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Abstract

The effectiveness of testing in Model-based Testing (MBT) for Software Product Line (SPL)
can be achieved by considering fault detection in test case. The lack of fault consideration
caused test case in test suite to be listed randomly. Test Case Prioritization (TCP) is one of
regression techniques that is adaptively capable to detect faults as early as possible by
reordering test cases based on fault detection rate. However, there is a lack of studies that
measured faults in MBT for SPL. This paper proposes a Test Case Prioritization (TCP)
approach based on dissimilarity and string based distance called Last Minimal for Local
Maximal Distance (LM-LMD) with Dice-Jaro-Winkler Dissimilarity. LM-LMD with Dice-
Jaro-Winkler Dissimilarity adopts Local Maximum Distance as the prioritization algorithm
and Dice-Jaro-Winkler similarity measure to evaluate distance among test cases. This work is
based on the test case generated from statechart in Software Product Line (SPL) domain
context. Our results are promising as LM-LMD with Dice-Jaro-Winkler Dissimilarity
outperformed the original Local Maximum Distance, Global Maximum Distance and
Enhanced All-yes Configuration algorithm in terms of Average Fault Detection Rate (APFD)
and average prioritization time.
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1. Introduction

A Software Product Line (SPL) is one of the paradigms for systematic reuse that guides

organization to develop products from core assets rather than develop products from scratch.
There are two major activities in SPL that focus of core assets development in domain
engineering and product development in application engineering. Development of core assets
is based on identification of reusable assets. In order to develop reusable core assets, SPL must
have ability to exploit commonality and manage variability. Due to the explosion in the
number of products, SPL requires an exhaustive testing technique to manage products. SPL
testing is aimed to minimize testing effort while at the same time produce effective testing
results. One of the most promising techniques is Model-Based Testing (MBT), which offers
systematic automation in test cases generation [1]. There are two main steps, which are to
obtain requirements to be presented in the test model and derive test cases. MBT offers
automated, rigorous and systematic testing early in the software life cycle stage (modelling
stage).

The quality of test cases covers two main aspects, which are the cost of testing and
effectiveness of test cases. In recent years, multi-objective technique has been proposed to
cover multiple test case quality measures in SPL. Effectiveness of testing in MBT for SPL is
commonly measured by using coverage criteria. However, there are lack of studies that
implemented a multi-objective criterion that proved effective in fault detection rate in test
suites of MBT statechart for SPL. Effectiveness in fault detection can be discovered efficiently
by using Test Cases Prioritization (TCP) Technique [2]. However, the lack of TCP
implemented by using multi-objective caused the fault to be unable to be revealed earlier. Thus,
it highlights the need for TCP in order to balance a trade-off between cost and effectiveness
measure. Studies [3-5] defined optimization based on prioritization problem by using Search-
Based and Heuristic-Based Technique. However, there are arguments concerning which
approach can give the best quality of test case in terms of cost and effectiveness measure for
SPL testing. It showed the importance of optimization approach that can give a minimal cost
of testing and maximize effectiveness for MBT in SPL testing.

These two quality measures require a balanced trade-off that is significant to produce a
good test case quality. Based on our experience working in MBT for SPL, after a test case has
been generated, the test case still needs to be validated in terms of existing faults to ensure that
the good test case in terms of cost and effectiveness can be considered first. Test case
generation was the focus in our previous work [6] where we proposed a test case generation
technique. The result of the study produced a set of test suites with consideration of cost and
effectiveness measure. Here, the proposed TCP approach is used to reorder test case in test
suite by using dissimilarity technique. Our goal is to reorder test cases based on higher faults
detected with minimal execution time. In this paper, we explore the TCP based on dissimilarity
measure for test case from MBT in SPL domain perspective. We present TCP technique based
on prioritization algorithm with string distance measure. There are also performance
comparison against existing TCP approach for SPL to establish the viability of LM-LMD with
Dice-Jaro-Winkler Dissimilarity. In the evaluation part, we evaluate the cost and effectiveness
of TCP approach by using SPL e-shop test object. Specifically, our contribution is to create a
test case prioritization approach LM-LMD with Dice-Jaro-Winkler Dissimilarity that based
on enhanced string distance called as Dice-Jaro-Winkler Distance to measure dissimilarity
distance between test cases in test suite generated from statechart MBT for SPL and enhanced
Local Maximum Distance algorithm that is integrated with enhanced string distance. The rest
of this study is organized as follows. Section 2 presents the theoretical background. Section 3
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presents the related work, while Section 4 presents the overview of proposed approach. Section
5 presents the empirical study and Section 6 describes the example used in this paper. Section
7 presents the result and threat to validity is presented in Section 8. Finally, the conclusion in
presented in Section 10.

2. Theoretical Background

This section will present the background of the concept of SPL, MBT and TCP implemented
in this study.

2.1 Overview of Software Product Line Testing

SPL is defined as a collection of related software products that share same functionalities, but
at the same time still differ from each other based on specific features. New products can be
derived by reusing and combining the software assets in an effective way. Assets that appear
in all products are known as commonalities, whereas assets that only existed in some products
are known as variability. In SPL testing context, the explosion in the number of possible
products caused exhaustive testing to be infeasible. This issue gives challenge to select
relevant subset of product for testing. A basic way to conduct testing for SPL is by using
standard techniques which are used in single system to be applied for SPL products. However,
this takes higher cost and time consumption to evaluate every single product.

2.2 Model-based Testing for Software Product Line

The basic idea of MBT is to systematically minimize effort by exploiting knowledge of core
assets. MBT for SPL is used to capture behavior of SPL. MBT process starts with the test
model development which is built based on requirement specifications. Then, test selection
criteria will be defined to derive good test cases. A good test case is one that can detect faults
earlier with higher effectiveness measure such as structural-based criteria [7]. In the scope of
SPL testing, previous implementation of MBT faced issues of test model development [8-12],
redundancy in test suites [3, 12, 13], and quality measure, which are effectiveness of test cases
[15-18] and cost of testing [19-21].

In this study, we focus on the cost and effectiveness measure in MBT for SPL. These two
measures can be considered as an important evaluation, since they are related to each other in
order to produce a good testing result. For example, once the tester has achieved the maximum
target to find defects, studies have been unable to ensure that these activities significantly
reduce the testing effort and cost. Furthermore, as highlighted by Inozemtseva and Holmes
[22], a good coverage test suite does not guarantee that the test suite is effective enough. In
order to improve effectiveness in fault detection in test cases, another technique, which is Test
Case Prioritization (TCP), is applied to enhance the fault detection rate. The regression testing
based on TCP can be implemented to improve effectiveness based on earlier fault detection.
The lack of TCP implementation made it difficult for faults to be revealed as soon as possible,
thus making it possible for the wrong products to be executed.

2.3 Test Case Prioritization for Model-based Testing for Software Product Line

Yoo and Harman [23] divided regression testing into three main categories, which are test
selection, minimization and prioritization. Each category has different goals and different
implementation process. The goal is to test the software after changes and to ensure the
software still works correctly. In the scope of MBT in SPL, regression testing is used to utilize
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reusability technique to minimize test effort. Adoption of regression testing, for example retest,
tests artefacts of variability and can lead to a reduction of testing effort [24]. The combination
between two testing approaches, which are MBT and regression testing, helps to reduce a set
of test cases to be re-executed. It required integration between test model to facilitate test case
generation and regression testing is retest test selection in order to stimulate reusability of test
cases. By considering the fault problem in test cases, TCP is the technique that is most suitable
to be selected for further use in this research study [4].

While conducting TCP for generated test cases from MBT in SPL, the goals of testing are
identified. This is related to the effectiveness of the algorithm to measure faults and at the
same time, demand to reduce time to conduct TCP [25]. The goal in TCP for MBT in SPL can
be divided into three, which are effectiveness measure (fault detection), minimize execution
time and successful algorithm used. Effectiveness of test cases is not only based on coverage.
Another important element is fault detection capability in proposed TCP technique. It is a good
means to ensure that the SPL testing considers not only functional testing result (coverage),
but that it is also validated based on test cases [17]. This is because the demand of industry in
SPL that is focused on maximization for certain testing property, for example, coverage and
early fault detection. Furthermore, reusability of test cases can be achieved by reusing potential
test cases in reuse-optimize process of TCP in measuring faults. This is helpful to improve
reusability in generated test cases.

One cost measure that is very important in TCP is execution time. Kazmi et al. [26]
discussed that the execution time can be minimized by reducing other goals, for example fault
and coverage criteria. Test case execution time can differ depending on the number of states.
Another goal of TCP is to adapt a good technique at the fastest rate with increased fault
detection. It is also important in TCP because a good technigue is the main contributor to other
measurements, for example cost or effectiveness measure. It leads to a different type of
technique proposed to handle prioritization, for example search-based algorithm and
similarity-based algorithm. The technique proposed will be used to arrange the configuration
of testing depending on the specific objectives.

2.4 Dissimilarity Technique for Test Case Priaoritization

In order to implement TCP for SPL, many different types of approaches have been proposed
including similarity and dissimilarity measure. Testers have demanded that faults be revealed
as soon as possible by using different techniques. The concept of similarity and dissimilarity
are based on the measurement distance between two test cases. This approach will evaluate
test cases by comparing two similarities between test cases. Similarity and dissimilarity
approach was introduced due to scalability issue in existing prioritization algorithm. This
technique offers a simple, scalable and effective way to reduce the number of test cases and to
prioritize it.

Researchers have also highlighted that for SPL, this concept can be used to detect fault
faster compared with other approaches [5, 26]. Similarity is required as a core element to
measure dissimilarity. Henard et al. [5] proposed similarity-based technique to maximize
dissimilarity measures in a set of test cases. Jaccard Distance and Dice anti Dice were used
measure distance between two test cases. Two techniques, which are Local Maximum
Distance and Global Maximum Distance, are proposed to list the results of dissimilarity
measured. This technique is very useful since it can improve the time for execution and
different techniques have been discussed to implement dissimilarity measure. Distance
measure is a common method to handle prioritization. In the single system testing, string
distance is commonly used in record association to recognize the duplication in computerized
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files. It is also used to detect redundancy to improve accuracy level. It can be considered as a
new method to evaluate prioritization based on SPL.

3. Related Work

In order to enhance effectiveness of testing, earlier fault detection needs to be measured. TCP
is the one of the techniques that can reveal faults earlier by reordering test cases based on fault
detection rate. EXxisting studies proposed TCP approach based on Feature Model and
mathematical model (Markov Chain) [4, 5, 24, 27]. However, there is a lack of TCP
approaches used to evaluate test cases from UML statechart test model artefacts. This is due
to the previous studies that highlighted the effectiveness measure of UML statechart test model
artefacts by using coverage criteria, for example structural-based coverage. This has led to
faults to not be considered an effectiveness measure for test cases generated from MBT in SPL.

In addition, there are different TCP based technique implemented to handle prioritization
for SPL testing. Weight-based prioritization is implemented for SBT. This approach will
assign weight for each test case based on objectives defined. Then, test cases would be
prioritized based on weight assigned. Wang et al. [28] proposed a multi-objective test case
prioritization based on (1+1) Evolutionary Algorithm (EA). The fitness functions are
constructed based on the cost-effectiveness measure. Four different weight values are
manually assigned by the tester for the fitness function proposed. Many TCP techniques have
been introduced to improve TCP in MBT for SPL. Schaefer etal. [29] introduced dissimilarity
measure for delta-oriented architecture test model, whereas Lity [24] implemented similarity
measure for delta-oriented architecture test model for SPL. Wang et al. [30]applied SBT based
on (1+1) Evolutionary Algorithm to solve TCP issue in MBT for SPL, whereas Devroey [31]
used statistical prioritization algorithm for feature transition system test model.

Delta-oriented based prioritization is implemented once the tester has used architecture
model as a test model. Schaefer et al. [29] integrate component-based, delta-oriented
prioritization and dissimilarity values. Weight value is assigned with dissimilarity measure to
prioritize test cases and formula is constructed based on dissimilarity in component-based
method. This work is still vague as only a small number of improvements for fault detection
are found compared to existing study. Al-Hajjaji et al. [25] perform delta-oriented
prioritization based on dissimilarity between the first and second products by means of deltas.
The new function of delta similarity is based on Hamming Distance and common deltas are
used to represent the number of common deltas. Statistical prioritization is used to improve
the prioritization technique by using test model of Markov Chain and Feature Transition
System (FTS). Devroey et al. [32] implemented statistical prioritization by using FTS and
probability to reorder test cases. However, this technique is dependent on the domain-case
study, which caused difficulties to adapt the technique to other test scenarios.

Papadakis et al. [27] used similarity measure for prioritization, but it was implemented for
mutation testing process. This proposed approach only focuses on prioritization based on
similarity algorithm without any specific technique to choose the test cases in the configuration.
Sahak et al. [33] proposed similarity-based TCP based on enhancement of string distance and
prioritization algorithm. It was used to improve the enhancement of existing algorithm to
achieve faster rate of fault detection and to minimize testing effort. Devroey et al. [34]
combine the implementation of statistical-based and dissimilarity-based prioritization. The
proposed algorithm will sort list of test cases based on coverage criteria or weight that has
been assigned in the test model. This study is based on family-based prioritization for
variability-based test model for model-checking purpose. Al-Hajjaji et al. [25] combined TCP
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approaches, which are delta-oriented based and configuration-based, that measure based on
weight factors assigned. Egyed et al. [4] used NSGA-II algorithm to prioritize test cases.
Obijective function based on dissimilarity of test cases is proposed to measure the distance of
test case results. The results of the proposed algorithm show that the combination metrics
between dissimilarity and faults provide the best results in experiments compared with other
comparison metrics.

It is shown that the distance measure technique is one of the most important techniques to
improve the performance of effectiveness results, for example faults and execution time. Based
on previous studies, string distance has proven to be the one of the best techniques used in
similarity / dissimilarity-based prioritization. This motivates researchers to apply the string
distance for similarity / dissimilarity-based as a technique for prioritization of test cases from
statechart test generation. As per result of existing study, it shows lack of works that focus on
implementation of string distance based for the scope of test case format of statechart test
model. As summary, techniques of prioritization have been discussed [24, 34]. However,
previous work focused on prioritizing products based on configuration generated from FM. In
the scope of other models, especially in test model of MBT, there is a lack of existing study
that has applied prioritization technique in SPL context.

The implementation of similarity test cases concept in prioritization technique has been
discussed widely by researchers. However, recently some pieces of work have shown that the
dissimilarity test cases have proven to be one of the techniques that can accelerate higher fault
detection rather than the similarity technique.Two string distance techniques, which are Dice
Similarity Measure and Jaro-Winkler, have been selected as techniques to evaluate distance
between test cases since they can produce best distance functions compared with other
techniques. In software testing, many algorithms have been proposed, for example, Local
Maximum Distance, Global Maximum Distance, Farthest-first Ordered Sequence and All-Yes
Configuration. The effectiveness of these algorithms is still under investigation since there is
a lack of work that has implemented it, especially in SPL context.

4. Overview of the Proposed Approach

The proposed approach utilized string distance with dissimilarity measure as a technique to
prioritized test case. The proposed TCP approach is illustrated in Fig. 1. The process of
proposed prioritization algorithm starts by extracting test suite based on the results from the
proposed generation algorithm. Then, the mutant test suite is created. The mutant test suite is
generated based on mutant versions of test model based on test objects used. The information
between original result and mutant result are extracted in order to prioritize test cases. The
proposed approach is divided into two main processes, which are (i) measurement of test case
dissimilarity by using string distance Dice-Jaro-Winkler, and (ii) picking the order of test cases
by using the proposed approach.

First process starts with measurement of dissimilarity distance between test cases generated.
The selection of distance techniques is based on the best results of distance measurement from
previous studies. The proposed string distance is also carried out in this part. The enhanced
Dice and Jaro-Winkler Distance is implemented to improve dissimilarity measure distance
between two test cases. Dissimilarity measured technique is used to evaluate distance of
original test suite and the mutant test suite. The prioritization algorithm based on enhancement
from Local Maximum Distance is used to evaluate distance results proposed in LM-LMD with
Dice-Jaro-Winkler Dissimilarity results. Here, the multi-objectives prioritization is concerned
with two objectives based on minimization of execution time, while at the same time focused
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on maximization of fault detection capability rate. APFD metric is used to as indicator to select
the highest fault detected.

4.1 Phase (I): Dissimilarity Measure: Dice with Jaro-Winkler Algorithm

At first, in order to measure distance between two test cases, dissimilarity technigque is
implemented. Dissimilarity measure is a technique used to evaluate the distance between two
test cases. The concept of dissimilarity distance has been proposed by Henard [35] and used
to evaluate dissimilar test suite in MBT. It became a technique that can increase fault detection
rate compared with similarity distance technique.

(i) Measurement of test

. . (ii) Pick the test cases
cases dissimilarity by using T
string distance Dice-Jaro- — g ‘oritizagon
Wrinkler prior
technique

Results
(Prioritized Test Suite)

Hybri ice-Jaro-
Yh_“ﬁ of Dice ,Jam Enhanced Local
Wrinkler Algorithm . =
/ Maximum Distance
Test Suite — b

Tel, Te9, Te3,T¢8B,,...Ten

Execution

‘ APFD Values :
Time

y

Unprioritized Test
Suite

Sort based on
highest APFD values

V

Mutant Test Suite

Fig. 1. The proposed approach

The dissimilar measure technique is based on the theory that most dissimilar test cases can
accelerate higher coverage, thus faults can be detected as early as possible. The aim of the
enhancement of the string distance technique is to improve the rate of fault detection with low
execution time taken. The enhancement of the proposed string distance is based on the string
distance by Sahak et al. [36]. This study has focused on enhancement of Jaro-Winkler with
all-yes config algorithm by focusing on highest number of features as the one that will be
selected in prioritize list. However, once the dissimilarity is implemented, it requires a
technique that can focus on highest distance between two test cases rather than focus on the
total maximum number of paths in test cases.

The Dice Similarity Measure is a one of the measurement techniques that can be used to
measure similarity between test cases. The concept of Dice Similarity is based on the set-based
distance generalized from the idea of Jaccard Distance formula. It is based on balance between
the positive value and false positive values obtained from measurement. Similar to Jaro-
Winkler, it gains the best results of similarity measure in software testing domain [37-39]. This
study enhanced existing Dice Similarity of formula in (1) and Jaro-Winkler in (2) and (3).

0.5|T, N Ty 1)

dn(Tl» TZ) = |T1 +T2|

JW(Ty,Ty); =Jaro(Ty, Ty) + yp(1 — Jaro(Ty, T;)djw) (2)
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As illustrated in Fig. 2, the proposed measurement technique involves two main
components that consist of extensive usage of Dice Similarity Measure with small additional
part of Jaro-Winkler equation. Existing Jaro-Winkler consists of integration between two
equations of finding matching test cases. The combination with Dice Similarity helps to
improve the selection of matching test cases. At first step of measurement, this study
considered Jaro Distance equality of d; that is used to calculate deselected test cases. Then, it
will consider the Degree of Difference, df that is used to calculate the difference between two
test cases based on string length. The degree of difference is proposed by Tumeng [39] that

used df to replace transposed character in test cases. df values is used to replace Zin Winkler

formula. The implementation of df in the equation helps to provide more accurate and
consistent similarity values. Based on the proposed string distance technique, next subsection
will discuss the example of calculation to measure dissimilarity test cases.

STEP1 T

._/ Modified Jaro- \\ -
df(1 = Jaro(Ty, Ts)ype) I Wrinkler "l I ﬂ
\ Component from | n

A,
\‘iahak, [2013'!/ '

STEP2

Dice Similarity I

W coefficient - I Component

7, 473

STEP 3

Hybrid Dice-Jaro-Wrinkler Distance
Measure

p ~ -
[z ) Dice Similarity (T, N T,) + Dy(1 — dyyy)
, Component ) Component [r— dgjw=—"""""——7—

n— D
~_ (T, NT;) + w(—2)

—

Fig. 2. The Proposed LM-LMD with Dice-Jaro-Winkler Dissimilarity

In addition, this study used n parameter described by Sahak [36]. n parameter is taken from
Hamming Distance equation that considers calculation of deselected state between two test
cases. The results also show good improvement in terms of highest APFD value. The result of
existing study motivates this study to further enhance the proposed equation. The process of
formula enhancement starts with deselected states between two test cases based on Hamming

Distance equation. Take out %DTS—Z based on Hamming Distance equation. The total of
deselected feature is represented as n value.

1m m n—df) 4)

T, T)aiw ===+ =
]aro( 1 Z)d]w 3(T1+T2 n

JW(Ty,Ty)j =Jaro(Ty,T;) + df (1 — Jaro(Ty, T,)djw) )
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(6)
(T:NT3) +df(1 = djw)

(T,NT,) +w(" _ndf)

ddjw -

Then, the original Jaro is transformed into modified Jaro with d; value that have been
proposed by Tumeng, (2017). n value is selected and inserted into Jaro formula. Equation (4)

presented the modified Jaro. Then, Modified Jaro component is split into four parts, which are
g, Tml, TEZ, and n_Tdf. The original Winkler component yp is converted into modified Winkler df.
The modified Winkler is stated in (5). Next, the Dice Similarity formula is split into three main
parts, which are 2.0, [T;NT, | and |T;+T,|. The Modified Jaro Winkler component will be

combined with Dice Similarity in order to calculate dissimilarity value. The final formula of
this enhancement is defined in (6).

4.2 Phase (I): Dissimilarity Measure: Dice with Jaro-Winkler Algorithm

The proposed enhancement is to improve the selection of the next test cases. In order to select
next test cases into prioritized list, the last test case in the prioritized list will be compared with
test cases in the unordered list. The comparison is based on the minimum distance calculated
from the list of unordered test cases. The maximum distance is taken as a measurement since
it can detect fault as early as possible. The process will be repeated until all test cases have
been inserted into prioritized list. The pseudocode of enhance Local Maximum Distance is
discussed in Fig. 3.

Input: Unprioritized Test Cases T,= {Ti, T»,..., T} m=test suite number
Output: List of Prioritized Test Cases T,, T, ={}

Fori« 1to T, do

Form |T, | test suite: m = {m;,mo,...my}

If T, =1 Then
Select T, T; € Where max (distance (T, T}))
T..add(T);
T,.add(T),

End If

NO kW~

8. For all Candidate Test Cases (Unordered) T, € Last T,. do
9. Set d; = Maximum Distance of T, and T;

10. End For

11. Select the maximum d, from T,

12 T,=T,uT, T=2%

u

13. Tonet =T, UT,;
14. End For
15. End

Fig. 3. The Proposed LM-LMD with Dice-Jaro-Winkler Dissimilarity

Line 1,i+«1to T, isused to represent the list of prioritized test cases. Line 2 is used to form

test cases |T,| based on maximum distance. Then if else condition in Line 3 to 7 is used to
select the distance of test cases. It will be added into the list based on the maximum distance
measure. Then, after the first two test cases have been included in prioritized list, it will
proceed with the pseudocode in the shaded blue box. Line 8 is used to measure distance of
unordered list T;,. Line 9, d; is to evaluate distance between test case of T,, and T;. Line 11 is
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to get the maximum distance of d;. In Line 12, T,=T, U T,, is used to get next distance measure

between the current last prioritize test case with the unprioritized list. Then, T = T,,/T,, is used
to get the total of test cases in the unprioritized list.

The box shows the enhancement of the Local Maximum Distance algorithm. Here, the
enhancement is conducted due to lack of measurements of dissimilarity distance between the
maximum value of the last prioritized test cases with the list of unprioritized ordered. The
comparison between the last test cases in prioritized order with unprioritized can help to ensure
the prioritization process time can be improved based on the balance of total test cases in
unordered list.

5. Empirical Study Design

The goals of the experiment evaluation are: (1) to investigate how LM-LMD with Dice-Jaro-
Winkler Dissimilarity measure fares against existing TCP approach in SPL; (2) to investigate
LM-LMD with Dice-Jaro-Winkler based on cost and effectiveness measure for e-shop test
object. In line with the goals defined above, we focus on answering the following research
guestions:

RQ1: How well can the LM-LMD with Dice-Jaro-Winkler prioritize test cases for MBT test
model in SPL domain context?

RQ2: In what ways can the LM-LMD with Dice-Jaro-Winkler improve existing TCP in SPL
domain context?

5.1 Empirical Study Setup

We implemented our work by using Netbeans of Java programming language and there is no
standard framework used in the implementation. So, it can be concluded that the experiment
is run fairly for all existing TCP approaches in SPL. We run our experiments based on
Windows 8.1 Intel Core i5 2.3Ghz 4GB RAM. For statistical significance, we have executed
LM-LMD with Dice-Jaro-Winkler for 20 times to get the result trend of proposed approach.
For RQ1 and RQ2, the test case from e-shop test object generated from SPL MBT test case
generator is taken as benchmark test case. For RQ2, the comparison between existing TCP
approach is considered. Existing TCP approach in SPL proposed by Henard [35] is taken as
comparison. In order to ensure a fair comparison, we re-implement existing TCP approaches
by using the same settings and programming language similar to our proposed approach. In
order to evaluate the performance of proposed prioritization algorithm, five types of mutant
version test cases are created based on test objects as shown in Table 1. Each type of mutant
version will be compared with original version in order to evaluate faults.

6. Example

As an example, the e-shop test object based on statechart is illustrated in Fig. 4. Statechart
consists of 31 states and 44 transitions, and includes the behavior process of educational
robotics learning tools to enhance students experience through hands-on nature with
implementation of the robotics technology in learning process. Based on e-shop test scenario,
the model-based testing test case generator will be used to generate the set of test cases. With
consideration of existing constraints, test case is generated.
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Table 1. Mutant version for test model

Mutant Version Description
V1 Add one new state
V2 Remove one transition
V3 Change start state

7. Experimental Result

7.1 Answering RQ1: How well can the LM-LMD with Dice-Jaro-Winkler prioritize
test cases for MBT test model in SPL domain context?

This section provided an analysis result of the proposed TCP approach data collected based
on test case from e-shop test object. First, dissimilarity distance based on the proposed
measurement, which is LM-LMD with Dice-Jaro-Winkler Dissimilarity results, is obtained.
This distance result will be used in the proposed prioritization algorithm in order to reorder
test cases based on the maximum dissimilarity results. Table 2 show results of dissimilarity
distance measure of LM-LMD with Dice- Jaro-Winkler Dissimilarity based on e-shop test case
objects. 15 test cases generated from test model artefacts are used as indicator to represent
TCP. The matric form is constructed in order to evaluate dissimilarity distance results by
comparing each test case. It is interesting to note that dissimilarity measure score for some test
cases is less than the others. But, for some comparison of test cases, it shows that dissimilarity
is greater than 0.5. This means that for some test case comparisons, the dissimilarity measure

is higher.
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After dissimilarity of test cases have been measured, the results of dissimilarity will be used
to reorder position of test cases. Here, the proposed LM-LMD with Dice-Jaro-Winkler
Dissimilarity based on enhanced Local Maximum Distance based on the maximum
dissimilarity measure results will be used to find the maximum dissimilarity. The reason that
the proposed algorithm is used to evaluate based on maximum dissimilarity is that the greater
the dissimilarity between two test cases, the more different they are from each other. The test
cases with higher similarity will be located in the bottom of the test cases.

This measurement is based on 20 executions to evaluate faults. Table 2 represents the
results of average APFD for five mutant versions. As per result, the average APFD obtained
is 0.907. This result is expected since the nature of e-shop object consists of large size of test
cases and there are many looping transitions with substates in the test model. Then, the
prioritization algorithm proposed is analyzed based on five versions of test case mutants.

Table 2. Mutant version for test model

APFD V1 V2 V3 V4 V5 Average Values
Mean Value 0.902 0.955 0.906 0.945 0.986 0.939
Std. Deviation Value | 0.066 0.164 0.034 0.998 0.091 0.271
Maximum Value 1.074 1.420 0.950 1.080 1.180 1.141
Minimum Value 0.820 0.880 0.850 0.900 0.920 0.874
Time (s) 0.902 0.955 0.906 0.945 0.986 0.939

Table 3 shows the average of mutant killed at 20%, 40%, 60%, 80% and 100% level across
e-shop test objects. The rate of fault detected formulation is based on Tumeng [39]. Results
shows that the proposed prioritization algorithm based on Dice-Jaro-Winkler dissimilarity is
able to compete competitively in order to increase rate of fault detected. It shows that the
proposed approach can detect 100% of faults in only 80% of mutants.

Table 3. Summary Rate of Fault Detected

Mutant Rate Fault Rate
20 24
40 52
60 62
80 100
100 100

7.2 Answering RQ2: In what ways can the LM-LMD with Dice-Jaro-Winkler
improve existing TCP in SPL domain context?

In order to answer RQ2, the comparison between the proposed algorithms with previous
studies that implement test cases prioritization in SPL are evaluated. Study by Henard et al.
[35] and Sahak [36] are used as a comparison to evaluate results of prioritization technique.
There are two existing prioritization algorithms proposed by Henard et al.[35], which are Local
Maximum Distance and Global Maximum Distance. In terms of dissimilarity measure, this
proposed technique used Jaccard Distance to evaluate distance between two test cases. Sahak
[36] proposed enhanced all-yes configuration by measured dissimilarity by using hybrid
between Hamming and Jaro-Winkler distance. Performance comparison is based on two types
of metrics, which are APFD values and average execution time.

In Fig. 5 is shown the analysis comparison of average APFD values for e-shop test object.
The results are evaluated based on average prioritization based on five mutant versions by
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using different prioritization algorithm. As per result, the proposed approach outperformed
other approaches in e-shop test object. It shows improvement in the results with 0.937
improved followed by enhanced all-yes config with 0.815, Local Maximum Distance 0.721
and 0.833 for Global Maximum Distance. It can be overall concluded that the APFD values
obtained from the proposed algorithm can improve the fault detection rate compared with
previous studies. The proposed algorithm can produce the good result of APFD for e-shop
object.
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Comparison Approach

Fig. 5. Comparison Results of Proposed TCP Approach against Existing Approach
based on average APFD

This showed the proposed string distance based on dissimilarity measure is effective in
discovering faults on average. This is due to the capability of the Dice-Jaro-Winkler to
diversify the maximum dissimilarity distance of test cases. Thus, more defects can be revealed
as soon as possible.The improvement of Local Maximum Distance in the proposed algorithm
that measures the next prioritization list by considering maximum distance from last test cases
in prioritized order with unprioritized list can maximize fault detection based on highest
dissimilarity values.

Another comparison is based on testing cost. Here, cost is evaluated based on total
execution time. Fig. 6 shows analysis of average execution time of fault detection measure for
APFD values. Results showed that the proposed algorithm takes most minimal average
execution time with 0.312 seconds followed by 0.650, 0.980 and 1.377 for Local Maximum
Distance, Enhanced All-yes Config and Global Maximum Distance, respectively. It can be
concluded that the proposed algorithm reflects the best average execution time. The proposed
LM-LMD with Dice-Jaro-Winkler Dissimilarity is able to achieve faster prioritization time.
This is because the string distance proposed is directly focused on dissimilarity string distance
value. It allows the proposed enhanced Local Maximum Distance to be able to look for the
highest dissimilarity. Furthermore, the enhanced Local Maximum Distance process that covers
the maximum value between last test cases in the prioritize ordered with unprioritized order
helps to reduce the measurement process in unprioritized list. This leads to improve
prioritization time for the proposed prioritization algorithm.
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7.3 Statistical Analysis

We conduct our statistical analysis for all measures in Fig. 5 and Fig. 6. This evaluation is
conducted based on Kruskal Wallis used as a non-parametric test. The measurement is based
on the median of the population as some occasions are different from others. This testing
process is based on detailed hypothesis testing as defined in Table 4. The Kruskal Wallis test
states that for null hypothesis, all strategies are equivalent while a rejection of this hypothesis
implies there are significance differences among approaches performance. The results analysis
is based on 20 times of execution against all goal measurements defined.

Using Kruskal-Wallis, the average mean value of each validation metric is presented in
Table 5. The mean rank of each validation metric is presented. Average prioritization time
reflects cost as the lowest values show the best result, whereas for the effective measure,
average APFD shows the highest values reflect the good results. In summary, the Kruskal-
Wallis test presents a statistically significant difference between comparison types with
validation metric of p = 0.000. The p-value shows an average statistical significance of (0.000
< 0.05). Therefore, the results show that the comparison types against all validation metrics is
statistically significant. However, there is no clue as to which comparison type is statistically
significant to others. Thus, it requires investigation on the comparison types by using mean
rank post hoc test.

Table 4. Kruskal Wallis Hypothesis Summary

Null Hypothesis The distribution of AVG prioritization time and AVG APFD is
the same across categories of comparison types.
Asymptotic Significance 0.000
Significance Level 0.05

Based on the mean values obtained, the Kruskal-Wallis Post Hoc analysis was conducted
in order to evaluate the statistical significance of validation metrics. The post-hoc hypothesis
are defined in Table 6 as basement to evaluate the comparison types. Table 8 shows the results
of post-hoc analysis. Values will reflect statistical difference once results of p-values is less
than 0.05; thus the null hypothesis can be rejected. Whereas if the p-values is more than 0.05,
then the null hypothesis will be accepted.
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Table 5. Kruskal-Wallis Test Mean Ranks

Null Hypothesis Average Average p-value | Hypothesis
APFD | Prioritization (Reject /
(%) Time(s) Accept)
LM-LMD with Dice-Jaro-Winkler 0.927 0.233 0.00 Reject
Local Maximum Distance 0.733 0.745 0.00 Reject
Global Maximum Distance 0.832 1.243 0.00 Reject
Enhance All-Yes Config 0.810 0.912 0.00 Reject

By using Kruskal-Wallis mean rank post hoc analysis, three validation metrics are
compared. For three validation metrics defined, p-values for all validation metrics are
statistically different. Thus, it shows that for average APFD value, hypothesis3H is accepted
and for average prioritization value, hypothesis 3H is accepted. In conclusion, the proposed
LM-LMD with Dice-Jaro-Winkler is analyzed and compared with existing approach. By
comparing results, it implies that the proposed LM-LMD with Dice-Jaro-Winkler is highly
and significantly improved for both validation metrics.

Table 6. Kruskal-Wallis with Post Hoc hypothesis

Null Hypothesis Descriptions
H There is no significant difference of execution time to prioritized test
suite values between the test cases generation and prioritization
approach
iH There is no significant difference of rate of fault in APFD values
between the test cases generation and prioritization approach

8. Discussion

Based on work undertaken, some observation can be elaborated as lessons learned. The
observations are divided into two parts. The first is the design and advantages of LM-LMD
with Dice-Jaro-Winkler, whereas the second part is related to the performance of LM-LMD
with Dice-Jaro-Winkler.

Concerning the first part, LM-LMD with Dice-Jaro-Winkler consists of integration
between LM-LMD as prioritization algorithm and Dice-Jaro-Winkler used to measure distance
between test cases. Integration between Dice and Jaro-Winkler helps to produce more intense
dissimilarity values. This is because integration considers both aspects of similar and
dissimilar test case sequences. The LM-LMD with Dice-Jaro-Winkler is used in order to
evaluate the distance between test cases and to reorder test case ranking in test suite. Here, the
proposed Dice-Jaro-Winkler string distance is able to reduce distance value measurement
since the dissimilarity of test cases is calculated in this phase. For LM-LMD, it will validate
faults based on values produced from string distance without any additional formulation to
evaluate dissimilarity between two test cases. The LM-LMD helps to detect higher faults by
considering maximum distance of last test cases in prioritized list with unordered distance of
test cases. Implementing this measurement can improve the existing SPL prioritization
approach in fault detection process based on dissimilarity measure. The lack of diversity in
existing TCP approach for SPL can be improved by enhanced algorithm and measures
distances between the last test cases in prioritized order with maximum dissimilarity distance.



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 15, NO. 3, March 2021 947
Table 8. Kruskal Wallis with Post Hoc Analysis
Comparison Validation Test Std. p- Conclusion | Validation
Metrics Statistics | Error | value | Significant Metrics
p-value = (Accept/
(<0.05) Reject)
LM-LMD with Dice- | Average APFD 64.921 | 0.1805 | 0.00 | Significant | Reject iH
Jaro-Winkler vs (%)
Local Maximum Average 104.11 | 0.0397 | 0.00 | Significant | Reject 2H
Distance Prioritization
Time(s)
LM-LMD with Dice- | Average APFD 64.921 | 0.1805 | 0.00 | Significant | Reject iH
Jaro-Winkler vs (%)
Global Maximum Average 104.11 | 0.0397 | 0.00 | Significant | Reject 2H
Distance Prioritization
Time(s)
LM-LMD with Dice- | Average APFD 64.921 | 0.1805 | 0.00 | Significant | Reject iH
Jaro-Winkler vs (%)
Enhance All-Yes Average 104.11 | 0.0397 | 0.00 | Significant | Reject 2H
Config Prioritization
Time(s)

For the second part, the results show that the proposed prioritization algorithm outperforms
existing approaches based on effectiveness (APFD) and cost (prioritization time). One
interesting point is the proposed algorithm can maximize effectiveness and minimize the cost
of testing in MBT for SPL. A comparison of the results shows that the proposed LM-LMD
with Dice-Jaro-Winkler outperformed existing studies that can produce a good fault detection
rate with minimal prioritization time. This helps to give algorithm more diversity in searching
process for maximum distance to reorder test cases. The proposed approach can minimize cost
of testing without requiring large computational memory to execute the process faced by
existing approaches. By having the minimal prioritization time and maximal APFD rate, it
reflects that the proposed approach can improve existing result by having cost effective TCP
in MBT for SPL. In summary, a good quality of test cases refers to test cases that can balance
trade-off between cost and effectiveness. This study shown that TCP in MBT for SPL can
handle multi-objective optimization problems with cost and effectiveness measure. By having
a minimal test case prioritization time and maximal APFD rate, it shows that the proposed
TCP approach can help to handle optimization problem in terms of cost and effectiveness
measure.

9. Threat to Validity

Empirical and experimental studies often encounter threat to validity. Effort has been
undertaken to minimize the threats. In the context of this research, several threats have been
identified.

1. Internal Validity. Internal validity in this study is related to the configuration setting for
proposed and existing approaches. To handle this threat, we utilized the similar default
setting for all approaches. Similar stop criteria, initial default parameters and maximum
populations is similar for traditional and the proposed LLH. Furthermore, in each LLH
and traditional SBT implemented, specific parameters are required, and similar tune value
is implemented based on values defined in existing literature.
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2. Construct Validity. Construct validity involves measurement metrics for average APFD
and average prioritization time. In order to ensure fairness, this study used similar
evaluation formula to evaluate the results of test cases. In order to have trends of
evaluation, the execution is repeated 20 times.

10. Conclusion and Future Work

We present LM-LMD with Dice-Jaro-Winkler, a TCP approach with measurement based on
maximal distance of dissimilarity measure for SPL. We used e-shop, a medium scale of test
object for SPL domain context to evaluate the result. The evaluation shows that the LM-LMD
with Dice-Jaro-Winkler is efficient in terms of average prioritization time and average APFD
rate. A good quality of test cases refers to a test case that has balanced trade-off between cost
and effectiveness measure. This study has shown that TCP in MBT for SPL can handle multi-
objective optimization problems with cost and effectiveness measure. By having a minimal
test case prioritization time and maximal APFD rate, it has been shown that the proposed TCP
approach can help to handle optimization problems in terms of balance trade-off between cost
and effectiveness measure. As our finding has been promising, we plan to improve our work
further to validate this work based on real test object. In addition, the incorporation of different
techniques in similarity-based prioritization for SPL can be further improved to evaluate fault
for statechart test model artefacts. Furthermore, more empirical study can be conducted to
evaluate the similarity-based prioritization based on the current approach.
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