that in any domain there are constraints limiting 
solutions. We start as in the previous section with principles of 
architecture. 

A. Structure: Buildings and Software 

The basic constraints obeyed by any building, either in 
antiquity or in modern times are first and foremost the laws of 
static – the branch of classical mechanics (itself a field of 
physics) dealing with structures which have no motion. One 
should have columns and beams to support structures of a 
building, a bridge over a bay or tunnels below a river. These 
columns and beams have a material composition, say concrete 
or steel, and suitable sizes and forms. Modern constructions 
have additional constraints, such as heating, acoustics, 
distribution of electricity and water tubing. 

Software structures, just as buildings, are hierarchical with 
classes and patterns – as sets of classes – being the relevant 
structural units. The relevant constraints are enforced by the 
above mentioned relationships already found in the application 
ontologies – viz. inheritance, composition and association. 

B. Behavior: Flying and Running Systems 

Physical systems displaying motion, such as airplanes, 
autonomous cars, robots, helicopters, boats and drones 
(unmanned aircraft systems) may fly, walk, navigate, etc. In 
addition to structural constraints, they have kinematic 
constraints limiting their motion in terms of speed and 
possible trajectories. 

Software systems when running also have constraints on 
their speeds, communication and memory usage. These are 
certainly affected by their structural constraints. With the 
increasing usage of autonomous systems, with embedded 
software, the software itself is also affected by the constraints 
of the containing physical systems.   

C. Modularity 

Modularity is an important consideration for any system, 
as it facilitates development, building and understanding of 
systems. Modularity is achieved by simplistic repetitive reuse 
of the same units again and again – such as the stones in the 
columns of the Reims cathedral, and wheels in mobile 
vehicles.   

Modularity maybe also achieved by more sophisticated 
means than strict repetition. The titanium metallic surfaces of 
the Bilbao Museum are each of them unique, but they are 
generated by a software system which reuses the same 
technology to obtain different shapes.  

Modularity is the result of complying with constraints, 
partially relaxing them as far as possible while minimizing 
undesirable effects. This is true in particular for software 
systems. 

V. ABSTRACTION PRINCIPLES 

In this section we deal with abstraction principles. 
Abstraction here is understood as conceptual abstraction for 
system design. We further focus only on embedded software or 
purely software system design. 

The abstraction principles express the necessary constraints 
which limit design to modular solutions. Concomitantly these 
provide the criteria to verify that design solutions are optimal 
under these constraints. In terms of the abstract concepts, this is 
the meaning of Conceptual Integrity. 

Conceptual abstraction principles were first formulated by 
Brooks in his books [3]. Here we succinctly review these 
principles. Note that all the three principles are formulated as 
negative expressions, i.e. “Do not…”, which are effectively 
constraining design and meaning.  

A. Abstract Propriety 

Brooks concisely formulates propriety as: “Do not 
introduce what is immaterial”.  

He explains this principle by an example of propriety in 
computers, viz. the representation of zero in twos-complement 
notation, which obeys the constraint of not attaching a sign to 
zero.  

In contrast, signed-magnitude and ones-complement 
representations do attach a sign to zero, which is extraneous 
and inconsistent with the original meaning of the “zero” 
concept. The consequence of these representations is addition 

Open Issue #3 – Algebraic Conceptual Integrity 
Assume that humans choose the needed concepts relevant 
to a desired software system, by a black-box algorithm. 
What are the criteria to verify that the concepts choice 
indeed comply with an idea of Conceptual Integrity for 
the desired software system? 
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of artificial rules needed to characterize the behavior of zero in 
arithmetic operations. 

B. Abstract Orthogonality 

Brooks concisely formulates orthogonality as: “Do not link 
what is independent”.  

He explains this principle by a basic example of 
orthogonality in computers, viz. the operation of a (software or 
embedded) alarm clock. Two functionalities of such a clock are 
lighting and alarm. Orthogonality means that these two 
functionalities obey the constraint of actually being 
independent. 

In contrast, if the alarm would operate only when the clock 
is illuminated, it would violate orthogonality, since one is 
artificially linking two unrelated functionalities. 

C. Abstract Generality 

Brooks concisely formulates generality as: “Do not restrict 
what is inherent”.  

He explains this principle by a surprising example of 
generality of an operation in a processor, viz. the operation 
“ restart”. Its original purpose was to restart a process after an 
interruption. But the design generality enabled its use as 
returning from a subroutine. The obeyed constraint here is 
avoiding incidental restriction. 

In contrast, if it were strictly allowed only for the original 
purpose, one would clutter the design by introducing another 
almost overlapping concept for the second kind of usage. 

VI.  ALGEBRA: PRINCIPLES OF SOFTWARE DESIGN 

The power of a mathematical formalism is to express the 
abstract constraints in a precise way, enabling calculations 
upon the representation of a given software system design – 
e.g. of eigenvectors [11],[20] to obtain software modules –, and 
the verification whether the design comply with the imposed 
constraints. Moreover, one can improve the software design, 
based upon the verification results. 

The choice of linear algebra structures, such as the 
Modularity Matrix and its equivalents, is justified by the 
following reasons: 

• Expressivity – algebraic structures are expressive 
enough to represent the wide variability of 
software structures; 

• Constraints Nature – it is very natural to 
formulate Brooks’ abstraction constraints in 
algebraic terms, as will be seen in the following 
sub-sections; 

• Conceptual Meaning – since each Modularity 
Matrix of a software system is equivalent to its 
corresponding Conceptual Lattice, the Conceptual 
meanings are immediately taken into account. 

A. Algebraic Propriety 

The algebraic translation of Brooks’ Propriety is based 
upon the following ideas [10]. Instead of sets of classes (the 
concepts), one works with vectors of classes. Structors are 

generalized classes to all levels of the hierarchical software 
system.  Structors provide functionalities. Thus, one also has 
functional vectors.  

In order to avoid immaterial additions, i.e. the design goal 
is to minimize the representation of a software system, the 
algebraic Propriety constraint is: linear independence of all the 
structor vectors and of all the functional vectors in the 
Modularity Matrix of the given software system. Any 
dependent vector is superfluous and discarded. 

B. Algebraic Orthogonality 

The algebraic translation of Brooks’ Orthogonality is even 
more immediate. One literally uses exactly the same word 
orthogonality, but now with the exact algebraic meaning of 
“zero scalar product of a pair of vectors”.  

The algebraic Orthogonality constraint is: orthogonality of 
all structor vectors and all functional vectors inside a module to 
the respective vectors in all other modules in the Modularity 
Matrix of the given software system. Thus, different software 
modules actually deal with different concerns, literally having 
different conceptual meanings. 

C. Algebraic Generality 

The algebraic translation of Brooks’ Generality is that since 
the definition of a structor or its functionalities are not strictly 
repeated in another location of the same software system, one 
still can re-use these structors and their functionalities 
elsewhere in the same system by means of composition or by 
means of aspect-oriented design. 

The algebraic Generality constraint is: generality once 
again minimizes the number of appearances of structor vectors 
and functional vectors in various hierarchical levels of the 
Modularity Matrix of the given software system. On the other 
hand, in an aspect-oriented design fashion, one puts the general 
structors/functionals in a high enough hierarchical level, to be 
accessible from anywhere in the system. 

VII.  DISCUSSION 

We here summarize the important points of this paper. 
Brooks’ used architecture of cathedrals to justify his 
Conceptual Integrity principles. Indeed the architecture of 
buildings provides fruitful metaphors in our context, as we 
have seen that one obtains valuable concepts from the building 
abstractions. But, even more importantly, they lead to open 
issues challenging simplistic notions of Conceptual Integrity. 

A. Eliciting Concepts 

Concept elicitation from system stakeholders, using system 
sketches, drafts or early models, is an activity related to 
requirements engineering. It demands high human capabilities 
and in this paper this activity was left to the human engineers. 
We currently give up any effort to mathematical formalize this 
activity. It may well be that we shall return to this basic issue in 
future work. 

We deliberately assumed that one starts the Conceptual 
Integrity analysis from an initial list of concepts – translated 

420



into structor and functional vectors. This initial list may change 
along the design and development processes. 

B. Criteria for Integrity 

Brooks’ principles actually are constraints on the software 
system design solutions. Once this is understood, one can 
clearly express algebraic equivalent formulations of the same 
principles. 

The propriety and orthogonality constraints received a 
very natural translation to linear algebra notions. The 
generality principle seems to deserve further investigation. 

C. Main Contribution 

The main contribution of this paper is a set of open issues 
to be discussed within a Conceptual Integrity forum, and the 
clear understanding of its principles, as mathematical 
constraints on the design solution for a software system. 
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Abstract

It is commonly asserted that one of the most crucial fac-
tors in software design is the adoption of consistent and ap-
propriate concepts. This widespread assumption, underly-
ing several researches in software engineering, tacitly pos-
tulates the very existence of concepts. What, then, if con-
cepts do not exist? This is the question asked in this paper,
where the articulation of possible answers is attempted. As
weird as it might sound, doubts on the existence of concepts
have been recently cast by few distinguished philosophers
of mind, with compelling arguments. One such argument is
the heterogeneity of cognitive assets that can be referred to
a single concept, and we show that it might be the case for
design concepts in the example of Blender, a 3D computer
graphics software.

1. Introduction

There is a widely perceived view that there exists some-
thing that we call “concept”. Concepts are allegedly used
to categorize the world, to store knowledge, for reasoning,
and for drawing analogies. This is certainly the view held by
Frederick Brooks when he famously stated that the success
of software system design rely heavily on the precise identi-
fication and preservation of “concepts” [4]. It is reasonable
to assume that the integrity of design concepts throughout
software development was based on the implicit postulate
that concepts are objective and stable entities. We will show
that in fact this is not always a necessary requirement, but it
is certailny usuallly assumed.

This tacit confidence on the ontology of concepts has
surrounded all the research domain in conceptual design for
software engineering that followed Brooks’ ideas [9, 2, 8].
Moreover, even the precise nature of concepts, with very
few exception [16], has never been inquired.

Yet, the ontological status of concepts is highly contro-
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versial, and, recently, compelling arguments have been pro-
posed to challenge the very existence of something we call
“concepts” [20, 21, 25]. The difficulties in finding a suitable
ontological status for concepts, and the reasons for eventu-
ally denying any such status, will be briefly reviewed in §2.

While not entering into this debate as such, this paper
questions how the issue of conceptual integrity in software
design will fare, if it turns out that concepts in fact do not
exist. One of the main troubles affecting concepts, as tra-
ditionally conceived, is their heterogeneity, that will be dis-
cussed in §2.1. If a linguistic label used to refer to a specific
design concept actually corresponds to a plurality of het-
erogeneous cognitive assets, then, arguably, a serious threat
undermines the whole idea of conceptual integrity. Schol-
ars arguing for the elimination of concepts have also pro-
posed new theoretical entities, more congruent with the cur-
rent knowledge of human cognition. One, here discussed in
§2.2, is that of “unicept”, a sort of concept unique for a hu-
man agent. The trouble for conceptual integrity can be now
traced to the simple fact that, unlike concepts, unicepts are
not objective entities, thus cannot be generalized across in-
dividuals.

In §3 we will show that it may be the case for Blender,
a popular open-source software for 3D computer graphics.
This software is developed under a wide collaborative basis,
and it is built on to a set of firm design concepts concern-
ing its user interface. Yet, Blender is often not regarded
as easy to use, even by experienced graphics developers fa-
miliar with other software applications. We argue this is a
case of heterogeneous cognitive assets of, apparently, same
concepts, nothing exceptional if concepts do not exist.

However, we argue that the lack of a well-founded on-
tology for concepts does not undermine completely the need
and practice of conceptual integrity, as will be demonstrated
in the case of the software Blender. Rather, it requires
awareness that design concepts are not necessarily carved
on stone tablets just because they are expressed in words,
therefore the ideas of software architects may not coincide
with those expected by implementers or users.
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2. Do concepts exist?

Doubts about the existence of concepts were raised by
the extreme difficulties found in every attempts to define
exactly what concepts are, and how they work.

In modern philosophy extensive work on the nature and
origin of concepts was carried by the English empiricists,
especially John Locke [19] and David Hume [15]. In their
idiom concepts were called “ideas”, similarly to Frederick
Brooks who, in his books, uses “design ideas” as a per-
fect equivalent of “design concepts”. Ideas, for Locke and
Hume, are perceptually based, and reason gets its contents
from the senses. The empiricist position has been often re-
futed in the history of philosophy, but recently proposed in a
modernized account supported by cognitive and neurocog-
nitive evidences [29].

A large body of work on concepts was carried out by psy-
chologists in the second half of last century, but marginally
concerned with a precise characterizations of what con-
cepts are. Concepts are often conflated with categories [23],
knowledge [1], and representations [33].

In most contemporary philosophy of mind and philos-
ophy of language “concepts” are used as a non technical
equivalent for “propositional attitudes” [27, 10, 22, 29], i.e.
propositions that, like beliefs, can be true or false, or, like
desires, can be satisfied or unsatisfied. Most of the times
philosophers content themselves with this account of con-
cept, and their effort is in explaining how concepts are
individuated. For instance, they are supposed to explain
what distinguishes our capacity to have propositional atti-
tudes about keyboards as such from our capacity to have
propositional attitudes about hard-disks as such. Even if
the focus of philosophy and psychology on concepts is
different, in the last decades the discussions become en-
trenched, with philosophers evaluating the virtues of psy-
chological theories of concepts with respect to their own
criteria [10, 24, 29].

2.1. (Too) Many concepts of “concept”

Details of the countless theories of concepts in psychol-
ogy and philosophy are out of the scope of this work, but
the diversity of existing theories is at the very core of con-
cerns related to the existence of concepts. For sure, both
philosophers and psychologists have always acknowledged
the wild differences between concepts and between kinds
of concepts, but the received view is that, over and beyond
the differences between concepts and between kinds of con-
cepts, there is a set of common relevant properties [26, 13].
Few have proposed that the apparent divergence between
concepts is due to a pluralism in scope, for example few
properties could be shared by cats and computer keyboards
because biological kinds and artifacts have little in common

[18]. Others have argued for a pluralism of competences,
different kinds of concept are involved in different cognitive
competences [28], for example a concept of keyboard used
when we categorize visually an object as keyboard could
have little in common with a concept of keyboard when rea-
soning about developing the software driver module for a
keyboard.

A different line is held by Machery with his “heterogene-
ity hypothesis” [21], the proposal that most categories of
physical objects, most types of event, and most substances
are represented by several concepts that belong to kinds that
have little in common. There are at least four different the-
oretical entities that have been conceived as theories of con-
cepts, and they have little in common.

The classical theory states that a concept is the set of
properties which are separately necessary and jointly suf-
ficient for an object to belong to the class of that concept
[32], this theory has been largely endorsed before the end
the 1960s [17]. Notably, the classical theory had profound
influence on computer science, it has been assumed as the
foundation for the domain of formal concept analysis. One
of the most favored mathematization of concepts in com-
puter science is by sets of objects and attributes, that define,
respectively, the extension and the intention of a concept,
and the interdependence of concepts is formalized by math-
ematical lattice structures [12]. This formalization of con-
cepts has proven fruitful in several applications, including
text retrieval and mining [7], support in software engineer-
ing for identification of object-oriented structures or refac-
toring activities [34]. While formal concept analysis is still
today an active domain of research, his underlying classi-
cal theory of concepts has been mostly abandoned in phi-
losophy for decades. It was replaced in the 1970s by the
prototype paradigm, assuming that we have in mind some
properties that are believed to be typically possessed by the
members of a class [31, 14]. Few years later a different
paradigm of concepts was proposed, that of exemplar [5],
the idea is that concepts are sets of exemplars, which are
bodies of properties believed to be possessed by few par-
ticular members of a class. The fourth theory is the theory
paradigm [6, 30], proposing that concepts are some kind of
folk theories, knowledge that can explain the properties of
category members. Machery compellingly illustrated how
all those theoretical paradigms of concept have little in com-
mon, from both the point of view of the types of knowl-
edge they encode, and the kinds of cognitive process they
involve.

2.2. Unicepts

The elimination of concepts for Machery is a conse-
quence of the perplexing heterogeneity of theoretical con-
strues, reviewed above, which in fact denote heterogeneous
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Figure 1. The Blender interface, with highlighted in red five “Editors”: Info (1), 3D View (2), Outliner (3), Properties (4) and
Timeline (5).

ways in which the mental/neural vehicles hold information
about things and properties of things. It is this heterogene-
ity that led Millikan to introduce a new notion different from
“concept”, as the fundamental units of cognition: the “uni-
cept”. In her words:

“Uni” is for one, of course, and “cept” is from Latin
capera, to take or to hold. One’s unicept for an ob-
ject, or property, or kind, or relation etc., takes in many
proximal stimulations and holds them as one distal en-
tity. A developed unicept reaches through a radical di-
versity of sensory impressions to find the same distal
thing again. [. . . ] A unicept is a specific individual fac-
ulty developed for a very specific purpose, the purpose
of collecting and integrating information about some
particular thing. [25, p.16]

This new theoretical entity differs from “concept” in sev-
eral ways, which are not essential in this paper. What count
here is that, unlike the common view on concepts, unicepts
are not entities that people share. Every individual has
his/her own private stock of unicepts. In most cases uni-
cepts of different people succeed in gathering information
about exactly the same things in the world, but they do this
in different ways, sometimes using overlapping cognitive
strategies, but also many that are distinct. Moreover, having
a unicept involves having a certain kind of ability or capac-
ity to deal, successfully, with an aspect of the world, and
there is no genuine unicept unless what it pulls information
about is indeed a precise entity in the world. Otherwise,

in the words of Millikan, “if it pulls together information
about many things, using this as though it were about one
thing, then [. . . ] it is an empty unicept or at best an equivo-
cal unicept.

3. Unicepts in Blender

In order to illustrate cases where design concepts are
much better defined in terms of Millikan’s unicepts, rather
than traditional, universal, concepts, we analyize the user
interface of Blender (www.blender.org), a widely used
open-source computer graphics software [3]. Originally de-
veloped in 1995 by Ton Roosendaal as an in-house tool, in
2002 turned into an open source project, that since 2007 has
been coordinated by the Blender Institute in Amsterdam,
under Roosendaal direction.

Elements in the interface of Blender are organized in
strict hierarchical manner, based on the following “con-
cepts”:

Window ⇒
Screen ⇒

Areas ⇒
Editors ⇒

Regions ⇒
Tabs ⇒

Panels ⇒
Controls

“Screens” are window layouts, Blender offers a set of
pre-defined possible layouts, but it is possible to customize
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Figure 2. Comparison with interfaces of other 3D computer graphics software: Maya on the left, 3Ds Max on the right.

any of them. Screens are divided up into a number of
re-sizable “Areas”, each of which containing a particular
type of “Editor”, like a 3D View Editor (the main inter-
action with the 3D scene), an Outliner (the overview of
scene graphs hierarchy), a Graph Editor (for keyframe
interpolation), a Node Editor (node-based shading and
compositing tools), and so on. In Fig. 1 a screenshot of
the “Window” is given, with a layout of 5 “Areas” hosting
different “Editors”. “Editors” in turn are split into “Re-
gions”, portions of the space inside the “Area” containing
smaller structuring elements like tabs and panels with
buttons, controls and widgets placed within them. Blender
uses a peculiar screen-splitting approach to arrange areas:
the “Window” can be divided into an arbitrary number of
smaller adjacent “Areas”, and each “Area” is always fully
visible, and it is straightforward to work in one area and
hop over to work in another.

3.1. What “Editor” means

Most of the words here quoted to address the main “con-
cepts” of Blender’s interface are of common usage among
professional sofware, and not only in the computer graph-
ics domain. The point is that several of this words, even
if including properties shared by other software, are charac-
terized by aspects of meaning, and usage, which are distinc-
tive in Blender. For sexample, in the two main alternative
to Blender, Maya and 3Ds Max (see Fig. 2) there is a sharp
distinction between “editors” and other tools like toolbox
shelves (Maya) or ribbons (3Ds Max). In Blender, every
instance of an “Area” contains an “Editor”, words that, ar-
guably, refers to an unicept, kind of concept held by accus-
tomed users of Blender, and by its developers, but diverges
considerably from the set of properties and features other
users include in their unicept of “editor”.

It is noteworthy that despite this deviation of several con-
cepts from their account in other software, Blender achieved
in its user interface a remarkable integrity. There is a high
consistency of interaction across all “Editors”, with several
non-modal tools, that can be accessed efficiently without
taking time to select them according to the type of editing.
Inside every “Editor” there is a consistent and predictable
usage of mouse and keyboard actions for interaction.

For example, most single-key commands have their re-
verse action with the same key pressed together with the
Altmodifier. The key Ameans the selection of “All”, where
this quantifier can refer to a variety of entities depending
on the “Editor”, like 3D meshes in the case of 3D View,
keyframes in the case of Graph Editor, nodes in the Node
Editor, and so on. These features are among the most ap-
preciated in the community of Blender users, who find the
working efficiency offered by its interface unsurpassed.

Therfore, it is possible to state that Blender, in its user
interface, is a good example of, say, Uniceptual Integrity.
This integrity, which is certainly an important reason of
its success, comes at a price. Unicepts are not universally
shared, and users that formed their concepts of editor and
the likes via mediate inference and practical learning over
time on different graphic software of their acquaintance,
will find themself discomforted and confused working with
Blender. Arguably, the amount of overlap of unicepts be-
tween people is a matter of degrees, in the case of software
we may have groups of users where the amount of sharing
is high, and other gropus where is it minimal. We believe
that the case of Blender is rather unexceptional, that in most
complex software there can be examples of unicepts, that
may or may not be succesfully preserved in their integrity,
but can be alien to unicepts named with the same words in
other software.
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4. Conclusions

This article takes on the issue of how conceptual integrity
in software design can be pursued, under the assumption
that there is no such thing as “concepts”. We addressed
this issue not as a logic exercise of counterfactual reason-
ing, but because recently a few distinguished philosophers
have argued against the very existence of concepts. In trying
to articulate the consequences for conceptual integrity, we
adopted one of the best alternatives, in our view, proposed
so far: Millikan’s “unicept”. It is a mental entity that is
built by collecting and integrating information about some
thing of the world, in a large variety of ways, and differs
substantially from concepts in that unicepts are not shared
as such by people. We analyzed the case of Blender soft-
ware, and the items ordinary called “concepts” that char-
acterize its user interface, arguing that they are better con-
strued as “unicepts”, because, despite the same verbal la-
bels, differ intrinsically from those used in other graphics
software. However, the lack of generality does not hamper
the software design to pursue a high degree of integrity, that
now we can call uniceptual integrity. It is probably an in-
tegrity less ambitious of that fostered by Frederick Brooks,
that works well for group of users that share, at least, an
important part of the unicepts founding the design, and not
for others. It is our opinion that the reasoning carried out
in this paper has a relevance for application in software en-
gineering, especially when large teams of developer are in-
volved and the conceptual integrity issues have a significant
impact.
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Abstract: In the domain of Genetic Deafness in medicine, it is important to detect some patterns. Medical doctors needs 

to search and deal with information from diverse sources and it is important to be able to cross information 

between sources. As part of a solution, one approach to minimize the impact of this lack and increase the 

success of the retrieval process crossing diverse sources of information laid in the use of Natural Language 

Processing techniques permitting conceptual integrity of text. 

  

1 INTRODUCTION 

In this research project, we solved the following 

problem: is it possible to make a computer recognize 

linguistic patterns in a document? For example, 

when reading the sentence: 

“The patient had a temperature of 102F at Saturday” 

With syntactic tokens: “Determiner + Noun + Verb 

+ Preposition + Noun + Preposition + Noun + 

Preposition + Noun” 

Is it possible for the computer to understand it both 

syntactically and semantically? Moreover, once this 

 
 
 
 
 
 
 
 
 
 
 
 

1  DOI: 10.18293/SEKE2017-204 

information is acquired, is it possible to generate 

patterns that allow recognizing similar sentences 

throughout a document? 

 With this problem as a starting point, this 

project is related to the studies of Natural Language 

Processing (NLP). For that, by using vocabulary 

from a specific domain, the computer will read a 

number of documents and automatically generate all 

linguistic patterns contained in them. Therefore, 

there are two main objectives: 

• Acquire the terminology from a specific 

domain. 
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• Perform the linguistic pattern learning process 

by reading and analyzing a number of documents 

from the same domain. 

The chosen domain for this project was “Genetic 

Deafness” (medicine), and the language used was 

English. 

This  paper is a summary of the project, which covers 

the followed work procedure and the results of the 

experimentation, as well as the conclusions reached 

after the process was completed. 

There were two potential motivations for this 

research project: 

• Effective information extraction from a text 

document. When a human reads a sentence, he or she 

extracts a piece of the information that he or she 

considers useful. See the previous example: “The 

patient had a temperature of 102F at Saturday”. From 

this sentence, we can retain the information related 

to the temperature (102F) and/or the time when the 

measure was taken (at Saturday). 

For a computer, this “understanding” process is 

difficult. There are no trivial algorithms that, after 

reading the sentence, can storage the knowledge 

received about the patient’s temperature and the day 

the measure was taken. A recurrent solution for this 

problem is to use templates and file formats, which 

allows the computer to receive all the information 

without actually understanding it. This, however, 

forces the information to be pre-processed so it can 

meet software specifications, which consumes more 

time and effort. 

A previous learning of linguistic patterns may solve 

this problem. If the computer is able to recognize the 

example sentence above as a learned pattern, then it 

would realize that the seventh word indicates the 

temperature (102F) and the last one indicates the day 

(Saturday). 

Therefore, the pattern analysis could be useful to 

acquire all relevant information from a document of 

variable length. 

• Writing style guide development. In several 

fields, like law or medicine, there are specific writing 

styles to follow. Therefore, the results from this 

project in a specific domain can be useful in a 

didactic way. For example: which word families are 

more frequent in the domain? Which linguistic 

sequences are more common? Is there a recognizable 

conceptual integrity of the text in a higher-level than 

individual concepts and even recurring patterns? 

And so on. 

By studying the linguistic patterns from a domain, 

we can contribute to the learning of the writing style 

expected in a document, in order to show all the 

information in an organized state. 

This is also helpful for computers: when the writing 

style is standardized, the pattern recognition is easier 

and, therefore, the information retrieval is easier and 

more efficient. 

 

2 STATE OF THE ART AND 

RELATED WORK 

2.1 How to Define Conceptual 

Integrity of Texts? 

Conceptual Integrity has been defined by Brooks 

[ref], mainly in the context of software systems 

design and development. In this paper we deal with 

texts, which might be software assets, such as 

software documentation in several domains, but are 

certainly different than software system design tools 

or runnable software itself. 

Since our main research goal of this paper is to 

enable mining of relevant texts for a given domain – 

in our case study it is “Genetic Deafness” – one asks: 

what is the relevant definition of “Conceptual 

Integrity” in this context? 

A preliminary proposal for such a definition would 

include the following steps: 

• Choose a basic set of concepts to characterize 

the desired texts in the desired domain; 

• Select a set of patterns – to be obtained and 

explained later on in the research of this paper – 

containing the basic set of concepts; 

• Determine reasonable minimal thresholds, to 

check whether the appearance of the chosen concepts 

and patterns are above these reasonable thresholds. 

In our investigation, as future work, we shall make 

extensive tests of these steps for certain chosen 

domains. 

2.2 Information Reuse 

Reuse in software engineering is present throughout 

the project life cycle, from the conceptual level to the 

definition and coding requirements. This concept is 

needed to improve the quality and optimization of 

the project development, but it has difficulties in 

standardization of components and combination of 

features. Also, the software engineering discipline is 

constantly changing and updating, which quickly 

turns obsolete the reusable components (Llorens, 

1996). 

The patterns are fundamental reuse components that 

identify common characteristics between elements 

of a domain and can be incorporated into models or 
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defined structures that can represent the knowledge 

in a better way. 

2.3 Natural Language Processing 

The need for implementing Natural Language 

Processing techniques (see Figure 1) arises in the 

field of the human-machine interaction through 

many cases such as text mining, information 

extraction, language recognition, language 

translation, and text generation, fields that requires a 

lexical, syntactic and semantic analysis to be 

recognized by a computer (Cowie et al., 2000). The 

natural language processing consists of several 

stages which take into account the different 

techniques of analysis and classification supported 

by the current computer systems (Dale, 2000). 

1)  Tokenization: The tokenization corresponds to a 

previous step on the analysis of the natural language 

processing, and its objective is to demarcate words 

by their sequences of characters grouped by their 

dependencies, using separators such as spaces and 

punctuation (Moreno, 2009).  

2)  Lexical Analysis: Lexical analysis aims to obtain 

standard tags for each word or token through a study 

that identifies the turning of vocabulary, such as 

gender, number and verbal irregularities of the 

candidate words (Hopcroft et al., 1979).  

3)  Syntactic Analysis: The goal of syntactic 

analysis is to explain the syntactic relations of texts 

to help a subsequent semantic interpretation (Martí 

et al., 2002), and thus using the relationships 

between terms in a proper context for an adequate 

normalization and standardization of terms. 

4)  Grammatical Tagging: Tagging is the process 

of assigning grammatical categories to terms of a text 

or corpus. Tags are defined into a dictionary of 

standard terms linked to grammatical categories 

(nouns, verbs, adverb, etc.), so it is important to 

normalize the terms before the tagging to avoid the 

use of non-standard terms (Weischedel et al., 2006). 

Grammatical tagging is a key factor in the 

identification and generation of semantic index 

patterns, in where the patterns consist of categories 

not the terms themselves. The accuracy of this 

technique through the texts depends on the 

completeness and richness of the dictionary of 

grammatical tags. 

5)   Semantic and Pragmatic Analysis: Semantic 

analysis aims to interpret the meaning of 

expressions, after on the results of the lexical and 

syntactic analysis. One of the main challenges NLP 

has tried to overcome since its beginnings is the 

problem of ambiguity.  

 

3 METHODOLOGY 

The methodology of this project is based on the 

usage of concepts related to genetic deafness in order 

to recognize the most frequent patterns from a 

number of documents while facing the problems and 

limitations from the Natural Language Processing. 

 In this project, the BoilerPlates tool has been 

used. This tool, developed by the Carlos III de 

Madrid research team (Knowledge Reuse Research 

Team), can perform the analysis of linguistic patterns 

given a previously learned set of concepts and 

grammar categories. Its database already contains 

vocabulary that is not related to any domain (such as 

the verb “to be”, prepositions, adverbs…). However, 

to effectively use this tool in a certain domain, the 

database must be updated with domain-specific 

concepts prior to the pattern extraction. 

 The methodology used for this project is 

divided in the following steps: 

1. Acquisition and processing of domain 

documents.  

2. Extraction of related terminology.  

3. Adaptation of terminology to BoilerPlates.  

4. Using the BoilerPlates tool. It has been used. 

This tool, developed by the Carlos III de Madrid 

research team (Knowledge Reuse Research Team), 

can perform the analysis of linguistic patterns given 

a previously learned set of concepts and grammar 

categories. Its database already contains vocabulary 

that is not related to any domain (such as the verb “to 

be”, prepositions, adverbs…). However, to 

effectively use this tool in a certain domain, the 

database must be updated with domain-specific 

concepts prior to the pattern extraction. 

5. Extraction of results.  

6. Exposition and analysis of results.  

 

4 RESULTS 

Eight scenarios were identified for this study, with 

minimal frequencies from 1 to 20without or with 

semantic distinction. Once the scenarios were 

individually analysed, the combined results were as 

it follows: 

 

Number of patterns identified 

As expected, the lower the minimal frequency (MF) 

value chosen, the more patterns are considered in the 

identification process. 

The growth of the number of patterns found is 

inversely exponential: in the experiments with MF 

established to 1, about 140.000 patterns were found. 
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When raising the MF to 5, the number drops at 

14.500 on average, which is about a 90% decrease on 

patterns found. On the experiments with MF set to 

10 and 20, the number of patterns were 

approximately 5.600 and 2.800 respectively, which 

is a considerable drop but less severe than before. 

 

Patterns related to genetic deafness 

 After analysing the results as a whole set of 

patterns, a subset was created for each scenario, 

containing only those patterns which has at least one 

concept related to genetic deafness (“domain 

patterns”). 

 This subset was a minority in every studied 

case. For all scenarios, about 10 to 16% of the 

patterns contained at least one concept from the 

domain. This was predictable, as most of the words 

contained in one document about a certain topic are 

not terminology from the domain, such as 

prepositions, numbers or unrelated nouns. It is 

important for conceptual integrity. 

 

Conclusions 

As Manning said and we are investigating in our 

hypothesis, it is possible to get structure and 

regularity in a set of documents in order to achieve a 

regular pattern to write or suggest better manners to 

prepare documents with a higher complexity. 

Natural language is complex and its regularity 

depends on the domain we are dealing with. The 

more regular and mature the domain, the best it is to 

extract a set of patterns. The more structure the more 

effective the set of patterns.  

Once the analysis of the results was completed, we 

reached some of the following conclusions regarding 

the pattern identification and studio in the domain of 

genetic deafness: 

1. The minimal frequency value made a 

considerable impact in the analysis. The higher the 

value, the lower the number of identified patterns, 

since a sequence must reach a bigger number of 

repetitions until it is considered a pattern. 

2. On the matter of semantic distinction: The first 

experiments showed that there was little difference 

whether applying semantics or not. However, when 

the weighted study was completed, it was discovered 

that semantics played a considerable role during the 

analysis, such as which patterns were considered the 

most valuable. 

3. Of all patterns discovered, around 10% to 16% 

had at least one domain concept.  

5. The most frequent concepts that are related to 

“genetics” were those that are about gene 

manipulation and mutation. 
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Abstract— Design and analysis of software systems in terms of 
their Conceptual Integrity is a demanding task. Nonetheless, 
progress has been made in recent years and actual software 
systems in practical use, such as Git, have been analyzed. In 
this work we make a further first step within the conceptual 
analysis approach, by asking how to extend software systems 
by addition of further components while keeping Conceptual 
Integrity of the resulting system. We propose specific 
techniques to this end.  As a case study to illustrate these 
techniques, we analyze a popular project management service, 
namely Gitlab, for its various services integrity and 
adaptability to software engineering lifecycle stages. 

Keywords- Component; Software Repository; Lifecycle 
Management; Conceptual Integrity; Git; Gitlab 

I.  INTRODUCTION 
Conceptual Integrity has been identified by Brooks [1, 2] 

as the main challenge for software system design. More 
recently, Jackson et. al. [3, 4] further formulated and 
demonstrated the Conceptual design and analysis approach 
for a popular software system – git [5]. In this paper we build 
on this work and start broadening this view by examining the 
further issue of extending software systems with additional 
components while preserving the Conceptual Integrity of the 
whole system. We propose some specific techniques in this 
respect and illustrate them by analyzing popular code 
repository and project management services.   

A. Git Based Software Project Management Systems 
The software development industry is going through 

major changes in recent years. Among them are new tools 
and services for software project management (SPM) such as 
github.com [6]. This service, taken as an example, is based 
on cloud hosting of git – a distributed version control system. 
Beyond managing source code versions, the service 
simplifies workflows of branching and merging and also 
includes various project management tools, in particular 
social features, which allow vast collaboration options. A 
variety of software organizations and their offered services, 
have different service models. Examples of the referred kind 
are SourceForge, Microsoft’s Team Foundation Services, 
bitbucket, Coding.net and many others.  

In this work we focus on such a similar service – 
gitlab.com [8]. It is also a software project management 

service centered on git. Beyond managing source code 
versions, it includes various project management tools for 
communication, documentation, testing and more. 

The reason for choosing git-centered software systems to 
illustrate our proposal, is to capitalize on existing analyses of 
Git and Gitless by Jackson and co-workers [3], [4], and their 
wide industry usage and acceptance. 

B. Paper Organization 
The remainder of this paper is organized as follows. In 

section II we review related literature. In section III we 
describe a general Lifecycle Model underlying the software 
systems used to illustrate our approach. In section IV, 
specific techniques of our approach to extend software 
systems while keeping conceptual integrity are proposed. In 
section V the Gitlab software system serves to illustrate our 
proposed approach. The paper is concluded with a short 
discussion in section VI. 

II. RELATED LITERATURE 
Brooks [1, 2] suggested three principles for representing 

the notion of conceptual integrity:  

• Orthogonality 

• Propriety 

• Generality 

 Jackson et. al. [3] showed how git conceptual design is 
quite complex and also problematic in light of these 
principles. They go further on and suggest a new design, 
titled gitless to correct those issues. 

Git [5] is an open source distributed version control 
system. It became quite popular in recent years, but still 
criticized for its usability and conceptual integrity issues. 

Models of software development as well as processes, 
methods, and tools are widely discussed. Here we reference 
mainly Rajlich [8], but many others are discussing those, 
e.g., [11-15]. 

III. LIFECYCLE MODEL 
Since the discussed services are all aimed for helping 

developing large software projects, we choose here a general 
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model for software project lifecycle adapted from Rajlich 
[8]. It is a basic and general staged model of software 
“lifespan”, which includes the stages of: 

1. Initial development,  

2. Evolution,  

3. Maintenance (servicing),  

4. Phase-out,  

5. Close-down.  

The second and third stages are usually iterative and 
incremental (see Figure 1 of [8]).  A Software Project 
Management System is expected to support development 
based on such a model and its various derivatives or 
alternatives. 

 
Figure 1 Staged model of software adapted from [8] 

 

IV. OUR APPROACH: SOFTWARE EXTENSION WITH 
CONCEPTUAL INTEGRITY PRESERVATION 

Our approach consists of enabling addition of services 
along the lifecycle of a software system, while having an 
infrastructure to preserve Conceptual Integrity. 

Typically, most SPMs contain at least the following 
services: 

1) Version Control for code/software (SCM) 

2) Documentation system 

3) Issue Database 

4) API and integration points with other services, e.g., 
continuous integration (CI). 

We now formulate our expectations from a SPM system 
in the light of the above mentioned conceptual integrity 
concepts. In other words, can we forecast eventual 
Conceptual Integrity violations from these typical services? 

Here is the analysis: 

• Propriety – the set of services above is quite concise 
and centered around project management. 
Extensions are mainly through 3rd party software 
integrations. 

• Generality – each service can be adapted to a 
specific project lifecycle and the actual project being 
carried. For example, version control is not limited 
to a specific programming language (or even 
software artifacts at all). The use of git, opens the 
door to many possible git branching models [9]. 

 
From this preliminary analysis, the requirements for a 

Conceptual Integrity preservation infrastructure are formulated 
as specific design patterns for Conceptual Integrity to be 
prepared in advance: 

 

Concatenation patterns – design patterns that can be instantiated 
for concatenation of services, as in the above example, which 
illustrates the Orthogonality principle. These patterns could use 

• Orthogonality – in principle each of the above 
services should be used standalone, although in 
practice users will expect integration between 
them. As an example: there might be an open 
issue to fix some missing documentation. Upon 
update of the documentation (2), the version 
control system is preserving a commit (1), the 
issue changes status to closed (3) and a CI 
service is triggered to run tests (4).  

Figure 2: Using Builder 
Concatenation Pattern 
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for example the "builder" GoF [10] pattern (shown in Fig. 2), 
suitable for setting up a related set of services. 

 

Integration interfaces – this set of patterns should act as a sort of 
“adapter” or “façade” GoF patterns, with the purpose of 
integrating yet unknown 3rd party software. 

 Models and languages variations – these patterns needed to cope 
with variation of programming languages and say branching 
models, should resemble GoF “strategy” patterns. 

 

V. THE GITLAB CASE STUDY 
We shortly discuss the Gitlab services, and their 

conformance to conceptual integrity principles. The Gitlab 
feature page [7] presents the software as containing 
“Powerful features for modern software development, tightly 
integrated into one platform”. It is centered around a hosted 
git server with a rich web interface. 

• Version Control – Gitlab suggests hosting of 
unlimited private or public git repositories, thus 
conforming to generality. The web platform is used 
to provide accessible and convenient graphical user 
interfaces for the various version control operations. 
Gitlab can be installed on premise or consumed as a 
cloud service. Still the usability issues of git are not 
totally masked, and this might explain the slow 
adoption rate of such a service outside of the 
software engineering community. 
Gitlab has a snippet service for sharing portions of 
code. Such a service could be attitude as an 
extension to version control; alas a snippet is not 
versioned!  
Gitlab added fined grain access control (FGAC) and 
several privacy tracks, which in fact are evidently 
options for version control especially for enterprise 
settings. Specific files or folders can be locked in 
order to prevent merge conflicts. Gitlab also suggest 
sharing small portions of code by a code snippet 
service.  

• Documentation – Gitlab provides a wiki system and 
also a static site hosting solution (Gitlab pages). The 
wiki system is maintained in a separate and less 
accessible git repository instance. This is, in our 
mind, a conceptual integrity issue, since project 
artifacts are handled differently (github has the same 
issue). Also, it is a common practice to have a major 
documentation file – usually named Readme, which 
resides in the main source tree. Thus, project 
documentation become spread in at least three 
different areas – source code, wiki and a static site, 
not to mention other possible documentations 
(formal or informal).   

• Issue Database – the text of an issue can link to 
other artifacts, and there are ways to change issue 
statuses from version control commit messages. This 
is another potential point were conceptual integrity 

can be weakened. Gitlab also has an activity stream, 
so users need to adjust their most efficient project 
update communication patterns.  

• API and integrations with other services, e.g., 
continuous integration (CI) – some of the services 
are hosted and some are just interfaces to 3rd parties. 
An infrastructure can help define the interfaces in 
more concise ways to improve conceptual integrity. 

VI. DISCUSSION AND FUTURE WORK 
In this position paper, we outlined an ongoing research to 

examine the conceptual integrity of complex software systems 
and laid directions for patterns for conforming to integrity 
principles. We intend to further analyze in detail Gitlab and 
compare it to other services. The expected outcome of the 
analysis and comparisons with other services is a suggested 
series of concrete detailed improvements of the system. 

The economics of the competition between companies 
suggesting those services might lead to “feature creep” 
followed by breaking conceptual integrity. This is indirectly 
demonstrated in the long feature lists in the providers’ 
websites. 

Conceptual integrity will also be discussed from other 
angles, e.g., operations, hosting options, and pricing models. 
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Abstract—Code cloning is a recurrent operation in everyday
software development. Whether it is a good or bad practice is an
ongoing debate among researchers and developers for the last few
decades. In this paper, we conduct a comparative study on bug-
proneness in clone code and non-clone code by analyzing commit
logs. According to our inspection on thousands of revisions of
seven diverse subject systems, the percentage of changed files
due to bug-fix commits is significantly higher in clone code
compared with non-clone code. We perform a Mann-Whitney-
Wilcoxon (MWW) test to show the statistical significance of our
findings. Finally, the possibility of severe bugs occurring is higher
in clone code than in non-clone code. Bug-fixing changes affecting
clone code should be considered more carefully. According to our
findings, clone code appears to be more bug-prone than non-clone
code.

I. INTRODUCTION

If two or more code fragments in a software system’s code-
base are exactly or nearly similar to one another we call them
code clones [1], [2]. A group of similar code fragments forms
a clone class. Code clones are mainly created because of the
frequent copy/paste activities of programmers during software
development and maintenance [1] [1]

A significant number of studies [3]–[21] have been con-
ducted on discovering the impact of cloning on software
maintenance. While a number of studies [3], [6], [7], [9]–[12]
have revealed some positive sides of code cloning, there is
strong empirical evidence [4], [5], [8], [13]–[15], [17], [19]–
[21] of negative impacts of code clones too. These negative
impacts include higher instability [15], late propagation [4],
and unintentional inconsistencies [5]. Existing studies [4], [22]
show that code clones are related to bugs in the code-base.

Several studies have showed that bugs have a great effect
on code in software systems. Our previous study [23] provides
evidence of bug-replication in clone code. Also, Sajnani et
al. [24] showed that cloned code has less problematic bug
patterns than non-cloned code. They have used bugs reported
by FindBugs from just one snapshot of the last revision of
the system. Whereas we consider bugs reported during the
evolution of a software system through thousands of commits.
In that paper [24], they worked on tool reported bugs whereas
we work on the developer reported bugs. Moreover, they have
considered only Java programming language whereas we work
on two programming languages, C and Java. These issues
motivate us to work on bug reports generated by developers to
see the impact of bug-fix commits on both clone code and non-

clone code. We consider bug-fixing commits reported by the
developers from thousands of commits in open source projects.

To explore the effects of bug-fix changes between clone and
non-clone code, we conduct a comparative study. We consider
thousands of revisions of seven diverse subject systems written
in two different programming languages (Java and C). We
detect code clones from each of the revisions of a subject
system using the NiCad [25] clone detector, analyze the
evolution history of these code clones, and investigate whether
and to what extent they contain bugs. To find non-clone bug-
fix commits we first identify all the commits that are related
to fixing a bug. Among these bug-fix commits we detect
those which have clone code. We consider the remaining bug-
fix commits as non-clone bug-fix commits. We automatically
count the total number of files that contain changes in source
code. Among these files we detect those files which have
changes in clone code. Omitting these files from the total
files we get the changes in non-clone code. Then we calculate
percentages of changes for both clone and non-clone code. We
found that the percentage of changed files containing clone
code is significantly higher than non-clone code. We validate
our findings using the Mann-Whitney-Wilcoxon (MWW) test
for three types of clones with non-clone code.

We investigate the three research questions listed in Table
I. We find that the percentage of files changed due to bug-
fix commits is significantly higher in clone code compared
with non-clone code. Moreover, the percentage of files that
have changes in Type 1 and Type 2 clone code is higher than
changes in Type 3 clone code. This findings can be used for
ranking of clone code. Also, the occurrence of severe bugs is
more in clone code than non-clone code.

The rest of the paper is organized as follows. Section II con-
tains the terminology, Section III discusses the experimental
steps, Section IV answers the research questions by presenting
and analyzing the experimental results, Section V discusses the
related work, Section VI discusses possible threats to validity,
and Section VII concludes the paper and discusses possible
future work.

II. TERMINOLOGY

We conduct our analysis considering both exact (Type 1)
and near-miss clones (Type 2 and Type 3 clones) [1], [2]. The
clone-types are defined below.

Type 1 Clones. If two or more code fragments in a
particular code-base are exactly the same disregarding the

DOI reference number: 10.18293/SEKE2017-056
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TABLE I
RESEARCH QUESTIONS

SL Research Question
RQ 1 What percentage of files get affected because of clone and

non-clone bug-fix commits?
RQ 2 How often do bug-fix changes occur to the clone and non-

clone code?
RQ 3 Is there any difference between the severity of the bugs

occurring in clone and non-clone code?

TABLE II
SUBJECT SYSTEMS

Systems Lang. Domains LLR Revisions

Ctags C Code Def. Generator 33,270 774
Camellia C Image Processing Library 89,063 170
Brlcad C Solid Modeling CAD 39,309 735
jEdit Java Text Editor 191,804 4000
Freecol Java Game 91,626 1950
Carol Java Game 25,091 1700
Jabref Java Reference Management 45,515 1545
LLR = LOC in the Last Revision

comments and indentations, these code fragments are called
exact clones or Type 1 clones of one another.

Type 2 Clones. Type 2 clones are syntactically similar code
fragments in a code-base. In general, Type 2 clones are created
from Type 1 clones because of renaming of identifiers and/or
changing of data types.

Type 3 Clones. Type 3 clones are mainly created because
of additions, deletions, or modifications of lines in Type 1 or
Type 2 clones. Type 3 clones are also known as gapped clones.

III. EXPERIMENTAL STEPS

We conduct our research on seven subject systems (three
C and four Java systems). We consider these seven subject
systems since these systems have variations in application
domains, sizes, revisions and also used by our other studies.
These subject systems are listed in Table II which were
downloaded from the SourceForge online SVN repository [26].
In this table, the total number of revisions of each subject
system is given along with the lines of code (LOC) in the last
revision.

A. Preliminary Steps

We perform the following steps for detecting fixed bugs: (1)
Extraction of all revisions (as stated in Table II) of each of the
subject systems from the online SVN repository; (2) Detection
and extraction of code clones from each revision by applying
NiCad [25] clone detector; (3) Detection of changes between
every two consecutive revisions using diff; (4) Locating these
changes to the already detected clones of the corresponding
revisions; and (5) Detection of bug-fix commit operations. For
completing the first four steps we use the tool SPCP-Miner
[27]. We will describe the detection of bug-fix commits later
in this section. In Section IV we will describe how we detect
bug-fix changes in clone and non-clone code.

We use NiCad [25] for detecting clones since it can detect
all major types (Type 1, Type 2, and Type 3) of clones with

TABLE III
NICAD SETTINGS FOR THREE TYPES OF CLONES

Clone Types Identifier Renaming Dissimilarity Threshold

Type 1 none 0%
Type 2 blindrename 0%
Type 3 blindrename 20%

high precision and recall [28], [29]. Using NiCad we detect
block clones including both exact (Type 1) and near-miss
(Type 2, Type 3) clones of a minimum size of 10 LOC with
20% dissimilarity threshold and blind renaming of identifiers.
NiCad settings for detecting three clone-types (Type 1, Type
2, and Type 3) are shown in Table III. For different settings of
a clone detector the clone detection results can be different
and thus, the findings on bugs in code clones can also
be different. Hence, selection of appropriate settings (i.e.,
detection parameters) is important. We used the mentioned
settings in our research, because [30] Svajlenko and Roy show
that these settings provide us with better clone detection results
in terms of both precision and recall. Moreover, code clones
with a minimum size of 10 LOC are more appropriate from
maintenance perspectives [1], [31], [32]. Before using the
NiCad outputs of Type 2 and Type 3 cases, we processed
them in the following way.

(1) Every Type 2 clone class that exactly matched any Type
1 clone class was excluded from Type 2 outputs.

(2) Every Type 3 clone class that exactly matched any Type
1 or Type 2 class was excluded from Type 3 outputs.

We processed NiCad clone detection results in the men-
tioned ways because we wanted to investigate bug in three
types of clones separately.

B. Bug-proneness Detection Technique

For each subject system, we first retrieve the commit
messages by applying the ‘SVN log’ command. A commit
message describes the purpose of the corresponding commit
operation. We automatically infer the commit messages using
the heuristic proposed by Mockus and Votta [33] in order to
identify those commits that occurred for the purpose of fixing
bugs. Then we identify which of these bug-fix commits make
changes to clone fragments. If one or more clone fragments
are modified in a particular bug-fix commit, then it is an
implication that the modification of those clone fragment(s)
was necessary for fixing the corresponding bug. In other
words, the clone fragment(s) are related to the bug. In this
way we examine the commit operations of a candidate system,
analyze the commit messages to retrieve the bug-fix commits,
and identify those clone fragments that are related to the bug-
fix. We also determine the number of changes that occurred
to such a clone fragment in a bug-fix commit using the UNIX
diff command.

The procedure that we follow to detect the bug-fix commits
was also previously followed by Barbour et al. [4]. Barbour
et al. [4] detected bug-fix commits in order to investigate
whether late propagation in clones is related to bugs. They at

437



first identified the occurrences of late propagations and then
analyzed whether the clone fragments that experienced late
propagations are related to a bug-fix. In our study we detect
bug-fix commits in the same way as they detected, however,
our study is different in the sense that we investigate the bugs
of different types of code clones. Also, Barbour et al. [4]
did not investigate the most important clone type, the Type
3. Generally, the number of Type 3 clones in a system is
the highest among the three clone-types. We consider Type
3 clones in our bug-fix study.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

We mention our three research questions in Table I. In this
section we present our experimental results and analyze them
to find the answers to our research questions.

A. Answering the first research question (RQ 1)

RQ 1: What percentage of files get affected because of clone
and non-clone bug-fix commits?

Motivation. It is important to know the percentage of
affected files due to bug-fixing commits and compare between
clone and non-clone code. More affected files means more
changes in the system. More attention is needed when more
changes occur. Knowing the information we can emphasize
on which type of code (clone or non-clone) are affecting the
system more.

Methodology. To answer this research question we auto-
matically count the total number of files that contain clone
code in three different types of clones (Type 1, Type 2 and
Type 3) and total number of files containing non-clone code.
Also, we detect the total number of files that contain changed
clone in three different clone types and the total number of
files containing changed non-clone code. Then we calculate
their percentages for individual clone types.

FC: This is the total number of files that have clone code.
Columns with the heading FC in Table IV represents the value.

FCC: This is the total number of files that contain changed
clone code. This value is given in columns with the heading
FCC in Table IV.

PFCC: To find out the percentage of the number of files
that have changed clone code we use following equation for
all subject systems. In Table IV columns with the heading
PFCC show this value. Equation 1 shows the assessment of
the percentages.

PFCC =
100× FCC

FC
(1)

OPFCC: We also calculate overall percentage of files that
have changed clone code using the following equation.

OPFCCTi =
100×

∑
all systems FCCTi∑

all systems FCTi

(2)

Here, Ti represents different types of clones where i = 1, 2
and 3 in all subject systems.

Figure 1 shows the percentage PFCC and the overall per-
centage OPFCC for seven subject systems individually for

TABLE V
NUMBER OF FILES THAT HAVE CHANGED NON-CLONE CODE IN

BUG-FIXING COMMITS

Subject Systems FNC FCNC PFCNC
Ctags 12318 120 0.97%
Camellia 972 49 5.04%
Brlcad 6978 104 1.49%
jEdit 2801 15 0.53%
Freecol 41442 444 1.07%
Carol 13302 94 0.70%
Jabref 39389 333 0.84%
FNC = Number of Files that have Non-Clone code
FCNC = Number of Files that have Changed Non-Clone code
PFCNC = Percentage of the Number of Files that have

Changed Non-Clone code

each clone type. Here, we can see that Ctags, Camellia and
Brlcad have the higher percentage than the rest of the subject
systems (jEdit, Freecol, Carol and Jabref). jEdit has the lowest
percentage among all. However, in overall percentage we
observe that percentage is decreasing in Type 1, Type 2 and
Type 3 clone respectively. Table IV describes the FC, FCC
and PFCC for all the subject systems individually for each
clone type (1, 2 and 3). We can see from this Table that only
Camellia has no bug-fix commits related to clone Type 2.

Docking the total number of files containing clone code
in bug-fix commits from the total number of files in bug-fix
commits we get the total number of files that have non-clone
code. For answering RQ 1, we identify the total number of
files that have changes in source code. From these files we
identify the total number of files that have changes in clone
code. The rest of the files made changes to non-clone code
due to bug-fix commits.

FNC: This is the number of total files that have non-clone
code. Columns with the heading FNC in Table V show the
values.

FCNC: This is the number of total files which contain
changes in non-clone code. To find out this file number we
consider those files which contain changed non-clone code.
We also check those files which have changed clone code in
addition with non-clone code. All the columns of Table V with
the heading FCNC show this value.

PFCNC: To calculate percentage of the number of files
containing changed non-clone code we use following equation.
All the columns with the heading PFCNC in Table V represent
this value. This is shown in equation 3.

PFCNC =
100× FCNC

FNC
(3)

OPFCNC: We calculate the overall percentage of files
containing changed non-clone code using following equation.

OPFCNC =
100×

∑
all systems FCNC∑

all systems FNC
(4)

PFCNCs of different clone types for each subject system
are shown in Figure 1. Here, we can see that Camellia has
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TABLE IV
NUMBER OF FILES THAT HAVE CHANGED CLONE CODE FOUND IN BUG-FIXING COMMITS

Type 1 Type 2 Type 3
Subject Systems FC FCC PFCC FC FCC PFCC FC FCC PFCC
Ctags 12 4 33.33% 25 4 16% 117 12 10.25%
Camellia 11 2 18.18% 0 0 0% 56 6 10.71%
Brlcad 33 3 9.09% 5 1 20% 66 5 7.57%
jEdit 21338 117 0.54% 695 14 2.01% 12655 137 1.08%
Freecol 259 13 5.01% 178 11 6.17% 3425 83 2.42%
Carol 121 14 11.57% 138 14 10.14% 991 51 5.14%
Jabref 97 8 8.24% 81 7 8.64% 1143 26 2.27%
FC = Number of Files that have Clone code
FCC = Number of Files that have Changed Clone code
PFCC = Percentage of the Number of Files that have Changed Clone code

Ctags Camellia Brlcad jEdit Freecol Carol Jabref Overall
0

10

20

30

Percentage of files that have changed clone fragments (Type 1) Percentage of files that have changed clone fragments (Type 2)

Percentage of files that have changed clone fragments (Type 3) Percentage of files that have changed non-clone fragments

Fig. 1. Percentage of the number of files that have changed clone and non-clone fragments.

the highest percentage than rest of the subject systems. On
the other hand, jEdit has the lowest percentage among all
subject systems. Table V shows FNC, FCNC and PFCNC for
all subject systems. We observe that percentage of changes
due to bug-fix commits is higher in clone code than non-clone
code. This result was expected because total number of files
containing non-clone code is much higher (almost three times)
than clone code in every subject system.

The overall percentages (OPFCC) of files that have changes
in Type 1 (12.28%) and Type 2 (8.99%) clones have more
changes in files than Type 3 (5.63%) clones for bug-fix
commits. Moreover, the percentage of files that have changes
in clone code is higher than the percentage (OPFCNC) of files
that have changes in non-clone code (1.52%).

Mann-Whitney-Wilcoxon (MWW) tests for RQ 1. We
are interested to know whether the percentages of three
clone types is significantly higher than non-clone code. First,
we perform Mann-Whitney-Wilcoxon (MWW) test [34] with
percentages of Type 1 clone and non-clone code. We consider
the significance level is 5% for this test. According to the
data critical U is 13. If the p-value is less than 0.05 and U
value is less than 13 then the result is significant. Our result
shows that percentage of Type 1 clone code is significantly
higher than non-clone code. For two-tailed test we find the
p-value of 0.011719 which is much lower than 0.05. In the
same way we perform the test for percentages of Type 2 clone

TABLE VI
MANN-WHITNEY-WILCOXON TEST RESULT FOR RQ1

Clone Types p-value U value

Type 1 0.011719 8
Type 2 0.015714 9
Type 3 0.004574 5

Considering level of significance is 5%.
For 5% two-tailed level, Critical value of U is 13

code and Type 3 clone code with the non-clone code. We find
the p-value of 0.015714 and 0.004574 for Type 2 clone and
Type 3 clone respectively. Both percentages of Type 2 clone
and Type 3 clone code are significantly higher than non-clone
code. Thus, we can say that percentages of all three types of
clones are significantly higher than non-clone code. We list
our MWW test results in Table VI.

Answer to RQ 1. According to our experimental
results percentage of number of file changes in bug-fix
commits is higher in clone code than non-clone code.
Also, in terms of overall percentage of files Type 1 and
Type 2 code clones (12.28% and 8.99%) have higher
percentage than Type 3 code clone (5.63%).

We observe that percentages of files containing changes
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due to bug-fix commits is high in clone code than non-clone
code. However, we still do not know what percentage of
clone and non-clone code get changed during bug-fix commits.
Intuitively, percentages of bug-fix changes should be higher
in clone code than non-clone code. To understand this we
investigate our next research question.

B. Answering the second research question (RQ 2)

RQ 2: How often do bug-fix changes occur to the clone and
non-clone code?

Motivation. Though we have the answer of RQ 1 and
hence we know the percentage of files changes in clone and
non-clone code but still we are not sure how much these
changes are influencing the system. It is important to know the
frequency of the bug-fix changes in both clone and non-clone
code. From comparison between them we can understand the
impact of bug-fix changes. Intuitively, more importance should
be given to the more frequent one. This will help us to manage
clone code.

Methodology. We know the total number of commits of
each subject system. As discussed in Section III-A, we report
the total number of commits that have changes in clone
fragments. To answer the RQ 2 we automatically count the
total number of bug-fix commits that contain changes in clone
code. First, we find out the total number of bug-fix commits as
described in Section III-B. We automatically count the number
of total bug-fix commits which have changed clone code. We
deduct this number from the total number of bug-fix commits
and found the total number of bug-fix commits which have
changed non-clone code. In the following way we calculate
the occurrences of bug-fix changes in clone and non-clone
code.

CC: This is the total Number of Commits that made changes
to Clone code. All the columns of Table VII with the heading
CC show this value.

BCC: This is the total Number of Bug-fix Commits that
made changes to Clone code. Columns with the heading BCC
in Table VII show the values.

PBCC: Percentage of the Bug-fix Commits that made
changes to Clone code. We calculate this for each subject
systems and for three different types of clone i.e. Type 1, Type
2 and Type 3 clone code. All the columns with the heading
PBCC in Table VII represent this value.

We use the following equation for calculating the percent-
age.

PBCC =
100×BCC

CC
(5)

We calculate the overall percentage of the bug-fix commits
containing clone code using the following equation.

OPBCCTi
=

100×
∑

all systems BCCTi∑
all systems CCTi

(6)

Here, OPBCCTi
is the overall percentage of the clone

code found in the bug-fix commits with respect to Ti type
of clones (i=1, 2, 3). Table VII shows the value of CC, BCC

TABLE VIII
NUMBER OF BUG-FIX COMMITS AFFECTING NON-CLONE CODE

Subject Systems CNC BCNC PBCNC
Ctags 383 137 35.77%
Camellia 133 24 18.04%
Brlcad 589 88 14.94%
jEdit 31 9 29.03%
Freecol 672 326 48.51%
Carol 323 65 20.12%
Jabref 685 161 23.50%
CNC = Number of Commits affecting Non-Clone code
BCNC = Number of Bug-fix Commits affecting Non-Clone code
PBCNC = Percentage of Commits that were applied for fixing Bugs in

Non-Clone code

and PBCC for seven subject systems and each type of clone
individually. Figure 2 describes the percentage PBCCs of all
subject systems along with the overall percentage OPBCC. We
can see that jEdit has the highest percentage (over 40%) and
Brlcad has the lowest percentage (less than 15%). However, in
overall percentage Type 3 code clone has the higher percentage
than Type 1 and Type 2 code clone.

We first identify the list of commits that made changes to the
source code. From these commits we detect which commits
made changes to clone code. The remaining commits in the list
made changes to non-clone code. In the same way we deduct
the total number of bug-fix commits containing changes in
clone code from the total number of bug-fix commits to find
the number of changes in non-clone code bug-fix commits.
Applying these findings we answer RQ 2.

CNC: This is the total Number of Commits that made
changes to Non-clone code. This value is given in columns
with the heading CNC in Table VIII.

BCNC: This is the total Number of Bug-fix Commits that
made changes to Non-clone code. Columns with the heading
BCNC in Table VIII represent the value.

PBCNC: Percentage of the Bug-fix Commits that made
changes to Non-clone code. In Table VIII columns with the
heading PBCNC show this value.

Likewise equation 5 to compute the percentages we use
equation 7.

PBCNC =
100×BCNC

CNC
(7)

To see the overall percentage of the number of bug-fix
commits that is related to non-clone code we use following
equation which is similar to the equation 6.

OPBCNC =
100×

∑
all systems BCNC∑

all systems CNC
(8)

Here, OPBCNC is the overall percentage of the bug-fix
commits that contain non-clone code. The CNC, BCNC and
PBCNC for all subject systems are shown in Table VIII. Here,
most of the percentage ranges from 15% to 35% (only the
percentage of Freecol has more than 45%). Figure 2 depicts
the percentage PBCNCs and overall percentage OPBCNC of
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TABLE VII
NUMBER OF BUG-FIX COMMITS AFFECTING CLONE CODE

Type 1 Type 2 Type 3
Subject Systems CC BCC PBCC CC BCC PBCC CC BCC PBCC
Ctags 14 3 21.42% 25 4 16% 59 11 18.64%
Camellia 8 1 12.5% 5 1 20% 26 5 19.23%
Brlcad 32 2 6.25% 7 1 14.28% 47 5 10.63%
jEdit 92 37 40.21% 24 10 41.66% 99 42 42.42%
Freecol 35 7 20% 36 10 27.77% 152 46 30.26%
Carol 41 8 19.51% 44 8 18.18% 112 22 19.64%
Jabref 48 6 12.5% 46 6 13.04% 149 23 15.43%
CC = Number of Commits affecting Clone code
BCC = Number of Bug-fix Commits affecting Clone code
PBCC = Percentage of Commits that were applied for fixing Bugs in Clone code

Ctags Camellia Brlcad jEdit Freecol Carol Jabref Overall
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20

40

Percentage of bug-fix commits that have changed clone fragments (Type 1) Percentage of bug-fix commits that have changed clone fragments (Type 2)

Percentage bug-fix commits that have changed clone fragments (Type 3) Percentage bug-fix commits that have changed non-clone fragments

Fig. 2. Percentage of bug-fix commits that have changed clone and non-clone fragments.

seven subject systems. Here, we observe that percentage of the
bug-fix commits containing changed non-clone code is highest
in Freecol system and lowest in Brlcad. Overall percentage is
near 30% which is higher than clone code. Though the bug-fix
changes occur more in non-clone code than clone code it is
not noteworthy since the difference is not that much high.

The overall percentage (OPBCC) of Type 3 (22.32%) clone
is higher than Type 1 (18.91%) and Type 2 (21.56%) clone.
Obviously, Type 1 clone (has exact same code) and Type2
clone (has renaming of identifiers or changing data type of
identifiers) have less changes than Type 3 clone code (has
addition, deletion or modification of code). We believe for this
reason Type 3 clone code is affected more than Type 1 and
Type 2 clone code. Also, the overall percentage (OPBCNC)
for non-clone code (27.13%) is higher than clone code.

Mann-Whitney-Wilcoxon (MWW) tests for RQ 2. We
perform MWW test [34] to understand whether the difference
between the percentages of clone and non-clone code is
significant. Percentage of each type of clone is individually
tested with non-clone code. We found the p-value of 0.092892,
0.207578 and 0.344562 for Type 1, Type 2 and Type 3 clone
respectively. Calculated U value for Type 1, Type 2 and Type 3
clone code is 16, 20 and 23 respectively. Here, every p-value is
greater than 0.05 (significance level is 5%) and every U value
is greater than 13 (critical U value is 13). This indicates the
result is insignificant. Insignificant result denotes percentage

TABLE IX
MANN-WHITNEY-WILCOXON TEST RESULT FOR RQ2

Clone Types p-value U value

Type 1 0.092892 16
Type 2 0.207578 20
Type 3 0.344562 23

Considering level of significance is 5%.
For 5% two-tailed level, Critical value of U is 13

of bug-fix commits having changed non-clone code is slightly
higher than clone code. Table IX describes the p-value and U
value for all three types of clone code.

Answer to RQ 2. Comparing the overall percentage of
bug-fix commits containing clone and non-clone code we
found that frequency of bug-fix commits is slightly higher
in non-clone code (27.13%) than clone code (20.93%).
Also, Type 3 clone code (22.32%) has the higher percent-
age of changes than Type 1 and 2 clone code (18.91% and
21.56%) due to bug-fix commits.

We observe that bug-fix commits occur in non-clone code
more often than clone code by 6.2%. From MWW test we find
that the difference between percentages of clone and non-clone
code is insignificant.
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C. Answering the third research question (RQ 3)

RQ 3: Is there any difference between the severity of the
bugs occurring in clone and non-clone code?

Motivation. In every single commit there is a message or
comment written by the programmer which describes about
the changes that they made from the previous commit. In
case of bug-fix commits these messages describe about the
bug that occur in the code base of the system. By reading
a bug-fix commit message we can understand whether a bug
is sever or not. This message is helpful for debugging and
understanding the scenario of the situation. To understand the
severity of bugs and compare between clone and non-clone
code we automatically process the bug-fix commit massages
followed by a manually inspection. It is important to give
priority to more severe bugs while fixing them.

Methodology. We automatically perform a heuristic search
proposed by Lamkanfi et al. [35] in the bug-fix commit mas-
sages to identify severe bugs. Then we manually investigate
the results for validation. We consider five subject systems
(Ctags, Camellia, Brlcad, jEdit, Freecol) for this experiment.
For the non-clone bug-fix commits we choose some random
bug-fix commits which does not contain clone code. It is not
feasible to check all the non-clone bug-fix commits by manual
inspection. Hence, we keep the total number of non-clone bug-
fix commits equal to the total number of clone bug-fix commits
to maintain the data impartiality.

Lamkanfi et al. [35] suggested most significant terms for
different components indicating severe and non-severe bugs.
For example, ‘fault’, ‘hang’, ‘freez’, ‘deadlock’ etc. represent
severe problems of the system. The words ‘favicon’, ‘deprec’,
‘mnemon’, ‘outbox’ etc. represent non-severe problems of the
system. We take these terms as keywords to decide the severity
of the bug. Though there are different levels of bug severity
we consider only two categories for the simplicity. That is
whether the bug is severe or not i. e. ‘TRUE’ or ‘FALSE’.
Here, ‘TRUE’ means the bug is sever (i.e. bug-fix commit
messages containing the terms which represent severity) and
‘FALSE’ means the bug is non-sever (i.e. bug-fix commit
messages containing the terms which represent non-severity).
This is important for bug triaging process since severe bugs
need more care and prompt fixing.

We calculate the percentage of severe bugs in bug-fix
commits for both clone and non-clone code. We observe that
the existence of severe bugs in Camellia (both clone and non-
clone), Brlcad (clone) and jEdit (non-clone) systems is zero
(0%). We also observe that Freecol has highest percentage
(85.71% for clone and 62.5% for non-clone code) of severe
bugs in both clone and non-clone bug-fix commits compared to
other subject systems. Percentages of severe bugs in rest of the
subject systems are range from 50% to 67%. Ctags (non-clone)
and Brlcad (non-clone) have the lowest percentage (50%) of
severe bugs. Overall, clone code has higher tendency of having
severe bugs than non-clone code. The difference between the
overall percentages of severe bugs of clone and non-clone code
bug-fix commits is 17.46% which is highly significant. This

findings imply that more importance should be given on clone
code while fixing bugs for better software maintenance.

Answer to RQ 3. After careful inspection of each
commit messages of the bug-fix commits for both clone
and non-clone code we found that clone code bug-fix
commits has higher percentage of severe bugs (overall
percentage 71.63%) than the non-clone code (overall
percentage 54.17%). This proves that occurrence of severe
bugs is higher in clone code compared with non-clone
code.

We observe that severity of bugs is higher in clone code
than non-clone code. Though, we find that some of the bug-
fix commit messages are very short and it is not enough to
describe the severity of the bug. Considering this constraint
of the messages in bug-fixing commits the result may vary in
different cases. However, severe bugs should have the highest
priority in software maintenance.

V. RELATED WORK

Shajnani et al. [24] performed a comparative study between
clone and non-clone code for different bug patterns. They used
bug reports generated by a tool, i.e., FindBugs whereas we
worked on real bug reports that were reported by developers.
In our previous study [23] it has been shown that cloning is
responsible for replicating bugs. However, it does not show
any comparison with non-clone code in that study.

Bug-proneness of code clones has been investigated by a
number of existing studies. Li and Ernst [19] performed an
empirical study on the bug-proneness of clones by investigat-
ing four software systems and developed a tool called CBCD
on the basis of their findings. CBCD can detect clones of a
given piece of buggy code. Li et al. [36] developed a tool
called CP-Miner which is capable of detecting bugs related
to inconsistencies in copy-paste activities. Steidl and Göde
[20] investigated finding instances of incompletely fixed bugs
in near-miss code clones by investigating a broad range of
features of such clones involving machine learning. Göde
and Koschke [5] investigated the occurrences of unintentional
inconsistencies to the code clones of three mature software
systems and found that around 14.8% of all changes that
occurred to the code clones were unintentionally inconsistent.

None of the studies discussed above investigated bug-fix
commits in code clones and non-clone code simultaneously.
Mondal et al. [22] investigated bug-proneness of code clones.
While the primary target of that study was to compare the
bug-proneness of three clone-types, our target is to compare
the bug-proneness of clone and non-clone code. Mondal et
al. [22] did not investigate the bug-proneness of non-clone
code in their study. Focusing on this we perform an in-depth
investigation on bug’s impacts in code clones and non-clones
in this research. Our experimental results are promising and
provide useful implications for better understanding of the
bug-proneness of clone and non-clone code.
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VI. THREATS TO VALIDITY

We used the NiCad clone detector [25] for detecting clones.
While all clone detection tools suffer from the confounding
configuration choice problem [37] and might give different
results for different settings of the tools, the setting that we
used for NiCad for this experiment are considered standard
[38] and with these settings NiCad can detect clones with
high precision and recall [28]–[30]. Thus, we believe that our
findings on the bug-proneness of code clones are of significant
importance.

Our research involves the detection of bug-fix commits.
The way we detect such commits is similar to the technique
proposed by Mocus and Votta [33] and also used by Barbour
et al. [39]. The technique proposed by Mocus and Votta
[33] can sometimes select a non-bug-fix commit as a bug-fix
commit mistakenly. However, Barbour et al. [39] showed that
this probability is very low. According to their investigation,
the technique has an accuracy of 87% in detecting bug-fix
commits.

VII. CONCLUSION

In this paper we conduct an in-depth comparative study of
software bugs in both clone and non-clone code. For clone
code we also consider three major types of clones, Type 1,
Type 2 and Type 3. We investigated thousands of revisions
of seven diverse subject systems. We also investigated bug-fix
commit messages to measure the frequency of severe bugs in
clone and non-clone code. From our examination, changes to
files due to bug-fix commits is higher for clone code than for
non-clone code. Additionally, changes to files due to bug-fix
commits happens more in Type 1 and Type 2 code clones than
in Type 3 code clones. In addition, percentage of severe bugs
is higher in clone code than non-clone code bug-fix commits.
We believe that our findings on bug-fix commits are valuable
for better understanding of clone management such as ranking
of clone codes and software maintenance.
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[20] D. Steidl and N. Göde, “Feature-Based Detection of Bugs in Clones,”
in Proc. IWSC, 2013, pp. 76–82.

[21] L. Jiang, Z. Su, and E. Chiu, “Context-Based Detection of Clone-Related
Bugs,” in Proc. ESEC-FSE, 2007, pp. 55–64.

[22] M. Mondal, C. K. Roy, and K. A. Schneider, “A Comparative Study on
the Bug-Proneness of Different Types of Code Clones,” in Proc. ICSME,
2015, pp. 91–100.

[23] J. F. Islam, M. Mondal, and C. K. Roy, “Bug Replication in Code Clones:
An Empirical Study,” in Proc. SANER, 2016.

[24] H. Sajnani, V. Saini, and C. V. Lopes, “A Comparative Study of Bug
Patterns in Java Cloned and Non-cloned Code,” in Proc. SCAM, 2014,
pp. 21–30.

[25] J. R. Cordy and C. K. Roy, “The NiCad Clone Detector,” in Proc. ICPC
Tool Demo, 2011, pp. 219–220.

[26] SVN repository. [Online]. Available: http://sourceforge.net/
[27] M. Mondal, C. K. Roy, and K. A. Schneider, “Spcp-miner: A Tool for

Mining Code Clones that are Important for Refactoring or Tracking,” in
Proc. SANER, 2015, pp. 484–488.

[28] C. K. Roy, J. R. Cordy, and R. Koschke, “Comparison and Evaluation of
Code Clone Detection Techniques and Tools: A Qualitative Approach,”
in Science of Computer Programming, 2009, pp. 74 (2009): 470–495.

[29] C. K. Roy and J. R. Cordy, “A Mutation / Injection-based Automatic
Framework for Evaluating Code Clone Detection Tools,” in Proc.
Mutation, 2009, pp. 157–166.

[30] J. Svajlenko and C. K. Roy, “Evaluating Modern Clone Detection Tools,”
in Proc. ICSME, 2014, pp. 321–330.

[31] C. K. Roy and J. R. Cordy, “A Survey on Software Clone Detection
Research,” in Proc. Technical Report 2007-541, School of Computing,
Queen’s University, 2007, 115 pp.

[32] J. Svajlenko, J. F. Islam, I. Keivanloo, C. K. Roy and M. M. Mia,
“Towards a Big Data Curated Benchmark of Inter-Project Code Clones”,
in Proc. ICSME, 2014, pp. 476-480.

[33] A. Mockus and L. G. Votta, “Identifying Reasons for Software Changes
using Historic Databases,” in Proc. ICSM, 2000, pp. 120–130.

[34] Mann-Whitney U Test. [Online]. Available: goo.gl/JIFmo3
[35] A. Lamkanfi, S. Demeyer, E. Giger, and B. Goethals, “Predicting the

Severity of a Reported Bug,” in Proc. MSR, 2010, pp. 1–10.
[36] Z. Li, S. Lu, S. Myagmar, and Y. Zhou, “Cp-miner: A Tool for Finding

Copy-paste and Related Bugs in Operating System Code,” in Proc.
OSDI, 2004, pp. 20–20.

[37] T. Wang, M. Harman, Y. Jia, and J. Krinke, “Searching for Better
Configurations: A Rigorous Approach to Clone Evaluation,” in Proc.
ESEC/SIGSOFT FSE, 2013, pp. 455–465.

[38] C. K. Roy and J. R. Cordy, “NICAD: Accurate Detection of Near-miss
Intentional Clones Using Flexible Pretty-printing and Code Normaliza-
tion,” in Proc. ICPC, 2008, pp. 172–181.

[39] L. Barbour, F. Khomh, and Y. Zou, “An empirical study of faults in late
propagation clone genealogies,” in Proc. Journal of Software: Evolution
and Process, 2013, pp. 25(11):1139–1165.

443



The Relationship between Traceable Code Patterns and Code Smells

Zadia Codabux∗1, Kazi Zakia Sultana†2 and Byron J. Williams‡2

1Department of Computer Science, Colby College, USA
2Department of Computer Science and Engineering, Mississippi State University, USA

Abstract

Context: It is important to maintain software quality
as a software system evolves. Managing code smells in
source code contributes towards quality software. While
metrics have been used to pinpoint code smells in source
code, we present an empirical study on the correlation of
code smells with class-level (micro pattern) and method-
level (nano-pattern) traceable patterns of code. Objective:
This study explores the relationship between code smells
and class-level and method-level structural code constructs.
Method: We extracted micro patterns at the class level and
nano-patterns at the method level from three versions of
Apache Tomcat and PersonalBlog and Roller from Stand-
ford SecuriBench and compared their distributions in code
smell versus non-code smell classes and methods.Result:
We found that DataManager, Record and Outline mi-
cro patterns are more frequent in classes having code smell
compared to non-code smell classes in the applications
we analyzed. localReader, localWriter, Switcher, and
ArrReader nano-patterns are more frequent in code smell
methods compared to the non-code smell methods. Conclu-
sion: We conclude that code smells are correlated with both
micro and nano-patterns.

1. Introduction

Software quality is crucial. Detecting and managing
code smells improves the quality and maintainability of
software systems [10, 12]. A code smell is a surface in-
dication that usually corresponds to a deeper problem in the
system [7]. This surface indication may be related to a code

∗zadiacodabux@ieee.org
†ks2190@msstate.edu
‡williams@cse.msstate.edu

or design problem that increases the difficulty of mainte-
nance. [6]. Various raw measures have been derived to as-
sess system characteristics such as lines of code, method
length, number of methods etc [11]. These types of mea-
sures have been evaluated to establish relative threshold val-
ues that are used with other metrics to define code smells.
Code smell detection tools are based on the evaluated met-
rics and established thresholds. A small change in thresh-
old values impacts code smell detection accuracy [5]. Code
smells can also be transitively related to each other [6].
Fontana et al. [4] also identified other relations among code
smells useful for detecting architectural degradation.

Research has been conducted on code smell detection
mechanisms, correlations among code smells, and code
smell fault proneness [9, 10, 12, 17, 18]. Fontana et al.
analyzed the dependencies between code smells and micro
patterns [5]. Micro patterns are class-level traceable pat-
terns that are defined using some formal conditions of the
structure of a Java class [8]. Gil et al. [8] developed the
concept of traceable patterns and defined 27 micro patterns
organized into 8 categories based on the structure of Java
classes. These studies were focused on improving software
quality by reducing the use of bug-prone micro patterns.
Fontana found that dependencies between code smells and
micro patterns can be used to improve code quality by de-
tecting code smells using micro pattern data [5]. Method-
level traceable patterns are called nano-patterns. Singer
et al. [16] listed 17 fundamental nano-patterns organized
into 4 groups. They applied their work to clustering and
categorizing Java methods based on the associated nano-
patterns. Deo et al. [2] found that some nano-patterns such
as localReader are highly present in defective methods.

Previous studies focused on finding correlations between
code smells and micro patterns. There are certain code
smells that are defined based on the methods in a class (e.g.,
feature envy, long parameter list). In this study, our goal is
to determine if correlations exist between code smells with
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both micro and nano-patterns. These patterns are defined
on class or method behavior and code smell occurs due to
the violation of fundamental design principles. Therefore,
correlating class and method-level structural and behavioral
information with code smell will strengthen code smell de-
tection and augment existing smells with pattern-based in-
formation. The motivation of this study is to pinpoint code
smells in Java classes and methods using their structural in-
formation. The patterns having high correlation with code
smells can later be used for code smell detection. Moreover,
developers will be guided about the use of patterns in code
for ensuring better code quality. Detecting code smells in
code provides a good indicator of the system’s design qual-
ity.

The contributions of this study are as follows:

• The results serve to create awareness among develop-
ers that using certain patterns can result in particular
code smells.

• This study present alternative approaches to identify-
ing code smells and other problematic areas in soft-
ware.

The paper is organized as follows: Section 2 discusses
the related work. Section 3 presents the methodology of our
work. Sections 4 presents the results from the experimen-
tal analysis and Section 5 discusses the results. Section 6
concludes the paper.

2. Related Work

Prior research focused on finding code smells using var-
ious threshold values for related metrics. The problems as-
sociated with interpreting these thresholds and setting val-
ues applicable to the system under evaluation greatly impact
code smell detection accuracy [1, 14]. In order to avoid
these problems, researchers examined ways to detect code
smells more accurately by correlating smells with other
constructs (including other code smells). Fontana [4] ex-
tracted relationships among code smells such as determin-
ing whether a code smell contains another code smell or if
a smelly method calls another smelly method. The authors
exploited these relations to tease out architectural anomalies
in a system. Other studies described different relationships
among code smells [6, 15]. Plain Support and Transitive
Support are two other types of code smell relationships [6].
Plain Support denotes the likelihood of the existence of one
code smell with the presence of another code smell. On the
other hand, Transitive Support is concerned with transitive
dependencies among three code smells [6].

There has also been research conducted on the relation-
ships between micro patterns and defects. Destefanis et al.
identified certain micro patterns that were more error-prone

than others and observed correlations between the patterns
and defects [3]. They also showed that the classes that do
not contain any micro pattern are more fault prone than
classes with micro patterns. In a study by [5], the authors
correlated code smells with micro patterns. They explored
how structural information can be exploited to detect code
smells and bad programming practices. They identified as-
sociations among code smells as well as between code smell
and micro patterns. Their study is helpful to expedite the
code smell detection mechanism as well as to remove dis-
crepancies or contradictions among different code smell de-
tection tools [5].

Although prior studies concentrated on the associations
among code smells and micro patterns, in this study we also
identify how code smells are correlated to method-level pat-
terns known as nano-patterns. This study results in a new
approach for code smell detection using nano-patterns. We
also examine correlations between class-level patterns and
code smells and compare our results with the previous work.

3. Methodology

This Section elaborates the goal of the study, the research
questions, the research approach, and study design.

3.1. Research Goal
The goal of the study is to determine if there exists a cor-

relation between code smells with micro patterns and nano-
patterns. This goal is addressed by the research questions
presented in the Section 3.2.

3.2. Research Questions
Research Question 1 (RQ1): How are code smells re-

lated to micro patterns?
The rationale behind this question is to understand if

micro patterns are distributed differently in classes having
code smells versus classes without code smells. Moreover,
we aim to find if there is a correlation between micro pat-
terns with different types of code smells. More specifically:

RQ1.1: How are micro patterns distributed in classes
containing code smells?

RQ1.2: Are micro patterns distributed differently in
classes with different types of code smells?

Research Question 2 (RQ2): How are code smells re-
lated to nano-patterns?

This question is similar to RQ1 except that this analy-
sis is at the method-level as nano-patterns are method-level
traceable patterns. More specifically:

RQ2.1: How are nano-patterns distributed in methods
having code smells?

RQ2.2: Are the nano-patterns distributed differently in
methods with different types of code smells?
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3.3. Study Design
The study was conducted using 3 versions of Apache

Tomcat along with PersonalBlog and Roller from Stanford
SecuriBench1. Apache Tomcat is a web application server
developed by the Apache Software Foundation2. The soft-
ware has about a half million lines of code with more than
3000 classes and 12,000 methods in each version. For our
study, we considered versions 6.0.45, 7.0.69 and 8.0.33
from the Apache Tomcat Archives3 (the last released ver-
sion for each major release during this study). Stanford Se-
curiBench is a set of Java open source real-life programs.
PersonalBlog is a personal blogging application. The soft-
ware has 38 classes and 275 methods. Roller is a blog server
consisting of 226 classes and 2136 methods. In this study,
we use the term “code smell classes” to describe the classes
where code smells are found and “non-code smell classes”
for the classes where no code smell is found.

3.4. Data Extraction
Step 1: Extract code smells: Next, we used Intooitus

inCode 4 to extract the code smells from the source code.
inCode follows Marinescu’s detection strategies to quantify
design problems [11] [13]. inCode tests for code smells that
are most commonly encountered in software projects. in-
Code extracts the following specific class-level code smells:
god class, data class and schizophrenic class and method-
level code smells: Data Clump, Duplication, Feature Envy.
We ran inCode on three versions of Apache Tomcat and the
two SecuriBench software.

Step 2: Extract micro patterns: The micro pattern tool
as described in [8] is interfaced via the command line and
accepts a class name or .jar file as input and extracts all
micro patterns identified in that class or classes in the jar
file. If a particular micro pattern exists in that class, the
respective entry is ‘1’ otherwise, it is ‘0’. We evaluated the
unique classes across three versions of Tomcat. For Tomcat,
we collected the micro pattern data for a total of 117 “code
smell classes” and 7848 “non-code smell classes”. For Per-
sonalBlog, we collected data for 9 “code smell classes”
and 28 “non-code smell classes”. For Roller, we collected
data for 33 “code smell classes” and 238 “non-code smell
classes”.

Step 3: Extract nano-patterns: The nano-pattern de-
tector detects nano-patterns in Java bytecode [16]. We mod-
ified the original version of the tool to provide input via
a ‘.properties’ file instead of command line arguments and
stored the results in a database [2]. For Tomcat, we col-
lected the nano-pattern data for a total 473 “code smell
methods” and 37226 “non-code smell methods”. For Roller,

1https://suif.stanford.edu/ livshits/securibench/intro.html
2http://tomcat.apache.org/
3http://archive.apache.org/dist/tomcat/
4https://www.intooitus.com,its evolution at http://www.aireviewer.com

we collected the nano-pattern data for a total 36 “code smell
methods” and 76218 “non-code smell methods”.

3.5. Data Analysis

Research Question 1 (RQ1): How are code smells re-
lated to micro patterns?

For RQ1.1, we calculated the percentage of each micro
pattern in code smell classes and non-code smell classes.
For example, in Tomcat there are 10 classes with the
Record micro pattern of the 117 total code smell classes.
This micro pattern exists in 8.55% of code smell classes.
For RQ1.2, we separated the classes affected by each type
of code smell: data class, schizophrenic class and god class.
We then computed the percentage of each micro pattern in
those classes. For example, in Tomcat we have 18 classes
with the Sink micro pattern out of total 35 classes reported
to contain the data class type of code smell. Therefore, we
can say the percentage of Sink micro pattern in data class
code smell classes is 51.4%.

Research Question 2 (RQ2): How are code smells re-
lated to nano-patterns?

For RQ2.1, we calculated the percentage of each nano-
pattern extracted from code smell methods as well as non-
code smell methods. For example, in Tomcat there were 192
methods havingObjCreator nano-pattern out of 473 meth-
ods having code smells. So 40.6% of the code smell meth-
ods have the ObjCreator nano-pattern. Regarding RQ2.2,
we separated the methods affected by the following types of
code smell: data clumps, duplication and feature envy. The
message chain code smell was not a very prominent smell
in the system methods and we did not perform any further
analysis on it. We then computed the percentage of each
nano-pattern in those methods. For example, in Tomcat we
have 242 methods having V oid nano-patterns out of 300
methods reported to have data clump code smell. Therefore,
we can deduce that the percentage of V oid nano-pattern in
data clump code smell is 80.7%.

For RQ1.1 and RQ2.1, we also performed a Chi-Square
Test of Independence to compare the difference in distri-
bution of micro patterns and nano-patterns across the code
smell classes and methods and non-code smell classes and
methods respectively. We formulated the following null hy-
potheses with the significance level α = 0.05.
H0 The distribution of micro patterns is independent of

code smell and non-code smell classes.
H0 The distribution of nano-patterns is independent of

code smell and non-code smell methods.
We performed separate Chi Square Tests for Indepen-

dence for the different types of micro patterns and nano-
patterns.
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4. Results

4.1. Research Question 1 (RQ1)
The test statistic for the chi-Square test of independence

involves comparing observed (sample data) and expected
frequencies. If the null hypothesis is confirmed, the ob-
served and expected frequencies will be close in value and
the chi-Square statistic will be close to zero. If the null hy-
pothesis is false, then the chi-Square statistic will be large.
For degrees of freedom of 1 and at 5% levels of signifi-
cance, the appropriate critical value is 3.84 and the decision
rule is as follows: Reject H0 if χ̃2 ≥ 3.84. We computed
the chi-square test statistic for each micro pattern and nano-
pattern. We reject the null hypothesis when the test statistics
for the micro patterns are greater than 3.84. We have statis-
tically significant evidence at α = 0.05 to show the distribu-
tion of these following micro patterns is not independent of
the code smell and non-code smell classes. We have sum-
marized our finding as follows:

• For Apache Tomcat, the micro patterns that are fre-
quent in code smell classes compared to the non-
code smell classes are DataManager, Record and
Outline.

• For PersonalBlog, the micro patterns that are frequent
in code smell classes compared to the non-code smell
classes are Immutable and Sink.

Our results on the relations between the different micro pat-
terns and the types of code smells as addressed by RQ1.2
are summarized as follows:
For Apache Tomcat,

• The micro patterns that are more frequent in the classes
having data class code smell are CompoundBox,
RestrictedCreation, CommonState, Sink,
Record, FunctionObject, Immutable, Extender,
DataManager, LimitedSelf .

• The micro patterns more frequent in the classes having
schizophrenic class code smell are CompoundBox,
Outline, PureType, StateMachine.

• The micro patterns more frequent in the classes having
god class code smell are Implementor, Overrider,
Stateless, Recursive, LimitedSelf .

For PersonalBlog,

• The micro patterns that are more frequent in the
classes having data class code smell are Sink and
Immutable.

The Roller application did not contain a significant number
of nano-patterns and was excluded from these results.

4.2. Research Question 2 (RQ2)
To address RQ2.1, we separated all the methods contain-

ing code smells and then found the nano-pattern distribu-
tion in those methods. We calculated the chi-square test
statistics for nano-patterns. We reject the null hypothesis
when the test statistics for the nano-patterns were greater
than 3.84. We have statistically significant evidence at α =
0.05 to show the distribution of the nano-patterns is not in-
dependent of the code smell and non-code smell methods.
We have summarized our findings as follows:

• For Apache Tomcat, the nano-patterns that are more
frequent in code smell methods compared to the non-
code smell methods are localWriter, Switcher and
ArrReader.

• For Roller, the nano-patterns that are more frequent in
code smell methods compared to the non-code smell
methods are localReader and localWriter.

Our results on the relation between different nano-patterns
and the three code smells as addressed by RQ2.2 are sum-
marized as follows:
For Apache Tomcat,

• The nano-patterns more frequent in the methods hav-
ing data clump code smell are V oid, LocalReader,
JdkClient and TailCaller.

• The nano-patterns more frequent in the methods hav-
ing duplication code smell are LocalReader,
LocalWriter, JdkClient and TailCaller.

• The nano-patterns more frequent in the meth-
ods having feature envy code smell are
objCreator, LocalReader, LocalWriter and
thisInstanceF ieldReader.

For Roller,

• The nano-patterns more frequent in the methods hav-
ing data clump code smell are LocalReader and
exceptions.

• The nano-patterns more frequent in the methods
having feature envy code smell are objCreator
andLocalWriter.

The PersonalBlog application did not contain a significant
number of nano-patterns and was excluded from these re-
sults.

5. Discussion
5.1. Code Smell and Micro Patterns

From Section 4.1, the micro patterns that are fre-
quent in code smell classes compared to the non-code
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smell classes are DataManager, Record and Outline.
Fontana [5] found that the Outline micro pattern often
results in SignificantDuplication code smell (Confi-
dence level=76%). We also found association of the set of
DataManager, Immutable and Extender with different
code smells at more than 60% confidence.

Data classes are classes which only contain fields, get-
ters / setters, or only public fields. DataManager is a
class where all methods are either setters or getters [8].
Record is a class in which all fields are public, no declared
methods. Sink is a class whose methods do not propa-
gate calls to any other class. An Immutable class is class
whose instance fields are only changed by its constructors.
According to 4.1, DataManager, Record, Sink, and
Immutable are among the micro patterns that are more
frequent in the classes having data class code smell. The
definition of these micro patterns support our finding re-
lating to their association with the data class code smell.
For example, Record classes contain public fields as data
classes do in some cases. As data classes contain only get-
ter or setter methods for finding or setting values to their
fields, they do not call other methods to serve any other
purpose. Similarly, Sink classes also do not allow its meth-
ods to call methods from other classes. Schizophrenic class
describes a class with a large and non-cohesive interface.
The lack of cohesion is revealed by several disjoint sets
of public methods that are used by disjoint sets of client
classes. The class with PureType pattern has nothing more
than four abstract methods which concrete subclasses must
override [8]. StateMachine pattern is an interface to de-
fine only parameter-less methods. Such an interface allows
client code to either query the state of the object or request
the object to change its state in some predefined manner [8].
Therefore, all these types of micro patterns can result in
non-cohesive interfaces. Implementor and Overrider
micro patterns are among the most frequent micro patterns
in the classes containing the god class code smell. God class
is an excessively complex class with non-cohesive func-
tionality and heavily manipulates data members from other
classes. Implementor is a concrete class, where all the
methods override inherited abstract methods. Overrider is
a class where all methods override inherited, non-abstract
methods [8]. The use of these patterns increases the possi-
bility of having non-cohesive environment.

5.2. Code Smells and nano-patterns
From Section 4.2, the nano-patterns that are more

frequent in code smell methods compared to the non-
code smell methods are localWriter, Switcher and
ArrReader. localWriter writes values of local variables
on the stack frame. ArrReader reads values from an ar-
ray and Switcher patterns are methods that contain switch
statements [16]. We found ArrReader to be a problematic

nano-pattern, and this result is in line with the findings of
Deo [2] which reported that methods with the ArrReader
nano-pattern are highly defect prone.

Data Clumps are large groups of parameters that ap-
pear together in the signature of many operations. The
nano-patterns that are more frequent in the methods con-
taining the data clump code smell are V oid, LocalReader,
JdkClient and TailCaller. V oid patterns are methods
that do not return a value. LocalReader reads values of
local variables on stack frame. JdkClient calls meth-
ods from the JDK standard library (java.*). TailCaller
contains method call followed immediately by return state-
ment [16]. Based on these observations, we can deduce that
methods with data clump code smells may not return any
value or return control to the calling function after execu-
tion. These methods interact and store local variables on
the stack. Code Duplication refers to groups of operations
which contain identical or slightly adapted code fragments.
By breaking the Don’t Repeat Yourself (DRY) rule, dupli-
cated code multiplies the maintenance effort, including the
management of changes and bug-fixes. Moreover, the code
base gets bloated. LocalReader, and LocalWriter nano-
patterns are among the more frequent patterns in the meth-
ods having the duplicated code smell. LocalWriter writes
values of local variables on stack frame [16]. LocalWriter
has been associated with high defect density [2] and an un-
desirable effect of code duplication is the introduction of
defects. JdkClient may call the same method multiple
times and this contributes to code duplication. Feature Envy
refers to an operation that is manipulating a lot of data ex-
ternal to its definition scope. In object-oriented code this
is a method that uses many data members from a few other
classes instead of using the data members of its definition
class. objCreator nano-pattern has been found as more
frequent in the methods having feature envy code smell.
objCreator creates new objects in a method and therefore,
its association with a method makes the method more asso-
ciated with other classes. objCreator has been associated
with high defect density as well [2].

6. Conclusion

This study represents preliminary data collection and
analysis to determine the relationship of code smells with
micro and nano-patterns. We analyzed how the micro pat-
terns and nano-patterns are distributed in code smell and
non-code smell classes. Our results can be used for identi-
fying micro patterns and nano-patterns causing code smells.
It can also help developers in avoiding the use of particular
micro and nano-patterns that often result in code smells. We
provided an indication of the most pertinent patterns to code
smells by doing a comparative analysis between code smell
and non-code smell classes and methods. This study pro-
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vides a basis for future work to determine the underlying
reason behind the significantly different distribution of pat-
terns in code smell vs non-code smell code. We also plan
to extend the study to other systems as well as use these
findings to create a prediction model for code smells using
traceable patterns.
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Abstract
Modularity in Object-Oriented (OO) applications has

been a major concern since the early years of OO pro-
gramming languages. Migrating existing OO applications
to Component-Based (CB) ones can contribute to improve
modularity, and therefore maintainability and reuse. In this
paper, we propose a method for source code transforma-
tion (refactoring) in order to perform this migration. This
method enhances decoupling by considering that some de-
pendencies between classes should be set through abstract
types (interfaces) like in CB applications. In addition, some
anticipated instantiations of these classes “buried” in the
source code are extracted and replaced by declarative state-
ments (like connectors in CB applications) which are pro-
cessed by a dependency injection mechanism. For doing so,
a set of ”Bad Smells”, i.e., modularity-violating symptoms,
has been defined. These are first detected in the source code.
Then, some refactoring operations are applied for their
elimination. An implementation of the method was success-
fully experimented on a set of open source Java projects.
The results of this experimentation are reported in this pa-
per.

1 Introduction
Modularity is a fundamental principle in software engi-

neering, considered as an internal quality attribute that in-
fluences external quality attributes, such as maintainability
and reuse [7]. A well-modularized system allows collabo-
rative development of different parts (modules) of the same
system by different developers. It also enables the substi-
tution or debugging of a module without affecting other
modules and the reuse of existing modules in different con-
texts. Many existing (especially, business) software sys-
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tems are built using the Object-Oriented (OO) development
paradigm. However, many of these systems, especially
large ones, are characterized by a high degree of coupling
between their elements [13], which makes them difficult
to maintain and reuse. Conversly, Component-Based (CB)
paradigm has been recognized as an approach that empha-
sizes software modularity and reuse [4]. Therefore, it would
be interesting to migrate OO systems into CB ones. This
migration enables to benefit from CB development charac-
teristics, in particular, decoupling and instantiation unantic-
ipation [6].

Existing works that propose migration solutions [2, 3]
consider that the modularity and reuse unit, i.e. the compo-
nent, is a group of classes, called a cluster. In these works,
if a user wants to develop a new application by reusing an
independent class or subset of classes in a cluster, it is re-
quired to reuse the entire component. To the best of our
knowledge, no solution proposes refactoring classes indi-
vidually to make them component descriptors. In this pa-
per, we propose a migration solution that considers each
class in an OO application as a component descriptor in
a target CB application. This solution follows two steps.
The aim of the first step is to detect bad smells (modularity-
violating symptoms), i.e. decoupling and unanticipation vi-
olation (presented in Section 2). The second step allows the
elimination of these bad smells by automatically applying a
composition of code refactoring operations (Section 3).

Section 4 discusses the results of an experimentation
of this solution conducted on a set of open source Java
projects. Section 5 surveys related works and Section 6 con-
cludes the paper and presents future works.

2 Decoupling and Instantiation Unanticipa-
tion violation

While code decoupling and instantiation unanticipation
principles are fundamental, they are not necessarily always
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respected in existing OO applications. Therefore, it is nec-
essary to identify the symptoms of their violation in an ex-
isting OO code to enable their detection and elimintation.

2.1 Decoupling Violation
In CB programming, code decoupling means that com-

ponents are assumed to communicate only through their in-
terfaces/ports. Therefore, a component has not a direct ac-
cess to a component with which it interacts. To have this
decoupling in OO applications, assuming that each class
will correspond to a component descriptor, each class must,
for example, expose all its public methods in abstract types
(provided interfaces). Then, other classes that use these
methods should declare their dependence on these abstract
types, which become their required interfaces.

However, most existing OO applications have multiple
dependencies between their different classes (direct con-
crete types) for a cooperative business processing. In partic-
ular, it is possible for a field or a parameter to be typed with
a concrete class of the application. These situations lead to
code decoupling violation.

To deal with decoupling violation, we consider the two
bad smells: “Absence or Incompleteness of Provided Inter-
faces” (AIPI) and “Absence of Required Interfaces” (ARI).
AIPI symptoms are identified when: 1) a class defines a
public non-static method1 not declared in the interfaces im-
plemented by this class (or no interface is implemented by
this class), 2) a class declares public fields or fields with
no explicit visibility modifier, and 3) a class declares global
constants. ARI symptoms are identified when a class de-
clares fields with a concrete class type2.

2.2 Instantiation Unanticipation Violation
In CB applications, instantiation unanticipation means

that the implementation of a component does not include a
connection to another given component, i.e. an instantiation
of a class which is another component descriptor. In fact,
a component requiring a service can be connected to any
other component providing such a service. This connec-
tion should be established only by a third party, who is the
developer of the application/component that uses the two
components to be connected. To comply with this connec-
tion fashion in OO applications, constructor calls should not
be used. Instead, declarative annotations should be defined;
these are processed by a (dependency injection) mechanism
that manages instances at runtime.

To deal with instantiation unanticipation violation, we
consider the bad smell of type EAI (Existence of Antici-
pated Instantiations). EAI symptoms are identified when
a reference to a created object 1) is stored in a field/local
variable, 2) is a returned value of a method, or 3) is an ar-
gument of a method invocation. In the present work, we

1Methods of the language’s standard API are ignored.
2Fields whose types are defined in a library are ignored.

consider that these instantiations are not surrounded by a
control flow statement.

The detection of decoupling and instantiation unantici-
pation violations in an OO application is done by a (“control
flow”-insensitive) static analysis of its source code.
3 Refactoring Operations

This section presents a set of refactoring operations to
correct bad smells introduced in the previous section. Ta-
ble 1 gives an overview of these operations and, for each
one, the treated symptom, bad smell.

Table 1: Refactoring Operations
Symptom Operation
Public fields or fields with no
explicit visibility modifier Change visibilities

Global constants Move declarations
Public non-static methods not
exposed in interfaces Expose methods

Fields typed with concrete
classes Create required interfaces

Anticipated instantiations Use dependency injection

Changing the visibility of a field This operation con-
siders the AIPI symptom when a class field is public or has
no explicit visibility modifier, i.e., has the package default
visibility for Java, for example. In this case, the field visi-
bility is simply changed to private, and a pair of setter/getter
methods is inserted to acces this field (only a getter method
in the case of a public final field). The resulted methods
will be exposed via interfaces as explained through the next
refactoring operation.

Exposing Methods through Interfaces
This type of refactoring deals with the AIPI symptom

when a class A defines a public non-static method m and its
declaration does not exist in any interface. The idea here is
to add this declaration to an interface I . This (changed) in-
terface should not be implemented by any other class. Oth-
erwise, i.e., when all the interfaces implemented by A are
also implemented by other classes, a new interface I ′ is cre-
ated and m’s signature is added to it.

We take into consideration the particular case where we
distribute the exposed methods on several interfaces. We
calculate LCOM (Lack of Cohesion of Methods) metric to
evaluate the cohesion of each signature added to an interface
and the other existing methods in this interface.

Someone can find that the use of Default Methods in Java
8 can be useful to eliminate this type of modularity viola-
tion. But the idea here consists in exposing only the decla-
rations of methods not their implementations.

Moving a Constant Declaration
To deal with a global constant declaration (AIPI symp-

tom type), we move this declaration to one of the interfaces
implemented by the class declaring the constant. We create
a new interface or use one from the resulted ones after the
application of the previous refactoring operation.

Creating Required Interfaces
This refactoring is used when a field is typed with a con-

crete class A. It consists of the following steps: search all
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invocations to external methods whose receiver is saved in
the considered field, collect the signatures of these methods,
create a new interface (considered as the required interface),
add signatures to this interface and replace the type of the
field by the newly created interface. The last step consists of
adding inheritance links between the required interface and
the provided interfaces implemented by A (the provided in-
terface extends the required interface). The class’ required
interfaces will be as many as the number of concrete classes
used as types for its fields. However a single required inter-
face is created for two fields with the same type. By apply-
ing this type of refactoring and the former ones, the required
and provided interfaces are henceforth defined explicitly in
the source code.

Using Dependency Injection
In Dependency injection (DI), a (client) class does not

depend on a specific implementation (concrete class). The
implementation class is instantiated and injected at runtime
by an object container, such as Spring’s one3.

The first case that we deal with is the one where an in-
stantiation is made inside a method/constructor, the refer-
ence to the created instance is stored in a field, and the in-
stantiation does not take any argument or it takes attain-
able ones (arguments whose values can be calculated by
a static analysis). Its refactoring is done through the fol-
lowing steps: save the arguments of the constructor call if
any, delete the instantiation statement from the method/con-
structor body, replace it by an annotation used by the used
DI framework. For example, the @Autowired annotation is
used on fields in Spring (the field must be non-final). The
annotation @Autowired enables the automatic dependency
injection based on the type.

The second case that is treated is the one where an instan-
tiation is made inside a method/constructor and the obtained
reference is stored in a local variable. As in the previous
case, we suppose that the constructor call does not take any
argument or take attainable ones. This local variable is re-
moved from the method body and turned into a private field
of the class (this refactoring, transforming a local variable
to a field, is failure-safe as it has been experimented in the
literature [9]). This field will be treated following the pre-
vious case. Renaming this local variable, before moving it,
could be another additional refactoring.

In contrast to the previous case, since what is trans-
formed is a local variable and not a field, we use here a
lazy initialized DI so that the created field is injected when
it is first requested (during the execution of the method/con-
structor where it was originally declared as a local variable),
rather than at startup.

The last case is where instances’ references are stored in
fields/local-variables while using non-literal values as argu-
ments in their instantiation. To deal with this case, first, a

3https://spring.io/

new “default” constructor is created in the instantiated class,
and the initial constructor call, in the instantiation, is re-
placed by this new constructor call. Then, a new method
that contains exactly what the initial constructor contains
is added to the instantiated class. Finally, the instantiation
statement is treated following one of the two previous cases,
and an invocation statement of the new method is added to
the instantiating class.

Anonymous object instantiations, i.e., instantiations
which play the role of arguments in method invocations or
returned values, for instance, are considered the same as in-
stantiations made as right-hand-side expressions of assign-
ments to local variables. They are processed following the
same procedure than the two previous cases.

4 Experiments
We have implemented the described approach4 using

Spoon5, an open-source library for Java source code anal-
ysis and transformation. We conducted some experiments
to evaluate the truthfulness of the stated hypothesis of mi-
grating OO applications into CB ones in order to improve
their maintainability and reusability quality characteristics.
These experiments were conducted to answer the following
research questions:

1. What is the efficiency (precision) of the detection
phase?

2. To what extent does the proposed approach improve
software maintainability?

3. To what extent does the proposed approach improve
reusability?

4.1 Used Data & Metrics
For our study, the latest versions of four open source Java

projects were used. Table 2 provides a brief description of
these projects, which are of different sizes, varying from 5
to 23 KLOC, 50 to 214 concrete types and 1 to 36 abstract
types, and developed by different teams to avoid the influ-
ence of development team habits on the results.

Table 2: Data collection
System Description LOC

No interfaces +
Abstract classes No classes

Jasml-0.10 Java classes visualization tool 5732 1 + 0 50
CoCoME Commercial application 5779 21 + 0 99

FreeCS-1.3 Chat server 23012 17 + 6 139
Log4j-1.2.17 A Logging API 20129 20 + 16 214

The first research question deals with measuring the ef-
ficiency of the detection phase. To answer this question,
we measured precision, a well-known metric in informa-
tion retrieval. Precision assesses the ratio of true smells to
all smells detected by our approach. To obtain the set of
relevant smells (that should be identified by any smells de-
tection approach), we analysed the four projects manually.

To answer the second research question, we used the
Maitainability Index (MI) metric that measures the main-
tainability of a software system, and which was successfully

4https://cloud.lirmm.fr/index.php/s/QXEV11bUGvYz1Ss
5http://spoon.gforge.inria.fr/
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Table 3: Detected smells (In each row, M = results of Manual analysis; A = results of Automatic analysis).

System
Public & package
fields/All fields

Public non-static methods not
exposed / All public non-static
methods

Fields of concrete class type Instantiations that can be
injected/All instantiations Average

Jasml-0.10
M 420/487 48/49 26 41/67
A 447/487 49/49 27 46/67

Precision 93.96% 97.96% 96.29% 89.13% 94.33%

CoCoME
M 32/285 221/338 25 82/106
A 34/285 223/338 29 85/106

Precision 94.11% 99.1% 86.20% 96.47% 93.97%

FreeCS-1.3
M 380/888 571/926 83 79/299
A 402/888 837/926 88 86/299

Precision 94.52% 68.22% 94.31% 91.86% 87.23%

Log4j-1.2.17
M 365/910 750/1015 150 105/246
A 370/910 753/1015 167 133/246

Precision 98.65% 99.6% 89.82% 78.95% 91.75%

used in many recent works, such as [5]. High MI values in-
dicate that the system is easy to maintain. MI is calculated
using the following formula:

MI1 = 171 - 5.2ln(V) - 0.23*C- 16.2ln(LOC) + (50 *
sin(sqrt(2.46*NOLComments))

V is the Halstead’s volume [1], which is a measure of
the mental effort required to develop or maintain a program
based on its length, number of operators and operands. C
is the cyclomatic complexity value; LOC is the number of
lines of code and NOLComments is the number of lines of
comments. In the case of systems which do not have con-
siderable comments, the above formula can be simplified to
omit the involvement of NOLComments. For our study, the
tool used to calculate the MI value is JHawk6.

During software development, programers often reuse
existing APIs to write client code. This requires the reuse
of all API’s classes even if the client application uses only a
small fraction of this API. By answering the third research
question, we want to validate the assumption that our ap-
proach allows shrinking API classes by keeping only the
used classes and discarding the other ones, resulting in a re-
duction of API size in memory. To do this, we used Log4j as
an API, on which our approach was applied, and collected
four client applications from sourceforge.net that use this
API (jdbcLogDriver, VaadingLog4j, Jag and Marauroa), in
addition to CoCoME7 which also uses Log4j. The sizes of
these applications range from 8 to 190 classes.

4.2 Protocol & Results
Research Question 1 (efficiency of detection): We asked

four master students and one Ph.D. candidate, who were not
involved in this work before, to analyse the source code of
these systems manually. We gave the Jasml and CoCoMe
systems to the two master students. We asked the other
two master students to divide the FreeCS system and each
of them analyzed half of the packages. The Ph.D. student
was assigned to analyse the Log4j system. The five students
used, as a reference specification, a detailed description of
the bad smells we wrote. They produced Excel files contain-
ing the number of occurrences of each bad smell for each

6http://www.virtualmachinery.com/index.htm
7http://www.cocome.org/

Table 4: MI values before and after applying the refactoring
System MI before MI after Improvement factor

Jasml-0.10 125.49 147.95 1.17
CoCoME 125.12 161.64 1.29

FreeCS-1.3 110.21 120.89 1.09
Log4j-1.2.17 114.52 122.68 1.07

class and the total number of smells in the entire project.
We report the results of the detection phase in Table 3. It
provides for the four systems the number of existing smells,
the result of manual analysis (M) in the first line of each
row, the smells detected by our implementation (A for auto-
matic) in the second line, and the precision in the third line.
Table 3 shows that a large percentage of the results obtained
with our approach are validated manually (from 87.23% in
average for FreeCS to 94.33% for Jasml). Recall was not
measured because in the analyzed applications, there are no
false negatives: defaults which are detected manually (rele-
vant) and not detected (retrieved) with our process.

Research Question 2 (improvement in maintainability):
We have calculated the aforementioned formula for each
class of the analyzed applications. Table 4 shows the MI
scores before and after applying the approach on the four
projects. MI represents the average of the classes’ MI value.

From the results of Table 4, we can observe that MI is
improved, with an improvement factor that ranges between
1.07 and 1.29, in the resulting systems after applying the
approach. The improvement in maintainability, according
to this metric, is not an insignificant score, regarding the
size of these systems. Then, in order to check if during the
evolution of a single system, the proposed refactorings keep
stable this improvement in maintainability, we evaluated MI
for six versions of Log4j API, which where developed over
a period of 17 years.

The MI values for the six versions before and after apply-
ing the proposed refactorings are depicted in Table 5. From
this table, we can see that there is an increase in MI values
of Log4j, before applying our approach, in all the analyzed
versions. This is justified by the fact that from a version
to another, new functionalities are added to the system or
bugs are corrected, but developers of this system pay atten-
tion to its maintainability. As an example of modifications
that have been performed in version 1.0.4 and contributed
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to improve the maintainability of version 1.1.3: FileAppen-
der class from org.apache.log4j package has been splitted
into three classes (ConsoleAppender, WriterAppender and
FileAppender) and the MI value for this class passed from
120.47 to 122.75 (the average MI for the three new classes).

Table 5: MI values of Log4j versions
Version # Classes MI before MI after Imp. factor

1.0.4 146 111.31 121.59 1.09
1.1.3 162 112.25 122.47 1.09
1.2.1 179 114.81 120.66 1.05
2.0 87 116.08 119.64 1.03
2.4 112 117.66 121.56 1.03
2.8 172 118 121.16 1.02

As we can observe, in all the versions, the maintainabil-
ity is improved. However, the improvement is greater in
the first versions. This is explained by the fact that start-
ing from the (major) version 2.0, the structure of Log4j has
completely changed, and its maintanability was substan-
tially improved. In the following versions, the system keeps
a good MI score, even if this is slightly improved by our
refactorings. This shows that our refactorings give better
results on old legacy systems, compared to new, potentially
refactored, ones.

In the following paragraphs, we report on a case study
we have conducted in order to evaluate the benefits brought
by the proposed approach on the maintenance effort in API
migration. API migration is a kind of software adaptation,
and is part of the software maintenace activities. The effort
in API migration is measured in this case study in terms of
the number of tokens in the modified lines of code in a client
application. The two APIs (source and target) of our study
are XOM 8 and JDOM 9 which are XML document manip-
ulation APIs. We performed an API migration, from XOM
to JDOM, of a client application named SleepXomXML 10.
Measurements have been made before and after applying
our approach on this application and for the two APIs.

Table 6: API migration results
SleepXOMXML Refactored SleepXOMXML
XOM JDOM Refact. XOM Refact. JDOM

Number of tokens
in modified lines 254 600 269 380

Difference 346 111

The results of this case study are shown in Table 6. In
this table, we can see the number of tokens in the lines of
code that have been adapted in the version of the client ap-
plication, before its refactoring using our approach: 254 to-
kens. The number of these tokens in the new code (after its
migration to JDOM) become 600 (third column). (Differ-
ence = 346 tokens.) When considering the application after
its refactoring with our approach, the number of tokens in
the modified lines is slightly more, 269. But the number
of tokens in the new code became much less, 380. We can
deduce from the table that in this case study, the difference

8http://www.xom.nu/
9http://www.jdom.org/

10http://altsol.gr/sleepxomxml/

in the number of tokens has been reduced by more than 3
times (from 346 to 111).

Research Question 3 (improvement in reusability:) To
determine which classes are really used by the Log4j client
applications, we analysed these applications’s source code
manually. Table 7 shows the result of this analysis.

The first column presents the number of classes/inter-
faces used directly in the client source code. Both Co-
CoME and jdbcLogDriver use only one class which is Log-
ger. VaadingLog4j uses three classes (Category, Priority
and LoggingEvent) and Marauroa uses two interfaces (Ap-
pender and LoggerRepository) and seven classes. These di-
rectly used classes/interfaces have dependencies with other
classes/interfaces of Log4j. Their number is depicted in the
second column. The proportion of the API used code is
70% for jdbcLogDriver, VaadingLog4j, Marauroa and Co-
CoME (the same classes/interfaces are used by these client
apps). Jag uses directly only one class, LogLevel. This is
explained by the fact that Jag uses another logging imple-
mentation which is Apache Commons Logging.

In terms of memory usage, the Log4j API size is 1.3 MB.
By applying our approach and keeping only the used class-
es/interfaces by the client applications, this size can be re-
duced to 0.7 MB for jdbcLogDriver, VaadingLog4j, Marau-
roa and CoCoME and 8KB for Jag.

4.3 Threats to validity
The obtained results in the detection phase depend on the

specification of the bad smells and on the profile of students.
We tried to be as accurate as possible in the description of
smells and we have chosen students who have some expe-
rience in Java programming. Another aspect can biais the
results and is related to the number of persons involved in
the experiments: one student was assigned to one system or
to a part of a system. Several persons should be assigned
per system to have more accurate results. To mitigate this
risk, we gave these students large periods of time (2 weeks
in average) to carefully check the smells; and asked them to
analyse each class individually and indicate the time spent
on that class. The individual results can be checked in the
previous repository.

Besides, we tried to collect systems of different sizes and
developped by different teams to diversify the data. It is sure
that with a larger set of systems we may obtain more precise
results. However, since the results were all positive with the
four studied systems, which vary in size, our intuition, on
the interest of transforming OO code into CB one using the
proposed refactoring operations, is strengthened.

5 Related Works
Allier et al [2] proposed a method to automate the pro-

cess of migrating OO Java applications into CB OSGi ones.
This method makes component interfaces operational by the
use of two design patterns: Adapter and Façade. In another
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Table 7: Number of used classes/interfaces in Log4j

Client applications API’s directly used types
(classes + interfaces/abstract classes)

API’s indirectly used types
(classes + interfaces/abstract classes) API (classes + interfaces/abstract classes)

jdbcLogDriver 1 145 + 28

214 + 36
VaadingLog4j 3 143 + 28

Jag 1 1
Marauroa 7 + 2 137 + 28
CoCoME 1 145 + 28

work, Alshara et al [3] proposed another approach to auto-
matically transform Java applications into OSGi ones. This
approach takes as input a Java application and the descrip-
tion of its CB architecture. Then, the code transformation
consists of replacing the dependencies (inheritance and in-
stantiation) between classes belonging to different clusters
(components) by interactions via interfaces. Shatnawi et
al [12] proposed an approach that aims at recovering soft-
ware components from OO APIs. In this approach, groups
of API classes that are able to form components are iden-
tified. This identification is based on the probability of
classes to be reused together by clients, and the structural
and behavioral dependencies among classes.

In these works, the modularity unit, and therefore the
reusability unit, is a group of classes (a cluster). If a user
wants to develop a new application using an independent
class or a subset of classes in a cluster, she/he is obliged to
reuse the entire component. To optimize the level of reuse,
we defend here the idea of refactoring the classes individu-
ally, to make them component descriptors.

In [8], Fowler defined 22 refactorings for Java programs
and initially introduced the concept of bad smells in code as
an indicator when (and where) to apply refactorings. Shah
et al [11] proposed an algorithm that uses various refac-
toring techniques to automatically remove unwanted de-
pendencies in Java programs. This algorithm is designed
to eliminate modularity defects represented by four types
of anti-patterns: circular dependencies between packages,
subtypes knowledge, abstraction without decoupling and
degenerated inheritance. They classified dependencies be-
tween classes in four categories and for each category they
specified a refactoring operation. For decoupling classes
using interfaces, Steimann et al [13] proposed a fully au-
tomated refactoring approach for the introduction of new
interfaces. This refactoring calculates from variable decala-
rations, the minimal types (interfaces), containing all the
method declarations needed from the chosen reference and
all other references it gets possibly assigned to.

These works share the same goal, which is improving the
modularity of an application. Our method has the same goal
but with another requirement which is having at the end of
the process a class that complies with a component descrip-
tor, in which the decoupling is “pushed further”, through
the declaration of dependencies as abstract types only, and
via instantiation unanticipation.

6 Conclusion and Futur Work
In this paper, we presented a method for improving the

modularity of object-oriented source code, by focusing on
what component-based development brought to program-
ming, i.e. decoupling and instantiation unanticipation. Our
method was experimented on a set of Java projects to eval-
uate its efficiency in the detection of modularity viola-
tions, and the improvement it brings to maintainability and
reusablity. The results of this experimentation showed that
there is a potential in using the proposed process in migrat-
ing existing legacy OO applications.

As a future work, we plan to perform our analysis on a
larger set of applications (with larger sizes). In addition, we
envisage to take into consideration other OO mechanisms,
like inheritance (by replacing inheritance by delegation like
in [10]) and instantiation in nested classes, which bring new
instances of bad smells in the analyzed projects. From a
tool-support point of view, we project to integrate our solu-
tion to the Eclipse IDE as a monolithic refactoring operation
and experiment its usability.
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Abstract

Delphi is a source-code analysis and manipulation
system being developed to analyze and transform
Bricklayer programs. The information obtained from
Delphi analysis can be used to generate problem-
specific text in the form of a mini-lecture. This
opens the door to the automated integration of such
texts with commercial animation software and text-
to-speech (TTS) tools. The result is a scalable infras-
tructure capable of providing formative feedback to
students in the form of an animated cartoon whose
information is personalized (e.g. male/female actors,
use of slang and dialects) and problem-specific. This
feedback can be provided in a timely fashion and can
ease technical burdens on educators that teach coding
across the K-12 spectrum.

1 Introduction

This paper debuts Delphi, a source-code analysis sys-
tem we are developing for analyzing Bricklayer pro-
grams. Within the Delphi infrastructure, it is possi-
ble to perform a wide range of customized analysis.

The information obtained from such analysis can be
used to generate problem-specific text in the form of
a mini-lecture. This opens the door to the integra-
tion of such texts with commercial animation soft-
ware and text-to-speech tools. The result is a system
which provides formative feedback to students in the
form of an animated cartoon whose information is
personalized. Formative feedback is defined as “infor-
mation communicated to the learner that is intended
to modify his or her thinking or behavior to improve
learning” [2].

The rest of the paper is organized as follows: Sec-
tion 2 gives an overview of related work. Sections 3
and 4 give brief overviews of the Bricklayer ecosystem
and Delphi respectively. Section 5 gives an example
showing how Delphi can be used to provide animated
formative feedback for pixel art artifacts constructed
in Bricklayer. Section 6 looks towards the future and
describes the kinds of analysis that is possible using
Delphi, and Section 7 concludes.
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2 Related Work

A literature review paper written by Keuning et. al
focuses on tools that provide automated feedback for
programming exercises [1]. They report on 69 feed-
back generation tools. A finding of their review is
that tools (1) generally do not “give feedback on fix-
ing problems and taking a next step”, and (2) cannot
easily be adapted to specific needs of teachers. Delphi
can address both of these concerns.

3 Overview of the Bricklayer
Ecosystem

Bricklayer [5] is an online educational ecosystem de-
signed in accordance with a “low-threshold infinite-
ceiling” philosophy. Its purpose is to teach coding to
people of all ages and coding backgrounds. A signif-
icant portion of the Bricklayer ecosystem has been
developed specifically to help novices, especially pri-
mary school children, learn how to code. When ex-
ecuted, Bricklayer programs can produce LEGO R©
artifacts, Minecraft artifacts, as well as artifacts suit-
able for 3D printing. Bricklayer resides in a domain
in which there is a strong connection between math,
art, and computer science. The Bricklayer ecosystem
is freely-available and can be found at:

http://bricklayer.org

Bricklayer programs are written in the functional
programming language SML. Graphical capabilities
are provided by the Bricklayer library. The output of
Bricklayer programs are files which are input to third-
party tools which include: LEGO R© Digital Designer
(LDD), LDraw, Minecraft, and STL viewers such as
3D Builder.

Bricklayer programs can also be developed using a
block-based editor called bricklayer-lite. Bricklayer-
lite is built using Google Blockly. A noteworthy ca-
pability of bricklayer-lite is that, in addition to pro-
ducing a Bricklayer (graphical) artifact, the execu-
tion of a bricklayer-lite program will produce a well-
formed and well-formatted Bricklayer program text
which can be executed outside of the bricklayer-lite
framework.

4 Delphi

Delphi is a source-code analysis tool that is being
developed for Bricklayer. From an implementation
standpoint, Delphi represents a non-trivial extension
of the TL system (a general-purpose program trans-
formation system) specialized to the domain of Brick-
layer. The TL system [6][3] is a powerful and mature
meta-programming system which has been used to
develop tools for a variety of domains including: (1)
a source-code analysis system for Java, (2) a com-
piler for an architecture independent microprogram-
ming language, (3) compiler optimizations, and (4)
automated test generators.

One of the primary design goals of Delphi is to pro-
vide a tool facilitating specification of custom analy-
sis rules (e.g., domain specific or even problem spe-
cific analysis rules).

The basic capabilities of Delphi include depen-
dency analysis as well as standard syntax-driven met-
rics such as source lines of code (SLOC) as well as
metrics relating to the use of various programming
language constructs (e.g., conditional expressions and
curried function declarations).

5 An Example of Animated
Formative Feedback

A very engaging and artistic activity in Bricklayer in-
volves the creation of pixel art – an example of which
is shown in Figure 1. This activity centers on the
translation of pixel art images into Bricklayer code.
Pixel art projects can be individual or group oriented
and the choices of what pixel art image to code are
enormous. Pixel art images found on the web range
from very simple to extremely complex.

Given an assignment to “code up” a pixel art im-
age, a student has a wide range of options. This
enables the selection of images that have special in-
terest or meaning to the coder. The selection process
is also influenced by an assessment of the complexity
of the image as well as a self assessment of the ability
of the individual.

It is not uncommon for a student to employ a
greedy algorithm when coding a pixel art artifact.
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Figure 1: An example of a pixel art artifact created
by an elementary school student.

When using such an algorithm one strives to place as
many large bricks as possible and then places smaller
bricks and so on. This approach can minimize the
number of function calls in the source code. How-
ever, our experiences in working with student coding
pixel art have led us to believe that the complexity
of the boundary between the portion of the pixel art
image that has been completed and the portion that
remains to be completed becomes intellectually un-
manageable when using a greedy algorithm. Though
our results are anecdotal in nature, we have found
that, due to its high cognitive load, a greedy algo-
rithm for coding pixel art is fairly unreliable and, in
the end, extremely labor intensive.

5.1 A Row-Major Algorithm

The most effective way to code pixel art is “one row/-
column at a time”. You code a row, run the code,
validate that the row you coded is correct, and then
move on and code the next row. We refer to such a
construction algorithm as a row-major algorithm.

Bricklayer currently has five coding levels. Each
level has greater expressive powers than the level that
precedes it. Coding levels 1 and 2 only provide a
standard set of brick shapes and colors for coding in

the xz-plane. In particular, when subjected to the
constraints imposed by a row-major algorithm, only
2×1 and 1×1 bricks are available for use. In levels 1
through 4, such bricks are placed using put function
calls.

In order to be minimal, a program (i.e., code)
implementing a row-major algorithm must satisfy a
number of properties. First, the sequence of coordi-
nates as which bricks are placed must satisfy a row-
major order. Let (xi, zi) and (xj , zj) denote the co-
ordinates of two put function calls, where a brick is
placed at (xi, zi) before (xj , zj). To satisfy row-major
order, zi < zj ∨ (zi = zj ∧ xi < xj).

A minimal program may not contain any brick col-
lisions. A collision occurs when two or more put func-
tion calls place a brick in the same cell. In this case,
Bricklayer’s default behavior is to overwrite the con-
tents of the cell according to the most recent put
function call (i.e., the last brick you place is what
you will see).

A minimal program should not be locally compress-
ible. For example, two put function calls that place
1×1 blue bricks adjacent to one another should be
replaced by a single put function call that places a
2×1 blue brick.

5.2 About Delphi Analysis

Through the use of 22 rules, Delphi is able to
transform any input program pin that creates a
2-dimensional artifact into a corresponding output
program pout such that (1) pout constructs the 2-
dimensional artifact according to a row-major algo-
rithm, and (2) pout is minimal according to the defi-
nition given above. During this program transforma-
tion, Delphi also records, in a database, which trans-
formation rules are used as well as how they are used.
The information stored in this database is then used
to generate a natural language report describing the
modifications that need to be performed in order to
make the pin compliant with a row-major algorithm.
Figure 2 describes two of the rules used by Delphi.

Delphi is able to analyze and transform the con-
tents of file hierarchies (e.g., hundreds of Bricklayer
programs) at the touch of a single button. For each
program that is processed a resulting text can be pro-
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Condition Action Rationale

1. Two put function calls place
bricks of the same color at
adjacent coordinates (e.g.,
(0,0) and (1,0)).

2. The first put function call
places a 2×1 brick and
the second put function call
places a 1×1 brick.

The second put function
call can be removed.

The 1×1 brick placed by the second func-
tion call will overwrite the brick placed
by the first put function call. However,
since both put functions place the same
color brick no visible change will occur as
a result of the second put function call.
Therefore, the second put function call
can be removed without changing the ap-
pearance of the artifact.

1. In a sequence consisting of
three put function calls, the
first two put function calls
place bricks of different col-
ors at the same coordinate.
Let (x, z) denote this coordi-
nate.

2. The first put function call
places a 2×1 brick, and
the second put function call
places a 1×1 brick.

3. The third put function call
places a 2×1 brick at the co-
ordinate (x + 2, z).

Modify the first put func-
tion call so that it places
a 1x1 brick at the co-
ordinate (x + 1, z), and
then lexically commute
the first and second put
function calls (i.e., posi-
tion the modified (previ-
ously) first function call
after the second function
call).

The first put function call places a 2×1
brick which will occupy cells (x, z) and
(x + 1, z). In contrast, second put func-
tion call places a 1×1 brick which will only
occupy the cell (x, z). Since the bricks
placed by the first two put function calls
have different colors the bricks at (x, z)
and (x + 1, z) will have different colors.
Furthermore, the third put function call
places a 2×1 brick so its shape cannot
be increased. Thus, the first put function
call must be modified so that is places a
1×1 brick at (x+ 1, z). The first and sec-
ond put function calls must then be com-
muted in order for the coordinates asso-
ciated with put function calls to conform
to a row-major order.

Figure 2: Descriptions of some rules used by Delphi.

duced explaining, at a level deemed appropriate for
the author of the code, the changes that would need
to be made in order to place the Bricklayer program
under consideration into row-major form. This text
can then be given as input to a text-to-speech (TTS)
translator and the result can be given as input to an
animation program.

Figure 3 shows a screenshot of a video created in
CrazyTalk in the manner just described: The dia-
log was produced automatically using Delphi. This
was then copy-and-pasted into the text-to-speech

(TTS) translator for CrazyTalk. The animations
were hand made, but used canned motions provided
by CrazyTalk. The images of the Bricklayer program
were constructed by hand as was the rendering of the
artifact. Though the creation of this demonstration
involved manual steps, in the future, animation tools,
such as CrazyTalk, could be parameterized on such
inputs. The result would be a system where the pro-
duction of such custom videos would be completely
automatic.
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Watch the video at: https://www.youtube.com/watch?v=o6aoW5rgOhU&feature=youtu.be

A sample of a dialog generated by Delphi

The artifact created by the Bricklayer program in the file called panda.bl is not constructed according to a
row-major algorithm. Not to worry, I will tell you how you can change your program so that it conforms to a
row-major algorithm. The 1-by-1 brick created by the function call on line number 78 is overwritten by the
function call that follows it. Therefore, it can be removed without changing the appearance of your artifact.
Your program contains a pair of function calls that put a 2-by-1 brick and a 1-by-1 brick, having different
colors, at coordinates whose x-value differ by 1. The function-call at line number 85 can be changed so that
it puts a 1-by-1 brick instead of a 2-by-1 brick.

Figure 3: Animated problem-specific feedback provided by Delphi.

6 Future Work

One of the primary design goals of Bricklayer was
to create a coding domain that is “example rich and
problem dense” [4]. In such a domain, the creation
of smooth learning curves become possible which can
be supported through numerous examples and similar
problems/exercises.

The learning curve in Bricklayer is, in part, re-

alized through a sequence of concepts. In many
cases the transition from one concept to the next can
be understood in equational terms. This is by de-
sign and is facilitated by the underlying semantics
of functional programming languages like SML (the
language in which Bricklayer programs are written)
in which referential transparency play a central role.
Consequently, this also provides a domain in which a
program transformation system, like Delphi, can play
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an important role.

In traditional textbooks, new concepts are intro-
duced using a static set of examples. Examples that
were created when the textbook was published. With
Delphi, it is possible to create examples dynami-
cally. For example, a student program containing
no user-defined functions can be transformed auto-
matically by Delphi into an equivalent program con-
taining user-defined function declarations and calls.
This results in a “living textbook” in which learning
examples are (transformationally) derived from indi-
vidual programs created by students. Furthermore,
it is also possible for such transformations to gener-
ate text explaining what was done. Such texts can
then be fed into animation systems to produce per-
sonalized learning material.

7 Conclusion

We believe that educational technology has just
scratched the surface regarding what is possible.
Technologies lying within our near-term reach can
be developed to provide significant technical support
for educators interested in teaching coding. Tech-
nologies, such as Delphi, when added to the support
services provided by online help desks can address
teacher needs in effective and cost-efficient ways.
Such a model also geographically decouples techni-
cal expertise from teaching expertise. One help desk
can serve the educational needs of schools around
the world. We believe that such approaches will be
needed to solve the problem of teaching coding across
the K-12 spectrum.
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Abstract

Markov chain usage-based statistical testing has been
around for more than two decades, and proved sound and
effective in providing audit trails of evidence in certifying
software-intensive systems. The system end-to-end relia-
bility is derived analytically in closed form, following an
arc-based Bayesian model. System reliability is represented
by an important statistic called single use reliability, and
defined as the probability of a randomly selected use be-
ing successful. This paper reviews the analytical derivation
of the single use reliability mean, and proposes a simpler,
faster, and more direct way to compute the expected value
that renders an intuitive explanation. The new derivation is
illustrated with two examples.

1 Introduction

Statistical testing based on a Markov chain usage model,
as a rigorous testing method developed by the Univer-
sity of Tennessee Software Quality Research Laboratory
(UTK SQRL), has been around for more than two decades
[6, 5, 10, 8, 11, 14, 16, 15] and successfully applied in a
variety of industry and government projects, ranging from
medical devices to automotive components to scientific in-
strumentation, to name a few [3, 2, 13]. The direct benefit
statistical testing provides is a quantitative analysis of the
system’s quality using empirical data that can be used to
demonstrate, document, and certify that the system is fit for
its intended use.

In statistical testing a Markov chain usage model is first
developed. States of the Markov chain represent states of
system use (such as “Cruise Control Activated,” “Cruise
Control Deactivated,” or “Cruise Control Resumed” in an
automobile cruise control system). Arcs between states rep-

resent possible transitions between states of use (such as
“Activating Cruise Control” when the driver presses a but-
ton on the steering wheel, or “Deactivating Cruise Control”
when the driver engages the brake). Each arc has an associ-
ated probability of making that particular transition, based
on expected usage data in the field. The outgoing arcs from
each state have probabilities that sum to one. Test cases can
be generated from the model by different sampling options.
Pass and fail data are recorded and analyzed for reliability
estimation, coverage analysis, or stopping decisions. This
form of statistical testing [6, 5, 10, 8, 11, 14, 16, 15] sup-
ports quantitative certification of software by a statistical
protocol. A public domain tool supporting statistical test-
ing (JUMBL: J Usage Model Builder Library developed by
UTK SQRL) is freely available [9, 1].

This paper reviews the current reliability analysis for sta-
tistical testing based on a Markov chain usage model, and
specifically how to derive a system end-to-end reliability
estimate based on the testing experience given the usage
model, as established in [10, 12], and proposes a simpler
way to compute the expected value of system reliability, not
via the system failure probability (or unreliability), but di-
rectly. The new derivation results in a simpler closed-form
formula with less steps of computation that also renders an
intuitive explanation. We illustrate it through two examples
and compare the results with those obtained from the old
analysis.

The remainder of the paper is organized as follows. Sec-
tion 2 discusses related work and compares different relia-
bility models that have been used for statistical testing. Sec-
tion 3 reviews the current analytical derivation of the system
reliability. Section 4 presents our new formula with two il-
lustrating examples. Finally Section 5 concludes the paper
and points out directions for future work.
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2 Related Work: Reliability Analysis

After a sample of test cases are generated from the usage
model and executed, results of testing are recorded. A test
case is considered successful if all the steps (events) consti-
tuting the test case are executed successfully; otherwise, the
steps on which a test case fails are recorded, together with
the information as to whether testing continues or stops after
each failure step. The recorded testing results are empirical
data used to estimate the system reliability.

Several reliability models that have been used for statis-
tical testing are presented and compared in [10, 12]. They
are briefly described below:

- The sampling model [7]. Each executed test case is a
Bernoulli trial. An estimated reliability is computed at
a confidence level, based on the numbers of success-
ful and unsuccessful test cases. Variations among tests
are not taken into account, with long and short tests
equally treated.

- The failure state model [16]. The testing result is
stored as a testing (Markov) chain. It contains states
from the usage model that have been visited during
testing, and additional failure states for observed fail-
ures. The failure states are made absorbing. The upper
bound on system reliability is defined as the probabil-
ity of going from the source to the sink of the testing
chain without being absorbed in a failure state. The
model takes into account the probability mass of each
test case, however, in the absence of failures (no ab-
sorbing states) the estimate of reliability is one.

- The Bayesian model [4]. Miller et al. presented a reli-
ability model based on Bayesian theory. It allows for
the use of prior (testing) information, and assumes a
standard beta distribution for the software failure prob-
ability (or “unreliability,” that is, the probability of a
randomly chosen use failing). An expected value for
system reliability and the associated variance are com-
puted from a posterior beta distribution, based on both
prior and observed successes and failures.

- The arc-based Bayesian model [10, 12]. The Miller
model is applied to individual arcs of a Markov chain
usage model. For each arc the expected value of the
arc failure probability and the associated variance are
computed from a posterior beta distribution. A single
use reliability is defined as “the probability of the soft-
ware executing a randomly selected use without a fail-
ure.” This model takes into account variations among
tests, makes use of prior testing information, yields
a reliability estimate based on the amount of testing
when testing reveals no failures, and provides a vari-
ance estimate.

The arc-based Bayesian approach is appealing because
first, it takes into account variations among tests induced by
the model structure; second, it provides insight into where
lack of testing or unreliability is having a greater impact on
the system level end-to-end reliability, as a failure on one
arc may not have the same impact as a failure on a different
arc; and third, it makes it easier for the tester to estimate
the pre-test reliability for a single arc, which contributes to
a more accurate estimate of the system reliability. For these
reasons the latest version of the JUMBL [1] adopts the arc-
based Bayesian model.

3 Single Use Reliability and Its Derivation

Using the arc-based Bayesian model one could compute
the system end-to-end reliability through the single use re-
liability estimate, either via analytical derivation [10] or
through simulation [12]. Single use reliability is defined as
“the probability of a randomly selected use executing cor-
rectly relative to a specification of correct behavior [6, 10].”
Since the analytical solution in closed form [10] is both
faster and more precise than simulation, it was implemented
in the latest JUMBL tool. We summarize the major steps
and results of the derivation below.

Let P = [pij ] be the n×n transition matrix of a Markov
chain usage model. The (i, j)-th entry pij of P is the con-
ditional probability of the next state being state j given the
current state being state i. State 1 is the source. State n is
the sink and the only absorbing state (assuming a reasonable
error recovery scheme). Given Pn×n, Q(n−1)×n denotes
the submatrix of P omitting the last row, and Q̇(n−1)×(n−1)

denotes the submatrix of P omitting the last row and the last
column. Q̇ is the transition matrix of the Markov chain re-
stricted to the transient states.

Let ri,j be a random variable for “transition reliability,”
that is, the fraction of successful transitions from state i to
state j. Let fi,j be another random variable for “transition
failure probability,” that is, the fraction of unsuccessful tran-
sitions from state i to state j. Notice that fi,j = 1− ri,j .

With the arc-based Bayesian model [12], each arc
(transition) reliability ri,j has a standard beta distribution
B(αi,j , βi,j) with two parameters αi,j (for total successes
on transitions from state i to state j) and βi,j (for to-
tal failures on transitions from state i to state j), where
αi,j = ai,j + si,j and βi,j = bi,j + fi,j with ai,j , si,j ,
bi,j , fi,j representing prior successes, observed successes,
prior failures, and observed failures, respectively, on tran-
sitions from state i to state j. The prior success and fail-
ure counts are estimated from prior testing experience or
knowledge obtained from code analysis, design records,
previous failure data, etc. In case no prior information is
available, ai,j = bi,j = 1. The observed success and fail-
ure counts are collected through testing. Each executed test
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case is mapped to the usage model and each executed step is
marked as successful or failing. The observed success and
failure counts are summed for each individual arc in the us-
age model.

From the posterior (beta) distribution B(αi,j , βi,j) for
ri,j we may compute the mean of ri,j :

E[ri,j ] =
αi,j

αi,j+βi,j
=

ai,j+si,j
ai,j+si,j+bi,j+fi,j

.

Given fi,j = 1 − ri,j , we can compute the mean of fi,j
as E[fi,j ] = E[1− ri,j ] = 1− E[ri,j ].

By our assumption state n (the sink) is the only absorb-
ing state of the Markov chain. A test case ends when the
sink is first encountered, therefore, we are only interested in
transitions from any state other than the sink (any transient
state). In the matrices defined below (A, B, S, F , R1, and
F1), i is any integer from 1 to n− 1 inclusive, and j is any
integer from 1 to n inclusive.

Let A = [ai,j ] and B = [bi,j ] be two matrices of size
(n − 1) × n whose entries are prior arc successes and fail-
ures, respectively, obtained from prior testing experience.
Let S = [si,j ] and F = [fi,j ] be two matrices of size
(n − 1) × n whose entries are observed arc successes and
failures, respectively, obtained through testing.

Let R1 = [E[ri,j ]] be an (n − 1) × n matrix whose (i,
j)-th entry is the expected arc reliability of going from state
i to state j, and Ṙ1 denote the submatrix of R1 omitting the
last column.

Similarly we define F1 = [E[fi,j ]] as an (n − 1) × n
matrix whose (i, j)-th entry is the expected arc failure prob-
ability of going from state i to state j.

Given two matrices X and Y of the same size (dimen-
sion), X ⊗ Y denotes the entry-wise (or component-wise)
product of X and Y . X ⊗ Y has the same size as X and Y .

We define two entry-wise products as follows. One is of
size (n − 1) × n: F1 = Q ⊗ F1. The other is a square
matrix of order n− 1: Ṙ1 = Q̇⊗ Ṙ1.

Let I be an (n−1)× (n−1) identity matrix, and U be a
column vector of ones of size n. It is established in [10] that
F ∗ in (1) computes the expected single use failure proba-
bility (or single use unreliability) from any starting state.

F ∗ = (I − Ṙ1)
−1F1U (1)

Observe that F ∗ is a column vector of size n − 1. The
i-th component of F ∗ is the computed probability of failure
(the expected value) for an arbitrary use of the system from
a particular usage state, state i, to the sink (i runs from 1
to n − 1 inclusive; the starting state could be any transient
state).

Therefore, the expected single use reliability of the sys-
tem (starting from the source) is one minus the first compo-
nent of F ∗ computed by (1).

For an intuitive understanding of (1), consider all the
paths in the usage model that originate from state i and
have all but the last step successful; the last step on the

path is the only failure step. The probability of taking one
of such paths gives the failure probability from state i, and
is computed in three steps. First, it is shown in [10] that
(I − Ṙ1)

−1 = Ṙ0
1 + Ṙ1

1 + Ṙ2
1 + . . . , hence the (i, j)-

th entry in the inverse matrix computes the probability of
successfully moving from state i to state j in any finite and
arbitrary number of steps (starting from 0 step). State j
must be transient because only the last failure step could
lead to the sink. Second, the inverse matrix is multiplied by
the single-step failure matrix F1 to give the probability of
moving from any transient state to any state in the model
with all but the last step successful. Here the last transition
is made to either a transient state or the sink. And last, the
product is multiplied by the vector of ones of appropriate
size to sum up the probabilities of taking paths with a fixed
starting state, all successful prior steps before encountering
the last failure step, and an arbitrary ending state. The sum
is the failure probability from the particular starting state.

A more complex equation is also given in [10] for com-
puting the variance associated with the single use reliability
from any starting state, which we are not elaborating here
due to the page limits.

To sum up, the following steps are required to compute
the system reliability mean as illustrated in [10]:

1. Determine Q and Q̇ from the usage model.

2. Determine A and B from prior success and failure
counts for each arc in the usage model.

3. Determine S and F from observed success and failure
counts for each arc in the usage model.

4. Compute R1 and F1 from A, B, S, and F .

5. Compute Ṙ1 and F1.

6. Compute F ∗ by (1).

7. The expected value of the single use reliability is one
minus the first component of F ∗.

4 A Simpler and More Direct Derivation of
the Single Use Reliability Mean

We think the derivation of the single use reliability mean
(expected value) could be simplified, and not through the
single use failure probability (or single use unreliability) but
directly, as shown below.

4.1 The New Derivation

We define another entry-wise product of size (n−1)×n:
R1 = Q ⊗ R1. Let W be R1 restricted to the last column.
R1 is a column vector of size n− 1.

We define R∗ as follows:

R∗ = (I − Ṙ1)
−1W (2)
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Figure 1. Example 1 of a Markov chain usage
model. Arcs are annotated with transitional
probabilities and arc reliabilities.

(2) has an intuitive explanation. As explained above for
(1), the (i, j)-th entry in the inverse matrix computes the
probability of successfully moving from the transient state
i to the transient state j in any finite and arbitrary num-
ber of steps (starting from 0 step). When multiplied by the
single-step success matrix R1 restricted to the last column
(i.e., W ), the last steps are successful steps leading to the
sink, hence R∗ gives the probability of successfully moving
from any transient state to the sink in any finite and arbitrary
number of steps (starting from 0 step).

Observe that R∗ is a column vector of size n − 1. The
i-th component of R∗ is the expected single use reliability
starting from state i (i runs from 1 to n− 1 inclusive).

Therefore, the expected single use reliability of the sys-
tem (starting from the source) is the first component of R∗

computed by (2).
We demonstrate below two examples of computing the

single use reliability mean by the formula in [10] (hereafter
referred to as Stacy and Poore’s formula) as well as by our
new formula. For both examples the new formula gets to
the same result with fewer steps and simplified calculation.

4.2 Examples

Figure 1 illustrates our first example of a Markov chain
usage model. The arcs are annotated with transitional prob-
abilities and arc reliabilities.

By Stacy and Poore’s formula:

P =


0 1

2
1
2

0 1
2

1
2

0 0 0

 Q =

[
0 1

2
1
2

0 1
2

1
2

]
Q̇ =

[
0 1

2

0 1
2

]

R1 =

[
r11 r12 r13
r21 r22 r23

]
Ṙ1 =

[
r11 r12
r21 r22

]
I =

[
1 0
0 1

]

Ṙ1 = Q̇⊗ Ṙ1 =

[
0 r12

2

0 r22
2

]
I − Ṙ1 =

[
1 − r12

2

0 1− r22
2

]

(I − Ṙ1)−1 = 1
1− r22

2

[
1− r22

2
r12
2

0 1

]
=

1
r12
2

1− r22
2

0 1
1− r22

2


F1 = 1−R1 =

[
1− r11 1− r12 1− r13
1− r21 1− r22 1− r23

]

!" #
!"#$%$"

!##$%$!

!#&$%$"$' !

("#

(##

(#&

Figure 2. Example 2 of a Markov chain usage
model. Arcs are annotated with transitional
probabilities and arc reliabilities.

F1 = Q⊗ F1 =

[
0 1−r12

2
1−r13

2

0 1−r22
2

1−r23
2

]
U =

11
1



(I−Ṙ1)−1F1 =

0
1−r12

2
+

r12
4

(1−r22)

1− r22
2

1−r13
2

+
r12
4

(1−r23)

1− r22
2

0
1−r22

2

1− r22
2

1−r23
2

1− r22
2



F ∗ = (I − Ṙ1)−1F1U =


1− r22

2
− r13

2
+

r13r22
4

− r12r23
4

1− r22
2

1− r22
2

− r23
2

1− r22
2



R∗ = 1− F ∗ =


r13
2

− r13r22
4

+
r12r23

4

1− r22
2

r23
2

1− r22
2


By our new formula:

W =

[ r13
2

r23
2

]
R∗ = (I − Ṙ1)−1W =


r13
2

+
r12r23

4

1− r22
2

r23
2

1− r22
2



=


r13
2

− r13r22
4

+
r12r23

4

1− r22
2

r23
2

1− r22
2


We may also compute the single use reliability (SUR)

directly based on its definition given the model structure.
To compute the probability of a randomly chosen use (path)
being successful, we compute the weighted sum of path re-
liabilities, with weights being the path probabilities.

By the definition of single use reliability:

SUR =
∞∑
i=0

( 1
2
· ( 1

2
)i · 1

2
· r12 · ri22 · r23)+

r13
2

= r12r23
4

∞∑
i=0

( r22
2

)i+

r13
2

=
r12r23

4

1− r22
2

+ r13
2

=
r13
2

− r13r22
4

+
r12r23

4

1− r22
2

Figure 2 illustrates our second example of a Markov
chain usage model.

By Stacy and Poore’s formula:

P =

0 1 0
0 p 1− p
0 0 0

 Q =

[
0 1 0
0 p 1− p

]
Q̇ =

[
0 1
0 p

]

R1 =

[
r11 r12 r13
r21 r22 r23

]
Ṙ1 =

[
r11 r12
r21 r22

]
I =

[
1 0
0 1

]
Ṙ1 = Q̇⊗ Ṙ1 =

[
0 r12
0 r22p

]
I − Ṙ1 =

[
1 −r12
0 1− r22p

]
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(I − Ṙ1)−1 = 1
1−r22p

[
1− r22p r12

0 1

]
=

[
1 r12

1−r22p

0 1
1−r22p

]

F1 = 1−R1 =

[
1− r11 1− r12 1− r13
1− r21 1− r22 1− r23

]
F1 = Q⊗ F1 =

[
0 1− r12 0
0 p(1− r22) (1− p)(1− r23)

]

(I−Ṙ1)−1F1 =

0 1− r12 +
p(1−r22)r12

1−r22p
(1−p)(1−r23)r12

1−r22p

0
p(1−r22)
1−r22p

(1−p)(1−r23)
1−r22p


U =

11
1

 F ∗ = (I−Ṙ1)−1F1U =

[ 1−r22p−r12r23+r12r23p
1−r22p

1−r22p−r23+r23p
1−r22p

]

R∗ = 1− F ∗ =

[ r12r23−r12r23p
1−r22p

r23−r23p
1−r22p

]
By our new formula:

W =

[
0

(1− p)r23

]
R∗ = (I − Ṙ1)−1W =[

1 r12
1−r22p

0 1
1−r22p

][
0

(1− p)r23

]
=

[ r12r23−r12r23p
1−r22p

r23−r23p
1−r22p

]
By the definition of single use reliability:

SUR =
∞∑
i=0

1 ·pi(1−p) ·r12 ·ri22 ·r23 =
∞∑
i=0

r12r23(1−p)(pr22)i =

r12r23(1−p)
1−pr22

= r12r23−r12r23p
1−r22p

5 Conclusion and Future Work

Statistical testing based on a Markov chain usage model
has been well established in theory and proved sound and
effective in practice [6, 5, 10, 8, 11, 14, 16, 15], with tools
available to support all the stages of testing and to automate
the testing process [1, 9]. This paper presents a simpler
way to compute the system end-to-end reliability mean, not
through the system failure probability (or unreliability) but
directly, following the arc-based Bayesian model [10, 12].
We illustrate it with two examples and compare the results
with those obtained from the old analysis.

Work is under way to implement the new formula in the
supporting tool JUMBL, and to examine the computation of
the single use reliability variance to find an equivalent but
simpler, more direct, and more intuitive derivation as well
(the current one is complex and counter-intuitive).
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Abstract

Software metrics are essential resources in software en-
terprises. They can be used to support decision-making and,
consequently, reduce costs, improve the productivity of the
team and the quality of products delivered. On the other
hand, this is only possible if the metrics are valid. Although
there are studies related to software metrics validity, none
present a solution to represent the uncertainties of the met-
rics selected to measure the attributes of the entities. In this
paper, we present a process to build Bayesian networks to
represent the uncertainties of software metrics-based mod-
els. The proposed solution is composed of two activities and
focuses on the selection and validation of metrics to con-
struct the Bayesian networks. We validated the model with
simulated scenarios. Given the successful results, we con-
cluded that the proposed solution is promising. This paper
complements the state of the art by showing how to com-
plement a popular metric selection technique, GQM, with
information to model uncertainties of the metrics using the
concepts of metric validation and Bayesian networks.

Software metrics selection; Software metrics valida-
tion; Goal-Question-Metric; Validation criteria; Bayesian
networks.

1 Introduction

According to Finkelstein and Leaning [9], measurement
is the objective representation of an empirical knowledge
of a real-world entity. According to Mathias et al [13], a
∗renata.saraiva@embedded.ufcg.edu.br
†mirko.perkusich@embedded.ufcg.edu.br
‡hyggo@embedded.ufcg.edu.br
§perkusic@embedded.ufcg.edu.br

measurement occurs when an attribute is measured, that is,
when a value is assigned to it. By combining this measure
with useful information, we have a metric (e.g., average
number of defects per module). In practice, the terms “met-
ric” and “measure” are often used interchangeably [13]. In
this paper, we use the definitions presented by Mathias et
al. [13]. However, we consider that each measure is a met-
ric and this, in turn, may be composed of more than one
measures.

There are many applications in the field of software met-
rics such as quality assessment and prediction. For in-
stance, Quamoco [19] focuses on measuring product quality
and Hearty et al. [11], on predicting the velocity of an XP
project.

Despite the benefits of using metrics and the various re-
searches on software metrics undertaken in recent years, the
acceptance and use of metrics in practice is still an ongoing
concern: more than 80% of software measurement initia-
tives fail within the first 18 months. One possible explana-
tion for this phenomenon is the difficulty to understand and
use metrics [20].

According to Fenton and Neil [7], metrics have been
used successfully to quantify, but they have not been prop-
erly used to support decision-making. A reason for the lim-
ited adoption with this purpose is the lack of trustworthi-
ness on the validity of metrics. For instance, Chidamber-
Kemerer (CK) metrics are popularly used to evaluate Object
Oriented-based software. On the other hand, Kitchenham
[12] discusses that two of the proposed metrics (Lack of
Cohesion and Coupling Between Objects) are theoretically
invalid. In other words, they do not represent the attributes
of the entities in which they were proposed to. Using in-
valid metrics result in meaningless (i.e., totally arbitrary)
decisions.

There are studies that propose criteria to evaluate the va-
lidity of software metrics. In Meneely et al. [14], results
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of a systematic literature review are presented, in which 47
criteria were identified. On the other hand, there are no pro-
posed solutions to, given an attribute of an entity that needs
to be measured, calculate how representative (i.e., valid) is
the set of metrics selected to measure it. In the context of
Goal Question Metric (GQM), a popular software metrics
paradigm, there is no solution to model the uncertainty of
the set of metrics used to answer a question using the crite-
ria presented in Meneely et al. [14].

In this paper, we present a process to build Bayesian
networks to represent the uncertainties of software metrics-
based models. The process is composed of two activities:
(i) metrics selection and (ii) metrics validation. The first
activity is composed of three steps: characterization of the
environment, acquisition of knowledge through abstraction
sheets and construction of the Bayesian network. The sec-
ond activity is composed of two steps: execution of the
validation method from validation criteria and update the
Bayesian network.

We used Bayesian networks because they are flexible to
be learned from data or elicited from domain experts. Since
metric models can be applied in contexts in which there are
historical data and in which there are not, this flexibility
is crucial. Furthermore, it can deal with different types of
data (e.g., discrete, continuous, Boolean and ordinal), which
adds flexibility to the types of metrics to be used. Finally, it
deals with uncertainty and enables the modeling of cause-
consequence relationships, which enables the modeling of
the validity of metrics and build GQM-based models.

To validate our solution, we used ten simulated scenar-
ios. Based on the results, we concluded that it is a promis-
ing approach to assist on the construction of interpretation-
oriented metric programs. We plan to complement our pro-
cess with threshold definition techniques [17] and metrics
reliability activities [15]. This paper complements the state
of the art by showing how to complement a popular metric
selection technique, GQM, with information to model un-
certainties of the metrics using the concepts of metric vali-
dation and Bayesian networks.

This paper is organized as follows. Section 2 presents
an overview on Bayesian networks. Section 3 presents our
proposed solution. Section 4 presents our validation and
Section 5 presents our final remarks.

2 Bayesian Networks

Bayesian networks are probabilistic graph models used
to represent knowledge about an uncertain domain [2]. A
Bayesian network, N , is a directed acyclic graph that rep-
resents a joint probability distribution over a set of ran-
dom variables V [10]. The network is defined by the pair
N = {G,Θ}. G is the directed acyclic graph in which the
nodes X1, . . . , Xn represent random variables and the arcs
represent the direct dependencies between these variables.

Θ represents the set of the probability functions. This set
contains the parameter θxi|πi

= PN (xi|πi) for each xi in
Xi conditioned by πi, the set of the parameters of Xi in G.
Equation 1 presents the joint distribution defined by N over
V .

PN (X1, . . . , Xn) =
n∏
i=1

PN (xi|πi) =
n∏
i=1

θXi|πi (1)

Bayesian networks have many advantages such as suit-
ability for small and incomplete data sets, structural learn-
ing possibility, combination of different sources of knowl-
edge, explicit treatment of uncertainty, support for decision
analysis, and fast responses [18]. Furthermore, they can
combine the knowledge of domain experts and historical
data to build more realistic models in an approach called
smart-data [4]. To construct the Bayesian networks pre-
sented in this study we used AgenaRisk1.

This technique has been applied to build software
metrics-based models for several purposes in software engi-
neering such as risk management [6], product quality man-
agement [19], effort prediction [11] and process manage-
ment [15].

To reduce the effort of defining the Node Probability Ta-
bles (NPTs) through elicitation of knowledge from domain
experts, Fenton et al. [8] proposed the concept of ranked
nodes, which is based on the doubly truncated Normal dis-
tribution (TNormal) limited in the [0, 1] region. We used
ranked nodes because the goal is to give meaning to the
metric. Therefore, we used an ordinal scale. An advantage
of ranked nodes, when compared to other approaches to de-
fine NPT for ordinal variables, is the explicit configuration
of the confidence in the result (i.e., variance).

3 Proposed Process

The goal of the proposed solution is to represent the un-
certainties of software metrics-based models. For this pur-
pose, we used Bayesian networks. It is composed of two ac-
tivities: (i) metrics selection and (ii) metrics validation. The
first activity is composed of three steps: characterization of
the environment, acquisition of knowledge through abstrac-
tion sheets and construction of the Bayesian network. The
second activity is composed of two steps: execution of the
validation method from validation criteria and update the
Bayesian network. In Figure 1, we present an activity dia-
gram representing the process.

3.1 Software Metrics Selection

To select the metrics, we use the GQM [1] paradigm.
First, it is necessary to identify the project context (i.e.,

1http://www.agenarisk.com/
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Figure 1. Process overview.

application domain and development process) from the do-
main experts. For instance, semi-structured interviews with
project leaders might be performed.

With the context defined, the next step is to apply the
GQM process with the goal of capturing the experience of
the viewpoints and selecting the software metrics. For this
purpose, abstraction sheets must be used as knowledge ac-
quisition instrument during interviews [3].

A set of goals is defined as G = {g1, . . . , g|G|}, where
gi represents a project goal. For each goal, an abstraction
sheet, which is composed of four quadrants, must be used.
A set of questions, Q, and metrics, M , must be extracted
from the first quadrant, which corresponds to the quality fo-
cus. qi ∈ Q and mi ∈M represent, respectively, a question
and a metric related to a project goal.

The second quadrant corresponds to the variation factors,
which are factors that impact the quality focus, considering
the defined goal. More questions q and metrics m can be
extracted from this quadrant.

The third quadrant corresponds to the possible values of
the extracted metrics from the first quadrant. These values
are important because they demonstrate the usefulness of
the measurement process. By analyzing them, we can detect
discrepancies between expectations and realities.

Finally, the last quadrant of the abstraction sheet corre-
sponds to the impact of the variation factors on the extracted
metrics from the first quadrant. The description of this im-
pact serves as motivation for the inclusion of the variation
factor in the abstraction sheet. If the project leader does not
know how to inform the impact of a variation factor, this
factor should be excluded from the sheet.

Given that each question must be associated with at least
one goal, a set of relationships between goals and questions,
T , should be created. t(g, q) means the goal g and question
q are related. An hierarchical structure example of the GQM
model is illustrated in Figure 2.

For the example shown in Figure 2, the given goal is to

“Analyze the software product with respect to its quality for
the purpose of characterization from the developer’s point
of view”. For quality focus, the question “How many un-
wanted behaviors does the product have?” was defined. For
the variation factor, the question “What is the quality of the
test?” was defined. An example of an abstraction sheet is
illustrated in Figure 3.

By analyzing first quadrant of the abstraction sheet
presented in Figure 3, it is possible to identify metrics
such as number of detected failures, proportion of criti-
cal/uncritical failures and number of detected faults. Given
that the goal, questions and metrics for the quality of focus
are defined, the Bayesian network can be built. For our ap-
proach, all node should be modelled as ranked. If a metric
is collected using a numerical scale, thresholds must be de-
fined to convert it into an ordinal scale. For this purpose,
statistics-based approach [17] can be used or data must be
collected from domain experts.

After the construction of the directed acyclic graph, the
NPT of the goal node must be defined. Assuming that the
goal was modeled as a ranked node, we can create a truth
table to collect data from a domain expert and define the
NPT. For the given example, given that there is a one-to-one
relationship between g and q, the truth table is not necessary
and the NPT must be calibrated as an identity matrix, in
which the diagonal elements are 1 and the remaining are 0.

3.2 Software Metrics Validation

The validation of the metrics ensures that they are rep-
resentative of the measured attributes. In the literature,
there are many researches on the validation of software met-
rics [16, 12, 14]. Meneely et al. [14] performed a system-
atic review about validation criteria for software metrics and
identified 47 criteria. In Table 1, we present ten criteria
identified by Meneely et al. [14].

A priori validity Monotonicity
Actionability Metric Reliability

Appropriate Continuity Non-collinearity
Appropriate Granularity Non-exploitability

Association Non-uniformity

Table 1. List of 10 validation criteria found in
the review [14].

Defining the purpose of using a metric is a critical step to
validate it. In addition, when the project leader makes a de-
cision, he can specify properties of the metrics that are most
appropriate to use. According to Meneely et al. [14] this is
called advantage. For instance, be able to show that a metric
is a significant representation and that it can be applied to a
development process are considered advantages.
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Figure 2. Example of a GQM model.

Object of Study
Unit test

Quality focus Variation factors

Baseline hypothesis Variations hypothesis

1. Number of detected failures
2. Proportion of critical/uncritical failures
3. Number of detected faults

1. Quality of test cases
2. Test method used
3. Test method conformance
4. Experience of testers with tools

1. 30
2. 2/3
3. 40

1. The higher the quality of the test cases, the more
failures detected
2. Different testing methods detect diferent numbers
of failures
3. The better the method conformance, the more
failures detected.

Purpose
Prediction

Quality Focus
Effectiveness

Viewpoint
Tester

Context
Project X

Abstraction Sheet Instance

Figure 3. Abstraction sheet instance.

To execute this activity, we consider the validation crite-
ria presented in Meneely et al. [14] due to its completeness.
For each metricm related to the quality focus, the following
steps must be performed:

1. Determine the intended use of the metric.

2. Highlight the advantages that are appropriate for the
intended use chosen in the previous step. Some
of these advantages are: mathematical soundness,
practicality, correctness, efficiency and hypothesis-
strengthening [14].

3. Look up the validation criteria that are tied to the ad-
vantages shown in Table 2.

4. Carefully choose validation criteria while considering
the purpose of the metrics and the relationships and
motivations among the criteria.

5. Analyze if the metric follows the chosen validation cri-
teria.
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1 A Priori Validity X
2 Actionability X
3 Appropriate Continuity X
4 Appropriate Granularity
5 Association

Table 2. Example of mapping from criteria to
advantages [14].
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Given the concept of variance of ranked nodes, we can
model the confidence in the validity of a set of metrics de-
fined to answer a question. The greater the confidence that
a set of metrics is valid to represent an attribute, the smaller
that variance. To define the variance, the given rules of
thumb should be used:

Rule 1: If the metric follows 100% of the validation cri-
teria related to it, the variance must be equal to 5x10−4, the
smallest value possible in AgenaRisk;

Rule 2: If the metric follows between 50% and 99%
of the validation criteria related to it, the variance must be
equal to 5x10−3;

Rule 3: If the metric follows between 1% and 49% of the
validation criteria related to it, the variance must be equal to
5x10−2;

Rule 4: If the metric does not follow any validation cri-
teria related to it, the variance must be equal to 5x10−1;

These intervals are recommendations for the first cali-
bration of the Bayesian network and are restricted to Age-
naRisk, which is currently the only software that supports
ranked nodes. Another approach is to use the validation cri-
teria as a reference and elicit knowledge from the domain
expert to calibrate the variance. Furthermore, it is possi-
ble to, after applying the model, refine the calibration of the
NPTs given knowledge from experts and collected data.

If a given node q has more than one parent node (i.e.,
more than one metric), the described rules should be ap-
plied considering the sum of the validation criteria for each
metric.

The next step is to finalize the calibration of the NPT by,
as presented in [8], defining a function to model the cen-
tral tendency of the distribution that represents the NPT. To
define the functions, weights and variance, knowledge must
be elicited from the experts using the approach presented by
Fenton et al. [8] or da Silva et al. [5].

4 Validation

We validated the resulting Bayesian networks in ten sim-
ulated scenarios. For all cases, we assumed that the first step
of the proposed process was successfully executed. Due to
space limitations, we only present the results of one sce-
nario. This scenario describes a simple product quality
model, where the goal is “Effectiveness of unit test’, the
question is “How many unwanted behaviors does the prod-
uct have?’ and the metrics are number of detected failures
and number of detected faults.

In this case, given that the goal of using the metrics num-
ber of opened faults and number of static analysis warn-
ings is to assist on decision-making during the develop-
ment of the software, the advantage highlighted is Decision-
Informing. There are 11 validation criteria associated with
this advantage. On the other hand, say that the metric num-
ber of opened faults conforms to 8 out of 11 criteria and

the metric number of static analysis warnings conforms to
5. Given this, together, both metrics conform to 13 out 22
validation criteria (i.e., 59.09%). Therefore, the second rule
will be followed and the variance of the node Unwanted
behaviors is 5x10−3.

To calibrate the NPT, we used the WMIN function, be-
cause if any of the given metrics are Very low, the answer
to the corresponding question will tend to Very low. On the
other hand, we considered number of opened faults as more
important than number of static analysis warnings. There-
fore, we defined them, respectively, with weights 2 and 1.
We show an example of the calculated results for this sce-
nario in Figure 4.

Figure 4. Example of a Bayesian network con-
structed using the proposed solution.

By analyzing Figure 4, it is possible to notice that, given
the validity of the metrics used to answer the question, the
confidence in the decision regarding the goal is acceptable.
In case it was not, the probability of the goal would tend to
be more uniform, meaning that a reliable decision could not
be taken given the constructed model.

5 Final Remarks

In this paper, we presented a process to build Bayesian
networks to represent the uncertainties of software metrics-
based models. The process is composed of two activities:
(i) metrics selection and (ii) metrics validation. The first
activity is composed of three steps: characterization of the
environment, acquisition of knowledge through abstraction
sheets and construction of the Bayesian network. The sec-
ond activity is composed of two steps: execution of the
validation method from validation criteria and update the
Bayesian network.

The process shown is based on the concept of ranked
nodes [8] to build the Bayesian networks, with the goal of
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adding meaning to metrics. Furthermore, it uses GQM to
assist on the selection of metrics and software metrics val-
idation criteria extracted from Meneely et al. [14]. On the
other hand, if necessary, other types of nodes can be used
such as Boolean, but it will be necessary to define a new
reasoning to map the validity and the NPT definition.

The main limitation is the study’s validation, which is
only conceptual. On future works, we will execute empiri-
cal studies to evaluate our approach by collecting data from
practitioners and tools to assess if the proposed solution im-
proves the accuracy of decision making. Furthermore, we
will complement our solution with additional steps regard-
ing the definition of software metrics thresholds and collec-
tion reliability to assist on the construction of interpretation-
oriented software metrics models.
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Abstract

IDF is an Incremental Development Framework which
supports the development and the verification of UML mod-
els for reactive systems. IDF offers refinement and exten-
sion techniques allowing liveness properties to be preserved
during the model developments. Here, we improve the
framework in order to analyze models from a safety point
of view. For this purpose, we associate IDF with the expe-
rienced tools of safety analysis based on the BIP language
by translating UML models into BIP. We demonstrate on a
basic example the complementarity of liveness and safety
analyses.
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1. Introduction

Designing UML models of software intensive reactive
systems is recognized to be a tricky and crucial task. Re-
activity means that such systems must continuously react to
their environment, at a speed defined by this environment.
It implies liveness properties, stating that the system will
eventually react as it must. These systems are also depend-
able, so that reliability, availability and robustness are of
primary importance. This implies safety properties, stating
that undesired behaviors of the system will never happen.

There is a lack of support for UML designers in the pro-
cesses of both setting up models and evaluating them. The
novelty of our proposed approach is to consider at early
steps of the design both liveness and safety properties. In a
previous work [8, 15, 14], we have presented our Incremen-
tal Development Framework (IDF) and its associated tool
IDCM (Incremental Development of Conformance Mod-
els). IDF supports the development and the evaluation of

UML models for reactive systems. It deals with UML com-
posite components whose parts are composite or primitive
components. Primitive component behaviors are described
by UML state machines. IDF allows models to be devel-
oped step by step. At every step of the design, the model
is verified as being consistent with the model obtained at
the previous step. A step is a model evolution which can be
of four kinds: extension, refinement, increment or substitu-
tion. The verification of these four kinds of model evolu-
tion is based on a conformance relation [16], which ensures
that liveness properties of the former modeling step are pre-
served. However, this work has its own shortcomings: ex-
plicit verification of safety properties is not addressed. This
article aims at enhancing IDF in order to be able to model
and check explicit safety properties. This way, all tempo-
ral properties are considered, since the safety/liveness spec-
trum covers all linear temporal logic properties.

We present in section 2 an example pointing out an in-
cremental development of a model whose liveness analy-
sis is demonstrated using IDCM, but suffering from a lack
of safety analysis. Section 3 presents the BIP intermediate
format and the UML to BIP transformation in order to use
D-Finder tool to analyze safety properties. The IDCM tool
associated with IDF, as well as UML and BIP models pre-
sented in this article, may be downloaded on the website [7].
Section 4 presents related works. We conclude in section 5
and present our future directions.

2. Motivating example

Let us consider MUTEX, a mutual exclusion system that
performs two task execution orders in parallel: it has two
ports (Fig. 1), each of them allowing the reception of a
task execution (start operation of IUserIn interface) and the
transmission of an acknowledgement at the end (finish op-
eration of IUserOut interface). The high level specification
of MUTEX describes the system from an external point of
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view. The resource is not represented yet. It is modeled
from a behavioral point of view by an atomic UML compo-
nent (named SpecMUTEX) whose behavior is specified by a
state machine with a concurrent state modeling two parallel
task processes (Fig. 1).

Figure 1: SpecMUTEX component

MUTEX1 model represents the first internal view of the sys-
tem, i.e. two users sharing a resource. The resource pro-
vided interface has two operations: take and release. The
designer thus specifies SpecUser and SpecResource compo-
nents and their associated behaviors (Fig. 2a and b) in or-
der to match SpecMUTEX specification. MUTEX1 is a com-
posite component (Fig. 3a) which assembles two SpecUser

components (U1 and U2) and one SpecResource component
(R1) .

MUTEX2 model is a possible implementation model of
MUTEX1 architecture. MUTEX2 has the same architecture
than MUTEX1 (Fig. 3a) except that U1 and U2 are of type
User and R1 is of type Resource (Fig. 2c). User details are
not required to understand the example.

Both User and Resource are checked by IDCM as
conforming their specification SpecUser and SpecResource

(Fig. 3b). The conformance relation between an imple-
mentation model and a specification model guarantees that
actions that are mandatory after any trace of the specifi-
cation must also be accepted by the implementation af-
ter the same trace. This relation is implemented [16, 8]
with its variant, refines and extends. It requires models
to be transformed into LTS (Labelled Transition System).
This is automatically achieved using IDCM [15, 14] which
transforms the architecture into the EXP.OPEN formalism.

(a) SpecUser (b) SpecResource (c) Resource

Figure 2: MUTEX component state machines

Then, CADP [11] transforms EXP.OPEN into LTS. In the
following, we give an interpretation of these relations on the
MUTEX models (Fig. 3c). MUTEX2 component conforms
to MUTEX1: it is a suitable implementation of the specifi-
cation. MUTEX1 is a refinement of SpecMUTEX: it has no
extra traces and must realize all mandatory behaviors of the
specification.

(a) MUTEX1 and MUTEX2 architectures

(b) Implementation relations (c) Liveness relations

Figure 3: Incremental development of the MUTEX system

This example points out that MUTEX2 is a “good” real-
ization of the initial specification from a liveness point of
view, as defined by the ISO standard [12]. However, it does
not verify the safety property stating that the resource has
to be exclusive. This property states that U1 and U2 users
must not at the same time be in the Starting state, which is
the output state of the start/take transition, while R1 is in
the Busy state .

It is necessary to associate another tool with IDCM to
verify such a property.

3. Safety analysis of architectures

Our goal is to explicitly specify safety properties in or-
der to complement incremental techniques. We are look-
ing for a method which takes into account the incremen-
tal aspect of modeling in order to be integrated into IDF.
The BIP (Behavior, Interaction and Priority) modeling and
verification framework [2] is based on several principles
which match with IDF: development of correctness-by-
construction model, incrementality, compositionality and
composability. It includes many tools for safety property
analysis and model transformation from several languages
such as AADL and Lustre. To the best of our knowledge,
there is no available transformation tool from UML to BIP
taking into account both primitive and composite compo-
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nent descriptions. We have thus developed a module of
IDCM that may be uploaded on the IDCM website [7]. We
present an overview of the transformation from UML to BIP
and the benefits for safety analysis of architectures.

3.1. From UML to BIP

BIP [1] is a powerful language for modeling heteroge-
neous real-time systems. Main classes of BIP meta-model
corresponding to UML concepts we deal with are: Com-
pound Type, Atomic Type, State, Transition, Port and Con-
nector. BIP describes compound components by a set of in-
teractions between atomic components whose behaviors are
represented by LTS. There is thus a direct mapping between
BIP and UML atomic components since we gave in [14] a
LTS semantics to UML models. Listing 1 gives the corre-
sponding BIP model automatically generated by the IDCM
module UMLtoBIP.

package Resource
atomic type Resource

export port Port PR TAKE
export port Port PR RELEASE
port Port i
place Pseudostate1 , i d l e , busy
i n i t i a l to Pseudostate1
on i from Pseudostate1 to i d l e
on PR TAKE from i d l e to busy
on PR TAKE from busy to busy
on PR RELEASE from busy to busy

end
end

Listing 1: Resource BIP model

There is a direct mapping between UML composite com-
ponent and BIP compound components: a UML compos-
ite component consists of a set of Parts which match BIP
Components. A UML assembly Connector matches a set of
BIP connectors. Indeed, a BIP connector is relative to the
synchronization of a single operation shared by two inter-
connected ports, while a UML connector is relative to the
synchronization of the set of operations belonging to inter-
faces associated with the interconnected ports. The Port of
a Part belonging to a delegate connector will be exported
and renamed by the name of the port of the compound com-
ponent. To illustrate this transformation, we give in List-
ing 2 the BIP code of the MUTEX2 architecture presented
in section 2. This code is automatically generated by the
transformation IDCM module UMLtoBIP.

3.2. D-Finder: a toolbox for safety analysis

D-FINDER provides methods and tools to compute in-
variants of BIP models. Such invariants are interesting since
they preserve safety properties. There are two kinds of in-
variants: component invariants which are over approxima-
tions of reachable states, and interaction invariants which

model Mutex
include User . b ip
include Resource . b ip
connector type RDV( Port p1 , Port p2 )

define [ p1 p2 ] end
compound type MutexType

component Resource R1
component User U2 component User U2
connector RDV C1 release (U1 . P RELEASE, R1 .PR RELEASE)
connector RDV C1 take (U1 . P TAKE , R1 . PR TAKE)
connector RDV C2 release (U2 . P RELEASE, R1 .PR RELEASE)
connector RDV C2 take (U2 . P TAKE , R1 . PR TAKE)
export port Port PM1 FINISH i s U1 . PIN FINISH
export port Port PM1 START i s U1 . PIN START
export port Port PM2 FINISH i s U2 . PIN FINISH
export port Port PM2 START i s U2 . PIN START

end
component MutexType Mutex
end

Listing 2: Mutex BIP model

define global boolean constraints dealing with the synchro-
nization of components. D-FINDER is based on an abstrac-
tion technique allowing the state space to be reduced. Its
strength is to perform incremental constructions of mod-
els and incremental computations of invariants [2] allowing
large-scale systems to be checked. D-Finder uses the BDD
library for the symbolic computation of interaction invari-
ants, and then the SAT-solver tool Yices [9] for checking
satisfiability. Verifying a safety property consists in demon-
strating using Yices that the negation of the property is un-
satisfiable in a context defined by the set of invariant expres-
sions generated by D-Finder. The invariants are expressed
by Boolean Behavioral Constraints [17].

3.3. Illustration of a safety property for MUTEX

Let us consider MUTEX1 and MUTEX2 architectures
presented in section 2. We aim at checking the mutual ex-
clusion property. Equation (1) expresses the non expected
property: two users U1 and U2 can be both in Starting state
while the shared resource R1 is in busy state.

(and R1 busy- (and U1 Starting- U2 Starting-)) (1)

For MUTEX1, the property is unsatisfied: it means that
the resource mutual exclusion has been properly imple-
mented in this architecture. That is not the case for the
MUTEX2 architecture. Indeed, the Resource state machine
(Fig.2c) points out that it may be used concurrently by two
users. On this example, the error is obvious, but it is not the
case for large systems where components may be designed
by third parties according to a high specification level.

4. Discussion and Related work

To the best of our knowledge, no framework support
the incremental development of UML architecture mod-
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els by analyzing both liveness and safety behavioral as-
pects. In particular, no framework is able to consider ab-
stract and non-deterministic UML models and few frame-
works are able to consider UML models partially covering
the requirements. Hence, even if some work addresses re-
finement of models, they do not focus on the reduction of
non-determinism, and most of them cannot analyze mod-
els the specification of which is extended, despite it is a
key action for designing complex systems and managing
model evolution. For example, [13] defines a UML pro-
file to transform models into Wright for using the FDR
model checker [10].[18] proposes to translate architectures
into IF/IFx models [5] allowing LTS models to be generated
and analyzed by the CADP model checker [11].Other ap-
proaches about AADL aims at transforming models into in-
termediate models such as FIACRE [6, 3] or BIP [6] to use
appropriate model checkers such as TINA [4] or Yices [9].

Refer to [14] to have more arguments and a complete
state of the art about formal verification of models.

These approaches are powerful from the safety point of
view but they are not able to integrate liveness analysis for
incremental development of models as it is done in IDCM.

5. Conclusion

In this article, we have pointed out the interest for in-
cremental development of UML models and the comple-
mentarity between safety and liveness analyses. We have
defined a transformation of UML models into the BIP for-
malism which is implemented into the tool IDCM we have
developed. By this way, the liveness and safety analyses
are automated. Safety properties are expressed by proposi-
tional calculus and requires designers to manipulate a spe-
cific syntax. Further steps consist in developing a support
to help designers to express the safety properties in terms of
UML concepts regardless the theorem prover syntax, and
studying their automatic rewording when UML models are
refined or extended.
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Abstract
Sample-based scheduler design has become an emerging re-

search topic for its high scalability and simple scheduling pro-
cess in today’s big data cluster. One major limitation of such
design is its lack of global cluster knowledge, which leads to
sub-optimal decisions. Some cutting edge schedulers solve this
issue by deploying an extra centralized component in the clus-
ter to capture the real-time cluster state and inform all sched-
ulers. However, such solution is with high cost and low scala-
bility. As an alternative, we introduce the Collaborated-Cluster
State(CCS) technique in this paper. CCS is a low cost solution
that merely harms the scalability of sample-based design, while
achieving similar performance gain as ECC. Experiments with
Google and Yahoo production trace both show that CCS under
most scenarios can keep up with ECC’s performance while re-
ducing 87.7% (in Google trace) and 73.9% (in Yahoo trace) of
communications.

1 Background and Introduction
Sample-based scheduling is currently one of the most

promising branches of distributed scheduling. It is both
fully distributed and low-latency. Currently, the cutting edge
sample-based schedulers adopt the batch-probing sampling
process proposed by Sparrow. The batch-probing sampling
process contains following key steps: 1. In order to sched-
ule a t-task-job, a scheduler randomly samples 2t nodes from
the cluster (the ratio of sampling of 2 follows the power of two
law[1], but could also be changed to other value). 2. The sched-
uler sends each selected node a probe request. 3. Each probe
is then queued in the worker node to serve as task reservation.
4. When a task reservation is at the head of the queue and is
ready to execute, the worker replies to the scheduler and gets
a task to run. 5. Once the scheduler sends all t task to run, it
cancels all remaining reservations for the job by notifying ac-
cording workers. 6. Worker will notify the scheduler of the
completion of the assigned task. More details could be found
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in the Sparrow paper[2].
One crucial problem of these sample-based schedulers is

their lack of global knowledge of the cluster status. During
each decision process, a scheduler can only communicate with
a very small number (e.g. 2t in above example) of sampled
worker nodes and makes decision based on information gath-
ered from those nodes.This limits the sample-based scheduler
and leads to sub-optimal task placement decision.

An example of sub-optimal decisions made by sample-
based schedulers is shown in Figure 1. In this example, the
scheduler has randomly sampled two busy worker nodes, hence
the task under schedule will experience queue waiting no mat-
ter which worker is chosen. However, there are six available
worker nodes elsewhere in the cluster, this queue waiting could
have been avoided if the scheduler had that information. Such
a decision is considered sub-optimal since there are better deci-
sions that existed and should be found in the cluster. However,
for most cases scheduler itself can’t realize a sub-optimal deci-
sion is been made; for instance scheduler in both Figure 2 and
Figure 1 will consider themselves in the same status.

Some cutting edge scheduler mitigate this problem by using
a centralized software component to synchronize cluster status
and push collected global cluster knowledge to each sample-
based scheduler (refer to as EXCC).

This centralized component can either be a share-state mas-
ter, which is specifically designed to synchronize task and re-
source status with all worker nodes, or an independent central-
ized scheduler, which is responsible to schedule and inform the
sample-based schedulers at the same time. Either way, the cen-
tralized component has to synchronize with all worker nodes
to capture the real-time status of the cluster and then inform all
the sample-based schedulers accordingly.

Although this EXCC solution have proven to effectively re-
duce sub-optimal decision and improve scheduling precision,
EXCC is very expensive to implement. Since the centralized
component is required to synchronize with all workers in clus-
ter in order to collect global cluster information, the component
itself becomes a potential system bottleneck, which is the pri-
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Figure 1: A sub-optimal
task placement decision.

Figure 2: A good task place-
ment decision.

mary goal for sample-based schedulers to avoid. Moreover, a
large amount of extra communications is needed to capture the
real-time status of cluster.

In this paper, we propose collaborated-cluster-state (CCS),
an alternative design that is low-cost and scalable, which allows
the scheduler acquire global knowledge while keeping the sim-
plicity of sample-based scheduling design.

2 Collaborated-Cluster-State
In this paper, we introduce a novel technique, collaborated-

cluster-state (CCS), which provides sample-based schedulers
with global cluster knowledge through scheduler collaboration.
CCS keeps track of all occupied and available resource sta-
tus by receiving updates from schedulers only. Each scheduler
packs task start and complete information along with necessary
task details together and send it to CCS periodically. CCS also
periodically pushes its current accumulated knowledge to all
schedulers. This pushed copy of CCS knowledge can provide
each scheduler with advice on which workers should be probed
and which should not.

In CCS, cluster resource information is stored in the form
of an array of size N , in which N represents the number of
worker nodes in the cluster. Each element in the array caches
the resource status of the corresponding worker node in the
cluster in a tuple ( ~ra, ~ro), where ~ra denotes the available re-
source quantity in a worker node; ~ro denotes the occupied re-
source quantity in a worker node. For instance, CCS[10] =
(3, 4, 500, 5, 12, 200) means that the 10th worker node in the
cluster has 3 core, 4GB of DRAM and 500GB of Flash avail-
able and 5 core, 12GB of DRAM and 200GB of Flash occu-
pied.

The overall design to maintain and use CCS knowledge in
sample-based scheduling is shown in Figure 3.The CCS com-
ponent needs to be initialized before each scheduler starts to
function. Upon initialization, the CCS component reads in
worker registration information from the cluster daemon to ac-
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Figure 3: Overview of sample based scheduling with CCS

quire the maximum resource capacity of each worker node and
marks them as available.

After initialization, CCS component first waits for incoming
messages from each scheduler. When a message arrives, CCS
unpacks the message to recover the task start or complete infor-
mation. Each piece of information is represented as one tuple.
CCS then processes these tuples one by one. For each tuple, the
component reads in the following information: whether the tu-
ple represents task start or complete; the worker nodes of which
each task runs on; the amount of resources each task claims.
CCS then finds that worker node in its data and updates the
amount of available and occupied resources accordingly. CCS
also pushes a copy of the cluster state knowledge to all sched-
ulers periodically. The interval of push, ω, is preset, where
smaller ω value makes copies in each scheduler more precise
but requires more communication while bigger ω value leads
to the opposite situation. Each CCS copy also has an expire
period β, to prevent the failure of CCS component.

Each scheduler receives a CCS copy and only keeps the lat-
est version. At the beginning of each scheduling process, in-
stead of choosing sample target at complete random, it checks
with its own CCS copy first. Suppose 2t workers need to be
selected for a t-task-job and each task claims resources ~rc,
the scheduler finds in its CCS copy for 2t worker that has
CCS[worker]. ~ra ≥ ~rc. If more than 2t workers are found to
be qualified, the scheduler chooses workers with most available
resource by default. If less than 2t qualified workers are found,
the scheduler chooses from the rest of workers randomly.

After sample target is chosen, the rest of decisioning pro-
cess follows the common batch-probing process. The sched-
uler probes towards selected workers and places task reserva-
tions. When the scheduler is notified by any worker that one
reservation is ready to execute, the scheduler places a task with
that worker. It keeps doing so until all t tasks are placed. Once
all tasks are placed, it cancels all the leftover reservations in
the cluster. When the scheduler places task towards a worker,
it caches a tuple [1, workerID, rc] locally. When the sched-
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Table 1: Number/distribution of job and task in trace

Google(2011) Yahoo(2011)
Number of Jobs 506.4k 24.2k
Number of Tasks 17889.7k 968.3k

% Jobs ed ≤ 1000s 89.0% 96.6%
% Jobs ed ≤ 100s 42.7% 36.4%
% Jobs ed ≤ 10s 0.0% 2.7%

% Tasks ed ≤ 1000s 69.7% 84.6%
% Tasks ed ≤ 100s 7.6% 54.0%
% Tasks ed ≤ 10s 0.0% 20.2%

uler is notified that a task is completed, the scheduler caches
a tuple [0, workerID, rc] locally. The first variable in tuple
represents task start/complete, where 1 represents start and 0
represents finished. The second variable is the ID of the cur-
rent worker, and the last variable is the amount of resources the
task claims. Periodically (with an fixed interval γ) it packs all
cached tuples together and sends them to CCS. Each tuple will
be sent only once.

3 Experiments
3.1 Methodology

Workload: Google trace and Yahoo trace are used in the
evaluation as a representation of today’s production workloads
in big data cluster. The Google trace used in this paper[3][4]
is publicly available. Cleaning the trace by removing failed or
invalid records resulted in more than 500k heterogeneous jobs.
Task runtime also varies within each job. For Yahoo trace, we
gathered centroid values for task duration and average number
of task per job from the trace description[5][6], then used them
as scale parameters in exponential distribution to generate the
complete trace. The job/task distribute of Google trace and
Yahoo trace are listed in Table 1.

Metrics: In this paper, we used three metrics to evaluate
CCS against some baseline techniques. We first evaluated how
many sub-optimal decisions a sample-based scheduler could
avoid with CCS and then collated the job runtime results of
CCS and of the baseline techniques in Google and Yahoo trace.
50th and 90th percentile job runtime of the workload were used
in this experiment. Finally we compared the communication
costs of CCS against the baseline schedulers.

Baseline Schedulers and Simulator: There are two base-
line schedulers used in this study: Sparrow and EXCC. Spar-
row was used to represent the cutting edge sample-based sched-
uler without any global cluster knowledge. In the experi-
ment, we use the event-based Sparrow simulator from its own
open-source project[2] and further augmented this event-based
scheduler for the evaluation of CCS. It was used as the lower
bound in performance and communication cost. EXCC repre-
sented the high-cost solution that uses a centralized component
to obtain a more precise global cluster state for the sample-
based schedulers. It was used to represent the upper bound
in sub-optimal decision and lower bound in job run-time. We
abstracted the EXCC used in Tarcil[7] scheduler for the evalu-
ation of CCS.

Figure 4: The percentage of reduced sub-optimal decision us-
ing CCS and EXCC, comparing to Sparrow, Google trace

Figure 5: Google trace runtime results in five different cluster;
evaluating Sparrow, CCS and EXCC. Both CCS and EXCC
results are normalized to Sparrow.

Cluster setting: We changed the size of the cluster to
achieve different cluster utilizations and simulate the industrial
workloads. The number of schedulers deployed in the cluster
was set to 10. For CCS, the parameter ω was set to 10 second
and γ was set to 5 second. Probe ratio was fixed at 2 following
the Power of Two Law[1].

3.2 Google Trace Results

The sub-optimal decision statistics from Google Trace are
shown in Figure 4. Both CCS and EXCC effectively reduced
most of the sub-optimal decisions in sample-based schedul-
ing. Especially when the cluster was under medium and low
loaded situation (20k,24k,28k slots cluster), almost all of the
sub-optimal decisions were avoided. In high cluster, CCS made
sub-optimal decisions mostly because of its imprecise global
knowledge; EXCC because of conflicts.

The result of job runtime of Google trace is shown in Fig-
ure 5. We normalized the runtime results of CCS and EXCC
to Sparrow for better comparison. In this case, smaller results
indicated better performance improvement. As shown in the
figure, the major improvement of both CCS and EXCC was in
high and extreme loaded (16k and 12k slots) clusters. The dif-
ference between EXCC and CCS was small except in extreme
loaded cluster, where EXCC outperformed CCS by about 20%.

The overall communication count in/out of CCS component
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Figure 6: The percentage of reduced sub-optimal decision us-
ing CCS and EXCC, comparing to Sparrow, Yahoo trace

Figure 7: Yahoo trace runtime results in five different cluster;
evaluating Sparrow, CCS and EXCC. Both CCS and EXCC
results are normalized to Sparrow.

in above experiments was roughly 7.5 million in total, while the
EXCC required about 60.6 million in total. When the through-
put of workload and cluster size increases (as expected in fu-
ture’s big data cluster), the communication needed by EXCC
increases accordingly while CCS stays the same.

3.3 Yahoo Trace Results

Yahoo trace results showed very similar trends as Google
results. Compared to Sparrow, both CCS and EXCC reduced
almost all sub-optimal decisions. CCS had a very similar per-
formance as EXCC, as shown in figure 6.

Considering runtime results, the results showed that both
CCS and EXCC reduced about 20% job runtime of Sparrow in
high loaded cluster(6k slots) and cut 90th percentile runtime of
Sparrow in half in medium loaded cluster(8k slots).

Similar to Google trace results, CCS needed much less com-
munication than EXCC. The total amount of communication
in/out of CCS is about 0.55 million and EXCC is about 2.11
million.

The results from both Google and Yahoo trace show that
CCS achieved similar performance using far less (respectively
86.7% and 73.9% less) communication cost. The impact of la-
tency (a 10 second pushing delay and a 5 second synchroniza-
tion delay) in CCS has a limited impact on the final runtime
result, as we expected.

In above experiments, while EXCC had to synchronize with

thousands of work nodes, CCS only needed to synchronize
with 10 worker nodes. Compared to EXCC, the packing of
updates in CCS changed synchronization frequency from per-
task frequency to a fixed rate, which in each experiment was
from about 1 per second in EXCC to 0.2 per second in CCS.

4 Related Work
Among existing sample-based methods, Sparrow is one of

the most popular and represented work with the batch-probing
technique. In this paper, we have introduced how to imple-
ment CCS through augmenting Sparrow and also used Sparrow
scheduler as the baseline in our experiment. Tarcil is also a dis-
tributed, sample-based scheduling approach. It uses extra cen-
tralized components to combine the benefit of share-state de-
sign and sample-based design. We have compared the perfor-
mance of such EXCC method and our proposed CCS method.

Another direction of providing sample based scheduler with
global knowledge is the hybrid design. Eagle[8] proposed a
design that uses a EXCC as a scheduler for long jobs and also
as a source of global information, which notifies sample based
schedulers about the placement of long tasks in cluster.

5 Conclusions
Collaborated-cluster State (CCS) is a novel technique to im-

prove the precision of sample-based schedulers by providing
them with global cluster knowledge. Comparing to existing
techniques that serve the same purpose, it requires much lower
communication cost while preserving the scalability of sample-
based design.
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Abstract—An effective method for finding the relevant number 

(window size) and the elapsed time (window age) of recently 

completed projects has proven elusive in software effort 

estimation. Although these two parameters significantly affect the 

prediction accuracy, there is no effective method to stratify and 

sample chronological projects to improve prediction performance 

of software effort estimation models. Exemplary projects 

(Bellwether) representing the training set have been empirically 

validated to improve the prediction accuracy in the domain of 

software defect prediction. However, the concept of Bellwether and 

its effect have not been empirically proven in software effort 

estimation as a method of selecting exemplary/relevant projects 

with defined window size and age. In view of this, we introduce a 

novel method for selecting relevant and recently completed 

projects referred to as Bellwether moving window for improving 

the software effort prediction accuracy. We first sort and cluster 

a pool of N projects and apply statistical stratification based on 

Markov chain modeling to select the Bellwether moving window. 

We evaluate the proposed approach using the baseline 

Automatically Transformed Linear Model on the ISBSG dataset. 

Results show that (1) Bellwether effect exist in software effort 

estimation dataset, (2) the Bellwether moving window with a 

window size of 82 to 84 projects and window age of 1.5 to 2 years 

resulted in an improved prediction accuracy than the traditional 

approach.      

Keywords—Bellwether effect; Markov chains; Window age; 

Window size; Chronological dataset. 

1. INTRODUCTION 

 In the construction of a robust and accurate prediction 
model, there is the need to consider the best selection of training 
and validation sets prior to modeling. According to Lokan and 
Mendes [5][12], selection of training and validation sets from a 
subset of chronologically arranged projects (referred to as 
moving window) can further improve the prediction accuracy of 
effort estimation models. The moving window theory is based 
on the assumption that recent projects are likely to share similar 
characteristics with new projects. Recent studies [10][2][7][17] 
support the theory by Lokan and Mendes that, the use of moving 
window as the training set improves the estimation accuracy of 
effort estimation models. The moving window approach has 
recently been supplemented with weighting functions which 
further improve the estimation accuracy of effort estimation 
models. This theory was postulated by Amasaki and Lokan 
[10][2][18][17] and was empirically confirmed to improve the 
estimation accuracy when using large-sized moving windows. 
These previous studies found software effort estimation (SEE) 

models built using recently completed projects 
(weighted/unweighted moving window) superior to models that 
use all available historical projects (referred to as the growing 
portfolio). 

Irrespective of the significant improvement of using 
weighted/unweighted moving windows, challenges still exist in 
determining how large and how old the moving window should 
be prior to SEE modeling. The window size simply refers to the 
number of most recently completed historical projects 
appropriate for building the SEE model. The window age refers 
to the elapsed time of projects (within the moving window) that 
has existed for not more than t calendar years or calendar months 
[7]. Previous studies [2][5][10][18] randomly used different 
moving window sizes such as 20, 30, 40…120 projects. 
Similarly, different moving window ages (such as 1 year, 1.5 
years, 2 years…) were used by previous studies [7][12][17]. 
These arbitrary window sizing and window aging parameters 
significantly affect the estimation accuracy irrespective of the 
weighting functions used [2][10]. This is mainly due to the 
variations in the sample sizes drawn from the chronological 
datasets. Based on previous moving window studies 
[10][5][2][12], this study aims at addressing the unstable 
window sizing and window aging constraint to further improve 
the estimation accuracy of predictive models. The existence of 
exemplary projects referred to as Bellwether has successfully 
been used to improve the relative estimation accuracy in 
software defect prediction by Krishna et al. [1]. 

We therefore seek to address this problem by introducing a 
novel model to sort, stratify and statistically sample exemplary 
and recently completed historical projects to be considered as 
the Bellwether moving window. The model operates by applying 
the concept of Bellwether [1] and a probabilistic modeling 
approach namely Markov chain Monte Carlo [6] to determine 
an effective size and age of the moving window used in 
modeling.  

Based on Markov chain modeling, the outcome of an event 
(new project) in an experiment depends only on the previous 
experiment (recently completed projects with defined transition 
probabilities). The concept of Bellwether (specifically the 
Bellwether effect) and the Markov chains theory [6] are 
empirically proven to determine the best window age and 
window size of moving windows in this study.    

In this study, we make the following contributions: To the 
best of our knowledge, this is the first study to 1) empirically 
prove the existence of Bellwether in software effort estimation, 
and 2) compute the best window size and window age of the 
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sampled Bellwether moving window based on Markov chain 
Monte Carlo.  

This study is unique since the Bellwether method (as 
elaborated in Section 4) addresses the window aging and sizing 
constraint by developing a step-by-step sampling method as well 
as computing the window size and window age of the Bellwether 
moving window from a set of chronological projects.  

The remaining sections of the paper are organized as 
follows. Section 2 presents the Bellwether concept and the 
Markov chain Monte Carlo approach. Section 3 presents the 
postulations with their respective proofs. The proposed 
approach is presented in Section 4. Section 5 details the 
methodological procedure. Section 6 presents the experimental 
results. Section 7 presents the threat to validity and Section 8 
concludes the study.  

2. BACKGROUND 

A. The Concept of Bellwether 

According to Krishna et al. [1], the concept of Bellwether 

which is a simple transfer learning technique is defined in 2-

folds namely the Bellwether effect and the Bellwether method:  

1) The Bellwether effect states that, given a set of N 

projects, there exist exemplary project(s) that can form the 

Bellwether and can provide the best prediction accuracy for the 

remaining N-1 projects. 

2) The Bellwether method uses a heuristic approach to 

search for that particular Bellwether from a pool of completed 

projects and applies it to a new project whose target is to be 

estimated.    

This concept of Bellwether was considered by Krishna et al. 

[1] in the domain of defect prediction whereby given a set of 

non-chronological projects, each project was used as a potential 

Bellwether to successfully make predictions on the remaining 

projects. Results from their study show that Bellwethers could 

obtain the best training sets with relative improved prediction 

accuracy for building estimation models. 

This paper therefore investigates the feasibility of using 

Bellwether as a moving window for building software effort 

estimation models. We first, sort the projects chronologically 

and apply a statistical stratification technique to obtain only the 

recently completed projects. We then check for the existence of 

Bellwether based on a defined Bellwether method as elaborated 

in Section 4. We define the moving window obtained from the 

Bellwether method as the Bellwether moving window. The 

Bellwether moving window, wi is used to estimate each of the 

remaining windows, wj in N ∀ i≠j.  

B. Markov chain Monte Carlo 

The Markov chain Monte Carlo (MCMC) is a probabilistic 

technique that seeks to solve the problem of sampling by 

exploring a given sample space through the construction of an 

ergodic Markov chain (EMC) whose limiting distribution is the 

target distribution [6]. MCMC utilizes Markov chains to 

effectively simulate a random variable X whose future states are 

independent of past states given the present state. MCMC has 

been applied and proven successful in different software 

engineering domains such as software testing [8], image 

processing [11] as well as applied mathematics, statistical and 

biomedical engineering.   

We provide a statistical investigation on the use of MCMC 

to obtain a potential subset of relevant projects to be considered 

as the Bellwether. Let D denotes a set of projects from a given 

population (industry) with d degree of dimensions (features). 

Then, X = (x1,…,xd)𝜖D can represent a sample whose limiting 

distribution is known and can form the Bellwether. Each of the 

sample points x1,…,xd of the sample is allowed to take a discrete 

or continuous time value which denotes the project ages already 

known from the given repository (D). The Markov chain is then 

executed a number of times until the chain converges to its 

limiting distribution to obtain the target sample subset [6]. The 

selected sample with its respective t states (or ages) and 

constructed limiting distribution forms the Bellwether which 

can be used as the moving window. We define this type of 

moving window as the Bellwether moving window.    

3. POSTULATIONS 

In this study, we prove the following three postulations 
based on empirical analysis that: 

1) Given a set of N chronological projects with a finite mean μ 
and variance σ2, then there exist a potential Bellwether which 

can be used as a moving window. 

 Proof: Let {X(1),…,X(t)} be independent and identically 
distributed (iid) random samples chronologically drawn from a 
given population, N. If a random sample X(i) >30 is drawn from 
N, then (a) according to the central limit theorem [13] and the 
law of large numbers [14], X(i) will follow the normal 
distribution with mean, μ and variance, σ2 that is, X(i)∼N(μ, σ2) 
and (b) the X(i) with the minimum accuracy measure to be 
considered as a Bellwether can then be used to successively 
predict the remaining samples, X(j) ∀  j ≠ i. That is the ith 
Bellwether sample predicts the remaining jth samples.  
 In order to confirm the existence of a potential Bellwether 
from a given population set N, empirical analysis was performed 
based on statistical stratification of N using the X-means 
clustering [15], and samples were drawn from each stratum. We 
realized that, the best population stratum in which potential 
samples can be drawn from was of size not less than 100 
projects. This was empirically validated by applying the 
Bellwether method (in Section 4) to the population set.    

2) If P denotes a regular transition probability matrix (TPM) of 

a Markov chain, then there exist an ergodic Markov chain 

(EMC) whose respective window can be used as the Bellwether. 

 Proof: We define the Markov chain as a set of random 
variables {X(1),…,X(t)} or a collection of stochastic events 
{𝑋(𝑡)|𝑡 ≥ 0} whereby given the present event of a state at time 
t, the prediction of a future event at t+1 is independent of past 
events but the present event. The iid sample space for all states 
at their respective times can be described as a Markov chain if 

( )

1 1 1 1 1 1 0 0 1 1(X X , X ...X ,X ) (X X ) p k

t t t t t t t t t t ijP i i i i i P i i              (1) 

Assume there exist a variable ‘P’  that can be formulated as 
a matrix of transition probabilities of a Markov chain [6] from 
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the sample space {X(1),…,X(t)} where i 𝜖 T denotes the transition 
states (project ages), then the ijth element, p(k)

ij𝜖P is the 
probability that the Markov chain starting from a particular state, 
ti will transition to tj after k steps. If p(k)

ij is homogeneous, then 
(2) holds and there exist a unique probability matrix, 𝞱u that can 
form the ergodic Markov chain (EMC) such that for any 𝞱o and 
for large values of u, (3) can be defined as follows:  

             (k) (k 1) ( )(X X ) p k

ijP j i                          (2) 

                         
1 1lim u

u
u

P 


                                   (3) 

Thus, the EMC can be obtained given a non-negative power 
of P by making all the entries of the probability matrix non-zero 
and irreducible. If the limiting state probability matrix (EMC) 
exists from the TPM constructed with the moving window 
sample, then that particular sample can be used as the Bellwether 
moving window. We consider such moving window sample as 
Bellwether since its limiting or stationary distribution has been 
reached and hence can form a potential training set for modeling 
given it has the best prediction accuracy performance. 

3) Given a Bellwether whose ergodic Markov chain is known, 

then its size and age can be defined. 

 Proof: Let a sample X with projects {p1,…,pn} be classified 
into t states based on their respective ages. Assume that pi 𝜖 X 
are sorted in non-decreasing order based on the project ages and 
the EMC of X is known. Then, the age of the Bellwether sample, 
X can be found as the difference between the maximum and 
minimum states (ages) of the sorted pi whose EMC is known. 
Similarly, the size of the Bellwether can be found as the total 
number of projects in X.  

A. Assumptions  

The following assumptions are made for the effective 

functioning of the proposed Bellwether method: 

 Each project used in modeling has an age. Thus, we 

pruned off irrelevant projects without start and 

completion dates prior to modeling. 

 All selected projects from N have the same features. 

 All selected projects are from a single industry. 

 All selected projects share common development 

policies or characteristics. 

 Each pij element in the TPM lies within 0 and 1.  

 The sum of each ith row of TPM should be 

approximately 1.  

 All entries of the ergodic Markov chain are non-zero. 

4. BELLWETHER MOVING WINDOW: A NEW APPROACH 

 In order to support the replication of this study, we describe 
the Bellwether method for obtaining the moving window in this 
section. Thus, we introduce a stratification and sampling 
approach that will assist a software practitioner to select the best 
moving window from a repository, D of chronological projects 
to aid in estimating the software effort of a new project. We 
illustrate the general architecture of the Bellwether method in 
Figure 1. Using historical data from D, the following three 

                                                           
1 X-means automatically estimate the number of optimal clusters with respect 

to the Bayesian Information Criterion [15] 

operators (SORT+CLUSTER, GENERATE TPM and APPLY) 
can be applied by the software practitioner:  

SORT + CLUSTER 

Given a set of N completed projects from D, sort based on the 
project completion dates and stratify the data into q clusters. 

1. For all N projects from D, sort in an increasing order 
using their respective project completion dates. 

2. Subject sorted data to X-means1 clustering algorithm 
[15] to obtain q clusters. Perform data stratification 
based on the q obtained. That is, stratify N into q 
clusters whereby each cluster (or window) has a set of 
chronologically arranged projects.   

3. For each window, compute the weighted moving 
window by applying the respective weighting 
functions (Triangular, Epanechnikov, Gaussian and 
Rectangular [10]) on the q windows. We define the 
resulting q weighted windows in an increasing order as 
w1, w2 … wq.  

4. Use wq as a baseline. wq contains recently completed 
projects in a chronological order and can form a 
baseline weighted moving window.  

GENERATE TPM 

Generate the transition probability matrix (TPM) for the 
resulting weighted moving window and find the respective 
ergodic Markov chain (EMC). 

5. For the resulting baseline window (wq), generate the 
Transition Probability Matrix (TPM) of the Markov 
chain. Here, use the project ages in wq as the transition 
states with their respective effort to generate the TPM.  

6. Compute the EMC for the generated TPM in order to 
validate the limiting (or stationary) distribution of wq. 
Thus, using the TPM with s states, successfully 
perform the squaring of TPM until TPM reaches its 
stationary distribution (ergodic). That is, when 
individual probability elements, pij of TPM cannot be 
reduced further, we say that TPM is regular or ergodic 
[6].   

7. Report wq* as a Bellwether moving window if the 
weighted moving window, wq is stationary and 
provides the best prediction accuracy for majority of 
the remaining windows, w1, w2 … wq-1. Else go to step 
4 to update wq with additional project(s) from wq-1 and 
repeat steps 5 and 6. Conversely, update wq by 
sequentially removing project(s) from wq and adding to 
wq-1 and repeating steps 5 and 6. 

APPLY 

Apply the Bellwether moving window, wq* to the new project 
data (set as a hold-out) whose software effort is to be estimated. 

8. Once wq* is obtained as a Bellwether moving window 
in step 7 prior to its application to the new project data 
(set as a hold-out), its size and age can be defined from 
its dimensions. The size of the moving window is 
computed as the total number of projects within the  
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Figure 1. Overview of Bellwether Method for sampling the Bellwether Moving Window  

Bellwether moving window whiles the age of the 
moving window is computed as the difference between 
the maximum and minimum project ages.  

9. Predict the software effort of the new project(s) using 
the resulting Bellwether moving window model.  

5. METHODOLOGY 

A. Dataset  

 In this study, we use the International Software 
Benchmarking Standards Group (ISBSG) dataset release 10 
which is sourced from the ISBSG dataset repository2. It is a 
chronological cross company dataset with a total of 4106 
projects. All historical projects span approximately 20 years 
between May, 1988 and November, 2007. For easy comparison 
of our approach with previous moving window studies, we use 
the same ISBSG dataset that has previously been considered for 
moving windows [2][5][7]. Although the dataset seems old, the 
focus is not on how old the dataset is but to prove that new 
projects can be predicted from previously completed projects 
based on the Bellwether effect and Markov chain modeling.  
 We preprocess the ISBSG dataset following a similar 
approach by previous studies [2][7]. The preprocessing resulted 
in a total of 1097 projects (26.7%) selected from the population 
set (4106 projects). The ISBSG dataset contains variants of 
projects from different industries with different policies and 
development methodologies. Hence, such cross projects are 
heterogeneous in nature and do not share common development 
policies. We therefore extracted projects from a single industry 
and hence selected 237 projects (21.6%) out of the total 1097 
preprocessed projects. Ten projects (4.2%) with recent 
completion dates are set aside as hold-out for testing the 
prediction accuracy of the Bellwether method. The selected 
features from the ISBSG dataset are the size of the projects 

                                                           
2 http://www.isbsg.org 

measured in Unadjusted Function Points (UFP), primary 
language type (3GL, 4GL), development type (new 
development, re-development and enhancement), platform (PC, 
mainframe, midrange and multi-platform), industry sector 
(manufacturing, banking, insurance and other) and the effort 
measured in person-hours. It should be noted that, we used the 
same features considered in previous moving window studies 
[2][7] to support the replication of previous studies. 

B. Experimental Setup and Evaluation Measures 

This study employs a proposed Bellwether method described 
in Section 4 to select the Bellwether moving window with the 
respective window size and window age for estimating the 
software effort of new projects. Comparison is made across the 
use of weighted moving windows (Triangular, Epanechnikov 
and Gaussian), unweighted moving windows (Rectangular) and 
growing portfolio (use of all preprocessed projects as training 
set). These weighting functions have been considered in 
previous studies [2][10][18]. We evaluate the prediction 
accuracy performance of the Bellwether moving window by 
using the selected window sample to perform successive 
predictions on the remaining unselected windows (see detailed 
explanation in Section 4). Thus, whiles the selected moving 
window is used as the training set, the unselected windows are 
used as the validation sets. Thus, after obtaining the Bellwether 
(partition sample with the best prediction accuracy on the 
remaining partitions), it is then used for estimating the new 
projects. On the other hand, we use the growing portfolio as the 
training set as done in previous studies [2][7][10] for estimation 
purposes. We went a step further to apply the weighting 
functions considered in [10] on the growing portfolio to 
empirically investigate their performance in the estimation 
process. Lastly, we compare our Bellwether moving window 
approach with the growing portfolio approach.  
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The estimation model considered in this study is the 
Automatically Transformed Linear Model (ATLM) proposed by 
Whigham et al. [3]. ATLM was developed using multiple linear 
regression with a minimal threshold to act as a baseline for 
software effort estimation. The prediction accuracy of ATLM 
proved superior to ensemble methods and a hybrid model 
(particle swarm optimization, analogy-based estimation and 
clustering).     

We employed the Mean Absolute Error (MAE) which has 
been proven reliable by Foss et al. [9] and considered in previous 
studies [3][10][2]. MAE is a risk function that measures the 
average absolute deviation of the estimated effort values from 
the true effort values. It provides an unbiased measure that 
favors model generalization.  A robust statistical test called the 
Welch t-test statistic as recommended by Kitchenham et al. [19] 
is also used to determine the statistical pairwise differences 
among the weighted (Triangular, Epanechnikov and Gaussian) 
and unweighted (Rectangular) windows [10] and the growing 
portfolio. We considered the Kruskal-Wallis H-test statistic [4] 
to find the existence of statistical difference among the four 
weighting functions applied for both the moving window and the 
growing portfolio. The Glass’s ∆ effect size [16] is used to find 
the practical significance among the Bellwether moving window 
and the growing portfolio. We considered these performance 
measures due to their robustness to outliers. 

6. RESULTS 

In this section, we present the empirical analysis of the 
Bellwether effect in the chronological dataset. We compare the 
evaluation performance of using the Bellwether moving window 
and the growing portfolio for prediction purposes. 

A. Bellwether Effect in Chronological dataset 

To show that there exist exemplary projects to be considered 
as the Bellwether sample (postulation 1 in Section 3), we 
randomly sampled projects from size 30 to the total number of 
utilized projects (237). Each size (N≥30) acted as the sample 
space and the Bellwether method (Section 4) was applied on 
each sample space until a desired threshold size was obtained for 
the Bellwether. Results show that Bellwether effect exist in a 
sample space of N>100 projects to obtain a potential Bellwether 
moving window.  

After obtaining the threshold for the existence of Bellwether, 
we report the empirical analysis for this study using the 
maximum threshold of N=237 (setting 10 projects as hold-out). 
Results show that, after subjecting the sorted chronological 
dataset to the X-means clustering algorithm, 3 clusters (with 
initial approximate size of 76 projects) were recorded. The 
transition probability matrix (TPM) from the Markov chain 
modeling show that, there exist an ergodic Markov chain (EMC) 
from the 3 clusters or windows whereby its respective window 
can be considered as the baseline window. We empirically 
validated this initial baseline with MAE and updated the sizes 
(as shown in step 7 of Section 4) until the Bellwether moving 
window was obtained.  
 We present the prediction evaluation performances of 
different potential Bellwether moving windows in Figure 2. 
Results from Figure 2 depict the MAE evaluation of using 
relevant windows weighted with the four functions (Gaussian, 
Triangular, Epanechnikov and Rectangular). The selected  

 
Figure 2. MAE prediction evaluation of different window sizes subjected 

to the four weighting functions 

 
potential Bellwether moving windows were used to predict the 
projects that were set as hold-out as shown in Section 4. We 
present results of potential Bellwether moving windows of sizes 
ranging from 60 to 120 since they yielded relatively minimal 
error evaluation measures on average. On average the best 
number of projects to be considered as the Bellwether moving 
window ranges from 80 to 90 projects (35.2% to 39.7% of the 
training data) irrespective of the weighting function considered. 
These projects have project ages of not more than 3 years. 
Results also show that the Gaussian weighting function yielded 
the best relative predication accuracy as compared to the 
remaining weighting functions (Figure 2).  

B. Best Sizing and Aging for Bellwether moving window 

 Results from Table 1 show the window sizes and ages of the 
potential Bellwether moving windows with their respective 
performance measures. As a result of establishing the baseline 
that the Gaussian weighting function yields a relative prediction 
performance, we investigated which window size and age 
yielded the best prediction accuracy. Out of the range of 80 to 
90 exemplary projects, we realized from their respective MAE 
that a subset of 82 to 84 projects (36.2% to 37.0% of the training 
data i.e. 227 projects) with their respective ages of 1.5 to 2 years 
yielded a relative prediction accuracy (Table 1).  

Table 1: Prediction Accuracy Performance of Bellwether moving windows 
(exemplary projects) with respect to MAE  

Window age (years) Window size MAE 

1 80 1.5868 

1 81 1.9144 

1.5 82 1.4523* 

1.5 83 1.4546* 

2 84 1.4377* 

2 85 2.2069 

2 86 1.6152 

2 87 1.6517 

2.5 88 2.4752 

3 89 2.5686 

‘*’ used to indicate best prediction performance results (comparison made for 
each evaluation measure along each column). Thus, the minimum MAE signifies 
the best prediction accuracy. 
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C. Statistical Comparison of the Bellwether moving window 

versus the Growing portfolio 

 To investigate the significance of the estimation accuracy 
performance of the Bellwether moving window models, we 
performed a pairwise statistical test to benchmark the Bellwether 
moving window models with the growing portfolio models. The 
Welch t-test result show that at 5% asymptotic significance 
level, there is a significant difference between the Bellwether 
moving window and the growing portfolio. This statistical 
significance is confirmed by the large Glass’s ∆ effect size value 
of 0.627 (>0.5) implying practical significance in the use of the 
Bellwether moving window over the growing portfolio. 

D. Effect of weighting functions on the Bellwether Moving 

windows 

 The Kruskal-Wallis H-test resulted in a Chi-square value of 
71.17 (p-value<0.05) showing the existence of statistical 
significant differences at 5% asymptotic significance level 
across the weighting functions for the Bellwether moving 
windows (Triangular, Epanechnikov and Gaussian). Similarly, 
incorporating the unweighted moving window (Rectangular) 
[10] with the weighted Bellwether moving windows resulted in a 
Chi-square value of 97.52 (p-value<0.05) showing the existence 
of statistical significant differences. This confirms result by a 
previous study [2] that the use of a weighting function can affect 
the estimation performance of a prediction model. We realized 
that the use of the Gaussian weighting function on the 
Bellwether moving window improves the relative prediction 
accuracy performance.  

7. THREAT TO VALIDITY 

We used a single release of the ISBSG dataset (release 10) 
as considered in previous studies [2][7]. This dataset is a 
convenience sample but cannot be a general representation of all 
chronological datasets. Therefore, our results might not be 
confidently generalized beyond this dataset.  

8. CONCLUSION AND FUTURE WORK 

 The findings show that, Bellwether effect exist in software 
effort estimation and its respective Bellwether moving window 
has a relative effective window size of 82 to 84 projects (36.2% 
to 37.0%) and window age of 1.5 to 2 years for improved 
prediction accuracy. Incorporating weighting functions on the 
Bellwether moving window affect the prediction accuracy when 
the window size and window age of the Bellwether moving 
window differs from the aforementioned threshold. We observed 
that, the Gaussian weighting function was more advantageous 
for software effort estimation when using moving windows. The 
Bellwether moving window will continue to be useful for 
prediction purposes provided the phenomenon being measured 
share similar characteristics with the Bellwether projects. 

The introduced Bellwether method can be used in other 
software engineering domains for selecting the Bellwether 
moving window to be considered for the training and validation 
needs of predictive models. We intend to extend the Bellwether 
method to empirically analyze the Finnish dataset and other 
industrial projects to further validate the existence of Bellwether 
moving windows. 
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Abstract— This paper describes security failure-tolerant 
requirements, which tolerate the failures of security services 
that protect applications from security attacks. A security 
service, such as authentication, confidentiality or integrity 
security service, can be always broken down as advanced attack 
skills are coined. There is no security service that is forever 
secure. This paper describes an approach to developing the 
security failure-tolerant use case that specifies the security 
requirements for tolerating the breaches of security services. A 
security failure-tolerant use case is modeled along with 
application use case and security use case, and specified with 
application use case description. Threats to applications are 
identified and modeled to develop security failure-tolerant 
requirements. Online shopping system is used for illustrating 
security failure-tolerant requirements. 

Keywords - Security Requirements; Security Failure-Tolerant 
use case; Security use case; Application use case 

I.  INTRODUCTION 
Secure applications are designed with the security services 

that are made to achieve security goals, such as authentication, 
authorization, confidentiality, integrity, availability and non-
repudiation. The security services seem to be unbreakable 
enough to protect security assets in the applications from 
attacks. However, in reality, although applications are designed 
with unbreakable security services, the security services are 
always broken down as attack skills are getting crafty [2, 15]. 
To make applications more secure, it is necessary for security 
services to be tolerated when they are broken down.   

Several approaches [7, 8, 9, 10, 11] were developed to make 
applications secure in software development. Most of the 
approaches have focused on specifying and designing 
applications with security services in order to make applications 
secure. Security requirements are specified with Unified 
Modeling Language (UML) [1] and its extended notation [7, 8], 
separately from application requirements [10]. Secure software 
architecture is designed using secure connectors [11] that 
encapsulate security services. However, less attention has been 
paid to the tolerance of broken security services in terms of 
security requirements for secure applications.  

This paper describes an approach to developing security 
failure-tolerant requirements that tolerate broken security 
services. The tolerance of breached security services is 
specified on the assumption that any security services can be 

broken down. The security failure-tolerant approach aims at 
reducing the possibility of security damage to security assets in 
the applications from the breaches of security services. The 
security failure-tolerant approach is adopted from fault-tolerant 
approach to minimizing the system damage from a fault of 
systems. The proposed approach can delay attacks until the 
security failure-tolerant use cases are compromised. Although 
the security failure-tolerant approach might not be the ultimate 
solution to security, it can be a solution to make applications 
more secure by mitigating the breaches of security services.  

II. RELATED WORK 
Threat Modeling. Threats in a system have been modeled 

by several approaches, which include attack trees [2], data flow 
diagrams [3], and UML-based modeling [4, 5, 6]. Attack trees 
in [2] provide an approach to modeling and analyzing the 
threats of systems, and the threats are analyzed in terms of 
attacker’s capabilities. The design models in [3] are specified 
with data flow diagram, and the threats to the models are 
identified and analyzed using scenarios of each function in a 
system. Several threat modeling approaches, such as misuse 
cases [4], abuse cases [5], and HAZOP (Hazard and Operability 
Analysis) [6], have been developed for object-oriented software 
systems. The approaches model threats using the use case 
model in UML and capture security requirements for them.  

Secure Software Development. Several researches for 
developing secure software have been done in terms of secure 
requirements and design. The studies in [7, 8] proposed a new 
modeling language based on UML for the model-driven 
development of secure, distributed systems. The research in 
[17] illustrates an ontology-based approach that uses predefined 
pattern-based templates to aid requirements engineers in the 
formulation of security requirements. Security patterns in [9] 
address the broad range of security issues that should be taken 
into account in the stages of software development lifecycle. 

Mitigation of Security Failures. Security failures can be 
mitigated by several approaches, such as layered security 
(defense in depth) [12], intrusion tolerance [16], and self-
protection [13]. The layered security [12] addresses multiple 
facets of a security on a network. It is made up of multiple layers 
of complementary security technologies, so that all the 
technologies work together to provide the required level of 
protection.  
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III. SECURITY REQUIREMENTS FOR SECURITY FAILURE-
TOLERANCE  

A. Threat Modeling 

Threats to a security failure-tolerant application focus on the 
security assets in the application that should be protected from 
attacks. A security asset can be a security relevant input to 
applications, secure data maintained in an application, and the 
system itself on which an application is running [4]. The security 
relevant input to applications is a user’s input to applications or 
the input from an external system or external devices to 
applications in which the inputs require security. An account 
identification (ID) or password entered by a user to an 
application can be an example of the security relevant input to 
applications. A secure data stored in an application can be a 
target of an attack. The example of a secure data can be the credit 
card information maintained by an electronic commerce 
application or a patient’s medical record stored in a healthcare 
system. Also, a system on which an application is running should 
be a security asset when the system’s availability affects an 
application’s availability.  

The security assets in a security failure-tolerant application 
can be identified by analyzing the use case descriptions for each 
application use case. The use case description describes 
application business logic in terms of the actor’s inputs to a 
system and the system’s responses to the actor. Also, a use case 
description addresses the data stored in the application and the 
actions applied to the data so as to process the actor’s input and 
generate a response to the actor. The actor’s input or the data 
stored in an application is a security asset if it requires security. 

The make order request use case in online shopping 
application [14] receives a customer order request, checking the 
sufficient credit to pay for the requested items and creates a 
delivery order for the customer if the credit is sufficient. The 
use case description for make order request use case is 
described as follows: 
Use case name: Make Order Request 
Summary: Customer enters an order request to purchase items. The 
customer’s credit card is checked for validity and sufficient credit to 
pay for the requested items. 
Actor: Customer 
Precondition: Customer has selected one or more catalog items. 
Main sequence: 
1. Customer selects the order request service. 

<Secure ID and Password> 
2.  System prompts the input for order request to customer. 
3.  Customer provides a purchase order request and customer 

account ID and password to pay for the purchase <Threat 
point: ID and Password>. 
<Tolerant ID and Password> 
<Secure Credit Card> 
<Tolerant Credit Card> 

4.  System retrieves customer account information, including the 
customer’s credit card details <Threat point: Credit Card>. 

5. System checks the customer’s credit card for the purchase amount 
and, if approved, creates a credit card purchase authorization 
number. 

6. System creates a delivery order containing order details, customer 
ID, and credit card authorization number. 

7. System confirms approval of purchase and displays order 
information to customer. 

8. System sends email confirmation to customer. 
Alternative sequences: 
Step 4: If customer does not have an account, the system prompts the 
customer to provide information in order to create a new account.  
Step 5: If authorization of the customer’s credit card is denied, the 
system prompts the customer to enter a different credit card number.  
Threat and Security: 
 Threat at Step 3: Release ID and Password 

o Security Asset: ID and Password 
o Description: ID and Password can be released to 

attackers  
o Security goal: Confidentiality of ID and Password 
o Security use case: Check Keystroke Logging security 

use case 
o Security failure-tolerant use case: Verify Image 

security failure-tolerant use case 
 Threat at Step 4: Release Credit Card 

o Security Asset: Credit Card 
o Description: Customer credit card information might 

be released 
o Security goal: Confidentiality of Credit Card 
o Security use case: Check Malicious Code security use 

case 
o Security failure-tolerant use case: Fraud Monitor 

security failure-tolerance use case 
Post-condition: System has created a delivery order for the 
customer.  
 

The customer account ID and password at step 3 in the make 
order request use case description can be a security asset in 
terms of a customer input that requires security. Also, the 
customer’s credit card details at step 4 are another security asset 
stored in the application so that the system processes the 
customer’s purchase request.   

A threat identified is modeled with application use cases in 
the use case model. A threat threatens an application use case at 
a threat point. In this paper, a threat is represented using the use 
case notation in the use case model, but a threat use case does 
not have a specific actor because an attacker can be any 
malicious person. Also the threat use case does not have a 
common scenario as to how to realize the threat. This is because 
an attacker can realize a threat in an unpredictable way. A threat 
point is a point in the application use case where a threat can 
occur. Also, a threat point is a step in the use case description 
for an application use case where a security asset is jeopardized 
if a security service is broken and there is no any security 
failure-tolerant service to protect the asset.  

The threats to make order request use case are modeled in 
Fig. 1 in which the release ID and password threat threatens the 
make order request use case at the ID and password threat 
point. Similarly, the release credit card threat threatens the 
make order request use case at the credit card threat point. A 
threat point is designated in the use case description by means 
of <threat point> with the threat point name. The ID and 
Password threat point is designated at step 3 as <threat point: 
ID and Password> in the make order request use case 
description. Also the credit card threat point is presented with 
<threat point: Credit Card> at step 4 in the same use case 
description. 
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Customer

Make Order Request

Release ID and 
Password

Release Credit 
Card

«threathen»

«threathen»

«threat»

«threat»

«application»

ID and Password
Credit Card

Fig. 1 Threats to Make Order Request application use case 

Each threat is specified to analyze security concerns so that 
a security failure-tolerant service is developed along with a 
security service. A threat can be described in the use case 
description for an application use case. A threat is described 
shortly in the threat and security section of the use case 
description in terms of threat name, security asset, threat 
description, and security goal. In the make order request use case 
description above, the release ID and password threat is 
specified with security asset (ID and password), description (ID 
and Password can be released to attackers), and security goal 
(Confidentiality of ID and Password). Similarly, the release 
credit card threat is specified in the use case description. As an 
alternative to a short threat description, a threat can be analyzed 
and specified in detail in terms of threat attributes, threat effect, 
and security concern [15]. 

B. Security Requirements Modeling 

Security requirements of security services for an application 
system are specified with security use cases [10] separately 
from non-secure application use cases. When the application 
system requires security services, the security use cases are 
extended from the application use cases at extension points. An 
extension point is a location in an application use case where a 
security use case extends an application use case if the 
application requires the security use case. An application use 
case provides an extension point where a security use case 
extends the application use case.  

The security use cases for the make order request 
application use case are depicted in Fig. 2 in which the check 
keystroke logging security use case and check malicious code 
security use case are provided for the non-secure make order 
request application use case. A user’s computer might be 
infected with malicious keystroke logging code that records 
user credentials and sends them to a third party location to do 
further harm. The check keystroke logging security use case 
mitigates the leak of user’s ID and password using anti-malware 
software on the user’s computer. The make order request 
application use case is extended to the check keystroke logging 
security use case at the secure ID and password extension point 
if the application use case requires the security use case. The 
secure ID and password extension point is described in the use 
case description for make order request application use case. 
The check keystroke logging security use case is specified as 
follows:    
Security use case: Check Keystroke Logging  

Summary: System checks a keystroke logging attack to protect 
customer input. 
Actor:  
Precondition: Anti-Keystroke Logging software is running. 
Description:  
1. System checks a keystroke logging attack. 
2. If system detects a keystroke logging software, system displays 

a warning message “Keystroke Logging Attack” and removes 
the keystroke logging software. 

3. System logs a keystroke logging attack. 
Alternatives: 
Post-condition: keystroke logging software has been checked. 

The check malicious code security use case is another 
security measure that has been employed to protect the make 
order request application use case. Malicious code may get in 
the application system and it can release user’s credit card 
information to an attacker. When the make order request use 
case requires the check malicious code use case, the check 
malicious code security use case is extended from the make 
order request application use case at the secure credit card 
extension point, which is designated in the make order request 
application use case.  

Customer

Make Order Request

«application»

Check Malicious 
Code

«security»
[Release Credit Card]

«extend»

Check Keystroke 
Logging

«security»

[Release ID 
and Password]

«extend»

Verify Image

«SFT»

[Release ID 
and Password]

«extend»

Fraud Monitor

[Release Credit Card]
«extend»

«SFT»

Secure ID and Password
Tolerant ID and Password

Secure Credit Card
Tolerant Credit Card

Fig. 2 Security use cases for make order request use case 

C. Security Failure-Tolerant Requirements Modeling 

Security failure-tolerant requirements are modeled with 
security failure-tolerant use cases, which tolerate the breaches 
of security services for applications. By careful separation of 
concerns, the security failure-tolerant requirements are captured 
in security failure-tolerant use cases separately from security 
use cases and application use cases. When an application use 
case requires a security failure-tolerant use case, the security 
failure-tolerant use case tolerates the breach of security use 
case. 

Fig. 2 depicts verify image and fraud monitor security 
failure-tolerant use cases, which tolerate the breaches of check 
keystroke logging and check malicious code security use cases 
for make order request application use case, respectively. The 
verify image security failure-tolerant use case verifies that an 
image selected by the customer is matched with the image that 
the customer registered in the system. Even though the customer 
ID and password are released to an attacker due to failure of 
check keystroke logging security use case, the attacker should 
know of the customer’s image registered in the system in order 
to make a malicious purchase order. The fraud monitor security 
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failure-tolerant use case activates a service to monitor credit card 
fraud so that it prevents the damage caused by the release of 
credit card information. Malicious code hidden in the system 
might release the customer’s credit card information to an 
attacker if the check malicious code security service fails to 
detect malicious code. However, the fraud monitor security 
failure-tolerant use case tolerates the attacker’s fraud of released 
credit card. Providing a credit monitoring service to its 
customers can ensure that even if credit card information gets 
released, customer will be protected from further damage.   

 A security failure-tolerant use case is extended from an 
application use case at an extension point if the application 
requires tolerating the breaches of security service. An extension 
point for a security failure-tolerant use case is a location in an 
application use case where the security failure-tolerant use case 
extends the application use case. An extension point of a security 
failure-tolerant use case is distinguished from that of a security 
use case. For example, the verify image security failure-tolerant 
use case extends the make order request use case at the tolerant 
ID and password extension point (Fig 2), where the check 
keystroke logging security use case is extended from the make 
order request use case at the secure ID and password extension 
point (Fig. 2). The tolerant ID and password extension point is 
designated in the make order request use case description. The 
verify image security failure-tolerant use case is described as 
follows: 
Tolerant use case: Verify Image  
Summary: Customer clicks an image rather than keystroking his/her 
ID and password and system verifies the image.  
Actor: Customer 
Precondition: Customer’s personal image is stored in the system. 
Description: 
1. System displays multiple images, which includes the image that 

customer has selected while registering for the system. 
2. Customer selects an image that he/she has selected when 

registering for the system.  
3. System verifies that the image selected by the customer is 

matched with the customer’s image stored in the system.  
4. If the images are the same, system approves that the customer 

makes an order. 
Alternatives: 
Step 4: If the customer selects the incorrect image consecutively for 
2 times, the customer account is locked. 
Post-condition: System has verified an image selected by a 
customer. 

IV.  CONCLUSIONS AND FUTURE WORK 
This paper presumes that security services are broken all the 

time in a real-world setting. On this assumption, first our 
approach has identified threats associated with security assets 
in terms of security relevant user’s input, secure data stored in 
the application, and the system on which an application is 
running.  Second we constructed security use cases against the 
threats so that the application would be protected from the 
threats identified. Finally, security failure-tolerant use cases 
have been specified to tolerate the breaches of security use 
cases. 

The security failure-tolerance can be envisioned with 
further research. The security failure-tolerant requirements can 
be extended to security failure-tolerant analysis modeling that 
describes the static modeling and dynamic modeling. Also, this 
research can be extended to develop a framework for security 
failure-tolerant requirements in which security failure-tolerant 
use cases are categorized with security use cases in terms of 
security goals.  
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Abstract—when manufacturers release patches, they are usu-
ally released as binary executable programs. Vendors generally
do not disclose the exact location of the vulnerabilities, even they
may conceal some of the vulnerabilities, which is not conducive to
study the in-depth situation of security for the need of consumers.
In this paper we introduce a vulnerability discover method using
machine learning based on patch information - SemHunt. Firstly,
we use it to compare two versions of the same program to get
the potential vulnerability-patched function pairs using binary
comparison technology. Then, we combine it with vulnerability
and patch knowledge database to classify these function pairs
and identify the possible vulnerable functions and the vulnera-
bility types. We completed a prototype of SemHunt, which can
effectively identify vulnerable function types and the location
of corresponding vulnerabilities, which are not revealed in the
released patch files. Finally, we test some programs containing
real-world CWE vulnerabilities, and one of the experimental
results about CWE843 shows that the results returned from only
searching source program are about twice as much as the results
from SemHunt. We can see that using SemHunt can significantly
reduce false positive rate of discovering vulnerabilities compared
with analyzing source files alone.

Index Terms—software security; binary comparison; vulnera-
bility; patch file; machine learning

I. INTRODUCTION

At present, the search for vulnerable software functions
is mainly based on software source code, which means that
professional testing tools on source code can find the vul-
nerabilities through automatic analysis of the code. However,
obtaining the source code is a very demanding condition,
because many software only provides executable programs
such as the large commercial software MS Office and the free
off-source software Adobe Reader. In addition, manufactures
usually release patches in binary executable program without
detailed vulnerability information and its corresponding loca-
tion. Therefore, finding vulnerabilities in the source code has
great limitations. They are not conducive to study the in-depth
situation of security for the need of consumers. Now, there
are some problems in vulnerability analysis techniques at the
binary level. Firstly, the binary comparison technique between
two versions of the same program may miss some match
functions[1][2][3][4], and the analysis of the vulnerability still
needs a lot of manual work. There are some binary comparison
tools like BinDiff[5][6], BinSlayer[7] and so on[8], which can

DOI reference number: 10.18293/SEKE2017-117

get good matching results. They compare two functions to
get their similarity, and determine whether the two functions
match by setting a threshold. In contrast, our method aims
at finding the potential vulnerability-patched function pairs,
which requires us to modify the current binary comparison
algorithm to adapt to our method.

Another problem is that the search for vulnerability at the
source program level may have high false positive rate[9].
They establish the vulnerability knowledge database and find
the similar functions to the test ones to determine the vul-
nerability types. Eschweiler and etc. match the function basic
blocks’ flow graph to find the pairing vulnerable functions to
the test software function[10]; Ming and etc. firstly find the
match basic blocks through semantic features, then extend the
matched blocks to the functions[1]. These methods only iden-
tify the possible vulnerable functions and their vulnerability
types at the source program level. Lacking verification from
other ways may lead to the high false positive rate.

Our paper firstly presents a novel approach to finding the
semantic differences between two versions of the same pro-
gram, aiming at finding the exact match between the potential
vulnerable functions and potential patched functions. Then,
we use the machine learning classification algorithms which
are combined with the patch information to make a double
verification for identifying vulnerability types. Thus, we can
increase the accuracy of the vulnerability report, as well as
reduce the false positive rate and identify these vulnerable
functions types and corresponding locations more effectively,
which are not disclosed in detailed information when the patch
file is released.

The main contributions of the paper are as follows:

(i) We build a set of common vulnerability functions, as
well as a corresponding set of patch-functions, which
are used to train the machine-learning classifier.

(ii) We propose a new binary comparison method between
the unpatched-vision and patched-vision software, to
find out the possible vulnerability-functions and its patch
functions.

(iii) We have implemented a prototype of SemHunt.

Our paper will be described in the following order. Section
2 will introduce a whole framework. Section 3 will introduce
the key points of the SemHunt. Section 4 will introduce
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Fig. 1: System Architecture

the experience in detail. Weakness and future work will be
introduced in Section 5.

II. SYSTEM ARCHITECTURE

Figure 1 shows our overall system structure. Firstly, the
two binary files are loaded into our angr platform, and it
run its own disassembly tool to generate the assembly code.
Then the assembly code are transferred into the intermediate
language using the IR converter(VEX), and the CFG is gen-
erated through the CFG constructor. We extract the semantics
information and digital feature of the function. After that
we use them in the binary comparison algorithm to get the
possible pairs of unpatched-function and patched-function, we
extract the feature and Simhash of each function through the
digital feature extractor. We add the match between patched-
file and patched-function set to reduce the rate, because only
finding the match function between vulnerability-functions set
and the unpatched file to get the vulnerability type may have
a high false positive rate. Then we put the features into the
machine learning classifier to get the corresponding matches.
We combine the results from two classifier to get the final
potential vulnerability types. Then we will talk about some
parts briefly.

III. THE KEYS OF SEMHUNT

There are two main parts in the SemHunt: Binary compari-
son algorithm and Vulnerability Search Combined With Patch
Information.

A. Binary comparison algorithm
We modify the BinDiff algorithm to adapt our system.

Bindiffs selectors only consider the structural characteristics
of the three-tuple information, such as its selector of callgraph,
which only includes the numbers of basic blocks, the number

of edges and a sub-function call number. The selector for the
control flow graph of the basic block contains the number of
blocks of the shortest path to the exit of the function, the
number of blocks passed from the entry point to the shortest
path of the block and the number of points of the sub-function
in the basic block. They are all used in a Euclidean space to
carry out the minimum distance to judge[5].

However, our SemDiff changes not only in the selector, in-
cluding the semantic judgments and more digital information,
but also in the process of loop. We do not only check the
parent-child nodes in one loop (this method may miss a lot
of matches), but also carry out their own check. To determine
the two functions are functionally identical, we define a rule
as follows:

Definition 1: pair functions equivalence formulas of data-
Given two list of data that are recorded in the memories and
registers: X = [x0, x1, · · · , xm], and Y = [y0, y1, · · · , yn].
For every xi in X , there is a bijection, yj = f(xi) is existed
,then ,we call the data is same. The formula is described as
follows:

8xi, 9yj = f(xi), f(x) is a bijection

There are three parts in the SemDiff: WholeMatch, Match-
Pro and SemDiff. As with the previous algorithms, at the be-
ginning of the initially matching process, we find the functions
which are uniquely matched, which means that, we find some
functions that have the same symbol expressions and digital
features.

At the first stage of the algorithm, the inputs are the function
sequences of the two programs respecitively. After the ”Whole
Match”, we get a result of the match function and two lists of
functions that are still unmatched.

Then, it is the second stage. We call it ”MatchPro”, because
it is applied in the propagation progress. The input of the
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second part is the matched function set, which is got from the
first stage and the remaining unmatched function sequences
. Then we match each function from a small set, which can
be got after the function ”FindPaAndCh”. It is a function that
return the set of the parent nodes and children nodes to the
functions in the matched set. After we get the subset, we use
them into the ”WholeMatch” to get the matched functions until
we finish traversing all matched functions.

The ”SemDiff” is a combination of ”WholeMatch” and
”MatchPro”. After we execute the three process, we get a
matched-function set and an unmatched-function set. The
match set includes the functions that are absolutely the same,
so they are not the vulnerable functions and corresponding
patched functions. We can get the potential vulnerable-patched
function pairs in the unmatched-function set. We compare each
function pair in it. If the similarity is over 80%, we consider
this pair as the potential vulnerable-patched function pair and
put them in the candidate set.

B. Vulnerability Search Combined With Patch Information

In this search stage, we use the machine learning algorithm
as our classifier. We will introduce the digital feature extractor
first. Each function holds a lot of digital information or
metadata, such as the number of instructions and so on.
The digital feature extractor is designed to extract a set of
digital features, which can represent the binary function. The
paper[10] indicates the number of instructions, the size of local
variables, the number of parameters, the number of CFG-based
blocks and the numbers of edges can be extracted as the digital
features. We also classify and record the instructions according
to the instruction types, like arithmetic instructions, data trans-
fer instructions, logic operations instructions, function call
instructions, function jump instructions and so on. Different
from the paper[10], we calculate the SimHash of each function
which is added to the digital features. Then we use the machine

Fig. 2: The Performance of Machine Learning Algorithm

learning algorithms to classify the functions into different
types according to the vulnerable-function database and the
patched-function database. Considered the performance of
each machine learning algorithm(fig2), we finally use the KNN
algorithm as our classifier and we modify it to adapt our
system. We check the results returned from the classifier. If
each result has the similarity over 90% with the test function,
then we still put them into the result set, or drop them. In

this case, we can adapt to the real situation that not every
unmatched-function pair with the similarity over 80% is the
vulnerable-patched function pair.

We can also explain the rationality of the low false rate by
double validation. Though the digital feature can’t represent
a specific function, the results returned from the machine
learning classifiers include the true function type. If the true
function type is in each result, the intersection must have the
true label. Thus, we can reduce the range of the candidate
through making an intersection of two results returned from
two classifiers respectively.

IV. EXPERIMENT

Our experiment is carried out in the system Ubuntu 14.04,
running in an angr virtual environment[11][12][13] . The
language we use is Python. We firstly introduce the two
databases’ construction. Then, we compare some machine
learning algorithms performance to get the best one. Then,
we modify it to adapt our system. At last, we introduce
some true examples which have the CWE vulnerabilities to
verify the accuracy and compare performances between double
validation and single validation.

A. The Construction of Databases
We have downloaded the common vulnerable functions

on CVE website, which contains the corresponding patched
function, including Stack Based Buffer Overflow, Heap Based
Buffer Overflow, Buffer Underweite, Integer Overflow, Use
after free, Double Free, Type Confusion and other vulnera-
bilities, about totally 148 kinds, more than 4000 vulnerable-
functions and more than 5000 patched-functions. After we get
the source code, we have to compile them in different platform,
here we just consider the Linux and Windows.

Because the instruction confusions have negative influence
on the performance, we have to preprocess the data informa-
tion. According to the feature we extracted and the Simhash,
we just focus on instruction rearrangement and register renam-
ing.

B. An Example with CWE843
At first, we take the program with CWE843 and its patched-

file as the input respectively in the KNN classifier. Then we
can get a list of results which are function-vulnerability pairs.
As TABLE I and TABLE II shown:

Function Type T/F
plt. libc start main Missing Handle,· · · ,Infinite Loop F

plt.printf Infinite Loop,· · · , Reachable Assertion F
sub 40124e Type Confusion,Null Deref From Return T
sub 400f80 Type Confusion,Null Deref From Return T
sub 4012a0 Type Confusion T
sub 400f2e Type Confusion T

· · · · · · · · ·
init Missing Handle,· · · , Reachable Assertion F

libc csu init Infinite Loop,· · · , Reachable Assertion F

TABLE I: The Final Result of unpatched-program
T represent the true type is in the Type set; F represent the true is not in
the Type set.
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Function Type Set T/F
init Mismatched Memory Management F

libc csu init Infinite Loop,· · · , Reachable Assertion F
sub 40101c Type Confusion T
sub 4010e2 Type Confusion T
sub 401175 Type Confusion,Reachable Assertion T
sub 400e57 Type Confusion T

· · · · · · · · ·
printLine Missing Handle,· · · , Reachable Assertion F

deregister clones Uncontrolled Recursion F

TABLE II: The Final Result of patched-program
T represent the true type is in the Type set; F represent the true is not in
the Type set.

The vulnerable program has 51 functions totally, and the
classifier returns 16 functions that may be the potential vul-
nerability function. However only 4 functions have bugs. Also,
there are 51 functions in the patch file with 4 bug functions,
however 18 functions are returned from the classifier. Through
observing the data, we find that there are nine functions are
same which are init, libc csu init,· · · , printLine. They cost
us too much energy to analyse, however they can’t be the
vulnerable functions.

Then, we put the two test programs into the SemHunt. We
get a list of functions which have the similarity over 80%
from the unmatched set. Thus we get the candidates that
may be the vulnerable-function and patched-function pair as
TABLE III shown. Then, we use these candidate pairs as the
test function pair, and put them into the KNN classifier to get
the potential vulnerability types set. At this time, there are
only eight pairs left including the four vulnerable function
pairs: sub 40124e:sub 40101c, sub 400f80:sub 4010e2,
sub 4012a0:sub 401175, sub 400f2e:sub 400e57. Then
through the intersection of each pair, we get a more accurate
result.

U.Fun P.Fun C.Type T.Type
sub 40124e sub 40101c Type Confusion Type Confusion
sub 400f80 sub 4010e2 Type Confusion Type Confusion
sub 4012a0 sub 401175 Type Confusion Type Confusion
sub 400f2e sub 400e57 Type Confusion Type Confusion

· · · · · · · · · · · ·

TABLE III: The Final Result of CWE843
1 U.Fun: Unpatch function, P.Fun: Patch function, C.Type: Candidate

Type, T.Type: True Type

V. CONCLUSION AND FUTURE WORK

We presented a system to efficiently identify already known
vulnerability with the patch file information in binary code
across two operating systems. In the preparation phase, two
code bases of known vulnerability functions and corresponding
patched functions are analyzed and their numeric features
and SimHash are stored. When a new vulnerability and its
corresponding patch are published, we always can’t know the
detail information about them. Our approach employs a three-
stage method to quickly identify the vulnerability type of the
program and which function is the buggy function. The first
stage relies on the binary comparison technique to get the

function-pairs which may be the vulnerability function and
corresponding patch function. Then at the second stage, we
extract the digital features and SimHash to retrieve very similar
functions based on the KNN algorithm. These functions serve
as candidates to the next stage. In the end, we make an
intersection of the two candidates set to get the potential
vulnerability types. Overall, our method can reduce the false
positive and the cost of time doesn’t increase too much.And
we implemented our methods in a tool call SemHunt and
evaluated its efficacy on several program and their patch files
with CWE vulnerabilities.
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Abstract—Today, the existing technologies, such as 

smartphone and other pervasive devices, can be used for 

context awareness and help people to undertake conscious 

choices. In fact, unlike what happened in the past, all of these 

data are managed and contextualized for the particular 

application. We need to understand, select, treat and finally 

opportunely expose these data. In this scenario, there are 

many Context Aware applications. 

This paper introduces a tailor made system for providing  

personalized services and it is based on a graphical formalism 

for the context representation: the Context Dimension Tree. 

This system provides the needed information about places 

that are of great interest for the visitors, selecting them using 

user preferences. A case study is applied to an event in 

Salerno, an Italian town, called Artist’s Lights. Finally, an 

experimental campaign has been conducted, obtaining 

interesting results.  

 

Keywords—Context-Aware Computing, E-Citizenship, 

Adaptive Systems. 

I. INTRODUCTION 

The Italian towns have a cultural heritage that often do 
not succeed in being completely enhanced. The natural, 
artistic and cultural resources present in the Italian towns, 
above all the smallest ones, many times remain hidden and 
are not enjoyed by the tourists[12]. This problem typology 
becomes even more important when the tourist has few 
hours to visit a town: think, for instance, about some 
passengers of a cruise who in few hours have to visit an 
unknown place. The problem arises also for those people 
who, for work, live an experience in a town that they can 
visit in little time. Where to eat? What to see? How to 
move? These are the typical questions that such a user 
makes when he/she is in a station, an airport or a harbor. If 
in the big towns there are pre-constituted itineraries that can 
be easily made by the tourists, this is not always true in 
towns of little or medium dimension that, even if they have 
a cultural heritage absolutely interesting, often risk of not 
enhancing it completely. 

On second thoughts, information necessary for the 
enhancement of the resources of a town are, in many cases, 
already present on the web: the social networks have much 
information about the resources present in a town. On the 
other hand, also the public institutions, usually, develop 
some contents in support of the cultural resources present in 

the territory, but not present in places not easily reachable 
by the tourists, above all the foreign ones. Moreover, often, 
there are also services that can be useful for a tourist who 
unlikely knows to find them. Therefore, it is necessary to 
create a framework that can integrate contents and services 
to support a user inside a certain territorial context [11]. 

When the main aim is to create applications, devices, 
and systems that are easy to use, it is essential to understand 
the context of use. Today, with context-aware computing, it 
can be possible to consider the situation of use not only in 
the design process, but in real time while the device is in 
use. Generally in Human-Computer Interaction (HCI) [8] 
the main aim is to understand the user and the context of 
use and create designs that support the major anticipated 
use cases and user use situations [9]. In Context-Aware 
Computing on the other hand, making use of context causes 
a fundamental change: it can supports more than one 
context of use that are equally optimal. At runtime – when 
the user interacts with the application — the system can 
decide what is the current context of use and provide a user 
interface specifically optimized for this context. With 
context awareness, the job of designing the user interface 
typically becomes more complex as the number of 
situations and contexts which the system will be used in 
usually increases. In contrast to traditional systems, they are 
not designed for a single -or a limited set - of contexts of 
use, but for several contexts. The advantage of this 
approach is that it can provides optimized user interfaces 
for a range of contexts [10].  

One of the most important part is select and describe all 
user situation: user’s actions taken with his/her mobile 
device commonly involve directly or indirectly more than 
the device holder, thus resulting the usage context to have 
impact on more than just one person. This information are 
very important in order to understand what actions to take 
by context awareness applications and provide pervasive 
and sometimes indispensable indications for the user. 

In this paper is described a context-aware approach for 
promoting tourism events in Salerno, a town in South of 
Italy. This work will be organized in this way: in the 
following paragraph, related works are analyzed, especially 
for the Mobile Context Awareness. In this paper, the 
purpose is to give an answer to the problem of the context 
representation using the Context Dimension Tree (CDT) 
formalism [21]. Then, it will be present a Context Aware 
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App able to promoting tourism events. Some experimental 
results will be described in the last part of the paper.  

II. RELATED WORKS 

Today there are many works in research that focus the 
attention on Context Awareness, particularly in the mobile 
applications. As seen previously, an app lends itself well to 
this type of persasive solutions, because today every person 
has a smartphone connected to the network and it is 
possible, using the right tools, get all those useful 
contextual information that can be used to provide an 
appropriate recommendation to the user. In this context, the 
main effort has been to retrieve the contextual data of the 
event or situation of interest and then treat them adequately 
in order to provide pervasive services to the users. 

In [16], a solution has been proposed: an android widget 
that recommends apps, that through calls and SMS of user, 
depending on the day/hour of the week and also based on 
the past behavioral pattern of user activity. The 
recommendations can be extremely helpful for the user that 
finds information quicker and effortless.  

In [17] a context-aware mobile language learning 
application is presented, that it focused on providing 
language support to users living in foreign countries. It 
suggests context-relevant vocabulary, considering usage 
context attributes such as user’s gender, geolocation and 
native language. The application architecture is composed 
by three components which are able to dynamically acquire 
and analyze the usage context to provide the corresponding 
information based on knowledge domain. In this work is 
introduced the Contextual Language Learning (CoLaLe) 
application, which was designed to support foreign 
language learning for overseas students. In [2] a novel 
method to estimate daylight illumination has been proposed 
using this information in outdoor augmented reality (AR) 
applications to render virtual objects with coherent 
shadows. The illumination parameters are acquired in real 
time from context-aware live sensor data. The particularity 
is that the Sun’s position is calculated based on the user 
location and time of day, with the relative rotational 
differences estimated from a gyroscope, compass and 
accelerometer.  

In [20] a novel solution to overcome problems caused 
by user movement in the mobile cloud computing context is 
proposed. To this end, a mobility model and a fault 
tolerance mechanism for optimizing the offloading decision 
are introduced. Simulation results showed that this proposal 
can reduce the execution time of mobile applications. This 
solution considered different parameters that influence 
offloading like bandwidth, amount of transmitted data and 
user mobility, with extension to existence prediction models 
with the aid of Markov chain to find the optimal solution.  

In [19] ClickSmart is proposed: a viewpoint 
recommendation system that can assist a user in capturing 
high-quality photographs at well-known tourist locations. 
ClickSmart can provide real-time viewpoint 
recommendation based on the preview on the user’s 
camera, current time, and user’s geolocation. It makes use 
of publicly available geotagged images along with the 
associated metadata for learning a recommendation model.  

In [15] a context-aware application is proposed and it 
provides different user authentication methods that are set 
up according to the auto-detection of areas designated as 
safe zones by the user. This application aims to improve the 

overall security of the content of a given device by securing 
individual applications.  

In [24] the context-aware recommendation approach has 
been introduced and it integrates network location context, 
user context and demand context. An extensible meta-
model is proposed in this system, thus the description of 
class property can be scalable. The consistent representation 
of service and user demand will provide convenience for 
service matching and service filtering. In order to ensure 
real-time update of service information, this work puts 
forward three methods: spontaneous service updating, 
delayed service updating based on accessing, as well as 
delayed service updating periodically. 

In [3] a novel technique for finger tap detection using 
the built-in speakers as primary sensors is introduced, 
named TouchSpeaker. Speakers used as sensors (i.e., as 
microphones) can overcome the aforementioned limitations; 
these are passive devices, consuming no power for sensing 
(except for ADconversion). 

In [23] a novel approach to recommend services on 
mobile devices to user has been proposed. This system is 
composed by three modules: a user behavior model by 
taking advantage of user’s mobile context information like 
time and location to describe the user states; a model to 
explain how the sequential service invocations are 
generated by analyzing the collected sequential history 
record of mobile users; a logistic model tree approach to 
determine user state according to given mobile context 
information, and recommend services to user according to 
his user state. 

In [22] has been presented context modeling and 
management approaches intended for the optimization of 
smart interactions and services, discusses the main 
challenges and requirements of context-awareness in the 
smart Internet, and provides a feature-based framework 
useful for the evaluation and implementation of context 
modeling and management mechanisms. 

In [14] has been presented a Semantic Engine of the 
AMBIT (Algorithms and Models for Building context-
dependent Information delivery Tools) architecture in order 
to focus on the knowledge management foundations that are 
using to laying this system. 

In the next paragraph, an approach to contextualization 
contents and services using the Context Dimension Tree 
will be presented. 

III. CONTENTS AND SERVICES 

CONTEXTUALIZATION 

For contextualization is meant the act or process of 
putting information into context; making sense of 
information from the situation or location in which the 
information was found. This means that to have the 
appropriete requests for a context-aware system, it needs 
having a right model. In order to make contextualized 
queries, it is necessary to define a model for the 
representation and management of the context itself, which 
allows filtering the resources obtained, on the basis of 
contextual parameters (user position, user profile, user 
friends, etc.): this operations are made through  CDT. 

Therefore, the result shows itself like a well-organized 
information that presents a general introduction about the 
place reached by the user, according to his/her interests and 
enriched with the experiences shared by similar users, and a 

496



list of the main suggested attractions about the near places 
visited by the friends. 

In particular, CDT is used to be able to represent, in a 
graphic form, all possible contexts that you may have 
within an application. CDT plays a fundamental role in 
tailoring the information space according to the user’s 
information needs, as well as an analysis of relevant 
features of context models. It is thus important to notice that 
this notion of context is strictly connected to the considered 
application and is not meant to model the general 
knowledge concerning one or more areas of interest, a 
situation where a data schema, or a domain-ontology may 
be better suited [4, 6, 7]. 

CDT is a tree composed of a triad <r; N; A> where r 
indicates its root, N is the set of nodes of which it is made 
of and A is the set of arcs joining these nodes. 

A dimension node, which is graphically represented by 
the color black, is a node that describes a possible 
dimension of the application domain; a concept node, on the 
other hand, is depicted by the color white and represents 
one of the possible values that a dimension may assume. 
Each node is identified through its type and a label. 

The children of the root node r are all dimension nodes, 
they are called top dimension and for each of them there 
may be a sub-tree. Leaf nodes, instead, must be concept 
nodes. A dimension node can have, as children, only 
concept nodes and, similarly, a concept node can have, as 
children, only dimension nodes. In addition to nodes, you 
can use other elements: the parameters, which may arise 
both from a dimension node (graphically represented by a 
white square) and from a concept node (white triangle), 
submitting them to particular constraints. In fact, a concept 
node can have more than one parameter, while a dimension 
node can have only a parameter and only in case it has not 
already children nodes. The introduction of parameters is 
due to their usefulness in shaping the characteristics that 
can have an infinite or very high number of attributes. For 
example, a node representing Cost dimension risks having a 
high number of values that should be specified by as many 
concept children nodes. In a similar case, it is therefore 
preferred to use only one parameter, whose value will be 
specified in each case. Leaf nodes, in addition to concept 
nodes, can also be parameters. In general, each node has a 
parameter corresponding to a domain, dom(nP). For 
parameter nodes connected to concept nodes, the domain 
can be a set of key values from a relational database, while 
in case of parameter nodes connected to dimension nodes, 
the domain is a set of possible concept nodes of dimension. 

Therefore, CDT is used to systematically describe the 
user needs, and to capture the context the user is acting in. It 
plays a fundamental role in tailoring the target application 
data according to the user information needs. Once the 
possible contexts have been designed, each must be 
connected with the corresponding view definition. In this 
ways, when the context becomes current, the view is 
computed and delivered to the user [18]. 

In fact, through the CDT, it is possible, after analyzing 
the domain of application, to express the size characteristics 
and values they can take in a graphical way by, 
respectively, dimension nodes and concept nodes or 
parameters. 

The assignment to a dimension of one of its possible 
values is a context element. The context element can be 

considered the main feature of the application, by which a 
context can be decomposed. The moment you make the 
formulation of the context, you must specify all the context 
elements that are part of it and that enable its creation. Any 
context is expressible by an “and” combination of the 
context elements to which they are peculiar. 

By definition, you can begin to understand how you will 
create views based on data relating to each context; in fact, 
they will be built starting from the portions of the database 
and then from the partial views, associated to the context 
element that takes part into context information.  

The CDT elaboration is composed of methodologies 
and phases to obtain contextual resources. The methodology 
has been realized in order to manage the database and to 
carry out reductions of their content based on the context. 
The purpose is to help the designer in the definition of all 
contexts relevant to the considered application and, later, in 
the association to each context of the portion of the database 
containing the relevant data about the context. 

The methodology consists of three main phases, which 
we will see in detail later: design phase of the CDT, 
definition phase of partial views and composition phase of 
global views [1]. 

1. Design phase of the Context Tree: in this phase, the 
CDT is designed to identify significant context elements for 
the considered application. In fact, it focuses on the 
definition of contexts and on the elements that compose 
them. These contexts must be identified and shaped, 
indicating particular elements that characterize each of 
them. As it has been said, it is available a special tool called 
CDT to make context design. Various CDT were made for 
specific environments in order to represent and manage a 
multitude of different contexts and in order to identify, 
represent, preserve and make available cultural points for 
each type of user. 

2. Definition phase of partial views: after the definition 
of all the contexts and their context elements, in this step a 
different portion of the database is associated to each 
context element, containing the relevant data for it. In 
practice, the goal is to find the appropriate value for a given 
dimension, in order to obtain, by means of the values of all 
the dimensions, a valid query and specific to the context in 
which the user is located. 

3. Composition phase of global views: this is the phase 
where you have the automatic generation of views 
associated with each context, which is made starting from 
partial views associated with context elements. After the 
creation of the global views of the contexts, the answers to 
questions that will be asked to the system will be developed 
from these views and, in particular, from the view 
associated with the context in which you are located when 
the query is performed. 

In particular, once defined the values for each 
dimension, you can use all the information obtained in order 
to identify the right context and offer contextual resources 
for the user. 

In figure 1, it is shown a general designed CDT, called 
Meta CDT, which is the starting point for the design of a 
specific CDT that can be exploited in contextual 
applications [13]. You may note six top dimensions, which 
correspond to the questions of the 5W1H method: Location 
(WHERE), Role (WHO), Time (WHEN), Situation (HOW), 
Interest (WHAT) and Utilization (WHY). 
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Figure 1.  Meta CDT. 

In particular, there are two types of users and eleven 
categories of interests. In this case, as shown in figure 2, a 
partial view could be related to dimension “Role”: once 
logged in, the application is able to recognize the user and 
to know more precisely whether he/she is, for example in 
tourist areas, a resident or a tourist. Thus, the value “tourist” 
of dimension “Role” is a partial view for the current 
context: using this knowledge, you can exclude certain 
resources, not suitable or useful to the tourist role. 

 

Figure 2.  Example of Partial Views. 

A context element is defined as an assignment d_namei 
= value, where d_namei indicates a possible size or 
undersize of CDT (it is the label of a dimension node), 
while value may represent the label of one of the concept 
nodes that are children of the considered dimension node or 
the value of a parameter referring to one of these concept 
nodes or the value of a parameter referring to the considered 
dimension node. 

For example, these assignments are possible context 
elements: 

Interest = “tourism”, Location = $locationID (for 
example, ID = 3), Role = $userID->role (for example, ID = 
15), Utilization = “holiday”. 

A context is specified as: ˄(d_namei = value): it is 
defined as an “and” among different context elements. 

Several context elements, combined with each other by 
means of an “and”, damage, therefore, the origin of a 
context [5] 

For example, a possible framework that can be obtained 
from the previously seen CDT, through the context 
elements that we have listed, is: 

C = (Location = $locationID (ID=3)) ˄ (Role= 
$userID->role (ID=15)) 

˄ (Time = “now”) ˄ (Situation = “routine”) 
˄ (Interest = “tourism”) ˄ (Utilization = “holiday”) 

The context is defined as a user, interested in tourism, 
who uses the contextual app on vacation, in a called place. 

IV. A CONTEXT AWARE APP FOR PROMOTING 

TOURISM EVENTS 

In this section, we will present a contextual app 
designed and implemented according to what was described 
previously. In particular, we have thought to apply the 
approach in the context of Artist’s Lights Christmas event 
that every year is held in Salerno (Regione Campania in 
Italy) and that involves hundreds of thousands of tourists. 
From November to January, with light installations, some 
by local artists exclusively for Salerno, scattered through 
the main streets and in the most beautiful and attractive 
corners of the city center. 

In this phase, we have collected the services and 
contents potentially useful for the citizens and situate them 
on the map defining the activation zones (figure 3). 

Figure 3.  Definition of the activation areas of services and contents. 

Moreover, we have defined the different typologies of 
citizens (tourist and expert user) associating them to a 
previously established set of services and contents. Having 
the town a series of Christmas contents, we have developed 
services and contents in support of them too. 

All information about places of worship and shops has 
been uploaded, for any building or area of potential. 

The App has been developed with hybrid technologies 
(Ionic Framework and Apache Cordova) to allow an easier 
publication both in Android and Apple environment (figure 
4). 

Figure 4.  Screenshots with some features of contextual application. 

The experimental phase aims to evaluate the proposed 
contextual model. Initially, the App has been presented to 
the population in November 2016. They have been involved 
overall about 2000 tourists between 18 and 60 years old. 
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During this event, the app has been installed on the mobile 
devices of the tourists. 

After having interacted for some days with the 
application, the participants have then answered on the 
basis of the Likert scale to fourteen statements, divided into 
four sections. To every question present in the section, five 
possible answers have been associated: I strongly agree – I 
agree – Undecided (Neither agree nor disagree) – I 
disagree- I strongly disagree.  

The questionnaire in detail is the following: 
Section A: App – Context 
• A1.  The App gives the user tailor-made contents 

and services in the right place. 
• A2. The App allows the user to know several item of 

the Artist’s Lights. 
• A3. The App supplies services according to the 

interests selected in the user profile. 
Section B: App – Further aspects 
• B1. Information about each item of Artist’s Lights is 

very useful. 
• B2. The contents, such as descriptions and images, 

are of high quality and represent one of the strong 
points of Artist’s Lights 

• B3. The services associated to the items allow a 
higher immediacy than a classic research on the 
Internet. 

Section C: App – Functionality 
• C1. The plan itinerary service allows easily realizing 

an itinerary in the Artist’s Lights according to the 
user’s preferences. 

• C2. The explore surroundings service is very useful 
to know what there is nearby and eventually reach 
them. 

• C3. The functionality of QR code in inner 
environments can be well used. 

Section D: App – Future developments 
• D1. It would be interesting to have a higher 

integration with the main social networks. 
• D2. It would be interesting to insert the available 

time in the plan itinerary service. 
Table 1 presents a synthesis of the answers of the 

participants to each declaration. 
 

TABLE I: Experimental results 

Likert 

Scale 

Strongly 

agree 

Agree Neither 

agree nor 

disagree 

Disagree Strongly 

disagree 

A1 698 996 186 69 51 

A2 941 723 187 89 60 

A3 732 966 207 54 41 

B1 698 974 148 102 78 

B2 798 845 234 78 45 

B3 784 969 196 33 18 

C1        1012 771 124 44 49 

C2 824 942 112 69 53 

C3 781 899 199 74 47 

D1 835 818 196 87 64 

D2 829 745 287 87 52 

 
As shown in this table, of the 2000 participants who 

have interacted with the application, many agree and/or 
strongly agree that the system gives appropriate contextual 
information about the place, further aspects and 

functionality are very useful and future developments are 
interesting. Instead, only in few cases, the participants do 
not are particularly satisfied. 

As can noticed from the figure 5, users show great 
appreciation for the app. In general, they appreciated the 
proposed contents and services. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Graphic analysis of experimental results. 

V. CONCLUSIONS 

Based on the concept of Context Dimention Tree, in this 
paper is presented the use of Context-Aware approach in 
order to allow contextual decisions for users according to 
his/her needs. CDT is a graphical formalism able to model a 
context by the approach of the 5W1H method. 

To obtain this results, a mobile application was 
developed keeping track of users needs, based on context, 
providing personalized services. The App bases its 
‘contextual’ functioning on the adoption of the CDT that is 
able to shape the context and the actions to implement. 

The App has been designed for the Christmas event, 
Artist’s Lights, which was held in Salerno, a city in the 
south of Italy. The following activities have as purpose the 
application of the proposed methodology to more complex 
environments, for dimension and number of potential places 
to manage. 
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Abstract

Any program may contain more than one fault, and these

faults may interfere with each other in a variety of ways.

Software behavior may be affected by the interference, re-

sulting in some uncertain results. Such results have negative

impact on many software engineering tasks, including re-

gression testing, fault localization, debugging, fault cluster-

ing etc. Therefore, understanding the interference becomes

an important topic. This paper investigates the fault inter-

ference from the perspective of software construction. We

introduce the coupling of software construction in order to

explain the reasons for fault interference. We observed that

different types of coupling may cause three kinds of fault

interference and have different probabilities to make the

software strike the fault interference traps. We conducted

a preliminary experiment on four industrial programs. The

results show that our approach gives a good explanation on

fault interference.

1 Introduction

Software is in the process of an explosive growth on

complexity. Unfortunately, the maintenance process grows

more complicated. This brings more difficulties as the num-

ber of faults increases and multiple faults usually inter-

fere with each other in real-world software. Due to mul-

tiple bugs interfering with each other, some statistical algo-

rithms for single-bug version of software perform poorly in

practice[18, 17]. This problem becomes even more diffi-

cult as the number of faults in software increases, and real-

world software always have multiple faults. Existing statis-

tical algorithms that focus solely on identifying predictors

that correlate with program failure perform poorly, espe-

cially when there are multiple bugs. To alleviate the prob-

lem, failed test cases are segregated into clusters, such that

the failed test cases in each cluster can be mapped to the

same causative fault in [8, 15]. However, such approach is

impractical. Multiple faults may interfere with each other

in complex ways, resulting in an inaccurate clustering re-

sults. This may lead to an critical and negative impact on

some essential software engineering tasks, such as regres-

sion testing, fault localization, fault clustering, etc.

However, only a few studies have been conducted to in-

vestigate the root cause of faults and their interferences. De-

broy and Wong [2] explored the idea of fault interference

(FI) by examining the Siemens suite. It was observed that

FI is a common phenomenon in software, whereas the rea-

sons why FI exists and how to alleviate FI are not given.

Nicholas and James [5] conducted an experiment on some

programs of a larger scale, and they got a persuasive result

and presented a more thorough explanation on such phe-

nomena.

In this paper, we performed a comprehensive experiment

on four industrial C programs. We gain insights in how

faults interfere with each other and some potential patterns

are mined. This can help developers understand how cou-

pling affects the interaction between multiple faults, which

helps them improve their design and implementation. Fur-

ther, distances between faults are defined to predict patterns

that faults interaction will occur and simplify the process to

locate faults. Moreover, our work may help software devel-

opers in at least three aspects: understanding and improv-

ing software tasks mentioned above, obtaining a new per-

spective to understand software design and software testing,

along with learning how to handle and avoid fault interfer-

ence.

1.1 Motivation

Software coupling is the degree to which each program

module relies on each one another[16]. High coupling de-

gree will expose some disadvantages to the software sys-

tem: needing a ripple effect to changes in other modules,

such that it may be hard to reuse and test, lying confusions

in the program logic. Absolutely, FI results from coupling,

though not all of coupling will generate FIs.

In order to understand the coupling problem, this work

examines one aspect of fault behavior: fault interference,
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which has been observed in a variety of research studies. FI

is defined as the change in the behavior of one or more faults

due to multiple faults on the FI working together. This work

provides a deeper investigation of the FI phenomenon. We

expect that a thorough understanding of the root causes of

FI will enable research areas that address issues with faults

to better cope with the challenges that arise from the pres-

ence of multiple faults.

1.2 Contribution

In this paper, we make the following contributions:

• We introduce software engineering knowledge to in-

vestigate fault interference in multiple fault programs.

We define the fault interference problem. As far as we

know, this is the first study to introduce engineering

perspective on fault interference with multiple faults.

• We introduce software coupling to explain the root

causes for different types of fault interference, based

on several types of software coupling. No pioneering

studies have made such attempts.

• We conducted a comprehensive experiment on indus-

trial subject programs, and the results show that cou-

pling frequency and coupling values contribute to fault

interference.

The rest of paper is organized as follows. Section 2 ex-

plains the detail of our approach. The experimental design

and the result analysis are presented in Section 3. Related

work and discussion are presented in Section 4. The con-

clusion and future work are presented in Section 5.

2 Approach

2.1 Fault Coupling

Some empirical studies [1, 4] show that the designs and

implementations with low coupling and high cohesion will

lead to more reliable and maintainable products. The in-

dustry and academia have been proposed some theories to

measure the coupling. Experts have reached an agreement

on the coupling type and hold clear definition and threats in

software construction of them [11]. We introduce coupling

to measure and predicate fault interference. The following

five types [] of coupling are observed in our investigation of

fault interference. All of them lead to one or more types of

fault interference.

We list them in the coupling degree ascending order:

• C1: Data Coupling, communication via scalar param-

eters;

• C2: Stamp Coupling, dependency induced by the type

of structured parameters;

• C3: Control Coupling, parameters are used to control

the behavior of a module;

• C4: Common Coupling, communication via shared

global data;

• C5: Content Coupling, one module shares and/or

changes the definition of another nodule.

2.2 Fault Interference

There exist some studies on fault interference on pro-

grams with multiple faults. However, to the best of our

knowledge, the formal definition on fault interference is ab-

sence. In this section, we propose the definition of fault

interference and then category it into three types.

Definition 2.1 (Fault Interference) Given a test case t, a

program P and some faults f1, · · · , fk, it is called that

f1, · · · , fk interfere on t if

O(Pf1+···+fk , t) 6= O(Pf1 , t) ∨ · · · ∨O(Pfk , t) (1)

O(P, t) is a boolean function of oracle. That is,

O(P, t) = 1 indicates that P is failed by running t, other-

wise, O(P, t) = 0. Pfi is a program with one single fault fi
and Pf1+···+fk is a program with multiple faults f1, · · · , fk.

Equation (1) implies an inconsistent behaviors between all

single versions and a multiple version. To give a deep in-

sight of the fault interference, we introduce the following

definition.

Definition 2.2 Given a program P and some faults

f1, · · · , fk interfere on t, (1) the interference is called β-

I if O(Pf1+···+fk , t) = 1;(2) the interference is called α-I

if O(Pf1+···+fk , t) = 0; (3) For α-I in (2), the interfer-

ence is called α1-I if ∀i ∈ [1, k], O(Pfi ) = 1, α1-I if

∃i ∈ [1, k], O(Pfi ) = 0.

For fault interference, as O(Pf1+···+fk , t) 6= O(Pf1 , t)∨
· · · ∨ O(Pfk , t),O(Pf1+···+fk , t) = 0 implies that

O(Pfi , t) = 1 for some i; O(Pf1+···+fk , t) = 1 implies

O(Pfi , t) = 0 for all i. α-I indicates a devoid phenomenon

of fault interference. β-I indicates an enhancement phe-

nomenon of fault interference. In particular, we further clas-

sify α-I into two types: α1-I if O(Pfi , t) = 1 for all i and

α0-I otherwise. That is, α1-I could be considered as the

strong one of α-I.

Note that there is a key difference between our definition

and the previous. As we observed in our experiment, the

root causes of α0-I interference and α1-I interference are

generally different. In our opinion, these two phenomena

should not be categorized into one type, though the result

seems to be similar. In the rest of this paper, we just use α0,

α1, β to denote the α0-I, α1-I, β-I.
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2.3 Research Questions

According to the classical software engineering theory,

the higher coupling degree is between two blocks, the more

possibly exists unpredictable software behavior. To facil-

itate the discussion, we use S(F ) to denote the faults set

of the program, and B(F ) the block of fault exists. In this

case, we can get the mapping: S(F ) → B(F ). B(F ) con-

tains the location information, including line number, fault

type, existing function head, involving global parameters.

FIαβ(FIi, F Ij) → Bi, Bj we can get construct informa-

tion between Bi and Bj , which could present the coupling

relationshipC(Fi, Fj) between Fi and Fj . In this paper, we

will investigate research questions as follows.

• RQ1: How frequently the three types of fault interfer-

ence happen? This question will investigate in what

extent fault interference happens and affects program

behaviors. Besides, we are interested in whether all the

three types have a same change to show up.

• RQ2: Does more fault coupling counts imply more

fault interference? This question aims to find the re-

lation between the number of fault coupling and fault

interference.

• RQ3: Does high fault coupling value imply more fault

interference? Different from RQ2, this questions fo-

cuses on whether a higher value coupling means a

higher possibility of fault interference.

3 Experiment

3.1 Subject Programs

In order to collect sufficient data about fault interference,

we used four subject programs: flex, gzip, space and make,

all of which are downloaded along with their test sets from

the Software-artifact Infrastructure Repository (SIR)1. The

four programs have been well studied and used as subject

programs in many other essential software engineering ex-

ploring experiments. Table 1 presents the detailed informa-

tion. Thanks to the previous researchers [], we excluded

some faults that could not cause any failures independently,

which results in reducing the number of faults. Besides,

using the same approach in [5], we combine faults by ran-

domly selecting a line or block to replace the excluded ones,

ensuring that no faulty block is overlapped and the size of

fault set is not changed.

1http://sir.unl.edu/portal/index.php

Table 1. Subject Programs
Program Flex Gzip Make Space

Release No. 2.5 1.1.2 3.76.1 2.0

# LOC 14273 7928 35545 6445

# Functions 162 104 268 136

# Faults 20 16 19 33

# Faulty Versions 190 120 171 528

# Test Cases 567 214 1043 13527

3.2 Experiment Setup

To facilitate manual analysis on the causes of fault inter-

ference, we simplify the question: two faults interference

situation is the best choice, which is of simplicity and rep-

resentativeness. In this experiment we gathered the pass/fail

status of our four subject programs containing one fault in-

dependently as well as two faults at same time.

In order to get the pass/fail status, we compare the out-

puts of test cases run on the fault-seeded versions with that

of the golden version. MD5 algorithm is applied to check

whether the outputs are the same or not. If the MD5 value

is not equal, the execution was marked as a fail; otherwise,

it was considered as a pass. With the help of the pass/fail

status matrix of all test cases running on all fault-seeded ver-

sions, FI types occurrence times, two bugs interacting with

each other were recorded by scripts.

The second step is to analyze the root cause of FI. We

gather all the fault information, the fault location(in which

LOC), fault type, the function header which the fault state-

ments or parameters belong to, the control flow informa-

tion the faulty block contains, the global parameters which

are involved and the local parameters which are used in the

block. Furthermore, Egypt2 is used to generate the function

call graph (FCG) and data flow graph (DFG) to assist the

software construction analysis procedure. Finally, we apply

the information collected to Formula 2, to get the total and

average coupling value (CV) of all types of FI.

3.3 Evaluation

For all subject programs are written in C, as described

in [1][4], we introduce the Dhama[4] coupling metric that

measures the coupling inherent to an individual module M

to evaluate the coupling value when FI occurred. The for-

mula is as following:

CV (M) = 1 −
1

i1 + q1i2 + u1 + q2u2 + g1 + q3g2 + w + r
, (2)

where q1, q2 and q3 are weight factor to improve the pred-

icator weight. For data and control flow coupling: i1 is the

2http://www.gson.org/egypt/
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Table 2. FI Information

Flex Gzip Make Space

β FI Occurrence Times 0 229 0 138

α0 FI Occurrence Times 82 103 15 2552

α1 FI Occurrence Times 652 79 605 13276

Total FI 734 411 620 15966

Single Bug Execution Times 11340 3424 19817 446391

Two Bug Execution Times 107730 25680 178353 7142256

Total Execution times 119070 29104 198170 7588647

FI Occurrence Percent 0.681% 1.60% 0.34% 0.224%

Average of FI in LOC 0.0514 0.0518 0.0174 2.4772

Average of FI in test case 1.2945 1.9205 0.5944 1.1803

Average of FI in function 4.53 3.95 2.31 117.40

input data number, i2 is the control parameter number, u1 is

the output data number, and u2 is the output control parame-

ter number. For global coupling: g1 is the number of global

parameters used as data, and g2 is the number of global pa-

rameters used for control. For environment coupling: w is

the number of other modules called from module M, and r
is the number of modules calling module M; The formula

has a minimum value of g1 and g2 is the number of global

variables used for control. In our experiment, to concen-

trate on the FI occurrence, we just calculate the faulty block

coupling value, and q1, q2, q3 are assigned to 2 as a heuris-

tic estimate. To simplify the experiment, we treat the faulty

block as the fault module. When the FI occurred in two

faulty block, we just treat the involved parameters as the

factor of our evaluation formula.

3.4 Experiment Result and Analysis

The analysis of the experiment result includes three

parts: FI occurrence statistic, the cause investigation, and

the relation between coupling value and FI analysis, to an-

swer the three questions proposed in II-C. The FI statistic

information is presented in the Table 2. The coupling per-

centage analysis is shown in Fig. 1, where α, β denote the

FI types depicted in the previous section, and the coupling

value statistic is in the Table 3.

Fig. 1 presents the percent of each coupling effect in

each type of FI, about the Fig. 1. We must explain that

the occurrence of FI may be not caused by only one type of

coupling. To facilitate statistical analysis and assure the pre-

cision, we record all of the coupling type when FI occurred.

We use CPT (X) to denote the T type(data, stamp, control,

common, content) of Coupling Proportion(CP) which lead

to X(α0, α1, β) type of FI, and the T type of coupling count

in X type of FI is denoted as CCOT (X). The CPT (X) cal-

culated as follows.

CPT (X) =
CCOT (X)

Occurrence Number of X
(3)

Table 3. Coupling Values of FI

FI Flex Gzip Make Space

Total CV 73.0412 39.6661

β FI Occurrence NA 229 NA 138

Average CV 0.3189 0.2874

Total CV 28.6061 5.5943 3.2166 785.849

α0 FI Occurrence 82 103 15 2552

Average CV 0.3488 0.2484 0.2144 0.3079

Total CV 316.4958 26.5607 176.329 5520.1608

α1 FI Occurrence 652 79 605 13276

Average CV 0.4845 0.3362 0.2914 0.4158

In this way, the total coupling proportion leads to one type

of FI may be over 100 percent.

RQ1: Frequency of fault interference. It is obvious

that, the FI occurred in a low frequency, about 1%. In the

experiment, we did not observe the FI type, β, in the flex

and make, and only a few (about 0.86% = 138/15966) in

the Space. The data of Gzip is totally different from other

subject programs. The function of Gzip is to compress or

decompress the files. We analyze the aberration by tracing

the test cases function call routes on the FCG. And the re-

sults show that a very high proportion of the test cases called

almost all the functions and that each test case has a high

code coverage value. In such case, the test case may have

a relative high possibility to cover the faulty block. This is

considered as the reason why the α0 and α1 FI proportion

is relatively low in Gzip.

RQ2:The relation between coupling frequency and

fault interference. As shown in the Fig. 1, no content cou-

pling is observed in the programs, which may benefit from

the well-defined programming style of the four subject pro-

grams. However, based on the analysis on the FI types, it

reveals that any kind of coupling could lead to FI, that is,

a low data coupling frequency corresponds to a low aver-

age FI in test cases and a high common coupling frequency

generate a high average FI in test cases.

RQ3:The relation between coupling value and fault

interference. According to Table 3, all of the subject pro-

grams have a higher average CV in α1 than that in α0, which

indicates that the occurrence of α1 always results from a

much tighter coupling than that resulting in α0. When we

analyze the source code of α FI involved in faulty blocks,

we discovered that the main reasons for α0 and α1 are to-

tally different: when the α0 FI occurring, software usu-

ally performs correct behavior, which leads the software

to skipping the wrong behaviors. In other words, the pro-

gram seems to behave correct, and jump over another faulty

block. In this way the correct behavior cover the wrong be-

havior and the program seems correct. Another finding is

that about 65% α0 are caused by the use of global param-

eters. The most important reason leading to α1 FI is that

504



Figure 1. Coupling Percent Analysis

one of the wrong behavior corrects another wrong behav-

ior by coincidence. And such situation almost occurs in the

condition branch. The β FI usually occurs in the situation

that: the two independent correct behaviors are not strictly

or logically correct, the two faulty blocks form a more fatal

fault to some software behavior, and the new fault is easier

to be detected for the test case.

In our experiment, we just investigate the FI in two faults

as the same with Nicholas and James’ excellent research[5].

In general, as the program scale and faults number increase,

the FI occurrence frequency will increase. The interference

of more than two faults may be a more complicated topic.

4 Related Work and Discussion

Fault localization techniques relying on slicing or statis-

tics usually depend on fault behavior. In [12], James et. al.

found that multiple faults can introduce noise, which can

decline the effectiveness of fault localization tools. Zheng

et al. [18] and Liblit et al. [14] also found a similar phe-

nomenon that multiple faults make feature selection diffi-

cult. Denmant et al. [3] coverage-based fault location re-

quires an assumption that multiple faults should be inde-

pendent with each other. Further, DiGiuseppe et. al. [6]

found that fault interference has a large impact on the ca-

pability of fault localization techniques on multiple faults

program. However, these studies focuses on influence of

fault interference on fault localization techniques.

Regression Testing[10] aims to ensure new faults are

not introduced when software evolve. In [7], a hierarchy of

logic faults are investigated on regression testing with sing

fault versions. The fault interference may affect the perfor-

mance of regression testing.[13] found that a fault may not

be detected when it is mixed with other faults.

Fault Interference Debroy and Wong[2] explored the

idea of fault interference and they examined whether a test

suite perform the same on single-fault versions or multiple-

fault versions. Their empirical studies suggest that failure

masking is a very quite common phenomenon. DiGiuseppe

and Jones [5] provided evidence for the prevalence of fault

interference and found that faults obscuring is the most

prevalent type. Further, they gave a thorough discussion

about the adverse effect of fault interference on many exist-

ing studies, such as regression testing and fault localization.

Comparing to the existing studies, we introduce software

coupling and present explanations on the root causes of fault

interference.

5 Conclusion & Future Work

Investigating the fault interference root cause is an im-

portant task of software engineering. The interference be-

tween faults threats many important software engineering

tasks. In this paper, we present a theory to explain the fault

interference. The main challenge on this topic is that the

developers and testers ignore the fault interference; a natu-

ral idea is to propose a theory to explain the phenomenon,

predict it and avoid it.

We noticed the phenomenon in our experiment and try

to apply the framework to analyze it, but we cannot dis-

cuss them in detail due to the limited pages. The approach

present in our paper, do not cover how to treat the coupling

on the popular Object-Oriented programming, and thanks

to the smart previous researchers, there exists some math-

ematical measuring to measure Object-Oriented, Modular,

Aspect-Oriented programming. We will introduce these ex-

cellent methodology to investigate the FI.

There is little research on revealing and explaining the
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fault interference, and the methodology on handling mul-

tiple bugs program is in lack. The exploration of multiple

bugs is preliminary. There are many aspects about this topic

that could be improved or studied in the future. The fault

localization algorithm, testing clustering methods, regres-

sion testing techniques should take fault interference into

consideration. Furthermore, we should build a more de-

tailed theory to explain, predicate and avoid fault interfer-

ence. For example, predefined specifications with respect

faults can be investigated[9]. We will also conduct a more

comprehensive experiment to explore the fault interference

and take it into consideration to improve other software en-

gineering tasks in the future.
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Abstract

Software projects collect and deduplicate vastly numer-
ous crash reports from users to fix bugs efficiently. However,
most existing automated methods have performance issues
during large-scale clustering. We propose a reranking-
based crash report clustering method. Our method is a
combination of two earlier methods. By computing simi-
larity used in ReBucket for the crash reports that are highly
similar to the query crash report, the method can process
reports with throughput equal to that of PartyCrasher. We
also introduce an automatically generated dataset for crash
report clustering tasks. The evaluation revealed that our
method performs at high processing speed while maintain-
ing high accuracy.

1 Introduction
Modern software products such as web browsers have

a large and complicated code base along with an increas-
ing number of bugs. To fix these bugs efficiently, develop-
ers prioritize high-frequency bugs using crash reports: sum-
maries of the status of the software execution upon its unex-
pected termination. Figure 1 portrays the structure. A crash
report includes a description, machine environment infor-
mation, and a stack trace. A stack trace presents multiple
stack frames with indexes. A lower index denotes a newer
frame in the stack trace. An actual crash is caused in the #0
frame: the top frame. Therefore, a bug causing a crash is
typically included in the frame near the top frame.

The information in stack traces is helpful for detecting
and fixing bugs. Therefore, software-development projects
collect such crash report from their users and cluster them
according to the detected bugs. However, because of the nu-
merous and diverse crash reports, clustering them manually
is infeasible. Many automated crash report deduplication
methods have been proposed to address this issue. How-
ever, most methods present performance issues because of
their high computational costs. As described herein, we
propose a reranking-based automated crash report cluster-
ing method. Reranking is a well-known technique for infor-
mation retrieval where the ranking of initial search results
is re-ordered using another computationally more expensive
ranking function.

The contribution of this paper is that we introduce
reranking-based crash report deduplication for reduced
computational costs. This report is the first of the relevant

Crash report

Description, Environment Info, etc.

Stack trace 

#0 Frame

Address, Function，Module, etc.

…

#1 Frame

Address, Function，Module, etc.

Figure 1: Crash Report Structure.

literature to describe a study by which a reranking scheme
is shown to be effective in crash report deduplication.

2 Related Work
Existing methods for automatic crash report deduplica-

tion can be categorized into the following two types: One
is based on the similarity of feedback from users written in
natural language[1, 2]. The other is based on the similarity
of stack traces. As described in this paper, we specifically
examine the latter type because stack-trace-based methods
achieve higher accuracy than NLP-based methods.

Socorro1 is a crash report management system developed
by Mozilla. In this system, a string called signature is gen-
erated for each crash report by applying several heuristic
rules to the stack trace. Then, the system classifies all re-
ports with the same signature into the same group. This
system requires human elaboration for editing and updating
signature-generation rules.

Lerch and Mezini [3] introduced a method using a TF-
IDF-based full-text search engine. Campbell et al. [4]
also used a full-text search engine and compared several
tokenization methods used for indexing. These methods
can achieve reasonable runtime performance for large-scale
clustering. However, the accuracy is often worse than that
achieved with other methods because the features used in
the search engines ignore the order of the frames.

Dhaliwal et al. [5] proposed a method using the Leven-
shtein distance as similarity between two stack traces. The
Levenshtein distance is used to measure the similarity of
two strings. This approach regards one frame as a charac-
ter. Dang et al. [6] defined similarity between two stack

1https://wiki.mozilla.org/Socorro
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Figure 2: Overview of Proposed Method.

traces based on Position Dependent Model. Because these
distance-based methods can capture the features of stack
traces, they are useful for high-accuracy clustering but with
high computational complexity.

As described in this paper, we use PartyCrasher [4] and
ReBucket [6] as baselines. PartyCrasher is implemented
as an open-source project2. It is easily extensible. Among
these methods, ReBucket achieved the highest reported ac-
curacy: 0.88 F1-measure on average.

3 Methodology
The proposed method is a consolidation of two state-

of-the-art deduplication methods: ReBucket [6] and Party-
Crasher [4]. Figure 2 presents an overview of the method.
It comprises three modules: searching, reranking, and clus-
tering. Given a pool of crash reports (already clustered) and
a target crash report to be clustered, the search module uses
the target report as a search query. Thereby, it obtains an
initial ranking list of possibly similar crash reports. We fol-
low the technique proposed in PartyCrasher [4] here, and
use a general-purpose search engine. Next, the reranking
module re-orders the initial results with the similarity func-
tion defined in ReBucket [6]. Finally, the clustering module
either selects a cluster from existing ones or generates a new
cluster for the target crash report.

3.1 Searching

Let RQ be a crash report to be processed. Using a full-
text search engine, the system obtains the top M search
result RR = {RR1, RR2, . . . , RRM}. In [4], multiple to-
kenization methods for indexing are compared. Our sys-
tem uses Camel, which achieved the highest accuracy. In
Camel, all frames in a stack trace are tokenized by space
separation and for each camel case. Symbols are deleted.
Hereinafter, we designate the stack trace of the crash report

2https://github.com/naturalness/partycrasher

RX as CX .
Most full-text search engines use TF-IDF weight to rank

results. Term Frequency (TF) represents how many times a
certain term appears in a document. Inverse Document Fre-
quency (IDF) is the reciprocal of the number of occurrences
of a certain word in all documents. In our method, we use
the same normalization as the one used in Elasticsearch3.
Letting W (Cq) be a set of words in a stack trace Cq , tft,Cd

and idft,Cd
be a value of DF and IDF of a word t in a stack

trace Cd, respectively, and denoting the word count in Cd

as ntCd
, the similarity score used in PartyCrasher between

Cq and Cd is defined as

simPC(Cq, Cd) =
∑

t∈W (Cq)

(√
tft,Cd

× idft ×
1√
ntCd

)
.

(1)

3.2 Reranking

In ReBucket [6], similarity is computed by emphasis on
the common frame position between two stack traces. Two
metrics are defined: distance to the top frame and alignment
offset. The distance to the top frame represents the distance
from an arbitrary frame to the top frame in the same stack
trace. The alignment offset represents the difference of the
distance to the top frame between the frames that match in
two stack traces.

These metrics are based on the following insights: First,
an important frame has a smaller distance to the top frame.
Second, the alignment offset between matching frames is
smaller for stack traces with higher similarity. Let fi and fj
respectively denote the i-th and the j-th frames of Cq and
Cd. Denoting distance to the top frame as min(i, j) and
alignment offset as abs(i − j), the cost function cost(i, j)

3https://www.elastic.co/products/elasticsearch



of fi and fj is defined as follows in ReBucket.

cost(i, j) =

{
e−c∗min(i,j)e−o∗abs(i−j) if fi = f ′

j

0 otherwise
(2)

Therein, c and o are weighting parameters. With ReBucket,
similarity between stack traces Cq and Cd is defined as

simRB(Cq, Cd) =
Mm,n∑l
j=0 e

−cj
, (3)

where m and n are at respective depths of Cq and Cd, and
l = max(m,n). In addition, Mi,j is the optimal cost at
depth i, j calculated recursively using dynamic program-
ming.

The computational cost is O(mn) in the above calcula-
tion. According to [7], about 90 % of crash reports can be
fixed by referring only to the top 10 frames. Therefore, we
use only the top 10 frames in our calculation.

The final similarity score between Cq and Cd we use for
reranking is given as

simHM =
simRB · simPC

α · simRB + (1− α) · simPC
. (4)

3.3 Clustering

In the same way as PartyCrasher, we compare the simi-
larity of crash report R′

R1, which has the highest similarity
in R′

R, with the threshold THM . If it is greater than THM ,
then RQ is clustered into the same cluster as RR1. Other-
wise, it is clustered into a new cluster because it is regarded
as a crash by the new type bug.

The computational overhead of the search engine in our
method is O(NlogN), which is negligible compared with
the computational cost of stack trace similarity. Therefore,
we compare the size of the distance matrix that requires
stack trace similarity calculation. ReBucket uses hierar-
chical agglomerative clustering (HAC) algorithm for crash
report clustering. This method requires O(N2) because it
computes an N×N distance matrix where N is the number
of total crash reports. In contrast, the clustering algorithm
used in the proposed method requires O(MN), where M
is the number of search results. As with M ≪ N , the pro-
posed method can reduce the computational cost compared
with HAC.

4 Evaluation Experiment
In this section, we present evaluations of PartyCrasher,

ReBucket, and our proposed method from the perspectives
of accuracy and runtime performance.

4.1 Dataset

We use two datasets: Launchpad 4, an existing dataset
from Ubuntu Launchpad, and Firefox48, a new dataset

4https://archive.org/details/bugkets-2016-01-30

Table 1: Dataset Information.

Project
Crash
reports Clusters Version Packages

Launchpad
Ubuntu

Launchpad 15,293 3,824 N/A 816

Firefox48
Mozilla
Firefox 36,752 727

from 48.0a1
to 48.0b99 1

we collected from Mozilla Firefox. Table 1 presents a sum-
mary of the datasets.
Launchpad is more reliable than Firefox48 be-

cause Launchpad contains clusters produced by hand,
whereas the clusters of Firefox48 are automatically
constructed as shown below. Firefox48 differs from
Launchpad in that the dataset includes a single soft-
ware package whereas Launchpad includes many dif-
ferent packages provided by Ubuntu’s package manager.
Many projects deal with a single product in their report sys-
tems. Therefore, we presume that our evaluation can be
more solid by introducing the Firefox48 dataset.

We followed [5] to create the dataset, which comprises
crash reports and corresponding bugs. A set of crash re-
ports that link to the same bug form a cluster. We gathered
100 crash reports at most from each of the top 300 high-
frequency clusters between ver. 48.0a1 and 48.0b99. When
the same bug is found to cause two crash clusters, these
clusters are grouped into a single cluster. Furthermore, we
extract stack traces and metadata from the crash reports.

4.2 Evaluation Metrics

Let BCubed precision be denoted as Bp and BCubed re-
call as Br. Bp represents how many reports in an estimated
cluster belong to the same cluster in ground truth. Br de-
notes how many reports in a cluster of grand truth belong
to the same estimated cluster. The quality of the generated
clusters is better when the values of Bp and Br are closer
to 1.0. Based on the Bp and Br, the BCubed F1-meature
(BCF) is calculated as BCF = (2 ·Bp ·Br)/(Bp+Br). A
tradeoff exists between Bp and Br. Higher BCF indicates
higher accuracy[8].

The number of crash reports processed per unit of time
is taken as the performance criterion. ReBucket uses multi-
processing to calculate distance matrixes. Therefore, we
multiply the actual processing time by the number of pro-
cesses.

4.3 Determining Parameters

We determined optimal parameters using a subset from
the first 20 % of the dataset. The rest are used for test-
ing. The time cost of determining optimal parameters is not
included in the performance results. Table 2 presents the
final values used in the evaluation. Both ReBucket and our
method require c and o in (2). TRB is a distance threshold
for HAC in ReBucket. Moreover, α in (3), M , the size of
initial ranking list, and THM , the clustering parameter, are
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Table 2: Parameters used in the evaluation.

c o TRB α M THM

Launchpad 0.3 0.1 0.07 0.3 50 11.0
Firefox48 0.4 0.4 0.26 0.0 50 2.0

Table 3: Evaluation Results of Accuracy.

Launchpad Firefox48
Bp Br BCF Bp Br BCF

PartyCrasher 0.723 0.671 0.696 0.778 0.424 0.549
ReBucket 0.775 0.515 0.618 0.662 0.717 0.688
Proposed 0.807 0.626 0.705 0.728 0.651 0.687

Table 4: Performance Evaluation Results.

Performance
[Reports/s]

Launchpad Firefox48
PartyCrasher 2.500 4.663

ReBucket 0.004 0.021
Proposed 2.922 4.022

used only for the proposed method. The number of used
processes of ReBucket is 60 because of limitation of the
available computation resources. The parameters c, o, and
TRB are robust and about 20 % of the searched combina-
tions achieve over 90 % of the highest BCF. By contrast,
α, M and THM are sensitive. Especially, we observe that
when M is too large, both accuracy and performance de-
crease.

4.4 Results

Table 3 presents accuracy evaluation results. The
proposed method achieved the highest BCF value for
Launchpad. Bp of our method is also the highest. In
addition, results show that ReBucket showed high accuracy
in terms of BCF because the Br of PartyCrasher drops to
0.424. Moreover, the BCF value of the proposed method is
the same as that of ReBucket.

The difference in accuracy between Launchpad and
Firefox48 can be attributed to the differences of the
numbers of packages: 816 for Launchpad and 1 for
Launchpad. It is likely that the same cluster includes re-
ports from the same package in most cases. Results show
that ReBucket has a difficulty recognizing the difference
when the dataset includes multiple packages because it re-
lies completely on frames in the stack traces.

To validate this point, we created a subset of
Launchpad using reports from only one package, ”nau-
tilus.” Then, the BCF values of PartyCrasher, ReBucket,
and our method become 0.616, 0.662, and 0.666, corre-
spondingly. With the subset, ReBucket achieves better per-
formance than PartyCrasher, which is the opposite of the
result with the original Launchpad. Based on this result,
we conclude that ReBucket does not perform well if mul-

tiple packages are included in the dataset. The proposed
reranking scheme compensates the issue by filtering out un-
related candidates before applying ReBucket.

Table 4 presents performance evaluation results. Table
4 shows that the processing speed of the proposed method
is higher than that of ReBucket. In addition, our method
achieved almost equal performance to that of PartyCrasher.
Our method is almost 730 times faster.

To summarize, our results demonstrate that the pro-
posed method has better runtime performance than Re-
Bucket while maintaining accuracy.

5 Conclusion
As described in this paper, we propose an auto-

mated crash report deduplication method applying rerank-
ing against reports of the results obtained from the full-text
search engine. We also constructed a new dataset for crash
report clustering tasks from Mozilla Firefox. The evalua-
tion results demonstrate that our method is equal to that of
ReBucket in terms of accuracy, but with faster performance.

Our current method uses statically tuned parameters with
a subset. Manual merging or division of crash clusters is
assumed in real operations. In future studies, we expect to
investigate a dynamic parameter tuning method using user
feedback for more stable accuracy.
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Abstract

Scaffolding is an approach used by some modern web
frameworks in order to generate an initial version of ap-
plications code based on domain model meta data. Since
this temporary code should be customized by programmers
to implement real systems, its quality metrics are important
aspects. In this paper, a methodology is proposed and ap-
plied in order to relate domain model size and a quality
metric — amount of duplicated code — focusing on Graph-
ical user interface implementation. Results show that code
duplication grows at least linearly with the growth of the
number of entities in domain model. There are also some
scenarios where quadratic proportions were found. These
observations suggest that, for large domain models, code
quality and its evolution would be affected when scaffold-
ing frameworks are used.

Keywords - Code generation, Scaffolding frameworks,
Code duplication, Meta data

1 Introduction

Automatic generation is an approach that has been
widely used on modern web frameworks, e.g. Ruby on
Rails, Grails, Yeoman and Spring Roo1. These frameworks
implement a technique, called Scaffolding [13], with algo-
rithms and templates that generate application initial code
and configuration, based on domain model meta data. Af-
ter generation, developers evolve and maintain source code
in order to implement real applications. In doing so, pro-

1rubyonrails.org, grails.org, yeoman.io, projects.spring.io/spring-roo
DOI: 10.18293/SEKE2017-164

grammers would expect that Scaffolding frameworks pro-
duce code with good quality metrics, to ease their work.
This means that code smells, like duplication and coupling,
should be avoided by scaffolding algorithms.

In this paper, an experiment was designed, performed
and analyzed to measure duplication on code produced by
two popular web frameworks, Ruby on Rails and Spring
Roo, specifically for Graphical User Interfaces (GUI),
which represents a great amount of development effort on
Enterprise Applications [11, 10]. This study is part of a re-
search project aiming at understanding and enhancing meta
data usage on Enterprise Application development. In this
case, the proposed experiment design is an innovative ap-
proach to analyze how duplication behaves on generated
code as software complexity grows.

The results suggest that, in spite of giving advantages for
project initial steps like configuration and ramp-up, using
scaffolding frameworks can lead to problems on code evo-
lution and maintainability, when applications have complex
domain models. Linear and quadratic proportions between
domain model size and duplicated code amount were found
within this experiment scope, indicating that code quality in
applications with vast domain models would degrade.

In Section 2, Scaffolding frameworks and Duplicated
Code detection are rationalized. Section 3 details Experi-
ment design for this study, whose results were analyzed in
Section 4. Finally, conclusions and future work proposals
are presented in the last Section.

2 Background

This section gives an overview of Scaffolding frame-
works and duplicated code detectors.
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Scaffolding Frameworks

Several modern frameworks generate code automatically
based on domain model features, such as, entities, prop-
erties, relationships and other meta data [7]. As its name
suggests, code generated by Scaffolding frameworks is not
designed to be definitive. It is only a first functionality draft
that should be polished in order to produce the desired func-
tionality.

Among several frameworks that use Scaffolding, such
as, Spring Roo, Play Framework, Apache Tapestry,
ASP.NET Dynamic Data, Ruby on Rails, CakePHP, Django
and Yeoman, two technologies have been chosen for this
work, in order to analyze code duplication on scaffolded
applications: Ruby on Rails (RoR) and Spring Roo (Roo).
The key factors to choose these frameworks were: rele-
vance due to industrial and worldwide adoption, according
to the BuildWith’s Framework Usage Statistics [2]; cov-
erage of different language types (static and dynamically
typed languages); and availability of code duplication de-
tection tools, in order to operate this experiment.

Ruby on Rails (RoR) allows users to build features
quickly using the generate scaffold command to
generate the application code [6]. Despite being very se-
ductive because of facility and quickness, “the complexity
and sheer amount of code in the scaffolding can be utterly
overwhelming to a beginning Rails developer” [6]. Gener-
ated code consists of Ruby language files (.rb) for back-end
and Embedded Ruby files (.erb) for front-end view.

Spring Roo is a domain-driven development frame-
work [8] that uses Java, Spring, AspectJ and Maven2, com-
bining Java annotations with shell commands to generate
all application layers. Roo uses Java on back-end and Java
Server Pages XML compliant files (.jspx) on front-end view
pages.

Duplicated Code Detectors

Duplication is a strong evidence of high coupled and poor
reusable source code. According to Fowler, code duplica-
tion represents a conceptual coupling [4], because mainte-
nance on copied code must be done in all code copies. Lee,
Barta and Juliff also observed that high coupling and code
duplication increase effort for system maintenance [9], in-
cluding on enterprise applications.

There are several techniques to detect duplicated code
in software projects: text-based, token-based, metric-based,
AST-based (Abstract Syntax Trees), PDG-based (Program
Dependence Graphs) [1]. Two of those techniques were
used in this research: AST-based that parses program code
into an abstract syntax tree, divides it into sub trees and
marks common sub trees as code clones; and text-based

2spring.io, eclipse.org/aspectj, maven.apache.org

that compares every line of code as a string and marks
code clones based on the similarity between the text frag-
ments [1].

For Ruby on Rails, three duplicated code detection tools
were found: Towelie, Flay and Simian3. Flay, which is
based on AST, presented better results and is able to pro-
cess both .rb and erb. files. Therefore Flay was chosen to
analyze Ruby on Rails code.

For Spring Roo applications, PMD-CPD4, which uses
String matching, was chosen, because it is one of the most
popular static code analysis tool for Java projects. It is able
to detect code duplication in Java and JSP files. Since,
PMD-CPD does not work with AspectJ files, all aspects
code was moved to Java classes, in order to check its du-
plication. This operation is common for Spring Roo and is
performed through a simple command.

3. Experiment Design

In order to analyze duplication on code generated by
Scaffolding frameworks, several experiment units have
been designed. Essentially, this experiment controls two in-
put variables — domain model characteristics and technol-
ogy (Ruby on Rails or Spring Roo) — and generates values
for one output variable: amount of duplicated code.

Domain Model Scenarios

To control domain model input variable, six scenarios
groups were prepared. Table 1 details domain models struc-
ture used by each scenario group, specifying quantity of en-
tities and properties. Besides that, scenarios groups explore
another domain models features such as property names and
types. The most complex scenario is composed by six en-
tities, whose size is similar to small, but useful, systems
like: a project management application containing projects,
workers, activities, time appointment and artifacts; or a pur-
chase control system containing costumers, vendors, prod-
ucts, sale and sale item.

Scenario groups use a variable that ranges from 2 to 6
(except on scenario F that varies from 1 to 6). In doing so,
each scenario group produces several scenario instances as
inputs for the experimental units. Therefore, this experi-
ment has 31 scenarios instances that were evaluated using
Ruby on Rails and Spring Roo.

In a scenario group, the influence of one domain model
feature over code duplication can be tested. In scenario
group A, for instance, the number of entities (without prop-
erties) varies from 2 to 6. So, code generated by scaffold-
ing frameworks can be analyzed for each scenario instance,

3github.com/gilesbowkett/towelie, github.com/seattlerb/flay,
www.harukizaemon.com/simian/

4pmd.sourceforge.net/pmd-4.3.0/cpd.html

512



and code duplication amount can be related to number of
entities. In scenario group F, this same procedure can be re-
peated to relate duplication amount to number of properties
in two entities.

G Description Variable meaning

A N Entities without
properties N:Number of entities

B N Entities with 1
distinct property N:Number of entities

C N Entities with 1
property with same name N:Number of entities

D N Entities with 1
property with same type N:Number of entities

E
N Entities with 1
property with same name
and type

N:Number of entities

F 2 Entities with M
distinct properties M:Number of properties

Table 1. Experiment scenario groups

Experiment execution

For each experiment unit, which received as input a scenario
instance (si) and a scaffolding framework (sf ), the follow-
ing steps were executed: run sf shell commands to generate
code concerting si; measure code duplication (with Flay for
RoR and CPD for Roo); and register the amount of dupli-
cated code.

It was required some customization in order to tune du-
plicated code detection. Flay and CPD define minimum
threshold values in order to take into account duplicated
code blocks. There are default values (MassThreshold =
18 on Flay5 and DuplicateChunkSize = 100 on CPD6),
which can be customized according to user needs.

After running experimental units with
MassThreshold = 18 for Ruby on Rails and
Flay, several relevant duplicated blocks were not de-
tected. Therefore, for this experiment, threshold values
were decreased (MassThreshold = 4 on Flay and
DuplicateChunkSize = 40 on CPD), in an effort to
maximize code duplication detection.

Measurement units for Flay and CPD vary due to its
distinct clone detection approaches. Flay measure similar
ASTs by its mass. CPD compares repeated string tokens.
This difference is not a problem because this experiment
goal is not to compare RoR and Roo quality. In both cases,
the objective is to relate code duplication (either by mass or
by token) with domain model size.

5docs.codeclimate.com/docs/duplication
6maven.apache.org/plugins/maven-pmd-plugin/cpd-mojo.html

4 Result Analysis

In order to organize data results from experiment, sev-
eral aforesaid factors were used: technology (RoR or Roo);
scenarios groups; number of entities (N); and number of
properties by entity (M). There is also another determinant
to group duplicated code amount: layer. It is because both
Ruby on Rails and Spring Roo use the MVC pattern [5] and,
since this work focuses on GUI, view and controller layers
should be considered. However each layer needs to be eval-
uated separately because its code uses distinct languages.

G Variation Duplicated Code amount

N M RoR Roo
view contr view contr

A

2 0 1006 308 3010 3311
3 0 1956 462 3010 5237
4 0 3206 616 3010 7005
5 0 4756 770 3010 8773
6 0 6606 924 3010 10830

B

2 1 1314 312 8273 3311
3 1 2580 468 10448 5237
4 1 4254 624 12495 7005
5 1 6336 780 14796 8773
6 1 8826 936 16843 10830

C

2 1 1314 312 8273 3311
3 1 2580 468 10448 5237
4 1 4254 624 12495 7005
5 1 6336 780 14796 8773
6 1 8826 936 16843 10830

D

2 1 1314 312 8273 3311
3 1 2580 468 10448 5237
4 1 4254 624 12495 7005
5 1 6336 780 14796 8773
6 1 8826 936 16843 10830

E

2 1 1314 312 8273 3311
3 1 2580 468 10448 5237
4 1 4254 624 12495 7005
5 1 6336 780 14796 8773
6 1 8826 936 16843 10830

F

2 1 1314 312 8273 3311
2 2 1382 314 8775 3311
2 3 1450 316 9747 3311
2 4 1518 318 11516 3311
2 5 1586 320 13974 3311
2 6 1654 322 16970 3311

Table 2. Experiment results

On Table 2, where resulting data is shown, each line de-
fines a scenario instance, and columns represent, respec-
tively, scenario group (G), number of entities (N ), number
of properties (M ) and amount of duplicated code for: Ruby
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G
Ruby on Rails and Flay Spring Roo and CPD
View Controller View Controller

Model R2 Model R2 Model R2 Model R2

A 150N2 + 200N + 6 1 154N 1 3010 1 1857.4N − 398.4 0.999
B 204N2 + 246N + 6 1 156N 1 2148.8N + 3975.8 0.999 1857.4N − 398.4 0.999
C 204N2 + 246N + 6 1 156N 1 2148.8N + 3975.8 0.999 1857.4N − 398.4 0.999
D 204N2 + 246N + 6 1 156N 1 2148.8N + 3975.8 0.999 1857.4N − 398.4 0.999
E 204N2 + 246N + 6 1 156N 1 2148.8N + 3975.8 0.999 1857.4N − 398.4 0.999
F 68M + 1246 1 2M + 310 1 328.8M2 − 563.1M + 8526.4 0.999 3311 1

Table 3. Polynomials models found for each scenario group, framework and layer

on Rails (RoR) view and controller; and Spring Roo (Roo)
view and controller.

This experiment executed 62 experimental units, which
were designed after combining all possible input variables:
31 domain model scenarios (explained in Section 3); and 2
technologies (Ruby on Rails and Spring Roo).

Data synthesis

Some function models were studied in an attempt to ex-
press, based on experiment results, a relation between
amount of duplicated code and domain model complexity,
that is number of entities (N ) and properties (M ). There-
fore, polynomial regression model was used to find the best
mathematical function composed of an n-degree polyno-
mial that fits the relation between CD and M or N , such
as:

CD ≈ f(N) or CD ≈ f(M)

where function f is a polynomial with degree n.
Polynomial model reliability is analyzed from residuals

that define a coefficient of determination (R2) [3], which
reflects the correlation between the resulting samples from
CD and the values of M and N . The closer this number is
to 1, the better is the polynomial model.

CD function models have the following structure:

CDg,s,l(N) = f(N) or CDg,s,l(M) = f(M)

where g is scenario group (A, B, C, D, E or F); s is scaf-
folding framework (RoR or Roo); l is layer (Controller or
View); N is number of entities; M is number of proper-
ties by entity; f(N) and f(M) are n-degree polynomials.
The code duplication detection tool – Flay or CPD – was
not considered as a parameter since they do not vary in the
same framework.

For each executed combination of framework, scenario
group and layer, the polynomial that best fits to CD sam-
ples was chosen, according to R2 value, and having lower
degree. Table 3 shows the polynomials chosen for each sce-
nario group. Considering same combination of framework
and layer, the B, C, D and E scenarios showed the same

polynomial model, therefore, their graphs are represented
in the same line on the Table 4, which represents graphi-
cally the experiment results.

Interpretation

Based on the polynomial models found and their related
graphs, some observations can be defined, within this ex-
periment scope:

1. Code duplication in Ruby on Rails view layer varies in
quadratic proportion to number of entities and in linear
proportion to number of properties, with perfect mod-
els found;

2. Code duplication in Ruby on Rails controller layer
varies in linear proportion to both number of entities
and number of properties, with perfect models found;

3. Code duplication in Spring Roo view layer is constant
for any number of entities without properties (scenario
group A), with a perfect model found;

4. Code duplication in Spring Roo view layer vary in lin-
ear proportion to number of entities (with properties)
and in quadratic proportion to number of properties,
without perfect models found;

5. Code duplication in Spring Roo controller layer is in
linear proportion to number of entities, without perfect
models found;

6. Code duplication in Spring Roo controller layer is con-
stant for any number of properties in two entities (sce-
nario group F), with perfect a model found;

7. For Ruby on Rails all models found have R2 = 1 i.e.,
polynomials have high quality to represent experiment
scenarios and to possible predict code duplication for
greater domain models;

8. For Spring Roo all non constant models have R2 =
0.999. In fact, several polynomials would represent
this relation with R2 = 0.999 and the one with lowest
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G RoR – View RoR – Controller Roo – View Roo - Controller

A 2 4 6
0

2000

4000

6000

8000

2 4 6

500

1000

2 4 6
2500

3000

3500

2 4 6

5000

10000

B-E 2 4 6
0

5000

10000

2 4 6

500

1000

2 4 6
5000

10000

15000

20000

2 4 6

5000

10000

F 2 4 6

1400

1600

2 4 6

315

320

325

2 4 6

10000

15000

20000

2 4 6

3000

3500

Table 4. Polynomials plots for all scenario groups

degree was chosen. In spite on being very good mod-
els, they can contains errors and should be validated in
other experiments with greater number of samples.

Ideal frameworks should generate code without duplica-
tion or, at least, with a constant amount of duplicated code.
In this experiment, two observations define constant rela-
tions, however these observations are improbable to occur
on real systems. Observation 3 represents entities without
properties, which is a strange scenario for real projects, be-
cause every entity should have properties. Observation 6
takes place on systems with only two entities. In spite of
being very small and improbable systems, this result is use-
ful because it indicates that number of properties does not
influence code duplication in Spring Roo controllers.

After combining all observations, this experiment shows
that code duplication grows in linear or quadratic propor-
tion to number of entities or properties, for all scenarios,
considering view and controller layers together.

These relations predicts that, for two completely differ-
ent scaffolding frameworks, generated code is duplicated in
a significant amount. At least, code duplication grows in a
linear proportion to domain model size.

Models with R2 = 0.999 have several polynomial mod-
els to represent code duplications on units of this experi-
ment. However, in this work, it is not possible to define the

most appropriate function. Therefore, replications of this
experiment could be made to obtain clearer conclusions for
scenarios with N and M greater than 6.

Threats to validity

It’s necessary to consider the risk of the many generaliza-
tions found here: from small domain models to large do-
mains; from two scaffolding frameworks to all scaffolding
frameworks; and from two duplicated code detection tools
to all detection tools.

Due to time and resource restrictions, only small domain
models were analyzed. However a great effort was made in
this work to create an analysis methodology that can be eas-
ily reproduced. In doing so, the observations found here can
be tested for larger domains and with other technologies.

In spite of using few scaffolding frameworks, the chosen
frameworks use different approaches, language types and
clone detection techniques. These differences enhance re-
sults strength.

There is also a lack of scenarios that increase both en-
tities and properties quantity. In doing so, the impact of
number of entities and properties combined was not tested
in this work.
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Packaging

All experiment code and scripts are available on two open
source repositories, one for Ruby on Rails7 and the other
for Spring Roo8. Each scenario group is organized into sep-
arated branches and there is a commit for each experiment
unit.

These repositories contains a README file on master
branch that explain how to reproduce and expand this ex-
periment.

5 Conclusion

This paper presents an approach that is, as far as we
know, innovative to relate domain model complexity and
duplication on code generated by scaffolding frameworks.

For domain models with up to six entities and proper-
ties, duplicated code results could be generalized into poly-
nomials, which lead to two main conclusions: (i) code du-
plication increases, at least, at linear proportion to domain
model size, on GUI generated by two scaffolding frame-
works (Ruby on Rails and Spring Roo); and (ii) for models
that fitted on experiment results with high quality, it could
be expected that the same models would work for greater
domain models.

The consequence of conclusion (i) is that duplicated
code on applications generated by scaffolding framework
can increase to a severe amount when it has complex do-
main models, and this increase would inhibit code evolu-
tion.

Conclusion (ii) can be tested in bigger scenarios and, if
it is confirmed, the polynomials found by this work would
be used to estimate code duplication, on code generated by
Ruby on Rails and Spring Roo, for applications with com-
plex domain models.This estimation would also help soft-
ware architects to choose the scaffolding framework that
will be used in development projects.

As future works, we suggest to replicate this experi-
ment with other Scaffolding frameworks, such as, Grails
(Groovy), django (Python), CakePHP, ASP.NET; and with
bigger domain models.

Besides that, for frameworks that easily expose its tem-
plates, such as, Ruby on Rails, asymptotic computational
complexity analysis on code generation algorithms could
be compared to our experiment results, in order to confirm
or deny them.

In order to analyze the most popular GUI frameworks
approaches, identify its pros and cons related to software
maintenance, and propose better solutions, this research is
the second part of a bigger work that had first results pub-
lished at 2015 by our coauthor Rodrigo Vilar. Vilar [12]

7github.com/Andersoonalves/Rails Duplicate Code Analysis
8github.com/rodrigovilar/RooCodeDuplication

already showed good results by using some rendering pat-
terns to provide reuse on GUI code. As next step, we intend
to present a framework proposal and a comparative analy-
sis with popular GUI frameworks considering the relation
between complexity, productivity and maintainability.
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Abstract— Sampling-based instrumentation is often used to make 

runtime monitoring of applications more efficient. AOP has long 

been used for monitoring but does not have the ability to support code 

sampling in its current form. In this paper, we present an 

implementation of two new pointcut designators in a static weave 

form intended to be used as code sampling tools. The implementation 

is created as an extension using the aspect bench compiler (abc). 

These two new pointcut designators serve as additions to the family 

of joinpoints in AOP for the purpose of code sampling. 

I. INTRODUCTION  

Aspect Oriented Programming (AOP) is mainly concerned 
with the separation of cross-cutting concerns; the design of AOP 
was dedicated to separate the program main logic functionally 
from secondary yet; imperative code additions that otherwise 
make the code weak or susceptible to break [9]. Take for 
example the code needed for a student to register in a class. The 
basic logic of this code is simple; first make sure that the class 
still has seating space for the student. If so, add the student to 
class roster. Now creating the code for the above logic is 
straight-forward, but does not represent reality. In real life, there 
should be a segment in the code that always checks to 
authenticate the user during the session. There should be as well 
code that logs any transactions to some database. These two 
actions are not part of the basic program logic but should be 
incorporated to validate the program and the actions of the user. 

Another major example is code based exceptions. The mere 
semantics of an exception is to catch some behavior that is not 
covered and does not meet the basic program logic. The simple 
example of “DivideByZero” exception shows the importance of 
having such cross-cutting concerns implemented in code.  

The concept of cross-cutting concerns in AOP has been also 
utilized in other arenas. The research shows much usage of AOP 
in domain specific languages [6, 7]. This usage spanned from 
expressing constraints on the behavior and structure of a 
program all the way to parallel dynamic analysis of multicores 
[2]. The growth of AOP has itself been extended to include more 
sophisticated tools in aiding code development. This paper 
describes two new sampling designators, their main 
functionality, their implementation, and how they are used. It 
also presents a performance analysis compared to other 
designators. 

 

 

II.   RELATED AND BACKGROUND WORK 

Since AOP was established, the notion to extend the set of 
pointcut designators was defined [3, 13]. AOP introduces a 
modular approach in helping to separate crosscutting concerns 
by an Aspect. An aspect relies on the concept of weaving; the 
instrumentation of crosscutting code into the main program code 
logic. A typical aspect module contains several fundamental 
components; the first component is the pointcut designator. 
Pointcut designators are features in the program execution where 
the advice of an aspect can be weaved in. A composition 
language allows a pointcut expression to combine and constrain 
these to define a pointcut (execution occurrences of the program 
features) that satisfies the expression and where the advice will 
be executed1. The advice represents the code to be weaved at 
locations defined by the pointcut expression.    

The code below shows an example of an after advice that is 
weaved after every time the method openSocket is executed. The 
advice will print out the reflective information about, where in 
the code the particular execution has occurred. Note that in this 
particular example, the advice will apply on any method that 
begins with “openSocket” regardless of the return type and the 
number of parameters.  

 

after() execution(* openSocket*(..)) { 

    //Advice to be woven 

    System.out.println("socket open at"+ 

    thisJoinPoint.getSourceLocation()); 

} 

 

The amount of AOP integration within a system depends on 
the way it is implemented. It could simplify the base code and 
the semantics of the program or it could do the opposite by 
introducing too much coupling among different aspects. The 
latter defeats the purpose of AOP. A well-known study examines 
the interactions between aspects and methods and identifies 
classes of interactions that enable modular reasoning about the 
crosscut program [12]. 

AOP has been implemented to be used in several languages. 
One of the most used is AspectJ; an implementation of AOP for 
the Java language [8].  An alternative to AspectJ is the aspect 
bench compiler (abc) [3]. The main difference between AspectJ 
and abc is that abs is designed for extensibility and modification 
by creating extensions. The extension of abc includes 
introducing new grammar to the language, followed by 
introducing new rules for the semantics and code needed for 
abstract syntax trees. Adding advice includes defining how code 

1. AOP literature uses the term joinpoint to refer to a point in the code 
execution. We feel that the term “pointcut designator” has a more abstract 

meaning and usage. DOI reference number: 10.18293/SEKE2017-175 
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should be generated to invoke that advice and where in the 
joinpoint shadow this code should go. The Shadow pointcuts 
pick out a specific joinpoint shadow within a method body (i.e. 
enables to shadow every executable statement in the code). 

Sampling could be defined as a general utility of 
summarization for a broad spectrum of analytical tasks [4]. In 
the world of computer science, sampling research is usually 
conceived to target data sampling techniques. An example is 
sampling big data and graph, and network sampling. BlinkDB,is 
a well-known approximate query engine on large quantities of 
data used for sampling [1, 4].  

The use of the term code sampling is generally found in 
compiler research [5]. Code sampling is used to determine many 
aspects of the code such as unreachable code fragments (with the 
help of code coverage), dead-code elimination, and the 
replacement of frequent accessed code segments with other 
faster segments.   

III. WHAT TO SAMPLE 

The first set of questions the think of are, A) which locations 
or points in a program should be selected for sampling? B) what 
exactly should be sampled? And C) how often should it be done? 
These three questions were at the basic design of the new 
pointcut designators. The following is a discussion for each 
question: 

A. Which locations or points in a program should be 

selected? 

AOP defines a joinpoint as a point in the execution of the 
program. The abstract norm of the word “point” refers to a 
location in code. That location could be a decision structure or a 
loop back-edge or any executable statement. In previous work, 
we defined the point to be three possibilities [10]: Code: In this 
case, the weaving is based on a particular point or set of points 
that exist in code. Time: Using time as a point means that 
sampling is controlled by some kind of timing theme. This could 
be relative time or wall-clock time. Data: Using data as the 
definition of a point means that sampling would be over some 
data space and weaving runs when this data are accessed and the 
sampling criteria is met. In this paper, the focus is on code space 
sampling since sampling is done in a static manner (at compile 
time).  

B. What exactly should be sampled? 

The sampling process in general can occur in one of two 
ways; the first is static sampling. This means that the selection 
of the actual points (locations) in code for sampling is going to 
happen at compile level.  This could so abstract and general; for 
example, sampling for every nth executable statement in code. It 
could be more detailed by picking every 30% of switch 
statements in the code. The second type of sampling is dynamic 
sampling, which will weave code that matches some point of 
execution at runtime (while the program is running). That is the 
weaving itself happens at runtime. There is no predetermined 
location in the code to be examined. Dynamic sampling will 
incur some overhead. This overhead is due to the selection point 
and the weaving process. The focus in this paper is only on static 
weaving as dynamic weaving was discussed in other work.  

C. How often should it be done? 

Since static weaving is the choice, one has to be careful on the 

frequency on selecting the weaving points in code. The 

decision whether or not to instrument a particular point in the 

program is made at program compile time.   

IV. STATIC WEAVING 

In static sampling the decision whether or not to instrument 
a particular point in the program is made at program generation 
time. In AOP this translates to weaving-time decisions about 
whether a joinpoint shadow should match the pointcut 
expression or not. Our sampling pointcuts essentially take the set 
of joinpoint shadows that would match the non-sampled pointcut 
expression and reduce it by the selected mechanism. In this 
section we introduce two new static weaving pointcut 
designators; weaveProbability(p) and sliceOf(N,M). 

A. The weaveProbability Pointcut Designator 

The first new static pointcut designator is 

weaveProbability(P) 

This designator controls whether weaving at a statically 
matching joinpoint shadow occurs. With probability P the advice 
will be woven, while with probability 1-P it will be skipped and 
not woven. This will then correspond to a sampling of the 
joinpoints at runtime, but where all joinpoints of a given shadow 
will be executed or not, depending on the compile-time 
probabilistic decision. Since this is a compile-time decision, the 
probability used does not automatically correspond to an equal 
expected runtime reduction. Only if the execution of the 
joinpoint shadows is relatively uniform will the static probability 
actually result in a similar dynamic probability. If a small 
number of joinpoint shadows incur most of the advice execution 
for a particular pointcut expression, then the runtime overhead 
will vary greatly, depending on how many of those high-
execution shadows have been probabilistically selected. 

This pointcut designator is simple and efficient, and is useful 
for reducing monitoring cost where there is a reasonably large 
number of static joinpoint shadows and the expected behavior 
over them is mostly uniform. If there are only a few shadows 
(e.g., say a program has three sites that match call(Table.insert)), 
then this sampling pointcut designator would probably not be 
useful 

B. The sliceOf Pointcut Designator 

The more involved, and perhaps more useful, static pointcut 
designator is 

sliceOf(N,M) 

This designator, rather than being probabilistic and thus 
uncontrollable, is deterministic in its sampling behavior. This 
designator selects the Mth fraction of joinpoint shadows, of size 
1

𝑁
|𝐽𝑃𝑆𝑒𝑡| In other words, of the total number of shadows that 

match the pointcut expression, this selects 1/N of them, and the 
slice that it selects is the Mth one. For example, if 100 joinpoint 
shadows match a pointcut, then sliceOf(10,1) will select the first 
10, sliceOf(10,2) will select the second 10, and sliceOf(10,10) 
will select the last 10. Fig. 1 shows the sampling of the first 10% 
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of shadow matches that could be used to study the behavior of 
program startup 

 

Figure 1:  sliceOf(10,1) of a 100 shadow matches applied  

with the basicblock designator  

This pointcut designator allows control over how the 
distribution of sampling will occur. It enables the creation of N 
versions of the application, over which it is guaranteed that all 
shadows that match the pointcut expression are covered, and 
thus all joinpoints that occur in execution are also covered. 
These versions can then be deployed and used, and the data 
collected be used in aggregate to understand some aspect of the 
program in its entirety. 

This designator requires knowledge of how many joinpoints 
match the pointcut expression in order to slice properly. In the 
abc framework this is not known until the end of compilation, 
and so this pointcut designator requires a 2-phase 
implementation. When the program and aspect is first compiled, 
it will generate a data file that contains the count of joinpoint 
shadows. On a re-compile it then uses the data file to perform 
the slicing and weave the correct shadow sample. 

This type of instrumentation is typical of schemes devised 
for end-user remote application monitoring, where there are 
competing desires to monitor the whole program but also to not 
affect the performance for any one user [11]. By distributing 
different versions of the instrumented program to different users, 
and collecting and aggregating the obtained data, information 
about the whole program can be obtained. This scheme also 
serves to provide some level of privacy assurance to users, since 
for any particular user only a small portion of application 
behavior might be recorded.  

V. BASELINE MEASUREMENTS AND EVALUATION 

The program Image2Html was used as a small example to 
first demonstrate sampling and to obtain baseline performance 
measurements. This program converts a JPEG image into textual 
HTML-enhanced “ASCII art”. 

This test used the basicblock designator [10] combined with 
one of the sampling designators; e.g., the pointcut expression is 
like “before: basicblock() && weaveProbability(.3)”. The 
advice is a simple basic block profiler that counts how many 
times each block has executed  

Fig. 2 shows these results from Image2Html The horizontal 
lines are baselines of performance of the program with full 
instrumentation (no sampling) and with no instrumentation. In 
the fully instrumented version, advice gets executed 3,588,277 
times over 411 basic blocks in the program. The three linearly 

increasing lines on the graph are three dynamic sampling 
designators which are not in the scope of this paper. 

The static sampling shows good and expected performance. 
The Figure shows datapoints for weaveProbability of 0.15, 0.25, 
and 0.6; and shows data points for sliceOf for N = 2, N = 4, and 
N = 8. Since runtime costs for static weaving can change when 
the weaving is re-applied, each data point shows an average time 
plus error bars indicating the minimum and maximum observed 
run times. For weaveProbability, the configuration was 
compiled and ran four times, and for sliceOf the configuration 
was compiled and ran for each possible M value (e.g., for N = 8, 
with 8 tests, with M = 1, 2, 3, ...8). The N = 8 data point is at the 
12.5% sampling position on the X axis, while the N = 2 data 
point is at the 50% sampling position. 

Because sampling decisions are made statically, with no 
runtime check, their performances are in general better than 
dynamic sampling. As predicted, however, static sampling can 
suffer from high variation in runtime costs. In this program, 
weaveProbability does not incur too high of a variation, but 
sliceOf does. One configuration in N = 8 incurs almost half of 
the full instrumentation cost, while other incur almost no cost. 
The range of runtime costs for N = 4 span almost the full range 
between the no instrumentation and full instrumentation 
baselines. Finally, the two runs for N = 2 (one being the 
minimum and one being the maximum) are also quite far apart 
in runtime cost. 

 

VI. IMPLEMENTATION ISSUES 

The AspectJ documentation separates the fundamental 
pointcut designators into three categories: kinded, scoping and 
context [8]. Their documented definitions are: Kinded 
designators are those which select a particular kind of join point; 
for example: execution, get, set, call, handler. Scoping 
designators are those which select a group of join points of 
interest (of probably many kinds); for example: within, 
withincode. Contextual designators are those that match (and 

Figure 2: Basic block sampling performance for Image2Html. Error 

bars on the static pointcut designators (static probability and slice of) 

show the minimum and maximum of the averaged values 
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optionally bind) based on context; for example: this, target, 
@annotation. 

Each of the three categories above can select a set of 
joinpoints to execute the advice on, although in practice pointcut 
expressions usually have at least one kinded pointcut designator. 
Our sampling pointcut designators are different in that they are 
meant to operate on an already selected set of joinpoints. The 
static sampling designators are expected to effect the size of this 
set, but only in a negative manner: they reduce the given set by 
some amount. 

Typically, new pointcut designators created using abc would 
perform their own “shadow matching” where they selected some 
execution points (joinpoint shadows) to include in the joinpoint 
set (thus including all joinpoints which occur at those shadows). 
The internal pointcut expression evaluator would then combine 
with the shadows from other parts of the expression to compute 
the actual set of joinpoint shadows for the given pointcut 
expression. 

For our sampling extensions, we did not add any shadow 
matching in the extension, but rather we hook into the 
optimization phase of pointcut expression evaluation, and it is in 
this phase that we apply the desired sampling effect. This is 
achieved by the removal of some of the joinpoint shadows from 
the selected set. 

VII. FUTURE WORK 

The basic sampling mechanisms we presented in this paper 
can be extended in a variety of directions. For the static sampling 
pointcut designator sliceOf, a better mechanism to control 
expected runtime costs is needed. One way to do this is with 
profiling information delivered to the compilation phase. A fully 
instrumented version could be generated, and under test 
conditions an expected profile of per-joinpoint-shadow 
execution costs could be obtained. This would then be used to 
allocate the expected higher cost shadows among different 
slices, which should help alleviate the high variation in the 
performance of the different slices. 

Another useful extension would be that of linked sampling, 
where for example, if probabilistic sampling chose to execute 
the advice on a top-level method, then all advice 
(instrumentation) on code that is invoked from that method 
should be executed as well. For example, if the top-level method 
invocation represents the handling of one transaction in a TPS, 
then we could implement sampling on transaction, where all 
instrumentation would execute for a selected transaction, and not 
for others. 

VIII. CONCLUSION 

We presented new pointcut designators for AspectJ with the 
use of the aspect bench compiler that allow the creation of 
sampling-based instrumentation, a common need in program 
monitoring scenarios. With sampling, AOP can be used for 
efficient monitoring instrumentation even on heavily used code 
that would otherwise be prohibitive to monitor. Our research 
goal for this line of work is to enable the high-level formalisms 

of AOP to be useable for the wide variety of low-level sampling 
needs. As the future work discussion shows, there is still work 
left to be done in this venue, but the sampling pointcut 
designators described in this paper are a significant contribution 
in this direction. 

It is likely that the sampling designators could be useful for 
other application and system needs. One example would be to 
sample transaction information of an ecommerce to obtain a 
real-time statistical profile of user requests. It is likely that 
developers could think up wide and novel uses for AOP with 
sampling. 
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Abstract - Multiagent systems (MASs) have been ap-

plied to several application domains, such as e-commerce,
unmanned vehicles, and many others. In addition, a set of
different techniques has been integrated into multiagent ap-
plications. However, few of these applications have been
commercially deployed and few of these techniques have
been fully exploited by industrial applications. One rea-
son is the lack of procedures guaranteeing that multiagent
systems would behave as desired. Most of the existing test
approaches only test agents as single individuals and do
not provide ways of inspecting the behavior of an agent as
part of a group, and the behavior of the whole group of
agents. Accordingly, we modeled and developed a publish-
subscribe-based architecture to facilitate the implementa-
tion of systems to test MASs at the agent and group lev-
els. To illustrate and evaluate the use of the proposed archi-
tecture, we developed an MAS-based application and per-
formed functional and performance ad-hoc tests.

Keywords – group test; agent test; multiagent sys-
tem; test architecture; publish-subscribe; RabbitMQ

1. Introduction
Multiagent systems have been applied to a wide range of

application types, including e-commerce, human-computer
interfaces, network control, air traffic control and diagno-
sis [1] [2]. However, few of them have been commer-
cially deployed [2]. According to Pěchouček and Mařı́k
[2], one reason is the lack of procedures guaranteeing that
the distributed systems would behave as desired. In addi-
tion, agent-based systems involve different characteristics,
such as autonomy, asynchronous and social features, which
makes these systems more difficult to understand. Thus,
more elaborate methods of verification and testing [3] of
multiagent operations should be provided [2].

According to Nguyen et al. (2009) [4], a full testing
process of a multiagent system consists of five levels: unit,
agent, integration (or group), system and acceptance. Agent
test tests the capability of a specific agent to fulfill its goal
and to sense and affect the environment. Integration test

tests the interaction of agents and the interaction of agents
with the environment, ensuring that a group of agents and
environmental resources work correctly together [4].

As discussed by Serrano et al. (2012) [5], several ap-
proaches have been proposed to test multiagent systems at
the unit and single agent levels [6] [7] [8] [9] [10], while
there are few studies that address the issue of testing a MAS
at group level [6] [11] [5] [12]. In addition, to perform
group tests, most approaches have focused on capturing and
visualizing messages exchanged among agents. They do
not provide ways of also tracking the behaviors of two or
more agents in the same view and finding a correlation be-
tween their behaviors. For example, Serrano et al. (2012)
[5], which is one of the most recent papers published about
testing MASs at the group level, uses ACLAnalyser [13], a
tool for debugging MAS through the analysis of ACL [14]
messages. Thus, by using these current test approaches, if
an agent exhibits unexpected behavior (failure), a developer
has to inspect this failed agent or messages exchanged be-
tween agents to find the fault that caused that failure. How-
ever, if an agent fails, its failure may be related to a previous
and an unexpected behavior of another agent in the envi-
ronment. It would be a real problem to some MAS-based
approaches, such as that one proposed by Malkomes et al.
(2017) [15], which promotes the development of coopera-
tive agents without using message communication.

In the general context of distributed systems, Araújo and
Staa (2014) [16] also faced the problem of testing a group
of asynchronous components. They realized that most ap-
proaches to detect error and diagnose a failure in distributed
systems rely on distributed log files over various machines,
which makes the comprehension of the interaction among
the machines more difficult. Thus, Araújo and Staa (2014)
[16] proposed the use of a central architecture to receive,
store and inspect timestamp-based logs from distributed
machines, enabling a developer to further diagnose failures
in a single machine and in the whole system during the soft-
ware development cycle. Further, they presented a diag-
nosing mechanism based on logs of events annotated with
contextual information, allowing a specialized visualization
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tool to filter them according to the maintainer’s needs. How-
ever, the authors discuss some limitations in their approach,
such as the query response time that grows as the database
size grows, which impacts the inspection interface usage,
and the use of an inefficient solution for creating discarding
rules.

In this paper, we present an architecture that was im-
plemented1 to make feasible the implementation of agent
and group test activities within the MAS software devel-
opment process. Our approach is based on the architec-
ture to test distributed systems proposed by Araújo and Staa
[16]. Nonetheless, MASs involve some characteristics that
are not addressed by non-agent-based systems, such as au-
tonomy and social behaviors. Thus, our goal is to adapt
the architecture proposed by Araújo and Staa [16] to cre-
ate one for testing MASs at different levels. Therefore, in
order to represent MAS properties, we changed some tags
that are used in their approach to represent logs with meta-
information annotations. In addition, to solve the problems
of data volume and discarding rules presented in their archi-
tecture, we decided to use a publish-subscribe [17] technol-
ogy, instead of a database one. Through a publish-subscribe
based approach, it is possible to develop decoupled and dif-
ferent tests that select logs that are useful for their purposes
and ignore the irrelevant ones.

To illustrate and evaluate the use of the proposed ar-
chitecture for creating systems to test MASs, we used and
tested a simple MAS-based application. This experiment is
presented in section 2. The remainder of this paper is orga-
nized as follows. Section 3 introduces the test architecture.
Section 4 evaluates the test architecture, presenting the ex-
perimental results and evaluation. The paper ends with con-
clusive remarks in Section 5.

2. APPLICATION SCENARIO
In order to evaluate our proposed approach to test mul-

tiagent systems, we developed a simple multiagent appli-
cation. This application is based on a scenario commonly
used in the MAS literature[14] - a marketplace to buy and
sell books on-line. We believe this experiment will assist
one to understand our approach and facilitate further com-
parisons and analysis. We developed this application by us-
ing the JAVA Agent Development Framework (JADE) that
is a Java software framework implemented to facilitate the
development of multiagent systems [14].

2.1. Sellers and Clients

This application implements a simple marketplace where
users create autonomous agents to sell and buy books for
them, as described in the JADE Guide [14]. Therefore, this
scenario contains two kinds of agents: Seller and Client. As

1The source of the test and the MAS application systems are available
at http://www.inf.puc-rio.br/ nnascimento/MAS-tests.html

part of the JADE platform, there is also a Directory Facil-
itator Agent (DF) that provides a Yellow Pages service by
means of which an agent can find other agents providing
the services he requires [14]. This illustrative scenario is
depicted in Figure 1.

SELLER-Agent1

SELLER-Agent2

SELLER-Agent3

CLIENT-Agent1

CLIENT-Agent2

DF-Agent

Yellow	 Page

User1

User2

MAILBOX

Figure 1: Scenario1: Overview of the general system archi-
tecture.

When a user creates a new selling agent, this agent reg-
isters itself in the Yellow Page by offering the service of
book-seller. A selling agent manages a book catalog for a
book store. Each user increments its own catalog at run-
time by adding new books for sale. To add a book for sale,
the user informs the name of the book and the price that he
would like to receive for the book. A client agent is respon-
sible for seeking and buying the book that a buyer user is
looking for. Once created, the client agent is released into
the marketplace, where it investigates which selling agents
have the desired book and it buys the book from the seller
that has the best price.

We also added a mailbox to the application. Our goal
is to simulate interactions between agents that are different
from ACL message communication. In such case, this inter-
action is performed by sharing a common resource among
agents, that is, the mailbox. After selling the book, the seller
agent sends a virtual copy of the book to the mailbox, while
the client agent verifies if the book has been delivered. If
the client agent buys a book and it does not find the book in
the mailbox after a time, the client agent will fail.

3. TEST APPROACH: THE SOLUTION AR-
CHITECTURE

We developed a publish-subscribe based architecture as a
foundation for generating different kinds of test applications
for MASs. Our goal is to provide mechanisms that capture
and process logs generated by agents automatically. As de-
picted in Figure 2, our architecture consists of three layers:
MAS Application (L1), Publish-Subscribe Communication
(L2), and Test Applications (L3). The Publish-Subscribe
Communication layer uses the RabbitMQ platform [18] for
delivering logs from agents (publishers) to be consumed
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by test applications (subscribers). To understand more
about the characteristics of RabbitMQ that we used in our
approach, see https://www.rabbitmq.com/tutorials/

tutorial-five-java.html (Accessed in 03/2017).

TEST
APPLICATIONS

(SUBSCRIBER	LAYER)

PUBLISH –
SUBSCRIBE

COMMUNICATION

MAS	
APPLICATION

(PUBLISHER	LAYER)
Agent1 Agent2 Agent3

Environment

SERVER

Queues

Subscriber	
App	01–
Agent1	
Testing

Subscriber	
App	02–

Integration	
Testing

Subscriber	
App	03–
System	
Testing

Log	Structure:
agentType.
agentName.
action.
typeLog.
className.
methodName.
codeLine.
resource.
timestamp.
message.

Figure 2: A Publish-Subscribe-based architecture to test
MASs.

Each agent publishes logs with annotations that are com-
posed of the following tags:

• agentType: the type of the agent (e.g CLIENT,
SELLER, VEHICLE). In JADE, it refers to the name
of the container where this agent lives;

• agentName: the name provided for the agent by
the system developer/user (e.g client01, client02,
seller01);

• action: the event that caused the log generation
(e.g connectToSystem, searchBookInCatalogue, be-
Destroyed);

• typeLog: types of logs (e.g error, info, warning);

• className, methodName, codeLine: necessary infor-
mation to identify the part of the code that generated
the event;

• resource: the main resource that has been manipulated
or requested by an agent during an event execution (e.g
book1, book3, memory). It may be used to investigate
all events that are related to a specific resource;

• timestamp: time that the log was created. Used to sort
all events into a single timeline [16];

• message: a description of the event.

Thus, a log message must meet the pattern “(agent-
Type).(agentName).(action).(typeLog).(className).
(methodName).(codeLine).(resource).(timestamp).(message).”

Each agent-based application must specify a set of values
that can be used to fill these tag fields.

As depicted in Figure 3, all agents in the MAS applica-
tion layer are also a TestableAgent type. A Testable agent
uses RabbitMQ properties to send logs with annotations as
messages. These logs can be published from any part of
an agent’s code. Some tags fields are automatically filled
in by the TestableAgent class and JADE properties, such as
agentType, agentName and timestamp.

Figure 3: Simplified class diagram for creating testable
MASs.

Figure 4: Simplified class diagram for creating applications
for testing a MAS application at agent, integration and sys-
tem levels.

The RabbitMQ autonomously delivers log messages to
queues according to their tags’ values. As shown in Fig-
ure 4, each test application defines a binding key in or-
der to subscribe itself to consume messages from a spe-
cific queue. For example, a test application that monitors
only error logs from SELLER agents must have the binding
key “SELLER.*.*.error.#.” Therefore, this application will
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consume any log with the tuples (agentType,SELLER) and
(typeLog,error). It is also possible to create applications
that use multiple bindings. For example, if a performance
test application needs to calculate the number of SELLER
and CLIENT agents that are connected to the system, this
application will have to consume logs with different action
values. Thus, it needs to consume logs with the tuples (ac-
tion,connectToSystem) and (action,beDestroyed).

Test applications do not interfere on the execution of
each other. Each test class extends the class RabbitMQCon-
sumer that starts an independent process to consume mes-
sages from a specific queue. We used the Template Method
Pattern [19] to model the consumeMessage method. Thus,
to consume and process particular log messages, a test class
must overwrite and customize the methods getListBind-
ingKey() and processData().

4. TESTS AND RESULTS
By using our proposed architecture, we created some test

applications to execute functional tests at agent and group
levels. Thus, this section presents part of the test plan that
we created and performed for testing the application pre-
sented in the section 2. We provide the complete list of the
functional and performance tests that we executed in [20].

4.1. Agent and Group Tests
We executed various test cases, taking eight parameters

into account: (i) level (i.e. agent or group); (ii) function (e.g
it is composed of a set of actions, for example, the function
buy book may be composed of askBuy and soldBook ac-
tions); (iii) procedure (e.g a general description of the test);
(iv) input (i.e a resource, a component); (v) expected value
(e.g the result that will be produced when executing the test
if the program satisfies its intended behavior); and (vi) val-
idation method (e.g strategies that a tester performs to eval-
uate the system, comparing the program execution against
expected results). Each test case execution produced several
logs with meta-information annotations, which were con-
sumed by test applications. Then, we used these logs as a
validation method, as shown in table 1.

To validate a test case, the test application must verify if
logs are appearing in the order described in the Validation
Method column. Therefore, after the developer informs the
logs from the validation column, the test application will
automatically create a state machine, where each state rep-
resents an action. For example, Figure 5 illustrates the state
machine that was created to validate the execution of the
“buy Book” function. As shown, the verification program
defines the transition between states as a log. A transition
will only occur when the expected log appears. Each state
has a maximum wait time for the expected log. Thus, if
the maximum wait time exceeds, an error linked to the cur-
rent state will be generated. This situation indicates that an
agent performed an unexpected behavior and the action was

Table 1: Functional tests at agent and integration (group)
levels (Simplified Table).

Level Func. Procedure Input Expected
Value

Validation Method
(Logs sorted into
a timeline)

create
Selling
Agent

User creates
a new agent

1.Type:
SELLER
2. Name:
seller1

seller1 agent
is registered
as
book-seller

1)SELLER.seller1.
connectToSystem.
info.#
2)SELLER.seller1.
registerService.info.#

Agent add
Book

User adds
a new book
to seller1

1.Book’s
name:
book1
2.Book’s
price:10

book1 is in
seller1’s
catalogue

1)SELLER.seller1.
addBook.info.*.*.
.*.*.’name:book1
and price:10’

Group buy
Book

client1
asks seller1
to buy book1

1.client1
2.seller1
3.book1

client1
receives
book1
after two
seconds

1)CLIENT.client1.
askBuy.info.#
2)SELLER.seller1.
receivedBuy.#
3)SELLER.seller1.
removedBook.#
4)SELLER.seller1.
soldBook.#
5)CLIENT.client1.
receivedSaleConf.#
6)CLIENT.client1.
receivedBook.#

not successful executed.

Figure 5: Simplified state machine for verifying test cases
generated for the function buy book.

In order to force test failure and verify if these test
applications were able to identify faults, we forced cer-
tain classes to act incorrectly during the execution of
the program over some integration tests. For example,
to test the function “buy Book”, we inserted a defect
that makes a Seller agent to die after accepting a book
sale. Therefore, a client agent that bought a book from
this seller, did not find this book in the mailbox and
failed. As the test application did not receive the log
“CLIENT.client1.receivedBook.info.#”, its state machine
indicated a failure in the state “receivedSaleConf.” Figures
6 and 7 depict the logs that were generated by agents while
this situation was executing.
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Figure 6: Logs generated by Seller1.

Figure 7: Logs generated by Client1.

As each agent is running separately, to identify and un-
derstand what caused this failure, the tester would have to
inspect the log file from each one of the agents. This work
could be so difficult if the number of agents or the number of
log messages was higher. Thus, by using our proposed so-
lution, a test application can automatically select those logs
from different agents that are probably to be essential for a
specific test case and show them sorted in a single timeline.

In order to specify which characteristics need to be mon-
itored from logs during the execution of a test cases set, the
developer must establish a list of binding keys and override
the method getListBindingKey() from the RabbitMQCon-
sumer class (Figure 4). The list of binding keys will deter-
mine which test cases can be covered by the test application.
For example, to cover the test cases that are listed in Table
1, it is necessary to establish binding keys that will make the
test application able to receive all logs that are described in
their “Validation Method” columns.

The code below shows the method getListBindingKey()
that was used by a test application to cover these three test
cases. If the developer wants this test application covering
more test cases, he needs to add more binding keys to allow
the test application to consume different logs.

@Override
public String [] getListBindingKey () {
BindingKey bd = new BindingKey();
String [] listKey = new String [11];
listKey [1] = bd.createBindingKey(LogValue.Action.connectToSystem);
listKey [2] = bd.createBindingKey(LogValue.AgentType.CLIENT, LogValue.Action.askBuy);
listKey [3] = bd.createBindingKey(LogValue.AgentType.CLIENT, LogValue.Action.receivedSaleConfirmation);
listKey [4] = bd.createBindingKey(LogValue.AgentType.CLIENT, LogValue.Action.receivedBook);
listKey [5] = bd.createBindingKey(LogValue.AgentType.SELLER, LogValue.Action.registerService) ;
listKey [6] = bd.createBindingKey(LogValue.AgentType.SELLER, LogValue.Action.addBook);
listKey [7] = bd.createBindingKey(LogValue.AgentType.SELLER, LogValue.Action.receivedBuy);
listKey [8] = bd.createBindingKey(LogValue.AgentType.SELLER, LogValue.Action.removedBook);
return listKey ;
}

As a result, the interface depicted in Figure 8 shows all
logs that were consumed by a test application according to
this binding key list. In addition, all logs are organized in a
single timeline. As shown, not all logs depicted in Figures 6
and 7 were presented in this interface, but only the relevant
logs to inspect the execution of these test cases. Thus, we
were able to verify these logs in order to find the fault that

generated the failure indicated by the state machine.

Figure 8: Application View - Agent and Integration tests.
Fault detection in test case execution.

Test Results
As shown in Table 1, we executed some functional tests at
agent and group levels. By using state machines, the test
applications were able to validate these test cases by com-
paring the logs consumed from the MAS publisher against
the logs listed in the “Validation Method” column. In ad-
dition, we also conducted some tests by inserting software
failures and verifying if our test software could be useful
for detecting faults. As a result, after the state machine had
indicated a failure, the developer could use the interface to
identify the fault and reduce the time of diagnosis.

5. Conclusions and Open Challenges
We believe these results are promising. We presented

a decoupled architecture that allows a developer to exe-
cute tests simultaneously and independently while running
a MAS. In addition, we provided evidence of the usability
of our proposal, using it to test a known MAS application.
We showed that it is possible to develop different tests for a
multiagent system at different levels by using logs contain-
ing meta-information annotations and a publish-subscribe
technology.

5.1. Testing Non-Deterministic Applications
However, MASs usually are much more complex than

the experiment that was used in this work. Current ap-
proaches modeled by using a MAS may involve non-
deterministic characteristics that were not addressed by
this paper, such as learning [21], self-adaptation and self-
organization (SASO) [22]. In fact, there is a gap in the
literature regarding the test of systems with these features.
There are few approaches to inspect the emergence process
in a self-organizing MAS system [23] [24], and all of them
do MAS design based only on simulation techniques. One
reason is the difficulty of specifying expected results for
non-deterministic applications, especially in actual environ-
ments. Nonetheless, we believe our approach opens the way
for more experiments in testing Multiagent Systems, since it
provides ways for testing a MAS at different levels. For ex-
ample, as a self-organizing MAS system enables the emer-
gence of social features based on the behavior of individual
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agents, to test this kind of system it is necessary to perform
tests at single and group levels.

5.2. Deploying Agents in a Distributed Environment

For instance, all agents are running on a single machine
and the proposed approach assumes that there is a central
clock so that the timestamp in each message can be used to
sort events and measure throughput. If the tester needs to
evaluate the MAS application in a distributed environment,
he can use RabbitMQ to create a common publisher that
publishes logs from agents localized on different machines.
However, new challenges will arise. In the general case of
distributed agents, possibly running on machines in differ-
ent continents, a synchronization mechanism is required.

5.3. Predictive Analysis

For each application, there is a set of predetermined val-
ues that can be used in tags. Thus, we can codify and nor-
malize these values to use them as inputs of a temporal neu-
ral network, which is a known structure of predictive anal-
ysis. By consuming temporal logs, a test application may
use a temporal neural network to process log information in
order to predict errors.
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Abstract— This paper describes the implementation of an 
argumentation system used for participatory management of 
environmental protected areas, more precisely to model the 
decision of a park manager artificial agent. This implementation 
is based on a BDI agent architecture, namely the 
Jason/AgentSpeak framework/language. After introducing the 
principles of BDI architecture and of argumentation systems, we 
will detail how we model arguments within the BDI (Belief-
Desire-Intention) architecture. Then, we present the 
argumentation-based model of deliberation and decision by the 
park manager agent as a case study. We show how our 
argument-based approach allows to model various cognitive 
profiles of park managers (more conservationist or more 
sensitive to social issues), through different knowledge bases. We 
show examples of decisions produced by the park manager agent 
and examples of traces of arguments used during deliberation, 
which could be a base for explaining decisions. Before 
concluding, we point out future directions, such as using 
argumentation as a basis for negotiation between various agents. 

Keywords. Agent architecture; BDI architecture; Argumentation; 
Decision; Participatory management. 

I. INTRODUCTION 
The general context of this work is an ongoing research 

project exploring computer support for participatory 
management of protected areas. We have designed a serious 
game (more precisely a role-playing game), inspired by real 
management of national parks in Brazil [2]. The objective is to 
train people about participatory management of protected areas, 
allowing players to explore negotiation strategies in order to 
address conflicting views: in these protected areas, the 
stakeholders (such as environmentalist, tourism operator, 
traditional population representative, etc.), discuss, negotiate 
and take decisions about environment management. In practice, 
these decisions are about the type (level) of conservation for 
each sub-part of the park. Example among predefined types are 
Intangible (full conservation) and Extensive (flexible indirect 
use of resources). A special role is the park manager, who acts 
as an arbitrator in the game, making a final decision about the 
types of conservation, justifying (or, at least, explaining) its 
decision to the stakeholders. 

Our research project [2] explores the use of various 
advanced computer techniques as a support for assistance to 
the players. One of the approaches explored is the use of 
argumentation systems, as a support for decision and for 
negotiation, and last but not the least, for explanation. We use 
this approach to model the decision of the park manager, 
through an internal deliberation between arguments [5]. We 
may also model the decisions of other players (roles) and 
support automated negotiation between them (human or 
artificial, as for instance in [8]). 

In this paper, we will describe the modeling and 
implementation of an artificial agent playing the role of the 
park manager, based on an argumentation system (based on 
[3]), and modeled and implemented in a BDI agent 
architecture. More precisely, we are using the Jason 
framework, an implementation of the AgentSpeak agent 
programming language, based on the BDI architecture [4]. Said 
another way, we are representing arguments and their 
management in AgentSpeak. The first version of the 
implementation has already been completed and tested. We 
will report on our experience as well as pointing out future 
directions. The reminder of this paper is organized as follows: 
Section II discusses related work, while section III focuses on 
the background for BDI and for the Jason platform. Section IV 
presents the use of argumentation theory in BDI, Section IV 
presents the modeling and implementation of a BDI agent 
using argumentation and Section VI results. Finally, Section 
VII presents our conclusions and future work. 

II. RELATED WORK 
JogoMan-ViP [8] is a distributed role-playing game similar 

in spirit to our SimParc project, as its domain is about 
participatory management of hydric resources. It has 
introduced artificial players, also implemented through 
AgentSpeak/BDI on top of the Jason framework. This 
pioneering work has been an important influence. That said, the 
model of decision of artificial players is relatively simplified 
and with a predefined and fixed protocol for negotiation (to 
facilitate the interface between artificial players and human 
players). Our objective in using argumentation as the basis for 
decision, explanation and negotiation is even more ambitious. 
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Simulación by [12] experimented with the use of artificial 
agents as assistants of human players, as an innovative and 
proactive type of interface. Assistant agents can make 
suggestions to human players, based on the model of a good 
strategy for the game combined with a learning mechanism. 
This work has also been an inspiration for our project. But we 
want to explore various models of the game, including 
predictive models (to estimate viability and resilience) and 
inner deliberation and justification models (by using 
argumentation). 

Regarding argumentation systems, the theoretical framework 
by Rahwan and Amgoud [3] is interesting and a major source 
of inspiration, in that it is one of the first to use argumentation 
not only for epistemic reasoning (i.e., to create or modify 
knowledge) but also to practical reasoning (i.e., for reasoning 
about what to do and also how to do it). [13] is an 
implementation of an argumentation system based in Prolog. 
[14] is a preliminary integration of an argumentation system 
into a BDI (AgentSpeak/Jason architecture), with similar 
objective to ours, but focusing on the implementation of 
defeasible logic (logical rules that can be refuted). 

III. BDI AND JASON 
There are many ways to model the behavior of agents such 

as the BDI (Belief-Desire-Intention) model. To talk about this 
model, according to [4], we need to address the idea that we 
can talk about computer programs as if they had a “mental 
state”. Thus, when we talk about a BDI system, we are talking 
about computer programs with computational analogues of 
beliefs, desires and intentions.  

Beliefs are the information the agent has about the 
environment. This information, however, is something the 
agent believes in but it may not be necessarily true. As an 
example, an agent may perceive from its environment the fact 
that it is raining. However, the rain may stop before the next 
reasoning cycle of the agent – in this case, his belief is outdated 
and incorrect. Desires are the possible states of affairs that the 
agent might like to accomplish. That does not mean, however, 
that the agent will act upon it – it is a potential influencer of the 
agent’s actions. Intentions are the state of affairs that the agent 
has decided to act upon. In other words, intentions can be 
considered as a selected option between the potential set of 
options/desires that the agent has decided to pursue.  

Jason is a Java-based interpreter for the AgentSpeak 
language [4], providing a platform for the implementation and 
development of agents. This language is based on the BDI 
architecture [15] and allows programmers to customize the 
agent’s knowledge base following logic sentences. The agents 
also have goals that express the wishes the agent wants to 
accomplish. For instance,!buy(car) means that the agent has the 
goal of buying a car. Furthermore, AgentSpeak provides a way 
to program and customize plans for the agents. These plans 
represent courses of action that the agents will take in order to 
achieve its goals. The overall syntax for a plan is triggering 
event <- context: body, where the triggering event represent 
changes which the agent will act upon; the context is used to 
check the current situation so as to determine whether a 
particular plan among various alternative ones is likely to 
succeed in handling the event; the body of a plan is the course 

of action the agent will take in order to handle the event that 
triggered the plan [4]. 

IV. ARGUMENTATION IN BDI 
There have been several theories which look at formalizing 

the reasoning of autonomous agents based on mental attitudes, 
such as beliefs, desires and intentions (BDI). One of the main 
characteristics of this type of reasoning is the resolution of 
conflicts, since the goals and attitudes available to the agent 
may not always be compatible. In addition, the information that 
the agent has may not always be consistent, or it may be true at 
one moment but incorrect on the next one [3] and may be 
different for another agent. Argumentation is a promising 
approach to deal with such considerations: it is a mono-agent as 
well as a multi-agent process, in which an agent may decide 
alone, or adhere to the opinion of another agent, depending on 
the strength and validity of arguments. Furthermore, agents 
reserve the right to revisit their opinions in light of new 
information.  

The classical logic proves inadequate to model such 
behaviors. For example, to verify the property of monotony: If 
Φ, ∆ and Γ denote sets of formulas in a formal reasoning 
system, then the property of monotony is stated as following: If 
Φ :- Γ and Φ Ì ∆ then ∆ :- Γ. The key here is that the addition 
of new formulas at Φ can never call into question the truth 
value of Γ; this is called a closed world. The interest in non-
monotonic logic appears when we try to capture the notion of 
everyday reasoning, where definite conclusions are obtained 
from incomplete information which can be proven wrong or 
false; this is called an open world and non-monotonous 
reasoning, where the addition of new formulas at Φ can call 
into question the truth of Γ. 

However, this logical approach is limited to epistemic 
reasoning and does not modulate practical reasoning, limiting its 
use in agent architectures. To deal with this, a new approach has 
been developed: the argument. As opposed to a proof, an argument 
may be invalidated, and by comparing arguments it is possible to 
manage inconsistencies in the agent’s belief base. In order to 
formalize this notion, we refer to concepts used in [3] and [5]: Let 
the classical deduction be denoted by :- and the logical 
equivalence-≡. Then, an argument is a pair ⟨H, h⟩, such that 1) H 
is consistent; 2) H :- h; 3)  H is minimal, that is, there is no subset 
of H which verifies 1 and 2. From this definition, the authors 
define the attack relations refute and block between arguments: Let 
⟨H1, h1⟩ and ⟨H2, h2⟩ two arguments. ⟨H1, h1⟩ refute ⟨H2, h2⟩ iff 
h1 ≡ ¬h2; ⟨H1, h1⟩ block ⟨H2, h2⟩ iff $h Î H2, h ≡ ¬h1. 

V. MODELING AND IMPLEMENTATING MANAGER AGENT  
To model the park manager, or other players in the game, along 

their respective roles, we used the formalism above. So, let us note 
D the set of desires, B the set of beliefs and A the set of actions. 
Let us suppose, for example, that: B = {road, tourism_flow, 
beach} and A = {extensive_use, intangible_use}. Each agent, then, 
will have the following rules and bases: 

1) The rules to generate desires (later on, named desires rules) 
RDi have the form: φ -: β1, ..., βm, φ1, ..., φn, βi Î B and φi 
Î D. If the agent has beliefs β1, ..., βm and desires φ1, ..., φn 
then desire φ is satisfied. These rules belong to the base BD = 
{(RDi, wi)}, where RDi represents a desire rule and wi represents 
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the intensity (weight) of the conclusion of the desire φ . An 
example is: +road : tourism_flow & beach <-+raise_tourism(3), 
where (3) means that Intensity (raise_tourism) = 3; 

2) The decision rules RAj have the form φ -: α, where αÎ A 
and φ Î D. If the agent takes the decision of performing action α
, then desire φ is satisfied. These rules belong to the base BA = 
{(RAj, uj}, where RAj represents a rule of desire and uj represents 
the utility of the action α according to the desire φ. An example 
is: +extensive_use(0.75) -> +raise_tourism(0.75), with 
Utilityraise_tourism (extensive_use) = 0.75.   

It is important to note that, for an agent to decide which 
action to choose, he must compare the gain of each action. 
These gains are defined as gain φ (α) = intensity (φ) ∗  u φ (α
). (see more details in [5]). 

TABLE I.  DESIRE RULES (RD BASE) AND DECISION RULES (RA BASE) 

Name Rule 

RD1 +road : tourism_flow & beach <-+raise_tourism(3) 
RD2 +waterfall : true <- +~raise_tourism(2) 
RD3 +forest : true <- + protect_forest(3) 
RD4 +forest_fire: true <- +prevent_fire(3) 
RD5 +beach : ~protect_forest(A) <-+protect_forest_argument(C) 

RA1 +extensive_use(0.75) : true <- !raise_tourism_ extensive_ use 
(0.75) 

RA2 
+intangible_use(1.0):true<-!protect_forest_intangible_use(1.0); 
!prevent_fire_intangible_use(1.0/2); 
!protect_forest_prevent_fire_intangible_use(1.0) 

Suppose that the available actions are extensive_use and 
intangible_use, and the agent has the following beliefs about the 
area: {“road”,”waterfall”, “forest”, ”beach”, ”tourism_ flow”, 
”forest_ fire”}. Then, desire rules (RD base) and decision rules 
(RA base) are modeled as shown in Table I. Table II shows the 
Plans that are executed when the actions extensive_use and 
intangible_use become available. The raise_tourism desire related 
to extensive_use has utility 0.75, the protect_forest and 
prevent_fire desires related to intangible_use have utilities 1.0 and 
0.5, respectively. 

It is important to note that the values of intensity and utility are 
modeled by the programmer, according to the manager’s 
“personality”. If this particular park manager is more 
socioconservationist, he may prefer a more extensive use of the 
area and therefore the utility from the desire raise_tourism may be 
bigger. The same applies if the park manager is more 
preservationist and therefore prefers a more intangible use of area.  

With the rules and parameters mentioned above, there are two 
attack relations between explanatory arguments: refute attack 
between RD1 and RD2, since RD1’s conclusion is raise_tourism, 
and RD2’s conclusion is ~raise_tourism; block attack between 
RD3 and RD5, since RD3’s conclusion protect_forest is present in 
the body of RD5. 

The park manager agent BDI, with its respective RD and RA 
bases, has been implemented utilizing the Jason plug-in for 
Eclipse. Then, an implementation of the mechanism to compare 
arguments in order to eliminate conflicts has been modeled in this 
architecture. For instance, in Table II, !raise _tourism _extensive _ 
use (T) is used to check if the raise_tourism desire was added from 

the RD in P1 and P2: since the agent has a rule that adds the 
raise_tourism desire, P1 will be executed. If the agent’s belief base 
did not include a road, for instance, then the raise_tourism desire 
would not be added from RD1, and the agent would not believe 
that this desire is feasible – that is what the not raise_tourism(A) 
clause means. In this case, P2 would be executed. The goals 
!protect_forest_intangible_use(T) and !prevent_ fire_ intangible_ 
use(T) are used in a similar fashion, and are not described here.  

The protect_forest_argument(C) goal is used to check if a 
block attack relation exists in P3 and P4: in P3, if the intensity 
of the negation of the protect_forest desire, denoted by C, is 
bigger than the intensity of the desire itself, denoted by A, then 
the protect_forest desire is removed. In P4, if C is smaller than 
A, then the desire is not removed. In this implementation, C has 
been set to 4 and A to 3, so P3 applies and the desire is 
removed. The refute attack relation, on the other hand, is tested 
in P5 and P6. In P5, if the intensity of the negation of the 
raise_tourism desire, denoted by A, is bigger than the intensity 
of the desire itself, denoted by B, then the raise_tourism desire 
is removed. In P6, if A is smaller than B, then the desire is not 
removed. In this implementation, A has been set to 2 and B to 
3. So, P6 applies and the desire is not removed. Lastly, the plan 
!protect_forest_prevent_fire_intangible_use(T) is used to 
consolidate all results. Since this goal is part of the body of the 
plan of the intangible_use action, its context needs to test if the 
desires protect_forest, prevent_fire and raise_tourism are 
available and if the action extensive_use is available. Then, it 
checks the gains of each action accordingly and selects an 
action to perform. For instance, P7 and P8 test if the desire 
protect_forest is present in the belief base and if the other 
desires are still feasible, if the extensive_use action is still 
available and if the gains of the intangible_use action are 
bigger than the gains of the extensive_use action. Similar 
clauses, omitted here, have been added for all possible 
combinations in the context, so that the agent will always know 
how to calculate the gains and choose an action. More details 
about the AgentSpeak language can be found in [4].  

VI. RESULTS 
The results of the implementation in Jason, as logged by the 

agent, are: 1) extensive_use action added from desire 
raise_tourism, with utility 0.75 and total gain 2.25; 2) 
raise_tourism negation added with intensity 2 and desire 
raise_tourism with intensity 3 has bigger force; 3) 
protect_forest negation added with intensity 4 and desire 
protect_forest with intensity 3 removed; 4) intangible_use 
action added from desire prevent_fire with utility 0.5 and total 
gain 1.5; 5) extensive_use action executed with total gain 2.25, 
because 2.25 is bigger than 1.5. Thus, the resulting decision by 
the park manager is extensive_use.   

Suppose that we want to change the profile of the park 
manager from socioconservationist to preservationist. Then, the 
intensity of ~protect_forest will be slightly adjusted from 4 to 
2, causing the desire protect_forest to not be removed in the 
attack relation. The total utility of the intangible_use action will 
be 3*0.5 (prevent_fire desire) + 3*1.0 (protect_forest desire) = 
4.5, surpassing the utility of the extensive_use action. The 
result, as traced by the agent, would be as following: 1) 
extensive_use action added from desire raise_ tourism, with 
utility 0.75 and total gain 2.25; 2) raise_tourism negation 
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added with intensity 2 and desire raise_tourism with intensity 3 
has bigger force; 3) protect_forest negation added with 
intensity 2 and desire protect_forest has bigger force 3; 4) 
intangible_use action added from desire protect_forest with 
utility 1 and total gain 3; 5) intangible_use action added from 
desire prevent_fire with utility 0.5 and total gain 1.5; 6) 
intangible_use action executed with total gain 4.5, because 
2.25 is bigger than 2.25. Thus, the resulting decision is 
intangible_use. 

This example shows the flexibility of the BDI model that 
makes use of the argumentation: it allows for the agent to 
deliberate and decide while eliminating conflicts between the 
bases. In this case, the conflict between the protect_forest 
desire and its negation is resolved by comparing their 
respective forces. 

TABLE II.  PLANS 

Name  Plan 

P1 
+!raise_tourism_extensive_use(T): raise_tourism(A) <- .print (" 
extensive_use action added from desire raise_tourism, with utility 
",D, " and total gain ", D*T) 

P2 
+!raise_tourism_extensive_use(T) : not raise_tourism(A) <- .print 
("extensive_use action added from desire raise_tourism, with 
utility ",D, " and total gain ", 0 ) 

P3 
+protect_forest_argument(C) : protect_forest(A) & C>A  <- 
.print ("protect_forest negation added with intensity ",C, " and 
desire protect_forest with intensity ", A, " removed" );-
protect_forest(A) 

P4 
+protect_forest_argument(C) : protect_forest(A) & C<A  <- 
.print ("protect_forest negation added with intensity ",C, " and 
desire protect_forest has bigger force ", A) 

P5 
+~raise_tourism(A): raise_tourism(B) & A>B <- 
.print("raise_tourism negation added with intensity ", A, " and 
desire raise_tourism with intensity ",B, " removed");-
raise_tourism(B) 

P6 
+~raise_tourism(A): raise_tourism(B) & A<B <- 
.print("raise_tourism negation added with intensity ", A, " and 
desire raise_tourism with intensity ",B, " has bigger force") 

P7 

+!protect_forest_prevent_fire_intangible_use(A) : not protect_ 
forest(E) & prevent_fire(D) & raise_tourism(C) & extensive_use 
(B) & C*B<=(D*A/2) <- .print("intangible_use action executed 
with total gain: ",(D*A/2),", because ", (D*A/2), " is bigger than 
", C*B) 

P8 
+!protect_forest_prevent_fire_intangible_use(A) : not protect_ 
forest(E) & prevent_fire(D) & raise_tourism(C) & extensive_use 
(B) & C*B>(D*A/2) <- .print("extensive_use action executed with 
total gain: ",C*B,", because ", C*B , " is bigger than ", (D*A/2)) 

VII. CONCLUSION AND FUTURE WORK 
In this paper, we have presented a prototype architecture of an 

artificial agent able to make decisions by comparing arguments. 
The architecture is based on a BDI architecture (namely, the 
Jason/AgentSpeak framework/language). We have modeled an 
argumentation system through different knowledge base layers and 
the relation of attacks between arguments, as a basis to select best 
viable arguments. We have tested the architecture by modeling a 
park manager in a serious game for participatory management of 
protected areas. The park manager artificial agent makes decisions 
about conservation types by examining and reasoning (comparing) 

facts and arguments about the protected area situation and 
concerns. As a future work, already under progress, we plan to 
completely automate the management of attacks between 
arguments, in order to increase the agent’s autonomy and 
reasoning capacity. In addition, being able to track the agent’s 
reasoning to choose an argument over another enables the agent to 
provide the user feedback about what is happening in the system. 
Last, argumentation could also be used, not only for internal 
deliberation within a single agent, but also for negotiation between 
agents by exchanging and evaluating arguments. This leads to the 
prospects of artificial negotiating players. 
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Abstract— Norms exist to avoid and solve conflicts, make 
agreements, reduce complexity, and in general to achieve a 
desirable social order. However, norms eventually can be 
conflicting — for example, when there is a norm that prohibits an 
agent to perform a particular action and another norm that 
obligates the same agent to perform the same action at the same 
period of time. The agent’ decision about which norms to fulfill 
can be defined based on rewards, punishments and agent goals. 
Sometimes, this balance will not be enough to allow the agent to 
make the best decision. In this context, this paper introduces an 
approach that considers the agent’s personality traits in order to 
improve the solving process of normative conflicts. 

Keywords. Solving Normative Conflicts, Normative Agents, 
Multi-Agent Systems. 

I. INTRODUCTION  
Multi-agent Systems (MASs) are societies in which these 

heterogeneous and individually designed entities (agents) work to 
accomplish common or independent goals [1]. In order to deal with 
autonomy and diversity of interests among the different members, 
such systems provide a set of norms, which are mechanisms used to 
restrict the behavior of agents by defining what actions the agents 
are obligated, permitted, or prohibited to encourage the fulfillment 
of the norm through rewards definition and discouragement of norm 
violation by pointing out the punishments [2].  

Norms must be complied with by a set of agents and include 
normative goals that must be satisfied by the addressees. In addition, 
norms are not always applicable, and their activation depends on the 
background in which agents are situated. In some cases, norms 
suggest the existence of a set of sanctions to be imposed when 
agents fulfill, or violate, the normative goal. 

The decision-making process about which norms will be 
fulfilled or violated might be defined based on the agent’s goals, 
rewards and punishment analysis [1]. Since an agent’s priority is the 
satisfaction of its own goals, before complying with norms, the 
agent must evaluate their positive and negative effects on its goals 
[3] without hurting the agent’s autonomy. Both rewards and 
punishment are the means for the agents to know what might happen 
independently of the agent’s decision to comply, or not, with the 
norms. However, norms sometimes may conflict or be inconsistent 
with one another [4]. For instance, different norms can, at the same 
time, prohibit and obligate a state that the agent wants to fulfill and 
the simple balance between goals, rewards and punishment might 
not be enough for the agent to make the best decision.  

The abstract normative agent architecture developed by [3], has 
four main steps: (i) agent perception, (ii) norm adoption, (iii) norm 

deliberation, and (iv) norm compliance. Within the norm 
deliberation step, conflicting norms are verified and a set of these 
norms is added to the norm compliance set. 

We changed the internal process of the norm deliberation step 
to deal with conflicting norms by adding the agent’s personality 
traits. These characteristics will help the software agents to make a 
better decision involving personality traits - for example, sense of 
duty and spiritual endeavor. We will present a user scenario that 
shows how the agents deal with normative conflicts when 
personality traits are considered. This will illustrate the new 
deliberation process proposed in this paper. 

In this context, we present an approach to build emotional 
BDI-agents, which considers also others agent’s personality traits 
[5] and emotions [6] to improve the decision-making process in the 
solution of normative conflicts. This approach aims at providing 
new resources for the agent to deal with conflicting norms supported 
by personality traits. As such, more human characteristics can be 
considered to improve the deliberation process. We built a software 
framework based on this approach, which provides a set of hot-spots 
and frozen-spots that enables the implementation of emotional 
normative functions. By using these new functions, it is possible to 
build emotional agents that: (i) use personality traits to improve the 
solution among normative conflicts, (ii) implement the agent’s 
behavior similar to the human’s behavior, and (iii) evaluate the 
effects on its desires with respect to the fulfillment or violation of a 
norm. 

The reminder of this paper is organized as follows: Section II 
focuses on the background, while Section III discusses related work. 
Section IV presents the emotional BDI approach to solve normative 
conflicts. Section V describes a case study applying the emotional 
approach. Finally, Section VI presents our conclusions and future 
work. 

II. BACKGROUND 

A. Norms 
Norms are designed to regulate the behavior of the agent, and 

therefore, a norm definition should include the address of the agent 
being regulated [7]. However, norms are different from laws, and 
they cannot force agents to comply with them. Agents are 
autonomous entities, so norms may only suggest and present the 
expected behavior. 

In this work, we used the norm representation described in [9], 
which is composed by the representation of the element norm – it 
contains many different properties: (i) Addressee, (ii) Activation, 
(iii) Expiration, (iv) Rewards, (v) Punishments, (vi) Deontic 
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Concept, and (vii) State. For example, the property Addressee is 
used to specify the agents or roles responsible for fulfilling the 
norm. 

In order to better understand the definition of norms and their 
representation, a user scenario was developed. 

B. Conflicting Norms 
Norms eventually may conflict, i.e., an action may be 

simultaneously prohibited and permitted, or it may be inconsistent, 
i.e., when an action is simultaneously prohibited and obliged [4]. 
These conflicts and inconsistencies may be caused by a norm that 
prohibits an agent to perform a particular action while another norm 
requires the same agent to perform the same action at the same time. 
For example, Fig. 1 presents a scenario of conflicting norms - when 
a norm defines that the buyer agent cannot give back the product 
bought and at the same time another norm defines that the buyer 
agent can return the product bought before opening it. 

 
Figure 1. Conflict - Prohibition and Permission. 

In short, conflicts may occur in different cases and situations, 
and dealing with them is extremely necessary to make the best 
decision. 

C. BDI Archicteture 
The BDI (Belief-Desire-Intention) model was proposed by [10] 

as a philosophical theory of practical reasoning, representing, 
respectively, the information, motivational and deliberative states of 
the agent. There are two main steps: (i) apply a filter to make a set 
of goals that the agent has to commit to base on his beliefs, and (ii) 
find a way to know how the desires produced can be fulfilled based 
on the available agent’s resources [12].  

 
Figure 3. Generic BDI architecture [11]. 

The BDI model is composed by three mental states: (i) beliefs, 
which represent the environment factors that are updated after each 
action perceived — these beliefs represent the world knowledge; (ii) 
desires, which have information about the goals to be fulfilled — 
they represent the agent’s motivational state, and (iii) intentions, 
which represent the action plan chosen. Fig. 3 shows these three 
mental states centralized and their interaction. 

BDI architecture starts with a Belief Revision Function that 
makes a new belief set based on the agent’s perception. Next, the 
Option Generation Function sets the agent’s available options and 
desires, based on its own environment beliefs and intentions. The 
next function is a Filter that sets the agent’s intentions based on its 
own beliefs, desires and intentions. Finally, the Action Selection 
Function sets the actions to be executed based on the current 
intentions.  

Most BDI systems are inspired by the Rao e Georgeff [13] 
model. The authors presented an abstract BDI interpreter. This 
interpreter works with beliefs, goals and agent plans. As such, the 
goals are a set of concrete desires that may be evaluated altogether, 
avoiding a complex goal deliberation step. The interpreter’s main 
activity is the means-end process achieved by plan selection and 
plan execution given a goal or event. 

III. RELATED WORK 
This section describes some related work: (i) the solution for 

normative conflicts [1], [8], [15], [16]; (ii) architecture designs 
considering the agent’s emotional state [14], and (iii) the agent’s 
personality [5].  

The authors in [5] built a decision process to work as part of the 
story-telling systems wherein narrative plots emerge from the acting 
characters behavior and personality traits. The process evaluates 
goals and plans to examine the plan commitment issue. The drives, 
attitudes and emotions play a major role in the process. However, 
the personality traits were not applied on MASs, which creates an 
opportunity to improve the agent’s decision-making process to deal 
with normative conflicts. 

Some approaches [1], [8], [15], [16] have been proposed in the 
literature to develop the agent that evaluates the effects of solving 
normative conflicts. For instance, the n-BDI architecture defined by 
Criado et al. [15] presents a model for building environments 
governed by norms. Basically, the architecture selects objectives to 
be performed based on the priority associated with each objective. 
An objective’s priority is determined by the priority of the norms 
governing a specific objective. However, it is not clear in this 
approach how the properties of a norm can be evaluated. In addition, 
the approach does not support a strategy and neither consider the 
agent’s personality traits to deal with conflicts between norms. 

Lopes et al. [8] defined a set of strategies that can be adopted by 
agents to deal with norms as follows: Pressured, Opportunistic and 
Selfish. Although this work provides some mechanisms for the 
agents to collect norms, the authors provide a framework that can 
be extended to create simulations of normative multi-agent systems 
by including new strategies. In addition, this work can neither 
extend mechanisms to collect information during the simulations 
nor can extend mechanisms to generate norms and agent goals. 
Furthermore, the agent cannot detect and overcome normative 
conflicts. 

Finally, Viana et al. [1] presents a modeling language and an 
architecture to build adaptive normative agents. The authors 
propose an approach to design and implement agents that are 
capable to adapt in order to deal with norms, detecting and 
overcoming normative conflicts. However, this research just 
measures norms contributions based on: (i) norm rewards and 
punishments; (ii) norm activation and expiration; (iii) deontic 
concept, and (iii) agent goals. As such, the agent can decide to fulfill 
or violate a norm. One item that was not broached by the authors is 
that they did not implement personality traits in their architecture to 
improve and overcome normative conflicts. 

As none of this related work deals with norms conflicts using 
personality traits, this was the gap that we based on to propose our 
work. We aim at providing a better way to balance goals, rewards, 
punishment and personality traits to solve normative conflicts. To 
evaluate the norm contribution, we first use rewards and punishment 
values. With these values, we then continue to evaluate the norm 
contribution, now adding personality traits.  
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IV. EMOTIONAL BDI AGENTS: AN APPROACH 
This section describes the main concepts required to understand 

the approach based on emotional BDI-agents used to improve the 
solution of normative conflicts. Error! Reference source not 
found.. 

A. The Architecture 
The emotional BDI-agents that can solve the normative 

conflicts approach were inspired on the concepts presented in the 
background and the related work section. We added both BDI 
features and personality traits in the normative deliberation 
process, mainly in relation to conflicts resolution. The architecture 
foundation was based on the abstract normative agent architecture 
developed in [3]. Fig. 4 presents our emotional BDI-agent 
architecture to solve normative conflicts. 

 
Figure 4. Internal architecture of the BDI-Agent based on Personality Traits to 

Improve Normative Conflicts Solution. 

The most significant change was adding to the deliberation 
process a reasoning step that involves the BDI architecture and the 
personality traits approach. Both strategies work in a 
complementary way to make agents behavior more human, 
considering factors that were not used in the norms deliberation 
process in previous work. All of these changes refer only to the 
internal agent process. The decision-making process proposed has 
four steps, which is described below. 

The first step involves the agent’s perception in the Belief 
Revision Function, where the agent perceives the norms in the 
environment addressed to it by means of sensors. Then, the agent 
inserts into the Norms set the norms that it wants to fulfill by using 
the Norms Adoption function. After that, the agent updates its 
beliefs, taking into account these new norms.  

The second step is the Desire Normative Generator, which is 
composed by three processes: (i) Norm Status Evaluation function, 
where the agent verifies which norms are activated or deactivated; 
(ii) Norms Conflict Detection function, where the agent verifies 
what the normative conflicts are, and (iii) Solution Normative 
Conflicts function, where the agent evaluates the norms contribution 
and solves the normative conflicts, also considering its personality 
traits. There are some personality traits considered: (i) Drives, such 
as Sense of duty and Spiritual endeavor, (ii) Attitudes, such as 
Careful and Adaptable, and (iii) Emotions, such as Anger and Fear 
as presented in [5]. As a result, a set of non-conflicting norms are 
exported to the next step. These norms are the agent’s Desires. 

The third step is the Normative Filter, which is composed by 
two processes: (i) Norms Evaluation function, where the agent 
evaluates the Desires set and it decides which norms will be 

fulfilled, and (ii) Plan Selection function, where the agent’s best 
plans will be chosen in the Intentions set. 

Finally, the fourth step is the Action Selection Function, which 
is composed by the Normative executor and selector function. This 
function receives the Norms set, which are the norms that the agent 
intends to fulfill. Last but not least, all of these steps help in the 
improvement of the normative conflict solving process, considering 
personality traits inserts into the BDI reasoning process. 

B. The Framework 
Inspired by the JSAN architecture [9], which uses different 

norms strategies to deal with norm, taking into account the different 
agent’s social levels, as in [8]. We built a new approach by 
introducing personality traits aiming to improve the solution of the 
normative conflict.  

The solving process of normative conflicts starts with the 
calculation of the norm’s normative contribution, wherein for each 
norm the agent evaluates its rewards and punishments compared 
with the others norms addressed to it. Furthermore, we added a new 
step to improve this process, also taking into consideration the 
agent’s goals and its personality traits. This new step consists in the 
evaluation of which normative goals can be fulfilled according to 
the agent’s goals and its personality traits. The agent will verify 
which goals can be fulfilled based on its personality traits, so the 
agent uses its set of goals and analyze each conflicting norm, adding 
to the normative contribution an integer value to represent the 
compatibility between the agent’s goals and the normative goals. 
The compatibility is defined by the evaluation of which of the 
agent’s goals can be executed if a norm is fulfilled. As a result, some 
conflicting norms may have changed its normative contribution 
based on the use of the agent’s personality traits. For instance, 
imagine the norm that obliges the agent to cross a damaged bridge. 
If the agent is careful (careful meaning the agent's personality trait) 
its normative contribution will be decreased because the agent does 
not have the intent to cross a damaged bridge — it is dangerous. 

V. USER SCENARIO: GO HOME 
As proof of concept, the user scenario “go home” will choose 

whether the agent goes home by bicycle, or by bus. The norms in 
this scenario are: (i) Norm 1 prohibits the employee agent to go 
home by bicycle, and (ii) Norm 2 obligates the employee agent to 
go home by bicycle. There are the Norm 1 properties: (i) Name: 
Come back by Bus, (ii) Addressee: Employee, (iii) Deontic 
Concept: Prohibition, (iv) Reward: No health decrease, (v) 
Punishment: Be wet, (vi) Activation: It is raining, and (vii) 
Deactivation: It is sunny. Norm 2 was defined by the following 
properties: (i) Name: Come back by Bicycle, (ii) Addressee: 
Employee, (iii) Deontic Concept: Obligation, (iv) Reward: Increase 
physical conditioning, (v) Punishment: Spend money with bus 
tickets, (vi) Activation: After work, and (vii) Deactivation: Be sick. 
Planning to go home, the employee agent checks the weather; if it 
is raining, it can go home by bus and as a consequence, it will violate 
Norm 2. However, if it is raining, but the employee agent has 
personality traits that induce its behavior to go home by bicycle, as 
a consequence, it will violate Norm 1. That is when the agent’s 
internal process detects and tries to overcome the normative conflict 
between Norm 1 and Norm 2.  

Fig. 6 shows the normative conflict between Norm 1 and Norm 
2 and our aim is to present improvement in the deliberation process 
to choose the norm that will be fulfilled, considering some 
characteristics, such as: (i) the rewards of the norm that will be 
fulfilled; (ii) the punishment of the norm that will be violated; (iii) 
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the agent’s goals, and (iv) the personality traits — for instance, if 
the agent’s goal is to increase physical conditioning, it will have 
adventurous spirit as a personality trait. 

 
Figure 6. Go Home conflict area. 

All of these attributes were mapped to integers values in our 
architecture to make possible the decision process to choose 
between Norm 1 and Norm 2. For comparison purposes, three 
different personality traits scenarios were developed for the 
employee agent: (i) adventurous spirit — high weight: (ii) 
adventurous spirit — low weight, and (iii) no personality trait. 

We used the architecture proposed in this paper (see Fig. 4) in 
the first and second scenarios. For the three scenarios, we 
considered that the employee agent starts the Norm Adoption 
process to verify which norms are addressed to it. As a result, the 
employee agent perceives two norms. Note that these two norms are 
conflicting (see Fig. 6): both are active at the same time, and their 
deontic concept are opposite — obligation and prohibition. To 
choose which norms will be better fulfilled, the agent considers the 
normative contributions and its personality traits, except in the third 
scenario, where no personality trait is considered. 

In the first scenario, we consider the employee agent with 
adventurous spirit — high weight to choose the norm that will be 
fulfilled in the conflict resolution process, also taking into account 
the norms punishments and rewards. The conflict resolution process 
measures, first of all, the norms rewards and punishments of each 
one of the conflicting norms, i.e., the agent verifies which goals can 
be executed, considering each one of the conflicting norms to be 
fulfilled. In sequence, the agent selects which norms will be fulfilled 
based on the agent’s Pressured strategy. As a result, the employee 
agent will go home by bicycle. In the second scenario, we consider 
the employee agent with adventurous spirit — low weight. As a 
result, the employee agent decides that going home by bus will give 
it more benefits. This is because the agent has not enough 
motivation to fulfill its desires and as a consequence, it receives the 
punishments for not fulfilling the other norm.  

Finally, in the third scenario, we consider the employee agent 
without personality traits, i.e., the agent always had the same 
behavior and considered only its own goals. We therefore assume 
that the BDI architecture with personality traits can change the 
agent’s behavior, thus helping to improve the solution for the 
normative conflicts. 

VI. CONCLUSION AND FUTURE WORK 
This paper proposes an approach to deal with conflicting norms 

by adding personality traits characteristics to the BDI architecture 
to improve the decision-making process that will decide which 
norms the agent shall fulfill. The main contributions of this research 
are: (i) include personality traits in the BDI architecture to improve 
the solving process of normative conflicts; (ii) implement different 
agent behaviors according to different personality traits, and (iii) 
make it possible to build software agents behaviors more similar to 
human behavior. As proof of concept, the approach presented in this 
paper can be verified by using the user scenario showed in Section 
V, where the agent needs to choose between bus or bicycle to go 
home once the weather conditions change. The emotional 

BDI-agent was able to reason about the norms it would like to fulfill, 
and to select the plans that met the agent’s intention of fulfilling, or 
violating, the norms. 

As future work, we are deciding on an experimental study in 
order to complete the evaluation of our approach. Furthermore, our 
aim is to study other BDI architectures and platforms to investigate 
the possibility of extending them to support the development of 
emotional BDI-agents to deal with norms and normative conflicts. 
Last but not least, we will extend our architecture to make it possible 
for the BDI-agent not only to use personality traits for the solving 
process of normative conflicts, but also for choosing the best plans 
that it can execute in order to deal with the norms addressed to it. 
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Abstract— PBL (Problem-Based Learning) is a constructivist 

teaching method that uses real-life problems to develop skills and 

attitudes in students to solve them. This involves the inclusion of 

essential practices that are based on collaborative work and task 

management. As PBL is process-oriented, it is necessary to guide 

students in the definition of the solving process, ensure that 

students follow this process and monitor all the work, realizing 

improvements when necessary. In view of this, Virtual Learning 

Environments (VLE) can be very useful to support PBL 

processes in blended learning, providing a technological 

environment where the learning process can be managed. 

However, the literature shows that technological tools to support 

a PBL approach have only been explored to a limited extent and 

not effective. In this context, this paper proposes the “PBL-

Coach”, a VLE composed of a set of structured and measurable 

activities to support PBL in the Software Engineering Education. 

A case study was carried out with the aim of assessing the utility 

and usability of PBL-Coach in blended learning context, and the 

results showed a good acceptance level of its use. 

PBL; Learning Environment; Software Engineering Education 

I.  INTRODUCTION  

New methods of teaching and learning have been adopted 
as a means of supporting the changes in the teaching and 
learning procedures that are aligned with the new requirements 
of the job market and a redefinition of the roles of those 
involved in education. For example, Problem-Based Learning 
(PBL), which can be defined as a method of teaching that is 
centered on the student, draws on real-life problems to trigger 
and encourage the learning of concepts by improving the skills 
and attitudes necessary to attempt to solve them. When 
contextualized in a realistic setting, the problems drive the 
students to seek ways of solving problems and acquire the 
necessary skills and attitudes to do this and thus be valued in 
their professional lives [1]. In this area, the recognized 
curricula in the area of Computing, such as the ACM/IEEE 
Computer Science Curricula, are being redefined in accordance 
with the inherent features of PBL, such as group learning, 
collaboration, problem-solving abilities, interpersonal 
communication and management skills.  

In [2], the authors present a systematic mapping of the use 
of PBL in teaching Computing, describing the main features for 
an effective approach to PBL, together with its potential 

benefits and likely challenges. They stated that the benefits of 
PBL are closely linked to the methods and instruments of 
management, which allow the planning, execution, monitoring 
and continuous improvement of the solving-process conducted 
by students.  

With regard to teaching Engineering Software in particular, 
the adoption of Information Communications Technology 
(ICT), such as Learning Management Systems (LMS) and 
Virtual Learning Environments (VLE), has not allowed 
teaching and learning to reach its full potential with regard to 
planning, monitoring and assessment [3]. In fact, many cases 
have a shortage of computer instruments and are restricted to 
limited ways of assisting the teaching and learning process, 
focused on collaborative work, but not include the definition of 
educational objectives, the linking between tasks and 
objectives, process to assess this work and its results. In  [4], 
the authors make a comparison between a key list of VLE that 
are adopted in education. Among these, they underline the 
importance of the Open Simulator, Second Life, Active 
Worlds, Project Wonderland and Open Cobalt systems. On the 
basis of this analysis, it can be concluded that most of the 
systems are able to support online education, whether in terms 
of content or centered on the teacher, but there are only a few 
data that effectively show the support of PBL. 

In [5], the author stresses that a VLE that is suited to PBL 

must be geared towards teamwork and be focused on a 

discourse that is concerned with the collaborative construction 

of knowledge. The author defines a particular term for this 

environment, “CMCPBL” (Computer-Mediated Collaboration 

for PBL). This refers to three significant features of this 

discourse and uses the work of [6] as a benchmark: (1) A 

focus on the background of the problems and an in-depth 

understanding of this problem; (2) Construction of open and 

collaborative knowledge; (3) Inclusion of all the participants 

in the learning process. In the light of these specific features, 

this work examines a set of activities based on the principles 

and features that arise from learning theories about PBL. 

These activities will be supported by a virtual learning 

environment with interactive technological resources, called 

PBL-Coach. The purpose of PBL-Coach is to support the 

implementation of the PBL method and ensure that it is 

adopted in compliance with its principles.   
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The proposed environment was validated by conducting a 
case study in the open education, which involved sixteen 
students and three teachers in a course on Agile Project 
Management on the period March-June, 2016. This study 
sought to answer two questions: “Q1) What is the degree of 
usefulness of PBL-Coach in carrying out environmental 
activities based on the principles and main features of PBL?”; 
“Q2) What is the degree of usability of the PBL-Coach from the 
standpoint of the teachers and students?”. The Technology 
Acceptance Model (TAM) was used as an assessment tool. 

II. MAIN THEORETICAL REFERENCES 

A. PBL Principles 

In [7], Savery & Duffy set out a set of eight instructional 
principles for PBL, namely: (i) Anchor all learning on activities 
to a larger task or problem; (ii) Provide support for engaging 
the student on the task or problem; (iii) Design an authentic 
task; (iv) Design the task and the learning environment to 
reflect the complexity of the environment for which the 
students should have the skills to interact in, at the end of the 
learning; (v) Give the student ownership of the process used to 
work out the solution; (vi) Design the learning environment to 
support students' thinking while challenging them; (vii) 
Encourage the testing of ideas against alternative views and 
contexts; (viii) Give opportunity for reflecting on learning and 
what has been learned.  In addition, the authors in [ref] include 
more two PBL principles, completing a list of “10 PBL 
principles”: (ix) PBL lays down a process of multi-directional 
teaching and learning; (x) PBL is supported by planning 
processes and continuous monitoring. Regarding the CMCPBL 
features commented in Section 1, the principles (i), (ii), (iii), 
(iv) and (vi) are related to feature (1), that emphasize the 
importance of students deal with a real and relevant problems 
into an authentic learning environment; while the principles 
(v), (vii) and (viii) are related to feature (2), with focus on 
collaborative knowledge; and (ix) and (x) related to feature (3), 
that reinforce the interactions among all participants of the 
learning environment. 

B. xPBL 

Although PBL is based on principles, it does not define a 
single methodology for their application within an educational 
setting. In [3], the authors put forward a methodology called 
xPBL, with the aim of ensuring that when PBL is employed for 
the teaching of Computer Studies, it is implemented in an 
effective, authentic and rigorous manner. According to the 
authors, the authenticity of the learning environment for PBL 
can be preserved if the following factors are taken into account: 
1) the adoption and practice of real problems; 2) the definition 
of the human resources involved, together with their clearly 
defined functions and responsibilities; 3) theoretical content 
aligned with problem- solving; and 4) the adoption of the kind 
of development processes and assessment procedures 
employed by the market; 5) those involved are within an 
environment that reflects the reality of the job market. By 
preserving the learning environment and faithfully adhering to 
the guidelines of the PBL methodology, what is taught to the 

students can be rendered much more effective as a means of 
preparing them for their professional lives.  

In [1] and [8], the authors show that it is possible to ensure 
that PBL is adopted in an effective way when it follows the 
stages of a well-defined process that encompasses planning, 
execution, monitoring and assessment and is geared towards 
making continuous improvements. These stages rely on the 
PDCA cycle (Plan, Do, Check and Act), which is a 
methodology that is basically designed to assist in the 
diagnosis, analysis and prognosis of organizational problems, 
and is ideally suited to the management of the 
teaching/learning process in PBL.  

C. Delisle solving-process 

In order to help students to better understand the problem 
chosen and propose a more adequate solution to it, was 
developed a dynamic that made use of Delisle problem-solving 
model [9]. The model is composed of four aspects that must be 
observed: 1) Ideas: possible solutions to the problem; 2) Facts: 
information about the problem; 3) Hypotheses, identification of 
learning problems to solve the problem and; 4) Plan of Action: 
strategies, information resources and other information that 
lead to the resolution of the problem. Figure 1 illustrates the 
solving-process defined by Delisle. 

 

Figure 1.  Solving-process by Delisle. 

III. METHOD: DESIGN SCIENCE RESEARCH 

The guidelines for the scientific method which shapes the 
different stages of this research study, can be found in Design 
Science Research (DSR), a research method which involves 
analyzing the use and performance of artifacts that are designed 
to understand, explain and improve the behavior of specific 
factors in the domain of Information Systems [10]. The basic 
principle of Design Research is that the knowledge, 
understanding and solving of a problem are acquired in the 
construction and application of an artifact within the context of 
a particular problem. Therefore, the DSR method was adopted 
in five steps: 

1) Understanding the Problem: to obtain a clearer 
understanding of the teaching method. The aim of this activity 
was to find out about the principles and factors that, in the view 
of several authors, govern the PBL method. The second activity 
was to highlight the challenges and any particular obstacles that 
might face the PBL method. As a result, it was possible to draw 
up a list of problems regarding the management of PBL, such 
as the following: the difficulty of setting out a procedure to 
assist the students with problem-solving, the complexity of 
assessment, and how to teach managerial skills to students with 
a technical background, among other factors.  
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2) Suggestions step was to make conjectures about how 
technology can be used to facilitate learning in the PBL 
approach. The second activity was to design a model for 
problem-solving; this had in mind the xPBL methodology 
commented in Section II.B, which establishes specific means of 
panning and implementing PBL in the teaching of Computer 
Studies. As a result, a conceptual model of the learning 
environment was originated, as shown in Section IV.  

3) Development step was to define the architecture, tools 
and development processes. This led to the design of the 
software artifacts of the PBL-Coach assessed by real users, as 
described in Section V.  

4) Assessment step was to understand the preparation, 
application and analysis of the artifacts, together with the end 
users, with the aim of determining, in the first moment, the 
usability and utility of the PBL-Coach. This resulted in the 
setting out of performance measurement standards.  

5) Conclusion stage was to understand what we learn. It 
should be mentioned that the assessment procedure foresees 
future iterations.  

IV. PBL-COACH IN PDCA CYCLE 

The conception of PBL-Coach was based on the main 
references commented in Section II: the ten PBL principles; the 
xPBL methodology; and the Delisle solving-process. As in 
PBL, the use of PBL-Coach follows a process composed of 
prescriptive activities. These activities allow the management 
of the teaching and learning process, since they rely on the 
PDCA cycle as foundation. Moreover, there is a relation 
between these activities and the PBL principles, explicitly 
pointed out in next sections. Figure 2 illustrates the process of 
using PBL-Coach within the planning, execution monitoring 
and improvements steps, highlighting the activities of each one.  

 

Figure 2.  Interface to manage problem and challenges by teachers. 

In the Planning step, six activities stand out: “learning 
scenarios”, in which the teacher/tutors defines a learning 
scenario that correspond to real circumstances and to allow that 
students can reflecting on a situation where they should be 
enabled to assimilate interests of their learning; “learning 
space”, where the teacher/tutors should make a place available 
for the students where they can do research and share 
technology, especially designed to encourage the collaboration 
among them (3D interface, as shown in Figure 4); “problems & 
challenges”, when the teacher set real problems that  challenge 
the students to seek to explore matters, and challenges that 
represent a partial goal in the solving-process controlled by 
schedules and deliverables; “goals and evidences of learning”, 

when the teacher defines the learning objectives, describing 
observable knowledge and the skills required from the students; 
“content”, related to sharing of text-based files, presentations, 
spreadsheets and so on; and “teams”, when teacher/tutor form 
heterogeneous teams in which the different skills of each 
member can be complemented to achieve results. 

Regarding Execution Step, two activities were defined: 
“solving of problem & challenges”, Where students discuss and 
debate their knowledge about potential solutions, extract facts 
about the problem, define hypotheses about the challenges 
(according to Delisle's problem solving process) and also 
define the tasks that are required to solve the problem (action 
plan), dealing with the different phases of the workflow; and 
“artifacts”, that consist in creation of web-based documents, 
such as spreadsheets and presentations, among other kinds of 
collaborative work. 

Finally, the Monitoring and Improving steps define two 
activities: “monitoring resolutions”, when the teacher/tutors 
assess artifacts, procedures and performance produced by 
students; and “continuous improvements”, when the teacher 
should find out what difficulties students have, deal with any 
queries, provide feedbacks and check the deliverables of the 
teams. 

V. USING PBL-COACH IN SOFTWARE ENGINEERING 

EDUCATION 

This section describes the use of the PBL-Coach in the 
Agile Project Management module of an undergraduate course 
in Software Engineering. There is a total of 60 contact hours 
over 4 months (March-June 2016), the educational goal being 
to train 16 students (organized in four teams) in good practices 
in Agile Project Management. 

To conduct the course, planning was carried out by the 
pedagogical team comprising three teachers with project 
management and PBL experience. This plan followed the 
guideline proposed by xPBL (mentioned in Section II). 

A. Planning  

In the Planning step, the teachers had access to a specific 
URL of PBL-Coach. The real life client (the owner of the 
problem) can “submit problems” by giving the name and e-
mail address and by publishing a video or file in a PDF format, 
so that it is contextualized. In this case, each team was 
supported by one real client, who presented a list of problems 
related to software solutions. The teachers created learning 
scenarios and “chose the most effective problems”. After this 
initial selection, the teachers were able to bring together their 
educational objectives by giving guidance to the students with 
regard to their learning goals and their choice of strategies to 
achieve them, as well as the information that would provide 
support for their chosen problem-solving.  

Figure 3 shows the interface for the management of 
problems and challenges. This resource makes it possible to 
store problems in a shared repository and carry out searches 
that cover a wide range of information of interest.  It will also 
make it possible to visualize the problems through specific 
information (presentations and video provided by real clients, 
for example), as well as to plan challenges to solve problems 
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(into a specific period) or choose new problems on the basis of 
pre-existing problems.  

 

Figure 3.  Interface to manage problem and challenges by teachers. 

Following this, the teachers created immersive learning 
environments (learning spaces) and invited people or    human 
capital   (students, teachers and clients – depending on the role 
they played) to form learning groups. This resource is based on 
the model for learning environments of Google Learning Space 
(Figure 4), promoting meeting and sharing of technological 
resources of the PBL-Coach.    

 

 

Figure 4.  Interface to manage problem and challenges by teachers. 

All this “human capital   that had been invited, was notified 
by e-mail and supplied with information about access to the  

virtual learning scenario in PBL-Coach.  

B. Execution  

In the execution step (Do), the students had access to PBL- 
Coach and began to see the problems that had been set. 
Moreover, they were able to clear up any uncertainties about 
the terms, situations, words or expressions they were unable to 
understand. They also visualized and coped with the challenges 
and learnt to understand what subjects or issues needed to be 
studied to overcome them. This understanding entailed 
identifying learning objectives/issues. Following this, the 
students revealed their knowledge and investigated facts, 
hypotheses and ideas with regard to the challenge-problem, 
through an interface called “analysis of solutions” based on 
Delisle process described in Section II.C. Figure 4 shows the 
interface for the analysis of solutions for problems-challenges.  
This resource provides a board, which establishes the analytical 

procedure for monitoring how students find solutions to 
problems. It also offers the students a means of thinking about 
a problem in depth and reaching a conclusion by means of the 
following sequence of solving-process proposed by Delisle. 

 

 

Figure 5.  Analysis of solutions board. 

Each member of the group could remember different things 
and this turned the discussion into an opportunity to learn, 
posting opinions directly in the analysis solutions board. It was 
important to show respect for the opinions of other people. The 
next step was to define the tasks, which could meet the 
expectations of the team, elaborating an action plan in a task 
management board. Figure 6 shows the interface for task 
management. This resource adopts the agile Kanban approach, 
which shows the workflow stages with the activity attributes of 
members of the team. In PBL-Coach, the Kanban board is 
organized in columns for the following stages: "to do", "doing", 
"done", "checked" and "obstacles". In this way, the boards are 
divided into columns, which represent the current state of each 
task. Each team must to manage its board, defining tasks and 
executors for them. Its value is that it can still operate as a 
management approach for agile practices and promoting self-
management skills. 

 

Figure 6.  Interface to manage problem and challenges by teachers. 

These tasks were transparent in so far as all the necessary 
information was disclosed to all human capital involved in 
teaching and learning process (students, teachers, clients), 
improving the communication and integration among them. 
The students also create documents, spreadsheets and 
presentations in a collaborative way, as well as holding remote 
meetings with the members of their teams, teachers and clients. 
About meetings, the students can also access an immersive 
learning environment (learning space), as shown in Figure 4.  
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C. Monitoring and Improving  

In the monitoring and improvement stages (Check and Act), 
the teachers identified any difficulties the students might have 
in solving the challenge-problems, analyzing results or carrying 
out tasks. With the teachers constant support and supervision, 
along with the "like" button and comment sections in the cards 
at PBL-Coach, the ideas that the students posted in “Analysis 
of solution board” there could be continuously validated. This 
way, we were able to give positive feedback, guiding the 
students towards the right path, from the moment they found 
their first ideas to the moment they actually finished their 
projects.  

They could also assess the degree of involvement of each 
group or each student with regard to the activities and conduct 
a 360 degree evaluation. A 360 degree evaluation took place 
between all students. This kind of evaluation was chosen 
because it provides a self-evaluation, plus a pairs and teachers 
evaluation. We also opened up for verbal feedback and 
suggestions from the students on the project as a whole. PBL-
Coach also automatically generates a graph that quantifies how 
much the students actually entered data, commented and got 
positive feedback in the software. This production of visual 
graphs is actually one of the outputs for the process element 
guidelines proposed in [11]. 

VI. ANALYZING UTILITY AND USABILITY OF PBL-COACH 

The assessment stage of the research was characterized as 
descriptive. It involved data collection, which was carried out 
by means of a questionnaire based on TAM (Technology 
Acceptance Model) that was answered by sixteen students and 
three teachers who made use of the PBL-Coach, described in 
Section V. The questionnaire with 8 questions was available by 
Google Forms. 

A. Utility  

The purpose of utility evaluation is to assess the compliance 
of PBL-Coach with the PBL approach, regarding its principles. 
Figure 7 brings together all the results obtained in the 
questionnaire with regard to the utility dimensions. A multi-
choice system was adopted where the questions are set out as 
alternatives variables and the respondents must choose one of 
them. This was based on the Likert Scale, which has a format 
that distinguishes between the following categories: 1) I 
Strongly Agree, 2) I Agree, 3) I Don´t Know, 4) I Disagree and 
5) I Strongly Disagree. 

The first and second question asked the interviewees about: 
Q1) if PBL-Coach provides support for the research question, 
analysis and problem-solving, and addresses the challenges; 
and Q2) if it makes immersive learning spaces available for the 
students so that they can be involved in learning practice, as 
well as activities where they are given feedback by their peers 
and teachers. It can be observed that for Q1  66.67% of the 
answers were obtained the “I strongly agree” category, and 
33.33% in “I agree”,  whereas on the case of  Q2,  50.00% were 
obtained within the  “I strongly agree”  category and 50.00% 
within “I agree”. This level of agreement was maintained in 
both variables, which means that PBL-Coach helped to extend 
knowledge by giving support to problem-solving. The system 
also provides a virtual learning environment which allowed the 

students to work closely together; this because this learning 
strategy keeps them in contact with their peers when addressing 
differences of opinion arising from the answers of the 
interviewees.

 

Figure 7.  Utility evaluations of PBL-Coach. 

The third and fourth variables asked the participants: Q3) if 
the PBL-Coach allows to include (and have access to) 
information; and Q4) if it allowed an exchange of information  
among all involved in teaching and learning process, so that 
they could help each other in a way that fostered a multi-
directional approach to teaching. It is worth noting that in both 
Q3 and Q4, the answers obtained related to the “I strongly 
agree” (66.67%) and “I agree” (33.3%) categories. This level of 
agreement was maintained in both the affirmations, which 
means that   PBL-Coach can assist in ensuring collaboration 
and the sharing of information. 

The fifth, sixth and seventh questions asked the 
interviewees respectively: Q5) if PBL-Coach enables the 
students and teachers to communicate with each other; Q6) if it 
assisted the students and teachers in planning their activities; 
and Q7) if it gave the students the freedom to make decisions 
about the problem that was set and how to reach a solution.  It 
should be noted that in Q5 and Q6, the answers obtained were 
related to the “I Agree” category (100%), and “I strongly 
agree” (100%) for the question Q7. The level of agreement was 
maintained in all the variables, which means that PBL-Coach 
can lead to greater interaction between the teacher and student 
in different situations that occur both inside and outside of the 
classroom, using the PBL-Coach.  This can encourage students 
to adopt a critical spirit of inquiry and stimulate active learning.  

Finally, the eighth question asked the participants if the   
PBL-Coach benefits the monitoring and improvement of the 
way learning is constructed. It can be seen that, most of the 
answers obtained, related to “I Strongly Agree” (50.0%) 
category, “I Agree” (33.3%) and  ¨I Don´t know¨ 
(16.67%).  The level of agreement was maintained in both 
affirmations, which means that PBL-Coach benefits the 
monitoring of the way students undertake their learning. The 
reason for this is that, the PBL-Coach follows a series of steps 
proposed by xPBL methodology that must be undertaken, or in 
other words, it involves procedures and graphical resources, 
that makes it easier to assess the performance of the students. 

B. Usability  

The usability evaluation concerns to assess the degree to 
which the users believed that the PBL-Coach is ¨usable¨ during 
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the APM course. This evaluation was carried out in three 
cycles, with clear evolutions in each one. Many aspects were 
considered in this point, such as the perception of use, interface 
use, standardize of terms, system performance, ease of use, and 
so on. Here, only general perceptions are showed, due space 
limitations. Improvements were implemented in the system at 
the end of each cycle, based on these assessments. Figure 8 
shows the evaluation related to general reactions to the PBL-
Coach. As is shown, the average growth related to general 
reactions was 2.7 in the first cycle, growing to 3.8 in the second 
cycle and 3.9 in the third cycle, considering the scale shown in 
the graphic of Figure 8 (terrible – excellent; frustrating-
satisfactory; tedious-stimulant, and so on). This result showed a 
positive perception of participants from the APM course, 
commented in Section V. 

 

Figure 8.  General reaction about usability. 

Figure 9 shows the evaluations related to use of PBL-
Coach: “start to use”, “learning curve to use” and “general 
perception of use”. The graph of Figure 9 indicates relevant 
evolutions in each of these dimensions, very close to the 
positive extreme of the scale (for example, difficult-easy).This 
result indicated a good level of acceptance and indicates the 
easily to learn to use the PBL-Coach. 

 

Figure 9.  Interface to manage problem and challenges by teachers. 

VII. CONCLUSIONS 

Considering the effectiveness of the PBL method, this 
paper presented a virtual learning environment with interactive, 
technological resources, called PBL-Coach, the aim of which is 
to oversee the implementation of the PBL method and ensure 
that it adheres to its principles. A case study yielded results that 
were favorable to the PBL-Coach, which it validated together 
with a group of users. In general terms, it was clear that PBL-
Coach proved to be suitable for attaining its objectives. On the 

basis of the results obtained from perceived utility, it can be 
concluded that the use of PBL-Coach makes it possible to 
oversee the implementation of the PBL approach. This 
approach is also able to cater for the needs of a learning 
environment that is centered on the students and aligned with a 
learning methodology, management processes and 
collaborative tools. It should also be underlined that PBL-
Coach does not only give support to the planning, execution 
and monitoring of learning but also foster solutions analysis 
and task management skills. 

Finally, in spite of the positive results for the initial 
assessment of usability and utility, it should be stressed that, 
although the environment is a necessary and powerful 
condition, it is not the only feature required for an effective 
learning process. It is the activities carried out by students 
during the teaching/learning process that determine to what 
extent learning has taken place and the involvement of the 
teacher in the environment also helps to foster this learning. In 
view of this, there are new kinds of ongoing validation that are 
being undertaken from the perspective of the utility and 
usability of this environment in real-life cases.   

PBL-Coach is currently being used in three educational 
programs at a professional and academic level, and this 
confirms its importance since it has created situations of 
interest for teachers who have decided to use this environment 
in the schools and universities where they teach. 
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Abstract– E-learning environments provide an orthogonal approach
to transfer relevant knowledge. For example, sales representatives
can improve their sales knowledge more independently from related
courses offered. Major challenges for successfully establishing e-
learning technologies in a company are to develop learning content
in an efficient fashion, to recommend only relevant content to system
users, and to motivate them to utilize the learning environment in a
sustainable fashion. In this paper, we present the gamification-based
e-learning environment STUDYBATTLES. We provide an overview
of STUDYBATTLES functionalities including content creation, gam-
ification techniques, learning performance analysis, and automated
question generation. We show how STUDYBATTLES is and can be
utilized for different learning purposes in academic and professional
environments. In addition, we introduce an approach to automati-
cally generate product and sales domain learning content from rec-
ommender knowledge bases to be exploited in STUDYBATTLES. Fi-
nally, we report the results of an initial qualitative study related to
the applicability of STUDYBATTLES in different domains, the poten-
tial improvements that STUDYBATTLES can achieve, and additional
functionalities that should be integrated.

Keywords– gamification-based e-learning; automated question
generation; knowledge-based recommender systems; constraint sat-
isfaction problem; knowledge acquisition

1 INTRODUCTION

E-learning [13] provides an orthogonal approach to knowledge trans-
fer in sectors such as companies, public organizations, universities,
and schools. Companies apply e-learning environments for establish-
ing a corporate memory that can be (and often has to be) used by
employees to improve their process-relevant knowledge (e.g., mar-
keting, sales, and product-specific knowledge). Similarly, in the pub-
lic sector, employees establish process-relevant knowledge often on
the basis of e-learning environments. Although it’s also applicable to
transfer process-relevant knowledge, employees at universities and
schools apply e-learning environments primarily for the purpose of
improving the quality of teaching and to reduce related time efforts.

Improvements triggered by the application of e-learning environ-
ments are manifold. E-learning environments make learning material
widely accessible to users and thus create flexibility with regard to the
time of learning and training. For organizations, it becomes easier to
understand strengths and weaknesses of employees with regard to
organization-related knowledge.

An entry barrier to the usage of e-learning systems, especially in
companies, is the absence of relevant content, i.e., additional invest-
ments are needed before being able to ramp up the system. An ap-
proach to tackle this challenge is to provide crowd sourcing concepts
which allow expert users on their own to provide the relevant con-
tent. This approach avoids knowledge acquisition bottlenecks since
knowledge acquisition tasks become decentralized.

Content creation can be made even more efficient by automati-
cally generating learning content from different types of knowledge
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sources [11]. In the remainder of this section we will shortly ana-
lyze existing approaches to content generation and then focus on the
content generation approach implemented in STUDYBATTLES.

Agarwal et al. [2] introduce an automatic question generation sys-
tem that can generate gap-fill questions from a document. Gap-fill
questions are fill-in-the-blank questions with multiple choices pro-
vided (one correct answer and three distractors). The system selects
the most informative sentences of the chapters and generates gap-fill
questions thereof by first blanking keys from the sentences and then
determining the distractors for these keys. Syntactic and lexical fea-
tures are used in this process without relying on any external resource
apart from the information in the document.

Hussein et al. [8] propose a system which generates questions
from a document by selecting one sentence at a time, extracts
sections of the source sentence, then applies transformation rules
for constructing a question. The proposed system is based on the
OpenNLP open source statistical parser to generate the questions.

Gütl et al. [7] introduce a concept and prototype implementation
of the Enhanced Automatic Question Creator (EAQC) which extracts
most important concepts out of textual learning content and creates
single choice, multiple-choice, completion exercises, and open ended
questions on the basis of these concepts. Their approach combines
statistical, structural, and semantic methods of natural language pro-
cessing as well as a rule-based solution for concept extraction. EAQC
is designed to deal with multilingual learning material.

Afzal [1] introduces an approach to automatically generate
multiple-choice questions from text. They extract semantic relations
and then automatically generate questions using these semantic re-
lations. They evaluated the whole system, for example, in terms
of question understandability, usefulness of semantic relations, and
overall multiple choice question usability and found out that the gen-
erated questions are considered as relevant.

Alsubait et al. [3, 14] present an approach to automatically gen-
erate multiple-choice questions from OWL ontologies. They present
an empirical evaluation of an ontology-based question generation ap-
proach and examine the feasibility of applying ontology-based ques-
tion generation by educators with no prior experience in ontology
building. They found out that this approach can result in a reason-
able number of educationally useful questions.

In this paper, we introduce an approach that has commonalities
with the question generation approach introduced in [3, 14]. In the
STUDYBATTLES environment, a recommender knowledge base can
be used for question generation where questions do not only refer to
the solution space defined by the knowledge base but also to situa-
tions where no solution can be found for a given set of customer re-
quirements. Compared to the approach presented in [3, 14], our ques-
tion generation approach is based on a recommender knowledge base
represented as a Constraint Satisfaction Problem (CSP) [4] which is
exploited for automated question generation.

Our contributions in this paper are the following. First, we pro-
vide an overview of the STUDYBATTLES e-learning environment.
Second, we introduce a set of new techniques that can be applied for
automated question generation out of constraint-based recommenda-
tion knowledge bases. Finally, we report initial results of a qualitative
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study related to the applicability and effectiveness of STUDYBAT-
TLES.

The remainder of this paper is organized as follows. In Section 2,
we provide an overview of the major functionalities of the STUDY-
BATTLES e-learning environment. In Section 3, we present a working
example from the domain of automotive services (we selected this
domain as a working example because it is easy to understand). In
Section 4, we introduce an approach to the automated question gen-
eration from recommender knowledge bases – these questions can
then be exploited by STUDYBATTLES. An empirical evaluation of
the functionalities provided by STUDYBATTLES is presented in Sec-
tion 5. The paper is concluded with a discussion of issues for future
work in Section 6.

2 STUDYBATTLES ENVIRONMENT
STUDYBATTLES is an e-learning environment that has been devel-
oped within the PEOPLEVIEWS research project1 at Graz Univer-
sity of Technology. The STUDYBATTLES start screen is depicted in
Fig. 1 which includes a short system description, a list of subscrip-
tions to learning applications, and further learning applications to
subscribe to. STUDYBATTLES mobile clients are available as iOS,
Android, and HTML-5 web client. The system itself is available as
global platform2 and as an in-house server solution for individual en-
terprises. STUDYBATTLES learners can join communities and sub-
scribe to learning applications where they can practice exercises, add
content, and compete against each other in quiz-based duels. STUDY-
BATTLES supports content categorization in the learning applica-
tions, allowing for better structuring and easy information access for
learners.

Figure 1. STUDYBATTLES start screen (HTML-5 version) consisting of a
set of learning applications that can be selected by the user.

STUDYBATTLES deployments. The system is already deployed

1 The work presented in this paper has been conducted within the scope of
the PEOPLEVIEWS project funded by the Austrian Research Promotion
Agency (843492).

2 www.studybattles.com

and applied at one municipality and two universities in Austria. At
the mentioned universities, STUDYBATTLES is applied in three Soft-
ware Engineering courses and in two Artificial Intelligence related
courses. The goal of the STUDYBATTLES instance deployed at the
mentioned Austrian municipality is to increase employees knowledge
with regard to security-related topics and to transfer application-
oriented knowledge related to a new accounting system. Currently,
STUDYBATTLES is also deployed for one of the largest financial
service providers in Austria. The major goal of this deployment is
to support sales representatives in their learning processes related to
product knowledge and sales practices. STUDYBATTLES users from
these domains have been interviewed within the scope of our quali-
tative study reported in Section 5. Furthermore, STUDYBATTLES is
currently used within the scope of STUDYBATTLES:HELP project3

to help refugees to quickly learn important and needed topics related
to their integration into the Austrian society.

Learning and training. After subscribing to a STUDYBATTLES

learning application, the user can select categories and questions to
answer. After answering a question, the user receives an immediate
feedback on the correctness of his or her answer. If the answer is in-
correct, a related explanation is provided to the user (in case it has
been included during the definition phase of the question).

Content Creation and Question types. STUDYBATTLES follows
the concept of crowd sourcing where users can enter questions and
expert users can evaluate the quality of the questions. The status of a
domain expert is reached if a certain threshold of correctly answered
questions is passed. Users are allowed also to add additional content
in terms of text, documents, pictures, and movies which serve as a
basis for answering questions.

STUDYBATTLES supports different types of questions, examples
are depicted in the Figures 2– 5. Fig. 2 depicts a simple example of a
multiple-choice question – the question is related to the relationship
between customer requirements and corresponding products (cars).
The abbreviations used in Fig. 2 represent customer requirements:
pu = purpose of use, cat = category, and fc = fuel consumption.

Figure 2. STUDYBATTLES: representation of multiple-choice questions
(Android version). The green check marks represent the correctness

feedback (pu = purpose of use, cat = category, and fc = fuel consumption).

Fig. 3 depicts an example of an association task where terms on
the right-hand side have to be associated with the corresponding
terms on the left-hand side. The corresponding HTML-based def-
inition interface is depicted in Figure 6. Association tasks can be
exploited, for example, for (1) asking questions regarding compati-

3 helpers.studybattles.com
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bility relationships between customer requirements and products. (2)
asking questions about the incompatibility of specific customer re-
quirements. In the example of Fig. 4 users are requested to associate
inconsistent customer requirements on the left and right hand side.

Figure 3. STUDYBATTLES: representation of an associations task (iOS
version) – products on the left have to be associated with corresponding

compatible requirements on the right.

Figure 4. STUDYBATTLES: Association task related to the association of
inconsistent requirements (Android version).

In Fig. 5 a question is posed to educate users with regard to repair
knowledge (which situations lead to an empty set of solutions and
how can a user recover from such situations).

Gamification. STUDYBATTLES supports several gamification
techniques such as points, levels, ranking, badges, feedback, and du-
els. Users can trigger quiz-based duels and then are assigned ran-
domly to opponents. Alternatively, users can play against the best
performing user in a certain learning application – the ranking of a
user is visible ”locally”, i.e., a user is only able to see other users di-
rectly ranked before and after him/her. STUDYBATTLES points can
be collected if a user is the winner of a duel. There are other op-
portunities to collect STUDYBATTLES points, for example, when an-
swering a question correctly or adding a new question to the system.

Figure 5. STUDYBATTLES: representation of inconsistency-related
knowledge in terms of a multiple-choice question.

The higher the estimated complexity of the question, the higher is
the number of received STUDYBATTLES points. The complexity of a
question can be evaluated directly after having answered the question
(see the Evaluate button, for example, in Fig. 5)

Analysis of learning performance. STUDYBATTLES supports dif-
ferent types of statistics (for users and administrators) that help to
analyze the strengths and weaknesses of the user community and to
establish needed counter measures (e.g., improving/adapting some
parts of the learning material). The statistics are provided on the
Learning application, categories, and user levels.

3 A SIMPLE AUTOMOTIVE SERVICE
ADVISOR

Knowledge-based recommender systems [9] are conversational sys-
tems where users are enabled to specify their preferences and the
system proposes a corresponding solution. Constraint-based recom-
mender systems [4] are a specific type of knowledge-based recom-
menders where recommendation knowledge is defined in terms of a
constraint satisfaction problem (CSP) – see the following definition.

Definition (Recommendation Task). A recommendation task can
be defined as a CSP (V , D, C, REQ, PROD) where V is a set
of variables describing potential customer requirements and product
properties, D represents domain definitions for the variables, C is a
set of constraints, REQ represents a set of customer requirements,
and PROD is the products catalog.

Definition (Recommendation). A recommendation (solution) for a
given recommendation task (V , D, C, REQ, PROD) is a complete
set A of variable assignments vi = a to the variables vi ∈ V (vi =
a→ a ∈ domain(vi)) with consistent(A ∪ C ∪REQ ∪ PROD).

Consequently, solutions determined for recommendation tasks can
be considered as candidate recommendations for a customer (user).
Alternative solutions can be further ranked according to their utility
for the customer – for details on how to rank such candidate sets we
refer to [9]. We now introduce a simple Automotive Service Advisor
knowledge base that will be used as working example throughout the
paper. The variables in V are purpose of use (pu), category (cat),
fuel consumption (fc), maxprice, price, and name which represents
the name of the car.

• V = {pu, cat, fc,maxprice, price, name}
• D = {domain(pu) = {family, private, sports}, domain(cat)

= {sedan, coupe, luxury, MPV4, small}, domain(fc) =

4 Multi-Purpose Vehicle (MPV): a car classification used in Europe to de-
scribe small family cars.

543



Figure 6. STUDYBATTLES: definition of an association task (specification of correct pairs) in the HTML-5 version.

{low, medium, high}, domain(maxprice) = {10.000, 20.000,
30.000, 40.000, 50.000}, domain(price) = [9.000-50.000],
domain(name) = {Peugeot 5008, Peugeot 308 SW, Peugeot 108,
Peugeot 208, Peugeot 508, Peugeot RCZ, Peugeot 308 GTi, Peu-
geot 4008 380THP}}

• C = {c1 : price <= maxprice, c2 : cat = small→ fc = low,
c3 : pu = family → cat 6∈ {small, coupe}, c4 : cat =
luxury → fc = high, c5 : pu = private ∨ pu = sports →
cat 6= MPV , c6 : cat = small → price < 12.000, c7 :
¬(pu = sports ∧ fc = low), c8 : cat = luxury ∨ pu =
sports→ maxprice ∈ {40.000, 50.000}

• REQ = {r1 : pu = private, r2 : fc = low, r3 : maxprice =
10.000}

• PROD is the product catalog which represents the constraints re-
sponsible for restricting the possible instantiations of the variables
in V. A simple example of a product catalog for our automotive
recommender is shown in Table 1.

Table 1. product catalog (pu = purpose of use, cat = category, and fc =
fuel consumption).

name pu cat fc price
Peugeot 5008 family MPV medium 27.030
Peugeot 308 SW family MPV medium 18.213
Peugeot 108 private small low 9.399
Peugeot 208 private small low 11.971
Peugeot 508 private sedan high 28.503
Peugeot RCZ sports coupe high 49.990
Peugeot 308 GTi sports sedan high 36.143
Peugeot 4008 380THP family luxury high 37.543

A recommendation for the given example recommendation task is
the set of variable assignments A = {pu = private, cat = small,
fc = low, price = 9.399, name = Peugeot108}. In this sit-
uation, the given set of customer requirements defined in REQ are
consistent with the constraints in C. However, even a slight change in
the specification of REQ can lead to a situation where the customer
requirements become inconsistent with the constraints in C. For ex-
ample, if we define REQ = {r1 : pu = family, r2 : fc = low,
r3 : maxprice = 10.000}, no solution can be found.

In situations where no solution can be found for a given set of
requirements, concepts of model-based diagnosis [12] can help to
identify a minimal set of requirements that have to be adapted such
that a solution can be identified. For the identification of such min-
imal changes, we introduce the definition of a diagnosis task and a
corresponding diagnosis (see the following definitions).

Definition (Diagnosis Task). A diagnosis task is defined as a tuple
(C, REQ, PROD) where C is a set of constraints, REQ is a set of
customer requirements, PROD is the product catalog, and REQ ∪
C ∪ PROD is inconsistent.

Definition (Diagnosis). A set ∆ ⊆ REQ for a given diagnosis
task (C, REQ, PROD) is a diagnosis if REQ−∆∪C∪PROD is
consistent, i.e., ∆ is a set of requirements (constraints) that have to be
deleted from REQ such that the remaining customer requirements
are consistent with C ∪ PROD. Furthermore, ∆ is minimal if there
does not exist a set ∆′ with ∆′ ⊂ ∆.

The basic algorithm for determining minimal diagnoses is intro-
duced in [12]. For further algorithms specifically designed to be ap-
plied in interactive settings we refer to [5]. All these algorithms are
complete, i.e., they are able to determine the complete set of minimal
diagnoses on the basis of the concepts of hitting set directed acyclic
graphs introduced in [12] – this is an important property than can also
be exploited in the context of question generation (see the following
section).

Types of sales knowledge. Knowledge-based recommender sys-
tems include sales knowledge in different forms. First, given a set
of customer requirements, a recommender can determine items that
can be recommended (filter knowledge). Second, given an item, a
recommender can determine customer requirements that are consis-
tent with the item (product knowledge). Third, in situations where no
solution can be identified for a given set of customer requirements,
diagnosis can determine the needed minimal changes to help the user
out of the no solution could be found dilemma (analysis knowledge).
Fourth, given an item, a recommender can determine a set of cus-
tomer requirements which are inconsistent with the item (inconsis-
tency knowledge). In the following, we discuss how recommendation
task definitions can be exploited for the generation of questions for
an e-learning environment that is used, for example, for the education
of sales representatives.

4 GENERATING QUESTIONS FROM
RECOMMENDATION TASK DEFINITIONS

Questions and corresponding answers for the STUDYBATTLES en-
vironment can be automatically generated from the constraints con-
tained in a recommendation task definition. On the basis of our work-
ing example, we now introduce an approach to automatically gener-
ate questions and related answers for the four aforementioned types
of sales knowledge. The generated questions and answers can be im-
ported into STUDYBATTLES and then be used for training and sup-
porting sales representatives. The overall goal of these questions is to
increase the personal level of sales knowledge and, as a consequence,
to make advisory services more efficient.

4.1 Filter knowledge related question generation

The underlying task is to figure out which items fit a given set of pre-
defined customer requirements (REQ). More formally, filter knowl-
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edge related questions can be generated on the basis of a recommen-
dation task definition (V , D, C, REQ, PROD). On the basis of
such definition, a constraint solver (recommender) is able to deter-
mine all possible instantiations of customer requirements and corre-
sponding items. Each set of customer requirements can then be the
basis of the question, the corresponding items represent the correct
answer(s).

Example. Given the recommendation task definition of our work-
ing example (Automotive Services Advisor), a set of customer re-
quirements could be REQ = {r1 : cat = MPV , r2 : fc =
medium, r3 : maxprice = 20.000}, the set of corresponding cor-
rect answers is {name = Peugeot308SW}. The corresponding
question that would be posed in the STUDYBATTLES environment is:
Given the following customer requirements ..., which item(s) would
you recommend?

4.2 Product knowledge related question generation

The underlying task is to figure out which sets of customer require-
ments fit a given item. In this context, for each possible item a con-
straint solver can return the complete collection of sets of customer
requirements which are consistent with this item.

Example. Given the recommendation task definition of our work-
ing example, the item selected could be name = Peugeot308SW .
The corresponding collection of consistent customer requirements is
{R1 : {r1 : pu = family, r2 : cat = MPV , r3 : fc = medium,
r4 : maxprice = 20.000}, R2 : {r1 : pu = family, r2 : fc =
medium, r3 : maxprice = 20.000}, R3 : {r1 : pu = family,
r2 : cat = MPV , r3 : maxprice = 20.000}, R4 : {r1 : cat =
MPV , r2 : fc = medium, r3 : maxprice = 20.000}, i.e., in this
example there exist 4 sets Ri of customer requirements that are con-
sistent with the selected item Peugeot308SW . The corresponding
question that would be posed in the STUDYBATTLES environment is:
Given the following item ..., which sets of customer requirements
are consistent with that item?

4.3 Analysis knowledge related question generation

The underlying task is to figure out which minimal sets of customer
requirements have to be adapted such that a solution can be found.
More formally, analysis knowledge related questions can be gener-
ated on the basis of a diagnosis task definition (C,REQ,PROD).
The diagnosis task definition can be used for question generation, the
related answers are represented by the determined diagnoses ∆i.

Example. Given the recommendation task definition of our work-
ing example with an adapted set of customer requirements REQ =
{r1 : pu = sports, r2 : cat = coupe, r3 : fc = low}, which is in-
consistent with (C∪PROD), the corresponding alternative minimal
sets of customer requirements (diagnoses ∆i) that have to be deleted
from REQ such that a solution can be identified, are the following:
{∆1 = {r1, r2},∆2 = {r3}}. For example, deleting (or adapting)
the requirement r3 restores consistency, i.e., allows the calculation of
a recommendation. The corresponding question that would be posed
in STUDYBATTLES is: Given the following recommendation task
definition ... which one is a minimal set of requirements that have
to be deleted from REQ such that a recommendation can be iden-
tified?

4.4 Inconsistency knowledge related question
generation

The underlying task is to figure out which sets of customer require-
ments trigger an inconsistency with a pre-selected item. More for-
mally, inconsistency knowledge related questions can be generated
on the basis of a recommendation task definition (V , D, C, REQ,
PROD) where all combinations of customer requirements have to
be determined that never include the pre-selected item.

Example. In our working example, we could pre-select the item
name = PeugeotRCZ. Combinations of customer requirements
that do not entail the item name = PeugeotRCZ are all possi-
ble combinations with the exception of the following combination:
{pu = sports, cat = coupe, fc = high, maxprice = 50.000}.
The corresponding question that would be posed in STUDYBATTLES

is: Given the following item ... which combination of customer re-
quirements does not entail this item?

5 STUDYBATTLES EVALUATION
In order to evaluate the applicability and effectiveness of the STUDY-
BATTLES environment, we conducted a qualitative study with ex-
perts N=20 from different domains (financial services, public ad-
ministration, telecommunications, and universities). In this study, do-
main experts provided feedback related to major potential improve-
ments that come along with the application of STUDYBATTLES, the
possible domains of application, and what additional functionalities
should be integrated into the system5.

Potential improvements due to the application of STUDYBAT-
TLES. Within the scope of this study, the potential improvements
that have been pointed out are the following: improved knowledge
retention in organizations (See Fig. 7), improved knowledge shar-
ing between users on the basis of community-based (crowd-sourced)
knowledge acquisition processes, increased motivation to learn, im-
proved skills, increased fun and interest in the topic, increased com-
petition level between users (e.g., sales representatives), improved
quality of service with regard to customers (e.g., due to the already
discussed question generation mechanisms - see Fig. 8, reduced time
efforts in the learning process and services (e.g., sales representa-
tives and advisory services in the automotive domain - see Fig. 9),
and enhanced possibilities of community knowledge analysis which
provide a basis for a more fine-grained adaptation of learning mate-
rial where needed.

Figure 7. STATISTICS: Effectiveness of StudyBattles - Improved
knowledge retention in the organization: (1) Excellent, (2) Very Good, (3)

Good, (4) Neutral, (5) Fair, (6) Poor

Application scenarios. In addition to the application domains
where STUDYBATTLES has already been deployed, the participants
of the study mentioned the following additional application scenarios
where STUDYBATTLES could be applied: in the health domain, doc-
tors have additional means to keep their knowledge up-to-date and
also to get confronted with new health-related knowledge in a more
systematic fashion. University personnel can apply STUDYBATTLES

not only for teaching purposes but also for providing e-learning con-
tent to new employees (e.g., PhD students in their first semester who
are in need of learning about the internal processes and rules). Man-
ufacturers (e.g., in the automotive domain) can apply the system to
improve the production processes and sales related knowledge of em-
ployees. Further mentioned application domains are schools, soci-
eties (intuitive explanation of rules for new members), and a global

5 Statistics that illustrate the results cannot be displayed all in the paper for
space reasons.
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Figure 8. STATISTICS: Effectiveness of StudyBattles - Improved quality of
services.

Figure 9. STATISTICS: Effectiveness of StudyBattles - Reduced time
efforts in services.

platform for knowledge provision and consumption that can be ap-
plied by everyone.

Additional functionalities. Another focus of the qualitative study
was to figure out additional functionalities that should be integrated
into STUDYBATTLES. Functionalities mentioned by the participants
are the following: with the generated questions (see Section 4), a
more fine-grained determination of STUDYBATTLES points could
be achieved, for example, by also taking into account the prediction
quality of sales representatives (in one scenario, questions are related
to the filter knowledge of sales representatives – the better the pre-
dictions are, the more corresponding points should be assigned to the
user). Social network functionalities should be included since these
provide an additional means to achieve a more frequent usage of
STUDYBATTLES, for example, due to personalized status messages.
Beside the already included personalized ranking of questions, addi-
tional recommendation functionalities should be included, for exam-
ple, the recommendation of opponents in duels, the recommendation
of potential friends in the mentioned social network, and the recom-
mendation of additional learning content. Finally, participants of the
study proposed the inclusion of intelligent user interface elements
that help to increase the engagement in STUDYBATTLES, for exam-
ple, a kind of traffic light feedback interface could motivate more
frequent interaction with the system (see also [10]).

6 CONCLUSIONS
In this paper, we provided an overview of the e-learning environ-
ment STUDYBATTLES and how it can be used as a complementary
approach to transfer knowledge related to product and sales practices.

Artificial Intelligence concepts currently included in the STUDY-
BATTLES environment are basic recommendation mechanisms re-
lated to the selection of questions to be shown to users, and mech-
anisms that support the automated generation of questions and re-
lated correct answers. Future work will focus on an extension of the
provided recommendation functionalities, for example, by recom-
mending users for duels, recommending learning applications, rec-
ommending content in a collaborative fashion, and recommending

users for an inclusion in specific learning teams. Furthermore, we
will extend our approach to learning content generation, for exam-
ple, by allowing to control the degree of complexity of the content.
In this context, we will also analyze potential synergies with existing
approaches to test case generation in software engineering.

Especially in the context of educating sales representatives, auto-
mated question generation becomes a key functionality, since it re-
duces the overheads of manual content generation and management,
which is often the task of only a small group of persons. In future
versions of STUDYBATTLES, additional question types will be in-
cluded. For example, we will provide mechanisms that allow to gen-
erate not only questions related to diagnoses (analysis knowledge)
but also to related repair actions (i.e., changes in the requirements
that lead to the identification of at least one solution). In addition,
we will use approaches to reduce the number of calculated diag-
noses, such as minimal cardinality diagnoses [12][6], to identify the
diagnoses that are more relevant to users (especially in the case of
large sets of diagnosis alternatives). Furthermore, diagnosis person-
alization techniques [6] will be exploited to improve the diagnosis
prediction quality, by integrating recommendation approaches such
as similarity-based, utility-based, probability-based, and ensemble-
based with standard model-based diagnosis [12].
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Abstract— With the increasing interest in developing Learning 

Analytics tools that can be integrated into the well-known Moodle 

course management systems nowadays, many tools have already 

been developed. These tools usually requires the user to know data 

mining techniques, and also requires time to get mining results 

from the tools. To address this problem, in this article, we present 

a structure that uses pre-built data mining through Shiny to 

quickly obtain results with a focus on visualizing data with graphs, 

and thus allows the integration of other research, called FMDEV. 

Guided by the proposed framework, a tool was developed for 

display the data mining results in a few clicks for Moodle users 

who wish to have them for day-to-day use and allows users with 

more experience in data mining to integrate new research. Finally, 

we used FMDEV tool to generate some experimental results using 

a set of real-life sample data from undergraduate students. 

Moodle; Distance Learning; Framework; Educational Data 

Mining; tools. 

I.  INTRODUCTION 

The last Brazilian census for learning distance in higher 
education was published in 2016.  It was realized with 339 
institutions coming from all administrative categories, federal, 
state and municipal, public, private and non-profit, institutions 
of the National Learning Service (e.g., Sesi, Sebrae, Senac, 
Senai etc.), non-governmental organizations (NGOs), third 
sector and public agencies [1]. 

According to EaD.BR 2015 Census [1], most of the 
professionals working at Distance Education (DE) are tutors and 
teachers, in which 29,380 tutors and 18,769 teachers. In EaD.BR 
2014 Census [2], 17,692 tutors and 11,074 teachers were raised. 
It represents a growth of almost 60%. These professionals are 
responsible for teaching courses that currently have 5,048,912 
students in Brasil [1]. 

A Learning Management System (LMS) gathers vast 
amounts of information about students' interactions. Most of this 
information refers to communication through existing tools such 
as discussion forums, chats, and digital media postings. These 
tools, when used, generate information on how and when 

students execute their assignments, tasks, course commitments, 
etc. The Moodle's default reporting tool offers information and 
filtering capabilities, but the data they provide is considered raw 
data and does not provide meaningful information about the 
teaching-learning process [3]. 

According to Luna, Castro, and Romero [4], extracting this 
type of useful data and transforming such information into 
actionable knowledge is a difficult task, and Educational Data 
Mining (EDM) offers both different and convergent 
perspectives, methodologies, techniques, and tools aiming to 
facilitate the process of discovering knowledge from this 
environments. EDM is defined as the development of methods 
for exploring the unique types of data that come from 
educational settings and using those methods to understand 
students and what and how they learn [5]. 

Nevertheless, currently, although existing tools offer 
different levels of analysis, basic graphs on user interaction with 
the platform, and some data mining techniques, manipulation of 
these tools still requires prior knowledge of data mining, and is 
time-consuming to use day to day. Based on this, it is necessary 
to expand this information extracted from data mining to 
teachers and tutors from all areas. 

To overcome this drawback, we developed a particular 
framework, called visual educational data mining framework (in 
Portuguese: FMDEV), which enables the extraction of 
knowledge and exports it visually to a larger number of LMS 
users. Finally, to extend the framework objective, we developed 
a tool for the purpose of validating the framework, because tools 
like this are more precise and easier to be used by non-expert 
users in data mining than general or traditional data mining tools 
[7]. In this way, instructors can discover, in a simple way, hidden 
information about students’ behavior, and how students learn in 
the courses in a single and user-friendly interface [8]. 

The objective of this study is to present a valid framework 
that can help the main users of LMS Moodle in daily decision 
making, independent of data mining knowledge, thus providing 
a tool and its experimental results. Therefore, this article is 
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organized as follows: Theoretical Foundation in Section II, 
Framework presentation in Section III, Validation of the 
Framework in Section IV, and finally, Conclusion and Future 
Works in Section V. 

II. THEORETICAL FOUNDATION 

A. Data Mining and Educational Data Mining 

Data Mining (DM) can be considered as a central stage 
within the more general knowledge discovery process [6]. The 
objective of data mining is to determine models that include the 
relations among data and allow a better understanding, 
prediction or generalization of these data. 

According to Fayyad, Shapiro and Smyth [9], the main idea 
of data mining techniques is feature selection and pattern 
recognition of database system. Data mining can be declared as 
the knowledge discovery from an enormous amount of raw data 
using statistical methods, machine learning, and artificial 
algorithms. 

According to Romero and Ventura [5], Educational Data 
Mining is the field that discovers new knowledge based on 
students’, teachers’, tutors’ and manager’ usage of the system to 
improve the quality of the education offered through online 
courses. In their review of state of the art about EDM, they list 
eleven educational tasks that make use of data mining 
techniques. 

Among these tasks we highlight two that are related to the 
objective of this work:  

• 'Analysis and Data Visualization,' which aims to 
highlight useful information and support decision 
making. 

• 'Providing Feedback for Supporting Instructors', which 
supports course authors/teachers/administrators and 
enables them decision making (about how to improve 
students' learning, organize instructional resources more 
efficiently, etc.) and allow them to take appropriate 
proactive and/or remedial action. It is important to point 
out that this task is different than data analyzing and 
visualizing functions, which only provide necessary 
information directly from data (reports, statistics, etc.). 

B. Shiny and Sharing Apps 

Shiny [10] allows the non-expert computer scientist to create 
publication-ready figures and tables through an intuitive 
interface to the underlying computer code. 

The Shiny can build a web-based application which is 
published on the Internet. It is easy to develop and to integrate 
into a web content using HTML and CSS [11]. The Shiny is an 
R package which is responsive to display the results of the data 
mining analysis into web-based applications. This web-based 
application was developed using the R programming language 
which is open source with several attractive packages [12]. 

The Shiny has two structures, contained in the files server.R 
and ui.R. The server file is a set of instructions that build the R 
components while the user-interface file is a set of instructions 
to display the application. It is already possible to find in the 

literature several web-based applications using Shiny and with 
several techniques of data mining and algorithms [13] [14]. 

Sharing is the central part of Shiny applications. To publish 
your Shiny app, only organize the files and post to a server in the 
cloud. RStudio insists on this sharing by providing a free server, 
called shinyapps.io [15]. Shinyapps.io is a server maintained by 
RStudio, where it is possible to make online applications 
available for easy access and use. Through this server, it can 
access any shared application from anywhere. 

III. FRAMEWORK 

FMDEV tool has been developed in HTML5, CSS, and 
JavaScript language and integrated into Moodle as an HTML 
block. The main reason for integrating the proposed tool as an 
HTML block is because any of these HTML blocks provide the 
ability to create external links, which is desired by our tool. 

Blocks are items which may be added to the left or right 
column, smaller sizes, or central, larger size, on any Moodle 
page. They contain information or new applications geared 
towards students or instructors. In our case, the added HTML 
block allows only the tutors/teachers to visualize the results 
exported by the framework and to have access to the 
administration of the framework through a tool button. Anyone 
responsible for administering LMS Moodle, before adding the 
block, must insert the framework package to the same server. In 
this way, it is easy to install FMDEV into existing Moodle 
deployments. 

From a high-level viewpoint, FMDEV comprises four main 
modules (see Fig. 1). 

 

Figure 1.  FMDEV Architecture. 

FMDEV allows several data mining modules to be 
incorporated, where each module consists of a Shiny 
application, where they will be items in the administration list of 
the framework. Therefore, the proposed tool consists of three 
consecutive steps: 

• The Pre-Visualization module enables the user to 
visualize the information that will also be shown in the 
visualization module and allows the user to return to the 
framework administration module, for a new selection, 
through the back button. It also allows the user to close 
the screen so that the user can return to Moodle. 

• The visualization module, in the HTML block of 
Moodle, enables the display of the result of the first 
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module of data mining embedded in FMDEV. In this 
module, there is a button, in tool format, that when 
clicked the user is redirected to framework 
administration module. 

• The Framework Administration Module enables the user 
to select one of the available data mining module options 
from the drop-down menu. When the user choice an 
option, he is redirected, in this step, to the pre-
visualization module. 

IV. VALIDATION 

To validate FMDEV it was realized a benchmark with some 
found tools, based on the web, as well as an experiment with real 
data. 

A. Benchmark 

Currently, almost all new EDM tools are web based. We 
compare them with some examples next. Table 1 illustrates a 
comparison of the FMDEV with some web-based EDM tools.  

This benchmark evaluated relevant points for our research, 
such as: Previous knowledge in data mining to visualize the 
results (Data M.); Allows inclusion of data mining projects 
beyond those already included in the package (Personal.); is it 
free? (Free); is it integrated to the LMS? (Integr.); and is it open 
source? (Open S.). 

TABLE I.  BENCHMARK OF EDM WEB-BASED TOOLS. 

 

B. Experiment 

For the purpose of validating the operation of the proposed 
FMDEV, a real use experiment was realized. The LMS used was 
the Moodle of the Nucleus of Distance Learning (NEAD) of the 
University of Pernambuco (UPE), so the data used was gathered 
from on People Management discipline, part of 3rd-year reading 
Pedagogy course, with almost 200 enrolled students. 

In the tests done two mining modules, the "shiny" apps, were 
developed, in which one of them was created based on the work 
of Machado [27], which used clusters analysis. The teacher / 
tutor will only need to select one of the modules as previously 
mentioned, but the administrator must be able to generate / 
integrate new data mining modules. 

Fig. 2 shows FMDEV block already included into Moodle 
(on the right side), where it corresponds to the extracted view of 
the selected mining module, and the administration button (Tool 
button), which is in the lower right corner. 

 

 

Figure 2.  FMDEV block in a real course. 

The developed Moodle block, as previously stated, has been 
developed in HTML5, CSS, and JavaScript language. It's 
possible to access the Framework Administration Module, also 
implemented as an HTML5 page. The administration page of the 
framework could be hosted on a server different from the one 
found in Moodle, just as the mining modules, shiny applications, 
were hosted on a separate server.   

A simple front-end has been implemented, so the user does 
not need more than two clicks to select the desired option. In this 
implementation, the Shiny app are presented as options, 
allowing the choice between one of them in a drop-down menu 
in the administration page of the framework. 

Soon after selecting the desired option, the user is redirected 
to the pre-visualization module, in which the same one that will 
be shown on this screen will be updated in the Moodle block. 
Fig. 3 shows the pre-visualization screen as described above. 

 

Figure 3.  FMDEV pre-visualization module. 

Finally, what is shown on this page will also be used to 
update the Moodle HTML block, previously shown in this work 
in Fig. 2. 

V. CONCLUSIONS AND FUTURE WORKS 

Moodle management systems include a growing number of 
data mining tools that provide various types of analysis and 
graphing of user interaction. However, it 's hard to find any 
integrated tool that allows you to obtain results quickly and 
without the cost of time, so that it can be used in the day to day 
routine of tutors and teachers. In this way, the objective of this 

Tool Data M. Personal. Free Integr. Open S.

FMDEV No Yes Yes Yes Yes

GISMO [16] Yes No Yes Yes Yes

SNAPP [17] Yes No Yes Yes No

AAT [18] Yes No No No No

MOClog [19] Yes No Yes Yes No

E-learningWebMiner [20] Yes No No No No

CVLA [21] Yes No No Yes No

IntelliBoard.net [22] Yes No No Yes No

SmartKlass [23] Yes No Yes Yes No

MEAP [24] Yes No Yes Yes Yes

Analytics graphs [25] Yes No Yes Yes No

VeLA [26] Yes No No Yes No
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article is to propose a new architecture, implemented that 
architecture in the form of FMDEV, which it´s used as a tool 
allows the discovery of knowledge in Moodle data. 

Finally, the utility of the proposed tool is described with an 
experiment using as consolidated LMS, and a real-life dataset of 
Pedagogy students. This experiment mainly illustrates the ease 
of obtaining data visually and quickly as the user chooses. The 
results obtained provide useful information so that users can 
provide faster feedback on how students’ progress in distance 
learning courses. 

In the future work, we intend to implement FMDEV in some 
real course and monitor the use of the tutors/teachers, giving 
support and adding new modules of data mining. We are 
currently working on the development of an improved visual 
interface, adapted to the size of the screen, to present the results 
obtained without the need of a scroll bar. Also, we would also 
like to implement many modules for mining academic papers, 
and, not least, to register our tool with the National Institute of 
Industrial Property (INPI in Brazil is the federal body charged 
with executing and enforcing laws regarding the regulation of 
Any Industrial Property). 
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Abstract—Traditional word embedding models only learn
word-level semantic information from corpus while neglect the
valuable semantic information of words’ internal structures such
as morphemes. To address this problem, the goal of this paper is
to exploit the morphological information to enhance the quality
of word embeddings. Based on spectral method, we propose
two word embedding models: Morpheme on Original view and
Morpheme on Context view (MOMC) and Morpheme on Context
view (MC). In vector space of MOMC and MC, both semantic-
similar words and morphological-similar words locate near with
each other. In experiments, MOMC, MC and the baselines are
tested on word similarity and sentiment classification. The results
show that our models outperform all comparative baselines on
six datasets of word similarity and win the first on sentiment
classification as well. Based on a large German corpus, we also
inspect the ability of word embeddings to process morpheme-
rich languages by using German word similarity task. The
result shows that MOMC and MC significantly outperform the
baselines more than 5 percentage on one dataset and nearly
4 percentage on the other. These impressive improvements
demonstrate the effectiveness of our models in dealing with
morpheme-rich languages like German.

Index Terms—Spectral Method, Morphological Information,
CCA, Random SVD, Word Embedding

I. INTRODUCTION

Nowadays, Natural Language Processing (NLP) has been
an important part of Artificial Intelligence (AI) for its ef-
fectiveness on many NLP tasks such as information retrieval
[1] and text classification [2]. As we all know, computer can
not directly deal with natural language due to the abstract
semantic structure contained in corpus. To solve this problem,
researchers developed a lot of models to represent words into
vector space, which is also called word embedding.

Traditional word embedding models are divided into two
main branches. One is based on neural network like Contin-
uous Bag Of Words (CBOW) and Skip-gram [3]. The other
is based on the matrix factorization such as the models in
[4], which is also called spectral method. In general, the
neural network-based models are famous for their robust
performance. Nevertheless, these models with a large amount
of parameters are time-consuming and tuning parameters re-
quires enough experiences. Besides, CBOW and Skip-gram
are also meaning-ambiguous methods, which lack theoretical
explanation. On the contrary, the spectral models have their
own advantages such as being on a theoretically provable basis
and able to accelerate the calculation. Nevertheless, the models
mentioned above are still word-level models and ignore many
useful internal information of a word such as the morphemes.
In English, a morpheme is the smallest unit and has some

DOI reference number: 10.18293/SEKE2017-105

linguistic meanings. Mostly, morphemes can be divided into
three categories. The prefix is one of the morphemes which
has an affix placed before the stem of a word. Usually, adding
a prefix before a word changes the meaning of the word
but assigns similar semanteme. For example, putting “uni-”
before the word “form” changes the sense of “style”, but all
the words beginning with “uni-” will be endowed with the
meaning of “single”. The suffix is another morpheme which is
an affix placed after the stem of a word. For instance, “-ed” is
always added to the tail of the word to denote the past tense.
Additionally, the root is the primary lexical unit of a word
without prefix or suffix before or after it. In traditional models,
the meaningful morphological information is abandoned.

Motivated by recent work, which exploits the internal
structures to improve Chinese word embeddings [5], [6], in
this paper, we utilize the spectral technique to incorporate
the morphological information into word embedding training
process. In our models, the word information, morphological
information and context information are transformed into
three matrices, respectively. Based on these matrices, we
propose two models including Morpheme on Original view
and Morpheme on Context view (MOMC) and Morpheme
on Context view (MC) by using the Canonical Correlation
Analysis (CCA). In MOMC, we combine the morphological
information matrix with not only the word information matrix
but the context information matrix. Then, CCA is conducted on
these two new matrices. In MC, the morphological information
matrix is only combined with the context information matrix.
Then, we conduct CCA on the new combination matrix and
the initial word information matrix.

In experiments, MOMC and MC together with the baselines
are tested on word similarity and sentiment classification.
The results demonstrate the advantages of our models, which
outperform the baselines on six datasets of word similarity.
Besides, MOMC and MC also achieve the best performance
on sentiment classification. In order to evaluate the ability of
our methods to deal with the morpheme-rich languages, we
train all models on a German corpus and also test them on
word similarity task. The result indicates that MC and MOMC
significantly outperform the baselines on all the datasets and
even get more than 5 percentage advantage on RG-65-German
dataset. The performance of our models convinces us that
incorporating morphological information into word embedding
can generate a good structure in vector space and enhance the
quality of word embeddings.

II. RELATED WORK AND BACKGROUND

As we mentioned above, there are a lot of word embedding
models. In this section, we are going to give a brief review
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of CBOW [3] and OSCCA (One Step CCA) [4], which are
chosen as the baselines in experiments.

CBOW With a slide window, CBOW [3] utilizes the context
words in the window to predict the target word. Given a
sequence of tokens T = {t1, t2, · · · , tn}, the goal of CBOW
is to maximize the following average log probability equation:

L =
1

n

n∑
i=1

log p(ti|context(ti)), (1)

where context(ti) means the context information of ti in the
slide window. Based on Hierarchical Softmax and Negative
Sampling [7], Equation (1) can be solved efficiently.

OSCCA Based on CCA, Dhillon et al. proposed a spectral
word embedding model named OSCCA, which is proven to be
effective in [4]. For a sequence of tokens T = {t1, t2, · · · , tn},
in OSCCA, we firstly need to construct two matrices including
word information matrix W and context information matrix C.
Building of these matrices will be introduced in the following
section. Then, we directly do CCA on these matrices. As we all
know, the goal of CCA is to find a pair of projection matrices
Φw and Φc such that the correlation between the projection
of W onto Φw and C onto Φc is maximized. Based on
Eigendecomposition, the solution of Φw and Φc is as follows.

Σ−1
11 Σ12Σ−1

22 Σ21Φw = λΦw

Σ−1
22 Σ21Σ−1

11 Σ12Φc = λΦc

(2)

where Σ11 is the covariance matrix of W , Σ12 is the co-
variance matrix between W and C, Σ22 is the covariance
matrix of C, Σ21 if the covariance matrix between C and W .
Nevertheless, this solution is time-consuming and memory-
consuming due to many large sparse matrix multiplications,
which origins from the huge vocabulary size. To solve this
problem, in [4], they demonstrated that the solution of OSCCA
can be transformed into an equivalent equation.

Σ
−1/2
11 Σ12Σ

−1/2
22 = ΦwΛΦT

c (3)

where (Φw,Φc) are the left and right singular vectors and Λ
is the diagonal matrix of singular values. Hence, Φproj

w =

Σ
−1/2
11 Φw and Φproj

c = Σ
−1/2
22 Φc. In OSCCA [4], the pro-

jection Φproj
w is viewed as the word embedding. For clarity,

we define the anterior CCA progress as (Φproj
w ,Φproj

c ) ≡
CCA(matrix1,matrix2) and use it if we want to do CCA
on a pair of matrices. Due to the effectiveness of the second
solution, all spectral word embeddings are trained based on
Equation (3) in this paper.

III. INCORPORATING MORPHOLOGICAL INFORMATION
INTO WORD EMBEDDING

Based on spectral technique, we propose two word embed-
ding models: Morpheme on Original view and Morpheme on
Context view (MOMC) and Morpheme on Context view (MC).
The objective of these models is to incorporate morphological
information to improve the quality of word embeddings so that
both semantic-similar words and morphological-similar words
can group together in vector space. Both MOMC and MC
are built based on three information matrices including word
information matrix, context information matrix and morpho-
logical information matrix. For clarity, we introduce how to
build these matrices firstly.

A. Methodology of Building Information Matrices

1) Notation: We define the word information matrix as
W ∈ Rn×p, morphological information matrix as M ∈
Rn×(np+ns+nr), left context information matrix as L ∈
Rn×cp, right context information matrix as R ∈ Rn×cp and
whole context information matrix as C ∈ Rn×2cp where n
is the length of the word sequence, p is the number of the
vocabulary, np is the number of the prefix, nr is the number
of the root, ns is the number of the suffix and c is context
window size.

2) Word Information Matrix: The word information
is mapped into a sparse matrix W . Given a corpus
{t1, t2, t3, ..., tn}, the vocabulary is {null, v1, v2, ..., vp}
where n ≥ p. Every word is represented as a one-hot vector
in which wij = 1 means word ti is in the jth position of
the vocabulary. In practice, the vocabulary is so huge that
the computational cost is rather high. Since quite a number
of words only turn up at a low frequency due to the zipfian
distribution, we set a threshold of the frequency of the words.
If the word’s frequency is under that threshold, the word will
be assigned to the first column null. More detail is give in
Equation (4).

wij =

{
1, when ti = vj or ti = null

0, otherwise
(4)

3) Morphological Information Matrix: In this paper, mor-
phemes are divided into prefix, suffix and root. There-
fore, the whole morphological information matrix M can
be represented as the concatenation of three separate ma-
trices. We assume that root = {null, r1, r2, · · · , rnr},
prefix = {null, p1, p2, · · · , pnp}, and suffix =
{null, s1, s2, · · · , sns}. If a word has a certain morpheme, the
corresponding column position should be set as 1. A constraint
is that in the whole matrix, every morpheme should be active
at least once. If there is no feature in the morpheme list,
the first column null will be set as 1. We define function
match(ti, aj) ∈ {1, 0}, aj ∈ { prefix ∪ root ∪ suffix}
to simplify our description. The function means that if word
ti contains morpheme aj , it will be set as 1 or 0 otherwise.
Hence, we can utilize Equation (5) to summarize the construc-
tion of morphological information matrix.

mij =

{
1, when match(ti, aj) = 1

0, otherwise
(5)

4) Context Information Matrix: Context information matrix
C is composed of the left context matrix L and the right
context matrix R. For a target word, the construction of the
left context matrix is built based on the contextual words,
which are located in the left-side of the target word. Building
of the right context matrix is associated with the right-side
contextual words of the target word. For a single token in
corpus, the corresponding positions of its context words in
the left context matrix and right context matrix will be set
as 1. If the context word is not in the vocabulary, then the
corresponding position of null will be set as 1. We define a
function context(ti, vj , k), k ∈ [1, c], j ∈ [1, c × p]. When
the kth context word of ti is equal to vj , this function is
equal to 1 or 0 otherwise. The mathematical description of
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Algorithm 1 MOMC model
function MOMC (D,M, h, k)
Input: huge size corpus D
morpheme set M
context window size h
dimension of word embedding k
Output: word vector φproj

w

Initialization: Initialize expanded word information matrix We and
context information matrix Ce according to the input parameters.
Calculate the approximate correlated matrix
Cww = WT

e We

Cwc = WT
e Ce

Ccc = CT
e Ce

Do SVD on
C

−1/2
ww CwcC

−1/2
cc

Get right singular matrix φwe

Get the eigenword φproj
we

= C
−1/2
ww φwe

Extract the vocabulary part skipping morpheme part φproj
w

Return φproj
w

left context matrix L is in Equation (6). Right context matrix
can be established in the same way.

lij =

{
1, when context(ti, vj , k) = 1

0, otherwise
(6)

B. Morpheme on Original view and Morpheme on Context
view (MOMC)

In MOMC, the morpheme information is viewed as a unit
feature. It means that all words including the target words and
context words need to be featured by morpheme information.
MOMC uses the expanded word matrix We = [W M ] and
expanded context matrix Ce = [[L M ] [R M ]] as the input.
[ ] means concatenating two matrices upon row direction.
Like what we did above, we utilize the following equation
to describe the MOMC in a mathematic way.

(Φproj
w ,Φproj

c ) = CCA(We, Ce) (7)

The detailed algorithm is described as the pseudocode
in Algorithm 1 shown below. This model will lead words
with similar morphemes to locate closer than that in the
original vector space. Due to the fact that morphemes have
some semantic roles, the method encoding the morphological
information into the word vectors will be useful to identify
words’ semantic role and morphological role. Hence, it will
have a better performance than OSCCA ideally.

C. Morpheme on Context view (MC)

This method is similar to MOMC which also exploit the
internal structures of words. Nevertheless, this method deals
with the morphological information in an entirely different
way. In MC, the morphological information is viewed as a
global feature rather than unit feature in MOMC, which acts
as a unique character about the corpus. We don’t represent
words into the other space but take their context words and
morphemes as the context. The solution of this model is also
based on CCA model. The pseudocode of MC is similar to
Algorithm 1. The only difference is the input matrix. For

brevity, we don’t give the algorithm of MC. The equation is
like the MOMC which is shown as follows:

(Φproj
w ,Φproj

c ) = CCA(We, Ce) (8)

where We = W and Ce = [L R M ].

D. Random SVD for CCA

In [4], the authors discussed how to calculate Σ11, Σ12 and
Σ22 in Equation (3). Based on zipfian distribution, in OSCCA,
the empirical expectations of all words are set as zero so that
matrices WTW , WTC and CTC can be utilized to stand for
Σ11, Σ12 and Σ22, respectively. As we all know, a word and
its morpheme are occurred simultaneously, which means the
distribution of morpheme in large corpus follows the zipfian
distribution as well. Hence, the empirical expectations of all
morphemes are also set as zero so that we can utilize the same
way to calculate the Σ11, Σ12 and Σ22 in MOMC and MC.

As we mentioned above, getting word embeddings needs to
train a huge corpus. Doing decomposition on so vast matrix
still needs a great deal of time and memory even though the
computing power has become more powerful. Hence, recent
advances in SVD algorithms are necessary to be taken to solve
the huge matrix decomposition. In [8], Halko et al. gave a
powerful tool which uses random projections to do SVD on
large matrices. Basic idea of the method is to find a lower
dimensional basis for large matrix and then to calculate the
singular vectors in this lower dimensional basis. For a large
input m × n matrix A, the first stage is to find a basis Q,
based on which A can be represent as following equation.

A ≈ QQTA (9)

where Q has few columns. When calculate Q, we firstly gen-
erate a Gaussian test matrix Ω with dimensions of n× (k+ l)
where k is a target number of singular vectors and l is
the extra basis vector ranging from 0 to k. By multiplying
alternately with A and AT , we secondly generate a matrix
Y = (AAT )qAΩ where q is another parameter from input.
Lastly, matrix Q whose columns form an orthonormal basis
for the range of Y will be constructed. The second stage of
this method is to do SVD algorithm on A with the help of
Q. In this stage, a matrix B = QTA needs to be calculated
firstly. Then, SVD algorithm is conducted on the small matrix
B = U

′
ΣV T . Finally, the left singular matrix U of A

can be approximately set as U = QU
′
. More theoretical

demonstrations are illustrated in [8].

E. Complexity Analysis

The solutions of our models including MOMC and MC are
based on the random SVD algorithm which is introduced in
the previous subsection. Random SVD algorithm as the most
important part of our models consumes most of the training
time. For a large matrix A with the dimensions m×n, the first
stage needs to cost O(mns) time to generate a low dimension
basis Q with the dimensions m×s, s� n. In [4], it is reported
that the computational complexity of OSCCA is O(p2cs). For
MC, the cost of time will be O(p(pc + np + ns + nr)s).
Because np, ns and nr stand for the counts of morphemes
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which are the constant numbers and much more smaller than
pc, O(p(pc+np+ns+nr)s) is equal to O(p2cs). Obviously,
the complexity of MOMC is also O(p2cs). The notations p and
c represent the vocabulary size and context window size which
have been introduced. Compared with OSCCA, it is obvious
that our models have same computational complexities.

IV. EXPERIMENTS

In this section, we test MOMC, MC and the baselines
on word similarity and sentiment classification. Moreover,
parameter analysis is given in the end of this section. For
clarity, some experimental settings are introduced firstly.

A. Experimental Settings

In this paper, all word embeddings are trained based on
the news corpus of 2009, which is listed on the 2013 ACL
Workshop on Machine Translation1 and also used in [9]. We
collect the morpheme from the website2 and get 90 prefixes,
241 roots and 64 suffixes.

The existing word embedding model OSCCA [4] and
CBOW [3] are chosen to compare with MOMC and MC. For a
fair and unbiased comparison, all word embeddings are trained
in the same condition. The size of the context window and the
dimension of word embedding are set as 2 and 200, which are
the same as the settings in [4]. CBOW is trained by using the
source code3. For efficiency, the negative sampling algorithm
is chosen to solve CBOW [7]. To generate the word embedding
of OSCCA, we utilize the java toolkit, which is released in
Dhillon’s github4. Moreover, we modify the source code of
this toolkit and generate our embeddings.

B. Word Similarity

This experiment is utilized to evaluate the ability of word
embeddings to capture semantic information from large cor-
pus. The dataset is composed of two parts: word pairs and
human score. We need to calculate the similarities of word
pairs firstly and then measure the correlation between the
similarities and human score. The similarities of word pairs
are measured using cosine distance. We use Spearman’s rank
correlation coefficient (ρ) to evaluate the correlation between
word similarities and human score. Apparently, bigger ρ means
better performance. In this task, we utilize 8 widely used
benchmarks. RG-65 [10] has 65 noun pairs. MTurk-287 and
MTurk-771 [11] contain 287 and 771 English word pairs,
respectively. RW-STANFORD [12] has a large number of
rare words with similarity score. WS-353-ALL [13] contains
353 pairs of English with human similarity ratings. WS-
353-REL and WS-353-SIM are annotated based on WS-353-
ALL in [14]. MEN-TR-3k [15] owns 3000 word pairs, which
frequently turn up in a large web corpus.

The results are shown in Table I. It is obvious that our
methods significantly outperform the comparative baselines.

1http://www.statmt.org/wmt13/translation-task.html
2https://msu.edu/∼defores1/gre/roots/gre rts afx1.htm
3https://github.com/dav/word2vec
4https://github.com/paramveerdhillon/swell

MOMC wins the first on four dataset and MC performs
the best on other two datasets. The advantages of MOMC
and MC are corresponding to our expectation. Obviously,
more semantic information means better performance. The
baselines are word-level models and neglect the internal se-
mantic information. On the contrary, MOMC and MC exploit
the morphological information and capture more semantic
information, which interprets the best performance of our
methods.

TABLE I
RESULTS OF WORD SIMILARITY AND SENTIMENT CLASSIFICATION.

“SA” STANDS FOR SENTIMENT CLASSIFICATION. THE NUMBERS IN BOLD
MEAN THE BEST ANSWERS.

OSCCA MOMC MC CBOW

MTurk-287 0.5664 0.5847 0.5657 0.5761

RG-65 0.5674 0.5734 0.5734 0.6042

RW-STANFORD 0.4966 0.4798 0.5107 0.4961

WS-353-ALL 0.5387 0.5742 0.5634 0.5675

WS-353-REL 0.4486 0.4607 0.4338 0.4420

WS-353-SIM 0.6752 0.6827 0.7072 0.6970

MEN-TR-3k 0.6562 0.6339 0.6562 0.6346

MTurk-771 0.5324 0.5532 0.5338 0.5478

SA 0.7086 0.7132 0.7256 0.7193

C. Sentiment Classification

This experiment is conducted in a similar way as we find in
[16]. The average of the word embeddings of a given sentence
is utilized as features in a logistic regression model for
classification. In this task, we utilize the annotated sentences
with sentiment labels by treebank model introduced in [17].
We report the accuracy in Table I.

The results show that MC and MOMC outperform the
baselines as well. Actually, the sentiment of a word is related
to the morphological information. For instance, prefix “dis”,
“un” and “in” have negative meanings. By incorporating
morphological information, the morpheme-similar words will
group together in vector space. Hence, our better performance
may stems from this property.

TABLE II
PERFORMANCE ON MORPHEME-RICH LANGUAGES. THE NUMBERS IN

BOLD MEAN BEST PERFORMANCES.

OSCCA MC MOMC

RG-65-German 58.63 63.98 62.36

WS-353-German 59.94 63.45 63.21

D. Morpheme-Rich Language Test

In order to measure the ability of our models when applied
to some morpheme-rich languages like German, we train
OSCCA, MC and MOMC based on the 2009 news German
corpus, which is also from the 2013 ACL Workshop on
Machine Translation. Then, all word embeddings are tested
on word similarity task as well. We utilize Google Translate
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Fig. 1. Words ending with the suffix of “ed” are grouped together in vector
space of MOMC.

to translate the golden standard WordSim-353 and RG-65
into German and named them WS-353-German and RG-65-
German, respectively.

The results in Table II show that our methods beat OSCCA
in a quite much sense. MC outperforms OSCCA more than
5 percentage on RG-65-German and nearly 4 percentage on
WS-353-German. In addition, MOMC also performs well on
both datasets. Hence, our methods incorporating morpheme
information seem to have some positive effects on the quality
of word embedding.

E. Word Structure

The word structure of MOMC is illustrated in Fig.1 by using
t-SNE. From these figures, we find that the morphological-
similar words locate near with each other, which is consistent
with our expectation. Moreover, we upload a particular part
of the embeddings to the website5 providing word vector
evaluation service by [18]. The result in Fig.2 shows that
some male and female related words have exciting semantic
structures. For example, in the top left of this picture, tokens of
“he”, “his”, “she” and “her” sit nearby. Furthermore, it also
indicates some analogy meaning that the vector from “her”
pointing to “his” is parallel to that from “she” pointing to
“he”. Nevertheless, there are also some weaknesses in Fig.2.
For instance, words “mother” and “mom” are semantic-related
words but far from each other. As we all know, the quality of
word embeddings have a strong connection with the corpus.
Obviously, we can not capture all patterns because of some
outliers in corpus, which can do harm to the quality of word
embeddings.

F. Parameter analysis

In our models, there are several parameters related to the
quality of the word embeddings including token size, context
window size and the dimension of embedding. We are going
to do parameter analysis based on the three parameters in the
following parts.

5http://www.wordvectors.org/index.php

Fig. 2. The position of male and female related words in vector space of
MOMC.

1) Effect of token size: In order to analyze the effect of
token size, OSCCA, MOMC and MC are trained on the one-
fifth, two-fifth, three-fifth, four-fifth and five-fifth of the corpus
we mentioned before. All word embeddings are tested on the
word similarity by using the golden standard Wordsim-353.
The results are illustrated in Fig.3.

In Fig.3, the performance of all the word embeddings shows
an obvious ascending tendency, which means larger corpus
will generate better word embedding. At the beginning, MC
and MOMC perform worse than OSCCA. However, with the
increasing of token size, MC and MOMC outperform OSCCA
and have a more stable increased tendency.
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Fig. 3. Effect of token size based on word similarity test by using Wordsim-
353.

2) Effect of Context Window Size: In this part, the context
window size ranges from 1 to 5. All models are evaluated on
the word similarity task by using Wordsim-353 as well. The
result is illustrated in Fig.4.

From Fig.4, an ascending tendency is very clear accompa-
nying with the changing of window size, which accords with
our expectation. Larger window size means more semantic
information. It seems that MC and MOMC are more sensitive
to window size. At beginning, MC and MOMC perform worse
than OSCCA. However, they outperform OSCCA on larger
window size. We can not roughly conclude that larger window
size means better performance because we don’t test the
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Fig. 4. Effect of context size based on word similarity test by using Wordsim-
353.

models by setting some extreme condition due to the limitation
of computing resource. In small scope, it is concluded that
larger window size generates better word embedding.

3) Effect of Word Embedding Dimension: The word embed-
dings of OSCCA, MOMC and MC are trained by dynamically
setting the dimension increasing from 50 to 250 step by 50.
The results on word similarity are shown in Fig.5.
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Fig. 5. Effect of dimension based on word similarity test by using Wordsim-
353.

In Fig.5, all models follow a tendency of ascending before
and stable later. It seems that MOMC is very sensitive to
dimension and starts with a low position. An empirical expla-
nation is given to illustrate this phenomenon. From anterior
section, it is easy to find that the matrices used in MOMC
for random SVD decomposition are much larger than other
models which means if the dimension is set too low, we may
lose more information than other models when the random
SVD is conducted. It convinces us that the dimension of
MOMC should be set larger than other models. From the
figure, it is fine to choose dimension of word embedding from
200 to 250.

V. CONCLUSION

Traditional word embedding models neglect meaningful in-
ternal semantic structures such as morphemes when extracting
semantic and syntactic information from large corpus. To ad-
dress this problem, we propose two models including MOMC
and MC by exploiting the morphological information based on
spectral methods. In MOMC, the morphological information
is viewed as a unit feature. On the contrary, the morphological
information is viewed as a global feature and utilized to
supplement the context information during the training process

of MC. The experiments’ results on word similarity and
sentiment classification show that MOMC and MC outperform
the baselines on both tasks. The morpheme-rich language
test also demonstrates the effectiveness of MOMC and MC,
which outperform OSCCA to a great extent. In summary, both
semantic-similar words and morphological-similar words have
a trend to group together in vector space of MOMC and MC.
The property can not only improve the semantic similarity but
also elevate morphological similarity of word embeddings.
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Abstract

1Ontologies have emerged as a common way of repre-
senting knowledge. Recently, people with minimal domain
background or ontology engineering are developing ontolo-
gies, leading to a corpus of informal and under-evaluated
ontologies. Existing ontology evaluation approaches re-
quire rigorous application of formal methods and knowl-
edge of domain experts that can be cumbersome or tedious.
We propose a lightweight approach for evaluating suffi-
ciency of ontologies based on Natural Language Process-
ing techniques. The approach consists of verifying the ex-
tent of coverage of concepts and relationships of ontologies
against words in domain corpus. As a case study, we ap-
plied our approach to evaluate sufficiency of ontology in
two example domains - Education (Curriculum) and Secu-
rity (Phishing). We show that our approach yields promis-
ing results, is less effort intensive and is comparable with
existing evaluation methods.

Keywords : Ontology; Ontology Evaluation; Sufficiency

1 Introduction

An ontology is essentially a shared understanding, a uni-
fying framework, a world view of a domain of interest.
Ontologies can be about any topic of interest, and as they
can be readily merged and made into hybrid structures, it is
quite possible that the ontologies can be large. Ontologies
are considered significant and reusable as they contained
core knowledge structures that require rigor for both devel-
opment and evaluation. To keep rigor, multiple parameters
are checked and detailed criteria is considered for evalu-
ation of ontologies by various researchers [3], [9]. The
criteria listed by Vrandevic [16] contains accuracy, adapt-
ability, clarity, completeness, computational efficiency, con-
ciseness, consistency, and other parameters for evaluation.
The emergence of semantic web has triggered a need to con-
nect a multitude of web applications from various domains,
share and exchange knowledge between them. Several on-

1DOI: 10.18293/SEKE2017-185

tology repositories like Protege Ontology Library2, Linked
open vocabularies3 and search engines like Swoogle4 and
OntoSearch5 have emerged as a way to access these ontolo-
gies. From a utility point of view, software engineers have
been using them in their applications for structuring knowl-
edge, sharing a common understanding, explicitly surfacing
a given perspective, enabling interaction, navigation, etc.
This extensive growth in the use of ontologies poses a criti-
cal need to evaluate the quality of ontologies.
Today, informal, loosely defined ontologies have become
quite prolific. One of the plausible reason being that ontolo-
gies are developed by people with minimal background in
ontological engineering, thus making it important to assess
the completeness of such ontologies. Completeness is de-
fined as ’all that is supposed to be in the ontology is explic-
itly stated in it, or can be inferred’ [3]. Completeness [16]
can be measured from various perspectives: with regards to
the language, domain, applications requirements, etc. We
are interested in domain and application requirements as it
applies to both the goals of the software developer as well
as its coverage of the domain the ontology is representing.
For an ontology to be complete for a domain, it is necessary
for it to represent adequate portion of the domain. However,
domain completeness of an ontology cannot be checked as
only some of the real world knowledge is available or as-
pects in real world change over a period of time. We mea-
sure completeness as the degree of coverage of real world
situations available in the form of web documents. Adopt-
ing real world coverage measure for completeness, we in-
troduce Sufficiency as a means to measure completeness of
the loose and informal ontologies. Our definition of Suffi-
ciency is ’the adequate coverage of specific ontology con-
cepts and relationships for a domain corpus’. The domain
corpus would be considered as adequate if the newness of
obtained / extracted words tapers. For simple and small do-
main ontologies, the mechanisms for evaluation, especially
for evaluating completeness seems to be under-represented.
In our research, we are interested in the problem of evaluat-
ing sufficiency of weak, loosely defined domain ontologies.

2http://protegewiki.stanford.edu
3https://datahub.io/dataset
4http://swoogle.umbc.edu/
5http://www.ontosearch.com/
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2. Literature Survey

Broadly, the approaches for Ontology evaluation can be
classified as (i) manual, mainly driven by human interven-
tions, either experts or users (ii) automated approaches and
(iii) semi-automated approaches that fall in between. One
way of classification uses black box strategies, which is pri-
marily used from end user perspective or when ontologies
are not available during construction, grey box strategies are
applied throughout the life cycle of ontologies [4]. A clas-
sification by Brank et al. [1] is based on two dimensions
(i) type of approach (comparison against a gold standard,
application or task-based evaluation, user based evaluation,
and data-driven evaluation) and (ii) level of evaluation (lex-
ical, vocabulary, or data layer; hierarchy, taxonomy; other
semantic relations; context, application; structure, architec-
ture, design). Ren et al. [11] suggested axiomatic and for-
malization of competency questions for ontology evalua-
tion. Hlomani and Stacey [6] defined ontology evaluation as
verification and validation. However, modeling ontologies
using first order logic and formal techniques are daunting
tasks that might not be feasible in the case of simple ontolo-
gies, which is the focus of this paper. While OntoClean’s
approach to use formal notions from philosophy such as
essence, rigidity, identity and unity for ontology correctness
might not be directly relevant for our case, they emphasize
the need for validation of ontological adequacy [5].
There are several lines of research that focused on metrics
for ontology evaluation. For example, EvaLexon [14], as-
sessed triples mined for text and calculated precision, ac-
curacy and recall values for a domain. The approach had
95% confidence level for 60% coverage. Samir et al. [15]
in OntoQA used schema metrics and instance metrics to
evaluate ontologies and knowledge bases. They state that
”goodness” or the ”validity” of an ontology vary between
different users or different domains, making it subjective.
Astrid et al. [2] extended software product quality SQuaRE,
ISO/IEC 25000:2005 to establish OQuaRE framework. The
evaluation includes structural, Functional adequacy, Relia-
bility, Performance efficiency, Operability,etc. Gomez et al.
[7] proposed OntoMetric with 129 characteristics across 5
dimensions (Tools, Language, Content, Methodology and
Costs) for evaluating ontology. Sabou et al. [12] states on-
tology evaluation is core to ontology selection and have a
well laid process for evaluating large scale web based ap-
plications. Most of these metric based approaches require
extensive information on specific properties of the ontolo-
gies that are generally not available for simple ontologies.
The ontology coverage check method proposed by Pammer
et al. [10] starts with basic domain terms coverage and ex-
tends to axioms but their method is focused on individuals
with a validity threat that individuals for ontologies are gen-
erally not available. Noy et al. [8] suggested using ontology

search criteria of the user for evaluating the completeness of
ontology. We see that search criteria is an important aspect
of evaluation, which we also use in our method but based
on domain than on users or specific contexts.

3. Proposed Method

Our intention is to evaluate the sufficiency of a given
onotolgy, which has been developed for a particular pur-
pose, against a given domain. This requires us to, identify
the test corpus from the domain which is adequate for our
evaluation and check for the coverage of ontology in the
selected test corpus of the domain.

3.1. Collecting Sufficient Test Corpus

We wish to identify the test corpus of the domain that
should be used in our completeness evaluation. The choice
of which specific document to consider as corpus is related
to the purpose/goal of the ontology. We make an assump-
tion that both the goal and the access to real-to-life test cor-
pus is available. Based on this, we suggest that the type of
corpus and the search strings for obtaining corpus should
be driven by goals, set for the ontology. The quantity of
the test corpus that needs to be considered can indeed vary.
To contain this, we bring in the notion of adequate domain
corpus. The process for collecting adequate quantity of test
corpus is : we select a document, search for unique words
in it and count them. If the next document contains more
than Su f % of new words, we add them to the list of unique
words and then continue with next document, else, we stop
the process. We believe that, after some point, the corpus of
words stops being significantly unique. We cut off at Su f %
difference, an arbitrary number and can be changed. The
trade-off is that the smaller this number, the more test docu-
ments are needed to feed the system. The result of this step
is to conclude on the quantity of documents (SDC - Suffi-
cient Coverage) that is sufficient for checking our coverage.

3.2. Checking for Coverage

The SDC provides sufficient corpus for evaluating the
coverage of a specimen ontology. Each individual docu-
ment of the domain corpus within the set of SDC is used for
evaluating ontology Concepts, Concepts + Relationships,
and Concepts + relationships + Concepts coverage. Individ-
ual Concepts label or a Relationship label are represented by
C. Concepts + Relationships by R, this R is more restrictive
than C because it defines a Concept and potential Relation-
ships of the Concept. For Tuple, Concept + Relationship +
Concept is represented as T , this is most descriptive as it
contains various destination concepts.
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3.2.1 Step 1: Identify Test Ontologies

For our evaluation purposes, we may either have a test on-
tology or we may need to get one from a ontology reposi-
tory. For obtaining a preexisting one, we suggest selecting
our ontology from a set of at least 3 possible alternatives.
The reason we suggest 3 is that if for a domain if we have
less than 3, then there is no question of selection and evalu-
ation. The choice is self evident.

3.2.2 Step 2: Extract Labels

A list of concepts and relationships of an ontology give a
rough idea of the overall scope and capability of that spec-
imen ontology. Extract and create a list of concept and
relationship (C, R, and T ) for each of the specimen on-
tology from a OBO-XML, OWL RDF/XML format. For
small, weak, loosely defined ontologies, number of nodes
and edges are not expected to be high in number, so we ex-
pect this process can be automatic or manual and simple. At
the end of this step, there should be three structures for each
specimen ontology: One, a list containing clusters of words
for each ontology.

{O1,O2, ...On}

This is C and it should contain all the labels (Concepts and
Relationships) in the ontology. Two, A two dimensional ar-
ray highlighting Concept + Relationships for each ontology.

{O{c}{r}1,O{c}{r}2, ...O{c}{r}n}

Three, L is same as Two but with consideration of Lem-
mas (grouping of different inflected words such as teach
for teaches, taught, etc.) in the corpus. Four, a three di-
mensional array for each ontology showcasing the Tuples
present in the ontology.

{O{c}{r}{c}1,O{c}{r}{c}2, ...O{c}{r}{c}n}

3.2.3 Step 3: Obtain Synonyms

In our work, the implication of using words is that we may
be only looking for exact string matches and not consider
either common concepts or related words as same. So, if
a ’student’ is the search word, then it will not match with
either a ’pupil’ or a ’participant’. There are existing Nat-
ural Language Processing (NLP) techniques including Hy-
pernyms, Synonyms to cluster similar words together. On
comparison with Synonyms, the coverage boosted between
ontologies (Concept and Relationship words) and sample
web document sizes. This suggests that a Synonym will
effect all data similarly and will not enhance one ontology
over the other. Due to this common impact, we rejected
usage of Synonyms or other similarity techniques.

3.2.4 Step 4: Identify Test Corpus

Each of the document identified as part of SDC and also the
aggregation of the text in the documents is part of the test
corpus. If the test corpus is hard to identify or define, then
chances are that the ontology is no more simple or loosely
defined. For such cases, the process needs to be more rigor-
ous and systematic as detailed in literature survey.

3.2.5 Step 5: Pre-process

After selecting test corpus, the content needs to be prepro-
cessed. Pre-processing involves (i) Extract text - in some
cases this could be grabbing text from websites or from
PDF documents (ii) Ensure that appropriate text in images,
tables, audio/video (subtitles) is accessible for extraction
while removing non-textual elements (iii) Perform Part-of-
Speech (POS) tagging to list Nouns and Verbs in the docu-
ment (iv) Remove unwanted repeat / stop words like ’and’,
’but’, ’if’ etc. These can be considered as prepositions, con-
junctions and other common English words that may not be
relevant to domain ontology. The intent of these steps is to
ensure that the test corpus is machine ready for evaluation.

3.2.6 Step 6: Collect Unique Words

The aggregate text file content from pre-processing step is
processed for extracting the list of most frequently used
words. Any text analysis or information retrieval library or
online tool that serves this purpose can be used for gathering
a bag of words.

3.2.7 Step 7: Compare

This is done by comparing the list of C, R, L and T words
of the specimen ontology with all the list of unique words
extracted from each document of SDC set to determine suf-
ficiency. For comparison, we are attempting to string match
the label (of a Concept or a Relationship) and also match
the lemmas of the text. The reason for inclusion of lem-
mas is because a test corpus is always more grounded in in-
stances, whereas a ontology is typically more abstract and at
a higher level. As we intend to keep the matching algorithm
lightweight, we are not proposing rigorous NLP techniques
such as identification of Hypernym, Hyponym, Bi-grams,
etc. or any similarity algorithms such as Latent Semantic
Analysis and Word2Vec (trained on 100 Billion words). In
our work, to check for degree to which an ith ontology is
sufficient, we apply this equation

(OiMWFC/OWFC) = OiSufficiency (SC) (1)

Where Oi represents the ith ontology, MWFC represents
the frequency count of the matching words, and OWFC rep-
resents the total word frequency count of the ontology for
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Figure 1. Sufficient Domain Coverage

a given corpus. To check and evaluate something as suffi-
cient, we first take the words from the ontology and string
search them within the corpus for C, R, L and T . Once
the ontology related words are found in the corpus, then
they are identified and their frequency counts are obtained.
The total frequency count of the matched words is checked
against the overall frequency count of all words. This ratio
is said to be the measure of Sufficiency SC.

4. Evaluation of the Approach

We now evaluate our approach by applying it to the vari-
ous publicly available Curriculum and Phishing ontologies.
Our goal is to select an ontology with the highest degree of
Sufficiency for a hypothetical project.

4.1. Selection of Test Corpus

To gather test corpus, we used popular search engines
like Google, Bing, Yahoo, Yandex and Baidu with search
string as ’Curriculum’ and ’Phishing’. From the search re-
sults, a union collection of documents are gathered as our
test corpus [13]. The text in each of the documents is
concatenated into a single document and the newness of
words is identified. The Sufficient Domain Coverage fig-
ure 1 shows that the newness tapers after 12 documents for
Curriculum and after 25 documents for Phishing. The site
specific words such as Contact address, Organization name,
creative English by writers, etc. are probable reasons for the
newness value not being zero.

4.2. Pre-processing of Corpus

Pre-processing involves conversion of PDF to Text mode
for some cases, scrapping content (removal of html tags,
css, images, etc.), removal of stop words, etc. Removal of
stop words and word frequency count was done by a Java
application6 that we developed. Along with this, we also

6https://github.com/lalitsanagavarapu/OntologyEval

performed POS tagging to identify the list of Nouns and
Verbs using Stanford NLTK. The count [13] of stop words,
unique words and the newness for Curriculum and Phishing
Ontology is obtained.

4.3. Handling of Ontologies

A web search on the word Curriculum and Phishing was
used to identify three Ontologies including Ontosearch and
Swoogle. After earmarking the specimen ontologies, the
next task of extracting labels from each of ontologies sepa-
rately was done.

4.4. Word Comparison

After extracting labels from ontologies, each of those la-
bels were string searched for potential matches in the words
list of the test corpus. Whenever there was a match, the
matching frequency was obtained and aggregated. This
gave us Oi MWFC or the matching word frequency count
of the ith ontology.

4.5. Checking for Completeness

For the ontology, the last task is to calculate the suffi-
ciency as degree of a completeness score. This score is cal-
culated (as given by equation 1) by dividing Oi MWFC by
the OWFC value. See in [13], D1 through D12 indicates
documents identified as part of the corpus and C12 indi-
cates the combination of all the documents. Sample Ontolo-
gies for Curriculum (Oc

1, Oc
2 and Oc

3) and Phishing (Op
1 , Op

2
and Op

3 ) are used for determining ISC - Individual Sufficient
Completeness (concepts and relationships). An average of
ISC is considered for arriving at Sufficient Completeness
SC, however, any other statistical approach can be consid-
ered for the calculation.

4.6. Results and Discussions

We tested 12 and 25 sample sets of corpus against 6 (3 of
Curriculum and 3 of Phishing) ontologies. As observable in
[13], unique words constitute 35-40% of overall word count
with some words related to domain being more prevalent 7.
An ontology can be said to be sufficiently complete if, after
matching the goals of the ontology, C, R and L extracted
from the ontology fully encompass the words of the corpus.

• For Concepts or Relationships C of Curriculum is
64.06% for Oc

1 and 61.25% for Oc
2. For Phishing, the

score is 67.13% for Op
2 and 51.28% for Op

1 .

7http://tinyurl.com/UniqWord
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• For Concepts and Relationships R of Curriculum is
60.26% for Oc

1 and 24.24% for Oc
2. For Phishing, the

scores is 51.75% for Op
2 and 40.17% for Op

1 . The con-
cepts and relationships are compared as Nouns and
Verbs after POS tagging the web documents.

• For Concepts and Relationships with application of
Lemma L on Curriculum, the score is 73.72% for Oc

1
and 70.45% for Oc

2. For Phishing, the score is 59.79%
for Op

2 and 45.30% for Op
1 .

• From results, Ontology Oc
1 for Curriculum and Op

2 for
Phishing stand out as better suited for our application.

Like the check for completeness, coverage of corpus in an
ontology too appears to be an audacious goal. Hence, we
reject our hypothesis that

C ⊂ Oi

. In our evaluation, we considered Su f % of 2% as the cut-
off percentage for newness with 12 documents of Curricu-
lum and 4% (12 documents) for Phishing. The test cor-
pus selection is subjective step in our proposed approach.
Hence, we performed the test to see if the concepts and rela-
tionships of any one of the earmarked ontologies are present
in the R8 random (include text from the novel Pride & Prej-
udice; Wiki content on Auto, Health, Sport, Finance, Food,
Travel; and a magazine article on ’top technological trends’)
corpus. The lower Sufficiency Coverage value in the results
[13] indicates that most of the ontologies are poorly repre-
sented in the random corpus. The combined random corpus
content with its 186,360 words and with its 9,801 unique
words did not gain much in completeness. The lower num-
bers for our random sample also indirectly reinforces the
other point that the sufficiency value of Oc

1 for Curriculum
and Op

2 for Phishing is not accidental, but indeed intentional
and specific to the ontology. Our approach that is automatic,
informal using web documents as domain data as compared
to various evaluation approaches. Our approach is similar
to OntoQA [15] but has lesser steps and lesser metrics to
evaluate ontology.

5. Conclusions and Future Work

There are many techniques to evaluate ontology and
most of them appear to be rigorous and tend to target the
evaluation of well defined and large ontologies. In such
context, we sought and evaluated a lightweight approach for
checking sufficiency of smaller ontologies. The approach
is simple as it relies on concept and relationship matching
and conventional web search techniques. Our evaluation
explored veracity of the approach and established the feasi-
bility on two different domains and could extend for other
weak and loosely defined ontologies. As a forward plan, we
plan to make a tool online instead of running it as a batch

process so that other users can leverage it. We also plan to
use the domain knowledge available in the web documents
including text cohesiveness to evolve ontologies based on
identifiable patterns.
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1Abstract— Feature models (FM) are a way for modeling and 

describing the product family of specific domain. They are widely 
used for describing the requirements in the domain engineering 
as it describes the commonalities and the differences of related 
products in specific domain. Currently the research in the 
feature model analysis and the validation of it focus on capturing 
the inconsistencies of the feature configurations of software 
systems. However the semantic web had been used for 
representing the feature models as ontology using OWL DL to 
use the Description Logic (DL) reasoners in validating the 
consistency of the feature model configurations, detecting the 
semantic contradictions or semantic mappings with certain 
domain is missed. The aim of this research is to detect the 
semantic mappings between a feature model and a specific 
domain ontology using the ontology marching tools. In the paper 
we used the Wireless Sensor Actuator Network (WSAN) feature 
model for analysis, and the well-known Semantic Sensor 
Network ontology (SSN) for validation. Two ontology-matching 
tools are used to map the feature model and the domain ontology, 
and the results have been compared. 

Keywords—feature model; ontology; description logic; ontology 
matching; semantic mapping; wireless sensor network 

I. INTRODUCTION  
Software product lines (SPLS) depend on  the idea of  

producing a family of software products from common features 
instead of producing them from scratch. The feature model has 
been firstly introduced in the Feature-Oriented domain analysis 
(FODA) method as a structure handles the product line 
members and determining the features that differentiate the  
software systems in a specific domain [1]. 

Feature models are most widely used for managing 
commonalities and variabilities of the features between 
different systems in a certain domain.  

Introducing a new member to SPL, requires feature 
configurations to define the set of features that describe this 
member and this configurations are accepted if it doesn’t 
violate the constraints defined by the feature model.The 
automated analysis of FMs is used to check the validity of the 
combination of features in a product. This process is mainly 
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carried out in two–phases. “In the first phase, the feature model 
is converted into a specific representation (e.g. Propositional 
Logic, Description Logic, etc). Then in the second phase, an 
off–the–shelf solver or some algorithms are used to analyze the 
representation of the feature model parameters automatically 
and provide the result” [2]. Validating the feature model 
configurations and consistency doesn’t reveal the semantic 
contradictions or semantic mappings with certain domain. This 
may lead to generate product with illogic features with respect 
to its domain.  

To the best of our Knowledge, none of the existing studies 
that used the power of DL focused on validating the feature 
model with certain domain. Detecting the semantic mappings 
between a feature model and a certain domain may help in the 
process of validating a feature model with domain knowledge. 

In this paper  we present how we can use the ontology 
matching tools to detect the semantic mappings between 
WSAN FM and SSN ontology. We used the OWL DL to 
represent the FM, then we tested two ontology matching tools. 
The paper is organized as follows: sectionII presents the 
background. Section III provides the related work. Section IV 
presents a proposed hybrid model applied on a feature model 
for WSAN [5]. Section V demonstrates the Experimental 
Results followed by the Conclusion and Future work. 

II. BACKGROUND 
This section explains the basis of the feature models and 

the ontology matching techniques. 

A. Feature Models 
Feature models are used for representing the features of 

SPL. They have a tree structure. The model starts with root 
feature followed by sub-features with different relationships 
with its parent feature.The main types of the FM relations are:  

• Mandatory: means the feature must be included into 
the description of a concept 

• Optional: means the existence of the feature is optional 

• Alternative: means just one feature from a set of 
features can be included  

• OR: means one feature or more can be included from a 
set of features. 
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B. Ontology Matching Techniques 
Ontology matching is a complicated process that helps in 

detecting the semantic correspondences between different 
ontologies of the same domain, the matching techniques are 
divided mainly into two types: 

• Element-Level technique 

This technique is based on obtaining the correspondences 
between the entities with ignoring the structure of the ontology, 
this technique is divided into string-based, language-based and 
linguistic resource as in [14]. 

• Structure-Level technique 

This technique focuses on obtaining the correspondences 
based on the relations between the entities within the structure 
of the ontology, this technique is divided into taxonomy 
mapping, and tree-based mapping as in [14]. 

III. RELATED WORK 
This Section is divided into two parts: Related work of  the 

automated analysis of the Feature Models using DL and 
representing Feature Model in OWL. 

A. Automated Analysis of Feature Models 
Wang, Hai H., Yuan Fang Li, Jing Sun, Hongyu Zhang, 

and Jeff Pan were the first to use the DL in feature model 
analysis to check the feature model consistency with specific 
configurations. They represent the FM as ontology using OWL 
DL, then they used DL Racer and FACT++ to check the 
consistency of the feature configurations automatically, and 
also they proposed a debugging OWL tool[6]. 

Zaid, Lamia Abo, Frederic Kleinermann, and Olga De 
Troyer proposed an ontology framework for feature modeling 
that consists of an ontology that formally provides the structure 
of feature models to check the consistency of FM through rule 
based model, and provide means to integrate segmented feature 
models[7].  

B. Representing Feature Model in OWL 
As mentioned above, different ways for representing the 

feature model as ontology had been introduced in [6] and [7]. 

Tenório, Thyago, Diego Dermeval, and Ig Ibert Bittencourt  
proposed a generic ontology called OntoSPL represents the 
structure of the feature model and its relations using OWL 
classes and properties, so the features can be represented as 
OWL individuals from this structure, this approach is useful 
for the dynamic changes at the runtime, although it’s not tested 
on large feature model[8]. 

Nima Kaviani, Bardia Mohabbati, Dragan Gasevic, and 
Matthias Finke used the approach that proposed by Wang et al 
to represent the feature model in ontology to cover non 
functional requirements, annotate and expand feature models 
context of ubiquitous environments[9].  

As the approach in [6] has been used in other research 
work, and they tested their approach on a feature model for a 
large system which contains almost 1000 different features and 
more than 400 different feature relations, then they applied a 
debugging process on it. So it is decided to use this approach in 
the step of representing the feature model in OWL. 

IV. PROPOSED HYBIRD MODEL 
Our experimental work tested on the WSAN feature model 

and the SSN ontology, we used two ontology matching tools to 
detect the mappings between them, Fig.1 shows the steps of 
our experimental work. 

WSAN is composed of large number of sensor nodes and 
actuators to sense, actuate and communicate to provides  
specific functionality,While the SSN ontology describes 
sensors and its properties, capabilities and observations[11]. 

The experimental work divided into two main parts: 

A. Constructing the ontology from WSAN  
We used the approach in [6], which presents how to use the 

OWL DL to represent the FM. They define OWL class for 
each feature in the FM and make them mutually disjoint then 
using existential restrictions they bind the rule classes that has 
been created for each feature to the corresponding produced 
OWL class, each rule class is used to define the constraints 
over the feature (OWL class). 

Table I. contains the DL syntax that used in representing 
the axioms of the produced ontology (WSAN ontology) 

It can be seen from Fig. 2 that the first level of the WSAN 
FM contains mandatory feature (i.e. Communication) that can 
be represented in DL as shown below. 

Communication ⊑T                        CommunicationRule ⊑ T 

hasCommunication ⊑ ObjectProperty 

T ⊑ hasCommunication.Communication  

CommunicationRule ≡ ∃  hasCommunication.Communication  

WSAN ⊑ ∃ hasCommunication.Communication 

TABLE I. SUMMERY TABLE OF THE DL SYNTEX USED IN THIS PAPER 

Notation Explanation 

⊤ Superclass of all OWL classes 

A ⊑ B A is a subclass of B 

A ⊔ B Class union 

A ≡ B Class equivalence 

∃ = ∀ P.A allValuesFrom=someValuesFrom restriction for every 
instance of this class that has instances of property P, all 
some of the values of the property are members of class A 

 

 
 Fig. 1. Block diagram for the steps of the proposed model 
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In Fig.2 the optional features of the first level (e.g.  
Measurement, etc…) can be represented in DL as shown. 

Measurement ⊑ T                        MeasurementRule ⊑ T      

hasMeasurement ⊑ObjectProperty 

MeasurementRule ≡ ∃ hasMeasurement.Measurement 

The Address-based feature has three sub-features with OR 
relation as shown in Fig.2 that can be represented in DL as 
shown assuming the Rule classes have been created for each. 

AddressBasedRule ⊑ ((∃hasUnicast.Unicast) ⊔ (∃hasMulticast.Multicast) ⊔ 
(∃hasAnycast.Anycast)) 

The rest of the features of the WSAN feature model have 
been represented in the same way . 

B. Define the mappings between the WSAN produced 
ontology and SSN ontology 
The produced ontology from WSAN FM is used to be 

mapped with SSN ontology using the ontology matching tools. 
We used two ontology matching tools (i.e. Logmap, String 
Equality tool) to generate the mappings. 

• Log-Map 

The LogMap tool is developed by the University of Oxford. 
The tool depends on lexically and structurally indexing the 
input ontologies as the matching process is carried out through 
five phases[12]. 

A. Lexical indexation 
Logmap identifies for each input ontology the classes labels 

and its lexical variants using external lexicons (i.e. WordNet, 
UMLS lexicon).The UMLS lexicon is a set of files that 
contains many biomedical terminologies, and vocabularies. 

B.  Structural indexation 
The logmap creates the extended class hierarchy through 

the use of structural heuristics or DL reasoner for the input 
ontologies. 

C. Computation of initial (anchor mappings) 
Logmap computes the exact lexical correspondences which 

are act as initial set of anchor mappings by intersecting the 
lexical indexes of each input ontology. 

 

 

 

 

 

 

 

 

 

 

 

 

D. Mapping repair and discovery 
• In the repair process, the Log-Map detects the 

unsatisfiable classes from merging the two input 
ontologies using a reasoning algorithm, and then it 
repairs these undesirable correspondences using a 
greedy diagnosis algorithm. 

• For the discovery phase, according to two sets of 
semantically related classes new mappings are 
computed by matching the classes in these two sets 
using a tool that computes a similarity score. 

E.  Ontology overlapping estimation 
Logmap creates two modules for each ontology, these 

modules represent the overlapping between O1 and O2. If a 
correct mapping between O1 and O2 is missed by logmap, 
when manually looking in these modules you can find it. 

• String Equality tool 

The String equality tool had been proposed in [10]. This 
tool is based on string based technique and semantic technique. 
It works to find the similar classes between input ontology 
files. The algorithm is based on using synonym file that 
contains the terms and synonyms of the domain that the input 
ontologies related to it and also detect the exact mappings. 

Finally, the results of the ontology matching tools (i.e. 
Logmap tool, String Equality tool) were compared and 
evaluated according to predefined expected results. 

V. EXPERIMENTAL RESULTS 
We tested two ontology matching tools (i.e. Logmap tool 

and String equality tool) to map WSAN ontology and the SSN 
ontology. The expected results from the matching process are 
shown in TableII, while the comparison between the two tools 
and its output are shown in TableIII. Followed by Fig3. that 
shows part of the SSN ontology.  

TableIII. shows  no classes mapped using logmap, although it 
generates one object property mapping. The object property 
“hasLocation” in SSN mapped with “hasLocalization” object 
property in WSAN but semantically both of these relations 
connect classes with different semantic meaning and represent 
different context, also it mapped wrongly the “Measurement 
capability” in SSN with “Measaurement” in WSAN and both 
of them describe different context.  

Fig. 2. Feature Model of Wireless Sensor Actuator Network [5] 
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TABLE II. EXPECTED RESULTS 

Ontology WSAN SSN 

Mapped	  Classes	   WSAN	   System	  

Communication_Type Stimulus	  

Communication_Type Sensor_Input 

TABLE III. COMPARISON BETWEEN THE  TESTED ONTOLOGY MATCHING 
TOOLS 

Tool Input Output Ontology Matching 
Technique  

Log-Map File1: WSAN 
Ontology 

 
File2: SSN 
Ontology 

(1) Class 
mapped 

(1) Object 
Property 
mapped 

Based on obtaining 
initial set of mappings, 

then it use these 
mappings to discover 

new mappings 
String 

Equality 
Tool 

File1: WSAN 
Ontology 

 
File2: SSN 
Ontology 

(2) Class in 
WSAN mapped 
with (3) classes 

in SSN 

Based on string based 
technique, language 
based method and 
semantic technique, it 
uses external file 
contains the synonyms 
of the domain  

 

 
 

On the other hand the String equality tool gets two 
mappings between the input ontologies. The 
“communicationType” class in WSAN ontology which 
represents the stimulus that triggers the sensors to work is 
mapped with “Stimulus” class in Fig.3 and “Sensor_Input” 
class that are equivelent classes in SSN ontology which 
represent the stimulus that triggers the sensor, and also it 
mapped the “WSAN” with “System” in SSN. 

According to the expected results in TableII and the output 
in TableIII, the String Equality tool shows better results than 
the Logmap tool. LogMap doesn’t produce all the mappings in 
the nonbiomedical domains. 

The results of the mapping can be considered as a resonable 
results, as the SSN ontology describes the sensors and its 
observations, while the WSAN describes the Network of 
connected wireless sensors and actuators. 

CONCLUSION AND FUTURE WORK 
This paper  presented a comparison between two different 

matching tools (i.e. LogMap tool , String Equality tool) that 

have been used for detecting the semantic mappings between 
the WSAN FM and SSN ontology as a domain knowledge 
using the ontology matching tools. The OWL DL  is used for 
representing the FM as ontology using wang et al approach. 

We can conclude from the results that the generated 
mappings can help in determining to what extent a feature 
model matches a certain domain, as in our experiement the 
WSAN FM wasn’t completely matched with the SSN 
Ontology.The results also shows, that the String Equality tool 
shows better results than the logmap in our experiment. 
Therefore having lexicon for the terminologies of the domain 
that the maping is done over it, gives better results.  

In the future work, it’s intended to extend this work and test 
it on other domains to complete the process of the validation 
and draw recommendations for the features that can be added 
to the feature model from the ontology. 
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Abstract— The effective management of various health conditions 

depends on and requires appropriate public health policies (PHP). 

Such policies are important for several aspects of healthcare pro-

vision, including: (a) screening for prevention of disease; (b) early 

diagnosis and treatment; (c) long-term management of chronic 

diseases and disabilities; and (d) setting-up standards.  Although it 

is widely recognised that the PHP life cycle (i.e., the analysis, action 

plan design, execution, monitoring and evaluation of public health 

policies) should be evidenced based, current support for it is 

mainly in the form of guidelines, and is not supported by data an-

alytics and decision making tools tailored to it. In this paper, we 

present a novel model driven approach to PHP life cycle manage-

ment and an integrated platform for realising this life cycle. Our 

approach is based on PHP decision making models. Such models 

steer the PHP decision making process by defining the data that 

need to be collected and the ways in which these data should be 

analysed in order to produce the evidence required for PHP mak-

ing. Our work is part of a new research programme on public 

health policy making for the management of hearing loss, called 

EVOTION, that is funded by the European Union.  

Keywords — public health policy; model driven data analytics; on-

tologies 

I.  INTRODUCTION 

The effective management of various health conditions de-
pends on and requires appropriate public health policies (PHP) 
as it has been acknowledged by the World Health Organisation 
[1], governmental institutions and patient associations [2]. Pub-
lic health policy affects the affordability and, hence, access to 
health care services (e.g., health check-ups, health care device 
adjustments, provision of related rehabilitation services), medi-
cation and supportive devices. PHP may also have a significant 
effect on: (a) screening for prevention of disease; (b) early diag-
nosis and treatment; (c) long-term management of chronic dis-
eases and disabilities; and (d) setting-up standards.   

It is widely recognised that the PHP life cycle (i.e., the anal-
ysis, action plan design, execution, monitoring and evaluation of 
public health policies) should be evidenced based. This is be-
cause the management of health conditions and their conse-
quences at a public health policy making level can benefit from 
the analysis of heterogeneous data, including health care device 
usage (if applicable), physiological, cognitive, clinical and med-
ication, personal, behavioural, life style data, occupational and 
environmental data. The analysis of these types of data using big 

data analytics techniques can enable the investigation of whether 
particular health conditions have comorbidities and reveal con-
textual factors, social, behavioural and economic, life cycle and 
other factors affecting them. The outcomes of such analysis can 
enable the stratification of related risks and effects to the pa-
tients, and – through correlation with other economic, social and 
physical constraints – help developing a holistic systemic per-
spective of interventions regarding the management of health 
conditions and the broader support, social and occupational in-
clusion and well-being of the patients. Evidence arising from big 
data analytics (BDA) can also help exploring missing, under or 
over-estimated value of specific medical interventions and ana-
lysing their effectiveness (i.e., understanding the trade-offs be-
tween their cost and benefits). Despite such potential benefits, 
current support for PHP making is mainly in the form of guide-
lines, and is not supported by data analytics and decision making 
tools based on such analytics. 

In this paper, we present a novel model driven approach to 
PHP life cycle management and an integrated platform for real-
ising this life cycle. Our approach is based on PHP decision mak-
ing (PHPDM) models. Such models steer the PHP making pro-
cess by defining the data that need to be collected and the ways 
in which they should be analysed in order to produce the evi-
dence required for PHP making. Our work is part of a new re-
search programme on public health policy making for the man-
agement of hearing loss, called EVOTION, that is funded by the 
European Union. On-going reforms of PHP in this area related 
to the management of different types of hearing loss and the 
spark of social debate that they have caused demonstrate the im-
portance of PHP making in this area (see, for example:  
https://www.actiononhearingloss.org.uk/get-involved/cam-
paign.aspx). 

The rest of this paper is structured as follows. Section II de-
scribes related work. Section III provides an overview of our ap-
proach and the architecture of platform that we are developing 
to realise it. Section IV presents the ontology based scheme for 
specifying PHPDM models. Section V presents an example 
PHPDM model and how it can be executed to realise our ap-
proach. Finally, Section VI presents concluding remarks and di-
rections for future work. 
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II. RELATED WORK 

A recent review of big data applications in biomedical re-
search and health care [3] has pointed out several applications, 
including, for example: real-time risk monitoring, using online 
social media combined with epidemiological information as a 
data source for facilitating public health surveillance [4] and am-
bulatory cardiovascular care [5]. 

The opportunities, which arise from using big data analytics 
to reduce the costs of health care [6] are also unprecedented. Ex-
amples of healthcare services that can benefit in this respect in-
clude high-cost patients, readmissions, triage, decompensation 
(when a patient’s condition worsens), adverse events, and treat-
ment optimisation for diseases affecting multiple organs [6]. The 
use of big data analytics in healthcare may also enable the gen-
eration and dissemination of new knowledge, the translation of 
personalised medicine initiatives into clinical practice and the 
transformation of healthcare by delivering information directly 
to patients, empowering them to play a more active role [7]. 

According to a systematic review of studies of decision-mak-
ing by health care managers and policy-makers, researchers 
could better inform health care management and policy-making 
by making several changes to how they produce and update sys-
tematic reviews and by adapting existing reviews that are rele-
vant to local health care issues [8]. Also, research in this area 
becomes important as policy-makers and managers increasingly 
require access to high-quality evidence syntheses that include re-
search and non-research based evidence, in the form of qualita-
tive and/or quantitative research findings [9]. `Recent applica-
tions of big data research in health policy making include breast 
screening decision making [10] and public health strategies for 
alcohol harm reduction in the UK [11]. 

A key to success in learning  from  big  health  care  data  is 
to remain  focused  on gaining actionable  insights  into  the  best  
ways  to  treat  the  patients  in  the  care  system  that  generated  
the  data [12]. 

III. APPROACH 

To realise the approach that we outlined in Sect. I, we are 
developing a platform (referred to as the EVOTION platform in 
the following) whose overall architecture is shown in Figure 1. 
This platform uses different types of data to inform the PHPDM 
(PHPDM) process. Such data include: (a) retrospective and pro-
spective patient data, including medical, clinical and medication, 
personal and occupational data; (b) prospective real time patient 
data including medical devices usage, cognitive, behavioural 
and life style, and environment data (e.g., location of patient, 
noise environment); and (c) dynamic web and social media data 
(e.g., feedback on proposed or implemented policies that may be 
useful in predicting or evaluating the perceptions of the public 
about PHPs). 

The operation of the EVOTION platform is driven by 
PHPDM models. These models specify: 
(i) The generic issues that need to be addressed by PHPs and 

the alternative decisions that may be made to address them.  

(ii) The evidence that can support or provide counter indicators 

for decisions. Evidence may be related to a wide spectrum 

of factors. Considering the use of medical devices, for ex-

ample, evidence can be collected to explore whether the 

difficulties faced by different types of medical device users 

depend on their condition, their cognitive capabilities, their 

life style and behaviour, other comorbidities that they may 

have and/or their overall compliance with medical device 

usage guidelines given to them by clinicians. Evidence may 

also be required to explore whether such difficulties can be 

alleviated by the number of follow up treatments, the time 

periods between such treatments etc. 

(iii) The big data analytic (BDA) processes (e.g., the specific 

types of statistical analysis or data mining analysis) that 

should be followed for collecting and analysing the evi-

dence. 

(iv) The criteria that should be used to determine if the availa-

ble evidence is sufficient for making decisions. Criteria de-

termine the extent of the evidence that would be deemed 

sufficient for supporting a decision, and thresholds that 

would make the evidence conclusive. Criteria may, for ex-

ample, determine the combination of the factors referred to 

in (ii) above that would be a good predictor of the difficul-

ties faced by medical device users.  

(v) The processes to be followed for making specific types of 

health policies. Such processes may, for example, deter-

mine who are the stakeholders whose views should be con-

sidered and recorded prior to reaching a decision, who has 

responsibility for making the final decision, and whether a 

decision should be continually or periodically reviewed 

upon the acquisition of new evidence. 

Figure 1 The Overall Evidence Based PHP Decision Making Platform 

Our view is that PHPDM models are essential for realising 
evidence based, scalable, fully dynamic, repeatable and account-
able policy making. This is because PHPDM models covering 
the aspects identified above could: 

• be automatically transformed into executable BDA pro-
cesses whose execution would provide the basic evidence 
required for making a decision and exploring its conse-
quences;  

• drive the collaborative stakeholder decision making pro-
cesses; and 
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• provide a structure for organising the alternatives, argu-
ments and rationale for making decisions in a way that 
makes them traceable and accountable. 

PHPDM models can be: (a) repeatedly executed in the same 
or different policy making settings (e.g., for making policy on 
the very same issues in different regions); and (b) specified par-
ametrically to make their customisation easy in case that this 
would be required in different policy making settings. 

As shown in Figure 1, the EVOTION platform incorporates 
a tool supporting the specification of PHPDM models into some 
high-level language, and their verification and transformation 
into executable BDA processes that would be passed as input to 
the BDA engine to drive its execution and generate the evidence 
required for PHPDM. Also, to enable the data collection pro-
cesses and policy-making process, the EVOTION platform in-
corporates and integrates: 
(a) Existing repositories of medical data.  
(b) Enhanced medical devices enabling the capture and provi-

sion of medical device usage related data (e.g., rating of 
device ease or difficulty of use in different listening condi-
tions, frequency and type adjustments of controls).  

(c) Sensors supporting the collection real time contextual pa-
tient physiological data (e.g., heart rate, blood pressure, 
skin conductance) 

(d) A mobile application with components supporting the ac-
quisition and transmission of behavioural (e.g., recording 
of patient daily activities such as participation in conversa-
tions, watching TV), contextual (e.g., patient’s location), 
cognitive (e.g., verbal reaction time) data as well as the no-
tification and acceptance/rejection of decisions by the pa-
tient and/or their carers (decision selection component); 
and the execution n of periodic audiological and cognitive 
to collect the related data (audiological and cognitive test 
components). 

IV. SPECIFICATION OF PHPDM MODELS 

The specification of PHPDM models is ontology based. 
More specifically, PHPDM models are specified as instances of 
an ontology on an ontology that we have introduced for this pur-
pose. The advocation of an ontology based approach for the 
specification of PHPDM models has been due to the ability of 
ontologies to provide an axiomatic foundation of the specifica-
tion language and the realisation of corresponding reasoning 
processes that can aid decision making. The specific ontology 
that we have introduced for specifying PHPDM models has been 
based on three sub-ontologies, namely: (i) an ontology for gov-
ernmental policy making (i.e., the G2G Ontology [13]); (ii) an 
ontology for data mining (i.e., the OntoDM-core ontology [14]); 
and (iii) an ontology for statistics (i.e., the  STATO ontology 
[15]). 

A view of the main classes of the ontology for specifying 
PHPDM models is presented in Figure 2. According to this on-
tology, public health policies are introduced to address or ex-
plore different ISSUEs. Examples of issues that can be the sub-
ject of a public health policy can be the introduction of a screen-
ing programme, the provision of certain types of medical devices 
to different types of patients or the introduction of a medical 
training programme for clinical professionals. In the policy ex-

ample that we refer to in Section V, the issue of policy explora-
tion is the provision of binaural or single HA to hearing loss pa-
tients with different characteristics. 

 

Figure 2 Main Classes of the Ontology Framework 

Issues can be addressed by ALTERNATIVE decisions. An 
alternative (decision) presents a possible way of addressing the-
issue that is the subject of the policy. Alternatives reflect the key 
decisions that may be made in PHPDM process. They also need 
to be explored on the basis of evidence arising from the analysis 
of data. To express this, the ontology associates alternatives with 
a CRITERION that determines the circumstances under which 
the evidence arising from data analytics would support the alter-
native. A CRITERION is specified by a LOGICAL 
EXPRESSION over the outcomes of DATA ANALYTICS 
WORKFLOWS. Each DATA ANALYTICS WORKFLOW in-
volves one or more DATA ANALYTICS TASKs which deter-
mine the way in which the available data are to be analysed in 
order to produce the evidence required by the criterion of the 
alternative. 

A DATA ANALYTICS TASK takes as input one or many 
DATASETs and has output one or more other DATASETs. A 
DATASET can be STATIC data SET (i.e., a set that does not 
change frequently) or a DATA STREAM (i.e., a data set that 
changes continually). With regards to the processing that it per-
forms upon its input data set(s), data analytics tasks can be dis-
tinguished into STATISTICAL ANALYSIS TASKs (i.e., tasks 
that carry out some statistical analysis upon the data), DATA 
MINING TASKs (i.e., tasks that carry out some data mining 
analysis upon the data), or a DATA PREPROCESSING TASK. 
The latter tasks are further distinguished into DATA 
FILTERING TASKs and DATA AGGREGATION TASK, i.e., 
tasks that filter data or aggregate data, respectively. Statistical 
analysis tasks are modelled using the STATO ontology and data 
mining tasks are specified using the Onto-DM ontology.  

Initially, a PHPDM model includes a specification of tasks 
and the input data sets that they will be applied to. When a 
PHPDM model is executed, the description of it is expanded by 
including the data sets, which are produced by the data analytics 
workflow, as we explain in Section V.  
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 The alternatives specified in a PHPDM model are related to 
POSITIONs taken by the different participants of the process 
(i.e., the STAKEHOLDERs). A position expressed by a stake-
holder can be a SUPPORTIVE position (i.e., a position that sup-
ports the advocation of the alternative), an OPPOSING position 
(i.e., a position that is negative to the advocation of the alterna-
tive) or a NEUTRAL position (i.e., a decision indicating that the 
stakeholder neither supports nor objects to the alternative). A 
stakeholder may express SUPPORTIVE, OPPOSING or 
NEUTRAL positions for one or more alternatives but cannot ex-
press two different POSITIONS for the same alternative. 

As discussed above, we use the OntoDM-core ontology [14], 
to specify in a formal manner the key data mining processes that 
should be applied to data in order to produce evidence. For this 
purpose, we have extended the OntoDM-core ontology by intro-
ducing classes to representing the different data mining algo-
rithms of WEKA [16]. Each algorithm is represented by a dis-
tinct class, which has the appropriate properties for the configu-
ration of the WEKA execution required for the algorithm.  

 

Figure 3 Example of Data Mining Algorithm Specification 

An example of such classes, which has been introduced to 
represent the Gaussian Processes algorithm is shown in Figure 
3. This class represents the properties that may be used to deter-
mine how the Gaussian Processes algorithm is to be applied, 
namely:  
(i) the batchSize – i.e., the preferred number of instances to 

process if batch prediction is being performed 
(ii) the filterType – i.e., whether the data should be transformed 

(the available options/values for this are: Normalize train-
ing data, Standardize training data, No normaliza-
tion/standardization). 

(iii) the kernel – i.e., the similarity function over pairs of data 
points in raw representation to use (available options in 
WEKA are: NormalizedPolyKernel, PolyKernel, Precom-
putedKernelMatrixKernel, Puk, PBFKernel, StringKernel) 

(iv) the noise – the level of Gaussian Noise (added to the diag-
onal of the Covariance Matrix, after the target has been nor-
malized/standardized/left unchanged) 

(v) the numDecimalPlaces – i.e., the number of decimal places 
to be used for the output of numbers in the model 

(vi) the seed – i.e., the random number seed to be used 

For the development of our ontology framework we merged 
the above three sub-ontologies using Protégé [17], based on the 
ontology merging approach described [18]. 

V. EXAMPLE AND IMPLEMENTATION  

In this section, we present an example of specifying a 
PHPDM model using the ontology introduced in Section IV to 
realise a BDA process and explore alternative PHP issues.  

Our example is related to policy regarding the provision of 
HAs and has been inspired by a policy statement of the Hearing 
Loss Association of America (HLAA) regarding the provision 
of binaural or monaural HAs[19] (HLAA recommends the pro-
vision of binaural HAs). Such a PHP decision could be based on 
evidence about the potential benefits from the provision of bin-
aural or monaural HAs and, in particular, whether one of these 
two alternatives would affect the average daily usage of HAs by 
different types of patients with hearing loss. To enable the as-
sessment of these alternatives, a BDA process can be set up to 
establish whether the average daily usage of HAs depends on 
characteristics of users including their gender, age and type of 
hearing loss. Exploring this issue could be based on a process, 
which as shown in Figure 4, involves the following steps: 
(i) The specification of PHPDM model as an instance of the 

ontology introduced in Section IV to identify: the (policy) 
issue, the alternatives for addressing it, the data and the data 
analytics tasks that will be used to produce evidence from 
these data in order to explore each alternative, and the cri-
teria for selecting amongst the different alternatives. 

(ii) The execution of the data analytics tasks of the model spec-
ified in (1) and the recording of its outcomes as instances 
of the PHPDM model. 

(iii) The querying the PHPDM model to identify alternatives 
with satisfied criteria 

 
Figure 4 Implementation Overview 

In the PHPDM model used in the above process: 

• The Issue is Binaural Fitting. 
• The possible Alternatives are: (ALT 1) binaural HAs to be-

come the normal fitting practice, (ALT 2) no change in pol-
icies (i.e., use of monaural HA), and (ALT 3) other means 
of support to be considered (in case that none of alternatives 
(ALT 1) and (ALT 2) are clearly supported by the evidence 
generated by the BDA process. 

• The Criteria are: 
 Criterion 1: Predicted average daily usage of single 

HA users to be less than predicted average daily usage 
of two HA users [(HA1+HA2)/2] with a minimum dif-
ference of 20% AND for binaural fitting users with is-
sue delta: predicted average daily usage of single use 
period less than predicted average daily usage of two 
HAs use period AND NOT predicted average daily us-
age for all cases less than 2 hours (concerning ALT 1) 

 Criterion 2: Predicted average daily usage of single 
HA users to be greater than 120% of predicted average 
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daily usage of two HA users [(HA1+HA2)/2] AND for 
binaural fitting users with issue delta: predicted aver-
age daily usage of single use period greater than 120% 
of predicted average daily usage of two HA use period 
AND NOT predicted average daily usage for all cases 
less than 2 hours (concerning ALT 2) 

 Criterion 3: Predicted average daily usage for all cases 
less than 2 hours (concerning ALT 3) 

Furthermore, there are two data analytics tasks in the model: 
(1) to predict and compare the average daily usage of single HA 
users with a single HA vs those with two HAs (DAT_1), and (2) 
to predict and compare the average daily usage of binaural fitting 
users from the period of using one HA vs the period of using 
both HAs (DAT_2). Table I shows how we express the instances 
of the above-mentioned data analytics tasks in OWL. 

TABLE I. INSTANCES IN OWL 

 

Also, for the preparation of the mandatory data mining tasks 
the PHPDM model defines the following pre-processing tasks: 

• a task to prepare dataset of single HA users 

• a task to prepare dataset of two HA users  

• a task to prepare dataset of the single period of usage of two 
HA users 

• a task to prepare dataset of the two hearing-aid period of 
usage of two HA users  

Additionally, we need a test set to get the predictions results 
from the execution of the generalisations. To achieve this, the 
PHPDM model includes also a task for preparing the test dataset 
with all the available combinations of the attributes. 

The data mining tasks for the first data analytics task are: (i) 
to predict the average daily usage of single HA users and (ii) to 
predict the average daily usage of two HA users and for the sec-
ond one are: i) to predict the average daily usage of the single 
period of usage of two HA users and ii) to predict the average 
daily usage of the two-HA period of usage of two HA users. For 
each of the above data mining tasks we also insert an instance of 
DM-dataset which contains the data produced by the pre-pro-
cessing tasks described in the previous section. 

We used the following regression algorithms of WEKA: (a) 
Gaussian Processes, (b) Linear Regression, (c) Multilayer Per-
ception, (d) Support Vector Machine for Regression, (e) K-near-
est neighbours, (f) K*, (g) Locally weighted learning, (h)Addi-
tive Regression, (i) Bagging, (j) Cross-Validation Parameter Se-
lection, (k) Multischeme, (l) Random Committee, (m) Ran-
domisable Filtered Classifier, (n) Random Subspace, (o) Regres-
sion by Discretisation, (p) Stacking, (q) Vote, (r) Weighted In-
stances Handler Wrapper, (s) Input Mapped Classifier, (t) Deci-
sion Table, (u) M5Rules, (v) Zero R, (w) Decision Stump, (x) 
M5P, (y) Random Forest, (z) Random Tree, and (aa) Rep Tree. 

For each one of the 27 different algorithms, we added four 
different instances of data mining algorithm execution: one for 
each data mining task-dataset. 

For each of the 108 (i.e., 4x27) algorithm executions, we 
added an instance of Generalisation, an object property of type 
is_specified_output_of to associate the instances with the data 
mining execution instances, and a data property with the path, 
where each model is stored. Along with the algorithm execution, 
we also performed 10-fold cross validation. For each instance of 
the Generalisation class, we also inserted a data property of type 
has_output_details which contains the textual output details pro-
duced by WEKA and an instance of the root mean squared error 
class, to store its value separately. To define which generalisa-
tion should be selected for execution for each data mining task, 
we need to query the ontology to get the algorithm executions 
with the minimum root mean squared error.  

TABLE II. SPARQL QUERY 

 

Table II shows the query (in SPARQL code) which returns, 
for each data mining task, the produced generalisation with the 
minimum root mean squared error. After executing the above 
query, we select which generalisations should be executed. The 
selected generalisations are executed for: (i) Single HA users, 
(ii) Two HA users, (iii) One HA period of Binaural fitting users, 
and (iv) Two HA period of Binaural fitting users. From the gen-
eralisation executions, the following result datasets are pro-
duced: 
(i) result dataset of generalisation execution (Single HA users) 
(ii) result dataset of generalisation execution (Two HA users) 
(iii) result dataset of generalisation execution (One HA period 

of binaural fitting users) 
(iv) result dataset of generalisation execution (Two HA period 

of binaural fitting users) 

Individual: DAT_1 
      Types:  
        data_analytics_task 
Individual: DAT_2 
      Types:  
        data_analytics_task 
 

SELECT DISTINCT ?generalization ?dm_task WHERE { 
?task rdf:type evotion:data_analytics_task. 
?isabout rdfs:label "is about"@en. 
?dm_task ?isabout ?task. 
?algorithm_execution rdf:type  ontodm-core:OntoDM_000033. 
?is_concretization_of rdfs:label "is_concretiza-
tion_of"@en. 
?algorithm_execution ?is_concretization_of ?algorithm. 
?is_specified_output_of rdfs:label "is_specified_out-
put_of"@en. 
?generalization ?is_specified_output_of ?algorithm_execu-
tion. 
?error ?is_about ?generalization. 

?error ?has_value ?min_error_value{ 
SELECT  (MIN( DISTINCT ?error_value) as ?min_er-
ror_value) ?error WHERE { 
?algorithm_execution rdf:type  ontodm-core:On-
toDM_000033. 
?is_concretization_of rdfs:label "is_concretiza-
tion_of"@en. 
?algorithm_execution ?is_concretization_of ?algo-
rithm. 
?is_specified_output_of rdfs:label "is_specified_out-
put_of"@en. 
?generalization ?is_specified_output_of ?algo-
rithm_execution. 
?is_about rdfs:label "is about"@en. 
?error ?is_about ?generalization. 
?has_value rdfs:label "has value"@en. 
?error ?has_value ?error_value 
} GROUP BY ?error 

}} 
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After executing the generalisations, we finally have the data 
needed to figure out whether the criteria defined are fulfilled. 

For each Criterion, we proceed to a query execution and in-
sert an instance of the Value class, with an object property con-
taining a Boolean (“true” if the criterion is fulfilled, “false” oth-
erwise). Finally, we proceed to the identification of the proposed 
policy decisions by extracting the alternative with Value: “true”.  

The data mining algorithm execution and the generalisation 
execution process is summarised in Figure 5. 

 
Figure 5 Implementation Tasks Execution 

To test the above model, we used data from users of monau-
ral HA and compared them to data from users with binaural HAs. 
The data that we used were synthetic. More specifically, we gen-
erated data for 1000 monaural HA users and 1000 binaural HA 
users. Also, we generated data from 1000 HA users, who ini-
tially had one HA and after some time got a second HA. In gen-
erating data, we assumed that the average daily usage data for 
each patient was from 3 months of the monaural aid use period 
and 3 months from the binaural HAs period. The generation of 
the synthetic data set did not consider the HA user acclimatisa-
tion period, as we considered data coming 8 weeks after issuing 
the HA/second HA. For all the constructed data, we generated 
the gender, the age, as well as the type of hearing loss randomly. 
To produce better data mining results and to validate our proof 
of concept we also made the following assumptions when gen-
erating the test data: 

We generated the average daily usage according to the fol-
lowing conditions: 

• if the type of hearing is low, the average daily usage is a 
random number integer between 0 and 19199 seconds, 

• if the type of hearing is moderate, the average daily usage 
is a random number integer between 19200 and 38399 sec-
onds, and 

• if the type of hearing is severe, the average daily usage is a 
random number integer between 38400 and 57600 seconds. 

Additionally, to manipulate the produced decision of our 
proof of concept, we assumed that for the single aid users the 
random numbers generated as described above were reduced by 
30%. The same assumption was made also for the data produced 
for the single use period of the binaural fitting users. 

Finally, we generated the test dataset, which includes all the 
combinations of the independent variables, to perform the gen-
eralisation executions and get the prediction results. 

VI. CONCLUSIONS 

In this paper, we have introduced an approach and a platform 
supporting public health policy decision making based on evi-
dence produced by big data analytics processes. This approach 
is based on specifying public health policy decision making as 
instances of an ontology introduced for this purpose and execut-
ing them to support the public health policy decision making 

process. To demonstrate the use of our approach, we have used 
an example related to policy regarding provision of monaural or 
binaural HAs. 

Our approach and the platform supporting it is under devel-
opment. In particular, we are working on developing the scheme 
for transforming health policy decision making models into 
BDA processes onto specific BDA platforms (e.g. SPARK) and 
an experimental evaluation of our approach using real, non-syn-
thetic data. We are also working on the full axiomatisation of the 
ontology for the specification of PHPDM models. 
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Abstract—The pull-based model, widely used in distributed
software development, allows any contributor to fork a public
repository, package contributions as a pull-request, and then
merge back to the original repository. Code review is one of
the most significant stages in pull-based development. It ensures
that only high-quality pull-requests are accepted, based on
the in-depth discussion among reviewers. Thus, automatically
identifying what reviewers are talking about in the discussions
is benificial to better understand the code review process.

In this paper, we conduct a case study on three popular open-
source software projects hosted on GitHub and construct a fine-
grained taxonomy including 11 sub-categories for review com-
ments. We then manually label over 5,600 review comments, and
propose a Two-Stage Hybrid Classification (TSHC) algorithm to
classify review comments automatically by combining rule-based
and machine-learning techniques. Comparative experiments with
a text-based method achieve a reasonable improvement on each
project (9.2% in Rails, 5.3% in Elasticsearch, and 7.2% in
Angular.js respectively) in terms of the weighted average F-
measure.

Index Terms—Pull-request; code review; review comment;

I. INTRODUCTION

The pull-based development model is becoming increas-
ingly popular in distributed collaboration for open-source soft-
ware (OSS) development [4], [8], [10]. On GitHub 1 alone, the
largest social-coding community, nearly half of collaborative
projects (already over 1 million [9] in January 2016) have
adopted this model. In pull-based development, any contributor
can freely fork (i.e., clone) an interesting public project and
modify the forked repository locally (e.g., fixing bugs and
adding new features) without asking for the access to the
central repository. When the changes are ready to merge back
to the master branch, the contributors submit a pull-request,
and then a rigorous code review process is performed before
the pull-request get accepted.

Code review is a communication channel where integrators,
who are core members of a project, can express their concern
for the contribution [10], [20], [22]. If they doubt the quality
of a submitted pull-request, integrators make comments that
ask the contributors to provide several use cases or improve
the implementation. With pull-requests becoming increasingly
popular, most large OSS projects allow for crowd sourcing
of pull-request reviews to a large number of external de-
velopers [23], [24] concerned about the development of the

∗ Corresponding author.
DOI: 10.18293/SEKE2017-039
1https://github.com/

corresponding project to reduce the workload of integrators.
After receiving the review comments, the contributor usually
responds positively and updates the pull-request for another
round of review. Thereafter, the responsible integrator makes
a decision to accept the pull-request or reject it by taking all
judgments and changes into consideration.

Previous research has shown that code review, as a well-
established software quality practice, is one of the most
significant stages in pull-based development [17], [18], [23].
It ensures that only high-quality codes are accepted. Several
approaches have been proposed to study on how the code
review process influences pull-request acceptance [19], [25]
and latency [22], and software release quality [17]. However,
a few studies have systematically investigated the automatic
identification of what reviewers are talking about in the review
discussions which is benificial to better understand the code
review process.

In this paper, we conduct a case study on three popular
OSS projects hosted on GitHub to comprehensively understand
the categories of review comments from various stakeholders.
First, we construct a fine-grained taxonomy covering the
typical motivations of reviewers in joining the review process.
Second, we manually label a large set of review comments
according to the defined categories. With this dataset, we
propose TSHC, a two-stage hybrid classification algorithm
that is able to automatically classify review comments by
combining rule-based and machine-learning (ML) techniques.
The key contributions of this study include the following:

• A fine-grained and multi-level taxonomy for review com-
ments in the pull-based development model is provided
in relation to technical, management, and social aspects.

• A high-quality manually labeled dataset of review com-
ments, which contains more than 5,600 items, can be
accessed via a web page 2 and used in further studies.

• A high-performance automatic classification approach for
review comments is proposed. The approach leads to a
significant improvement in terms of the weighted average
F-measure, namely 9.2% in Rails, 5.3% in Elasticsearch,
and 7.2% in Angular.js, compared with the text-based
method.

The rest of this paper is organized as follows. Section II
introduces the pull-based development model. Section III
elucidates the approach of our study. Section IV elaborates

2https://www.trustie.net/projects/2455
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the research result. Section V presents related work, and
Section VI provides the conclusion and future work.

II. PRELIMINARY

On GitHub, a growing number of developers contribute
to the open source projects by using the pull-request mech-
anism [8]. As illustrated in Figure1, a typical contribution
process based on pull-based development model on GitHub
involves the following steps.

Fig. 1: Pull-based workflow on GitHub

Fork: Before contributing to an interesting project, the
contributor has to fork the original project.

Edit: After forking, the contributor can edit locally without
disturbing the main stream branch. He is free to do whatever
he wants, such as implementing a new feature or fixing bugs
according to the cloned repository.

Pull Request: When his work is finished, the contributor
submits the changed codes from the forked repository to its
source by a pull-request. Except for commits, the submitter
needs to provide a title and description to explain the objective
of his pull-request.

Test: Several reviewers play the role of testers to ensure
that the pull-request does not break the current runnable state.
They check the submitted changes by manually running the
patches locally or through an automated manner with the help
of continuous integration (CI) services.

Review: All developers in the community have the chance to
review that pull-request in the issue tracker, with the existence
of its description, changed files and codes, and test results.
After receiving the feedback from reviewers, the contributor
updates his pull-request by attaching new commits for another
round review.

Decide: A responsible manager of the core team considers
all the opinions of reviewers and merges or rejects the pull-
request.

III. APPROACH

The goals of our work are to build a taxonomy for review
comments in the pull-based development model and automate
the comment classification according to the defined taxonomy.

A. Taxonomy Definition

Previous work has studied the challenges faced by pull-
request reviewers and the issues introduced by pull-request
submitters [10], [20]. Inspired by their work, we decide to
comprehensively observe what reviewers are talking about in
code reviews rather than merely focusing on technical and
nontechnical perspectives.

We conducted a case study to determine the taxonomy
scheme, which is developed manually through an iterative
process of reading and analyzing review comments randomly
collected from three projects hosted on GitHub. This process
employs the following phases.

1) Preparation phase: The second author selects three
projects (i.e., Rails, Elasticsearch, and Angular.js) hosted
on GitHub according to project popularity (e.g., #star,
#fork, and #contributor) and maturity (e.g., project age,
and pull-request usage). Table I shows the key statistics
of the three projects in our dataset. Afterward, the first
author randomly selects review comments from the three
projects and labels each comment with a descriptive
message.

2) Execution phase: The first author divides the previously
labeled comments into different groups according to their
descriptive messages. Unlike the aggregation process in
card sorting [2], we initially set all comments to be in the
same group and iteratively divide the group. Each com-
ment is placed in the corresponding group(s). Through
a rigorous analysis of existing literature and our own
experience with working and analyzing the pull-based
model in the last two years, we first identify the first level
categories, which in turn are divided into other specific
groups.

3) Analysis phase: By referring to the recognition result in
the preceding phase, the second author abstracts taxon-
omy hierarchies and deduces general categories, which
forms a two-level taxonomy scheme. The first and second
authors, together with 10 other participants, verify the
correctness and completeness of this scheme and make a
final decision.

B. Two-Stage Hybrid Classification

To train the automatic classifier, we first manually labeled
a set of review comments according to the defined taxonomy.
For each project, we randomly sample 200 pull-requests (the
comment count of which is greater than 0 and less than 30)
per year from 2013 to 2015. Overall, 1,800 distinct pull-
requests and 5,645 review comments are sampled. Based on
this data set, we built TSHC which is illustrated by Figure 2.
TSHC consists of two stages that utilize comments text and
other information extracted from comments and pull-requests
respectively.
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TABLE I: Dataset of our experiments

Projects Language Application Area Hosted at #Star #Fork #Contributor #Pull-request #Comment
Rails Ruby Web Framework May. 20 2009 33906 13789 3194 14648 75102

Elasticsearch Java Search Server Feb. 8 2010 20008 6871 753 6315 38930
Angular.js JavaScript Front-end Framework Jan. 6 2010 54231 26930 1557 6376 33335

Fig. 2: Overview of TSHC

Stage One: The classification in this stage mainly utilizes
the text part of each review comment and produces a vector
of possibility (VP), in which each item is the possibility of
whether a review comment will be labeled with the corre-
sponding category.

Preprocessing is necessary before formal comment classifi-
cation. Reviewers tend to reference the source code, hyperlink,
or statement of others in a review comment to clearly express
their opinion, prove their point, or reply to other people.
These behaviors promote the review process but cause a
great challenge to comment classification. Words in these
reference texts contribute minimally to the classification and
even introduce interference. Hence, we transform them into
single-word indicators to reduce vocabulary interference and
reserve reference information. Specifically, the source code,
hyperlink, and statement of others are replaced with ‘cmm-
code’, ‘cmmlink’ and ‘cmmtalk’ respectively.

After preprocessing, a review comment is classified by a
rule-based technique, which uses inspection rules to match
the comment text for each category. Several phrases often
appear in the comments of a specific category. For instance,
“lgtm” (abbreviation of “looks good to me”) is usually
used by reviewers to express their satisfaction with a pull-
request. This type of phrases are discriminating and helpful in
recognizing the category of a review comment. Therefore, we
establish an inspection rule for each category, which is a set
of regular expressions abstracted from discriminating phrases.
A category label is assigned to a review comment, and the
corresponding item in VP is set to 1 if its inspection rule
matches the comment text. The following shows examples
of some regular expressions and the corresponding matched
comments.

• Example 1
– (blank|extra) (line|space)s?
– “Please add a new blank line after the include”

• Example 2
– (looks|seem)s? (good|great|useful|awesome)
– “Looks good to me, the grammar is definitely better.”

• Example 3
– (cc:?|wdyt|defer to|\br\?) (@\w+ *)+
– “/cc @fxn can you take a look please?”

• Example 4
– thanks?|thxs?|:(\w+)?heart:
– “@xxx looks good. Thank you for your contribution :yel-

low heart:”
The review comment is then processed by the ML-based

technique. ML-based classification is performed with scikit-
learn3, particularly the support vector machine (SVM) algo-
rithm. The comment text is tokenized and stemmed to a root
form [14]. We filter out punctuations from word tokens and
reserve English stop words because we assume that common
words play an important role in short texts, such as review
comments. We adopt the TF-IDF (term frequencyinverse doc-
ument frequency) model [3] to extract a set of features from
the comment text and apply the ML algorithm to text clas-
sification. A single review comment often addresses multiple
topics. Hence, one of the goals of TSHC is to perform multi-
label classification. To this end, we construct text classifiers
(TCs) for each category with a one-versus-all strategy. For
a review comment which has been matched by inspection
rule Ri (supposing that n categories of C1, C2, . . . , Cn exist),
each TC (TC1, TC2, . . . , TCn), except for TCi, is applied
and predict the possibility of this review comment belonging
to the corresponding category

Finally, the VP determined by inspection rules and text
classifiers are passed on to stage 2.

Stage Two: The classification in this stage is performed
on composed features. Review comments are usually short
texts. Our statistics indicates that the minimum, maximum, and

3http://scikit-learn.org/
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average numbers of words contained in a review comment are
1, 1527, and 32, respectively. The text information contained
in a review comment is limited to be used to determine its
category. Therefore, in addition to the VP generated in stage
one, we also consider the following other features related to
review comments.
Comment_length: This feature refers to the total number

of characters contained in a comment text after preprocessing.
Long comments are likely to argue about pull-request appro-
priateness and code correctness.
Comment_type: This binary feature indicates whether a

review comment is inline comment or issue comment. An
inline comment tends to talk about the solution detail, whereas
an issue comment is likely to talk about other “high-level”
issues, such as pull-request decision and project management.
Core_team: This binary feature refers to whether the

comment author is a core member of a project or an external
contributor. Core members are more likely to pay attention to
pull-request appropriateness and project management
Link_inclusion: This binary feature identifies if a com-

ment includes hyperlinks. Hyperlinks are usually used to
provide evidence when someone insists on a point of view or
to offer guidelines when someone wants to help other people.
Ping_inclusion: This binary feature refers to if a com-

ment includes ping activity (occurring by the form of “@
username”).
Code_inclusion: This binary feature denotes if a com-

ment includes the source code. Comments related to the
solution detail tend to contain source codes.
Ref_inclusion: This binary feature indicates if a com-

ment includes a reference on the statement of others. Such a
reference indicates a reply to someone, which probably reflects
further suggestion to or disagreement with a person.
Sim_pr_title: This feature refers to the similarity be-

tween the text of the comment and the text of the pull-request
title (measured by the number of common words divided by
the number of union words).
Sim_pr_desc: This binary feature denotes the similarity

between the text of the comment and the text of the pull re-
quest description (measured similarly as how sim_pr_title

is computed). Comments with high similarity to the title or
description of a pull-request are likely to discuss the solution
detail or the value of the pull request.

Together with the VP passed from stage 1, these features
are composed to form a new feature vector to be processed by
prediction models. Similar to stage 1, stage 2 provides binary
prediction models for each category. In the prediction models,
a new VP is generated to represent how likely a comment will
fall into a specific category. After iterating the VP, a comment
is labeled with class Ci if the ith vector item is greater than
0.5. If all the items of the VP are less than 0.5, the class
label corresponding to the largest possibility will be assigned
to the comment. Finally, each comment processed by TSHC
is marked with at least one class label.

IV. RESULT

A. Taxonomy

In the case study, we identified a fined-grained two-level
taxonomy which is illustrated by Table II. There are four
categories in the first level taxonomy, which are divided into
more specific sub-categories respectively. The first category
(Correctness) includes review comments which correct or
imporve the quality of changed codes, while the second
category (Decision) includes those that show reviewers’ di-
cision of whether or not permitting the pull-request to merge
back. In addition, reviewers are responsible to manage the
review process (Management) and intertact with contributors
(Interaction).

TABLE II: Complete taxonomy

Level-1 Level-2 Description

Correctness
Style points out extra blank line, etc.
Functionality figures out functionality defect, etc.
Test demands submitter to provide test case, etc.

Decision
Approval approves of the pull-request.
Disagreeing rejects to merge the pull-requestetc.
Questioning ask for more use cases .

Management
Roadmap states the development roadmap , etc.
Diversion assigns other reviewers.
Convention ask for formulating commit messages, etc.

Interaction Response thanks for what other people do, etc.
Encouragement agrees with others’ opinion, etc.

Although the first level taxonomy is more detailed than
previous work, we refined it further in the second level
taxonomy whose description can be seen in Table II. Moreover,
Table III shows some of the example comments.

TABLE III: Example comments

Category Example comments
Style “scissors: this blank line”
Functionality “let’s extract this into a constant. No need to initial-

ize it on every call”
Test “this PR will need a unit test, I’m afraid, before it

can be merged”
Approval “PR looks good to me. Can you ...”
Disagreeing “I do not think this is a feature we’d like to accept.”
Questioning “Can you provide a use case for this change?”
Roadmap “Closing as 3-2-stable is security fixes only now”
Diversion “/cc @fxn can you take a look please?”
Convention “Can you squash the two commits into one and also

put [ci skip] in the commit message”
Response “Thank you. This feature was already proposed and

it was rejected.”
Encouragement “:+1: nice one @cristianbica”

B. Evaluation of TSHC

In the evaluation, we design a text-based classifier (TBC)
as a comparison baseline. TBC uses the same preprocessing
techniques and SVM models as used in TSHC. Classification
performance is evaluated through a 10-fold cross validation,
namely, splitting review comments into 10 sets, of which nine
sets are used to train the classifiers and the remaining set is
for the performance test. The process is repeated 10 times.
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TABLE IV: Classification performance on Level-2 subcategories

Rails Elasticsearch Angular.js
TBC TSHC TBC TSHC TBC TSHCCat.

Prec. Rec. F-M Prec. Rec. F-M Prec. Rec. F-M Prec. Rec. F-M Prec. Rec. F-M Prec. Rec. F-M
Style 0.75 0.57 0.66 0.88 0.67 0.78 0.75 0.46 0.61 0.85 0.58 0.72 0.54 0.26 0.40 0.76 0.78 0.77
Functionality 0.63 0.84 0.74 0.71 0.86 0.79 0.67 0.92 0.80 0.77 0.82 0.80 0.65 0.71 0.68 0.69 0.71 0.70
Test 0.59 0.46 0.53 0.74 0.78 0.76 0.66 0.55 0.61 0.60 0.52 0.56 0.64 0.63 0.64 0.75 0.77 0.76
Approval 0.56 0.35 0.46 0.73 0.58 0.66 0.92 0.84 0.88 0.91 0.88 0.90 0.83 0.72 0.78 0.84 0.79 0.82
Disagreeing 0.50 0.26 0.38 0.63 0.43 0.53 0.65 0.36 0.51 0.80 0.67 0.74 0.63 0.48 0.56 0.61 0.51 0.56
Questioning 0.47 0.21 0.34 0.60 0.36 0.48 0.33 0.11 0.22 0.38 0.26 0.32 0.45 0.51 0.48 0.47 0.49 0.48
Roadmap 0.79 0.66 0.73 0.79 0.72 0.76 0.75 0.39 0.57 0.75 0.68 0.72 0.49 0.31 0.40 0.83 0.64 0.74
Diversion 0.83 0.77 0.80 0.98 0.78 0.88 0.57 0.35 0.46 0.88 0.90 0.89 0.35 0.16 0.26 0.96 0.67 0.82
Convention 0.83 0.76 0.80 0.90 0.81 0.86 0.94 0.57 0.76 0.96 0.76 0.86 0.85 0.76 0.81 0.83 0.82 0.83
Response 0.98 0.93 0.96 0.99 0.98 0.99 0.91 0.84 0.88 0.93 0.95 0.94 0.90 0.80 0.85 0.94 0.93 0.94
Encouragement 0.80 0.66 0.73 0.89 0.87 0.88 0.87 0.67 0.77 0.92 0.91 0.92 0.93 0.62 0.78 0.98 0.92 0.95
AVG 0.71 0.67 0.69 0.80 0.76 0.78 0.79 0.75 0.77 0.83 0.81 0.82 0.71 0.64 0.67 0.76 0.73 0.75

Table IV shows the precision, recall, and F-measure provided
by different approaches for Level-2 categories. Our approach
achieves the highest precision, recall, and F-measure scores in
all categories with only a few exceptions.

To provide an overall performance evaluation, we use the
weighted average value of F-measure [26] of all categories
by the proportions of instances in that category. Equation 1
describes the formula to derive the average F-measure. In the
equation, the average F-measure is denoted as Favg , the F-
measure of the ith category as fi, and the number of instances
of the ith category as ni.

Favg =

∑11
i=1 ni ∗ fi∑11

i=1 ni

(1)

The table indicates that our approach consistently outper-
forms the baseline across the three projects. Compared with
that in the baseline, the improvement in TSHC running on each
project in terms of the weighted average F-measure is 9.2%
(from 0.688 to 0.780) in Rails, 5.3% (from 0.767 to 0.820) in
Elasticsearch, and 7.2% (from 0.675 to 0.747) in Angular.js.
These results indicate that our approach is highly applicable
in practice.

We further study the review comments miscategorized by
TSHC. An example is that “While karma does globally install
with a bunch of plugins, we do need the npm install because
without that you dont get the karma-ng-scenario karma plu-
gin.”. TSHC classifies it as belonging to Functionality, but it is
actually a Disagreeing comment. The reason for this incorrect
predication is twofold, namely, the lack of explicit discrim-
inating terms and the too specific expression for rejection.
Inspection rule of Disagreeing is unable to matched because
of the lack of corresponding mathcing patterns. ML classifiers
tend to categorize it into Functionality because the too specific
expression of opinion makes it more like a low-level comment
about code correctness instead of a high-level one about the
pull-request decision.

We attempt to solve this problem by adding factors (e.g.,
Comment_type and Code_inclusion) in stage 2 of TSHC,
which can help reveal whether a review comment is talking
about the pull-request as a whole or the solution detail. Al-

though the additional information improves the classification
performance to some extent, it is not sufficient to differentiate
the two types of comments. We plan to address the issue
by extending the manually labeled data set and introducing
a sentiment analysis.

V. RELATED WORK

A. Code Review

Code review is employed by many software projects to
examine the change made by others in source codes, find
potential defects, and ensure software quality before they are
merged [5], [12]. Traditional code review, which is also well
known as the code inspection proposed by Fagan [7], has
been performed since the 1970s. However, its cumbersome
and synchronous characteristics have hampered its universal
application in practice [2]. With the occurrence and devel-
opment of VCS and collaboration tools, Modern Code Re-
view (MCR) [16] is adopted by many software companies
and teams. Different from formal code inspections, MCR is
a lightweight mechanism that is less time consuming and
supported by various tools. While the main motivation for code
review was believed to be finding defects to control software
quality, recent research has revealed that defect elimination is
not the sole motivation. Bacchelli et al. [2] reported additional
expectations, including knowledge transfer, increased team
awareness, and creation of alternative solutions to problems.

B. Pull-request

Although research on pull-requests is in its early stages,
several relevant studies have been conducted. Gousios et
al. [8], [15] conducted a statistical analysis of millions of
pull-requests from GitHub and analyzed the popularity of pull-
requests, the factors affecting the decision to merge or reject
a pull-request, and the time to merge a pull-request. Tsay
et al. [19] examined how social and technical information
are used to evaluate pull-requests. Yu et al. [25] conducted
a quantitative study on pull-request evaluation in the context
of CI. Moreover, Yue et al. [24] proposed an approach that
combines information retrieval and social network analysis
to recommend potential reviewers. Veen et al. [21] presented
PRioritizer, a prototype pull-request prioritization tool, which
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works to recommend the top pull-requests the project owner
should focus on.

C. Classification on Free Text

Several studies have been performed to analyze free text
generated in the software development process. Antoniol et
al. [1] conducted a survey on 1,800 issues from the BTS
of three large open-source systems and concluded that the
linguistic information contained in these issues is sufficient
to distinguish “bug” issues from “non-bug” ones. Later on,
Pingclasai et al. [13] used topic modeling to classify bug re-
ports. Herzig et al. [11] conducted a fine-grained classification
on 7,000 issue reports and analyzed the classification results
of early research. Zhou et al. [26] proposed a hybrid approach
by combining text-mining and data-mining techniques to au-
tomatically classify bug reports. Ciurumelea et al. [6] studied
reviews on mobile apps, proposed an approach to automati-
cally organize reviews according to predefined tasks (battery,
performance, memory, privacy, etc.), and recommended the
related source code that should be modified.

VI. CONCLUSION&FUTURE WORK

In this paper, we conduct a case study on three popular
OSS projects hosted on GitHub, and construct a fine-grained
taxonomy including 11 sub-categories for review comments.
According to the defined taxonomy we manually label over
5,600 review comments and propose a two-stage hybrid classi-
fication algorithm to automatically classify review comments.
The comparative experiment results show that our approach
can return reasonably good results for most categories.

Nevertheless, TSHC performs poorly on a few Level-2 sub-
categories. More work could be done in the future to improve
it. we plan to address the shortcomings of our approach by
extending the manually labeled data set and introducing a
sentiment analysis. Moreover, we will try to improve reviewer
recommendation and pull-request prioritization based on the
result in this paper.
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Abstract—Nowadays, software developers are increasingly
involved in GitHub and StackOverflow, creating a lot of valuable
data in the two communities. Researchers mine the information in
these software communities to understand developer behaviors,
while previous work mainly focuses on mining data within a
single community. In this paper, we propose a novel approach to
mining developer behaviors across GitHub and StackOverflow.
This approach links the accounts from two communities using a
CART decision tree, leveraging the features from usernames, user
behaviors and writing styles. Then, it explores cross-site developer
behaviors through T-graph analysis, LDA-based topics clustering
and cross-site tagging. We conducted several experiments to
evaluate this approach. The results show that the precision and
F-Score of our identity linkage method are higher than previous
methods in software communities. Especially, we discovered that
(1) active issue committers are also active question askers; (2)
for most developers, the topics of their contents in GitHub are
similar to that of their questions and answers in StackOverflow;
(3) developers’ concerns in StackOverflow shift over the time of
their current participating projects in GitHub; (4) developers’
concerns in GitHub are more relevant to their answers than
questions and comments in StackOverflow.

Index Terms—Identity Linkage; Developer Behavior Mining;
Machine Learning; GitHub; StackOverflow

I. INTRODUCTION

In recent years, software developers are intensively in-
volved in open source software development communities (e.g.
GitHub) and knowledge sharing communities (e.g. StackOver-
flow). As developers continuously contribute to or exchange
ideas through these communities, a lot of development data
and knowledge are accumulated there. According to the data
from ghtorrent1 and archive.org2, there are more than 20
million repositories and 5 million developers in GitHub, 30
million posts and 6 million users in StackOverflow as of
August 2016. It is a great opportunity to understand char-
acteristics and working habits of software developers through
analyzing and mining these data.

Previous studies mainly focus on mining data within a single
community [1] [2]. Meanwhile, it is more beneficial to conduct
cross-community behavior mining, as some deep behaviors
and developer relations can be discovered. Thus researches
have been conducted on linking accounts across software com-
munities and then making analysis. For example, Vasilescu [3]

DOI reference number: 10.18293/SEKE2017-062
1http://www.ghtorrent.org
2https://archive.org/download/stackexchange

tried to find some associations between software development
and crowdsourced knowledge, although the cross-site analysis
is still quite simple.

Generally, we are facing three challenges when mining
developer behaviors across software communities:

1) Identity linkage problem. The traditional social network
relies on user names and email addresses for linking
identities between communities. However, StackOver-
flow has no longer provided users’ email addresses. Thus
it lacks strong evidence for linking users with the same
identities between GitHub and StackOverflow.

2) Data heterogeneous problem. Data across different soft-
ware communities is heterogeneous. For example, labels
of repositories in GitHub are programming languages,
but those of Q&As in StackOverflow are technical terms.

3) Association mining. After identity linkage, it is also
challenging to find the associations of developer behav-
iors across GitHub and StackOverflow, and recover the
latent, valuable information of these data.

To address these challenges, this paper proposes a novel
approach to mining developer behaviors across GitHub and
StackOverflow, as shown in Fig. 1. It consists of two phases:
identity linkage and behavior mining. At the identity linkage
phase, we extract the features from the developer profile and
behavior data, including the similarity between usernames,
user behaviors, and user writing styles. And then classification
and regression tree (CART) algorithms are applied to link the
accounts of developers between GitHub and StackOverflow. At
the behavior mining phase, we raise three research questions
for exploring the patterns on developer behaviors across these
two software communities. Statistics, Natural Language Pro-
cessing (NLP) and machine learning technologies are adapted
to analyze and mine the merged developer behavior data.

Our main contributions are summarized as follows:

1) We propose an approach to mining cross-site developer
behaviors. It links identities between GitHub and Stack-
Overflow by leveraging features from usernames, user
behaviors, and writing styles, using CART decision tree.
And then it mines the merged developer behavior data
to find some valuable observations.

2) We conducted several experiments to evaluate the min-
ing approach. The results show that the precision and
F-Score of our identity linkage method are higher than
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previous methods in software communities. Especially,
we discovered that (1) active issue committers are also
active question askers; (2) for most developers, the top-
ics of their contents in GitHub are similar to that of their
questions and answers in StackOverflow; (3) developers’
concerns in StackOverflow shift over the time of their
current participating projects in GitHub; (4) developers’
concerns in GitHub are more relevant to their answers
than questions and comments in StackOverflow.

II. RELATED WORK

A. Identity Linkage in Software Communities

Several methods have been proposed to solve the identity
linkage problem in software communities. A simple algorithm
[4] was proposed by Goeminne using several simple rules to
judge if two user pairs are the same person. Bird et al. [5]
proposed a more advanced algorithm that some text similarity
metrics are used, such as Levenshtein distance. Furthermore,
a semantic-based method LSA was proposed to link users by
Erik [6]. However, these methods didn’t use username as the
most important one of features to improve prediction accuracy,
nor do they take full advantage of the textual information left
by developers in software development.

B. Mining Developer Behaviors on Software Communities

There are many researches focusing on mining the data from
a single community. For example, William [1] showed some
developer behaviors and sentiments from open source reposito-
ry mining; Christoph [2] argued that how do programmers ask
ad answer questions on StackOverflow. On the other hand, Few
people studied the association between these two communities.
Bogdan [3] investigated the interplay between StackOverflow
activities and the development process in GitHub. They show
that the QA activity rate correlates with the code changing
activity. So, across software communities, there are still a lot
of patterns and insights to explore.

III. IDENTITY LINKAGE ACROSS SOFTWARE
COMMUNITIES

Accounts from GitHub and StackOverflow are less connect-
ed. Linking these accounts, which is called identity linkage,
is a prerequisite of behavior mining across these two commu-
nities. In this section, we define the identity linkage problem,
and then give our method, and its experimental results.

A. Problem Definition

Let P denote the collection of all natural persons, Ug denote
the collection of users in GitHub and Us denote the collection
of users in StackOverflow. Let T(u) = p be a mapping function
to map a user in GitHub or StackOverflow to a nature people
in the real world. Now our goal is to find such a function
f to solve the identity problem. For a user pair(c1,c2), where
c1∈Ug and c2∈Us, f(c1, c2)→ {0, 1}. If T(c1) = T(c2), which
means c1 and c2 refer to the same nature people, f(c1, c2)
equals 1, else f(c1, c2) equals 0.

B. Feature Extraction

To solve the identity linkage problem defined above, we
extract three kinds of features to calculate the similarities
between two users firstly. Then we use a ground-truth data
collection based on all these features as the input data and
apply CART Decision Tree, a machine learning algorithm,
to train an identity linkage model. Finally, each user pair is
assigned a probability by the model. Here, these features are
presented in detail, which are username features, user behavior
features, and writing style features.

1) Username Features: Since people usually use similar
usernames in different communities, it is very significant to
extract useful features from usernames. Four string matching
algorithms are chosen to measure the username similarity
features: (1) levenstein distance, which is the number of
transfers needed to transfer one string to another one; (2)
jaro winkler distance, which is commonly used for measuring
the similarity of short strings especially for usernames; (3)
longest common substring, which is the longest string which
is a substring of two strings; (4) longest common subsequence,
which is the longest subsequence common to two strings.

The value of the jaro winkler distance is in the range [0,1],
and we compute the ratio and transfer the value of the other
three methods in the same range. In the experiments, we will
set all these metrics as features to predict the identity linkage
using the decision tree model, and two of them with the best
performance will be chosen.

2) User Behavior Features : Existing empirical studies
about social behaviors (e.g., [7]) show that, a user’s social
behavior exhibits a surprisingly high level of consistency
across different communities over a sufficiently long period
of time. It is rational to hypothesize that two users in GitHub
and StackOverflow correspond to the same nature people in
real world if they have a high level of synchrony.
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For each repository in GitHub or each question in Stack-
Overflow, there is a tag labeled to describe the programming
language or relational technologies. Therefore, we can obtain
topics in user behaviors with these tags, and measure the
similarity of two user behaviors by the distribution similarity
of the topics in their behaviors.

However, the tagging systems in these communities are
very different. For example, the number of tags in GitHub
and StackOverflow are 57 and 21300 respectively. Tags in
GitHub are marked by the system automatically but by users
themselves in StackOverflow. To solve this problem, we con-
verse those synonymous tags into the same tags based on a
synonyms relation3, and a common set of all tags both in
GitHub and StackOverflow are extracted. Then these tags are
used to build the distribution of topics in user behaviors.

Another problem we encountered is, people are not always
using different communities at the same time so that amount
of information could be missing in such a process. Therefore
we propose a user behavior matching method inspired by bio-
stimulation [8] to reduce the impact of that problem. The main
idea of the bio-stimulation is that the maximum stimulation
from a pooled signal set plays a significant role for perception.
So we segment the user behaviors by different time period. For
example, we divide developers’ behaviors into four quarters
for each year and three months for each quarter.

Suppose each user pair (u1,u2) where u1 ∈ GitHub and u2 ∈
StackOverflow. For each month, we obtain all the language
tags of the projects u1 in GitHub and get a tag distribution for
the tags belong to the common set. At the same time, we also
catch all the questions u2 asked on the StackOverflow in this
month and get a tag distribution. Then, a cosine similarity is
used to measure the user behaviors similarity for the month,
denoted as smr(i). Following formula is defined to calculate
the similarity of user behaviors for a quarter and for a year,
where N is the number of months. In our experiment, we
measure an average similarity of user behaviors per year, as
the final behavior similarity between two users.

Smr =
1

N
(

N∑
i=1

(smr(i))q)
1
q , q ≥ 1 (1)

3) Writing Style Features: Most of user generated data in
the GitHub and StackOverflow are textual. Some studies [9]
[10] [11] have shown that the user’s writing style can help to
achieve reliable results in user recognition situations. So we
apply the method in [11] to extract user writing style features,
listed in table I. Then, the writing style similarity between two
users is measured by KL-divergence, using those features.

C. Identity Linkage

With all the features above, we train a identity linkage model
on a ground-truth data set, using classification and regression
tree (CART). By this model, we can obtain the probability of
whether the user pair refer to the same user. And then, the
identity linkage problem is converted to a matching problem

3http://stackoverflow.com/tags/synonyms

TABLE I: WRITING STYLE FEATURES

Feature Definition
Length number of different words
Vocabulary richness frequency of hapax legomena, ddis legomena
Word shape frequency of words with different combinations of

upper and lower case letters
Word length frequency of words that have 1-20 characters
Letters frequency of a to z, ignoring case
Digits frequency of 0 to 9
Punctuation frequency of . ? ! , ; ” ( )
Function words frequency of words like ’the’, ’of’, and ’then’

in bigraph. Suppose user u1 in GitHub and each candidate user
u2 in StackOverflow, a conditional Heuristic Greedy Matching
(HGM) is used to avoid false positive matching and finally
generate a candidate user pair as (u1,u2).

For example, in Fig. 2, each user pair has a probability
which is assigned by the CART decision tree. In HGM, as
shown in Fig. 2(a), the information generation of each user
is calculated firstly. Suppose user X is the owner of the most
information and his best candidate is X’. User pair (X, X’)
will be the first linkage selected by HGM because (X, X’)
shares the highest probability. After selecting, X and X’ will be
deleted in the candidate list before our next matching. Finally,
three user pairs (X, X’), (Y, Y’) and (Z, Z’) are matched shown
in Fig. 2(b).
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Fig. 2: An Example of Heuristic Greedy Matching Algorithm

D. Experiments

The experiment data is from ghtorrent1 and archive.org2

before May, 2016. To construct the ground-truth data, users’
profile urls are used as the evidence to verify who are the same
users. As the result, 16,000 users are linked corresponding to
8,000 people and we divide them into 5 groups and adopt
5-folder cross validation to evaluate the performance of our
method.
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Fig. 3: Results for Combination of Different Username Metrics

1) Selection of Username Metrics: With the decision tree
model, all potential combinations from 4 metrics are set as
features to do prediction, and the best combination is selected.
The result is illustrated in Fig. 3, where levenstein distance,
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longest common substring, longest common subsequence and
jaro winkler distance are abbreviated by 1,2,3 and 4 re-
spectively. The experiment shows that the combination of
levenstein distance and longest common subsequence has the
best performance.
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Fig. 4: Contribution for Different Features

2) Feature Contribution: In this experiment, all kinds of
features above are used to train the decision tree model. They
are username similarity (abbreviated by U), user behavior
similarity (abbreviated by B), and user writing style similarity
(abbreviated by W). Fig. 4 illustrates how the model is
affected by each feature and the combination of features. It
is demonstrated that the model trained with all features has
the best performance.
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Fig. 5: Comparison with Other Methods

3) Comparison with Other Methods: We compare our
method with the TBIL [12] method and the Bird’s method
[5]. Bird focuses on the username and email address of users.
The TBIL is a state-of-the-art method, which uses usernames,
user topics and user skills as features. Fig. 5 illustrates the
result of the comparison. Bird’s method achieves a high
precision (around 0.91), but low recall and F-Score. That is
because not all user use similar usernames among different
communities and some users don’t offer their email addresses.
Since the TBIL uses a full matching strategy, it achieves a
same precision, recall and F-Score (0.718). Our method has
a good precision and recall, and get the best F-Score (around
0.75). Compared to those methods, our method adopts a bio-
stimulation method with more features, which can analyze the
user’s topics and actions meticulously, and thus has a better
performance. Furthermore, we use a conditional greedy-based
matching to avoid false positive matching, since not all users
have two different accounts in GitHub and StackOverflow.

IV. MINING DEVELOPER BEHAVIOR

After identity linkage, we will explore the developer behav-
ior patterns across GitHub and StackOverflow in this section.

A. Research Questions

Three main research questions are designed as follows:

RQ1: Do one developer’s activities in GitHub reflect
his activities in StackOverflow? If yes, how?

We wonder if the developer’s behaviors in GitHub and
StackOverflow are relevant, and if the productivity of GitHub
developer is relevant to his participation in StackOverflow. For
example, are active issue committers in GitHub also active
question askers in StackOverflow?

RQ2: How is the relevance of developers’ concerned
topics between GitHub and StackOverflow?

By our experience in software development, if a developer
who participates in the development of a java project will
encounter a lot of java errors or problems, then he is very likely
to concern on java-related contents in knowledge-sharing com-
munity. Therefore, we attempt to know how is the relevance
of developers’ concerned topics between GitHub and Stack-
Overflow and if the developers’ concerns in StackOverflow
will shift over the time of their current participating projects
in GitHub. By collecting the developers’ textual contents in
GitHub and StackOverflow, we will measure the similarity
between their topics.

RQ3: Which kind of activities in StackOverflow is
more relevant to the developer’s concerns in the software
development process?

We will also explore which one will be closer to developers’
concerned topics in GitHub among their questions, answers
and comments in StackOverflow and which activity in Stack-
Overflow is more representative of what developers concern
in the software development process.

B. Behavior Mining

Guided by the above research questions, we collect and
extract following developer behavior data from GitHub and
StackOverflow: the number of developers’ repositories in
GitHub; the number of developers’ questions, answers, com-
ments and age in StackOverflow; descriptions (or readme file)
of repositories, and issue data in GitHub; and textual contents
of questions, answers and comments in StackOverflow. On this
data, we conduct following analysis and mining:

1) T-graph Analysis: We summarize the results of T [13],
a multiple contrast test procedure using 5% family-wise error
rate, by means of T-graphs [14] showed in Fig. 7. The edges
correspond to the results of the pairwise comparisons and
nodes to the different groups being compared in such a
directed acyclic graph. For example, if A have a higher value
than B for a given metric, there is an edge from A to B (A→B).

2) LDA-based Topic Clustering: We merge all one’s docu-
ments before applying LDA, because a user always generate
more than one document. Firstly, Each document must be
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converted to a bag of-words vector because the LDA method
is a bag-of-words model. For each document, Stopwords4 such
as ’is’ and ’the’ need to be removed. Then, we use stemming
to convert words into their root form5 and remove some low
frequency (no more than 20 times in all documents) words.
After that, we set these text vectors of all documents as
input, and apply the LDA method to get each user’s topic
distribution. We use the approach designed by [15] to decide
the number of topics K by experiments. Finally, we measure
the similarity of topic distributions by the symmetrical KL-
divergence.

3) Cross-site Tagging: The tagging systems in StackOver-
flow and GitHub are very different. According to the prin-
ciples set forth in [12], we can use a method to mark
GitHub with tags in StackOverflow based on cross-site tagging
which consists of two steps: (1) Unnecessary tags removal
in StackOverflow. Interestingly, we found that 20% of tags
could cover all questions in StackOverflow by experiments.
Therefore, we remove some low frequency tags and rewrite the
remaining 80% tags by some rules [12]. (2) Tag transfer from
StackOverflow to GitHub. Since all questions and answers in
StackOverflow (every answer is linked to a tagged question)
are marked, these tagged data are used to train a naive
Bayesian model for text classification. Then each repository
in GitHub is labelled and gets a tag distribution TD using this
model, based on the text contents in the readme file or project
instruction.

After cross-site tagging, we calculate the co-occurrence of
every two labels and apply the spreading activation to get more
related labels. In one iteration (Fig. 6), the spreading activation
method propagates corresponding similarity to other tags with
its weight. And then, we measure the similarity of the tag
distribution by symmetric KL-divergence.
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html 
0.0

matlab
0.00.0

0.0
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0.7

html 
0.56

matlab
0.00.0

0.0

Fig. 6: An Example of Spreading Activation in One Iteration

C. Experiments and Findings

We conduct several experiments by the above technologies
to answer three research questions.

For RQ1, we observe the distributions of the number of
issues and questions. For each ordered pair of issues and
questions, with the data sorted along one dimension, we
split the other dimension into many groups and compare the
distributions.

We perform experiments with our groups being quartiles.
Fig. 8 shows that the most and second active 25% of the issue
committers (Q1&Q2) ask more questions in StackOverflow
than other quartiles (Q3&Q4), but Q1 and Q2 can not be

4http://www.textfixer.com/resources/commonenglish-words.txt
5The stemming package is in http://www.nltk.org/api/nltk.stem.html
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Fig. 9: Relationship Between the Num of Questions and the Num of Issues.

distinguished. This phenomenon is consistent with the result
using polynomial fitting as shown in Fig .9 that active issue
committers are also active question askers.

Active issue committers are also active question askers.

For RQ2, we measure everyone’s similarity of his textual
contents between GitHub and StackOverflow by LDA and
the tagging system. The similarities of developers are sorted
from low to high, and illustrated by a fitting curve in Fig.
10. It’s easy to observe in the figure that a small amount
of developers’ value is very low (only 0 to 0.28), but large
number of developers have the similarity value from 0.3 to 0.5.
The similarity between the contents of developers concerns
in GitHub and StackOverflow is about 0.45. In addition, the
experimental result shows that the cross-site tagging system
outperforms the LDA method, because those tags maintained
by StackOverflow already have a high degree of summary of
the textual content.
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Fig. 10: The Similarity Measured by Cross-site Tagging System and LDA

For most developers, the topics of their contents in
GitHub are similar to that of their questions and answers
in StackOverflow.

And then, we conduct in-depth research on RQ2. Suppose
a developer participates in the project R, the readme file
or description text of R is set to Dg , and the developer’s
direct participation in the project R starts at time Ts. Set
the time interval ∆t months, we obtain all questions, answers
and comments of this developer in StackOverflow in Ts±∆t
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and set to Ds. Then, the tagging system helps us to get the
tag distribution for all Ds and Dg , and the KL-divergence is
used to calculate the similarity between Ds and Dg . In this
experiment, we set ∆t to 4,6,8,10,12 and 14. And for each ∆t,
we simply filter out the upper and lower 10% extremum of
the calculated similarities. The median value of the remaining
similarity data is taken as the ordinate, and the abscissa is
∆t as shown in Fig. 11. When ∆t is 8 or 10, the contents
that developers concerned about in GitHub and StackOverflow
have the highest correlation, and the similarity is low when
∆t is less than 8 or greater than 10. So, we speculate that
developers will pay more attention to some of the project-
related areas in a period of time.
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Fig. 11: The Similarity Changed With the Time of Projects

Developers’ concerns in StackOverflow shift over the
time of their current participating projects in GitHub.

For RQ3, we respectively compare the questions, answers,
and comments of each developer in StackOverflow to the
textual contents they left in GitHub. Fig. 12 shows that
the textual contents that developers left in GitHub are more
relevant to their answers than questions and comments in
StackOverflow. In another word, the developer’s answers are
more representative of what developers concern in the software
development process.
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Fig. 12: Comparing Different Activities in SO to Contents in GH

The contents of developers’ concerns in GitHub are
more relevant to their answers than questions or com-
ments in StackOverflow.

V. CONCLUSION AND FUTURE WORK

In this paper, we propose a novel approach to developer
behavior mining across GitHub and StackOverflow. It links the
accounts from GitHub and StackOverflow, by leveraging the
features from usernames, user behaviors and writing styles.

Then, it mines developer behavior data across these two
communities, and gains some valuable findings.

In the future, we plan to research the identity linkage
problem among more than two software communities and
continue to explore how StackOverflow influences GitHub,
for example, what kind of issues or problem always be post
to StackOverflow and what are the performance of software
developers with different programming abilities in these two
communities.
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Abstract
Analyzing behaviours of developers in different plat-

forms (in particular, GitHub and Stack Overflow in this pa-
per) can reveal interesting facts related to development ac-
tivities. There are only few datasets for analysing cross-
platform user behaviours, especially across GitHub and
Stack Overflow. Users on GitHub and Stack Overflow are
identifiable by equivalences of email addresses. In order to
increase the number of identifiable users on these datasets,
this paper retrieves potentially identifiable users between
GitHub and Stack Overflow not relying only on email ad-
dresses. This paper employs a classification-based link pre-
diction, which design the user identification problem as a
link prediction problem on the bipartite graph consisting
of users of GitHub and those of Stack Overflow. With the
identification method, this paper generates a probabilistic
dataset containing pairs of users with probabilities (or con-
fidences). This paper, as well, publishes the identification
tool in order to enable further data generation on appear-
ing datasets of GitHub, Stack Overflow and others. The
generated dataset and tool are highly helpful to accelerate
researches on mining software repositories.

1. Introduction
Mining software repositories (or MSR) has become a

largest and important research area not only in software
engineering but also other data scientific research areas
such as data mining and social network analysis. In par-
ticular, cross-platform analysis is a promising analytical
task, however, few researches have studied is on software-
relatred platforms. Software-related platforms including
public software repository sites like GitHub1 and Q&A sites
like Stack Overflow2 contain lots of knowledge related to
software and programming. Many people are related to
software repositories, for instance, software developers and
software users, and they ask several questions on Q&A sites
about software developments, software how-to, parameter

1https://github.com/
2http://stackoverflow.com/

settings of software, etc. Therefore, analysing not only soft-
ware themselves but also activities of related people in other
platforms may reveal highly important and useful facts for
software engineering, for instance, users’ activity relation-
ship analysis on two or more platforms, and recommending
related repositories and question-answers for improving de-
velopments in projects.

However, even though cross-platform analysis is emerg-
ing topic, available datasets related to software repositories
are limited due to privacy issues and other concerns. In
fact, there are lots of software repositories potentially on the
Web, only a few of them however are open in public in the
form of datasets (e.g., database snapshots of GitHub [1] and
Stack Overflow [2]). Additionally, even if such databases
are available, connecting two or more software repositories
for cross-platform analysis is still problematic, especially,
connecting two users on the different platforms is a hard
task. This is mainly because of the lack of common identi-
ties of users. Names, affiliations, occupations, etc. do not
solely work well to identify users on different repositories.

This paper attempts to connect users on GitHub [1] and
Stack Overflow [2] whose datasets are published in the pre-
vious MSR conferences. A straightforward and sure match-
ing approach to connect users on GitHub and Stack Over-
flow is that checking equivalences of MD5-hashed user
emails of GitHub and pre-hashed user emails of Stack Over-
flow (as discussed in [3]). The number of users matched
in the above matching approach is 53760, while that of
GitHub users is 499,485 and that of Stack Overflow users
is 1,295,620. This indicates that only 10.763% of GitHub
users and 4.149% of Stack Overflow users are matched in
the above matching approach. It is highly possible that
more users can be matched, of whom cannot be matched
via emails. Thus, this paper attempts to enhance the match-
ing results with matchings which are not available only by
email address information.

This paper reports a development of user identifications
among repositories, namely, GitHub and Stack Overflow.
This research models the user identification problem as a
link prediction problem [4], which can also be modeled as a
classification problem determining whether a pair of users is

DOI reference number: 10.18293/SEKE2017-109
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Figure 1: Overview of the proposed link prediction-based user identification. In the learning phase, user identification module
processes users in GitHub and Stack Overflow datasets to identify users and generate a (user-pair × attribute-combination)
matrix for learning which consists of similarities between users in terms of attributes. The predicting phase firstly generates
a (user-pair × attribute-combination) matrix in the way analogous to the learning phase, and then trained classifiers in the
learning phase predicts whether each pair of users is identical.

identical. The classification problem handles training data
from [1] and [2], because users are identified by the same
email addresses (this paper assumes that same users have
same email addresses, and this assumption is same as [3]).
The training data have only positive examples, so as to clas-
sify whether users are identical, the classification problem
needs negative examples which users are surely not identi-
cal. Since there are far large number of negative examples
comparing with that of positive examples, data skewness
problem must be arisen. Data skewness problem is solved
by down-sampling technique [5]. With the selected train-
ing data, this paper tries representative classification meth-
ods including linear regression [6], logistic regression [6],
k-nearest neighbors [7], decision tree [8], and random for-
est [9], to observe which methods are feasible for user iden-
tification task. Experiments show that logistic regression,
decision tree, and random forest are fairly better than other
methods, and, interestingly, different weights of attributes
are derives in the three methods (cf. Figure 2(a) and Fig-
ure 2(b)).

This paper mainly contributes to share the extracted
datasets as well as a tool which identify users on GitHub and
Stack Overflow using aforementioned identification meth-
ods. The datasets are probabilistic because of the result of
statistical classification methods, however, the datasets are
still useful for cross-platform analysis with handling proba-
bilities. The user identification tool provides more possibil-
ities to extend the datasets for published datasets of GitHub,
Stack Overflow, and other software repositories. The clas-
sification methods can be replaced by appearing more so-
phisticated methods. The datasets and the tool are expected
to accelerate research and developments related to software
repository mining and other close fields.

Contributions of this paper are summarized as follows:

• User identification mechanism is proposed in this pa-
per. The mechanism is inspired from classification-based
link prediction methods. To realize successful user iden-
tification, this paper discusses the construction of training

data by tackling with the data skewness problem.

• Various classification methods are examined in order
to test which classification methods are appropriate to
this task. The real dataset-based experimentation real-
izes that best classifiers are possible to identify users with
10% cross-validation errors.

• Datasets and a tool for user identificatiolns are made
public and customizable. Therefore, the tools can be
improved by public developers. For instance, classifi-
cation modules can be replaced by more sophisticated
modules, and extending identification methods by adding
other datasets related to software engineering and others.

2. Link Prediction-based User Identification

This paper extends the datasets of GitHub [1] and
Stack Overflow [2] by a supervised learning technique (i.e.,
a classification-based link prediction) to probabilistically
identify users in each of them. This paper models user iden-
tification problem as a link prediction problem [4] which
identifies presences of links between nodes in a graph. The
user identification problem on users of GitHub and those
of Stack Overflow is modeled as a link prediction problem
on a bipartite graph. This work realizes the link prediction
based on similarities between users.

Figure 1 overviews the proposed framework for link
prediction-based user identification. The framework con-
sists of two phases, learning phase and predicting phase.
The learninig phase trains classifiers using obviously identi-
fiable users who are identified by email addresses. The pre-
dicting phase identifies users using the trained models in the
learinig phase. The following sections explain the detail of
the framework including attribute selection, similarity com-
putations via the attributes, and a prediction methodology
using existing standard classification methods.



Table 1: Selected attributes on datasets. For GitHub dataset,
attributes on users table and descriptions of projects
table characterize GitHub users. For Stack Oveflow dataset,
attributes of users table, question contents in posts ta-
ble, and replies for questions in comments table.

Dataset Table Attribute Type

GitHub
users

name text
location text

created at date & time
projects description text

Stack Overflow

users

display name text
location text

creation date date
about me text

posts
body text
tags text
title text

comments comments text

2.1. Attribute Selection on Each Dataset
The aim of this paper is to identify users on the datasets,

thus user-related attributes are only necessary in the orig-
inal complicated data. In GitHub data, this paper mainly
uses users table which includes personal information reg-
istered on GitHub, and also includes project information
because repository information indicate users’ interests on
developments. Similarly, in Stack Overflow data, this pa-
per uses users table as well as questions and answers
which also indicate users’ interests on developments. Con-
sequently, Table 1 for classification depicts selected at-
tributes and their content types for each dataset. There are
three types on the selected attributes, namely, text, date
& time, and date.

In order to compute similarities between users, com-
binations of attributes are determined in a heuristic man-
ner, and similarities for the combinations are calculated via
well-studies metrics. This paper decides the combinations
as shown in Table 2. Basic idea of the combinations are
to combine semantically similar attributes. For instance,
“users.name” in GitHub and “users.display name” in Stack
Overflow are combined because they both represent names
of users, and “projects.description” in GitHub and “Stack
Overflow.users.about me” are describing interests of users,
indeed, descriptions of projects related to users can repre-
sent users’ interests.

2.2. Similarity Measures
Measuring similarities for the combinations denoted

above are classified into (1) similarities between textual
attributes, and (2) similarities between date & time and
date. For textual similarities, various similarity functions
are available (e.g., edit distance and cosine similarity be-

Table 2: Combinations of attributes (b) for (user-pair ×
attribute-combination) matrix constructions. The combina-
tions of attributes are selected based on similar contexts like
name vs. display name, location vs. location,
description of projects vs. body of questions, etc.

Attributes on GitHub Attributes on Stack Overflow
users.name users.display name
users.location users.location
users.created at users.creation date
projects.description users.about me
projects.description posts.body
projects.description posts.tags
projects.description posts.title
projects.description comments.comments

tween bags of words), and set-based similarity on trigram-
based bag of words has achieved good matching perfor-
mance. In the combinations (Table 2), this paper fur-
ther divides the combinations of textual attributes into two,
namely, “users.name” in GitHub and “users.display name”
in Stack Overflow, and other combinations. The similar-
ity function for the former is cosine similarity (Equation 1)
with trigram-based bag of words vectors, because names
are relatively short and are same or similar in different ser-
vices. That for the latter is cosine similarity (Equation 1)
with TFIDF-based vectors.

Cosine(v1,v2) =
v1 · v2

|v1||v2|
(1)

For the similarity between the date & time
(i.e., “users.created at” in GitHub) and date (i.e.,
“users.creation date” in Stack Overflow), this paper
defines a similarity function between dates by converting
the date & time into date. The similarity function takes the
inverse of the duration between dates, formally:

DateSim(date1, date2) =
1

|date1 − date2|
(2)

2.3. Link Prediction
Given two users in GitHub and Stack Overflow, a

classification-based link prediction classifies whether they
will be connected in the future. There are a tremen-
dous number of classification methods, and this paper se-
lects fundamental classification methods (i.e., linear regres-
sion [6], logistic regression [6], k-nearest neighbors [7],
decision tree [8], and random forest [9]), because they
are well-known methods as well as they are available on
popular machine learning libraries including scikit-learn3,

3http://scikit-learn.org/
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Spark4, WEKA5, and Mahout6.
Classification is applied to a matrix which rows corre-

spond with pairs of GitHub users and Stack Overflow users
and columns correspond with combinations of attributes
shown in Table 2. Elements in the matrix hold similarities of
corresponding pairs of users on a combination of attributes.

For learning classifiers, training data are prepared from
known identification method which is based on email ad-
dresses and their hashed values. As discussed in [3],
users on GitHub and Stack Overflow are identified by the
equivalences of MD5-hashed user emails of GitHub and
pre-hashed user emails of Stack Overflow. The identi-
fied user pairs are used as positive examples. The nega-
tive examples are extracted based on identified users (de-
noted as I) by making pairs of identified users with other
users. Formally, given a user gu ∈ GitHub.users ∩ I (or
su ∈ StackOverflow.users∩ I), a negative example pair
is (gu, nsu) where nsu ∈ StackOverflow.users\I (or
(ngu, su) where ngu ∈ GitHub.users\I).

2.4. Skewness Problem
Classification-based link prediction on the aforemen-

tioned training data easily fails, because of the data skew-
ness problem. The data skewness problem is a famous prob-
lem on classification tasks, that is a classifier is trained to
classify all labels as positive (or negative) when learning ex-
amples are skewed to positive (or negative) examples. This
is because, in the training step of a classifier, it gets lower
error rates if it classifies all examples into a major label.

In order to solve the skewness problem, this paper em-
ploys down-sampling technique [5]. Down-sampling are
typical options to avoid the skewness problem, which equal-
izes the number of positive examples and that of positive
examples. Suppose that the number of positive examples
in the aforementioned dataset is M and that of negative ex-
amples is N where M << N (in the fact of the dataset,
M = 53760 and N = 96.5 billion), down-sampling per-
forms random sampling on the negative examples in order
to make M ≈ N .

3. User Identification Quality Analysis
This section inspects the qualities of user identifications

over the classification methods (i.e., linear regression, logis-
tic regression, k-nearest neighbors, decision tree, and ran-
dom forest) and discusses the balance of importance of the
combinations of attributes to contribute to accurate classifi-
cations. The inspection is done with datasets of GitHub [1]
and Stack Overflow [2]. The number of users in the former
dataset is 499,485 and that of the latter dataset is 1,295,620.

4http://spark.apache.org/
5http://www.cs.waikato.ac.nz/ml/weka/
6https://mahout.apache.org/

In the learning phase, 53760 users are used for positive ex-
amples and 107,520 users are used for negative examples
(extracted as discussed in Section 2.4).

For determining best classification methods for this task,
this paper examines the five classification methods by 10-
fold cross-validation of the training examples. Figure 2(a)
displays average cross-validation errors of classification
methods. The figure indicates that random forest (RF), lo-
gistic regression (LG), and gradient boosting decision tree
(GBDT) are better accuracy than linear regression (LR) and
k-nearest neighbors (kNN), thus this paper employs RF, LG,
and GBDT classifiers for the tool (Section 4)7.

Interestingly, there are differences of learned weights
for the combinations of attributes. Even though the se-
lected classifiers achieve similar accuracy of classifications
as shown in Figure 2(a), they have different preferences on
the combinations. Figure 2(b) displays normalized weights
(in order to make them comparable) indicating the impor-
tance of the combinations of attributes for accurate classi-
fications. For instance, RF gives a higher weight on the
combination of user names, which indicate that user names
are the most important factor to identify users. For another
example, GBDT indicates the combination of dates is the
second most important factor. As the different weights are
learning by these classifiers, they might provide different
probabilistic datasets.

4. Dataset and Tool
The generated dataset and generating tool are available

on project page PJD GHSO8 on GitHub. The dataset con-
sists of a simple schema (namely, 〈g user, s user, prob〉),
where g user and s user represent user IDs of GitHub and
Stack Overflow, respectively, and prob expresses the prob-
ability when these users are identical. For the first draft of
published datasets, it contains 50k pairs of users classified
by GBDT classifier.

The tool contains classifier learning modules and pre-
diction modules. For the learning modules, they include
similarity computation modules and learning modules. The
former loads raw data to provide similarity measures for
each combination of attributes on the pairs of training ex-
amples. The latter learns classifiers based on the similarities
on the combinations of attributes and true labels of the pairs
of users. The learned models are available in the tool and
they are updatable for leaving space for improving classifi-
cation accuracy. With the learned modules, prediction mod-
ules load them and predict labels for given pairs of users in
GitHub and Stack Overflow. The prediction results are writ-
ten in the aforementioned format.

7The published tool includes all of the classifier models.
8https://github.com/Taka-Coma/PJD_GHSO

Note that the project page is yet to be designed for public but for reviewing
this paper. When this paper accepted, the page includes title of this paper,
conference name, and other related information.
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(a) Average cross-validation errors of classification methods. Com-
paring five classification methods: linear regression (LR), k-nearest
neighbors (kNN), random forest (RF), logistic regression (LG), and
gradient boosting decision tree (GBDT). LR is significantly worse
than others and kNN are the second worst, and others are close and
not significantly different. Consequently, RF, LG, and GBDT are
better classifiers for the task.
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(b) Normalized learned weights of attributes. The better classifiers in
(a) are selected. The weights indicate the importance of each combi-
nation of attributes. Interestingly, the weights for each classification
(LG, GBDT, and RF) are different. For example, RF considers much
higher importance on similarities between user names for accurate
classification, while GBDT considers that similarities between dates
are important.

Figure 2: Experimental evaluations: (a) performance comparison of classification methods, and (b) learned weights for
combinations of attributes for selected classification methods.

5. Discussion – Research & Application

The proposed tool and dataset increase research oppor-
tunities related to MSR, knowledge discovery, data mining,
data management, etc. Developer behaviour analysis [3]
is one of the fundamental research in order to reveal be-
havioural facts of developers on multiple platforms (i.e.,
GitHub and Stack Overflow). Vasilescu et al. [3] have an-
alyzed associations of users’ activity between GitHub and
Stack Overflow. However, their work is limited to users
identified by email address-based matching, thus the num-
ber of identified users are limited comparing with the pro-
posed dataset in this paper. Therefore, they might miss
some facts behind. The proposed dataset increases the
opportunities of user behavioural analyses on GitHub and
Stack Overflow in a probabilistic manner. Indeed, the
dataset is not perfectly certain, but stochastic analyses can
be used instead.

The dataset can be considered as an auxiliary dataset for
applications on GitHub and Stack Overflow. For instance,
repository recommendation on GitHub [10, 11, 12] has
been studied to recommend relevant repositories to users.
There are several ways of evaluating relevance of reposi-
tories (e.g., network analysis-based relevance, vector space
similarities). For another example, user recommendation
for review process on GitHub [13, 14] has been studied to
smoothly managing developments. In general case of rec-

ommendation, lack of users’ activities is critical for rec-
ommendation accuracy including the cold-start problem.
In such situation, joining auxiliary datasets helps enhance
users’ activities on the dataset to the prior dataset, therefore,
the joined dataset realizes better recommendation as well as
solving the cold-start problem. Consequently, the proposed
dataset acts as an auxiliary dataset to both GitHub and Stack
Overflow datasets, and is expected to improve accuracy of
applications.

6. Related Work
This paper aims at finding identical users on different

platform, and this paper is, in the best of our knowledge,
the first work of exploring identical users on GitHub and
Stack Overflow and publishing datasets and identification
tools. Wang et al. [15] have studied the user identifica-
tion problem on different sites. Their approach only re-
lies on user names by taking variations (like abbreviation)
of user names into account for similarity computations be-
tween users on different platforms. They show that even
only user names, moderate user identification accuracies
can be achieved. While, this paper takes possible attributes
into account to improve user identification accuracy, and
the learned weights in Figure 2(b) indicate other factors are
also important to identify users in different platforms. Mo-
toyama et al. [16] gather attributes as sets of words and cal-
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culate similarities among users based of the sets. They con-
sider all attributes equally, however, this paper distinguishes
attributes and classifiers take different importances for dif-
ferent combinations of attributes. Zhou et al. [17] have
also studied user identification basically on social media
network platforms like Twitter9, Sina Microblog10, Face-
book11, and RenRen12. They rely on topologies of social
media networks, so their approach is not much applicable
to datasets on GitHub and Stack Overflow. This is be-
cause users on GitHub (resp. Stack Overflow) are con-
nected lesser than those on microblog-based social media
networks. Zheng et al. [18] and Kong et al. [19] have
been proposed content-based user identification. Zheng et
al. [18] have identified users by their writing styles of mes-
sages on social media networks. The writing styles for
individuals on GitHub and Stack Overflow are not surely
evidential for identifying users between them, due to the
differences of what to write as contents. While, Kong et
al. [19] have attempted to identify users with spatio, tem-
poral and textual similarity measurements with assumption
of location-based social media networks. However, GitHub
and Stack Overflow are not location-based services, there-
fore, their approach is not applicable.

7. Conclusion

This paper reports a user identification tool between
GitHub users and Stack Overflow users by applying
classification-based link prediction methods, and publishes
a dataset of identified users with probabilities. This
dataset expands the originally identified users on datasets of
GitHub and Stack Overflow with email address-based iden-
tification. The proposed tool classifies with 10% errors in
learning process.

This paper suggests two future works for improving the
proposed tool in terms of quality and performance. There
are several ideas for improving the quality: (1) ontologi-
cal similarities on geographical attributes (i.e., locations)
can provide more appropriate similarities on geographical
attributes, and (2) more sophisticated classification and re-
gression methods can improve the classification accuracy.
The performance can be improved by two folds, scalability
and storage. The learning module and predicting module
should become faster by parallel and distributed computing
(e.g., Hadoop, Spark or GPGPU). Because of large num-
ber of possible user combinations, large storage is necessary
even for intermediate results.

9http://www.twitter.com
10http://www.weibo.com
11https://www.facebook.com/
12http://www.renren.com
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Abstract— Software traceability is the ability to relate artefacts 

created during the life cycle of software development. 

Traceability is fundamental to support several activities of the 

software development process such as impact analysis, software 

maintenance and evolution, verification and validation. Despite 

the importance and advances in the software traceability area, 

traceability practice is still a challenge. One of these challenges 

is concerned with the visualization of traceability information. 

In this paper, we present D3TraceView, a traceability 

visualization tool that allows displaying traceability 

information in different formats depending on the purpose of 

use of traceability information. The tool supports different 

types of queries related to the use of traceability information. 

We use an Air Traffic Control Environment multi-agent system 

to demonstrate the use of the tool. 

Software Traceability; Information Visualization; D3.js 

1.  INTRODUCTION 

Requirements traceability has been defined as the “ability 
to describe and follow the life of a requirement, in both a 
forward and backward direction (i.e. from its origins, 
through its development and specification, to its subsequent 
deployment and use, and through periods of ongoing 
refinement and iteration in any of these phases)” [6][1]. This 
definition has been extended to incorporate the notion of 
software traceability [7] that encompasses and interrelates 
any uniquely identifiable software engineering artifact to any 
other1. 

The importance of traceability in the software 
development life-cycle has been endorsed by several 
standards for quality management and process improvement 
(CMMI, SPICE). Traceability is fundamental to support 
various activities of software development such as impact 
analysis, reuse, verification and validation; program 
comprehension; maintenance; and software evolution. 
Despite its importance, there are still several significant 
challenges associated with traceability, as described in [7]. In 
addition, in [3] the authors present several compelling areas 
of research that need to be addressed in order to support the 
challenges. One of these areas is concerned with the 
visualization of trace data. At the moment traceability 
information can be difficult to use since little attention has 

                                                           
1 Unless necessary to make a distinction, in this paper, we will use 

the term “traceability” to refer to both requirements and software 

traceability. 

been given to the issue of presenting and visualizing 
traceability information.  

As outlined in [12], the most common way to show 
traceability information in practice remains the use of matrix. 
Other ways to show traceability relations are tree browser 
explorer, lists, and hyperlinks views. As presented in the 
empirical study in [12], matrices and graphs are good to 
support management tasks; hyperlinks were preferred to 
support implementation and testing tasks. Matrices are 
adequate to provide an overview of the traces, and graphs 
could facilitate navigation through the traces. However, these 
forms of individually used visualizations have limitations to 
present traceability relations and assist with their use. The 
appropriate view of traceability information should be related 
to the task to be performed with the relations [22]. However, 
users are not always able to decide the forms of visualization 
that are most appropriate for the information they have, and 
for the tasks they need to use traceability information.  

In this paper, we describe D3TraceView, a traceability 
visualization tool that provides different types of 
visualizations to users depending on the data to be visualized, 
the role of the user, and the task to which the user needs to 
perform with the relations. The tool is based on requirements 
identified on a previous work from one of the authors [5], and 
requirements defined in [16].  

The main goal of the tool is to provide several types of 
visualization formats for specific trace data. The tool receives 
as input software artifacts (software models) and their 
respective traceability relations, and produces different views 
of the relations in various formats such as tables, matrices, 
radials, trees, sunbursts, etc. The tool also contains a 
repository of predefined queries related to the use of 
traceability relations. These queries are created to help users 
to execute several software activities, namely (i) software 
inspection (verification), (ii) maintenance and evolution 
(program comprehension), (iii) consistency checking of the 
models, and (iv) impact analysis. The tool was developed 
with Data-Driven Document (D3) JavaScript library (D3.js) 
[1].  

The remaining of this paper is structured as follows. 
Section 2 provides a description of the D3TraceView tool. 
Section 3 explains the implementation aspects of the tool. 
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Section 4 discusses related work. Finally, Section 5 presents 
some conclusions and directions for future work. 

2.  D3TRACEVIEW TOOL 

The goal of the D3TraceView is to be a visualization tool 
that provides interactive and context-specific traceability 
usage. In order to illustrate the tool and describe its main 
functionalities, we use examples of artefacts created during 
the development of a multi-agent system implementing an 
Air Traffic Control Environment (ATCE). The ATCE system 
was developed using i* framework [23] to model the 
organizational environment; Prometheus methodology [19] 
to model system specification, architectural design, and 
detailed design phases; and JACK programming language 
[11] to implement the code. The traceability relations were 
generated using the rule-based traceability tool called 
RETRATOS [4], proposed by the authors of this paper.  

 
D3TraceView was developed based on the challenge 

described in [13], in which traceability tools should be 
developed having user-friendly ways of formulating 
predefined and ad-hoc traceability queries, involving traces, 
artifacts, and all their relationships.  Based on this concept, 
we developed D3TraceView to support a set of queries to 
help users to execute activities as proposed by OpenUP 
process [18]. Examples of these activities are: (i) assess 
results, (ii) software inspection, (iii) consistency checking, 
and (iv) change impact analysis.  

The queries shown in this paper are concerned with 
artifacts of a multi-agent system, given the ATCE application 
we used to illustrate the tool. Examples of these queries are: 
(a) What are the i* actor elements that originate Prometheus 
goal elements?  (b) What JACK agent elements are affected 
by changes in SD goal elements? However, other types of 
queries related to different activities, stakeholder’s roles, and 
types of software artifacts could be specified and easily 
incorporated in the tool.  

Apart from predefined queries, users can also analyze 
artifacts and trace relations browsing various visualization 
formats provided by the tool. This is possible by the use of 
mechanisms to zoom into some other data, as well as filtering 
retrieved data, and expanding and collapsing elements (e.g., 
matrix, table, radial, tree, sunburst).  

A. Roles and Activities 

Based on OpenUP process [18], we have defined several 
roles and activities to be supported by the tool. The OpenUP 
is an agile process for the development of software systems. 
We decided to base D3TraceView tool on OpenUP process 
due to: support for the whole system process development; 
being freely available; support for several roles that define the 
behavior and responsibilities of an individual, or a set of 
individuals in a development team; and (iv) support for 
development tasks. 

The stakeholder’s roles adopted by the tool are: (i) 
user/customer; (ii) business analyst; (iii) architect; (iv) 
designer; (v) project manager, and (vi) developer. The 
different activities currently implemented in the tool are: (a) 

assess results, (b) software inspection (verification), (c) 
maintenance and evolution (program comprehension), (d) 
consistency checking, and (e) change impact analysis. Table 
1 shows a mapping of these activities and roles. 

TABLE 1. MAPPING OF ACTIVITIES AND ROLES 

Activities Stakeholder’s Role 

Assess Results Project Manager 

Software Inspection Business Analyst 

Maintenance and Evolution Architect, Designer, Developer 

Consistency Checking Architect, Designer, Developer 

Change Impact Analysis Business Analyst 

B. Files, Queries and Visualization Formats 

The screen in Figure 1 shows the main menu of options 
of D3TraceView. As shown in Figure 1, the user can (i) 
provide inputs about the software artifacts and traceability 
relation files to be used by the tool (option Files), (ii) choose 
pre-defined queries and visualize trace data in different 
formats that are associated with the queries (option Queries), 
and (iii) visualize traceability data in various different 
formats (option All Views).  Figure 2 shows part of the screen 
to upload software artifacts to be used.  

When a user chooses option “Queries” from the screen in 
Figure 1, the screen shown in Figure 3 is presented to the user 
displaying the activities supported by the tool. After selecting 
one of these activities the tool presents a set of pre-defined 
queries for the respective activity. Figures 4 to 8 show the 
screens with some of the queries for each of the various 
activities. For each activity, the user can select one or more 
queries. In addition, for some queries, the user can decide on 
a relevant artifact from a menu option. For example, as shown 
in Figure 6, in the case of the query “Who are the i* actors 
that originates Prometheus goals”, the parts concerned with 
i* actors and Prometheus goals can vary depending on the 
artifacts being considered. 

For each query, the tool presents its results as different 
graphs that are more appropriate to display the results of the 
query. However, it is possible to choose from a different type 
of visualization format (e.g., a visualization format to which 
the user is more familiar), by following the “All Views” 
option in Figure 1.  

 
Figure 1. Main Menu 

 
Figure 2. Upload of software artifact files 

591



 
Figure 2. Menu of Activities 

 
Figure 4. Assess Results 

 
Figure 5. Software Inspection 

 
Figure 6. Maintenance and Evolution 

 
Figure 7. Consistency Checking 

Table 2 shows, for each pre-defined query, the types of 
visualization formats that the tool suggests. In Table 2, the 
identifiers of the queries follow the order in which the queries 
appear in the respective Figures 4 to 8. The types of 
visualization formats associated with the various queries 
were defined based on a comparative study presented in [12] 
and [17], and the available formats in D3 [1] that are adequate 
to present relations. 

 
Figure 8. Impact Analysis 

In the following we discuss the different types of queries 
associated with each activity and their respective 
visualization formats used to present the results of these 
queries. 

TABLE 3. TYPES OF VISUALIZATION FORMATS BY QUERIES 

Query Type of Visualizations 

Assess Results 

Q1 Bar graph, Gauge  

Software Inspection (Verification) 

Q1 Table, Tree, Radial, Sunburst 

Q2 Table, Tree, Radial, Sunburst, Matrix 

Maintenance and Evolution (Program Comprehension) 

Q1 to Q11 Table, Tree, Radial, Sunburst, Matrix 

Consistency Checking 

Q1 Table, Tree, Radial, Sunburst, Matrix 

Impact Analysis 

Q1 Tree, Radial, Sunburst 

Assess Results. In the OpenUP process [18], this activity 
is concerned with assessing the results of an iteration in the 
development process, and determining the success or failure 
of this iteration in order to plan a subsequent iteration. For 
this activity, the queries are concerned with the percentage of 
implemented artifacts. In this case, the tool presents the 
results as bar graphs or as gauge display.  

Bar graphs are used to display and compare the number 
or frequency for discrete categories of data. Therefore, bar 
graphs are useful to present the percentage of certain element 
types. For example, in the case of a query concerned with the 
percentage of SD goals that has been implemented in the 
ATCE system, the SD goals, SD tasks, and system goals are 
the discrete categories of data. The results of this query can 
be shown as the number of total elements implemented with 
respect to the number of total elements, as shown in Figure 9. 

 
Figure 9. Bar graph view 

Gauge displays are used to show a single discrete number 
representing the percentage. It is a progress bar with a 
circular, flat design. The gauge marker changes position 
within this range. Figure 10, shows the single discrete number 
representing the percentage in a gauge display type of graph.  

 
Figure 10. Liquid fill gauge display 

Software inspection (verification). Software 
verification is the collection of methods used to determine if 
a software system is correctly built. For this activity, 
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D3TraceView provides queries that compare artifacts of the 
system in terms of different relation types (e.g., implemented 
by, overlaps, achieves).  

As shown in Figure 5, one of the queries is concerned 
with artifacts that are related to a certain type of element (in 
this case a certain type of actor). Another question is 
concerned with the case that verifies if a certain artifact is 
implemented in the system. The types of artifacts can vary 
depending on the documents (models) used for representing 
the system (e.g., i*, Prometheus, or JACK elements,); or 
other elements depending on the system. In these types of 
queries, the visualization technique shows traceability 
information involving specific artifacts.  

As shown in Table 2, D3TraceView provides four 
visualization types for the first query namely table, tree, 
sunburst, and radial views. Tables are typical visualization 
formats to present simple lists of data (e.g. list of Prometheus 
goals). The disadvantage of using tables is that they do not 
show an overview of the dataset and the hierarchical 
information of traceability relations. Tables should also not 
be used to display large amount of data. Figure 11 shows a 
table with elements related to actor Aircraft. 

 
Figure 11. Table view 

Tree views are graphical representations to support 
hierarchical information display, as shown in Figure 12. In 
this case, each element can have a number of sub-elements. 
An element can be expanded to show sub-elements, if any 
exist, and collapsed to hide sub-elements. Tree views are 
very intuitive, largely used by software development tools, 
and allow elements to be shown without the need for scrolling 
the screen. 

Sunburst is another type of graphical representation 
where nodes are drawn on adjacent rings representing a tree 
structure, as shown in Figure 13. In this representation, each 
child of a node with depth n is represented in the ring n + 1 
on the same radian space as its parent(s). Sunburst performs 
better on large amounts of nodes than traditional tree view 
representations. Tree view representation grows rapidly in 
the vertical direction if many branches are expanded. In the 
case of sunburst, the nodes are distributed uniformly in all 
directions. In sunburst, the color of each item corresponds to 
an attribute of the item. In D3TraceView, the color in a 
sunburst view represents an element type (e.g. Prometheus 
goal), while the width of the representation of each element 
shows the importance of the element (i.e. number of sub-
elements associated with the element). In addition, in the tool, 
sunburst view is dynamic, in which it is possible to click on 
an element and zoom information about this element, and it 
supports a large amount of data. 

 
Figure 12. Tree view 

 
Figure 13. Sunburst view 

Radial representation like Reingold-Tilford is a mixture 
of sunburst and tree views that do not use information of 
colors and spaces, as shown in Figure 14. For the second type 
of query, D3TraceView provides five visualization formats, 
namely list, matrix, sunburst, radial, and tree view. Figure 15 
shows the matrix format, while all the other formats have 
been shown above.  

Maintenance and evolution (Program 
comprehension). As shown in Figure 6, the pre-defined 
queries to support this activity are concerned with gathering 
a better understanding of the software. More specifically, the 
queries identify the artifacts in a certain software 
development phase that are related to artifacts in subsequent 
phases in the software development process. For example, i* 
actors (requirements phase) that are related to Prometheus 
goals (design phase). For these queries D3TraceView 
suggests five visualization types (see Table 2). The graphs for 
these visualization types are similar to the ones shown above. 

Consistency Checking. Based on Figure 7, the queries to 
support this activity are concerned with the visualization of 
different types of relationships between various types of 
artifacts. Examples of these relationship types are: overlaps, 
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depends, contributes, uses, achieves, creates, and composes. 
Similar to the above activities and queries, the results of these 
queries can also be visualized in the five different 
visualization types shown above. 

 

 
Figure 14. Reingold-Tilford tree view 

 
Figure 15. Matrix view 

Impact Analysis. In this activity the queries are 
concerned with identifying the consequences of a change in 
the software, or identifying the artifacts that need to be 
changed. The tool suggests four visualization types, as 
described in Table 2.  

3. IMPLEMENTATION 

D3TraceView has been implemented as a web tool using 
D3.js library [1]. Figure 16 shows an overview of the main 
components of the tool. As shown in Figure 16, CASE tools 
represent the various tools that could be used to develop the 
software models. For our ATCE system, the case tools are 

Prometheus Design Tool (PDT), TAOM4E (for i* models), 
and JACK Intelligent Agent. The Traceability Generator 
represents tools that assist with generation of traceability 
relations (e.g., RETRATOS [4]). Both the software models 
and the traceability links are inputs to D3TraceView. The tool 
requires the links and the models to be represented in XML 
format, or in JSON format. The Generator component of 
D3TraceView generates the results associated with the 
various queries in the different visualization formats 
available in the D3 library. 

 
Figure 16. D3TraceView Component Diagram 

4. RELATED WORK 

Information visualization has been recognized as an 
important area of research that focuses on the use of 
visualization techniques to help people understand and 
analyze data [9]. It applies design principles, human 
perception, and color theory to present data. For several 
years, traceability information used to be visualized in terms 
of matrices and tables. However, a matrix is a two-
dimensional view of a multidimensional information space 
(several software artifacts, with different levels of 
granularity, and various traceability relations connecting the 
artifacts). Moreover, when using a matrix it is difficult to 
navigate through the relationships. Another significant 
limitation is the lack of scalability [12]. In certain projects 
where the number of relationships is large, it becomes more 
difficult to visualize specific relationships. More recently, 
some other works have been developed to support 
information visualization of traceability information [16] 
[21] [10][20][2] [14] [15]. 

Marcus et al. [16] developed a prototype tool called 
TraceViz that is integrated with Eclipse IDE. TraceViz has 
three main areas to display: elements (source and target) in a 
hierarchical way; traceability relationships for a chosen 
element; and information of the properties and browsing 
history of a particular traceability relationship. It does not 
support traditional visualizations techniques such as matrix, 
tree, and radial. The technique in [21] is based on a graph-
based representation with rings showing project artifacts and 
nodes representing relationships. The various types of 
relationships are indicated by the use of specific colors. 
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Similarly, Heim et al. [10] proposed an approach based on 
graphs representing requirements as nodes and relationships 
as vertices. However, the use of graph-based approaches to 
visualize traceability information are less intuitive to display 
relationships and do not scale well. In the case of large 
amounts of data it is difficult to understand the view as 
graphs, in which only a limited set of elements can be 
displayed. Merten et. al [17] use sunburst and netmap 
visualization techniques to show traceability relationships. 
These techniques were implemented as plugins for the 
Redmine project management tool. Thommazo et al. [20] 
present an approach to automated generation of requirement 
traceability matrix. In this work, traceability relationships can 
also be shown though a graph-based visualization. Chen et al. 
[2] present an approach that combines treemap and 
hierarchical tree visualization techniques to provide a global 
structure of traces and a detailed overview of each trace.  

The above approaches are limited to support one or two 
types of visualization formats. D3TraceView supports 
several visualization formats and it has been developed in a 
way that it can easily accept other types of visualization 
formats. Moreover, our tool also allows for querying 
traceability data for different activities. 

Several works have been suggested to support trace 
queries. A visual trace modeling language (VTML) was 
proposed in [14] that allows users to create queries using 
UML class diagrams and constraints. Maletic and Collard 
[15] propose a Trace Query Language (TQL) which can be 
used to write trace queries as XPath expressions for artifacts 
represented in XML format. The creation of queries by users 
is not an easy task. D3TraceView provides pre-defined 
questions, which can be extended in the tool.  

5. CONCLUSION AND FUTURE WORK 

In this paper, we presented a traceability visualization tool 
called D3TraceView that supports various visualization 
formats such as matrix, list, tree, radial, gauge, sunburst, 
table, and bar view. The tool is built using D3.js library and 
applies information visualization principles to present 
traceability relations. Currently, we are extending the tool 
with an editor to support the specification of queries. We are 
also evaluating the tool in terms of its usability and support 
for the various software development activities in the tool. 
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Abstract—Modern analytics solutions succeed to under-
stand and predict phenomenons in a large diversity of
software systems, from social networks to Internet-of-Things
platforms. This success challenges analytics algorithms to deal
with more and more complex data, which can be structured
as graphs and evolve over time. However, the underlying data
storage systems that support large-scale data analytics, such
as time-series or graph databases, fail to accommodate both
dimensions, which limits the integration of more advanced
analysis taking into account the history of complex graphs,
for example. This paper therefore introduces a formal and
practical definition of temporal graphs. Temporal graphs pro-
vide a compact representation of time-evolving graphs that
can be used to analyze complex data in motion. In particular,
we demonstrate with our open-source implementation, named
GREYCAT, that the performance of temporal graphs allows
analytics solutions to deal with rapidly evolving large-scale
graphs.

Index Terms—Data analytics, graph databases, large-scale
graphs, time-evolving graphs

I. INTRODUCTION

The data deluge induced by large-scale distributed sys-
tems has called for scalable analytics platforms. Modern
analytics solutions succeed to understand and predict phe-
nomenons in a large diversity of software systems, from
social networks to Internet-of-Things platforms. Graphs
are increasingly being used to structure and analyze
such complex data [1], [2], [3]. However, most of graph
representations only reflect a snapshot at a given time,
while reflected data keeps changing as the systems evolve.
Understanding temporal characteristics of time-evolving
graphs therefore attracts increasing attention from research
communities [4]—e.g., in the domains of social networks,
smart mobility, or smart grids [5].

Yet, state-of-the-art approaches fail to provide a scalable
solution to effectively support time in graphs. In partic-
ular, existing approaches represent time-evolving graphs
as sequences of full-graph snapshots [6], or they use a
combination of snapshots and deltas [7], which requires
to reconstruct a graph for a given time, as depicted
in Figure 1. However, full-graph snapshots tend to be
expensive in terms of memory requirements, both on disk
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Fig. 1. Snapshots (Si) and deltas (δn) of a time-evolving graph

and in-memory. This overhead becomes even worse when
data from several snapshots need to be correlated, which
is the case for most of advanced analytics [5], [6], [8].
Another challenging issue related to snapshots relates to
the snapshotting frequency: regardless of changes, for any
change in the graph, or only for the major changes, which
results in a tradeoff between duplicating data and feeding
analytics with up-to-date metrics. This is crucial when data
evolves rapidly and at different paces for different elements
in the graph, like it is for example the case with sensor
data in domains like the Internet-of-Things (IoT) or Cyber-
Physical Systems (CPS) [5].

An alternative to snapshotting consists in combining
graphs with time series databases [9], by mapping individ-
ual nodes to time series. However, this becomes quickly
limited when large parts of the graph evolve over time,
inducing multiple time queries to explore the graph. More-
over, the description and the evolution of relationships
among the nodes of the graph are rather hard to model
within a time series database.

In this paper, we therefore introduce a novel temporal
graph data model and storage, which allow analytics
platforms to represent time-evolving graphs in an efficient
manner. Most notably, our approach completely adopts a
radically new approach by using an innovative, node-scale,
and on-demand cloning approach. In temporal graphs, each
node can evolve independently in time, while graphs are
traversed for arbitrary timestamps.

We demonstrate with our open-source implementation
of temporal graphs, named GREYCAT1, that the perfor-
mance of this data model allows analytics solutions to
deal with rapidly evolving large-scale graphs. We compare
our solution with a complete snapshotting approach and a
combination of graph and time series databases.

1https://github.com/datathings/greycat
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The remainder of this paper is organized as follows.
In Section II, we first formalize the semantics of our
temporal graph data model. Then, in Section III, we present
and discuss implementation details of this data model
within GREYCAT, our open-source graph framework. We
thoroughly evaluate the temporal aspects of GREYCAT in
Section IV, before discussing the related work in Section V
and concluding the paper in Section VI.

II. DEFINITION OF THE TEMPORAL GRAPH SEMANTICS

A graph G is commonly defined as an ordered pair con-
sisting of a set V of nodes or vertices and a set E of edges:
G = {V,E}. We define a slightly different semantics for
our temporal graph by distinguishing between a node and
its state. We define a node as a conceptual identifier that
is mapped to its state, which we refer to as state chunk. It
contains the values of all attributes and edges that belong
to a node. Attributes are typed according to one of the
following primitive types: int, long, double, string,
bool, and enumeration. Formally, we define a state
chunk as: The state chunk c of a node n is cn = (An, Rn),
where An is the set of attribute values of n and Rn is the
set of relationship values from n to other nodes. Unlike
other graph models (e.g., Neo4J [10]), ours does not
support edge attributes (like the OO model). However, any
edge attribute can be modeled leveraging an intermediate
node. Next, we define the function read(n) to resolve the
state chunk of a node. We use this function to define a
graph G as: G = {read(n),∀n ∈ N}, where N is the
set of nodes. Unlike common graph definitions, temporal
graphs are not defined statically, but dynamically—i.e.,
their are created as the result of the evaluation of the
read(n) function over all nodes.

The separation between the concept of a node and its
state chunk is essential for our approach. First, it enables
the implementation of a lazy loading mechanism—i.e., by
loading state chunks on-demand into main memory, while
the graph is traversed. As further discussed in Section III,
we build on key/value stores as storage backends for the
temporal graphs. This mapping of a graph to keys and
values is similar to what is proposed in [11]. Secondly, it
allows to define different states for each node depending
on the time. Therefore, we extend the previous definition
of a graph with temporal semantics. We override the
function read(n) with read(n, t), where t ∈ T and T
is a totally ordered sequence of all possible timepoints:
∀ti, tj ∈ T : ti ≤ tj ∨ tj ≤ ti. Next, we extend
the definition of a state chunk with a temporal version:
cn,t = (An,t, Rn,t), where An,t and Rn,t are the sets
of resolved attributes and relationships, for the node n
at time t. Then, we define a temporal graph as follows:
TG(t) = {read(n, t),∀n ∈ N},∀t ∈ T . Every node of
the TG can evolve independently and, as timepoints can

be compared, they naturally form a chronological order.
We define that every state chunk belonging to a node
in a TG is associated to a timepoint and can therefore
be queried along this chronological order in a sequence
TP ⊆ T . We call this ordered sequence of state chunks
the timeline of a node. The timeline tl of a node n is
defined as tln = {cn,t,∀t ∈ TP ⊆ T}. We define three
node operations:
insert(cn,t, n, t): (c×N × T ) 7→ void as the function

that inserts a state chunk c in the timeline t of a node
n, such as: tln := tln ∪ {cn,t}.

read(n, t): (N × T ) 7→ c is the function that retrieves,
from the timeline tln, and up until time t, the most
recent version of the state chunk of n which was
inserted at timepoint ti:

read(n, t) =


cn,ti if (cn,ti ∈ tln)

∧(ti ∈ TP ) ∧ (ti < t)
∧(∀tj ∈ TP → tj < ti)

∅ otherwise

remove(n, t): (N × T ) 7→ void is the function that re-
moves a node n and the associated state chunks from
the time t.

Based on these definitions, although timestamps are
discrete, they logically define intervals in which a state
chunk can be considered as valid within its timeline. When
executing insert(cn1,t1 , n1, t1) and insert(cn1,t2 , n1, t2),
we insert 2 state chunks cn1,t1 and cn1,t2 for the same
node n1 at two different timepoints with t1 < t2. We
define that cn1,t1 is valid in the open interval [t1, t2[ and
cn1,t2 is valid in [t2,+∞[. Thus, an operation read(n1, t)
resolves ∅ if t < t1, cn1,t1 when t1 ≤ t < t2, and
cn1,t2 if t ≥ t2 for the same node n1. After executing
remove(n1, t3), read(n1, t) resolves ∅ if t ≥ t3. Since
state chunks with this semantics have temporal validities,
relationships between nodes also have temporal validities.
This leads to temporal relationships between TG nodes
and forms a natural extension of relationships in the time
dimension. This temporal validity definition follows and
extends our previous work [5]. It enables to transparently
navigate inside the graph without considering time for
every navigation step, by always loading the last valid
version relative to the node the navigation started from.

III. GREYCAT: A TEMPORAL GRAPH
IMPLEMENTATION

A. Mapping nodes to state chunks

The proposed temporal graph data model is a conceptual
view of data to represent and analyze time-evolving com-
plex data. Internally, we structure the data of a temporal
graph as an unbounded set of state chunks. Therefore, we
map the conceptual nodes (and relationships) of a temporal
graph to state chunks. State chunks are the internal data
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Fig. 2. Mapping of temporal graphs to state chunks

structures reflecting a temporal graph and, at the same
time, also used for storing the temporal graph data to per-
sistent storage. A state chunk contains, for every attribute
of a node, the name and value of the attribute and, for every
outgoing relationship, the name of the relationship and a
list of identifiers of the referenced state chunks. Figure 2
depicts a concrete example of the mapping of nodes to state
chunks, according to the semantic definitions of Section II.

At time ti (start of the temporal graph), GREYCAT
maps the nodes and the relationships to 3 state chunks:
Bob, Eve, and Video. At time ti+1, the graph evolves to
declare a relationship watched from Eve to Video. Since
this evolution only affects Eve, GREYCAT only creates
an additional state chunk for Eve at time ti+1 by cloning
and modifying the previous version of Eve’s state chunk
(using copy-on-write). All other nodes are therefore kept
unchanged at time ti+1. At time ti+2, Bob meets Alice,
who sends a friend request to Bob. As only Alice’s status
changes, GREYCAT only needs to create a new state chunk
for Alice from time ti+2.

In this example, the graph contains 10 different con-
ceptual nodes and 12 relationships (counting each bidirec-
tional relation as two edges) and evolves along 3 different
timestamps, but GREYCAT only stores 5 state chunks to
model the whole temporal graph. Whenever the temporal
graph is explored, the correct state chunks are retrieved
depending on the requested time.

B. Lazy-loading state chunks

State chunks are the units of storage in GREYCAT.
They are stored on disk and loaded into main memory
while the graph is explored or when nodes are explicitly
requested. The loading of state chunks is achieved lazily by
GREYCAT, because only attributes and sets of identifiers
are loaded. This theoretically allows GREYCAT to process
temporal graphs of unbounded size even with restricted
main memory. For persistent storage of state chunks, we
rely on key/value stores by using the tuple of (node, time)
as key and the state chunk as value. We serialize chunk
states into Base64 encoded blobs. This format reduces the
required interface to insert, read, and remove state chunks

to a persistent data store. It allows to use different storage
backends depending on the requirements of an applica-
tion: from in-memory key/value stores up to distributed
and replicated NoSQL databases. For fault tolerance and
concurrency, we use a per-node lock policy and rely on the
underlying storage technology to ensure concurrency and
distribution. With a node we also lock the index structures
associated to it (cf. Section III-D). Another consistency
approach, based on consistent global checkpoints, is dis-
cussed in [12]. All clients reading the node (at the same
time) see updates on it. This mapping approach copies state
chunks only on-demand—i.e., copy-on-write—and ensures
efficient read and write operations at any point in time.
Basically, it enables analytics algorithms to be executed
with constant memory requirements.

C. Caching state chunks

Despite of having a positive effect on memory, lazy
loading significantly increases input/output (I/O) opera-
tions. Therefore, we rely on caching mechanisms to reduce
I/O operations, which means that some state chunks are
kept in memory, based on their probability of being reused.
In contrary to pure key/value storages, our state chunks
have semantic relationships, which can be leveraged by the
caching mechanism. For instance, if contiguous timepoints
of the same node are loaded, the temporal index has a
high probability to be reused. We build our caching mech-
anism as a Least-Recently-Used (LRU) cache, where each
read operation is taken into account for the cache victim
eviction computation. To reflect semantic relationships, we
count in temporal index LRU scores: the number of state
chunks using them. This way, we are giving chances for
temporal indexes to be reused to access other timepoints.

D. Indexing state chunks using red-black trees

Temporal graphs can be composed by highly volatile
nodes, characterized by a very long timeline of millions
of timepoints. Such volatile nodes are for example needed
to store sensor data collected by IoT devices. In order to
efficiently execute temporal queries, these timepoints must
be indexed. For scalability reasons, GREYCAT relies on
a lazy loading mechanism for retrieving nodes [5] . In a
similar way, we define temporal indexes with a semantic to
avoid loading millions of timepoints, i.e., the full temporal
index, if only parts of the timepoints are actually matching
a query. Queries in GREYCAT are always precise.

Temporal characteristics of timepoints—i.e., regularity,
periodicity—make some indexing approaches more suit-
able than others [13]. For non-monotonic measurements,
balanced trees offer one of the best compromises between
read and insert performance. In particular, Red-Black Trees
(RBT) are one of the most adopted structures to index
non-monotonic time-series [14]. However, RBTs are in-
memory structures that cannot be partially loaded due to
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their balanced hierarchy. To workaround this limitation, we
defined an adaptive multi-layer on top of RBTs in order to
split temporal indexes in pieces that can be lazily loaded.

Our approach, named Adaptive Multi-Layered Red-
Black Tree (AMT), is based on the same balancing princi-
ple than RBTs are, but at a coarser granularity to support
efficient lazy loading. Therefore, we defined the notion of
a supertree that can index fixed-sized subtrees, based on
their oldest timepoint. For every read and insert operation,
the supertree is first loaded and used to locate the relevant
subtrees, which in turn are used to load an updated index.
In addition, to compact the size of supertrees, we define
an adaptive strategy to reconfigure the size of subtrees ac-
cording to the size of the supertree. This adaptive scattering
mechanism offers an efficient approach for short timelines
to use lazy loading, which is automatically relaxed for
longer ones, as illustrated by Algorithm 1.

Algorithm 1. Inserting ti in the AMT for node n
procedure INSERT(n,ti)

trsup ← LOADTREE(n, t0)
tr ← CLOSESTTIME(trsup, ti)
trsub ← LOADTREE(n, tr)
if SIZE(trsup) < step1 then

max← step1
else if SIZE(trsup) < step2 then

max← step2
else

max← step3
end if
if SIZE(trsub) < max then

INSERT(trsub, ti)
else〈

trleft, trright
〉
← SPLIT(trsub)

if ti > LOWEST(trright) then
INSERT(trright, ti)

else
INSERT(trleft, ti)

end if
end if

end procedure

IV. EVALUATION OF GREYCAT

In this section, we evaluate our reference implemen-
tation of the temporal graph model against two potential
alternative implementations: i) a plain graph stored in a
time series database and ii) a plain graph versioned with
checkpoints. More specifically, we focus on read and write
throughput, the elementary operations of data analytics.

A. Experimental Protocol

All the reported experiments were executed on a Linux
server with a 12-core Intel Xeon E5-2430 processor with
128 GB of memory. Experiments have been executed 10
times and the reported numbers refer to mean values.
Experiments are made available on GitHub2 for the sake of

2https://github.com/electricalwind/greycatBench

reproducibility. To compare these approaches, we consider
a synthetic graph of 100, 000 nodes. The generated graph
corresponds to a k-ary tree where each node includes
a unique identifier, an integer value, a character and, if
necessary, a link to the parent node as well as links to
the children nodes. In a second step, we update 15%
of the nodes of the graph repetitively, until reaching an
history of 5, 000 changes. This ratio is extracted from
a smart grid topology generator, which is based on a
realistic smart grid dataset [15]. A node change consists in
randomly setting a new value and a new character to the
node. Our evaluation aims at testing the scalability of each
solution for a growing temporal graph history. Therefore,
we considered the following Key Performance Indicators
(KPI): read throughput and write throughput. Throughput
indicators are reported in nodes read or written per second.

B. Alternative Implementations of Temporal Graphs

We compare GREYCAT with 2 alternative implemen-
tations of temporal graphs: using time series and using
checkpoints.

1) Storing Graphs as Time Series: To build this candi-
date solution we leveraged a plain graph whose values are
versioned in INFLUXDB [16] (version 1.1.2). InfluxDB is
one of the newest and fastest time series databases that
received much attention lately. This category of databases
is heavily used for data mining and forecasting [17],
[18]. While many time series databases provide interesting
features, like SQL-like query languages, their data model
is essentially flat—usually integer or double values—and
does not support complex relationships between data. In
a time series based temporal graph, each node of the
graph maintains its own corresponding time series. Thus,
to retrieve the version of a node at time t, one must first
fetch its time series and then retrieve the value at that
time. However, a major limitation of such an approach in
the context of temporal graphs is that it is not possible
to directly store relations. In our evaluation, we chose to
represent the relationship of a node A to a node B and C
as a field in node A, containing the identifiers of B and C.

2) Storing Graph with Checkpoints: Another
possibility—and the most common one [7], [8]—is
to take a snapshot of the graph at regular intervals. A
snapshot is a complete copy of the full graph. Thus,
conversely to time series, to retrieve a node at time t,
one will first have to load the closest previous snapshot
and then find the node in the graph of this snapshot.
Despite being very simple, such solution comes at the
price of i) redundancy, ii) possible missing values if a
node were updated twice along one interval, and iii) the
impossibility to create new nodes in the past. Techniques
exist to mitigate the expensive cost of a full copy, such
as chained immutable trees, where every update consists
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Fig. 3. Write throughput when creating and updating nodes

in a wrapper of the previous version plus a delta. Such
techniques are used to implement transactional storages.
In our evaluation, we use the checkpoints mechanism
offered by ROCKSDB [19], to store graph data with a
minimum amount of redundancy, thanks to the use of
hard links from a new version to the previous stored one.

C. Empirical Evaluation

To measure the efficiency of each solution, we consider
3 steps. First, we load the temporal graph and explore its
history—the throughput is measured for every step of the
graph evolution. Then, we compute the recursive sum of
all children’s integer values of a node recursively at a given
time. This requires to read a large number of nodes (up to
a tenth of the total number of nodes) and a large number of
graph traversals. Finally, we simulate the construction of a
synthetic state vector by building a string with the character
value of the nth child of a node recursively at a given time.
This requires fewer reads (up to log10 of the total number
of nodes), but emphasizes on the ability to handle large
relationships. These benchmarks are evaluated against the
3 temporal graph approaches, which adopt different design
choices. To improve the overall readability, graphs have
been smoothen by gathering measure per group of 100
timestamps and then averaged.

1) Write Throughput: Fig. 3 demonstrates that GR-
EYCAT outperforms the other solutions, with a write
throughput close to 100, 000 nodes per second for step 1
and 400, 000 for step 2. The differences for the two
steps can be explained by the fact that creating a node
is costlier than updating one (for all solutions). Another
interesting observation is that snapshotting performs worse
than INFLUXDB for large-scale graphs for the insertion,
but slightly better for the update step.

2) Read Throughput: Fig. 4 and 5 depict the read
throughput when trying to access nodes in one of their
previous states for the two use cases presented above. Note
that the result starts at 10, 000 as we wait for step 2 to start
to perform read measurements.

Similarly to the write throughput, GREYCAT performs
significantly better than the two other solutions in both

Fig. 4. Read throughput: sum of children

Fig. 5. Read throughput: string building

scenarios for reading, with around 100, 000 nodes per
second. Time series are also stable over time in both cases,
but as expected, the read throughput of traversing specific
relationships, is twice slower than traversing all the nodes
of the relationship. In the case of snapshots, performance
is quite similar in both situations, but decreases over time.

V. RELATED WORK

The need to deal with temporal data has been dis-
cussed across several research communities. Early works
in database communities [20], [21] delivered formal se-
mantics for historical relational databases. Some of these
temporal features are integrated into SQL:2011 or ISO/IEC
9075:2011 [22]. The necessity to reason about time-
evolving data has also been discussed in the area of the
semantic web, e.g., MOTIK [23]. With the emergence of
big data and the IoT, temporal aspects of data, in form of
time series databases [16], [24], gained again visibility in
research communities. However, the data model of time
series databases is essentially flat and does not support
complex relationships between data.

Temporal graph processing frameworks go a step further
and consider time-evolving graphs. CHRONOS [7], and its
extension IMMORTALGRAPH [8], are storage and execu-
tion engines for graph computations on temporal graphs.
They define a temporal graph as a sequence of graph
snapshots at specific points in time. To store temporal
graph data on disk, they use so-called snapshot groups. A
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snapshot group is valid for a time interval and comprises
a complete snapshot for the beginning of the interval and
a number of deltas until the end of the interval. GRAPH-
TAU [6], Historical Graph Store (HGS) [25], G* [26], and
KINEOGRAPH [27] are other temporal graph processing
frameworks. They all represent time-evolving graphs as
series of consistent graph snapshots. Furthermore, for none
of these solutions the source code is available. Some
of them optimize storage by using a combination of
complete snapshots at specific timepoints and deltas in-
between these [7]. Nonetheless, in some form or another,
data models of existing approaches represent time-evolving
graphs as sequences of full graph snapshots. This comes
with severe limitations: First of all, full-graph snapshots
are expensive in terms of memory requirements (both on
disk and in-memory). Secondly, for every small change
in the graph it would be necessary to snapshot the graph
(and/or the delta) to keep track of the change history.
Thirdly, the continuous semantics of time is lost by the
discretisation in snapshots. Thus, navigating in the time
and space dimensions of the graph is problematic, which
complicates analytics algorithms.

VI. CONCLUSION AND DISCUSSION

In this paper, we presented a temporal graph data model
and GREYCAT, its open source reference implementation.
Most notably, our approach is able to model large-scale,
time-evolving graphs without relying on snapshotting, like
the current state-of-the-art does [7], [8]. Moreover, GR-
EYCAT is one of the only open source frameworks for
time-evolving graphs. We demonstrated that our temporal
graphs pave the way for analyzing complex data in motion
at scale. In particular, we illustrate that this data model is
especially efficient when analyzing large-scale graphs with
partial changes along time, which is typical for many real
world analytics [5], [6].
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Abstract

Designing data-centers that provide an acceptable cost-
performance ratio is challenging. Generally, a wide spec-
trum of components must be previously analyzed, such as
the kind of applications to be executed in the data-center,
computing/storage requirements and the network topology,
among others. Since each one of these components has a
direct impact on the overall system performance, the design
process is complex and difficult, which usually requires the
intervention of an expert.

We propose a model-based approach to design data-
centers. For this purpose, we have created a meta-model
that describes the structure of data-center models. Then, a
set of expert rules can be used to detect sub-optimal con-
figurations, and (in some cases) correct the design. Data-
center models can be simulated, to assess their performance
and scalability, for which we use a code generator into the
SIMCAN tool. We have implemented our approach as an
Eclipse plugin, and illustrate the usefulness of some expert
rules by showing the efficiency and scalability gains of the
optimized model with respect to the original one.

1 Introduction

During the last decade, most efforts in scientific appli-
cations were focused in obtaining the best possible perfor-
mance, exploiting the system resource usage both in super-
computers and commodity clusters.

Due to the high number of inter-related parameters that
have a direct impact on the overall performance, building a
system that provides the maximum performance for a given
application is a very complex task. Designing and configur-
ing a data-center that properly exploits the system resource
usage may be a feasible task for an expert [1]. However,
when the data-center is designed by a non-expert, it may
provide an overall performance far from the expected one.
Generally, a misconfiguration of the system architecture or
a wrong choice of hardware resources, may lead to obtain-
ing a poor performance.

Usually, the first step before deploying the data-center in
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a production environment consists in modelling and simu-
lating its underlying architecture. Thus, the obtained results
from the simulation are used to polish and improve the ini-
tial design. Unfortunately, the number of possible configu-
rations is extremely large, making unpractical to model and
simulate all of them.

In this paper we propose MAGICIAN, an approach that
aids designers to optimize the configuration of data-centers.
The main objective of MAGICIAN is to identify possible
inconsistencies in the initial design of the data-center and
to suggest feasible corrections. Thus, a reduced number of
data-centers designs are generated, which can be simulated
to analyze which one provides the best results.

The approach is based on model-driven engineering
(MDE) [2]. We propose a meta-model for data-centers, so
that data-center configurations are expressed as instances of
such meta-model. We provide a library of expert knowl-
edge rules to detect misconfigurations and suggest improve-
ments on the design. Finally, we support the simulation of
the data-center configuration to assess properties like scal-
ability, and detect possible bottlenecks. The simulation is
performed by generating code for the SIMCAN tool [3].

The rest of this paper is organized as follows. Sec-
tion 2 provides an overview of the proposed approach.
Section 3 describes in detail the principal components of
MAGICIAN. Next, Section 4 presents performance experi-
ments that show the usefulness of our approach. Section 5
presents related work, and Section 6 ends with the conclu-
sions and future work.

2 Overview

In this section, we describe the MAGICIAN approach for
optimizing the configuration of data-centers. The overall
scheme is shown in Figure 1.

Our architecture represents data-center designs as mod-
els conformant to a meta-model, and includes two optimiza-
tion loops. The first one is based on expert rules, which en-
code knowledge on typical good configurations. The second
is based on simulation, with which one can analyse aspects
like efficiency or scalability of the data-center models.

The structure of data-centers, and the integrity con-
straints that valid data-center models should obey, have
been captured through a meta-model. The designer will
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Figure 1. Working scheme of our approach

be able to create models that conform to such meta-model.
That is, these models use the types and relations defined in
the meta-model, and satisfy the integrity constraints. This
meta-model will be explained in Section 3.1.

We have created a library of expert rules, containing op-
timization patterns and idioms, typically followed by good
data-center designs. These rules detect parts of the model
that are amenable to optimization, signalling potential defi-
ciencies in the model. Moreover, some of these rules con-
tain quick fixes, which modify the design to improve some
suboptimal aspect of the model. Technically, these rules
have been implemented using the Epsilon Validation Lan-
guage (EVL) [4]. They will be detailed in Section 3.2.

We also enabled the evaluation of the data-center model
through simulation. This way, we have built a code gen-
erator that produces code to be executed by the SIMCAN
simulation tool [3]. The results of the simulation can be
used by the designer to find problems in the design, such
as bottlenecks, to further improve it. The approach to code
generation, and details on how the simulation is performed
are given in Section 3.3.

3 Model-based simulation of data-centers

In this section we explain the three main building blocks
of our approach: the data-center meta-model (see Sec-
tion 3.1), the expert rules and quick fixes (see Section 3.2),
and the code generation and simulation (see Section 3.3).

3.1 The data-center meta-model

Figure 2 shows a simplified version of the data-center
meta-model. The DataCenter meta-class is the root class,
which contains the main elements of a real data-center, such
as those relating with both computational and networking
aspects.

The computing elements are divided in two types. The
first type corresponds to the Node meta-class, which repre-
sents a single computational node. The first 3 attributes de-
fine the CPU processor, where CPU Sockets, CPU Cores
and CPU Speed represent the number of CPUs, the num-
ber of cores of each CPU and the CPU speed (measured
in MIPS), respectively. The next 3 attributes are related
with memory features, where RAM slots, RAM Size and
RAM Frequency represent the number of memory mod-
ules, the total size of each module (measured in GBytes)
and the frequency of the memory (measured in Mhz),
respectively. The next 4 attributes refer to storage as-
pects, where Disk Slots, Disk Size Disk RBandwidth and
Disk WBandwidth are the number of disks, the size of each
disk (measured in GBytes) and the read and write band-
width of the storage system (measured in Gbps), respec-
tively. The last attribute, isComputingNode, denotes if a
given node is a computing node or a storage node. The sec-
ond type of computing elements corresponds to the Rack
meta-class. A rack represents a structure that contains mul-
tiple computing elements. In this case, the rack consists of a
set of Boards, where each board contains a number of nodes
that is determined by the attribute Nodes per board.

The network is defined by 2 elements. The Network
meta-class represents the communication network of the
data-center, where Bandwidth, Latency, and ErrorRatio de-
fine the data transfer rate (measured in Gbps), the latency
(measured in µs) and the error ratio of the network, respec-
tively. The Switch meta-class represents a resource used to
communicate the different computing elements of the data-
center through the communication network, where MTU
and NumPorts are the maximum transmission unit and the
number of ports of the switch, respectively.

Finally, the Repository meta-class represents the data-
center repository, which provides a wide collection of net-
working and computational components to model, with a
high level of detail, a complete data-center.

Figure 3 shows an example of a data-center model which
conforms the proposed meta-model. This model is inspired
by a real IBM data-center configuration, which consists of 1
IBM Flex rack and 1 IBM v7000 Storage rack. These racks
are interconnected using a 40/10 Gigabit Ethernet commu-
nication network and a SAN42B-R extension switch.

The IBM Flex rack consists of 6 Flex System Enterprise
Chassis boards, where each board contains 14 IBM Flex
System p460 computing nodes. These boards consist of
4 CPUs with 8 cores, reaching a speed of 317.900 MIPS.
The memory system consists of 32 slots, which contain 64
GB of RAM. Finally, the storage consists of two disks of 2
TBytes.

The IBM Storage rack consists of 6 Flex System Chassis
Storage boards, where each board contains 14 IBM v7000
storage nodes. Each node consists of 2 CPUs with 4 cores,
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Figure 2. The data-center meta-model (excerpt)

reaching an speed of 200.000 MIPS, 16 GB of RAM and 16
hard disks with a total storage of 10 TBytes.

Figure 3. Example of a data-center model

3.2 Encoding expert rules and heuristic quick
fixes

In order to support the user during the data-center de-
sign process, we have included a library of optimization
rules based on data-center experts knowledge. These ex-
pert rules aid the user to solve possible design issues, which
in most cases, hamper the overall data-center performance.
However, expert rules must be designed and provided by
an expert user, who must decide whether these are suitable
to cover the requirements of the systems under study. The
library consists of several rules focused on analysing dif-
ferent features of the data-center components, such as CPU
processors, the memory system, storage and connectivity,
among others. The main goal of these rules is to find in-
consistencies in data-center models and to provide relevant
information to fix them. For the sake of simplicity, in this

paper we have described a sample of three rules from the
complete library.

Listing 1 shows the expert rule CoresVsStorageN-
odesRatio encoded in EVL. This rule analyses the ratio be-
tween the number of storage nodes and the number of CPUs
of a data-center. The main objective of this rule is to avoid
system bottlenecks caused by a reduced number of stor-
age nodes. In this case, if the available storage nodes are
not able to provide the required performance, a message to
modify the current design is shown. As can be seen, the rule
is applied on the context of DataCenter objects (line 1 of the
listing). It is made of a check section (lines 5–11), which
evaluates a certain condition on the model, and a message
part, which is presented to the designer if the check part re-
turns true.
1 context DataCenter
2 {
3 critique CoresVsStorageNodesRatio
4 {
5 check{
6 var storageNodes: Integer;
7 var totalCores: Integer;
8 storageNodes = self.calculateStorageNodes();
9 totalCores = self.calculateTotalCores();

10 return storageNodes∗40 >= totalCores;
11 }
12 message: ’The number of storage nodes must be increased, there

exist a high number of cores in comparison with the number of
storage node which can act as bottleneck’

13 }
14 }

Listing 1. Data-center topology optimization
rule encoded in EVL

Listing 2 shows two expert rules based on the analysis of
two network features, bandwidth and latency. In this case,
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these rules check that these features range in a determined
interval. If some of these features is out of the range, the
system provides a quick-fix method to alleviate the issue.
Quick fixes are specified in the fix section of the rules (lines
7–9 and 16–19). Figure 4 shows how such quick-fix is pre-
sented to the user.

1 context Network
2 {
3 critique NetBandwidth
4 {
5 check: self.Bandwidth>=10 and self.Bandwidth <=100
6 message: ’Network ’+ self.Name + ’: Bandwidth is usually ranged in

[10−100]. Some of the most used configuration is 40’
7 fix {
8 title : ”Set Bandwidth” + self.Name + ” Bandwidth to 40”
9 do { self.Bandwidth = 40; }

10 }
11 }
12 critique NetLatency
13 {
14 check: self.Latency>=20 and self.Latency <=2000
15 message: ’Network ’+ self.Name + ’: Latency is usually ranged in

[20−2000]. Some of the most used configuration is 200’
16 fix {
17 title : ”Set Latency” + self.Name + ” Latency to 40”
18 do { self.Latency = 200;}
19 }
20 }
21 }

Listing 2. Network optimization rules
encoded in EVL

Figure 4. Example of network quick-fix

3.3 Code generation and Simulation

Once the data-center has been modelled, it can be sim-
ulated, to analyse its efficiency, in terms of scalability and
performance. In this paper, we use the SIMCAN simulation
platform to represent and simulate the behaviour of data-
centers [3]. We have created a code generator that trans-
forms the designed model into the required configuration
files to perform the simulation.

Listing 3 shows an extract of the generated data-center
topology, written in the NED language. The first line repre-
sents the name of the data-center, the next 3 lines refers to
the different resources that compose the environment, such
as switch, storage and computing nodes, respectively. Fi-
nally, the lines 6-8 show how the storage and computing el-
ements are connected through the communication network,
using the switch component.

1 network IBM{
2 switch 0:EtherSwitch;
3 rCmp1 IBM Flex Rack:Rack;
4 rSto0 StorageRack:Rack;
5

6 for i=0..5 {
7 rCmp1 IBM Flex Rack.ethg++ <−> Eth10M channel <−>

switch 0.ethg++;
8 rSto0 StorageRack.ethg++ <−> Eth10M channel <−> switch 0.

ethg++;
9 }

10 }

Listing 3. Example of data-center topology in
SIMCAN written in NED language (excerpt)

Listing 4 shows an excerpt of a generated data-center
configuration file. This portion of the configuration file con-
figures the computing rack illustrated in Figure 3. It is im-
portant to remark that the symbol ∗ refers to a wildcard that
represents all the elements in the referenced structure. For
example, the lines 3 and 11 refer to the configuration of the
network for all the boards in the rack.
1 IBM.rCmp1 IBM Flex Rack.numBoards = 6
2 IBM.rCmp1 IBM Flex Rack.nodesPerBoard = 14
3 IBM.rCmp1 IBM Flex Rack.nodeBoard[∗].channelType = ”Eth10M”
4 IBM.rCmp1 IBM Flex Rack.nodeBoard[∗].node[∗].cpuModule.CPUcore

[∗].speed = 79475
5 IBM.rCmp1 IBM Flex Rack.nodeBoard[∗].node[∗].bsModule[∗].disk.

readBandwidth = 650.0Mbps
6 IBM.rCmp1 IBM Flex Rack.nodeBoard[∗].node[∗].bsModule[∗].disk.

writeBandwidth = 420.0Mbps
7 IBM.rCmp1 IBM Flex Rack.nodeBoard[∗].node[∗].osModule.memory.

size = 2.0GiB
8

9 IBM.rSto0 StorageRack.numBoards = 1
10 IBM.rSto0 StorageRack.nodesPerBoard = 1
11 IBM.rSto0 StorageRack.nodeBoard[∗].channelType = ”Eth10M”
12 IBM.rSto0 StorageRack.nodeBoard[∗].node[∗].bsModule[∗].disk.

readBandwidth = 650.0Mbps
13 IBM.rSto0 StorageRack.nodeBoard[∗].node[∗].bsModule[∗].disk.

writeBandwidth = 420.0Mbps
14 IBM ScenarioA 1server.rSto0 StorageRack.nodeBoard[∗].node[∗].

osModule.memory.size = 2.0GiB

Listing 4. Data-center configuration in
SIMCAN

4 Evaluation

This section presents a experimental study that shows
the applicability of our our proposed approach. In order to
carry out these experiments, a data-center inspired by IBM
Flex system has been modelled (see Figure 2). In this case,
the target system contains two racks and one main switch,
that is, one computing rack for processing purposes and one
storage rack for managing data. The computing rack con-
sists of 6 board nodes, where each board contains 14 p460
blades with 4 CPUs, 64 GB of RAM memory and a local
disk drive of 1TB. Hence, the modelled system provides a
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total of 336 CPUs. The storage rack has been modelled with
one blade consisting of 2 CPUs, 32GB of RAM memory
and a high performance disk drive of 2TB. Each rack uses
an Ethernet 10/100 network to interconnect the blades. The
main switch is connected to each rack through an Ethernet
10-Gigabit network.

This data-center has been modelled using MAGICIAN,
and the alternative designs have been simulated using
SIMCAN[3], using the code generator explained in Sec-
tion 3.3. In order to analyze the overall system performance,
a Map-Reduce application has been used [5]. This applica-
tion processes a 2.5GB data-set. This data-set is divided
into small data portions, called domains, which are deliv-
ered among the different processes. In these experiments,
336 processes are executed in the available CPUs of the sys-
tem. It is important to remark that each process has a dedi-
cated CPU. The size of each domain is 4MB and the size of
generated data, after processing each domain, is 2MB. Each
process requires 1,875,000 MIs to process a single domain.

Once the data-center has been modelled, MAGICIAN de-
tects 2 possible inconsistencies in the data-center configu-
ration. The first inconsistency targets the infrastructure of
the data-center (the rule detecting this issue is the one in
Listing 1), while the second is related to a possible miscon-
figuration of a single parameter (see Listing 2).

In the first case, the storage rack has been configured to
use 1 blade only, that is, 1 storage server. Generally, when
the proportion between the number of processes and the
storage resources is not properly balanced, the storage sys-
tem acts as a system bottleneck, slowing down the overall
system performance. Consequently, MAGICIAN suggests
to increase the number of storage servers by modelling each
board in the rack with different storage blades. In order to
show the usefulness of this rule, different alternative config-
urations, using the expert rule described in Listing 1, have
been generated. In this case, these simulations have been
executed using 1, 2, 4, 8, 16 and 32 storage servers. Figure 5
shows the results obtained from these simulations, where
the x-axis represents the number of storage servers and the
y-axis represents the speed-up with respect to the initial
configuration using 1 storage server. This chart shows that
the overall system performance slightly increases when the
number of storage servers increases as well. However, this
chart also shows that there should be another bottleneck in
the system, because the increase is not high.

In the second case, MAGICIAN suggests to change the
configuration of the network. Since the original model uses
a 10/100 Ethernet network in each rack, it may lead to slow-
ing down the system significantly. Similarly, in this case
we have simulated the data-center using a different number
of storage servers and a 10-Gigabit Ethernet for communi-
cating the blades in the racks. Figure 6 shows the results
obtained from the simulation of the alternative data-center
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Figure 5. Proposed data-center designs by
the expert-rule shown in Listing 1
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Figure 6. Proposed data-center designs by
the expert-rule shown in Listing 2

designs. This chart shows a significant increment of perfor-
mance when the number of storage servers are increased.

As a conclusion, the initial configuration of the data-
center had two drawbacks. First, using only 1 storage server
limits the parallelism for accessing data in the system. In
this case, MAGICIAN detects an inconsistency in the ratio
between the number of CPUs and the number of storage
servers. The expert rule suggests to increase the number of
storage servers. In particular, this rule recommends to use
8 storage servers for this data-center configuration. Second,
the network used in the racks acts as a system bottleneck. In
this case, the issue is easily fixed by using the corresponding
quick-fix.
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5 Related work

The correct design of distributed systems is a process
that requires years of expertise. In order to alleviate the in-
conveniences of this complex and costly task the scientific
community has performed a constant effort [6]. Alshahrani
and Peyravi presented a theoretical model to design and
evaluate communication networks in data-centers [7]. This
proposal includes an experimental analysis where the three
major DCN architectures have been deployed by using sim-
ulation techniques.

In the field of modelling and simulation several contribu-
tions can be found. Son et. al presented CloudSimSDN [8],
a simulation framework for software-defined cloud infras-
tructures. This framework incorporates a graphical inter-
face to design the data-center topology. Meisner et. al pre-
sented [9], a simulation infrastructure for data-center sys-
tems. This approach is based on a higher level of abstrac-
tion, and uses a combination of queuing theory and stochas-
tic modeling. Although these works allow to model several
infrastructures in a fast and easy way, some of their main
weakness are related with the low level of detail of the re-
sultant infrastructures models. In order to alleviate these in-
conveniences, Nuñez et. al presented SIMCAN [3], a sim-
ulation platform designed to analyse and test parallel and
distributed architectures and applications.

More recently, Palyart et al. presented MDE4HPC [10],
an model-based approach to describe and generate scientific
knowledge for diverse architectures. This work presents a
methodology to generate HPC applications independently
from the platform by using Archi-MDE. Hence, to the best
of our knowledge, there is no proposal to design data-center
infrastructures that combines expert rules and simulations.
Although there exist several simulation platforms, none of
them includes users assistance during the modelling pro-
cess. For this, our approach complements some of the exist-
ing simulation platform with expert-rules. In this case, we
have selected SIMCAN due to its high level of detail and
flexibility. In addition, this SIMCAN simulation platform
is based on the OMNeT++, one of the most extended and
adopted simulation platforms in the scientific community.
Moreover, expert rules are expressed in EVL, which in its
turn is based on OCL, a widely used standard for expressing
model queries and constraints.

6 Conclusions and Future work

In this work we have presented MAGICIAN, a model-
based approach for the design and analysis of data-center
configurations. The metodology relies on expert rules to
detect and fix suboptimal decisions, and on simulation to
analyse performance and scalability of the configurations.

We have performed several experiments by modelling
a real data-center using MAGICIAN. The proposed data-
center designs, after applying the suggestion made by
MAGICIAN, show that the existent inconsistencies in the
initial design are fixed. Also, the new designs provide an
overall system performance higher than the initial model.

In the future, we would like to support semi-automatic
tuning configuration to reach a specific performance goal.
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Abstract— Estimating dynamic components in projects involves 
understanding human factors which are substantial in software 
development. Communication and collaboration in teams consist 
of social-driven characteristics with influences on the continuous 
delivery of software. Efficiently estimated meetings become 
increasingly important due to budget calculations and shortened 
release cycles. Experiences of project managers combined with 
retrospectives on historical data records support a better 
understanding of team dynamics. But interpreting complex effects 
is not always trivial, in particular without further analyzes. In 
several studies, information relationships are investigated through 
linear correlation measures. Additional analyses for higher 
correlations are often neglected due to the advanced functional 
characterization. This leads to statistical gaps with significances 
for explored data relationships and their functional interpretation. 
In this paper, we present a systematic identification and 
visualization of team communication effects and diversities for 
field study records of 34 student software projects. We combine 
methodologies from system dynamics with exploratory data 
analysis to extract and emphasize significant effects. These insights 
help to sensitize for advanced investigations about the statistical 
measures of correlation and to interpret sophisticated structures. 
Furthermore, it reinforces potentials for a team’s communication 
performances and enables an enhanced understanding about how 
student teams meet and communicate. 

Keywords— Team dynamics; exploratory data analysis; data 
visualization; student software projects 

I.  INTRODUCTION 
Human factors have become increasingly important for 

software engineering disciplines and processes. Especially the 
relationships of single factors are often difficult to understand or 
too complex to be directly interpreted [10]. It remains to the 
experience and knowledge of project leaders to estimate future 
projects inter alia according to team structures, capacities, and 
budget capabilities. The longer a project manager collaborates 
with a particular team, the more harmonized and predictable 
becomes the team’s typical behavior. Knowledge transfer and 
exchanges are often achieved by self-reflections and 
retrospectives of all involved project members at the end of the 
project [16]. The common use of system records during the 
development process allows subsequent statistical analysis on 

available project data, team performances and comparable 
attributes that can be monitored. This analysis leads to the 
identification and visualization of important compounds. 
Illustrating sophisticated information structures and the 
interpretation of these can be realized in various ways [14]. But 
interpreting data relationships is often linked with risks if 
relationships are insufficiently analyzed. This occurs when data 
dependencies become statistically explained without further 
proof for multiple kinds of functional characteristics, e.g. 
determining a data pair’s non-linearity. This can cause gaps in 
interpretation and inadequate significance measures on explored 
data relationships. However, another problem is the number of 
records: The more records, the more combinations and types of 
connections exist. Anyhow, each of these relationships requires 
further examination for complex functional relationship 
characteristics [7]. This takes an enormous amount of extra time 
and effort when analyzing data manually and is almost 
unrealistic for large data sets.  

In this study, we explore some important effects on student 
teams’ communication and meeting behavior. The underlying 
data set originates from a previous field study focusing on group 
effects and the communication behavior in 34 student software 
projects. The data consists of weekly data reports from each 
team leading to more than 15.000 database entries. This includes 
communication paths, intensities and network structures, social 
manner, used media channels, mood and team spirits, meeting 
quantity, duration and participation from 165 student 
participants [6]. Our study concerns on meeting diversity effects 
about the following seven categories of system components 
shown in Fig. 1. 

 
Figure 1. Report components with relevance for team’s meeting diversity 
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Based on previous studies [6, 8] and a subset of open 
questions about team communication effects, this approach 
focuses on the verification of three assumptions with strong 
relevance to meeting manners during student software projects. 
Insights about the following questions can help us to optimize 
the educational concept of student software projects, also 
identifying stereotypes about students operating manner. 

RQ1 is derived from expectations on student’s meeting 
estimation when quality gates occur. In the best case, the 
meeting times remain at an almost constant level that would 
represent balanced working process without firefighter situation. 

 

 

 

Insights from RQ2 present two indicators for the duration of 
team meetings. For early communication diagnoses and 
tendency estimators, it is important to understand whether the 
team's perceived productivity of communications ends up with 
longer or shorter meeting durations. The same applies for team 
member’s subjectively reported motivation during each project 
week. A decreasing level of team’s motivation can be probably 
associated with shrinking meeting hours. Thus, it can be one 
potential indicator for an ongoing motivation condition in teams. 

 

 

 

In RQ3, we want to verify whether a decentralized meeting 
for instance through video chats or other digital channel have 
positive, negative or even no effects on the motivation of a team. 
As a matter of fact, face to face communication is an approved 
contact form with maximum information flow [17]. Compared 
with other communication channels, face to face communication 
presents additional perspectives for the motivation in teams. 

 

 

 

 

In previous approaches on early communication diagnoses 
for tendency forecasts, we revealed the importance of 
characterizing data relationships, that should be made with most 
maximal aware for accurate estimators [8]. For the verification 
of RQ1, RQ2, and RQ3, we apply exploratory data analysis to 
characterize and interpret key components that are later used to 
describe the meeting dynamics. So far unknown data relation-
ships are analysed through mutual information consideration. At 
the same time, such techniques resolve a more efficient 
interpretability of data relationships. These insights can help to 
sensitize on investigations about the statistical measure of 
correlation and clarifies the structures. 

We also present a simplified process based on techniques for 
conceptualizing a system dynamics model [1, 12]. The con-
ventional conceptualization of this kind of model is often 

realized supported by statistical methods, e.g. analysis of 
regressions, distributions, correlations and data significances. At 
this moment, semi-automatic statistical methods for identifying 
linear, non-linear and other functional relationships are rarely 
taken into account. We introduce the maximal information-
based non-parametric exploration (MINE) method which can 
detect and classify up to 27 different types of functional data 
relationships [7]. In addition to the verification of RQ1, RQ2, 
and RQ3, it is also our aim to apply a conceptualizing process 
for building a system dynamics model with the support of 
exploratory data analysis on student team records. This allows 
us to visualize the basic mechanisms of effects within a system. 
Although, this paper does not include neither the formulation nor 
the simulation of the system dynamic model. Such models are 
mostly used to perform experiments and simulations to discover 
further, not yet identified effects in software projects. However, 
these subsequent processes will be introduced in later 
publications and are not part of this paper. Although more 
research questions are conceivable, we focus on those mentioned 
above. We will present solutions for visualizing the results, 
represent the identified communication and meeting effects, 
give context information about relationships and serve the 
methodical conception of dynamically influencing components 
within a system. 

II. ORIGIN OF TEAM COMMUNICATION RECORDS 
Software projects at Leibniz Universität Hannover take an 

important role for students in the fifth semester of their 
undergraduate computer science studies. These projects fulfill 
real world’s customer requirements, time pressure and self-
managing organizations within each developer team. Self-
chosen student project leader and quality associates navigate the 
team through each phase of a waterfall-oriented development 
process. In an interdisciplinary cooperation with psychologists, 
Schneider et al. [6] studies both the dynamics of communication 
behavior and information flow from student software developers 
since a few years. Several student software projects have been 
monitored to grasp data about social driven team dynamics and 
to establish early diagnoses and tendency forecasts for 
communication diversity [8]. The following list shows 
conditions about teams and projects from the previously taken 
field study [6]: 

a) 34 student software projects with waterfall-oriented 
development process and durations of 15 weeks 

b) The students were academia undergraduates with at 
least five semesters in major of computer science. 

c) Team sizes: 31 of 34 teams consisted of five people 
d) Projects were comparable in complexity, effort of time 

and fulfilled real end-user requirements. 
e) Self-organization: The teams had to manage tasks, 

project scheduling, social conflicts and problems.  
f) Three quality gates were integrated during the project 

phase to ensure the quality of product. 
g) At project’s end, all teams had to fulfil a customer 

acceptance test, individually formed based on each 
projects requirements compliance. 

h) Students have basic knowledge in software engineering 
disciplines, programming skills in Java, and mixed 
experiences in working as a group. 

RQ2: Does the communication productiveness or team 
member’s motivation have an effect on the 
duration of team meetings? 

RQ3: FLOW distance is defined as a metric to describe 
a team’s decentralized communication and 
meetings [10]. Does a decentralized meeting 
also affect the team’s perceived motivation? 

 RQ1: Does the duration or quantity of team meetings 
increase for project weeks that are terminated to 
have quality gates or deadlines? 
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III. RELATED WORK 
Our research is based on related work with manifested 

methods in the field of system dynamics modeling as well as the 
applied statistical information analysis.  

Decades ago, Forrester [1] pioneered the well-known system 
dynamics model, which is a methodology for holistic analysis 
and model based simulation of complex and dynamic systems. 
The quantitative modeling represents a strategy to identify and 
investigate forces within systems which have led to a problem in 
the past or are of particular importance. The author manifested 
qualitative models through flow diagrams to simulate system 
behavior that enables a deeper understanding. Stocks, rates, and 
auxiliary variables are used to describe system interconnections 
and show how the effects of action lead to the behavior of 
systems that are partly non-linear and contra-intuitive [1, 5]. The 
processes used in this study are based on Forrester’s [ref] 
conceptualization processes to achieve quantitative knowledge 
about dynamics. 

Also, especially for the principles of dynamic events in 
software project management, Abdel-Hamid et al. [3] introduced 
various case studies with large software projects providing 
relevant metrics. They applied data records and experiences to 
build system models with different stages of complexity. The 
authors present a detailed overview of plenty dynamic modeling 
examples like the dependence of productivity on the motivation 
of development teams and even an entire software development 
process chain. 

Madachy et al. [4] describe the early stages of modeling 
communication and team issues, including Brooks law. The 
authors applied qualitative model simulations to understand 
different process dynamics through regular boundary 
expressions under a range of parameter settings. 

Houghton et al. [2] focused on the data inclusion and 
consideration for system dynamics modeling procedures. The 
authors describe investigations about the possibilities for 
expanding the conventional system dynamics methodology by 
conceptualizing and formalizing data collections using statistical 
methods. 

IV. METHODOLOGY 
The methodology of this approach describes the 

investigative processing of students’ communication and 
meeting diversity in software projects through the novel 
exploratory data analyzing technique MINE [7]. First, we 
present MINE’s operational advances and power for the 
identification and characterization even for complex data 
relationships and structures. We continue with the 
conceptualization stage for building a system dynamics model 
that can be later used for visualizing and abstracting mechanism 
effects within the target system. Parallelly, we apply 
conventional data visualization techniques that are commonly 
used to explore linear data relationships like line charts and 
cross-correlation plots to demonstrate the difficulties and gaps 
when data dependencies only become expressed as linear 
relationships. Using the exploratory relationship identification 
through MINE, we also present force-based network diagram 
that graphically highlights the affecting and affected team 
communication components within the system. 

A. Data analyses for maximal information coefficients (MIC) 
MIC [7] is a novel measure of data dependence that captures 

linear, non-linear and more complex functional associations 
between a pair of variables. The algorithm identifies the 
maximal available mutual information through consideration of 
relationships types and their functional properties charac-
teristics. This enables the identification and estimation even of a 
complex association between a pair of data compounds, where 
conventional statistical correlation measures would solely 
consider the linearity of relationship. Fig. 2 summarizes MIC’s 
power for the identification of relationships compared to other 
correlations methods that take common place on data analysis.  

 
Figure 2. Power for identifying relationships types using MIC [7] 

MIC represents a relationship coefficient score considering 
several further statistical correlation measures. This includes, for 
example, the Spearmen correlation coefficient, Kraskov et al.’s 
[9] mutual information estimation, maximal correlation 
estimation using ACE [15] and the principle curve-based CorGC 
dependency measures [11] for the identification of inter-
dependencies for up to 27 different functional relationship types. 
Therefore, the algorithm can automatically determine whether a 
data relationship is interpretable as linear or more complex 
functional dependence. Estimating tendency models, these 
further differentiation results have a significant meaning for the 
outcome’s accuracy of forecasting models. In particular, the 
algorithm determines the existence of a relationship between 
two data variables in regression problems and non-linear 
information analysis. Its analysis is grounded on curve-fitting 
techniques and resembles an automated function regression with 
maximal mutual information consideration. 

B. Conceptualization of a system dynamics model 
The commonly applied building process for system 

dynamics models is divided into four main stages. Each of these 
steps consists of sub-steps as shown in Fig. 3. This paper only 
covers the first stage about the conceptualization of system 
dynamics models and provide practical advice for completing 
each sub-step. Due to the scope and limitations of this approach, 
the three remaining stages in the model building process will 
take part in continuous publishing. Our aim about a conceptual 
model is to reach an enhanced understanding of the way how 
student teams communicate and manage their meetings. We also 
want to simplify the identification and characterization of effects 
without loss of quality and gaps due to solely linearity measures.  
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Figure 3. Forrester’s stages for building a system dynamics model [12] 

Stage 1.1 Define the purpose of this dynamic system modelling 

In the first stage, conceptualizing a system dynamics model 
helps to understand a model’s boundary and operating 
limitation, influencing factors and effects between components. 
This encloses the meeting and communication behavior of 
teams, and also their organizational structures during a waterfall 
process-driven software project. A model about team 
communication diversity could be rather used to estimate the 
tendency course of team dynamics for future projects. The 
identified relationship characteristics, stereotype, and effects 
express the model’s operating mechanism. Simulation runs and 
experiments with varying communication constellation 
additionally can resolve knowledge and information about 
dynamic behavior over time. Furthermore, explicit situational 
cases or exploratory project planning and knowledge infusions 
are of higher interests. Therefore, internal structures and 
interactions during different phases of the development process 
are more interpretable and transparent through key components 
with known relationship effects. The conceptual model in this 
paper shall be used to abstract and visualize the mechanism of 
teams meeting diversity according to RQ1, RQ2, and RQ3. 
Findings of coherent meeting effects become resolved through 
the exploratory data analyses in MINE. 

Stage 1.2 Define the system boundary and identify key variables 

The guide about how to build a system dynamics model by 
Forrester [1] continues with the determination of key variables 
and components of the target system. All elements within a data 
set become manually reviewed and marked due to their assumed 
relevance for the system boundary. The marked elements 
represent a closed systems boundary within which the behavior, 
e.g. meeting diversity, is analyzed. The primary components list 
must be reasonable, aggregated and if possible directionally 
labeled. For example, the MoodPositive element from the initial 
components boundary list in Fig. 4 represents an aggregated 
component for ten psychological characteristics like happy or 
satisfied to express a team’s mood. These features are part of the 
team reports and were documented weekly by each member of a 
team. 

 
Figure 4. System boundary with endo- and exogenous component separation 

The review of all data variables, especially the subjectively 
selected system boundary components requires a subsequent 
categorization. All components in the initial list need to be 
classified and separated into endogenous or exogenous system 
elements. However, Fig. 4 only presents an orientation guideline 
as summarized overview of possible system components and 
does not necessarily bind the model’s frame. After further 
examination, the initial boundary list also contains system 
components that seem to be unnecessary for the current research 
questions. The components with assumed relevance for the 
ongoing investigations about the three research questions should 
be classified as an endogenous or exogenous component to set 
borderlines for this approaches system boundary. Exploratory 
data analysis like MINE [7] also helps to identify key elements 
of a sophisticated system as well as analyzing the maximal 
available mutual information between associations. The key 
factor findings in MINE plotted as a weighted network diagram 
are shown in Fig. 5. Beside the ProgressedTimeOfProject, the 
components FLOW Distance, ProjectPhase, NumberOfTeam-
Meetings and NumberOfAttendedMeetings seem to be of central 
relevance for the system. 

 
Figure 5. MIC-weighted network diagram on team meeting components  

This network plot enables an overview of all investigated 
component’s relationship with statistically identified maximal 
information coefficient strengths. The diagram nodes present 
varying sizes according to each measured ongoing MIC strength. 
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Nodes or component relationships are intersected through 
edges that vary in their intensity to express the relationship 
strengths for identified functional properties through MINE. The 
graphics are realized through a minimalistic Java tool reading 
data records from CSV-files, performing exploratory data 
analysis through integration of the MINE application and 
plotting the identified relationship as an MIC-weighted network 
diagram. For plotting the graphic, the tool uses an embeddable 
R-library named igraph [14]. This library also allows extended 
network visualizations as shown in Fig. 8. It can derive force-
based network diagrams with positive and negative notated 
arrows to describe an effects polarity. 

Stage 1.3 Describe the key variables behavior as reference plot  

The traditional conceptualization process for system 
dynamics models by Forrester [5, 12] continues with plotting the 
assumed components of interest. Through cognitive reviews and 
interpretations, the difficulty remains in identifying distinct 
phenomena, patterns or other relationship types between the 
components. The line chart in Fig. 6 shows meeting charac-
teristics of the teams and their dynamic changes during a project. 

 
Figure 6. Reference chart for comparisons of team meeting dependencies  

The more component’s and their changes over time became 
plot and compared with other elements, the more difficult it is to 
make qualitative interpretations for data relationships and types. 
Cross-correlation plots in R-statistics help to measure two 
component's linear relationship statistically as in Fig 7. The 
applied visualizations foster a general understanding for meeting 
diversities and data variances over time. However, it represents 
an insufficient method, especially for detailed identifications of 
component's relationships in larger or complex systems.  

 
Figure 7. Linear data analysis through cross correlation matrix in R-statistics 

As an example, MINE identifies relationship strengths for 
the components MoodNegative and CommunicationProductive-
ness in Fig. 7 differently compared to the linearity measures 
from the cross correlations in R. In this qualitative comparison, 
MINE measures a stronger correlation coefficient with strong 
significance based on the additionally considered functional 
relationship properties. The example demonstrates the statistical 
outcome with identification gaps in case of sole linearity 
analyzes without further relationship characterization. Both 
correlation coefficient measures and their particular statistical 
significance with Fisher’s exact tests [13] are shown in Tab 1. 

Table 1. Identification of relationship strength: MIC vs. Pearson correlation 

 

For the verification of RQ1, RQ2, and RQ3, we consider all 
team records for the exploratory data analysis in MINE. This 
step enables to identify each possible relationship within the data 
components, shown in the network diagram in Fig. 5. As the 
subsequent step, we limit the considered boundary of 
relationships from the entire data structure to only relevant 
subjects for the RQs. This centralizes the focus and simplifies 
the interpretability for particular component’s effects. In 
particular, it enables to compute only the sub-network diagram 
that describes a component’s direct interplay as an affected or 
affecting unit. The Java tool that was established to analyze the 
team data records includes a feature to select components for 
managing the focus of relationship analyses in MINE. 
Therefore, resulting network diagrams can shrink and expand 
their structure, depending on the selected items and research 
focus. According to RQ1, RQ2, and RQ3, we chose all 
components that were identified through MINE to be affected by 
elements or affect others. On the affected side, we mark the 
features that were of interest to the research questions. This 
includes five components: DurationOfTeamMeetings, FLOW-
Distance, NumberOfTeam-Meetings, Motivation, and Produc-
tivity (communication productiveness). The force-based sub-
network diagram in Fig. 8 shows all affected components with 
interest for the RQs, as well as all the elements that are affecting 
these. 

  
Figure 8. Relationships with directed polarities between meeting components 
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This diagram is a visualized result of the exploratory relationship 
identifications through MINE and our Java tool which performs 
the embedded visualization steps. In Tab. 2, all findings through 
MINE are listed numerically including their references to the 
conventional correlation measures on a relationship’s linearity. 

Table 2.   Relationship identification and MIC-scoring through MINE  

 
 

The used Java tool enables to mark whether an effect has 
negative or positive influences as directed polarity label for each 
identified relationship. Each polarity is detected through the 
trendline course of the identified functional relationship between 
a pair of components. The formerly visualized relationships in 
Fig. 8 with the directed polarities combined with the statistical 
measures in Tab. 2 allow us to interpret and describe the 
behavior of each component and therefore to verify the RQs. 

According to RQ1, we want to prove whether quality gates 
are a reliable indicator for an increasing number or duration of 
team meetings. The methodology of this study allows to verify 
the RQs in two ways: Through statistical measures and also as 
cognitive interpretation for visualized relationship networks. 
The secondary is less accurate but has strong benefits for simple 
relationship representations. The affected component Number-
OfMeetings in Fig. 8 reveals three incoming positive influences 
from the affecting components NumberOfAttendedMeetings, 
TimeOfMeetings, and TimeOfMeetingAttendance. There is no 
evidence in the empirical records confirming the dependency 
between an increasing number of team meetings and occurring 
quality gates. This is also correct for the duration of team 
meetings. The component TimeOfMeetings is only affected by 
the time of students’ typical attendance in a meeting. Therefore, 
we cannot confirm that QualityGates influence the quantity and 
duration of student team meetings.  

RQ2 is about whether the communication productivity or 
motivation have an influence on the duration of team meetings 
in the student projects. We show in Fig. 8, that the component 
TimeOfMeetings is affected by the component TimeOfMeeting-
Attendance. It also affects four others differently i.e. positively 
the FLOWDistance, negatively the Motivation, positively 
Productivity and positively the NumberOfTeamMeetings. All 
these components have endogenous characteristics within the 
system. Means they all represent affected elements, but also can 
affect other components at the same time. Vice versa, the 
diagram indirectly obtains that TimeOfMeetings will be reduced 
with an increasing Motivation. An increasing communication 

Productivity leads to a positive effect on the TimeOfMeetings. 
Therefore, the higher the perceived communication productivity 
of team members, the more time they will spend in meetings. 

RQ3 concerns potential effects on a team’s perceived 
motivation in the case of distributed communication structures 
which can be expressed by a high FLOW-Distance. Fig. 8 that 
this component is negatively affected by the Motivation. Both 
components are endogenous units as well. Therefore, they also 
consist of feedback loop mechanisms. For instance, this means 
that an increasing FLOWDistance will decrease the team’s 
perceived Motivation within a project and vice versa. The graph 
also shows that a decentralized communication has plenty 
effects on e.g. quantity, duration, participation in meetings with 
relevance for teamwork. 

Stage 1.4 Diagram a system’s basic mechanism 

The dependencies in our system with specific component 
scopes can be expressed through the notated polarity interactions 
shown in Fig. 8. So far, these diagrams do not cover or describe 
feedback loops for components’ interplay. Forrester [5] applies 
quantitative modeling through stocks and flows diagrams as in 
Fig. 9 to investigate interactive effects on endogenous com-
ponents. The stocks represent components controlled through 
auxiliaries. Each auxiliaries function describes a single stock’s 
level change over time by associated effects that were identified 
to influence a stock. In fact, auxiliaries regulate effects through 
functional equations, which is part of the second stage to 
formulate a system dynamics models. However, this paper limits 
its focus on the conceptualization of a system dynamics model. 
We manually build the stock and flow diagram in Fig. 9 to 
quantitatively visualize the dynamic mechanism regarding the 
RQs about students’ meeting diversity in software projects. The 
model is realized with the educational license for the modeling 
and simulation software Anylogic.  

 
Figure 9. Stock and flow diagram for a meeting diversity system 

This quantitative model abstracts the component’s interplay 
through Forrester’s notation REF. Formalizing the so far only 
conceptual auxiliaries will resolve a qualitative model that also 
enables simulations. However, this requires manually effort by 
analysts working on the Formulation stages listed in Fig. 3. 
Formulating relationships also requires detailed knowledge 
about the type of connection. It is an incremental building 
process that helps project analysts to detect further heuristics and 
gather information for all project associates. 
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V. INTERPRETATION AND VALIDITY OF RESULTS 
The objective of this research was to combine the system 

dynamics terminology with exploratory analysis on information 
provided by student reports during software projects. The MINE 
methodology and visualization techniques, e.g. the conceptual 
modeling and force-based networks are applicable for further 
system conceptualization and data structure characterization [7]. 

A. Interpretability of statistical results 
Before we started with our investigations, we approved the 

quality of data records. Therefore, we performed univariate 
variance analysis for all data records through ANOVA to ensure 
that the data is normally distributed. For the comparison of 
different data types, all analyses are done with normalized 
values. The applied RQs are defined due to assumptions with 
relevance on student teams’ meeting behavior in university 
software projects. All relationships listed in Tab. 2 are verified 
through Fisher’s exact tests with p-values < 0.05, i.e. with 
significances. The explored insights help to enhance framework 
conditions and educational concepts for future student software 
projects. Supplementary, the identified meeting dependencies in 
Fig. 8 characterizes that a centralized communication structure 
has strong importance for the motivation and positive atmos-
phere in teams. Beside newly gathered insights, some trivial 
relationships could be noted as well like that a team’s motivation 
has positive effects on the communication productivity in 
meetings. Additional analyses on other teams and software 
projects probably discover more aspects of dynamic team 
behavior and show human factors in a more understandable way. 

B. Threats to validity 
This approach underlies several threats to validity. All results 

are derived from the student records in a previously taken field 
study [11]. Experience records of other teams with different 
framework conditions may lead to other results. The authors 
subjectively set the initial system's component boundary listed 
in Fig. 4 with assumed relevance for meeting factors. Different 
researcher’s experiences may result in other selections. Due to 
the nature of system conceptualization, our meeting model might 
be incomplete and missing exogenous influences. The reliability 
and quality of insights about the meeting diversity in teams are 
only statistically validated and resolutely remain solely 
applicable for other student software projects with similar 
frameworks. Consequently, the results should not be over-
generalized for regular developer teams in software projects. 

VI. CONCLUSION 
We introduced the conceptualization steps about modeling 

system dynamics [12] in combination with the MINE 
terminology [7] that establishes an advanced identification of 
functional relationships in sophisticated data structures. The 
objective of this study is to resolve a better understanding about 
dynamic dependencies on meeting diversity in student software 
projects. Human behaviors are not always trivial to comprehend. 
Therefore, we applied field study records from 34 student 
software projects to an exploratory analysis and visualization 
proceeding, which verified three research questions about 
meeting behavior with assumed relevance for educational 
perspectives on project scheduling. Beside the system dynamics 
mechanism, we derived force-based network diagrams 

providing a simplified visualization for meeting dependency 
structures that are also understandable not especially for 
analysts. We could prove that the centrality of meetings takes an 
important role in the communication productiveness and 
motivation of student developer teams.  

The exploratory terminology helps us to characterize the 
meeting dependencies through functional property analyses on 
data relationships which are verified as an enhanced identi-
fication to complement gaps that are not covered by solely linear 
correlation measures [7]. Data collections from completed 
software projects are valuable goods for future decision and 
planning improvements. It is desirable to simplify the interpret-
ability of structural dependencies information. This study helps 
researchers and educational staff to understand better and 
interpret student’s meeting diversities, also how to statistically 
analyze and visually diagram effects in teams. 
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Abstract— Data provenance refers to the historical record of the 
derivation of the data, allowing the reproduction of experiments, 
interpretation of results and identification of problems through 
the analysis of the processes that originated the data. Data 
provenance contributes to the evaluation of experiments. This 
paper presents a framework for data provenance using the W3C 
provenance data model, called PROV-DM. Such framework aims 
at contributing to, and facilitating, the collection, storage and 
retrieval of provenance data through a modeling and storage layer 
based on PROV-DM, yet is compatible with other representations 
of PROV such as PROV-O. To demonstrate the utilization of the 
framework, it was used in an IoT application that performs the gas 
classification to identify diseases. 

Keywords- Data Provenance; PROV Framework; PROV W3C. 

I.  INTRODUCTION 
The term "provenance" refers to the origin or provenance of 

data, that is, it is a record of the data derivation history, which 
enables reproducibility of experiments, interpretation of results 
and diagnosis of problems [1]. The provenance is the 
complementary documentation of a data, containing information 
of "how," "when," "where" and "why" the data was obtained, 
"who" got it and "how much" cost this in time or effort. 

The provenance provides a look beyond the specifications of 
domains and suggests the adoption of disciplined models, where 
data provenance information can be used to learn or understand 
design methods and rules. It can further assist users in similar 
investigations in order to understand data correlations and to 
improve future investigations. Currently, the provenance of data 
is successfully applied in different areas, mainly e-science [2]. 

One of the problems of provenance refers to the lack of 
agreement as to the comprehensiveness of the data to be 
captured, in addition to the absence of a clear definition of how 
this procedure should be carried out [7]. Other issues raised with 
respect to the provenance of data are reliability of data, integrity, 
confidentiality about its use, availability to other people, beyond 
efficacy in relation to what is being captured and the efficiency 
with which this is done, ensuring that all relevant information is 
captured.  

The goal of this section is to discuss the benefits that the data 
provenance can bring, considering the captured data, how they 
were modeled and stored, and the type of information to be 
obtained from them. In this context, we present a framework for 
data provenance (FProvW3C).  

To illustrate the use of FProvW3C, we will present an 
example from a system based on the Internet of Things (IoT) 
[13]: a system that collects data from gas sensors and assists in 
the classification of gases emitted by humans. We have chosen 
this example because IoT is an exciting and emerging approach 
that has gained both academic and industrial attention.  

The remainder of this paper is organized as follows. Section 
II presents the W3C PROV [3] model. Section III discusses 
related work. Section IV details the FProvW3C and Section V 
presents the framework instance. Finally, Section VI presents 
our conclusions and future work. 

II. PROV W3C 
According to [4], the data provenance can be divided into 

three types: i) Prospective: it is the sequence of processes used 
in data generation; ii) Retrospective: this is the information 
obtained during the execution of data and environment 
generation processes, and iii) User data: any information that the 
user deems necessary for future analysis. In addition, the 
provenance can be obtained in two ways according to [8], which 
are: i) Lazy: the provenance is obtained from the moment that its 
capture is requested, and ii) Anxious: provenance is obtained at 
all times and is readily available. The best way to collect it will 
depend on the application to be used. 

Currently, there are two main patterns for data capture from 
provenance: i) the OPM model [5], with three vertices, five 
causal relationships, and ii) the PROV model [3], with three 
main vertices and seven basic relations, plus complementary 
ones. In this work, the provenance model used was the PROV 
[3] by its amplitude and greater number of causal relations for 
knowledge representation. 

The PROV [3] model consists of 12 documents that define 
their specification. Among the main documents are the PROV-
DM, which specifies the data capture model; the PROV-
CONSTRAINTS, which is the set of constraints applicable to 
the data model (PROV-DM), and the PROV-O, an ontology for 
mapping the data model. 

The PROV-DM creates a separation of types and causal 
relations, the types being: i) Entity: it is either a physical, digital 
or conceptual type, or something with fixed aspects, in that 
entities can be real or imaginary. ii) Activity: it is something that 
occurs over a period time and acts on entities. iii) Agent: it is 
something that has some kind of responsibility for the activity 
and the existence of an entity, or for the activity of another agent. 
Agent, in the PROV model, can be classified as an organization, 
a person, or a software agent. DOI reference number: 10.18293/SEKE2017-085 

 

615



 

 

In relation to causal relations they are divided into two 
subsets: primary and secondary (optional) relations. Fig. 1 
shows the primary relations in bold and Fig. 2 presents the 
(optional) secondary relations. 

 
Figure 1. Primary relations of the PROV1. 

 
Figure 2. Secondary relations of the PROV2. 

One of the advantages of using the PROV and the PRV-O 
ontology is that PROV-DM can be represented by using OWL2 
(Web Ontology Language) [6]. They can also be used to 
represent and exchange information of provenance generated in 
different systems and in different contexts. 

In addition, another advantage of using the PROV model is 
with respect to the storage model, where different sources of 
information are converted into a model standardized by the 
W3C. This in turn facilitates the understanding, traceability and 
reproducibility of a data, due to the process that originated it. 
Furthermore, it allows semantic annotation using the PROV-O. 

The provenance may be an important quality metric in the 
experiment, since the data derivation process has implications 
for both data quality and the errors introduced by faulty data as 
they propagate in other derivations [9]. Provenance in the 
experimentation process can help increase the validity of the 
experiments, since the reliability of the data will be monitored. 

The main objective of the FProvW3C framework is to 
simplify the capture of provenance data and to facilitate the use 
of the PROV model, thus allowing for more reliable 
experiments. 

III. RELATED WORK 
Provenance can be used as a quality metric for data 

evaluation because it has significant implications on data quality 
and errors introduced by faulty data, which increase as 
derivations are propagated [9]. To support the research 
developed in this article, a structured search was carried out. 
Among the results were selected studies that are applied 
explicitly to the data provenance based on the PROV model. 

Starting with ProvToolbox3 is a Java library to create PROV-
DM representations and convert them between RDF, PROV-

                                                             
1, 3 PROV-DM: http://www.w3.org/TR/prov-dm/ 
 

XML, PROV-N, and PROV-JSON. It is not geared towards 
capturing and storing data in a DBMS (Database Management 
System), moreover, is a set of independent tools for each form 
of representation of the data. 

The prov-api 4  is a Java API to create and manipulate 
provenance graphs. Currently, API only implements PROV's 
essential terms. The focus of the prov-api is the inference and 
query in the PROV-O ontology and not in the data storage using 
the PROV-DM, as well as its use in data capture from 
provenance. 

The PROV Python library 5 is a library that provides an 
implementation of PROV-DM in Python. Although it is a library 
close to the concerns of the framework of this article, being in 
python makes it difficult to capture data coming from multi-
agent systems, since most agent platforms are in Java. 

The E-SECO ProVersion presented by [2], is a management 
platform for scientific workflows. Although the application 
works with provenance data in the PROV-DM model, it uses a 
lazy approach to data capture. In addition, the PROV model is 
integrated to the platform code, making it difficult to reuse. The 
ProvManager, presented by [7], is a data storage and analysis 
tool, uses prolog for queries and, like E-SECO, does not have 
mechanisms for integration with other systems, depending on a 
particular form of data entry. 

For his part [10], presents what he later called Prov-Process, 
a platform for collection, storage and analysis of provenance 
data. However, a standard model must be used for data entry in 
the “.csv” format and does not allow integration with other 
systems.  

Although there are several applications aimed at the 
provenance of data, they do not have features that assist users in 
data capture and storage. In the next section the details of the 
framework will be presented. 

IV. FPROVW3C – A FRAMEWORK FOR DATA PROVENANCE 
As addressed by [2], the data provenance is something 

constant, and it should follow all the steps performed to obtain 
concise results. One way to observe this is to consider the life 
cycle of a data, where not only the data is important but also the 
process that originated it.  

The FProvW3C Framework works with an anxious approach 
[8], so that the data is collected at all times and can be consulted 
next. Currently, in its architecture the FProvW3C framework 
presents all the specification of the PROV-DM with the 
annotations in Java Persistence API (JPA), according to Fig. 3. 

 
Figure 4. Framework architecture. 

3 http://lucmoreau.github.io/ProvToolbox/ 
4 https://github.com/dcorsar/prov-api/ 
5 http://pypi.python.org/pypi/prov 
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Besides modeling, the FProvW3C framework brings all 
persistence annotations. This reduces the work of users and 
avoids mapping errors by those who do not have extensive 
knowledge of the PROV. Being a framework makes it possible 
to integrate it into different systems. The framework frozen-
spots are the main vertices and the hot-spots are the causal 
relations, both defined by the PROV model, and they adapt to 
different application contexts. The framework was developed in 
Java and the annotations are based on Java Persistence API 
(JPA), which makes the framework independent of the DBMS 
that will be applied to store the collected data that leaves this 
choice up to the user. 

The FProvW3C is relational object mapping framework in 
charge of creating the database, the tables and their respective 
attributes in the DBMS. The PROV model determines the 
classes and how they relate in addition to the basic attributes. In 
this way, the framework provides the classes with the basic 
attributes (frozen-spots) and, moreover, allows the creation of 
hot-spots by extending both the attributes of each class and the 
relationships. These attributes are intended to represent the 
characteristics of the system in which FProvW3C will be 
applied. As the framework performs data mapping according to 
the PROV, its use is made easier for the user, where are able to 
apply the data provenance in their applications. 

V. USAGE SCENARIO: GAS ANALYSIS 
As described by [11], a person emits various gases from 

different parts of the body (e.g. flatulence, eructation, 
exhalation) and these gases could be useful for the diagnosis of 
a set of intestinal and stomach diseases.  

Nevertheless, there are very few technology approaches to 
facilitate the analysis of flatulence and other gases daily emitted 
by humans. In addition, there is a need for high data reliability 
in these approaches, since it uses the identification of gas-based 
diseases, i.e., all information must be reliable and agents cannot 
fail to capture or classify data.  

The FProvW3C framework was used in the "Gases Device" 
application [11]. This application is based on the Internet of 
Things (IoT), which uses sensors to measure gases in the 
environment and uses software agents to provide data 
classification. Fig. 7 shows the Gases Device application 
architecture extending FProvW3C classes. 

A. Overview 
FProvW3C creates an intermediary layer between the 

application and the database. This layer makes it possible to treat 
and map the data to be stored by linking the information source 
to them. In addition, FProvW3C creates a knowledge base based 
on the use of the application. Therefore, all data entered by users 
or sensors into the application, as well as data manipulated by 
the application are registered in this base. 

Fig. 6 shows that every time a gas sensor captures the 
variation of a gas, the persistence of the data in the database is 
invoked via the FProvW3C framework, registering data 
provenance. In this way, all the capture and manipulation of data 
are recorded, such as a filming, forming the historical basis of 
the application. 

 
Figure 6. Gases Device architecture with FProvW3C. 

B. Results and Discussion 
The recorded data of this application includes information 

from system users, sensors, monitored gases and software agents 
[11]. The recorded data were linked to the actions of users and 
software agents, helping in the traceability of each executed 
action. For example, Fig. 7 illustrates the registration moment of 
a user with obesity in the Smell App Website. To elaborate an 
initial database to improve the system’s classification, first users 
were asked to inform personal health information before using 
the Gases Device. As shown in Fig. 8, the system attributed the 
ID 36 to this registered user. Then, by using the FProvW3C’s 
structure, it was possible to track all data generated during this 
registration operation. We can verify in Fig. 8 that the person 
agent with User ID 36 was successfully created, and the entity 
“Obesity” was attributed to this agent. 

 
Figure 7. Smell App Screenshot. 

After the user had registered, he/she connected a Gases 
Device to the system and started an exhalation report. This 
action initiated three software agents: i) Gases Device Agent, 
which collected data from Arduino; ii) Analyzer Agent, which 
preprocessed and saved data on the database, and iii) Alert 
Agent, which evaluated all exhalation reports based on the 
diseases described in [11] and generated alerts.  

To evaluate the operation of a multi-agent system is not a 
trivial task [12]. As data come from several sources, it is difficult 
to identify the origin of a problem. However, as shown in Fig. 9, 
the provenance facilitated the evaluation of this multi-agent 
system by allowing us to track all activities that were performed 
during its execution. 
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Figure 8. Provenance of Smell App Data. 

 
Figure 9. Provenance of Activities of Software Agents and Users. 

This section shows that data provenance can be used for a 
wide range of purposes in computational applications. 
Furthermore, when we tracked the system execution in order to 
understand its operation, we also used data provenance to verify 
errors in data classified by agents and in data collected from 
sensors. 

VI. CONCLUSION AND FUTURE WORK 
Registering the data provenance is a necessity in several 

scenarios, especially those that have complex execution. It is 
necessary to have a history of each of the steps. The PROV 
model aims at storing data provenance in a detailed manner, 
focusing on the responsibilities of agents in each item of 
provenance. 

This paper proposes the FProvW3C framework, designed to 
capture and store data provenance using the PROV model of 
W3C. The data provenance helps to trace the origin of the data 
and the derivation processes that occurred between the origin of 
the data and the state in which the data is currently found. 
Considering that the provenance model contributes to evaluate 
the quality of the data and consequently the process that 
generated it, this helps increase the validity of the experiments 
since the data is monitored. The data provenance could be used 
in the construction of knowledge bases that help in the: i) 
traceability of actions; ii) identification of errors; iii) follow-up 
of the steps of a study, and iv) viability of verify results. 

For future work, we hope to expand the FProvW3C 
framework so that it can convert the captured data to an ontology 
following the PROV-O model. For example, it is possible to 
extend FProvW3C to support: i) data semantics and syntax, and 
ii) the ontology of PROV. In addition, we aim at exploring the 
data provenance in multi-agent systems, recording each piece of 
information about the agent, its relations with other agents and 
with the external environment. As such, we could capture 
information from the agent's decision-making process, 
expanding the work of [11] and we could use the information 
obtained to help track errors and answer questions about the 
agent’s behavior, since it is an autonomous entity. 
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Abstract— Systems implantation is one the phases of the software 

process where the human interaction dimension becomes 

relevant. However, weakness in the supervision of this dimension 

is a factor that in many cases leads to the failure of the Project. In 

this work, systematization and control of the implantation 

activities in the following methodologies is reported: IEEE 1074, 

Métrica V3, Rational Unified Process, and SCRUM. An 

instrument for their comparison is proposed, including the 

rationale for the analytical dimensions used, and a preliminary 

interpretation of results is presented emphasizing gaps.  

Keywords-Component; Software processes, human aspects, 

systems implantation, comparative analysis of processes. 

I.  INTRODUCTION  

The evolution in software engineering has provided an 
array of methodologies and standards, including IEEE 1074 
[1], Métrica version 3 [2], Rational Unified Process [3], Scrum 
[4][5]. In spite of this evolution, authors like Vasconcelos and 
Werner [6] argue that there are many problems associated to 
the description of processes in the existing standards or 
software process models. In [7], the following issues related to 
software process models are mentioned: (i) there is no 
definition of a model that comprises the joint representation of 
the processes, products, people and organization, (ii) aspects 
like the organization of work, people and their interactions are 
not formalized in the software process, and (iii) there is no 
defined process including both the technical and the human 
part of the process in the model.  

The Standish Group Report [8] presents a series of factors 
influencing the success or failure of a project among which are 
users’ involvement, inaccurate definition of requirements, and 
specialized resources, all of them related to the human aspects 
of software development. 

The improvements proposed by Requirements Engineering 
such as IEEE-830 [9], 29148-2011 standards [10] for 
requirement specification, and the Language Extended Lexicon 
[11] have helped to resolve issues related to the human aspects 
of the first link in the software construction chain. 

DOI reference number: 10.18293/SEKE2017-012 

 

We argue that the implantation process constitutes another 
link in the software process chain where strong human 
interaction between systems professionals and the user 
community is observed. This process is played down because it 
is the last link in the software process chain. Such 
underestimation of the process is reflected in the fact that the 
professional who is assigned the role of implementer or 
responsible for the delivery of the software product to the 
customer does not possess the socio-technical competences 
required to work on such process. 

This work was developed on the assumption that software 
projects fail due to human aspects, roles definition, the 
interaction between the different roles, the capacities of people 
performing those roles, among other factors. We state the 
human dimension and its impact in the implantation process as 
the working hypothesis. From this hypothesis, the following 
research question arises: Will a comparative study show that all 
areas in the information systems implantation process are 
covered? 

This article presents the processes considered (Section II.), 
the dimensions considered for analysis are described (Section 
III), results from the comparison are presented along with 
preliminary interpretations (Section IV), and conclusions and 
future lines of work (Section V) are provided. 

II. PROCESSES CONSIDERED 

In this section, the methodologies included in the 
comparative study are presented: the IEEE 1074 Standard [1], 
the Métrica version 3 methodology [2], the Rational Unified 
Process [3], and finally the SCRUM methodology [4][5].  

III. DIMENSIONS CONSIDERED IN THE ANALYSIS 

This section presents the dimensions considered in the 
analysis of the implantation process of an information system 
as well as the project management process associated to it. The 
dimensions considered are the phases, activities and tasks that 
make up a process, the proposed tools, the proposed 
techniques, the artifacts (inputs and products),  the required  
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roles and the competencies needed for each role.  

IV. RESULTS AND INTERPRETATION  

This section presents a table comparing the dimensions of 
analysis (section A) and the interpretation of the results 
obtained (section B). 

A. Comparative Table of the Dimensions Involved  

Table 1 presents the level of compliance of the analytical 
dimensions considered for the implantation process in the 
software development process (see Implantation in the Table) 
and in the software project management processes (see Project 
Management in the Table).  

In this work, we focused on the implantation process within 
the software development process. It was also necessary to 
consider the software project management aspects due to the 
interactions observed with the implantation process.  

TABLE 1.  COMPARATIVE TABLE OF THE ANALYTICAL DIMENSIONS. 

 
Since terminology for the two processes analyzed and the 

analytical dimensions considered have been unified in the table 
above, it is necessary to describe the terminology unification 
process. In the IEEE 1074 standard [1], the implantation 
process is referred to as installation process and the project 
management process is included in the project management 
projects and integral processes. The standard refers to the input 
information and the information resulting from the processes. 
In the table above, we called this information “artifacts” 
(inputs/products). 

In the Métrica version 3 [2] methodology, the equivalent 
term for the implantation process is “Implantation and User 
Acceptance Phase”. The equivalent term for project 
management is addressed in the Project Management 
interfaces. Under this methodology, the concept of roles is 
referred to with the term “participants”. 

In the Rational Unified Process [3], the equivalent concept 
for the implantation process is included in the deployment flow 
and transition phase while the project management process is 
addressed in the Project Management Flow.  

 

The Rational Unified Process introduces the concept of 
worker, which, in our analysis, will be included in the Required 
Roles dimension. 

The SCRUM methodology [4][5] does not include a 
process equivalent to implantation. In turn, the project 
management process is addressed under that same name. 

B. Interpretation of Results 

The results of the analysis of the Comparative Table of the 
Dimensions Involve (section 4.A.) allowed us to draw the 
partial conclusions addressed in the following paragraphs. 

In relation to the Phases/Activities/Tasks dimension, the 
IEEE 1074 standard [1], the Métrica version 3 methodology [2] 
and the Rational Unified Process [3] propose phases, activities 
and tasks for both process. In the SCRUM methodology [4][5], 
activities are defined for the project management process but 
there are no activities for the implantation process. 

With regard to the proposed Tools, the IEEE 1074 standard 
[1] and the Métrica version 3 methodology [2] do not propose 
any tools for the activities in either process while the Rational 
Unified Process [3] proposes tools for both processes. The 
SCRUM methodology [4][5] proposes tools of software project 
management process. 

As for the Proposed Techniques section, the IEEE 1074 
standard [1] does not propose any techniques for either process 
while the Métrica version 3 methodology [2] proposes 
techniques for both processes. In turn, the Rational Unified 
Process [3] proposes techniques for the implantation process, 
and the SCRUM methodology [4][5] proposes techniques for 
the software project management process. 

In relation to the Artifacts (Inputs/Products) dimension, the 
IEEE 1074 standard [1], the Métrica version 3 methodology [2] 
and the Rational Unified Process [3] propose artifacts for both 
processes while the SCRUM methodology [4][5] proposes 
artifacts for the software project management process only. 

With regard to the Required Roles dimension, the IEEE 
1074 standard [1] does not propose roles for any of the studied 
processes. The Métrica version 3 methodology [2] and the 
Rational Unified Process [3] present roles for both processes 
while the SCRUM methodology [4][5] proposes roles for the 
software project management process only. 

As for the Competences dimension, none of the 
methodologies considered include competences for the 
processes. 

V. CONCLUSIONS AND FUTURE LINES OF WORK 

This work presented a systematic revision of the system 

implantation sub-process by means of a comparative study of 

the selected methodologies. As a result, a number of gaps in 

the sub-process were identified, particularly gaps related to 

human aspects. Even though there are models that propose 

roles, the competences that the people playing those roles 

should have are not presented.  
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We were able to create a comparison instrument to study a 

number of analytical dimensions of the implantation process 

and the project management process that interacts with it.  

Future lines of work include: (a) the need to incorporate 

more process models or methodologies, such as: Extreme 

Programing (XP), Dynamic Systems Development Method 

(DSDM), Rapid Application Development (RAD), Agile 

Unified Process (AUP); and b) to explore the incorporation of 

other dimensions to the comparison tool, such as metrics. 
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Abstract— In this work we customized the RUP process with 

Scrum practices, and proposed a differentiate traceability matrix, 

applying in a small company. The experimental results show that 

our customization can be adopted as an alternative to a 

systematic and less-intrusive process.     

Keywords— Software Development Process, Scrum, RUP 

I. INTRODUCTION 

Some practitioners and academics have proposed different 
process that combines two or more methods [1, 2]. The 
objective of these approaches was to create a process that 

maximized the strengths of the involved methods while at the 
same time reducing their weaknesses to improve the software 
development lifecycle and produce high-quality products [1]. 

The main goal of our custom process is to guarantee a 
constant delivery routine of software artifacts that have 
business value. In order to validate our custom process, we 

present the results of its adoption in a small software company. 

 II. OUR CUSTOM PROCESS 

Our custom process fulfills all the basic premises of 
software development processes, such as iteractions and 
verifications with delivery forecast of mandatory artifacts. 

The customization proposed is strongly focused on design 
and development, suggesting only the following RUP artifacts: 
I. DVS or technical proposal for high-level definition of the 

scope and purpose of the system; II. Mapping of functional 
requirements; non-functional; and business rules; for 
specification of functionalities, presenting the constraints, 
validations, and exceptions that the system must obey; III. 
Description of functionalities; IV. Software Domain Mapping. 

Our custom process defines three roles similar to the Scrum 

roles, for which each description can be found below: I. 
Product owner; II. Guardian; III. Team. Our custom process is 
divided into three phases, just like in the Scrum, although it 
receives the name of the RUP phases: Initiation, Elaboration 
and Construction, that compose the development Sprints and 
the Transition phase. 

In order to ensure the control of requirement changes, our 
custom process suggests the creation of a traceability matrix. 
The implementation of test units with the greatest possible 
coverage is a key practice in using our custom process. 

III. RESULTS 

Our custom process was applied in a real project of 
Company X, where typically, the projects are developed by a 
team of 3 to 5 people. Prior to our custom process application, 

the software development process was based on informality, 
without documentation of requirements and scheduling of the 
next meetings. Most of the times, deadlines were not met and 
there were many changes in the requirements during the 
development phase because those were not previously foreseen 

due to the lack of planning during the specification and 
analysis processes. 

As proposed by our custom process, the control of the 
project was carried out by implementing the culture of sending 
weekly reports, thus maintaining a communication between 
the team and the project manager. 

In order to validate whether the requirements were 
developed according to the specification, the developer 
himself performed the tests on the functionalities developed, 
which were later validated by the systems analyst. The 
inconsistencies found were documented by the systems analyst 
and sent to the developer for correction. 

In relation to the schedule, it was estimated four months to 
end the project. Tasks were completed as planned only in the 
first two sprints. The last three weeks were delayed by two 
weeks each, which represents 30% of the total planned. The 
low number (5%) of changes in requirements was also evident.  

The adoption of the reporting culture was also one of the 

new habits that faced difficult adaptation. Resistance to new 
practices was the greatest difficulty at implementing our 
custom process. 

VI. CONCLUSIONS 

The implementation of our custom process was carried out 
with a compatible cost to small companies. At first, the change 
of culture generated dissatisfaction in the development team, 
and it was of great importance their awareness that a defined 

process is fundamental for the improvement of the final 
product and also makes the work of all the involved ones, 
easier. 

Future works intend to apply our custom process in other 
companies as well as in different projects, besides inserting 
alternatives to the practices for projects with differentiated 

scopes. 
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Abstract—This paper briefly reviews the construction of Ruby
on Rails applications, identifies the pitfalls of existing tools, and
proposes the design and development of a lean cross-platform
desktop application, along with an evaluation of the prototype.
Index Terms—Ruby on Rails, Visual tool, Web Applications

I. INTRODUCTION

Ruby on Rails is a framework that runs on the Ruby
language, and provides developers the tools necessary to build
modern web services [1]. While rails simplifies the creation of
web-services, it can be found to be difficult for a beginner to
not only install the framework, but to also learn and use it. This
in part is due to the fact that the developer interacts with rails
predominantly through the command line. This paper presents
the initial research on existing tools, the design decisions,
the development and implementation of a visual development
platform for Ruby on Rails, namely the Rails Editor.

The tool provides the developers with many features that
aim at enhancing the productivity of a web application in Ruby
on Rails [2]. The developers are able to execute many Ruby on
Rails commands visually, clone from a git repository, create
model/controller/routes diagram, visualise database schemas,
chat and use a native inbuilt terminal. The collection of all
these features in the editor makes the development of Ruby
on Rails projects much more convenient as well as efficient.

II. DESIGN AND IMPLEMENTATION

The Rails Editor was developed as a cross-platform desktop
application, which utilises and extends the Electron frame-
work, Chromium, Node.js, HTML, CSS, etc. Figure 1 below
shows the overall architecture of our solution.

Fig. 1. Overall architecture of the tool

DOI reference number: 10.18293/SEKE2017-047

In order to aid in developer’s understanding of Rails projects
that they are working on, several diagrams, e.g., the model,
controller and route diagrams, can be generated and viewed in
the tool. These diagrams illustrate the important aspects of a
Rails project in a visual manner. For example, Figure 2 shows
an example of the generated route diagram.

Fig. 2. An example of a route diagram generated by the tool

III. EVALUATION AND CONCLUSION

Three types of evaluations were conducted. A user survey
showed that all of the features implemented were received
positively by the participants. A comparison with existing tools
showed that the tool developed implements many features
that are not existent in currently available tools. A small
performance test showed that the tool is able to perform within
reasonable limits. Finally, it is worth mentioning that the Rails
Editor project won the Final Year Research Project Prize in
the Software Tools category by a panel of judges from ICT
industries in 2016.

In the future, we plan to make the following improvements.
The chat feature could be extended to support a group of devel-
opers. Currently chat only allows two users to communicate
at a time. It could be extended to allow team programming
features, in a similar way to products such as Skype or
Google Hangouts. Since the tool is implemented using web
technologies, a large portion of it can be run within a standard
web browser. The application could be modified and extended
in such a way that it runs on a “cloud” infrastructure. Features
such as running rails commands and the terminal would be
executed remotely, allowing a user to access their development
environment from any where using a web browser.
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Abstract—in this paper, we proposed a new type of decision-
making system to achieve the intelligent goal for automated smart 
environments. The artificial intelligence techniques, used as 
building blocks to understand inhabitant activity patterns. The 
collected information fused to a central inference engine based on 
Hidden Markov model and Fuzzy rules for taking appropriate 
actions to communicate and control various home appliances. We 
proposed a novel CASH (cognitive automated smart home) 
architecture, based on the Hidden Markov Model and the fuzzy 
rule based system. The Hidden Markov Model and fuzzy rules are 
well equipped to address the spatio-temporal activity pattern 
recognition problem and to trigger appropriate task execution 
rules. 
 
 
 

Keywords— home automation; rule mining; smart home; 
artificial intelligence; expert system; cyber physical system. 

 
I. INTRODUCTION  

The rapid use of interconnect network objects such as 
embedded-sensor, RFIDs, BSN are in trend. These 
interconnected technology known as cognitive Internet of 
Things (CIoT). Artificial intelligence provides foundation as 
build blocks to design automated IoT systems. The aim of an 
ambient intelligent system is to provide comfortable assisted 
living to inhabitants. Scientific work has been done in ambient 
intelligent space such as Care-lab, CASAS, Grator-Tech HIS, 
aware home, iDorm and MavHome projects, the process of 
activity recognition is subdivided into four part as (i)sensing, 
(ii)data-preprocessing, (iii)data modelling for feature extraction 
(iv)feature selection [1]. Many blue-chip companies including 
IBM Watson, researching into identifying inhabitants 
preference, activity patterns to provide a customized digital 
assistant for granting access and controlling various appliance 
to automated tasks[2]. 
 

For recognizing inhabitant activity patterns in smart home 
scenario, Hidden Markov Model plays a key role. HMM is a 
generative probabilistic model used for identifying hidden states 
<s1,s2,..,sn>from given observation sequences<o1,o2,..on>[3]. 
Furthermore, [1] suggested that observable state sequence(st1) at 
time t , depends only on the current state(st), irrespective of 
previous state (st-1).During HMM training we tend to find optimal 
state sequence with higher probability of Pr(S|O), 
1

1   DOI reference number: 10.18293/SEKE2017-035 

 
 
 
 
known as most likelihood pattern. As an iterative trend, HMM 
require re-estimation of input parameters to train the system 
(transition and emission matrix), Baum-welch algorithm work 
well here as solution. As a result, such re-adjusted parameters 
increase the probability of finding optimal state sequence. At a 
later stage, Viterbi algorithm works to find most likelihood 
patterns.  

Furthermore, in later stage, adaptive fuzzy rules have been 
applied for task executions. The rule based system represents 
the human expert’s knowledge, encoded in set of rules that tell 
system what to do and what to accomplish in different activity 
situation as set of if-then statements(if activities(a1, a2 and a3 
is active) – then rules(r1,r2 and r3 activated).[4]. 
 

II. CASH (COGNITIVE AUTOMATED SMART HOME)  
FRAMEWORK 

 
The proposed CASH architecture, works in two components:  

(i) recognizing inhabitant activity from sensor’s data, (ii) task 
execution through fuzzy rules activation. In first component, 
embedded sensors capture activity sequences of inhabitants and 
identify Hidden likelihood patterns of activities. While in 
second component, fuzzy rule adaptation applied for task 
execution, the set of likelihood activity patterns mapped with 
fuzzy rules. Fuzzy rules invoke operations on home appliances 
for switching On/Off, set temperature etc. 
 

Figure 1. The proposed CASH (cognitive automated smart home). 
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In the use case scenario, we placed 9 sensors capturing light, 
motion, noise inside a studio flat. These sensors are well 
programmed with Arduino Uno Wi-Fi micro-controller and 
placed appropriately inside bedroom, living room and kitchen 
area. Hidden Markov model analyze datasets to identify daily 
routine activity sequences of inhabitant. The proposed CASH 
model, trained over captured data sets for multiple time using 
Balm-welch and Viterbi algorithms to obtain most likelihood 
pattern of activity sequence. As human activity are overlapped 
and fuzzy in nature, therefore applying fuzzy rules is right 
solution to the problem. Fuzzy rules are applied on identified 
activity pattern to control various appliances inside home for 
providing a comfortable automated living to inhabitant. 

divided into 180 and 70 sets respectively. Matlab 2016 version 
were used for experiments, furthermore 180 observed activity 
datasets have been labelled into four main activities. Initial 
transition and emission matrix have been defined based on prior 
knowledge base. Afterwards, training and testing performed using 
Matlab’s hmmestimate and hmmtrain methods, Baum-welch 
algorithm applied for further re-estimation of transition and 
emission probability matrix parameters and train system with new 
parameters. Matlab experiments trained the system over 180 
observed sequences. Finally, hmmviterbi methods used to apply 
Viterbi algorithm to identify most likelihood activity sequences. 
Using 80 testing activity datasets, system achieve 79% of accuracy, 
shown in fig. 2. as Matlab simulation result. 

 
Table 1. Sensor’s digital state for activity labeling 

 
 
 
 
 
 
 
 
 

The nine sensors, capturing motion (m), light (l) and noise  
(n), have given unique ID for data interpretation. The motion 
sensors, track inhabitant mobility so placed in center and light 
sensor placed in the corner area while sound sensor placed near 
by TV set. All sensors are connected to Arduino UNO Wi-Fi 
microcontroller as access point. 

 
In CASH framework, fuzzy rules linked up with activity 

patterns as <antecedent> and <consequent> manner. In table 
2, various rules defined to automate appliances in smart home 
for providing a comfort living for inhabitants. Those fuzzy rules 
provide <consequent> interface for inference engine such as IF 
(likelihood pattern p1, p2, p3 identified) THEN trigger rules 
(R1, R2, R3). 

 
Table 2. Automated tasks as fuzzy rules. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

We used 250 data sets of observed sequence over three days 
from 01/01/2017 to 03/01/2017, which are labelled based on 
each activity type. The training set and testing set have been 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2. HMM likelihood activity sequence compares to observedsequence. 
 

III. CONCLUSION  
This paper proposed a new type of CASH (Cognitive 

Automated Smart Home) architecture to provide comfortable 
inhabitant daily living by understanding their needs and activity 
intention. We embraced the knowledge base from traditional 
context aware pervasive computing and combined with the 
Cognitive Internet of things. Furthermore, the building block of 
CASH architecture is well equipped with artificial intelligence 
machine learning algorithms of Hidden Markov Model and 
fuzzy rules-based system. CASH recognize hidden pattern in 
daily activity living and apply appropriate rule for task 
execution. Moreover, CASH framework, can be applied in 
elderly health care system, smart classrooms, and smart spaces 
for automated environment 
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Abstract—This paper describes the design and implementation
of a PDF extraction tool, which provides the functionalities of
meta-data creation, bibliography extraction, HTML conversion
and key phrase classification. Evaluation results showed high
accuracy rates and good performance measurements.
Index Terms—Text Extraction, Automatic Classification

I. INTRODUCTION

The University of Auckland is New Zealand’s largest re-
search organisation, with over 13,000 staff and postgraduate
students involved in fundamental and applied research. Its
General Library holds thousands of publications and disser-
tations within its repository. The standard file format for
publications is in Portable Document Format (PDF), which
is not content-accessible [1]. This means that, although the
library repository holds a large amount of information, this
available information is not being utilised to its full potential.

II. DESIGN AND IMPLEMENTATION

To enable automated extraction of information from the dig-
ital scholarly publications in the library repository, it involves
analysing and extending existing tools that fit our purpose.
Our project has explored four areas of information extraction
and classification from publications in PDF format. We have
developed separate tools for each feature, which will be used
by the library. The general structure of our overall solution is
shown in Figure 1.

Fig. 1. Overall Structure of the PDF extraction tool

DOI reference number: 10.18293/SEKE2017-132

Four main components included in our project are metadata
creation, key phrase extraction, HTML conversion and bibliog-
raphy extraction. These features were implemented by utilising
and extending the existing tools, such as the Apache PDFBox,
KEA, PDF2Dom and Freecite. Our keyword identification uses
the ACM Computing Classification System SKOS file. The
front-end GUI is a means of displaying the resulting output of
each tool. It was implemented using JavaFX with SceneBuilder
following a model-view-controller (MVC) architecture.

III. EVALUATION AND CONCLUSION

The developed tool was evaluated against quantitative and
qualitative analyses to measure its efficiency and viability
for use within the library repository. We have carried out
our evaluation on a set of 30 open-source publications that
were provided by the library team. The results showed high
accuracy rates, and fast processing time in data extraction and
key phrase classification. A comparison table was drawn up
to compare the features provided by several existing tools in
relation to our solution, as shown in Figure 2.

Fig. 2. Feature comparison between our tool and exisiting tools

Our project has taken a breadth over depth approach to
explore the different solutions. Further extensions can be
made by incorporating: (1) Machine learning process during
key phrase extraction; (2) Deriving sets of characteristics for
disciplines other than Computer Science to allow extraction of
entities from any types of scholarly publications.
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Organizations usually seek for competitive differentials by investing money, time and effort usually in aspects such as information and communication technologies, lowering operating costs, improving productivity and the quality of their products. However, in late years, the importance that is given to the internal organizational knowledge has been increasing, either to understand the characteristics and demands of the competitive environment as well as to understand the needs associated with the organizations’ processes. 
This context demands an internal Knowledge Management approach in the organizations. Knowledge management (KM) can be defined as the process of capturing and utilizing the collective expertise of an organization in whatever the activities of its business. 

 This work has the objective of identifying the KM tools and processes used by a Brazilian private institution that creates products, processes, services and innovative companies using Information and Communication Technologies, as well as to identify the perceived benefits in the form of examples of success KM scenarios in different organizational contexts. 
The data collection was carried out in November and December 2016 and had adhesion of 33 employees distributed in different areas: administrative, human resources, entrepreneurship, marketing, financial, operations, internal IT support, among others. 
Existing initiatives at the institution were classified into processes and tools, and each of the participant answered the following question: "What tools / processes are used or have been used by your area for knowledge management?" The following results were found: Google Drive (94%), e-mail lists (81%), Slack (65%), lessons learned meetings (65%), Scrum retrospective meeting (50%), Basecamp (38%), PMO website (38%), SVN (38%), Dropbox (38%), internal sites (31%), Yammer (25%), Wiki (25%), CVS (19%), internal social network (19%), Slideshare (19%), Youtube channel (16%), Moodle (16%), CRM (9%), and others (41%). 
Among the most used tools, we can highlight the use of Google drive, email lists and Slack. Additionally, among the "Other" options, the following tools / processes were listed by the participants: internal meeting for organizational news, technical seminaries, lessons learned meetings through 

Hangouts, Zoom, Skype and Confluence, internal mailing for organizational news, Mind Maps, Keepass, BI and Trello. 
Although Google Drive has been pointed out by 94% of respondents, it has been widely used to capture and store knowledge or simply to perform backups of files. In some cases, it has worked only as a repository of reports, experiences, and techniques. There was no organizationally effective way for the remaining stages of the KM process: to refine, manage and disseminate knowledge. In a somewhat smaller proportion, but in a similar way, the e-mail lists have been used by most respondents in the sense of disseminating knowledge, but in a non-systematic way. 

 Regarding the main results achieved within the areas with the use of these tools and processes, we can cite some examples: support in the team allocation process to identify collaborators with certain technical knowledge, sharing information and building artifacts collaboratively, repository of documents in a structured way, facilitating the search and future analysis, either for legal necessity or as support in future similar projects, knowledge transfer in technologies and reduction of dependency on a single person who holds knowledge. 
From the perception of participants, we conclude that, in general, the tools and processes used by the institution have helped the organization in the improvement of communication and diffusion of knowledge, but without a systematic process of knowledge management. The Institute is always in search for the improvement of the KM. Still, with the identified usage numbers of KM tools and processes, and the specific usage of some approaches by specific organizational departments, we noticed a tendency of dispersion.  
Access to information in the organization is still difficult, but several participants indicate that it has already improved with the use of Slack. It is still perceived that there is a sense of silos, and the fact that some Non-Disclosure Agreements contracts with part of the customers, also prevent further sharing of information. Some specific knowledge is still in one or a few people, and when they leave, knowledge is lost. Future works include performing this survey in multiple organizations, to compare and analyze the results. 
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Abstract - This empirical study examines the adoption of
agile software development, and the role of Scrum in
computer science senior projects at Florida International
University. This paper describes the senior projects and
Scrum implementation. It highlights the advantages of
incremental and iterative software development and
discusses how Scrum can improve the productivity of
software teams. In addition, it illustrates the other
benefits such as engagement, transparency, frequent
delivery and flexibility to change. Finally, it evaluates the
outcomes by tracking the velocity estimations of each
Scrum team. It demonstrates how Scrum and our tools
can facilitate the software product development and the
transition of our projects throughout semesters.

I. INTRODUCTION
Agile software development (Agile) has been a
trending topic in the software engineering during the
past decade [1, 2]. Learning and implementing agile
software development at school is challenging.
Students not only need to work as a team but also must
commit to the principles of Agile. The proposed
solution in this paper describes the process of selecting
projects, assignments, and software development
management. Our solution is useful for software
instructors at high school and university levels
especially for those who assign semester projects to
students.

In this paper, we show how we adopted Scrum on a
large scale for several teams during two semesters at
Florida International University (FIU) that
complements the previous research. Our computer
science (CS) students at the beginning of the semester
join their favorite projects. They learn and practice
Scrum in a systematic way, and they work with some
best practice Scrum tools that we either adopted or
developed ourselves. Benefits of adopting Scrum
methodology for bachelor CS senior students are
evaluated in this study.

II. SCRUM
Agile software development is an umbrella term for
several iterative and incremental software

development methods that follow agile manifesto [3].
Agile manifesto values individuals and interactions
over processes and tools. Agile concentrates on
working software, customer collaboration and rapid
response to change [4, 5].

Scrum is a lightweight framework that emphasizes
teamwork. It provides an iterative progress toward a
well-defined goal [6]. A scrum team includes
developers, a scrum master, and a product owner. A
product owner provides a prioritized wish list of user
stories called a product backlog. The team has a certain
amount of time called sprint, which is usually two to
four weeks. During a sprint planning meeting, the
team selects several user stories from the backlog and
then decides how to implement those user stories.
Each team has a Scrum master who keeps the team
focused on its goal and facilitates the meetings.

III. EXPERIMENT
Our senior projects are mostly focused on the software
application development. With our wide
advertisement at school and in Miami, FIU faculty
members and their industrial partners become aware
of this opportunity and submit their projects in our
website (vip.fiu.edu). They need to propose their
project at least one month before the semester. We
evaluate the projects carefully and approve the
qualified ones.

At the beginning of the semester, we introduce all
projects to students. We provide them with a link to
the last semester’s deliverables including the main
Github repository of the projects
(https://github.com/FIU-SCIS-Senior-Projects). This
repository consists of introductory videos, PowerPoint
presentations, and all the code and documentation. We
use one of our own tools (http://spws.cis.fiu.edu) to
match students with the projects automatically based
on students’ skills and the skills required for each
project. The course instructor is in touch with students
and product owners to make sure students get assigned
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to the right projects. Then we form the teams with
three to seven members

To make a bridge between semesters, and a smooth
transition, students need to make several videos for the
next semester students. These videos not only are the
introduction to the project, but also give an overview
all of the complete user stories, a wish list of future
features and an installation guideline. Students upload
their videos to YouTube senior project channel and
make a playlist of them in the FIU CIS senior project
website (http://seniorproject.cis.fiu.edu).

In addition, we use many other useful tools such as Git
and Github for version control, Skype and
GoToMeeting for online meetings, and Slack for on-
demand team communication. In our study, during
Spring and Summer 2016, we tracked students’
progress. We taught them how to assign story points
to each user story based on working hours and the
complexity of each user story. In the next section, we
introduce story points, velocity and the evaluation
process.

I. EVALUATION
For our experiment, we asked students to reflect their
sprint planning in Google drive and Mingle [7]
(https://fiu-scis-seniorproject.mingle.thoughtworks.com).
Thus, we had access to all the information about
implemented user stories. In the Spring semester, we
had 15 teams and 45 students. The number of students
in each team varied from two to six depending on the
complexity of the project. During the first sprint we
worked with each team one by one and made sure that
they used Scrum correctly. We provided the students
with several guidelines, and tutorials which allowed
them to practice the story points and velocity
estimation.

In each semester, students work five to seven sprints
(Summer semesters are shorter). During the first week,
they try to bring their projects up to speed. The last
week of the semester is reserved for preparation of the
showcase. All students need to work at least 20 to 25
hours a week depending on their semester. Students
use a Google sheet called timecard to reflect their
working hours every day. Scheduling the best time for
meetings is not always easy. We provide students with
a weekly schedule template, a guideline and a Google
calendar link to sync their availability with the team.

In our experiment, story points and velocity are two of
the main metrics for evaluation. A story point is used
to measure the effort required to implement a user
story. In other words, it is a number that identifies how
difficult the user story is. The raw numbers we
estimate are not important, rather the relative values

matter. For instance, if we assign four points to user
story A, and we assign eight points to user story B, this
means that user story B is two times more difficult than
user story A.

There are two ways to compare the user stories with
the baseline user story. The first way is using the total
required hours for completing a user story. The second
one is using the level of complexity. In our
experiment, we used the second one that means that
story points have no relevance to actual hours. It
makes it easy for our teams to estimate the points.
However, teams identify their hours for each task of a
user story in the Mingle as a reference of their actual
daily work on each user story. The most common
series of points are the Fibonacci series (1, 2, 3, 5, 8,
13, 21, etc.).

We use Scrum planning poker for story point
estimation. We believe this game improves the
visibility of each user story for all students. To start
estimating the story points for each user story, each
team picks a well-known user story as a baseline. It is
important that the product owner defines all the tasks
and acceptance criteria carefully.  The team does not
necessarily need previous experience on implementing
that user story. However, it is essential that team
members understand it. The team assigns a random
point to this story. Then other user stories have to be
sized based on it. A story point estimation must
include all tasks involved in getting a user story
completed.

Velocity is the total number of story points for all fully
“Done” user stories during a single sprint. Velocity is
calculated at the end of each sprint. It is important not
to compare the velocity between teams. As we
described, story point estimation depends on the
baseline user story. Teams are likely to have different
baseline user stories. Even if they have the same
baseline user story, they may estimate different story
points for that user story. For example, a team with a
velocity of 100 is not better than a team with a velocity
of 70.

We tracked all of the velocities for 15 senior project
teams in the Spring semester, and 6 teams in the
Summer semester. Figure 1 shows the user story points
and the growth for the projects. The x-axis shows the
number of sprints, and the y-axis shows the number of
the total user story points. As some of the students
were not familiar with Scrum at the beginning of the
semester, we did not consider the first and second
sprints in our charts. In addition, the final sprint of the
semester was not considered in our charts since
students wrapped up their projects and worked on the
final deliverables. In Figure 1, the chart start from
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number 1 instead of 3 just for better visualization of
the process. In this chart, the growth of some of the
projects is highlighted with a percentage
representation. As the results show, all of the teams
made a remarkable progress in implementing the user
stories. For example, for the VIP website project, the
total story points at the beginning of semester is 25.
After four sprints, the total story points are 50 which
means they has increased their productivity 100%.
Figure 2 shows the total velocity of the teams. Teams
have different velocities; but as we described before it
does not mean that a team with the highest velocity is
better than the other teams.

Figure 1. Teams’ story points in Spring 2016

Figure 2. Teams’ velocity in Spring 2016

II. DISCUSSION
Transition of the projects between semesters was a
challenging task for us. Most of our projects are long-
term and have become completed incrementally
throughout years. After students submit their final
deliverables, we have to transfer the materials to new
students. Projects should have a clear and
understandable programming structure. This allows
the future groups to move forward and develop a new
version of the project. If new students spend a lot of
time to understand the code, their progress would not
be as we initially expected. We use four main tools
including Github, Mingle, Google Drive and Youtube
to transfer the ownership of a project completely.

For our version of scrum adoption at school, we added
another bi-weekly meeting to the semester schedule
which is called “Feedback meeting”. In this meeting,
the instructor plays another role as a mentor. After
each sprint, in an in person or remote meeting, the
instructor and the team review the user stories
together. The feedback meeting helps to keep students
focused during the project and resolve some of the
inconsistencies. We are still doing Scrum for our
senior projects and we will report our new findings
soon.

III. CONCLUSION

This study presents the Scrum adoption and evaluation
for CS senior projects at FIU. We described the Agile,
and Scrum in senior projects.  We showed that Scrum
helps students significantly in the progress of their
project. The short iterations allow teams to deal with
uncertainties. We evaluated the teams and showed the
improvements. Finally, we discussed the transition of
the projects between semesters.
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Abstract— Automated screening of diabetic retinopathy plays an 
important role in diagnosis of the disease in early stages and 
preventing blindness in patients with diabetes. Various machine 
learning approaches have been studied in literature with the 
purpose of improving the accuracy of the screening methods. In 
this study a comparative analysis of nine common classification 
algorithms is performed to select the most applicable approach for 
the specific problem of screening diabetic retinopathy patients.

Keywords-diabetic retinopathy; machine learning; classification

I. INTRODUCTION

Diabetic Retinopathy (DR) is an eye disease, which is caused 
by the damage occurs in the retina due to diabetes. Typically, 
DR is asymptomatic until it becomes a serious threat for vision; 
therefore, diagnosing DR at early stages can be crucial to 
increase the chances of early treatment. By automatic screening, 
DR can be detected in early stages, while minimizing 
subjectivity and human errors in the manual approach.1

II. DATASET AND CLASSIFIERS

A. Diabetic Retinopathy Dataset

The dataset from UCI Diabetic Retinopathy is used in this 
study [1]. Features of this dataset have been extracted from the 
publicly available Messidor database of 1151 fundus images of 
patients [2]. The input data includes 20 attributes of each of the 
1151 images, which includes the images features as discussed in 
[3], as well as the existence of diabetic retinopathy. For training 
and testing phases of the classifiers, 30 percent and 70 percent 
of the available data have been selected randomly as the testing 
and training set, respectively.

B. Selected Classifiers

Selected classifiers are, K-Nearest Neighbors, Decision 
Tree, Naive Bayes, Random Forest, Adaptive Boosting, 
Quadratic Discriminant Analysis (QDA), Gaussian Process, 
Support Vector Machine, and Multi-Layer Perceptron (MLP) 
Neural Network. All of the classifiers are tested and optimized 
for DR screening. To measure the performance of the classifiers 
and as a systematic comparison approach, four typical 
parameters of accuracy, precision, recall, and F1-score are 
implemented.

1 DOI Reference Number 10.18293 / SEKE2017-207

III. RESULTS AND DISCUSSION

Table I demonstrates the comparison between the best 
performance values for different classification technique. The 
Gaussian process classifier demonstrates the best results in terms 
of classifying the diabetic retinopathy cases, while the SVM with 
polynomial kernel function (of degree 3) and adaptive boosting 
approach are also showing acceptable performance.

IV. CONCLUSION

   The study results demonstrate a qualitative comparison
between each classifier and its best tuned parameter. Future 
studies can leverage these results in terms of pre-selecting the 
classification algorithm and tuning parameters.

TABLE I. CLASSIFICATION ALGORITHMS PERFORMANCE

Classifier Optimum Parameter Performance Indexes
Accuracy (percision, recall, F1)

Adaptive Boosting None 0.8319 (0.8290, 0.8305, 0.8296)

Decision Tree Maximum depth: 2 0.7316 (0.7573, 0.7477, 0.7297)

Naive-Bayes None 0.7283 (0.7233, 0.7176, 0.7182)

Gaussian Process Gain: 4
: 1 0.8707 (0.8796, 0.8799, 0.8707)

KNN Neighbors: 44 0.7607 (0.8074, 0.7802, 0.7574)

QDA None 0.6247 (0.8709, 0.5672, 0.4141)

Random Forest Number of trees: 101
Depth: 1100 0.8028 (0.8070, 0.8088, 0.8026)

SVM Polynomial ( : 3)
Penalty: 174.5 0.8449 (0.8651, 0.8585, 0.8447)

MLP
Rectified linear
Hidden layers: 61
Penalty: 0.1

0.8125 (0.8709, 0.8190, 0.8124)
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Extended Abstract—This paper presents the realization of a 

prototype of a conversational workflow for a Chatbot in tires domain. 

The initial purpose has focused on the design of the specific model to 

manage communication and propose the most suitable tires for users. 

For this aim, it has been used the Petri Net. Finally, after the 

implementation of the designed model, experimental campaign was 

conducted in order to demonstrate its enforceability and efficiency. In 

research fields, the issue of Chatbot and Bot in general has been 

discussed for many years, although it has seen an increasingly 

gradual slowdown in recent years. In fact, the amount of investment 

by companies in trying to create a Bot as similar to an operator is 

growing[1][2]. The main aim of this paper is to describe a software 

module prototype, called workflow manager, who is responsible for 

the management of the flow of conversation between a Chatbot and a 

user, applied at a real case. Our case study concerns a Chatbot, which 

will serve for help the choice of tires to buy. After an analysis on the 

state of art, we have realized the general pattern of operation of the 

bot and then using the Petri Nets, we have realized the workflow 

model. Finally, it was conducted the experimental phase that has 

highlighted the strengths and weaknesses points of the Bot. In the 

next section, the related works are presented. The design of 

Workflow Manager was divided in two phases: in the first place, is 

provided the design of model able to explicitly describe and represent 

the considered knowledge domain (tires). In the second place, the 

purpose is to define a workflow module. Therefore, the first aim has 

been to build an ontology to describe the reference taxonomy. The 

advantage of this approach is to be able to represent concepts, 

properties, attributes and constraints of the one part and of the other 

part a reference model for the workflow[3][4]. In this work, it can be 

considered the child pneumatic concept. It has several children 

including the vehicle node, whose descendants are the cars and 

motorcycles node, and the node size. Each of these nodes presents, in 

turn, determined descendants.  A choice of this type of structure has 

been effected because, generally, to find a specific pneumatic, must 

be indicated in detail the characteristics of the vehicle or the size of 

the eraser. Then, the ontology allows achieving a knowledge and the 

links between concepts (for example, we can see that we have various 

types of vehicles or that the concept of car is made up of the 

attributes of the brand, model, version and year). The next goal was 

to provide a reasoner that can access in a reference ontology and that 

it was able to generate and follow a consistent and efficient 

workflow, defined by a sequence of steps. The conversational module 

then must be able to navigate autonomously the ontology, moving 

through the concepts relationships. The selected model is the Petri 

Net because it lends well for this kind of applications. This model is 

composed of a set of basic objects: places, transactions and arcs, 

graphically represented by circles, rectangles and oriented lines. For 

evaluating the performance of the proposed system an experimental 

campaign has been developed. An implementation of the Chatbot has 

been developed and inserted in a Web Site of a tires seller. At the end 

of the chat session, an email with the suggested model tires has been 

sent to the potential customer. The email, showed in the store, 

guaranteeing a 5% discount on tires’ price. In this way, it was 

possible to check whether the tires suggested by the system were 

right for the car and the needs of the customer. In two months about 

five hundreds potential customers (identified with the email address) 

used the Chatbot and 173 of them showed the email in the store and 

bought tires. The experimental analysis has been conducted about 

these 173 customers. First of all the performance of the Chatbot in 

providing the correct suggestions to the user has been evaluated. In 

particular, three different situations has been considered:  Chatbot 

furnishes a correct suggestion, Chatbot furnishes a correct suggestion, 

but it does not fit with the real needs of the customer, Chatbot 

furnishes a wrong suggestion. The obtained results are the following 

Chatbot furnished the following results: Correct Suggestion: 113 - 

65,32%, Correct Suggestion, but not suitable for the needs of the 

customer: 24 - 13,87%, Wrong Suggestion: 36 - 20,81%. Analyzing 

the Wrong Suggestion case, we noticed that the system fails when 

customer talks about a model that have various versions because it 

proposes tires of different dimensions. Another critical aspect occurs 

when the system does not understand what kind of vehicle the 

customer is considering. In the case of Correct Suggestion, but not 

suitable for the needs of the customer the main problem is in the 

identification of the real user needs. From the point of view of the 

usability a questionnaire about his/her interaction with the Chatbot 

was submitted to each customer. In general, they find the Chatbot 

easy to use and user friendly. Comparing it with other Chatbot (for 

example Telegram Chatbot or similar) customers says that our system 

is more simple and effective.  In this paper, an original approach to a 

Chatbot has been introduced. In particular, the proposed system is 

based on the Petri Net formalism. A real case has been investigated 

developing a Chatbot, for a tires’ seller. The results obtained by the 

experimental campaign are satisfying and show the good perspective 

of this kind of approach. Further developments involve the 

application of the proposed approach in various contexts and an 

improvement of the recommender approach.  
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