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Abstract
Requirements quality is one of the factors that may determine the success or failure of a software project. Thus, maintaining
requirements quality is important but also a challenge as an individual requirement does not stand alone and they are related
to one another in several ways. The problem may become more challenging as the requirements and their interrelationships
are not static and will continually change. However, current research largely focusing on the assessment of the impact of
requirements quality on success. There is lack of research assessing the impact of the interrelationships between requirements
on success. Therefore, this research aims to investigate how the interrelationships between requirements impact requirements
quality as well as the success of software development project. An empirical study to examine further the impacts was
conducted from the perspective of business analyst. Using Structural Equation Modelling (SEM) and especially Partial Least
Square (PLS), we found that there are significant impacts of requirements relationships towards requirements quality as well
as success. The outcome from this research can be used as a guide to working with requirements relationships, knowledge
useful for business analysts and research community.

Keywords
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1. Introduction
Requirements quality is defined as a set of requirements
or software requirements specification (SRS) that having
all the good characteristics that listed as proposed by
IEEE-830-1998 recommended practices for SRS [1]. Ac-
cording to the practice; attribute of requirements quality
are including correct, unambiguous, complete, consistent,
ranked for importance and/ or stability, verifiable, modi-
fiable and traceable. Thus, an SRS developed for a partic-
ular software project should fulfill all the characteristics
listed to ensure the requirements quality. Consequently,
to produce quality requirements specification; the com-
prehensive understanding of requirements is needed.

Moreover, to fulfil the necessity of comprehensively
understanding requirements, it is important to acknowl-
edge how each requirement is related to one another.
Knowledge on how each requirement is related to one an-
other may assist stakeholders to make informed decision
in accomplishing many things that involve in managing
requirements [2]. In this paper, the information of the
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relationships between requirements is defined as require-
ments relationships knowledge (RRK). RRK is concerns
on how requirements are related to one another and other
artefacts during the software development project. Ac-
cordingly, requirements relationships knowledge may
provide guide in organising and structuring the require-
ments documentation and specification. Karlson et al. [3]
indicated that one of the main contributions of require-
ments relationships knowledge is in the bundling struc-
ture of requirements. A good structure and organised
requirements specification can facilitate better manage-
ment of requirements, whether it is done manually or by
any automatic tool. It will also provide a good basis for
any manipulation and maintenance activities for the later
phases. This will increase the possibility of achieving
project success. Diev [4] ascertained that requirements
structuring is an essential activities in requirements en-
gineering as requirements structure and representation
will directly impact requirements development process
and the requirements quality. The importance of require-
ments quality is also advocated by agile practitioners [5,
6].

In relation to this, previous researchers asserted that
requirements quality especially Software Requirements
Specification quality has strong impact on the success
or failure of a software development project [7, 8]. They
have made thorough investigation into how requirements
quality impacts project success. There are also some re-
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searchers that suggest the contribution of RRK [3, 4, 9].
However, there are lacks of study that examine how RRK
impacts requirements quality as well as software develop-
ment project success. Therefore, this research will extend
the previous works to examine further the three main
issues: 1) the impacts of RRK on requirements quality; 2)
the impacts of requirements quality on project success; 3)
the impacts of RRK on project success. This research has
been conducted empirically using survey method and the
analysis of the data has been performed using Structural
Equation Modelling (SEM) and specifically Partial Least
Square (PLS).

The rest of this paper will be organized into 4 sections.
First, the research context and research model is dis-
cussed in Section 2. Second, the research method, which
mainly concerns on the development and the validation
of the requirements relationships instrumentation de-
sign, will be discussed in Section 3. Next, section 4 of this
paper will present the discussion of the result. Finally,
section 5 will present the concluding remark, including
the future work in both research and practice.

2. Research Context
The success of a software development project (SDP) is a
concern for any related stakeholders. Success in SDP is
described based on several criteria including: 1) quality
of product [10, 11, 12], 2) Timeline of the delivery (sched-
ule) [11, 12, 13, 14], 3) Cost [11,12] , 4) Satisfaction of
stakeholder [11], 5) met requirements [11], 6) met busi-
ness objective [11] 7) met scope [12] and 8) learning [14].
Other than that, study in software project management
will also involve the factors that may impact the success.

The success of a software development project (SDP)
is a concern for any related stakeholders. Success in SDP
is described based on several criteria including: 1) qual-
ity of product [10, 11, 12], 2) Timeline of the delivery
(schedule) [11, 12, 13, 14], 3) Cost [11,12] , 4) Satisfac-
tion of stakeholder [11], 5) met requirements [11], 6) met
business objective [11] 7) met scope [12] and 8) learning
[14]. Other than that, study in software project manage-
ment will also involve the factors that may impact the
success.The results of both studies have shown the sig-
nificant impacts of requirements quality on success. The
later researchers ranked clear requirements and specifica-
tion as the top factor among 26 critical success factors of
software development project [15]. The ranking supports
both previously bodies of knowledge in the assertion of
requirements quality as the significant factor for software
project success.

Accordingly, quality in requirements specification will
always depends on how requirements are determined
in the process of requirements determination, which is
known as Requirements Engineering (RE). Not enough

RE or badly performed RE activities may result in incor-
rect and incomplete requirements, besides the possibil-
ity of high rate of changing in the requirements, which
could be the reason for the software project to be chal-
lenged. Badly performed RE process has been claimed
as positively associated with software failure [16, 17, 18].
Therefore, by improving RE practices, there would be
an economic as well as software quality payoff [16, 17].
Clearly, literature indicates the importance of require-
ments quality and requirements engineering as the criti-
cal success factor of a particular software development
project. In relation to this, Verner et al. [19] argue that
the most important correlation in achieving project suc-
cess is to have good requirements and to manage those
requirements effectively. However, to get the correlations
of both factors, we need to know how requirements are
related to one another which a concern of RRK.

Although requirements relationships in any software
development project are not problematic, they would af-
fect other aspects of software development project and
the project as a whole. RRK is asserted as essential when
making decisions in the subsequence phases of any soft-
ware development project including designing [20], re-
quirements prioritisation [21] and testing [22]. In addi-
tion, failure to consider RRK during requirements activi-
ties is argued could lead to costly mistakes [23]. Hence,
RRK needs to be carefully identified, analysed, and man-
aged to avoid any ripple effects.

Moreover, the success of requirements engineering in
producing requirements quality as one of the success
factors of software project has been discussed in many
studies (e.g. [16, 17, 23]) but the studies that particularly
discuss how RRK impacts project success are limited.
Hence, the questions to be asked are, 1) is this knowledge
(RRK) really significant in software development project?
2) If yes, how can RRK impact requirements quality as
well as the success of software development project? 3)
Other than that, in what way can this knowledge be fully
utilised for that purpose? In order to answer these ques-
tions, this paper aims to discuss these issues further and
extend the literature on the interrelationships between
RRK, requirements quality and the related issues that
have impacts on project success. The related research
model are proposed and illustrated in Figure 1. The model
was developed based on software project success factors
that are related to RRK as discussed in literature. How-
ever, this paper will be focusing only on a part of the
model in which consists of the three constructs: 1) RRK,
2) Requirements Quality, 3) success. Thus, the related
hypotheses are as follows:

H1: RRK has significant impact on requirements qual-
ity.

H2: Requirements quality has significant impact on
the success of software development project.

H3: Requirements relationships knowledge (RRK) has



Figure 1: Research Model

The overview of the initial indicators for every construct in
the model is shown in figure 2.

Figure 2: Initial Indicators of the Model

significant impact on requirements quality as well as on
the success of a software development project.

Accordingly, to validate the hypotheses, empirical
research analysis using Structural Equation Modelling
(SEM) was performed. This paper will continue to dis-
cuss about the research method used to examine the
interrelationships between RRK, requirements quality
and success of Software development project (SDP) in
the next section.

3. Methodology

3.1. Participant
In this study, the sample was chosen using non-
probability sampling specifically purposive sampling. In
this regard, any stakeholders involved in managing re-

Table 1
Employment Information of the respondents

Item Frequency Percentage

Less Than 10 15 9
11-100 84 49
101-500 32 18

More than 500 41 24

Table 2
Industry domain of the respondents

Item Frequency Percentage

Factory automation 3 2
Financial 10 6

Infrastructure and Government 52 30
Medical 4 2

IT and Communication 72 41
Transportation 2 1

Others 32 18

Table 3
Work Designation of the respondents

Item Frequency Percentage

Business Analyst 18 11
Business Analyst Manager 6 4

System Analyst 80 47
System Designer 20 12

Tester 4 2
Others 43 25

quirements in their software development project were
chosen whereas those not were excluded from the sam-
ple. About 173 business analyst and related stakeholders
were recruited. The inclusion criteria were including
the respondents were stakeholders involved in the man-
agement of requirements in their software development
project. Approximately, 60 percent of the participants
were business analysts and system analysts. Most of the
respondents are practitioners in Malaysia Industry and
only 10-20 percent of the respondents are from Australia.
The findings show that most of the respondents are from
medium and large organization (refer to Table 1) and
Australian Bureau of statistics classification of business
framework (office of small business, 1999). In addition,
in Table 2, the findings show that the industry domain of
most of the organization is from Information Technology
and Telecommunication (41 percent) and, infrastructure
and Government (30 percent). Moreover, the respondents
largely have about 2-5 years (37 percent), and about 6-9
years (25 percent) experience in requirements writing
which represent approximately 62 percent of all the re-
spondents (Table 4).



Table 4
Experience in Requirements Writing

Item Frequency Percentage

Within one Year 32 19
2-5 Years 63 37
6-9 Years 43 25

10-15 Years 23 13
More than 15 years 72 41

3.2. Data Collection
There were approximately 380 self-administered ques-
tionnaires used for collecting the data from the respon-
dents. Several methods of questionnaire distribution
were employed: 1) a number of questionnaires were
mailed to the respondents; 2) a number of questionnaires
were emailed (on-line survey); 3) a number of question-
naires were completed using drop-off survey method. A
total of 210 questionnaires were received but only about
173 questionnaires were usable for analysis. This trans-
lates to about 55.3 ’percent response rate and only 45.5
percent were considered effective response rate.

Accordingly, missing values or data are asserted as
part of almost all research [24]. One of the ways is to
omit the subjects that have missing data. If there are
missing data at about more than 20 percent from the
items in a questionnaire, the subjects related are advised
to be deleted from the analysis [25]. Hence, in this study
we used the usable questionnaire only in the analysis.
The technique used is also known as Listwise. Listwise
is the technique where subjects are discarded from the
analysis because of there are some questions unanswered
in the survey. Even though, this technique will decrease
the subjects for the analysis but this technique is used to
ensure that the analysis will be done with complete data
for all the subjects.

3.3. Structural Equation Modeling (SEM)
and Partial Least Square (PLS)

This study is a part of a research that investigated the im-
pacts of requirements relationships on the other factors
and tasks in any software development project that pos-
sibly will also impact success. The factors and tasks may
have direct and indirect relationship; they might impact
one another and thus the success or failure of a particular
software development project as a whole. Hence, Struc-
tural Equation Modelling (SEM) was used to validate and
examine the interrelationships and the impacts that they
have to one another. SEM is a statistical technique for
the validation and estimation of causal relationships us-
ing a mix of qualitative causal assumption and statistical
data. This method is usually used more for confirmatory

rather than exploratory. Thus, SEM is more appropri-
ate for theory testing than theory development. SEM is
a generic and powerful multivariate analysis technique
that includes specialised versions of several other analy-
sis approaches as special cases. SEM is not intended for
a single statistical technique but it is a family of related
procedures [26]. Other related terms used are Covariance
Structure Analysis, Covariance Structure Modelling, and
Analysis of Covariance Structures.

Moreover, SEM can be categorized into two ap-
proaches, which are: 1) covariance-based approach,
which is related to tools such as EQS and AMOS; and 2)
variance-based approach, which is related to PLS. There-
fore, PLS was chosen to be used in this research. Partial
Least Square (PLS) was chosen because of the following
reasons: 1) research on requirements relationships is rel-
atively new; and 2) there is no measurement model that
is already available. PLS is asserted as a suitable tech-
nique to be used when the phenomenon to be examined
is relatively new [27, 28]. Hence, the assessment of the
goodness of measure of these constructs in terms of their
validity and reliability within the research framework
will be discussed in the next section.

3.4. Measure and Goodness of measure
A questionnaire using five-point Likert scale was de-
signed to collect data for each construct of the research
model. Some of the instruments in the questionnaire
were newly developed whereas most of the questions
were designed based on the theory from literature and
other empirical studies. Additionally, some parts of the
instruments were adapted from previous literature. The
final constructs of the model are illustrated in Figure 3:

3.5. Goodness of Measure
In this study, two main criteria have been utilised for
evaluating goodness of measures, which are validity and
reliability. The combination of both is essential to assure
the quality of a research [29]. Validity is about how well
a developed instrument measures the particular concept
that is intended to be measured [30]. On the other hand,
Trochim and Donnelly [29] also indicated that reliabil-
ity refers to repeatability or consistency. A measure is
considered reliable if it gives the same result over and
over again. The validity and reliability measures of this
research model are discussed in the next section.

3.6. Construct Validity
Construct validity can be described as the degree to which
interferences can legitimately be made from the opera-
tional constructs in a particular study to the theoretical



Construct Item Description 

Success Q5 (SC1) The outcome of the project meets the business goal.[11] 

Q6 (SC2) The outcome of the project meets all the specified 

requirements.[11] 

Q7 (SC3) The overall quality of the developed application / product 

is high.[10,11] 

Q10 (SC4) The project is completed within scope.[12] 

Q11 (SC5) The requirements-related tasks (e.g. requirements 

specification, requirements management) have been 

completed successfully in the project.[11,12,13] 

Requirements 

Relationships 

Knowledge 

Q42a 

(RRK1) 

The relationships between requirements that exist 

between the components are considered when deciding 

to implement the solution. [2] 

Q42b 

(RRK2) 

The relationships between requirements that exist 

between the components are considered when planning 

the schedule for the design/development team to 

complete the task. [20, 23] 

Q35 

(RRK3) 

Before implementing a change to a particular 

requirement, any possible impact it will cause to other 

requirements will be considered. [39] 

Requirements 

Quality 

Q14 

(RQ2) 

Requirements are typically grouped according to similar 

functionality / business area. [1, 3, 4, 7] 

Q24 

(RQ3) 

The requirements specified in the requirements 

document are easy to be located whenever needed. [1] 

Q13 

(RQ1) 

There is a specific structure/arrangement to follow when 

specifying requirements in the requirements document. 

[1,3, 4, 7] 

 

Figure 3: Construct in the Modell

constructs on which those operational constructs are
based on [31]. Sekaran and Bougie [30] ascertained that
construct validity can be used as a confirmation on how
well the results obtained from the use of the measure fit
the theories around which the test is developed. Thus,
convergent and discriminant validity were used to ex-
amine how the instrument fits the concept as theorised.
Initially, the respective value of loadings and cross load-
ings in Table 6 were examined to assess whether there
were any problems with any particular items. A cut-off
value for loadings at 0.5 was considered as significant
[25]. If there were any items with a loading of higher
than 0.5 on two or more factors, then they were deemed
to be having significant cross loadings. Table 5 shows
that all the items that measured a particular construct
would load highly on the construct and would have lower
loadings values on other constructs therefore confirming
construct validity.

3.7. Convergent Validity
Accordingly, the test for validity was continued with the
convergent validity. This validity test is concerned about
the degree to which multiple items are in agreement to
measure the same concept. Factor loadings, composite
reliability, and average variance extracted (AVE) were

Table 5
Loading and Cross Loading

Item RRK RQ SC

RR1 0.926 0.234 0.246
RR2 0.930 0.267 0.247
RQ1 0.076 0.715 0.329
RQ2 0.303 0.807 0.323
RQ3 0.196 0.722 0.320
SC1 0.249 0.323 0.716
SC2 0.181 0.300 0.802
SC3 0.279 0.373 0.782
SC4 0.159 0.306 0.690
SC5 0.116 0.297 0.733

used to measure the convergent validity. This practice
was proposed by Hair et al. [245. The convergent valid-
ity test findings showed that the factor loadings for all
items exceeded the recommended value of 0.5 [25]. Next,
composite reliability values illustrated in Table 6 present
the degree to which the construct indicators indicated
the latent, ranged from 0.793 to 0.925. The value is ap-
parently exceeded the recommended value of 0.7 [25].
Finally, the average variance extracted assessed the vari-
ance captured by the indicators relative to measurement
error. The value should be greater than 0.5 to justify the
use of the construct [30]. As illustrated in Table 6, the
AVE was in the range of 0.556 to 0.861.

Table 6
Loading and Cross Loading

Construct Measurement Item Loading CR AVE

RRK RR1 0.926 0.925 0.861
RR2 0.930

RQ RQ1 0.715 0.793 0.561
RQ2 0.807
RQ3 0.722

SC SC1 0.716 0.862 0.556
SC2 0.802
SC3 0.782
SC4 0.690
SC5 0.733

In addition, the results for the measurement model
are summarized in Table 7. According to the results, we
can conclude that all of the three (3) constructs: Require-
ments Quality, Requirements Relationships Knowledge
and Success were all valid measures of their respective
constructs based on their parameter estimates and statis-
tical significance.

3.8. Discriminant Validity
Then, the study was continued to validate the discrimi-
nant validity. Discriminant validity is concerned about



Table 7
Loading and Cross Loading

Construct Measurement Item Standardized Estimate t value

RRK RR1 0.926 38.286
RR2 0.930 42.992

RQ RQ1 0.715 7.767
RQ2 0.807 13.406
RQ3 0.722 11.478

SC SC1 0.716 13.616
SC2 0.802 22.313
SC3 0.782 19.591
SC4 0.690 11.708
SC5 0.733 14.106

Table 8
Discriminant Validity Results

Item 1 2 3

1. RRK 0.861
2. RQuality 0.073 0.561
3. Success 0.070 0.185 0.556

the degree to which items differentiate among constructs
where they illustrate the measures that theoretically
should not be related are in reality not related. This
validity test was assessed by exploring the correlations
between measures of potentially overlapping constructs.
The items should have the highest loading value on their
own constructs in the model, and the average variance
shared between every construct and its measures should
be more than the variance shared between the construct
and other constructs [31]. Table 8 illustrates that the
squared correlation for each construct is less than the
average variance extracted by the indicators measuring
the construct to indicate the adequate discriminant
validity. As a consequence, the measurement model
has demonstrated adequate convergent validity and
discriminant validity.

3.9. Reliability Analysis
Reliability is concerned about the quality of measure-
ment. Reliability in a research is the degree to which
a measurement procedure produces the same answer
each time the measurement procedure is carried out [33].
One of the general classes of reliability is the internal
consistency reliability that is utilised to measure the
consistency of result across items within a test [29]. In
relation to this, Cronbach’s alpha coefficient was used to
examine the reliability of the inter item consistency of
the measurement items. The summarisation of loadings
and alpha values are illustrated in Table 9. Based on the
findings in Table 9, all the alpha values are above 0.6,

which are conforming to what have been suggested by
Nunnaly and Berstein [34]. Consequently, the composite
reliability values also ranged from 0.793-0.925 (refer
table 6). Composite reliability values are another method
similar to Cronbach’s alpha for internal consistency
reliability estimate where a composite reliability value
of 0.7 or more is considered acceptable [35]. Therefore,
it can be concluded that the measurements used in this
study were reliable.

Table 9
Loading and Cross Loading

Construct Measurement Item Cronbach Alpha Loading Range Num of Item

RRK RR1- RR2 0.839 0.926-0.930 2(3)
RQ RQ1-RQ3 0.611 0.802-0.910 3(4)
SC SC1-SC5 0.799 0.690-0.802 5(7)

Another issue in the area of survey research is common
method variance. Considering the self-reported nature
of the data used, there was a possibility for this issue to
happen. Hence, Harman one factor test was performed
to determine the extent of this issue. Accordingly, Pod-
sakoff and Organ [36] indicated that common method
bias is problematic if a single latent factor would account
for the majority of the explained variance. The unrotated
factor analysis illustrated that the first factor accounted
for only 22.5 percent of the total variance, consequently
ascertained that the common method bias was not a seri-
ous issue in this study.

Finally, the analysis is continued with the path anal-
ysis to test all the hypotheses generated in this study.
Table 10 presents the results. The result of the analysis
shows that the three hypotheses: H1, H2 and H3 were
supported. The results implied that there are significant
interrelationships between requirements relationships
knowledge, requirements quality and success of software
development project. In the analysis, the path coefficient
value for RRK->RQ is 0.270 whereas the path coefficient
for RQ-> Success is 0.306. Both coefficient values are
in the ranges of (0.20-0.30) that have been asserted as
acceptable [27]. Hence, it can be concluded that there
are significant relationships exist between the three con-
structs.

Table 10
Path Coefficient and Hypothesis Testing

Hypothesis Relationship Coeficient t value Support

H1 RRK->RQ 0.270 2.869 Yes
H2 RQ-> Success 0.306 3.398 Yes
H3 RRK->Success 3.465 Yes

Moreover, mediation effect analysis has also been



conducted. The finding reports that, there is exists
mediator relationships between the three constructs.
Figure 4 illustrates the analysis which represents the
initial coefficient for the three constructs. There are
several criteria that need to be fulfilled before any
mediation effect analysis can be performed. First, the
predictor (RRK) has significant impact on the mediator
requirements quality (RQ) (later noted as a); second, the
mediator (RQ) has significant impact on the criterion
variable Success (b); and third, the predictor (RRK)
has significant impact on the criterion variable in the
absence of the mediators’ impact (c). Therefore, to
establish the mediating effect, the indirect effect of a x b
(see figure 4) has to be significant. In this regard, the z
statistic is applied [3], specifically the value is significant
at p <0.05. If the z value exceeds 1.96 (p <0.05), then
the hypothesis H3 can be accepted where there is an
indirect impact of RRK through requirements quality on
the success of software development project. The z value
is defined as the following:

𝑧 =
𝑎× 𝑏√︀

𝑏2 × 𝑆2
𝑎 + 𝑎2 × 𝑆2

𝑏 + 𝑆2
𝑎 × 𝑆2

𝑏

(1)

As illustrated in figure 4, there is a significant impact
of RRK on requirements quality (0.271, p<0.05) as well as
requirements quality on success (0. 387, p<0.05). Conse-
quently, there is also a significant direct impact of RRK
on the success of software development project (0.169,
P<0.05); thus, requirements quality is established as a
partial mediator. This mediating effect of requirements
quality in this study is confirmed by z statistic [38]:

𝑧 =
0.27× 0.39√

0.392 × 0.092 + 0.272 × 0.092 + 0.092 × 0.092

z=2.502
(2)

The result demonstrates that, requirements quality has
mediating effects where it implies that there is indirect
impact on success; variance accounted (VAF) value then
is used to represents the ratio of the indirect effect to the
total effect. The VAF value indicates that 38.2 percent of
the total effect of RRK on success of software develop-
ment project is explained by indirect effect (requirements
quality):

Figure 4: Mediating effect of RRK, RQ and Success

VAF=(a ×𝑏)÷ (𝑎× 𝑏+ 𝑐)
VAF=(0.271 ×0.387)÷ (0.271× 0.387 + 0.169)

𝑉 𝐴𝐹 = 0.382
(3)

Therefore, it can be concluded that the relationships
between the three constructs is significant and the three
hypotheses are also confirmed by the mediation effects
that exist among them.

4. Result and Discussion
This study focusing on the impacts of the RRK as an in-
dependent variables on requirements quality as well as
the success of software development project using the
PLS technique. It is a part of a research in which also in-
vestigates the impacts of RRK on other related factors of
success including requirements change [39]. In the first
part of this study, the goodness of measure is examined
by looking at the validity and reliability of the measures
using the PLS approach. The findings illustrated that
the measures used demonstrate both convergent validity
and discriminant validity. In addition, the reliability of
the measures was also examined by observing the Cron-
bach Alpha values and Composite Reliability values. The
findings show that both the Chronbach Alpha values
and composite reliability values have fulfilled the crite-
ria set up by other established researchers. Thus, the
results have confirmed that the measures in the model



were reliable. Accordingly, the findings of this paper con-
firmed and supported the direct significant impacts of
RRK on requirements quality (H1); the direct significant
impact of requirements quality on the success of software
development project (H2); and consequently supported
hypothesis (H3) that proposed the indirect significant
impacts of RRK on the success of software development
project.

Firstly, RRK has significant impact on requirements
quality in which inline with what have been ascertained
in the literature (e.g. [23]) in which supporting H1. The
requirements relationships knowledge provides guide
on how a set of requirements can be structured and or-
ganized in requirements specification document. The
requirements documentation that is properly organized
and well structured can contribute to the good quality
of requirements [4, 23]. According to the analysis of the
result, the main characteristics of requirements quality
that related to RRK are: 1) Requirements are typically
grouped according to similar functionality/business area;
2) The requirements specified in the requirements doc-
ument are able to be located whenever needed; and 3)
There is a specific structure / arrangement to follow when
specifying requirements in the requirements document.
Characteristics of items 1 and 3 confirmed the important
of RRK in structuring requirements in an SRS. Both items
then may support the characteristics of items 2. When
the requirements can be located whenever needed, an
SRS can be indicated as having one of the good charac-
teristics listed in the IEEE-830 recommended practices
which is traceable as well as may help in fulfilling other
requirements quality characteristics such as modifiable
and verifiable. Thus, it is clear that the findings were
supporting H1.

Secondly, the findings from the analysis ascertained
that a software development project is considered suc-
cessful when the project has fulfilled several criteria. The
criteria are listed as the following: 1) the outcome of the
project meets all the specified requirements; 2) the over-
all quality of the product is high; 3) The requirements-
related tasks (e.g. requirements specification, require-
ments management) are successfully completed in the
project; 4) The outcome of the project meets the business
goal; and 5) The project is completed within scope. In-
deed, all of the criteria listed are in fact quite similar to the
criteria proposed by previous researchers (e.g. [10, 12]).
The finding asserted that as long as the outcome meets all
the specified requirements and business goal, has good
quality, completed within scope, and all the requirements-
related activities are completed successfully, the project
will be considered successful although the project is not
completed within time and budget. Thus, the findings
are apparently shown how the success of requirements
activities in which including maintaining requirements
quality will impact success in which supporting H2.

Finally, the phenomena of the interrelationships be-
tween RRK->Requirements quality ->Success (H3) has
been proved by the findings. The interrelationships be-
tween them are also found to be the strongest link that
existed in this study.

5. Conclusion
Therefore, the findings have confirmed the three hypothe-
ses listed in this study. As requirements relationships
knowledge has significant impact on requirements qual-
ity (H1); and requirements quality has direct significant
impacts on success (H2); it can be concluded that re-
quirements relationships knowledge is another signifi-
cant factor that will impact requirements quality as well
as project success (H3). Accordingly, the findings also
confirmed the significant impacts of RRK on the software
project success. In the future, this quantitatively finding
of this study will be continued with a qualitative study
in investigating further how RRK impacts requirements
quality and other related factors on the software project
success from the business analyst perspectives.
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Predicting Requirements Volatility: An Industry Case Study
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Abstract
Software requirements are exposed to many changes during their software development life-cycle. These changes namely
additions, modifications or deletions are defined as requirements volatility. Prior requirement volatility prediction studies
utilize different requirement volatility measures. In this study we predict number of changes per software requirement as
requirement volatility for a large scale safety-critical avionics project in ASELSAN. We employ a comprehensive metric set to
explain requirements volatility: requirement quality measures, project specific factors and requirement interdependencies.
Predictive models are created through combining input metric sets with machine learners. Success of models in predicting
requirement changes, the best performing input metric combinations, the best performing machine learners and success of
models in predicting highly-volatile requirements are evaluated in this study. The best prediction results are obtained with
the model employing quality metrics, project specific metrics, network metrics altogether with k-nearest neighbour machine
learner (MMRE=0.366). Also the best model correctly identifies 63.2% of highly volatile requirements which are exposed to
80% of the total requirement changes. Our study results are encouraging in terms of creating requirement change prediction
tools to prevent requirement volatility risks prior to the requirement review process.

Keywords
Predicting Requirements Volatility, Quality Metrics, Network Metrics, Requirements Quality, Requirements Change

1. Introduction
Although software engineering has experienced signifi-
cant advancements in the last decades, majority of the
large-scale software projects still try to cope with re-
quirement changes during their software development
life cycle due to dynamic nature of software develop-
ment activities [1]. Changes for requirements namely
additions, deletions or modifications are defined as re-
quirements volatility [2]. Continual requirement changes
during software development have tremendous impact
on the cost, the schedule and the quality of the final
product. Unfortunately, significant number of software
projects cannot be completed successfully or completed
partially because of requirements’ high volatility [2].

According to a survey conducted by Thakurta [3],
project managers use various requirement volatility mea-
sures: number of changes to the identified use cases,
number of changing requirements identified within the
issued change requests, realized requirements out of total
requirements, and amount of budget the project had to
spent on the changing requirements. Alsalemi et al. [4]
also report a literature review on requirements volatility
prediction. Accordingly, ten studies have employed ma-
chine learning methods to predict requirements volatil-
ity until 2017. These studies utilize different require-
ment volatility measures such as number of requirement
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changes [5], requirement stability index of the project [6],
requirements that will be changed in next iteration [7],
requirement change impact [8], the impact of require-
ments changes on project distribution and cost factor
[9], software schedule [10]. Related studies also propose
requirements complexity metrics [6], requirement de-
pendency metrics [8], requirement size metrics [5] and
requirements evolution metrics [7] to predict their own
definition of requirement volatility measure.

In our study we aim to predict number of changes
per software requirement by using requirement quality
measures, project specific factors and requirement in-
terdependencies. We define requirement volatility as
the number of change requests reported for a software
requirement. This change request could be either for
adding a new requirement or modifying an existing re-
quirement. We chose a safety-critical avionics software
project in ASELSAN with more than 20,000 requirements
for our study. Loconsole et al. [5] conducted a similar
study to predict number of requirement changes using
size measures on projects with less than 50 requirements.
Our study complements the prior work bymining a larger
dataset with thousands of requirements and a more com-
prehensive metric set considering quality and interdepen-
dency aspects of requirements as well as project specific
factors. It should be noted that the change requests that
we study in this work occured in any phase of software
development after Software Requirements Specification
(SRS) document has been reviewed and confirmed. Thus
we investigate post-SRS requirements volatility for the
avionics project under study.

The rest of paper is organized as follows. Section 2
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presents related empirical studies carried on for require-
ment volatility prediction. Section 3 explains study de-
sign model in detail. Results and Threats to Validity
of our work discussed in Section 4. Section 5 presents
conclusion and points out possible directions for future
work.

2. Related Work
In this section we present previous studies that aim to
predict volatility for requirements, and we focus on the
input metrics they employed. We report details of five
relevant studies [11, 6, 7, 8, 5] from the literature review
conducted by Alsalemi et al. [4]. We also discuss the
approaches of other recently published, related studies
[12, 13] in this section.

Nakatani et al. [11] propose a method to predict re-
quirement volatility using social relations between execu-
tives, competitors, cooperative organizations, and the nat-
ural environment. Those measures can be applied to cus-
tomer requirements easily but it would take some effort
to associate them with software requirements. Christo-
pher et al. [6] present requirements complexity metrics
to define volatility. Functional requirement complex-
ity, non-functional requirement complexity, input-output
complexity, interface and file complexity measures are
used to calculate whole project’s stability, whereas we
seek to predict requirement volatility for each software
requirement. Shi et al. [7] present a model to predict fu-
ture requirement changes by using previous requirement
change metrics. They generated six history metrics for
requirements that contain information about volatility of
topic, frequency of changes and time duration between
changes. History metrics can be used to predict require-
ments that will be changed in next iteration, but has little
use in predicting requirements volatility for new projects.
Pedrycz et al. [13] also employ the following change logs
as input metrics: created version of requirement, last de-
veloper, number of modifications, requirement lifetime
duration. Change logs are created on later phases of soft-
ware development thus they are again not very useful
to predict requirements volatility for projects in earlier
development phases. Goknil et al. [8] and Hein et al. [12]
use requirements interrelations for volatility prediction.
Goknil et al. [8] utilize formal semantics of requirement
relations as input features, whereas Hein et al. [12] create
network metrics by using syntactical natural language
data. We have combined both measures and created
network metrics by using links between system and soft-
ware requirements instead of lingual relations between
requirement texts. Regarding network metrics we em-
ploy degree centrality, eigenvector centrality, closeness
centrality and betweenness centrality metrics, whereas
Hein et al. [12] used 40 network metrics.

According to the literature review, only one study con-
ducted by Loconsole et al. [5] present an empirical study
to predict number of changes per requirement, so this
study is the most relevant to our work. Following size
measures are used to predict number of requirement
changes: number of actors interacting with use cases,
number of words in each file, number of revisions of files,
number of lines per file. In our study, size measures are
also used to represent requirement quality but we also
enriched our metric set with project specific metrics and
network metrics. It should be noted that we do not take
deletion requests and deleted requirements into consider-
ation while defining requirements volatility, because in
our industrial context we rarely encounter such requests
for the safety-critical software. Finally, we applied our
model on more than 20,000 requirements that help us
assess the generalizability of our findings on predicting
volatility on every software requirement using different
metrics sets.

3. Study Design
In this section we explain our empirical study design in
detail. In Section 3.1 research questions are explained.
The analyzed project for which a model would be pro-
posed is described in Section 3.2. In Section 3.3 selected
input metrics for requirement volatility prediction are de-
scribed. Section 3.4 describes the output measure of the
prediction model. The used tools are explained in Section
3.5. Machine learning techniques employed in this study
are presented in Section 3.6. Finally in 3.7, performance
evaluation measures are defined for our model.

3.1. Research Questions
Our main goal is to predict requirements volatility at
earlier stages of development lifecycle, and accordingly
two research questions are defined.

Research Question(RQ) 1: To what extent do re-
quirement quality metrics, project specific metrics and
network metrics predict the volatility of a software re-
quirement?

Previous studies used different metric sets to predict
requirements volatility. In this study we aim to use a
comprehensive set of input metrics, and observe their
individual effects on requirement volatility prediction.
While predicting the volatility, we use the number of
change (addition and modification) requests on a soft-
ware requirement. Being inspired by the metric sets used
in the literature, we form a group of requirement qual-
ity metrics and network metrics. Additionally, project
specific metrics for this particular safety-critical avionics
project are defined and utilized throughout this study.
During model assessment, the performance of each in-



Table 1
Release based AVPRJ statistics

Release Number
of REQs

Mean CR
per REQ

Median CR
Per REQ

Release 1 8,640 0.7457 1
Release 2 11,401 1.1165 1
Release 3 2,730 0.5267 0
Total 22,771 0.9051 1

put metric set and the combination of those are reported.
Detailed sub-questions related to RQ 1 are also listed
below:

RQ 1.1: Which metric group is a better indicator of
the number of requirement changes?

RQ 1.2: Which machine learning algorithm is better
at predicting the number of requirement changes?

RQ 2: How successful are the proposed models in
predicting highly volatile software requirements?

Software requirements have a history of varying num-
ber of changes during software development life cycle.
Some requirements do not change at all; however, some
requirements expose to multiple changes and pose risks
to a software project. Practically, our model should pre-
dict highly volatile requirements, so those requirements
will be reviewed by experienced reviewers in detail. For
this research question (RQ 2) we measure the success of
our models on highly volatile requirements based on a
technique in [14].

3.2. Analyzed Project
We chose a safety-critical avionics software project to
perform our analysis. We will refer to this project with
AVPRJ in the rest of this paper. AVPRJ has many releases
from which three releases are selected. Software require-
ments for those releases are related since they all belong
to the same project; however they are partially distinct
since each release consists of implementation of different
software components developed by many software devel-
opers. AVPRJ has a total of 22,771 software requirements.
Some release based descriptive statistic for AVPRJ are
given in Table 1. CR is used as an abbreviation for change
request, REQ is used as an abbreviation for a single re-
quirement. Most of the employed requirements belong to
second release and this release has highest mean change
request per software requirement value. Third release
has relatively fewer software requirements and less addi-
tion or modification is performed on requirements belong
to this release. More than half of the requirements are
modified at least once for this project; 9,848 out of 22,771
requirements are not changed which complies with Stan-
dish Group’s survey results overmore than 8,000 software
projects [15].

3.3. Input Metrics
We have employed several metrics to predict the volatil-
ity of each software requirement in AVPRJ. The metrics
represent three dimensions: requirement quality metrics,
project specific metrics and requirement network met-
rics. Requirement quality metrics extracted by NASA
Automated Requirements Measurement(ARM) tool have
been used to predict faulty modules previously [16]. Ini-
tially, we believed the way requirements are documented
will affect requirements volatility besides fault proneness
of modules. Some requirement quality size metrics are
already utilized in predicting requirements volatility [5],
therefore we decided to include requirement quality met-
ric set in our study. Network metrics are employed to
predict requirement change volatility in a recent study
[12]. This sparked the idea of utilizing network metrics
for requirements volatility prediction. Initial observation
of various change request notes confirmed that software
requirements that are changed within a particular change
request have a tendency to be linked to similar system re-
quirements. Accordingly, we employed network metrics
created by traceability information. In order to enrich
input metric set with a new metric group we focused on
safety-critical avionics project characteristics under this
study. Features are evaluated separately and the ones
would provide information on requirements volatility are
selected as project specific metrics. Rationales of project
specific metric selection are given in detail in subsection
3.3.2. Detailed explanations for each group are given in
the following subsections.

3.3.1. Quality Metrics

While selecting requirement quality metrics to predict
volatility, we have inspired by two studies. The first study
propose requirement metrics in the context of NASA
Metrics Data Program(MDP) to predict software faults
[16]. These metrics are calculated by automatically go-
ing through requirements documents to highlight vague,
ambiguous, long, complex requirements. The second
study also reports requirement quality metrics [17] to
find out which requirement quality analyze tool is more
successful regarding measurement of those metrics.

Combining both studies’ list and customizing that to
the requirements document templates in our industrial
context, we present 20 quality metrics in Table 2. All of
these metrics take numeric values, e.g. number of flow
sentences in a requirement, number of directives in a
requirement.

During the preprocessing, stage, we had to remove
three metrics from our analysis since they gave little to
no information for AVPRJ: Conditional, Rationale and
Subjective. Only one requirement contains conditional
expressions, three requirements contain rationale expres-



Table 2
Requirement Quality Metrics

Acronyms The number of abbreviations in a software requirement. For AVPRJ permitted acronym
list is used to extract this metric.

Actions The number of actions to be performed if conditions of a software requirement are
satisfied.

Ambiguity The number of ambiguous expressions in a software requirement, e.g. adequate,
sufficiently, optimal, slow.

Chars between punctuation Average character count between punctuation marks. Long sentences without punc-
tuation marks decrease readability.

Conditions The number of conditions need to be satisfied to perform a software requirement.
Conditional The number of phrases that give the developers freedom to whether or not to imple-

ment a software requirement, e.g. maybe, can’t, would.
Connectors The number of connectors that are employed to link multiple sentences or group of

words, e.g. and, or, as well as.
Directives The number of directive expressions to refer a table, a note, a figure or an example.
Flow sentences The number of expressions that semantically bond a sentence to another one, e.g.

although, but, else.
Imperatives The number of phrases that command to perform particular actions in a software

requirement, e.g. shall, must, will.
Implicitness The number of pronouns that make the software requirement difficult to understand,

e.g. this, that, it. A software requirement should be defined explicitly.
Incompleteness The number of expressions that indicate a software requirement is yet incomplete, e.g.

and so on, tbd, etc.
In links The number of incoming links to a software requirement from other documents. For

AVPRJ test cases are linked to software requirements, so the number of in links refer
to the number of linked test cases.

Negative Sentences The number of phrases that give negative meaning, e.g. doesn’t, none, can’t.
Nested levels For AVPRJ nested level metric value is the greatest level in hierarchical nesting structure

of a software requirement.
Out links The number of out links of a software requirement. In AVPRJ software requirements

are linked to system requirements. Therefore the number of out links is the total
number of linked system requirements by a software requirement.

Rationale The number of expressions that give justification in a software requirement, e.g. thus,
in order to.

Speculative Sentences The number of speculative phrases which lead to question necessity of a software
requirement, e.g. normally, eventually, almost.

Subjectivity The number of subjective expressions presenting personal opinion rather than objec-
tivity e.g. I think, in my opinion.

Text length The total number of characters in a software requirement.

sions and none of the requirements have subjective ex-
pressions. Thus we ended up having 17 metrics repre-
senting the quality aspect of requirements for predicting
their volatility.

3.3.2. Project Specific Metrics

Project specific metrics may differ regarding the scope
of a software project, but the metrics we chose to use
are not so specific to the development environment, pro-
gramming language, or domain in which the software is
developed. We believe project specific metrics would pro-
vide information about development characteristics in an
organization, and hence the factors affecting the change
proneness of requirements. Table 3 list these project spe-

cific metrics employed in this study. If the project follows
an inspection activity on requirements, it is more likely
that the team would find the ambiguities and inconsis-
tencies on the requirements. Since derived requirements
are not part of customer needs, they cannot be validated
through user acceptance tests. If a requirement has a
safety aspect, more comprehensive software tests will be
performed, thus exposure of a potential change is highly
probable. Number of related components is a measure
of impact of a software requirement on general prod-
uct, thus more feedback will be given to requirements
affecting many components by development team. Each
software release has different dynamics that affect re-
quirements maturity e.g. release schedule, experience of
developers, complexity of system. For example if sched-



Table 3
Project Specific Metrics

Inspection Indicates if a software requirement is
evaluated through an inspection activ-
ity. This procedure might be preferred
to complement functional tests.

Derived Software requirements that are not ex-
plicitly stated in system requirements
but derived based on design decisions
[18].

Safety Shows if a software requirement is
safety critical.

No. of Re-
lated Com-
ponents

Number of isolated software compo-
nents that a requirement is related.

Release
Number

Release number that the software re-
quirement belongs to.

Table 4
Network Metrics

Degree cen-
trality

Gives score to requirements based
on the number of links.

Betweenness
centrality

Measures howmany times a require-
ment is on the shortest path in the
graph.

Closeness
centrality

Indicates how close a requirement
to other requirements considering
the whole graph.

Eigenvector
centrality

Measures how a node influences
other nodes in network through con-
nections.

ule is too tight to complete SRS document, requirements
could be immature and more requirements changes could
be performed in the future for this release.

3.3.3. Network Metrics

Hein et al. [12] earlier utilized 40 network metrics to pre-
dict requirements change volatility. On the other hand,
Valente et al. [19] present correlations between degree,
betweenness, closeness, eigenvector centrality measures,
and indicate that those measures are distinct but notion-
ally related. Thus in this work instead of employing 40
metrics, we chose the metrics suggested in [19] to pre-
dict requirements volatility for AVPRJ. These centrality
metrics give each software requirement a value regard-
ing their position in network. Brief explanations of the
employed network metrics are given in Table 4.

Hein et al. [12] used language processing to create
network for requirements. In this study instead we used
traceability information to create network graph for soft-
ware requirements. Traceability links from software re-
quirements to system requirements are used for this pur-
pose. We assigned weights between software require-

ments regarding system requirement traceability links.
Software requirements which are derived from similar
system requirements are tend to be closer in our model.
Weight assignment formula is given below (Equation 1).
W is weight between software requirements, NCLINK
is the number of common system requirement links be-
tween two software requirements and NTOTLINK is the
total number of system requirements linked from those
two software requirements. After weight assignment,
a symmetrical 𝑛 × 𝑛 matrix is created where n denotes
the number of software requirements. Then the network
metrics are computed over this matrix.

𝑊𝑖𝑗 =
𝑁𝐶𝐿𝐼𝑁𝐾𝑖,𝑗

𝑁𝑇𝑂𝑇𝐿𝐼𝑁𝐾𝑖,𝑗
(1)

3.4. Model Output
Our proposed model output is the number of change re-
quests per software requirement. After the SRS document
is reviewed and completed for AVPRJ, change requests
linked to each software requirement are reported in the
issue management system, and the document is modified
accordingly by the analysis team. Thus we define require-
ments volatility in our industrial context with respect
to number of change requests that have been applied
to add a new requirement or to modify an existing re-
quirement in the associated SRS document. Please note
that our model outputs decimal values, but number of
change request per requirement in practice can only get
integer values. Therefore we round fractional parts to
the nearest integer.

3.5. Tools
We wrote scripts to extract requirement quality and
project specific metrics from SRS documents. Later,
UCINET tool [20] is used to create network metrics from
the matrix that we extracted based on software and sys-
tem requirements. Regression models with different ma-
chine learners are trained using WEKA tool [21]. Pre-
diction results are further post-processed in MATLAB to
obtain the performance measures regarding all RQs.

3.6. Machine Learning Techniques
We train models using linear regression, random for-
est regression, support vector regression and k-nearest
neighbor regression methods. Linear regression was uti-
lized in [5], whereas classifier version of the other three
techniques were used in [12].

For k-nearest neighbor regression, inversely propor-
tional weighting option is selected. Higher weights are
assigned to closer training samples which resulted in bet-
ter prediction results for our model. For support vector



regression commonly used radial basis function kernel
is selected. Increasing gamma parameter too much may
result in over-fitting [22] and we also experienced a great
computational cost with little to no prediction success
gain for large gamma. Thus C and gamma parameters
are assigned as 1.

In this study 10-fold cross validation technique is used
to split training and test sets. Firstly, the dataset contain-
ing all software requirements is shuffled randomly and
split into 10 groups of approximately equal size. One
group is labeled as a test set and other groups are used
to train machine learning models. This procedure is re-
peated 10 times until each unique group is used as test
set once.

3.7. Performance Evaluation
For RQ 1, the following measures are used for perfor-
mance evaluation: Mean Magnitude of Relative Error
(MMRE), Median Magnitude of Relative Error (MdMRE),
Pred(0.5) and Pred(0.25) [23]. Relative error is calculated
according to Equation 2. 𝐸𝑟𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 is relative error, 𝑉 𝑎𝑙𝑎𝑐𝑡
is the actual value, whereas 𝑉 𝑎𝑙𝑝𝑟𝑒𝑑 is the predicted value.

𝐸𝑟𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
|𝑉 𝑎𝑙𝑎𝑐𝑡 − 𝑉𝑎𝑙𝑝𝑟𝑒𝑑|

|𝑉 𝑎𝑙𝑎𝑐𝑡|
(2)

There are requirements with zero change requests.
Thus division by zero problem arises while calculating
relative error. We made an assumption for unchanged
requirements as presented in Equation 3.

If 𝑉 𝑎𝑙𝑎𝑐𝑡 = 0 𝐸𝑟𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
|𝑉 𝑎𝑙𝑎𝑐𝑡 − 𝑉𝑎𝑙𝑝𝑟𝑒𝑑|

1
(3)

Pred(k) is a measure of variance of the error distribu-
tion. This measure is based on relative error and it shows
the percentage of predictions whose errors are less than
or equal to k.

For RQ2, we aim to predict highly volatile require-
ments, and thus, we first employ a method to identify
those among the set of requirements:

• Step 1: Rank requirements by their actual number
of change requests in descending order and record
their rank as 𝑅𝑎𝑐𝑡𝑢𝑎𝑙.

• Step 2: Obtain regression prediction results for
each software requirement.

• Step 3: Rank requirements by their predicted
number of change requests in descending order
and record their rank as 𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑.

• Step 4: Evaluate results according to the listing
in Table 5. P denotes percentage of requirements
which are perceived as highly volatile, and 𝑁𝑟𝑒𝑞
denotes total number of requirements in valida-
tion set.

Table 5
Requirements volatility rank results evaluation

Condition Evaluation

𝑅𝑎𝑐𝑡𝑢𝑎𝑙,𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ≤ 𝑁𝑟𝑒𝑞 × 𝑃 True Positive
𝑅𝑎𝑐𝑡𝑢𝑎𝑙,𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 > 𝑁𝑟𝑒𝑞 × 𝑃 True Negative
𝑅𝑎𝑐𝑡𝑢𝑎𝑙 ≤ 𝑁𝑟𝑒𝑞 × 𝑃, 𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 > 𝑁𝑟𝑒𝑞 × 𝑃 False Negative
𝑅𝑎𝑐𝑡𝑢𝑎𝑙 > 𝑁𝑟𝑒𝑞 × 𝑃, 𝑅𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 ≤ 𝑁𝑟𝑒𝑞 × 𝑃 False Positive

• Step 5: Calculate recall, accuracy and false alarm
rate.

Table 5 can be interpreted as follows: True Positive in-
stances are requirements that are actually highly volatile
and the model also categorizes those as highly volatile.
In the case of True Negatives, a requirement is actually
less volatile, so is its prediction. False Negatives occur
when highly volatile requirements are regarded as less
volatile by the predictor. Finally, False Positives indicate
less volatile requirements predicted as highly volatile.

To answer RQ2, recall, accuracy and false alarm rate
measures are computed. Recall result shows how suc-
cessful model in predicting highly volatile requirements.
According to us this measure is the most important one
regarding RQ2. Accuracy measure shows the prediction
success for both highly volatile and less volatile require-
ments. False alarm rate presents how much effort has
put in vain by mis-evaluating less volatile requirements.

4. Results and Discussion
We present and discuss the performance of the models
with respect to two RQs in this section. We also compare
the performance of the prediction models proposed in
this study with the prior work [5] .

4.1. RQ 1
After obtaining processed data, machine learning regres-
sion methods are applied to answer the question if re-
quirement quality metrics, network metrics, project spe-
cific metrics can be used to predict the number of changes
on each software requirement by employing machine
learning methods. Model performance results are gath-
ered for all input metric and machine learning method
combinations separately.

Results for RQ 1 is given in Table 6. The following
abbreviations are used: ML for machine learning, Q for
requirement quality metrics, P for project specific met-
rics, N for network metrics, KNN for k-nearest neighbor
regression, LR for linear regression, RF for random forest
regression and SVR for support vector regression.

In terms of input metric combinations, the best MMRE
results are achieved with Q&P&N(0.366), Q&N(0.381) and



Table 6
Performance evaluation results for RQ 1

Metrics+ML
method

MMRE MdMREPred(0.5) Pred(0.25)

Q&P&N+KNN 0.366 0 0.681 0.57
Q&P&N+LR 0.53 0.5 0.524 0.411
Q&P&N+RF 0.392 0 0.663 0.545
Q&P&N+SVR 0.392 0 0.662 0.554
Q&P+KNN 0.402 0 0.641 0.529
Q&P+LR 0.513 0.5 0.541 0.428
Q&P+RF 0.45 0.333 0.6 0.486
Q&P+SVR 0.459 0.5 0.584 0.479
P&N+KNN 0.422 0 0.632 0.52
P&N+LR 0.55 0.667 0.484 0.372
P&N+RF 0.454 0.5 0.595 0.48
P&N+SVR 0.469 0.5 0.561 0.475
Q&N+KNN 0.381 0 0.665 0.553
Q&N+LR 0.534 0.5 0.52 0.407
Q&N+RF 0.394 0 0.662 0.545
Q&N+SVR 0.426 0 0.621 0.515
Q+KNN 0.443 0.333 0.598 0.488
Q+LR 0.512 0.5 0.542 0.43
Q+RF 0.455 0.5 0.594 0.483
Q+SVR 0.483 0.5 0.556 0.446
P+KNN 0.555 0.667 0.483 0.37
P+LR 0.548 0.667 0.485 0.373
P+RF 0.556 0.667 0.483 0.371
P+SVR 0.516 0.5 0.512 0.417
N+KNN 0.448 0.5 0.596 0.482
N+LR 0.549 0.667 0.484 0.372
N+RF 0.485 0.5 0.561 0.446
N+SVR 0.53 0.5 0.5 0.392

Table 7
Comparison of our performance (RQ 1) against [5]

MMRE MdMREPred(0.25) Pred(0.5)

Q+LR 0.51 0.5 0.43 0.54
Best model 0.36 0 0.57 0.68
NLines+LR [5] 0.58 0.27 0.5 0.63

Q&P(0.402). We may interpret that requirement quality
metrics (Q) are successful at predicting number of change
requests per software requirement, and its combinations
with the other metrics also give good results. With re-
spect to the machine learning algorithm, the three best
performing metric combinations give the highest predic-
tion performance when k-nearest neighbor algorithm is
utilized.

MdMRE is zero for the following metric and ma-
chine learner combinations: Q&P&N+KNN, Q&P&N+RF,
Q&P&N+SVR, Q&P+KNN, P&N+KNN, Q&N+KNN,
Q&N+RF and Q&N+SVR. Number of change requests
for more than half of the software requirements are pre-
dicted correctly with these models. Since many predic-

tion models give the same best result, we do not rank the
best performing models with regard to MdMRE.

The best performance with respect to Pred(0.25) and
Pred(0.5) are obtained with Q&P&N+KNN. Q&N+KNN
and Q&P+KNN report the second and third best results.
Those results indicate that requirement quality metrics
and k-nearest neighbor algorithm are also successful with
respect to Pred measures.

To sum up, best performance results are achieved by us-
ing requirement quality metrics, project specific metrics
and network metrics altogether. Accordingly, K-nearest
neighbor algorithm gives best performance results for
all measures. In all best performing models, quality met-
rics are utilized either as a pair with project or network
metrics or as combination of all three. It seems the way
requirements are documented has a high effect on the
volatility rates.

We compared our findings against the study conducted
by Loconsole et al. [5]. Table 7 reports the performance
of linear regression model with the best metric set in our
study, our best performing model and the best perform-
ing model of [5]. If we compare the findings only on LR,
we observe that using number of lines predicts volatility
better on their commercial setting, while in our context
using quality metrics only does not give the best result.
Other algorithms like KNN in combination with all met-
rics significantly improve the prediction performance by
reducing MMRE down to 0.36 and MdMRE down to 0,
and increasing Pred(0.25) up to 57%.

4.2. RQ 2
RQ 2 aims to measure the success of our model in predict-
ing highly volatile requirements. We present our tech-
nique to identify highly volatile requirements in Section
3.7. We first need to determine change request cover-
age to categorize highly-volatile requirements, and later
calculate recall, accuracy and false alarm rates. Rates
for various change request coverage by most volatile
requirements are given in Table 8. As change request
coverage grows more requirements are labeled as highly
volatile. We chose 80% change request coverage since
approximately 40% percent of reviewers are considered
as well-experienced in AVPRJ. Therefore by applying
this model we could assign review task of 38.6% of total
requirements, which are possibly highly volatile, to ex-
perienced developers in early phase of development. We
did not present other coverage results in this study due
to page limitation.

In Table 9 the best recall results are achieved
with Q&P&N+KNN(0.632), Q&N+RF(0.616) and
Q&P+KNN(0.604). Again, all best performing models
have requirement quality metrics in common, whereas
the best combination consists of all metrics. The best
accuracy results are obtained from Q&P&N+KNN(0.716),



Table 8
Change request and requirement coverage relation for AVPRJ

CR Coverage Percent REQ Coverage

60% 20.5%
70% 29.6%
80% 38.6%
90% 47.7%

Table 9
Performance results of RQ 2 model for 80% CR coverage

Metrics+ML
method

Re-
call

Accu-
racy

False Alarm
Rate

Q&P&N+KNN 0.632 0.716 0.232
Q&P&N+LR 0.531 0.638 0.295
Q&P&N+RF 0.624 0.71 0.237
Q&P&N+SVR 0.591 0.684 0.258
Q&P+KNN 0.604 0.694 0.249
Q&P+LR 0.508 0.62 0.31
Q&P+RF 0.602 0.692 0.251
Q&P+SVR 0.558 0.658 0.278
P&N+KNN 0.574 0.671 0.268
P&N+LR 0.418 0.55 0.366
P&N+RF 0.557 0.658 0.279
P&N+SVR 0.496 0.61 0.318
Q&N+KNN 0.614 0.702 0.243
Q&N+LR 0.53 0.637 0.296
Q&N+RF 0.616 0.703 0.242
Q&N+SVR 0.569 0.667 0.271
Q+KNN 0.586 0.68 0.261
Q+LR 0.508 0.62 0.31
Q+RF 0.582 0.677 0.263
Q+SVR 0.529 0.636 0.296
P+KNN 0.503 0.616 0.313
P+LR 0.423 0.554 0.363
P+RF 0.496 0.611 0.317
P+SVR 0.462 0.584 0.339
N+KNN 0.557 0.657 0.279
N+LR 0.404 0.539 0.376
N+RF 0.565 0.664 0.274
N+SVR 0.498 0.612 0.316

Q&N+RF(0.703) and Q&P+KNN(0.694). The lowest false
alarm rate results are achieved by Q&P&N+KNN(0.232),
Q&N+RF(0.242) and Q&P+KNN(0.249). K-nearest
neighbor and random forest regression methods are
successful in predicting highly volatile requirements for
80% change request coverage.

The most important measure for RQ 2 is recall since
the purpose of this question is to measure success on
predicting highly volatile requirements. We correctly
identify 63.2% of highly volatile requirements which are
exposed to 80% of the total requirement changes.

4.3. Threats to Validity
Internal validity: In this study we present require-
ments volatility in a software project can be predicted to
some extent utilizing requirement qualitymetrics, project
specific factors and networkmetrics altogether. However,
this does not imply causal relationship between input
and output metrics since we did not conduct a controlled
experiment.

External validity: We have conducted the case study
on one project, so results have local validity. However,
the dataset is quite large with more than 20,000 require-
ments from three distinct releases developed by many
software developers. Nonetheless, applying the predic-
tive models on different projects in the future would be
better in terms of generalization of results.

Construct validity: Developers did not use their na-
tive language in software requirements. Thus there could
be some typos which may affect textual requirement qual-
ity metrics. Also there could be some expressions used by
developers in software requirements, e.g. subjective ex-
pressions that should have taken into consideration while
creating requirement quality metrics but we missed. Due
to the size of dataset we couldn’t manually check these
kinds of typos and grammatical errors, but we know that
reviewers are responsible for correcting those. We create
network graphs based on traceability links between soft-
ware and system requirements as indicated in the SRS.
We could have use linguistic data to connect software
requirements as previous study [12] and it may reflect
relationship between requirements in a better way. We
plan to do it as a future work.

Conclusion validity: For RQ 2 only the results of 80%
change request coverage are presented due to page limi-
tation. Regarding the results of other CR coverage, we
observe higher recall and accuracy whereas false alarm
rate grows undesirably as the coverage grows. Therefore
RQ 2 results would differ in that way if we had chosen
other CR coverage rate.

5. Conclusion and Future Work
In this paper, we have carried out an empirical study
to predict number of changes per software requirement
by using requirement quality measures, project specific
factors and requirement interdependencies. 22,771 soft-
ware requirements from a safety-critical software project
in ASELSAN are utilized to build 28 prediction models
and assess the best performing metric suite and algo-
rithm. We conclude that we can predict volatility of
requirements with an average MMRE of 36% by observ-
ing metrics of similar requirements through KNN. We
also observe that measuring requirements from different
aspects like quality, project and network dependencies
gives a much better performance. We plan to integrate



such a predictor model into requirement management
tools like DOORS to be used prior to the SRS review
activity so that highly-volatile requirements could be au-
tomatically and accurately identified. This way, software
development leads could take precautions beforehand to
reduce requirements volatility related risks. Since there
is not enough empirical studies conducted in related area,
more empirical research should be carried out to validate
the best performing models.
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Towards a Catalog of Refactoring Solutions for Enterprise
Architecture Smells
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Abstract
The model of enterprise architecture (EA) is often a primary means of steering the business-IT development. It helps to
ensure EA qualities in many ways, including identification of weaknesses in an EA or the signs thereof. Such weaknesses
have been addressed through the study of EA smell, which focuses on common bad habits in EA practices. Although EA
smell problems have been described in various contexts, current solutions lack the basis of evidence and practical details that
are necessary for their adoption. Therefore, this study seeks to gain new insights into the solution domain of EA smells by
exploring current knowledge about refactoring solutions. We present our findings in a catalog of EA refactoring solutions
intended to serve as food for thought for future research directions.

Keywords
enterprise architecture, enterprise architecture smell, refactoring solution

1. Introduction
The model of enterprise architecture (EA) greatly sup-
ports sustainable management of complex IT landscapes.
It provides insights into the current implementations and
future orientations of the EA developed, thereby provid-
ing a reasoning basis for important decisions. Neverthe-
less, the maintenance of the EA model is often pushed
down the priority list due to, e.g., lack of resources or
supporting methods. Flaws and deficiencies in the EA
may remain ignored and create barriers to EA evolution
known as EA debt [1]. To prevent such tendencies, prac-
tical methods for supporting the continuous evaluation
and improvement of EA models are needed.

Using EAmodels to guide the improvement of EA qual-
ities has been proposed by some studies. Salentin and
Hacks coined the concept of EA smell to address common
bad habits in EA practices and derived EA smells [2] by
transferring known code smells into the context of EA.
Lehmann et al. made a similar attempt to derive process
modelling anti-patterns for EA analyses [3] by transfer-
ring known workflow anti-patterns into the context of
EA. Both of these studies suggest, among others, some so-
lutions to refactor the problems they identify. However,
existing descriptions of these solutions lack the basis of
evidence and practical details that are necessary for their
application. This study therefore focuses on exploring
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current knowledge about refactoring solutions to find
further evidence about EA refactoring solutions and new
ways of approaching them.

Considering that current EA smells were derived from
code smells, we argue that exploring known code refac-
toring solutions can result in meaningful insights into
the refactoring solutions for EA smells. Therefore, based
on the code smells used in EA smell studies, we first
searched for relevant code refactoring solutions in major
code smell and refactoring catalogs. The code refactor-
ing solutions collected were then used to answer the
following research questions (RQ):

RQ 1 What EA refactoring solutions can be derived
from the existing code refactoring solutions?

RQ 1.1 How to derive insights about EA refactoring
from analyzing code refactoring solutions?

RQ 1.2 What attributes can describe an EA refactoring
solution?

RQ 2 How can EA practitioners and researchers benefit
from knowing about EA refactoring solutions?

The remainder of this paper is structured as follows:
Section 2 gives an overview of studies related to refac-
toring solutions. Section 3 describes our methodology
for deriving and documenting refactoring solutions for
EA smells. Section 4 presents the resulting EA refactor-
ing solutions mapped to the corresponding EA smells.
Section 5 demonstrates some small practical examples of
using EA refactoring solution for mitigating EA smells.
Section 6 discusses our finding, its implications, and the
threats to its validity. Section 7 motivates future research
directions and concludes this paper.
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2. Related Work
The concept of refactoring has been developed to sup-
port software design and evolution, specifically to rec-
tify design flaws and improve software quality through
restructuring plans while preserving the observable be-
havior. The term ’refactoring’ can be used in different
ways, namely ’refactoring’ (noun) to mention the restruc-
turing applied to a software [4], ’to refactor’ (verb) to
mention the activity of restructuring a software [4], or
’refactoring solution’ to mention a possible technique for
restructuring a software (e.g. [5]). For the sake of clarity,
these ways of usage are applied in this paper.

After being extensively used in programming domains,
such as the procedural programming (e.g. [6]), object-
oriented programming (e.g. [5]), and functional program-
ming (e.g. [7]), the concept of refactoring has been ex-
plored in a wider spectrum of software engineering. In
the domain of software modelling, the concept of model
refactoring was introduced to enable restructuring plans
on the high-level description of software [8]. The aim of
model refactoring can be twofold: to allow for an earlier
(i.e. at the design stage) and easier (i.e. reduced com-
plexity) refactoring of software; or to improve semantic
and syntactic quality measures of the model. Whichever
aim is set, model refactoring should preserve both the
behavior of the modelled software and the semantic of
the model.

Studies of model refactoring have varied in their focus,
whether it be on a specific modelling language or par-
ticular architectural aspect. Modelling languages such
as the object constraint language (OCL), unified mod-
elling language (UML), and web ontology language have
been studied and supported with designated refactoring
solutions [9] [10] [11]. Architectural aspects such as
process aspect, data aspect, and style aspect have also
been analyzed in this context to support a comprehensive
architecture restructuring [12] [13] [14]. Furthermore,
the so-called large refactorings have been proposed to
deal with refactoring in complex projects, specifically
when changing significant parts of a system, which often
takes longer than a day [15]. Still, there are growing
possibilities to explore new refactoring solutions for new
design anomalies, especially with the growing interest in
bad smell research—which focuses on detecting concrete
indication of the need for refactoring [4].

The concept of bad smell has been adopted in the do-
main of EA and referred to as EA smell, which represents
negative examples and bad habits that, when ignored,
may harm the performance of EA activities or even the
organization as a whole [2]. The concept was proposed
together with a catalog of 45 EA smells, which describes
(among others) the problem contexts, applicable detec-
tion methods, and possible mitigation solutions. Based
on the scope of occurrence, an EA smell can be of the busi-

ness, application, and/or technology architecture. This
scope was recently expanded by the exploration into EA
process anti-pattern, which resulted in 18 EA smells for
process-related issues [3]. As the interest in EA smell
research is growing, more EA smells will continue to be
identified through new explorations into other aspects
of EA, such as management.

3. Methodology
This study uses the design science research (DSR)method-
ology according to the guidelines proposed by Peffers
et al. [21] and Hevner et al. [22]. A DSR aims to devise
an artifact that addresses a ”heretofore unsolved and im-
portant business problem” by drawing on the existing
knowledge, and the resulting artifact must be rigorously
evaluated in terms of its ”utility, quality, and efficacy” and
effectively communicated to relevant audiences. With
respect to the DSR guidelines above, this study follows
the six main steps of DSR as listed below.

1. Problem identification and motivation. Define
the specific research problem and justify the value of
the solution proposed

2. Solution objective definition Infer the objectives
of the solution proposed from the problem definition
and knowledge of what is possible and feasible

3. Design and development. Create the artifact

4. Demonstration. Demonstrate the use of the artifact
to solve one or more instances of the problem

5. Evaluation. Observe and measure how well the arti-
fact supports a solution to the problem

6. Communication. Communicate the problem and
its importance, the artifact, its utility and novelty, the
rigor of its design, and its effectiveness to researchers
and other relevant audiences

The following subsections describe the process and meth-
ods employed in this study with respect to the steps
above.

3.1. Problem identification and
motivation

Despite current results in EA smell research (as presented
in section 2), the identification of EA smells is never an
end in itself. The identified EA smells should, e.g., in-
form the decisions for imposing suitable EA improvement
measures with regards to the current circumstances and
interests. To reason such decisions, enterprise architects
need to first understand the applicability of each solu-
tion alternative through evidence and practical details,



UML→ArchiMate Source

Activity→ Interaction, Function, Pro-
cess

[16, 17, 18]

Actor→Actor, Role [19, 16, 17, 20]
Artifact→Artifact, Contract, Deliver-
able, Gap, Product, Representation

[19, 16, 17, 20]

Association→Association, Aggregation,
Composition

[17, 20, 18]

Class→Actor, Collaboration, Compo-
nent, Data Object, Meaning, Motiva-
tional Concepts, Object, Plateau, Repre-
sentation, Role, Stakeholder, Value

[19, 16, 20, 18]

Collaboration→Collaboration, Func-
tion, Interface, Location

[19, 16, 17, 20,
18]

Component→Component, Grouping [19, 16, 17, 20]
Communication Path→
Communication Path, Network

[17, 20, 18]

Dependency→Assignment, Derived, In-
fluence, Serving/Used by

[17, 20]

Device, Event, Execution Environ-
ment→Device, Event, System Software

[19, 16, 17, 20]

Generalization→ Specialization [19, 20, 18]
Information Flow→ Flow, Triggering [20]
Interaction→ Interaction, Application
Service, Event, Function, Process

[16, 18]

UML→ArchiMate Source

Interface→ Interface, Service [19, 16, 17, 20,
18]

Method→Application/Infrastructure
Function, Infrastructure Service

[16]

Note/Comment→Meaning, Represen-
tation

[18]

Node→Node, Communication Path, De-
vice, Infrastructure Interface, Location,
Network, System Software

[19, 16, 17, 20]

Object→Object, Contract, Data Object,
Meaning, Product, Representation, Value

[16]

Opaque Behavior→Application Inter-
action, Business Event, Business Interac-
tion, Business Process, Junction, Work
Package

[20]

Swimlane→Actor, Business Service,
Role

[16]

Usage→Access, Serving/Used By [20]
Use Case→Business Function, Business
Interaction, Requirement, Service

[19, 16, 17, 20]

Realization, Composition, Aggrega-
tion→Realization, Composition, Aggre-
gation

[19, 17, 20, 18]

Table 1
A mapping from UML to ArchiMate

which are still lacking in the hitherto solution suggestions
for EA smell mitigation. Furthermore, current knowl-
edge about the refactoring of architectural smells focuses
on rather technical aspects (i.e. software architecture),
which are hardly applicable for evaluating and evolv-
ing an EA. Therefore, we argue that EA research should
pursue the identification of possible EA refactoring so-
lutions to guide enterprise architects in finding possible
and feasible solutions for the EA smell problems at hand.

3.2. Solution objective definition
Considering the problem described above, this study aims
to devise the concept of EA refactoring solution by draw-
ing on the existing knowledge about refactoring. To
guide the solution design and development, this study
sets the following solution objectives:

1. Support enterprise architects in finding appropriate
solutions to a certain EA smell by identifying possible
EA refactoring solutions and providing clear descrip-
tions about their context and implementation

2. Support enterprise architects in communicating rele-
vant EA refactoring solutions in a consistent manner
by identifying relevant attributes and providing a stan-
dard documentation template

3. Allow the EA community to obtain an up-to-date
overview of results in EA refactoring research and
contribute to the its development

3.3. Design and development
Since the first EA smells were derived from code smells
[2], we assume that refactoring solutions for code smells
may hold some clue to the refactoring solutions for EA
smells. This assumption leads to the design of ourmethod-
ology, which includes three main steps: Concept analysis,
concept mapping, and concept transformation.

Concept Analysis. Our first step is to collect relevant
code refactoring solutions for the code smells used by
existing studies on EA smells [2]. Our analysis covered
some existing code smells or anti-patterns catalogs (i.e.,
[4], [23], and [24]). Whilewe are aware that ”the presence
of code smells does not imply the presence of architec-
tural smells and vice versa,” [25], we argue that some
problematic design patterns addressed by code smells
or anti-patterns (e.g. cyclic dependency or duplication)
may also occur in EA context. Furthermore, the practice
of transferring existing concepts into a different domain
has been performed to generate first ideas within a new
problem domain and inspire further research (e.g. [2],
[3]).



Attribute Meaning

Name Gives the refactoring solution a meaningful designator
Connected EA Smells Links the refactoring solution to the targeted EA smells
Derived from Names the code refactoring solution from which this refactoring solution is derived
Summary Gives a brief overview of this refactoring solution
Intent Describes the main goal of this refactoring solution
Motivation Describes the reasons of applying this refactoring solution
Prerequisites Describes the conditions prior to applying this refactoring solution
Impact Describes the influence of this refactoring solution to EA qualities
Mechanics Describes the practical steps to apply this refactoring solution
Discussion Describes the situations when this refactoring solution can be useful
Graphical example Shows a graphical representation of the refactoring solution to reduce misinterpretations

Table 2
Attributes of EA refactoring solutions (adapted from [4], [26], and [27]).

Concept Mapping. The second step in our method-
ology is to establish a mapping between the concepts in
code and EA modelling, which should serve as a basis for
conceptually transforming the code refactoring solutions
collected into EA refactoring solutions.

Although the code and the EA lie on two opposite sides
in the spectrum of abstraction, the languages used for
modelling them share a good deal of similar constructs in
that both support the description of architectural aspects.
Previous studies have proposed some mappings between
the notations of UML and ArchiMate, which are the most
used languages for code and EA modelling, respectively.
Some of these mappings are described in the ArchiMate
specification [17]—as some notations thereof are indeed
derived from UML [19]—, while the rest have been exclu-
sively suggested by the studies. Since most code refactor-
ing solutions have been described and exemplified using
UML, we strongly argue that such mappings can guide
the transformation of code refactoring solutions into EA
refactoring solutions.

We believe that the first mapping between the con-
cepts in UML and ArchiMate was proposed by Wiering
et al. [18]. Their study focuses on identifying matching
concepts and relationships by comparing the notations
in the two languages by the properties thereof. Another
attempt was made in a study by Gill, which focuses on
finding concepts in other modelling languages beside
ArchiMate which are applicable for EA modelling [16].
The resulting contribution includes a mapping of some
concepts in UML to ArchiMate. Furthermore, Lankhorst
also advocate the use of ArchiMate in conjunction with
other modelling languages (including UML) to create a
more holistic EA description [19]. To support this in prac-
tice, this contribution highlights not only the similarities
but also important differences in ArchiMate and UML, e.g.
the absence of separate concepts for service and interface
as well as the reverse interpretation of the ArchiMate
relationship serving in UML. Lastly, another mapping

of UML and ArchiMate is proposed by Gericke, which
also considers ArchiMate concepts under the motivation
layer [20]. Table 1 summarizes all these mappings which
we use as a basis to conduct the concept transformation.

Concept Transformation. To finally derive EA refac-
toring solutions, the code refactoring solutions collected
are processed as follows:

• We analyzed the descriptions and examples of code
refactoring solutions to identify instances of UML con-
cepts and relationships. Based on the mapping of UML
and ArchiMate notations shown in table 1, the iden-
tified UML constructs are translated into ArchiMate
constructs. Since each UML notation does not neces-
sarily map exclusively with one ArchiMate notation
(e.g. both Collaboration and Interface in UML
can be translated into Interface in ArchiMate), the
translation has to be inferred rationally from our un-
derstanding of what solution is possible and feasible
for the EA smell addressed.

• In some cases, the translation may not directly result in
an ArchiMate construct that conveys a valid solution in
the context of EA. Such ArchiMate construct is either
modified for a reasonable EA refactoring solution or
excluded from consideration.

Because of the manual concept transformation in this
process, the outcome is highly influenced by the skill,
knowledge, and experience of the researchers. Also, since
the mapping used gives more than one matching Archi-
Mate notations for every UML notation, the resulting
translation may vary depending on the researcher’s own
understanding and interpretation of the two modelling
languages (UML and ArchiMate).



EA smell→EA refactoring solutions

Ambiguous Viewpoint→ 5 Viewpoints
Architecture by Implication→Goal Question Architecture
Big Bang→Process Manager
Bloated Service→Merge input
Business Process Forever→Process Manager
Chatty Service→ Front End Gate
Combinatorial Explosion→ Extract Shared Functionality
Connector Envy→ Extract Component
Cyclic Dependency→Cyclic Dependency Removement
Data-Driven Migration→ Functionality First, Data Last
Data Service→ Encapsulate Data Service
Dead Component→Remove Dead Component
Deficient Encapsulation→Break Up Component
Deficient Names→Rename Component
Dense Structure→Complexity Reduction
Documentation→Rename Component
Duplication→ Extract Shared Functionality
Feature Envy→Move Component or Front End Gate
Golden Hammer→Boundaries
Hub-like Modularization→Break Up Component
Incomplete Abstraction→Grouping
Incomplete Node or Collaboration→ Introduce Local Exten-
sion
Inconsistent Versioning→ Semantic Versioning

EA smell→EA refactoring solutions

Jumble→Architecture Partitioning
Lazy Component→Ghostbusting or Inline Service
Message Chain→ Process Manager or Extract & Move Data
Object
Missing Abstraction→Add Abstraction
Multifaceted Abstraction→ Split Phase
Nanoservices→ Front End Gate
No Legacy→Process Manager
Nothing New→Process Manager
Overgeneralization→ Extract Shared Functionality
Sand Pile→Grouping
Scattered Parasitic Function→Merge Components
Shared Persistency→ Encapsulate Business Objects
Shotgun Surgery→Grouping
Stovepipe System→Architecture Framework or EA Planning
Strict Layers Violation→Move Service to Different Layer
Temporary Solution→ Extract Temporary Solution
The God Object→God Object Decomposition
The Shiny Nickel→Plan Ahead
Vendor Lock-In→ Isolation Layer
Warm Bodies→ Small Project
Weakened Modularity→ Split Modularity
Wrong Cuts→Reorganization

Table 3
Catalog of EA Refactoring Solutions

3.4. Demonstration
In this DSR step, the use of the artifact is demonstrated
to solve one or more instances of the problem [21]. The
fundamental questions to be answered are, ”What utility
does the new artifact provide?” and ”What demonstrates
that utility?” [22] In the context of this study, the EA
refactoring solutions proposed should provide solution
alternatives for mitigating EA smells and the practical
details needed to understand their feasibility as well as
relevance according to the current conditions. Therefore,
to demonstrate the applicability of our result for solving
the problems described in section 3.1, we illustrate some
small scenarios of mitigating EA smells using the EA
refactoring solutions proposed. For this purpose, we use
a small ArchiMate model which contains some EA smells.
Then, we identify candidates of EA refactoring solutions
and select one that we deem the most appropriate for the
EA smell given. It is worth noting that the systematic ap-
proach to prioritizing EA refactoring solution candidates
is still a subject to future work; hence, the selection of
EA refactoring solution demonstrated in this paper relies
on the authors’ perspectives. Finally, we elaborate the
architectural changes suggested by the EA refactoring
solution selected, show the resulting ArchiMate model
after applying these architectural changes, and discuss
the impact on the ArchiMate model’s overall quality.

3.5. Evaluation
The evaluation step in DSR aims to review the effective-
ness of the artifact proposed in supporting a solution to
the problem [21]. In this paper, this step is embodied in
a discussion, in which we explain how the main RQs of
this study have been answered based on our findings and
their demonstration. Since the discussion presented in
this paper is focused only on the qualitative performance
of EA refactoring solution within our example scenario,
we recommend future research to extend the evaluation
by including more (real-world) examples and quantifiable
measures (e.g. using EA model quality framework [28]).

3.6. Communication
Finally, the communication step focuses on presenting
the artifact proposed, its utility, and its effectiveness to
researchers and other relevant audiences. [21] To commu-
nicate our results in an intuitive and consistent manner,
we document the EA refactoring solutions in a standard
template (see table 2) which we adapted from some exist-
ing templates of refactoring solution used in [4] [26] [27].
Furthermore, the EA refactoring solutions are categorized
based on the domains of the corresponding EA smells
(i.e. business, technology, and application domains) [2]
and made publicly available on a web page [29].

https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Ambiguous%20Viewpoint
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=5%20Viewpoints
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Architecture%20by%20Implication
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Goal%20Question%20Architecture
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Big%20Bang
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Bloated%20Service
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Merge%20Input
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Business%20Process%20Forever
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Chatty%20Service
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Front%20End%20Gate
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Combinatorial%20Explosion
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20Shared%20Functionality
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Connector%20Envy
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Cyclic%20Dependency
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Cyclic%20Dependency%20Removement
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Data-Driven%20Migration
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Functionality%20First,%20Data%20Last
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Data%20Service
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Encapsulate%20Data%20Service
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Dead%20Component
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Remove%20Dead%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Deficient%20Encapsulation
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Break%20up%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Deficient%20Names
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Rename%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Dense%20Structure
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Complexity%20Reduction
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Documentation
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Rename%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Duplication
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20Shared%20Functionality
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Feature%20Envy
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Move%20Component
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Front%20End%20Gate
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Golden%20Hammer
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Boundaries
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Hub-like%20Modularization
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Break%20up%20Component
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Incomplete%20Abstraction
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Grouping
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Incomplete%20Node%20or%20Collaboration
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Introduce%20Local%20Extension
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Introduce%20Local%20Extension
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Inconsistent%20Versioning
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Semantic%20Versioning
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Jumble
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Architecture%20Partitioning
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Lazy%20Component
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Ghostbusting
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Inline%20Service
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Message%20Chain
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20and%20Move%20Data%20Object
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20and%20Move%20Data%20Object
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Missing%20Abstraction
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Add%20Abstraction
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Multifaceted%20Abstraction
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Split%20Phase
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Nanoservices
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Front%20End%20Gate
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=No%20Legacy
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Nothing%20New
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Overgeneralization
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20Shared%20Functionality
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Sand%20Pile
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Grouping
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Scattered%20Parasitic%20Functionality
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Merge%20Components
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Shared%20Persistency
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Encapsulate%20Business%20Objects
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Shotgun%20Surgery
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Grouping
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Stovepipe%20System
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Architecture%20Framework
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Enterprise%20Architecture%20Planning
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Strict%20Layers%20Violation
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Move%20Service%20to%20different%20Layer
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Temporary%20Solution
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Extract%20Temporary%20Solution
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=The%20God%20Object
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=God%20Object%20Decomposition
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=The%20Shiny%20Nickel
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Plan%20Ahead
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Vendor%20Lock-In
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Isolation%20Layer
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Warm%20Bodies
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Small%20Project
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Weakened%20Modularity
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Split%20Modularity
https://swc-public.pages.rwth-aachen.de/smells/ea-smells/?antipattern=Wrong%20Cuts
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Reorganization


Name Process manager Encapsulate Business Objects
Description This refactoring increases the user orientation of service

interfaces with the goal to enable user involvement in
business processes. A process manager that realizes the
service calls is created. Previous caller of the process call
the process manager now with process control data that
parameterizes the wanted process.

Route data access through dedicated data
services that encapsulate the needed busi-
ness objects.

Connected EA
smell

Business Process Forever, Big Bang, Nothing New, No
Legacy

Shared Persistency

Derived from Process Manager Encapsulate Variable
Intent Create a process manager component which orchestrates

the components involved in the process.
Narrow down the data visibility by routing
data access through dedicated data services.

Motivation This refactoring is meant to create a better user involve-
ment. It also adds more flexibility and extensibility to the
architecture.

Reduce the likeability that teams unwillingly
depend on each other because the visibility
of the data is too broad.

Prerequisites A long, very strict process chain with many different
stakeholders involved.

Multiple business services that access the
same database.

Impact This refactoring makes the application service interfaces
more user oriented which enables the user involvement
in business processes.

The structure created by the refactoring re-
duces data visibility to only those of the
owned business objects, thereby prevent-
ing any unwanted interdependence between
teams and services.

Mechanics 1. Generate a new service P called the Process Manager
2. Add a service call from P to all the process components
of the Process manager
3. All calls to the individual process components calls
now the Process Manager with process control data C
that parameterize the wanted original Process. Test each
call individually.
4. Remove the service calls between the services that
belong now to the Process Manager P

1. Create a new data service that will contain
the dedicated data services
2. For each business service, create a dedi-
cated data service that routes the access to
the database. Test each data service.
3. Move the database into the grouping data
service.

Discussion This is not only a refactoring but also an architecture
pattern itself. It can be used to generate more online
involvement for everyone that should be involved. In
a peer-to-peer system it is usually not desired to have
many centralized services, so the process manager needs
to be evaluated carefully.

The data visibility is very narrow when using
this refactoring which reduces unwanted de-
pendencies between teams.

Table 4
Documentation of the Process Manager and Encapsulate Business Objects EA refactoring solutions

4. Result
As a result, this study yields a catalog of 37 EA refactoring
solutions for all 45 EA smells proposed in [2] (see table 3).
In the catalog, some EA refactoring solutions are sug-
gested for multiple EA smells, such as the Process Man-
ager EA refactoring solution which is suggested for the
Big Bang, Business Process Forever, Message Chain,
No Legacy, and Nothing New EA smells. Such result
is obtained because some code refactoring solutions–
from which we derived EA refactoring solutions–have
also been suggested for mitigating various code smells.
While we are aware that specific adaptations may be nec-
essary to make one kind of solution works for different
problems, the catalog currently provides only a general
description of how to apply each EA refactoring solution.
Describing such adaptations is a subject to future work.

Furthermore, the catalog also suggests multiple EA
refactoring solution candidates for some EA smells, such
as theMoveComponent and Front EndGatewhich are
suggested as solution candidates for mitigating the Fea-
ture Envy EA smell. Such result is obtained because we
identified different studies which suggest different code
refactoring solutions for the same code smell. While we
are aware that the selection of an appropriate EA refactor-
ing solution should consider the specific circumstances
surrounding the EA smell problem, such specific circum-
stances are beyond the scope of this study. Therefore, we
suggest future studies in this context to investigate the
possibility to systematically prioritize all EA refactoring
solutions recommended for a certain EA smell. In such
a prioritization approach, various quality requirements
may be considered, such as scalability and extensibility.

https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Process%20Manager
https://swc-public.pages.rwth-aachen.de/ea-refactoring-solutions/web-catalog/?antipattern=Encapsulate%20Business%20Objects


Figure 1: EA refactoring demonstration, showing before (left) and after (right) refactoring EA smells in an ArchiMate model

5. Demonstrating EA Refactoring
Solutions

In order to illustrate the application of the proposed EA
refactoring solutions, we performed an experiment to ap-
ply EA refactoring solutions on a small ArchiMate model
(see fig. 1), which we adapted from [2]. This ArchiMate
model contains two EA smells: First, amessage chain due
to the sequential calls over 5 application services to fulfill
the same application process (i.e. customer registra-
tion). Second, a shared persistency because of the direct
relations between 3 application services and a database
management system (i.e. DBMS).

The first EA smell (i.e. message chain) occurs when at
least 5 services sequentially interact to fulfill a process,
which may harm availability and evolvability [30]. To
solve this, our catalog (see table 3) proposes two possi-
ble EA refactoring solutions, i.e. the process manager
(inspired from ’process manager’ in [31]) and extract
and move data object (adapted from ’extract and move
class’ in [4]). To select from several possible refactoring
solutions, the architect must first evaluate whether the
main idea and practical details thereof suit the context
of the subjected EA smell. In the presented ArchiMate
model, we assume that the exemplified message chain
does not stem from data but process architecture issues.
Therefore, the process manager is chosen, as presented
in table 4.

The chosen refactoring solution suggests to restruc-
ture the collaboration scheme between the chained ser-
vices into an orchestration scheme—in which one service
acts as a ’process manager’ that coordinates independent
services to fulfill the requested business process. This
scheme eases the maintenance and extension of the sup-
ported business process, thereby remediating the avail-
ability and evolvability issues posed by themessage chain.
In our ArchiMate model, this refactoring solution is ap-
plied by first encapsulating all involved operations across
the chained application services into independent activity

modules that are accessible through external interfaces.
Afterwards, a process manager must be implemented (in
this case, the customer information service) which re-
ceives requests for customer information processing and
fulfills these by delegating tasks to the available services.

The second EA smell (i.e. shared persistency) is de-
tected whenmultiple services access the same data collec-
tion or schema, thereby reducing team and service inde-
pendence [30]. For this, our catalog proposes the encap-
sulate business objects refactoring solution (adapted
from ’encapsulate variable’ in [4]), as presented in table 4.
This refactoring solution suggests to route accesses to the
DBMS through dedicated data services; each of which
encapsulates all business objects required by one applica-
tion service. This structure reduces data visibility to only
those of the owned business objects, thereby preventing
unwanted interdependence between teams and services.

6. Discussion
In this section, we describe the extent to which the main
RQs (see section 1) of this study have been answered
through our finding and its demonstration; elaborate the
implications of the EA refactoring solutions identified
for researchs and practitioners; and identify the potential
threats to the internal and external validity of our result.

6.1. Explanation of the Result
With regards to answering the RQ1 and its sub-questions,
this study identifies the first catalog of EA refactoring so-
lutions for all the EA smells proposed in [2]. We achieved
this result by performing a conceptual transformation
on relevant code refactoring solutions, which relies on a
mapping between code and EA modelling concepts. To
document the resulting EA refactoring solutions, we use
a template of attributes which we adapted from some
existing templates in code refactoring domain. Finally,
we demonstrated the use of several refactoring solutions



in some small scenarios of EA smell. While the solution
choices demonstrated may not be suitable to all cases in
reality, we believe that the presented catalog provides a
useful platform for EA researchers and practitioners to
develop new or better refactoring solutions to common
problems in EA.

6.2. Implication for Practitioners &
Researchers

Recent study in EA has proposed the concept of EA debt
[1] which represents the divergent EA evolution from
the EA standards and principles. One possible source of
EA debt is the implementation of sub-optimal solution
design. The role of EA smells is to indicate the signs of
existing sub-optimal solutions within the IT landscape,
so that further investigation can be triggered in time [2].

With regards to answering the RQ2, the implication of
our result can be seen from both practical and research
perspectives. For EA practitioners, the proposed EA
refactoring solutions may help to find possible methods
or techniques for solving the EA smells identified. Also,
such a solution catalog can help to establish common ter-
minologies within an organization, thereby supporting
various stakeholders to discuss possible solutions.

For the EA research community, our result gives mo-
tivation and food for thought for further investigations
into the concept of EA refactoring. Future attempts to
extend the catalog by transforming refactoring solutions
from other domains (e.g. process smell, infrastructure
smell, etc) may also adopt the conceptual transformation
methodology used in this study. To allow public contri-
butions in the development of EA refactoring solutions,
the catalog has been published in a website together with
a guideline on contributing [29].

6.3. Threats to Validity
The results of this study have to be seen in the light
of some limitations. In this section, we present an as-
sessment of possible threats to the internal and external
validity of our result. Internal validity focuses on the
reliability of the result within the given environment,
whereas external validity focuses on the ability to gener-
alize the result [32].

Internal Validity. The design of our methodology may
pose certain threats to the internal validity of our result.
Firstly, the code refactoring solutions analyzed were col-
lected from a selection of relevant books on code smell
and refactoring, thereby threatening the completeness
of the EA refactoring solution catalog. Secondly, the
mapping between UML and ArchiMate notations used
in the transformation was summarized from some se-
lected sources, thereby threatening the completeness of

the mapping used in this study. Last but not least, the pro-
cess of transforming code refactoring solutions into EA
domain relies on subjective analysis, which potentially
results in biased considerations upon deriving the EA
refactoring solutions. To reduce the bias, the resulting EA
refactoring solutions were reviewed and decided among
the authors of this paper. Despite these weaknesses, we
believe that the resulting EA refactoring solution cata-
log is a step in the right direction towards solutions for
common design issues in EA.

External validity. As the resulting EA refactoring so-
lutions are yet to be evaluated in industrial context, their
descriptions may still rather hypothetical and theoretical,
thereby posing challenges to their adoption. Further-
more, as there could be multiple solution alternatives for
every EA smell, further research is still needed to identify
possible factors and conditions which influence the suit-
ability of a certain EA refactoring solution. Finally, the
adoption of EA refactoring solutions greatly depends on
the progress in EA smell research. At the time of writing,
the existing EA smells are yet to be evaluated and their
descriptions enriched with practical examples.

7. Conclusion & Future Work
Our main goal is to support EA practitioners in analyz-
ing possible improvements with regards to the current
circumstances and interests. We strongly argue that ap-
proaches to EA improvement must extend from EA mod-
elling capabilities. Therefore, this study investigates the
concept of refactoring in the context of EA modelling.
Our methodology focuses on defining EA refactoring so-
lutions for the EA smells proposed in [2] by analyzing the
known associations between code refactoring solutions
and code smells. The resulting contribution is a catalog
of EA refactoring solutions which is publicly available
on a web page [29].

In spite of this progress, there is still work to be done,
especially in improving the catalog, or where further
work is necessary. Some potential future works in this
context are as follows: Firstly, further EA refactoring
solutions can be derived for EA smells from different
domains, such as the EA process smells [3]. For such
purpose, we suggest to adapt the methodology from the
one used in this study, e.g. by integrating a mapping
of ArchiMate to another modelling language of interest
as proposed in [16]. Secondly, empirical studies can be
performed to further review and improve the hitherto
knowledge in this area. Last but not least, tool supports
can be developed for, e.g., recommending suitable EA
refactoring solutions (e.g. [33]) or supporting the imple-
mentation thereof.
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Abstract  
Combinatorial Testing (CT) strategy is one of the well-known methods to achieve high code 
coverage rates during testing for safety critical systems. While generating test data in CT, we 
often encounter the problem of test case explosion, especially for the systems with multiple 
parameters and values. To overcome this challenge, search-based CT (CSST) strategies are 
introduced. In this study, we propose a new algorithm that inspires from a binary variant of 
Black Hole Algorithm (BBH) in CSST and adopt BBH according to the CT challenges in an 
industrial context. The proposed BBH version, BH-AllStar, aims the following: (1) obtaining 
higher condition coverage, (2) avoiding being stuck in local minima and (3) handling discrete 
input values. We finalize the solution space of BH-AllStar by reassessing the previously 
removed stars and incorporating the useful ones into it. We evaluate our approach on a real-life 
software project in the safety-critical domain with respect to condition coverage, number of test 
cases and execution time. Compared to BBH, BH-AllStar generates more test cases which 
achieve up to 43% increase in condition coverage.  
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1. Introduction 

The complexity and the criticality of the safety 
critical systems in the defense industry are 
growing [1, 2], hence, these systems require more 
thorough and efficient testing technologies, such 
as test automation and regression test 
selection/prioritization [3] and continuous 
integration. The software testing field in the 
defense industry needs to develop more efficient 
and qualified techniques to meet security-critical 
requirements. [1]. For instance, various test 
techniques such as Boundry-Value Analysis and 
Equivalence Partitioning are used to meet the DO-
178 Standard to ensure safety-critical 
requirements, which has been imposed by the U.S. 
Federal Aviation Administration (FAA). [4, 5]. 
To assess the effectiveness of these methods, 
different coverage criteria are employed [6]. 
During functional testing, Combinatorial Testing 
(CT) methods are widely utilized especially for 
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software systems in which there exist many 
parameters and conditions that take a combination 
of multiple input values [7, 8]. CT method such as 
t-way testing executes the software using test 
cases with the interaction of the possible input 
values [9]. The radar software in our industrial 
context, for instance, takes 12 input parameters 
each takes two to six values. If we would like to 
test this software with full input coverage, we 
would end up executing 63.34.24.5=1,399,680 
test cases. This is an impossible goal to reach, and 
instead in practice, we follow t-way testing with 
the IPOG strategy [10]: select the t value as high 
as possible with the cost of increasing the number 
of test cases. The current limitation of the 
employed t-way testing in our industrial setting is 
the lack of relationship between the selected test 
cases and their code coverage, because the 
strategy of selecting the test inputs is not 
dependent on the covered branches/conditions of 
the software system.  

mailto:dyulutas@aselsan.com.tr


To address this challenge, combinatorial 
search-based software testing (CSST) approaches 
are suitable [11]. One of the studies by Al-
Sammarraie and Jawawi [9] inspired our work. 
The authors propose three new approaches 
namely Binary Black Hole (BBH), Multiple Black 
Hole (MBH) and Binary Multiple Black Hole 
(BMBH) based on the Black Hole Algorithm 
(BHA), which is first introduced in [12] as an 
alternative to Particle Swarm Optimization 
(PSO). Their aim was generating test inputs with 
respect to the number of test cases and code 
coverage. The authors also aim to avoid being 
stuck in local minima and they propose a novel 
energy mechanism for MBH that helps to choose 
useful black hole populations only. The results 
show that MBH outperforms PSO and BHA in 
terms of the number of test cases, consistency and 
high coverage rates.  

We share the same goal with [9] of generating 
test data using a search-based meta-heuristic, 
which avoids local minima and achieves higher 
coverage than BBH. The approach in [9] could be 
well fitted in our industrial problem because of 
two main motivations: (1) their problem domain 
and data set are similar to our project, i.e., radar 
software, (2) they innovatively apply BHA, which 
is originally a clustering algorithm, to generate 
test data for functional testing. However, 
considering the scale of our radar software under 
test, BBH approach does not fully address our 
challenge. More specifically, BBH concentrates 
on generating minimum number of test cases 
rather than increasing the coverage criteria. Due 
to this, it lacks assessing the generated stars 
except the black hole in terms of their coverage. 
The term star here corresponds to the test case 
(e.g., [3, 5, 7] is an input set, also a test case and 
named as ‘star’), as depicted in Table 2. This in 
turn eliminates some of the useful stars during the 
operations of BBH. In this study, we propose a 
new algorithm called BH-AllStar by modifying 
several strategies in BBH, such as elimination 
mechanism based on distance between stars, 
moving stars in discrete space, and selecting the 
best black hole population from the history. Our 
new approach generates relatively more test cases 
with higher condition coverage than BBH, 
although we cover only 0.14% of 1,399,680 test 
cases in our industrial context. We assess the 
applicability of BBH in [9] and its new variant 
BH-AllStar in an industrial context with respect to 
the number of test cases, coverage rate and 
execution time.  

The remainder of this paper is organized as 
follows: Section 2 presents the related work. We 
report the details of our approach BH-AllStar and 
research methodology in Section 3. Section 4 
shows the results and discussion; Section 5 
explains the threats to validity. Finally, Section 6 
concludes this study with future directions. 

2. Related work 

Combinatorial Search-based Software Testing 
(CSST) is a testing method based on 
Combinatorial Testing (CT). CT aims at 
generating input vectors combining possible input 
values of all input parameters of the Software 
Under Test (SUT) [10]. The SUT can have n input 
parameters: ci (i = 1,2,3…n). Every parameter can 
take a set of values Vi where i can be from 1 to n. 
For example, V1 is the value set of c1 and contains 
m different values. (v1,v2,…,vm ). One test case is 
composed of a set of values from all Vi of all ci 
(e.g. vx ∈ V1, vy ∈ V2, vz ∈ V3) [10]. There are 
different methods to build all combinations of 
input parameters for CT such as t-way testing or 
randomization-based methods in the literature 
[13]. CSST is one of the search-based approaches 
to reduce the large solution space [9]. To find the 
optimum solution of a problem, especially for the 
problems, which contain very large sets of 
solutions and have computational constraints, 
meta-heuristic search techniques are commonly 
implemented [14]. These meta-heuristic search 
techniques are based on initially generated 
random solution space and narrowing down the 
search space based on the evaluation criteria. 

A recent systematic mapping study in [14] 
highlights 260 relevant studies in CSST, and 
narrows down to 42 primary studies to investigate 
the proposed approaches and their test case 
generation accuracy. The authors summarize 
well-known meta-heuristic search techniques as 
follows: Genetic Algorithm (GA), Particle Swarm 
Optimization Algorithm (PSO), Simulated 
Annealing Algorithm (SA), and Ant Colony 
Optimization (ACO). Their mapping strategies 
show that GA is the most popularly applied 
technique, whereas some combine multiple 
algorithms such as GA and SA. They conclude 
that the primary studies provide benefits in terms 
of code coverage and execution time. 

In Table 1, we list a sample of studies obtained 
from [14] that we examine in terms of the 
approach, dataset on which the approaches are 
evaluated, and the fitness criteria. Among the 



studies, we selected eight studies targeting a 
similar objective to our industry problem, and 
varying in terms of fitness functions and datasets. 
The studies [15-19] utilize nature inspired 
optimization methods for CSST, whereas [9, 12, 
20] use a heuristic based on black hole 
phenomenon. All studies in Table 1 show that the 
improved versions of nature inspired optimization 
methods outperform original methods with 
respect to code coverage or execution time. All 
the prior studies validate the success of their 
proposed approach on simple functions like the 
source code that calculates the greatest common 
divisor or checking the validity of the date, etc. 
Unfortunately these projects are not 
representative of real programs, and achieving 
high coverage is relatively easier with few test 
cases. Except one study [15], all studies focus on 
branch coverage as one of their evaluation criteria, 
although in practice wıth more complex 
algorithms, multiple conditions need to be taken 
into account with a condition converage criterion. 
Below, we give more description on our baseline 
algorithm BHA [12] and its application on test 
case generation [9]. 

 

Table 1 
Summary of studies in the literature 

Study  Baseline 
Method 

Dataset/Project Fitness/Evaluation 
Criteria 

[15] ACO triangleType, gcd, 
calday, 
isValidDate, cal  

Branch coverage  

[16] SA unknown Condition coverage 
[19] PSO triangleType, gcd, 

calday, 
isValidDate, cal  

Branch coverage 

[17] GA triangle 
classification and 
nextDate  

Branch distance 

[18] SA triangle 
classification 

Branch Coverage, 
# of Detected 
Mutants/Defects 

[12] BHA Six-benchmark 
dataset from ML 
databases 

Distance between 
blackhole and the 
star 

[20] BHA Well-known 
mathematical 
functions 

[9] BHA pizza ordering, 
smart mobile, 
heart disease  

k number of test 
cases  

2.1. Black hole algorithm 

BHA has been first introduced in the study 
[12] as a new heuristic algorithm inspired by the 
black hole phenomenon. Based on Newton’s law, 
scientists invented a concept about the stars with 
high power and strong gravitational field [21]. 
They name this star as “black hole”. The reason of 

this name is that any object moving around this 
special star cannot escape and is absorbed into the 
black hole if the objects cross the Schwarzschild 
radius [21]. This special star is described with the 
adjective ‘black’ because light cannot be reflected 
and make this star invisible [21, 22]. With the 
inspiration of the nature of black holes, BHA is 
proposed for data clustering [12]. Fig.1 presents 
the pseudocode of BHA adopted from [9, 12]. 

 

  
Figure 1: BHA pseudocode adopted from [9, 12] 
 
According to the terminology used in [9], a 
population with random stars is initially 
generated, and a fitness value is calculated for 
every star in this population. The best star with the 
best fitness value is selected as the black hole. 
Later, all stars in the population are moved 
towards the black hole as described in Eq.1. The 
new location of the current star x(t+1) is 
calculated by multiplying a random number with 
the difference between the BH Star and the current 
star (BH-currentStar), and adding the result to the 
previous location x(t). The current star is moved 
closer to the BH Star as a result of this operation.  
Movement of the stars towards the black hole 
provides a grouping process and force all the other 
stars to converge to the best fitness value. If a star 
crosses the event horizon (R) of the black hole 
defined in Eq.2, it is destroyed, and a new random 
star is generated and added into the population. 
The R value is calculated as the ratio of the fitness 
value of BH Star and sum of the fitness function 
outcomes of all stars in the population. This step 
leads to adding various stars to the population and 
increases the probability of convergence to the 
desired solution.  

 x(t+1) = x(t) + rand x (BH-currentStar) (1) 

 R = 𝑓𝑓(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵)/∑ 𝑓𝑓(𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑖𝑖)𝑛𝑛
𝑖𝑖=1 ) (2) 

The searching process stops if the stopping 
criterion is met. This criterion can be the 
maximum number of iterations or a sufficiently 
good fitness criterion [9, 12].  

Hatamlou conducted an experiment on the six-
benchmark dataset [12] and highlights two 



advantages of BHA: (1) simple and easy to 
implement, (2) applicable to other problem 
domains, and (3) outperforming other clustering 
methods. The performance of BHA is later tested 
in [21] on mathematical functions to reach their 
minimum and maximum values. The authors in 
[21] compare BHA with GA and PSO, and report 
that BHA outperforms others and can be applied 
to other problem domains.  

2.2. The baseline study 

Based on the BHA proposed in [12], Al-
Sammarraie and Jawawi [9] propose three 
variations of BHA for test case generation: BBH, 
MBH and BMBH. Terms and function names 
used in the study [9] are described in Table 2. For 
the inputs that has discrete values like binary 
values (0,1), moveStars operation (Eq. 1) does not 
work because it causes a shift in the continuous 
domain due to the multiplication of the distance 
with a random value. To handle this issue, a 
binary variant of black hole is proposed. This 
approach generates a random value rd between 0 
and 1. This random value is compared against the 
constant value, pr (Eq. 3). If it is greater than rd, 
the new location of the star is going to be equal to 
that of black hole. Otherwise, new location of is 
equal to its own old value [9]. 

 
Table 2 
Terminology of BBH used in [9] 

Term Meaning 
Parameter x: can take values x1, x2, x3 

y: can take values y1, y2, y3. … 
Star [x1 y2 z3 t4] 
Population [star1, star2…starn] 
updateFitness() Calculate the coverage of every star in the 

population and determine the best star as the 
black hole. 

moveStars() Change location of stars towards the blackhole. 
updateRadius() Update the radius value of black hole. 
replace() Remove the current star and generate a new one. 
R Radius of the black hole (eq.2) 

 𝑥𝑥𝑖𝑖(𝐵𝐵 + 1) = �𝐵𝐵𝐵𝐵
(𝐵𝐵) 𝑖𝑖𝑓𝑓 𝐵𝐵𝑑𝑑 < 𝑝𝑝𝐵𝐵

 𝑥𝑥𝑖𝑖(𝐵𝐵) 𝑜𝑜𝐵𝐵ℎ𝑒𝑒𝐵𝐵𝑒𝑒𝑖𝑖𝑒𝑒𝑒𝑒  (3) 

The authors reach consistent and high 
coverage by extending solution space with the 
help of multiple swarm approach called MBH [9]. 
The main idea in MBH is to generate more than 
one population and in turn, more than one black 
hole in a single iteration to avoid being stuck in 
local minima. At the end of the iterations, final list 
of populations become the solution space. The 
findings showed that their approach suffers from 

being stuck in local minima since there is no 
mutation operation. The authors point that the 
population initialization and moveStars 
operations could be improved.  

Our work complements the previous study [9] 
in several ways: (1)We propose a condition 
coverage-based elimination mechanism instead of 
a distance-based one to keep the test cases that 
likely contribute to total coverage. (2) We 
prioritize achieving higher coverage rates than 
restricting the number of test cases. (3) We 
propose two new approaches within BHA to 
assess all the generated stars and black holes and 
to extend the selected population without being 
stuck in local minima.  (4) We apply the BHA 
method to a real-life software system for test case 
generation.  

3. Our methodology 

The software under test in this study is part of 
a large-scale radar software developed for the 
defense industry. Due to its confidentiality 
constraints, we are not able to give the details of 
the algorithm or its pseudocode. We can briefly 
describe the complexity of our SUT: it takes 12 
input parameters with different possible values, 
and outputs an integer value. It contains two 
functions with 17 if and nested if statements with 
up to three levels, two for loops, two switch case 
statements and 72 branches in total. We built a 
technological setup, in order to conduct our 
analysis on BBH and its variants including BH-
AllStar. Our analysis starts by selecting the 
baseline algorithm as shown in Fig 2, namely 
BBH, to generate test cases, i.e., a black hole (BH) 
surrounded with stars, and our software is 
executed against this test case. Then the system 
collects the information of missed conditions 
using Jacoco testing tool. Iteratively, the 
condition coverage information is stored in a file, 
and used in the elimination decision mechanism. 
Based on the decisions, the algorithm generates 
new test cases (stars) and the cycle continues. The 
algorithm terminates after K (10-500) number of 
iterations. 

We modify several operations in [9] and 
propose our approach: BH-AllStar. We use 
initializePopulation() and updateFitness() 
methods as is, but modify moveStars(), and 
created a new star elimination criterion. We also 
propose two new methods to select the final 
population both of which will be described below. 
Our motivation is also determining the best BH in 



reaching as high coverage rates as possible, and 
shaping the other stars around it without being 
stuck in local minima. During our analysis, we 
noticed that the distance criteria defined in [9] 
removes some stars although they contribute to 
the coverage ratio. It also prioritizes to keep the 
number of test cases as few as possible. Increasing 
the number of test cases is preferable for our 
industrial setting than having low coverage rates. 
Fig. 3 shows the pseudocode of our approach. Our 
contributions are presented in the below 
subsections. 

 
Figure 2: Our experiment setup 

 

 
Figure 3: Pseudocode of our proposed approach 

3.1. Condition coverage-based 
elimination mechanism 

We calculate condition coverage for each 
branch existing in our testing code. For example, 
an “if” statement with one condition, e.g. x<5, 
contains two branches, true or false, and the 
condition coverage for this branch can be 0, 50% 
or 100%. If an “if” statement has two conditions, 
e.g. x<5 && y>10, then it has 4 conditions (TT, 
TF, FT, FF). With the input set (x=3, y=11; x=3, 
y=9; x=6, y=9), the condition coverage for this 
branch is calculated as 75%. Only traditional 
branch coverage is not enough for our study since 
we need to cover all the conditions of each branch 
in our testing code. Therefore, we replace the 
distance based mechanism, which calculates to 
what extent the distance between current star and 
black hole exceeds the R value to decide whether 

to destroy the star or keep it alive, with our 
condition coverage based mechanism, as shown in 
Fig.3 described as isBestAtLeastOnOneBranch() 
and calculateBranchRatio() methods. With this 
condition coverage-based mechanism for all 
branches of our SUT, we give chance to the stars 
with lower coverage ratios then the BH Star to 
cover uncovered branches. We have two steps in 
our decision mechanism: 

isBestAtLeastOnOneBranch We control if the 
current star is the best among all stars in the 
population in terms of covering at least one more 
branch. This operation would keep an efficient 
star, even if it has a smaller coverage ratio 
compared to other stars. 

calculateBranchRatio We compare current star 
and black hole in terms of covering all branches 
one by one and calculate the ratio of the number 
of branches that current star covers better than 
black hole, and the number of branches that 
current star covers worse than black hole. We use 
here a coefficient=3 to multiply the number of 
better covered branches in order to give a star 
more chance (see Eq. 4). We have made several 
tests with different coefficients and chosen the 
value 3 as the optimum value for deciding the 
stars to be accepted or not. 

 #𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜ℎ𝑜𝑜𝑒𝑒∗3
#𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑒𝑒𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜𝑛𝑛𝑜𝑜ℎ𝑜𝑜𝑒𝑒

 (4) 

Fig. 4 illustrates a sample of stars: An 
eliminated star (purple), a previously eliminated 
but later revived star (yellow), and an always alive 
star (orange) with their coverage values in the 
timeline, when our proposed mechanism is 
applied. The total coverage significantly increases 
at the end of the iterations as we let a previously 
killed star (yellow) to be included into the final 
population. Eliminating a star (purple) also 
increase total coverage during 18th iteration.  

 
Figure 4: The x-axis is the number of iterations 
and the y-axis is condition coverage rate. 



3.2. Moving Discretely 

In moveStars() operation, to shift the stars 
towards the black hole, we propose an index-
based method for discrete-valued parameters, 
similar to ‘Binary Variants’ in [9]. We store our 
input parameters in an array and we generate a 
random index value between the input value index 
of the current star and the BH. Then we move 
current star to this index and assign the value to 
the current star as the updated input parameter. 

3.3. Choosing the best population 
over history 

In keepPopulationWithMaxTotalCoverage(), 
we keep the population generated in all iterations 
of BBH including coverage rates and alive/dead 
states of each star. At the end of the iterations, we 
select the population that has the highest coverage 
ratio, not the last population according to BH. 

3.4. All Star operation 

In allStar() method, we compare all the stars 
between t0 and tend against the BH at tn, and add 
the best stars in terms of condition coverage into 
our final population. Although this causes an 
increase in the number of test cases, it also 
increases the coverage of the final population.  

The variants of BBH are as follows: (1) Best 
BBH (BBH*): We incorporate “Choosing Best 
Population from History” approach into BBH. (2) 
BBH with Condition Coverage (BBHCC): We 
use “Condition Coverage-Based Elimination 
Mechanism”. (3) Best BBH with Condition 
Coverage (BBHCC*): We add “Choosing Best 
Population over History” onto BBHCC. (4) BH-
AllStar: We add “AllStar Operation” onto 
BBHCC*. We assess all according to condition 
coverage of the population, number of test cases, 
and execution time.  

4. Results and discussion 

The results over different iterations and with 
variants of BBH, reported in Table 3, show that 
higher code coverage rates are obtained compared 
to BBH. For instance, with 500 iterations, 
coverage values are 69.4% in BBH, whereas 75% 
in BBH*, 70.8% in BBHCC, 73.6% in BBHCC* 
and 76.8% in BH-AllStar. We observe that same 

coverage rates can be achieved with fewer test 
cases but higher execution time for different 
number of iterations. The maximum code 
coverage rate is approximately 76% in iterations 
150 and 500 with BH-AllStar. Solution space 
consists of 190 test cases for 150 iterations and 
executes in 327 secs. However, for 500 iterations, 
only 19 test cases are used but execution time is 
815 secs. 

In addition, the baseline algorithm, BBH has a 
better coverage (72.2%) than our condition 
coverage based BBH approach (65.3%) for 300 
iterations. However, our additions help to increase 
the coverage from 65.3% to 75% in BH-AllStar. 
BBH* always reaches better coverage rates than 
BBH. When the coverage criterion is set as 
condition (BBHCC), we do not always see a better 
convergence than BBH. But choosing the best 
population and adding all the “good” stars 
eventually converge to much higher coverage 
ratios. Instead of defining multiple black hole as 
in [9], we stick to the single black hole 
phenomenon but we give a certain flexibility to 
the star selection and achieve a similar 
improvement like in [9]. We can confirm the prior 
finding that a black hole inspired meta-heuristic 
could be successful at generating test data for 
software systems with too many parameters. 

Table 3 
Performance of BBH Variants and BH-Allstar 

Iteration 
BBH BBH* 

BBH
CC 

BBH
CC* 

BH-
AllStar 

10
 Stars (#) 10 10 10 10 12 

Cov. (%) 51.4 70.8 68.1 72.2 73.6 
Time  19 19 22 22 22 

15
0 Stars (#) 10 10 10 10 190 

Cov. (%) 68.1 73.5 68.7 75 76.8 
Time 320 320 372 372 372 

30
0 Stars (#) 10 10 10 10 14 

Cov. (%) 72.2 75.0 65.3 73.6 75 
Time  460 460 476 476 476 

50
0 Stars (#) 10 10 10 10 19 

Cov. (%) 69.4 75 70.8 73.6 76.4 
Time 782 782 815 815 815 

 

Table 4 
Coverage for different number of iterations 

C
ov

er
ag

e 
 

 

#iter 
BH 
Star 

Alive Stars BH-AllStar 
Min Max Median  

10 51.4 25 51.4 37.5 73.6 
150 51.4 23.6 51.4 43 76.8 
300 51.4 23.6 51.4 37.5 75 
500 51.4 25 51.4 38.8 76.4 

Considering the number of test cases, we 
observe that BH-AllStar may take higher values 



with respect to the positions of the stars, condition 
coverage ratios of each star and the black hole 
star. In 150 iterations, we generate 190 test cases, 
which is a higher value compared to the other 
experiment results. Since we pick the best stars in 
terms of coverage during All-Star operation, there 
may be many “best” stars in the population 
compared to the selected black hole. We did not 
perform any filtering on these best stars like 
pruning, but it might be possible to reduce those 
that cover similar conditions as a final step. 

Table 4 presents the coverage rate of the BH 
Star, Alive Stars and BH-AllStar in the final 
solution space. In both BBH and our proposed 
approach, the black hole has the same coverage 
rate (51.4%). Alive stars in the solution space 
have a minimum of 23.6%, a maximum of %51.4 
(BH itself) and a median of 43% coverage ratios. 
A star with less coverage ratio than the BH Star is 
acceptable in our study because it might have a 
higher coverage on any branch compared to the 
BH star.  

Fig. 5 presents the coverage rates of all the 
branches according to 190 stars in the solution 
space for 150 iterations. As depicted in Fig.5, 
there are still some branches (e.g., 19th to 27th) 
which are not sufficiently covered although we 
increase the total coverage ratio. This is partly due 
to the fact that BH algorithm essentially revolves 
around the black star that is picked. So, some of 
the areas in the search space might be missed 
during the iterations. 

 

 
Figure 5 Coverage Density Graph based on Star ID 
and Branch ID 
 

Fig. 6 illustrates the change in the total 
coverage ratio of BBH and BH-AllStar for 150 
iterations. It is seen that one or more populations 
were found with BBH (around 60th and 100th 
iterations) that reach a higher coverage, but there 
were later lost. The final coverage ratio was also 

smaller at the end. On the other hand, in our 
approach, a peak can be seen just after all the 
iterations are executed, at t=151. The population 
with the best coverage has been kept and the good 
stars over the history are added to that population.  

The results show that our Choosing Best 
Population from History approach always 
provides better coverage rates. Since the nature of 
the movement to the black hole and random 
generation of stars might cause a decrease in total 
coverage in BBH, we handle this problem by 
keeping the population with maximum coverage. 
The main reason that BH-AllStar outperforms 
BBH is that the latter eliminates stars because it is 
too close to the black hole star. However, it does 
not mean that these stars do not contribute to total 
coverage. 

5. Threats to validity 

We highlight several issues that might 
jeopardize the validity of our findings, and discuss 
these in this section. The first issue is related to 
the construct defined as the fitness criteria of our 
proposed algorithm. We aim to improve the final 
population of the algorithm by assessing the 
condition coverage ratio, which is calculated 
through Jacoco tool for each branch of the tested 
algorithm. Jacoco gives a condition coverage ratio 
for each branch, but it does not specifically say 
which conditions are satisfied in that branch. 
When two stars having 50% condition coverage 
for the same branch are evaluated, we consider 
those the same. But we do not know whether both 
cover different conditions and complement each 
other. This might have caused to falsely eliminate 
some stars from the population. We plan to work 
on this issue in our future studies by checking 
other unit testing tools. 

The second issue is related to the binary 
strategy applied to turn BHA to BBH algorithm. 
In Section III, we describe how the movement of 
the stars happens on a discrete scale. 
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Figure 6 Coverage in the timeline of BBH 



Unfortunately, the description in [9] was not 
detailed enough and we had to make some 
assumptions. This might cause a deviation 
between BBH in [9] and BBH we developed here. 
It does not affect our comparisons between BBH, 
its variants and BH-AllStar on the software under 
test in this paper.  

The third issue is related to the internal validity 
of the experimental design. We are aware that 
choosing a different coefficient value in Eq.4 in 
BH-AllStar would impact our results, in fact, we 
tried multiple values and observed the 
convergence of the algorithm in terms of 
condition coverage to pick the final value as 3. We 
also think the randomness in the initial 
population, and the selection of best stars from all 
the iterations could affect the final results. We 
plan to work on these as future works as both 
require empirical analysis of different strategies. 
Finally, our results are limited to a single 
industrial context because we chose to solve the 
problem of our industrial partner through an 
improved CSST method. The prior works often 
assess their approaches on simple programming 
exercises, which suffer from generalization of the 
results on real life projects. We believe our study 
validates the real application of Black Hole 
inspired approaches adopted to condition 
coverage criterion. 

6. Conclusion 

In this study, we present a new approach to 
generate test data by implementing a previously 
proposed meta-heuristic searching technique 
BBH on a real-life engineering problem that 
we face for our safety critical systems in the 
industry. Our BBH variants and new algorithm 
BH-AllStar perform better than BBH in terms of 
condition coverage up to 43%. Although BH-
AllStar generates more test cases compared to 
BBH, we achieve extending search space and 
obtaining higher condition coverage rates in the 
same execution time. As a future work, we plan 
new experiments to compare Multiple Black Hole 
Approach reported in [9] and our BH-AllStar. We 
also plan to decrease the number of test cases in 
our current approach, the selection of best stars for 
each branch in BH-AllStar can be limited by 
selection only one among the best stars. We also 
intend to conduct further research on every 
condition in a decision to be covered of the SUT, 
rather than having higher condition coverage, 
which is known as MC/DC (Modified 

Conditon/Decision Coverage). We think that our 
proposed approach can be applied to other 
problems, such as testing algorithms with 
different level of complexity, nested conditions 
and line of codes. Initialization of the population, 
which is the first step of BBH can also be 
optimized to start with a better population rather 
than a random start as in its current setting.  
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