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Abstract

Software product lines (SPL) leverage extensive reuse to enhance quality and competitiveness.
However, the inherent high testing risks underscore the need for efficient techniques. Test case
prioritization (TCP) emerges as a pivotal strategy for improving defect detection by optimizing
the arrangement of test cases, thereby maximizing benefits, particularly when testing is
prematurely halted. This paper presents a comprehensive review of the latest TCP techniques,
investigating emerging trends, varied approaches, and the associated cost-effectiveness trade-
offs. Through a systematic literature review spanning from 2011 to 2023 and employing
specific search terms, this study scrutinizes the existing body of research. The analysis reveals
a growing demand for TCP in research over the past five years, accompanied by a positive
upsurge in SPL testing trends. TCP proves instrumental in orchestrating test cases from high
to low priority levels, facilitating early defect detection and subsequent error resolution.
Nonetheless, notable gaps persist in terms of time execution and coverage, prompting ongoing
research efforts aimed at enhancing the cost-effectiveness of TCP. While TCP serves as a
potent regression technique in software testing, existing approaches stand to benefit from the
reordering of test cases and the integration of refined methodologies gleaned from current
research endeavors.
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1. Introduction

Software product line (SPL) development, which involves creating a collection of software

products using software engineering methods, tools, and techniques, addresses the increasing
quality requirements and competition in a global market [1]. SPL employs a formal procedure
for designing modules based on prediction, enabling testers to reuse software assets to address
a variety of problems. Additionally, SPL proves beneficial for organizations facing resource
constraints. The introduction of SPL facilitates companies in achieving improvements related
to time to market, cost, productivity, quality, and other business drivers [2]. Within the realm
of SPL, software product line testing (SPLT) encompasses core software, product-specific
software, and their interactions. SPLT presents a challenging task within a product line context
compared to individual software testing due to the inability to test all SPL products.
Consequently, numerous techniques, including the SPL prioritization technique, have been
proposed to mitigate testing phase challenges while aiming to detect a large number of defects
with reduced effort and ensuring adequate test coverage [3].

Regression testing works to determine that changes are correct and have not affected the
unchanged parts in the context of the SPL [4]. As the software developed, the test suite tended
to increase in size, which often made it costly to implement.[5]. Yoo and Harman [6] claimed
that regression testing is one of the simplest approaches to overcome this problem by executing
all existing test cases in the test suite; this is called the retesting all approach. Among the
existing methods, regression testing offers the minimization of test artefacts via minimization,
selection, and prioritisation techniques. These techniques have been adapted in software
testing and in the SPL domain context.

Based on Table 1, three testing approaches in relation to compare how the test results is
adapted into SPL. Test case minimization is a technique for regression testing where all the
assets in an existing test case need to be re-executed. However, this method is very expensive
as it requires a lot of time and resources. Second, selection testing is a technique where a series
of selected test cases from a test suite are run. This testing technique can affect code changes
in the software application. Test cases are divided into two categories, namely reusable test
cases and test cases that cannot be used in the next cycle. Finally, test cases are prioritised
based on their impact on the business and on critical and frequently used functions. Test cases
are selected based on preferences. This method indirectly reduces the number of regression
tests.

Table 1. Types of Regression Testing

Component Types of Regression Testin
Minimization Selection Prioritization
Eliminate test cases. Focuses on modifying and | Reorder test cases based
Strategy selecting relevant test on fault detection rate.
cases.
Reduce testing Effective in faults finding Prioritizes test cases to
required. for test cases. maximize fault detection
Strength . s .
with minimal execution
time.
S Minimize a set of test Tester has limited time to Ineffective for handling
Limitation . - -
cases to be re-executed. | evaluate multiple products. | diverse case study sizes.
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SPL requires an efficient testing technique to enhance the quality of test cases, utilizing
TCP. To implement this technique effectively, the development of a new product is necessary
to improve quality standards. The effectiveness of test cases can also be gauged through defect
detection rates. In this technique, the generated test cases are typically classified as good
quality based on cost and effectiveness measures [2]. This classification allows prioritization
of test cases that are not only cost-effective but also efficient in detecting defects, thereby
optimizing testing resources and improving overall software quality. These two measurements
are widely used to generate good test cases.

TCP is a regression technique that can be used to overcome the problem of performing
regression testing when changes are made to existing software by rearranging test cases that
contain many elements of product variant changes to achieve the desired criteria [6]. TCP can
be related to the process of prioritizing test cases in a test suite based on various factors. This
is the process of ordering the test cases that will eventually be executed. TCP is very important
to meet two important constraints, which are time and cost, in order to increase the fault
detection rate.

Although in the literature there are many approaches to TCP, there is lack of recent
advanced literature review describing the current importance of TCP in SPLT. Therefore, this
study provides a systematic literature review (SLR) based on existing TCP approaches. SLR
is a method of reviewing research to improve research recommendations based on evidence
[5]. This SLR is presented as follows. TCP approaches have been reviewed in Section 2. After
described an approach, Section 3 explains the plan chosen to conduct this SLR. Then, section
4 covers the results and discussion. Next, Section 5 will explain the research finding. The
threat to the validity will be discussed in Section 6. Finally, a conclusion is drawn in Section
1.

2. Existing Studies of Test Case Prioritization

SPL discusses previous studies on TCP in this section. From the collected literature, the
authors compile four SLRs related to TCP and SPL, as shown in Table 2.

Table 2. Summary of Existing SLR

Type of Study Study Aims Year Total of Years
Study | References Publication | Studies Covered
Reviewed
[5] Regression Test Case 2017 159 1977 - 2007
Prioritization Approaches
SLR [7] Regression Test Case 2018 36 2004 - 2018
Prioritization Approaches
[8] Test Case Prioritization 2019 384 1999 - 2018
Mapping [9] Prioritization in Automotive 2018 25 2012
Software Testing

Following Table 2, author [5] and [7] have delved into TCP approaches within the realm
of regression testing. In the study by author [5], the focus lies on enhancing the efficiency of
software testing within regression testing scenarios. They emphasize the criticality of a robust
software testing environment in augmenting the commercial value of a system. Their research,
spanning from 1977 to 2007, encompasses a thorough examination of 159 studies. While
various approaches have been explored, the overarching goal of TCP remains consistent:
enhancing fault detection effectiveness within regression testing contexts.
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Similarly, in the work of author [7], a review of 36 studies conducted between 2004 and
2018 sheds light on the retesting process within software systems, encompassing both existing
and newly introduced test cases. Consequently, the authors propose several techniques aimed
at optimizing the performance of regression testing, rendering it a cost-effective endeavour.
Given the continual evolution of prioritization methodologies, it becomes imperative to
scrutinize the analyses of prioritization systems to identify the most effective strategies. This
SLR seeks to delve into the underlying motives driving the adoption of each TCP approach
and its applicability within SPLT, while also addressing pertinent trade-offs between cost and
effectiveness.

Furthermore, the SLR defined by [8] offers a comprehensive exploration of the utilization
of genetic algorithms in TCP, spanning studies from 1999 to 2018. Their rigorous selection
process resulted in the inclusion of 31 full-text studies out of 384 initially identified studies.
This SLR not only examines the current landscape of genetic algorithm implementation in
TCP but also endeavours to classify and assess its efficacy. In contrast to our proposed SLR,
which aims to adapt prioritization techniques specifically for SPLT, this prior study provides
insights into the broader landscape of genetic algorithm utilization in TCP.

In contrast, the study by author [9], focuses on a systematic mapping of TCP, with
particular emphasis on automotive applications and emerging functions and systems aimed at
meeting the market demand for an expanding array of software-intensive functions. Their
evaluation, comprising 25 studies in 2012, underscores the importance of prioritization
techniques within the context of evolving software systems. In our research, spanning from
2009 to 2023, encompasses humerous studies addressing SPL test prioritization techniques.
Table 3 compares the findings from the related studies to those from the present SLR study.

Table 3. Summary of Related Studies

Study Comparison of Similar Findings Uncovered Findings Added into This
Author SLR
Trends in TCP approaches. Detailed overview of approaches and
[5] : ;
process involved in TCP.

Minimize time, cost, and effort during the | Causes of TCP approach trends.

software testing phase.

8] Reduce time and effort required for regression | Detailed overview of GA application in
testing and TCP approaches details overview. | TCP technique.

Minimize time, cost, and effort during the | Uncovered quality evaluation of

[9] software testing phase, trends in prioritization | prioritization.

and method used in TCP.

[7]

Existing studies highlight the drive to minimize time, cost, and effort expended during the
software testing phase across various TCP approaches. However, there remains an incomplete
understanding of emerging trends within certain TCP methodologies, warranting further
investigation. In summary, there are critical insights gleaned from existing literature that merit
elucidation, particularly concerning the adaptation of prioritization techniques for SPLT and
the ongoing optimization of TCP approaches to address evolving testing challenges.

3. Research Method

To fulfil the main purpose of this SLR, a structured method for reviewing studies on TCP is
presented. Fig. 1 shows how the structured research method will be used in the SLR and there
are five main stages of the review protocol which are research question and motivation,
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repository selection, search strategy, study selection and data synthesis and extraction. First,
the phases identify the research question and motivation to achieve the main goal of reviewing
the work. After the research question is developed, the next phase is repository selection to
continue the process. The next phase after the selection includes the search strategy, which
includes two points, namely the search term and the search process. The result after the search
strategy is the study selection, which consists of quality assessment and inclusion and
exclusion criteria. Finally, after going through all four phases, the data synthesis and extraction
of the primary study are used for this SLR. The systematic and structured methodology
employed in this study draws inspiration from Kitchenham seminal work [9] on guidelines for
performing systematic literature reviews in software engineering, as well as insights from
Achimugu research [10] on systematic review methodologies in a related domain.
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Fig. 1. Phases of Review Protocol

3.1 Research Questions and Their Motivations

A research question is the starting point for any good research. It provides a roadmap for
proceeding and identifying and focusing on research gaps. To achieve this goal, three research
questions were formulated. Research objectives are actions to answer the listed research
questions. This research question serves to answer further findings that will be explored in this
SLR. To present this clearly, Table 4 represents each research question based on
corresponding research question for additional insights and their significance. The significance
of the outcome for each RQ was also detailed as a guide to achieving the objectives of this
SLR study.
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Table 4. Research Questions with Significance

Research Possible Outcomes Extra Outcomes Significance of the
Questions Outcomes
RQ1 The trends for each TCP | Discussion of approaches | To specify recent insights
approach. in TCP techniques. and trends in TCP
development.
RQ 2 The overview of TCP Strengths and limitations | To provide information on
approaches. of existing prioritization how TCP functions
approaches. propose ways to improve
the said approaches.
RQ 3 Metric to evaluate cost Ways to improve cost To provide a multi criteria
and effectiveness measure and effectiveness by of cost and effectiveness
for TCP outcome. existing TCP approaches. | measurement to researcher

3.2 Study Strategy

The research strategy provides the overall direction of the research, including the research
process. Primary studies usually determine the SLR value. The strategy for this review is based
on these three phases, as follows:

i.  Literature of selected repository
ii.  Search of strings identification
iii.  Study of selection process

3.2.1 Literature of selected repository

The process begins with a few selections of keywords are entered for example, "test case"
AND "prioritization" AND " software product line" as a search string with exact phrases on
online resources database. Based on the search results, the repository in the TCP domain area
was determined to collect the primary research data from identified repositories. The selected
repositories are as follows:

Google Scholar
IEEE Xplore
Science Direct
Springer Link
Scopus

®Poo0 o

The results after selecting these online databases revealed that Science Direct provides a
large number of journal articles, while IEEE Xplore provides more conference-type articles.
The remaining repository covered journal articles, conferences, books, and dissertations on
TCP obtained from Google Scholar, Springer Link, and Scopus libraries.

3.2.2 Search of Strings Identification

Search string identification is a crucial aspect of conducting a systematic literature review. A
search string is a combination of keywords and phrases that are used to identify relevant studies
for the review. The process of identifying the search string involves selecting appropriate
databases, defining inclusion and exclusion criteria, and refining the search terms to ensure
that all relevant studies are captured.
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RQs are used to determine significant terms.

Analyzing significant terms to identify equivalents.

Identifying relevant keywords in studies.

Use of Boolean operators ‘AND’ as alternative links between terms.

oo o

Fig. 2 is the search string used in each repository. To retrieve potential significant reviews,
we used the terms: “test case”, “prioritization”, and ““software product line”. In order to
create an alternative search term, we used the 'AND' operator to link "test case" phrase,
"prioritization" phrase, and "prioritization™ phrase. From 2011 to 2023, the published years
will be covered.

IEEE Xplore Science Direct

"test case” "test case” "test case” "test case”" "test case”

AND AND AND AND AND
“prioritization” "prioritization” “prioritization” "prioritization" "prioritization"
AND AND AND AND AND
"software product line" "software product line" "software product line” "software product line" "software product line"
Year: 2011-2023 Year: 2011-2023 Year: 2011-2023 Year: 2011-2023 Year: 2011-2023

Found studies by search query

Total = 184

Fig. 2. Search Strings Method from Repositories

3.2.3 Study of Selection Process

Based on Fig. 3, 183 papers were successfully identified from the search phase, including
Google Scholar 10 papers, IEEE Xplore 9 papers, Science Direct 75 papers, Scopus 22 papers,
and Springer Link 67 papers. These selected papers will undergo the selection process. At this
stage, inclusion and exclusion criteria must be applied. Table 5 presents criteria for inclusion
and exclusion. This process is important to eliminate duplicate papers in other search databases
and unrelated studies. As part of the selection phase, quality assessments are carried out after
the inclusion and exclusion phases. After completing the selection phase, 77 primary studies
met all the research questions previously posed, which meant that they could be included in
the analysis.

Search Stage

Selection Stage

Total = 184
Apply quality
assessments

77 selected papers
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Fig. 3. Search and Selection Process
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3.3 Data Synthesis and Extraction Method

The data synthesis starts with data extracted from a collection of studies. The process continues
with the process of organizing the information in a way that allows understanding of the study
and provides conclusions based on findings. This method is used to identify patterns in the
data, including conflicting results and inconsistent data, to answer the defined research
questions. Thus, the 77 selected primary studies were subjected to additional scrutiny based
on the content assessment step. In order to determine the input from selected studies, Table 6
presented the steps. The evaluation measures for selecting information help summarise the
studies and draw conclusions. This method helps in extracting data from papers that include
the type of paper nominated and a description for each item. Table 7 presents an overview of
the summarized data that related to the research questions.

Table 5. Inclusion and Exclusion Criteria

Inclusion Criteria Exclusion Criteria
Paper written in English. Paper written in other languages (non-English).
Paper focusing on TCP approaches. Paper not related with TCP approaches.
At least one research question can be Studies of the same nature (latest paper is
addressed in the paper. chosen).
Paper in SLR, survey, and systematic Paper not in SLR, survey, and systematic
mapping. mapping.
Table 6. Contents Assessment Measures
Paper Nominated Description
References Title, publication year, and sources of the paper
Types Thesis, book, journal article, conference and proceeding
Aims Concepts, complications, inspiration, and purposes
Research methodology Review, literature survey, case study, and experiment
Domain Situation description
Limitations Limitations of the study that can be improved in the future

Table 7. Data Collection for Research Questions

Research Questions Type of Data Extracted
RQ1 Research trend of TCP in SPL testing.
RQ 2 Type of approaches implemented for TCP.
RQ3 Trade-off between cost and effectiveness.

4. Result and discussion

In this section, the results of the SLR based on defined research questions will be clearly
discussed. This section presents an overview of the primary study, followed by an explanation
of each research question.

4.1 Overview of primary study

After going through several processes in the previous section, 77 primary studies were selected.
Four types of papers were identified from the primary study, namely 58 journal articles, 13
conference papers, four books, and two dissertations. These papers were selected since the
defined criteria of the research question are met. The most searched publication sources were
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Google Scholar, IEEE Xplore, Science Direct, Scopus, and Springer Link. The percentage of
primary studies is shown in Fig. 4. Followed by the number of papers published per year in
Fig. 5.

Journal Conference Book Thesis

5% 3%

17%

75%

Fig. 4. Percentage of Primary Study

4.2 What is the research trend of TCP in SPL testing? (RQ 1)

Based on the selected studies, the SPL test question determines the research trend for TCP. In
this section, we first identified the current trend of studies on TCP techniques and discussed
the statistics of the nominated studies, such as the source and distribution of publications. Fig.
5 shows that the number of research papers increases positively from 2015 to 2017. However,
the number slightly decreased after 2017. The graph shows a positive increase in the last five
years. Consequently, TCP is an essential part of SPL, according to researchers.

The TCP approach also needs some other approaches, since in TCP it is sometimes quite
difficult to identify which tests detect a fault [5]. Therefore, the implementation of test cases
in the new approach indirectly contributes to enhancing debugging through various means.
This conclusion is further supported by Fig. 6, which illustrates that TCP approaches can be
categorized into seven main dimensions that are highly sought after by researchers. For the
search-based approach, 19 primary studies were found, which is the highest number of
approaches among researchers. The second-highest number is the model-based approach, for
which 17 primary studies were found. Apart from the number, the third highest number of
approaches is similarity-based, as found in 10 primary studies. followed by fault-based
approaches in four primary studies and coverage-based approaches in three primary studies.
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Fig. 6. Bubble Plot of Taxonomy of TCP
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However, some approaches were grouped under the "Other" dimension, which were low in
demand by researchers, including requirements-based, risk-based, interaction coverage-based,
simulation-based, pairwise testing-based, feature selection methods-based, collaborative
filtering-based, automated code-based, mixed methods-based, spectrum-based, mutation-
based, use case-based, configuration knowledge-based, log-based, content-based, pattern-
based, grammar-based, and contract-based approaches. Each approach provides different
procedures and data sets for performing regression testing.

4.3 What are the approaches implemented for TCP in SPL Testing? (RQ 2)

The next aspect is discussed for RQ 2. This is related to the approach implemented for TCP in
SPLT proposed by previous researchers. Fig. 7 shows the percentage of primary study
approaches for TCP. As outlined in Table X1 in the Appendix, citations are listed for each
TCP approach as well.

Test Case Prioritization Approaches
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Fig. 7. Percentages of Primary Study Based on TCP Approaches

The result showed the search-based TCP is the approach most used by previous researchers,
with 19 papers in the studies [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29]. Search-based TCP mostly focus on several algorithms
used to include Genetic Algorithm (GA) [11], [13], [14], [15], [18], [19], [22], [23], [24], [25],
[26], GA-ANFIS and PSO-ANFIS [12], Computational Intelligence (CI) as a Service (ClaaS)
[16], Automated Analysis of Feature Models (AAFM) [17], Indicator-based Evolutionary
Algorithm (IBEA) [15], and Adaptive Fitness Function Selection (AFFS) [21]. The search-
based approach is a common method used by researchers to implement and organize their
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results.

There are 17 papers [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42],
[43], [44], [45], [46] reporting model-based TCP as the second most common approach in the
primary survey. A model-based TCP has been proposed to help test managers improve
communication about testing and use testing resources efficiently. To address the approach,
some authors also highlight an approach based on dissimilarity and string-based distance. This
technique can be used to evaluate the distance between test cases [30]. In addition, sampling
and prioritization techniques have been proposed to create ordered lists of products based on
coverage criteria or feature weights [41]. Based on the model, this technique does not consider
the use of product behaviour as a source of preference. In this work, this idea has motivated
further model-based publications to improve the approach in terms of time and resources as
the researchers evaluate the feasibility of integrating the usage model into the testing process
to obtain a statistical testing approach for SPL.

Similarity-based TCP become a third largest number most utilized approach reported in the
primary study, with 10 papers [47], [48], [49], [50], [51], [52], [53], [54], [55], [56].
Researchers propose improved string spacing and prioritization algorithms that can reorder
test cases resulting in higher fault detection rates [47]. Others study agree early damage
detection can also be selected as a key performance goal for researcher [49]. Apart from the
previously proposed techniques, TCP also proposed an equality testing approach for role-
based access control (RBAC) systems and compared it to simple inequality and random
preference. This RBAC equation is a technique for combining the degree of dissimilarity of
test case pairs with respect to the RBAC policy being tested to maximise the diversity of tests
and their constraint coverage [54].

In fourth place comes the fault-based TCP presented in the four papers of the primary study
[571, [58], [59], [60]. This approach proposes the use of metamorphic tests to automate test
case generation from a feature model that consists of tools. This approach is used to overcome
the Oracle issue in SPL testing [57]. In addition to the metamorphosis test, the effectiveness is
also compared by measuring the percentage of pairs protected, the percentage of weight
protected, and the damage detection rate [58]. This technique can make it easier for researchers
to find defects that should be detected.

Coverage-based and simulation-based TCP were highlighted in three primary study [61],
[62], [63], [64], [65], [66]. This is the fifth-highest number of primary study approaches. To
solve this problem, various suggestions have been made to minimize the number of assets to
be tested while still aiming to achieve good coverage. The authors proposed five priority
criteria based on similar metrics for feature models. They also compared the proposed
approach in terms of early fault detection rate [62].

Requirement-based, risk-based, and interaction coverage-based shows the same
percentages, with two of paper the primary study [1], [67], [68], [69], [70], [71]. While for
other approaches which is cost effective-based, pairwise testing-based, feature selection
method-based, collaborative filtering-based, automated code-based, mixed-method approach,
spectrum-based, mutation-based, use case-based, configuration knowledge-based, log-based,
content-based, pattern-based, grammar-based, and contract-based the percentages show 1 of
paper in the primary study [2], [4], [72], [73], [74], [75], [76], [77], [78], [79], [80], [81], [82],
[83], [84], which did not seem to be popular.

4.4 How researchers handle trade-off issues of cost and effectiveness in TCP
for SPL? (RQ 3)

To answer and discuss this research question, this section addresses the issue of TCP cost and
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effectiveness for SPL. For any proposed TCP approach, it is important to implement metric
measurements to evaluate its effectiveness in TCP techniques. Evaluation metrics are
important to measure the effectiveness of a TCP approach in prioritizing test cases and to
compare its effectiveness with other existing approaches.

Fig. 8 shows the TCP evaluation metric divided into two groups, namely cost and
effectiveness measures. After the cost group, which uses the most time of execution with a
distribution of 79%. Followed by test suite size (20%) and average percent failure detection
cost (APFDc) (1%). Execution time is clearly the most commonly used metric preferred by
researchers in primary studies [1], [2], [4], [11], [12], [13], [14], [15], [16], [17], [18], [19],
[20], [21], [22], [23], [24], [25], [26], [27], [28], [29], [30], [31], [32], [33], [35], [36], [38],
[39], [41], [43], [44], [46], [47], [48], [49], [50], [51], [52], [53], [54], [55], [57], [58], [60],
[61], [62], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72], [73], [74], [76]. [77], [78l,
[79], [80], [81], [82], [84]. Execution time is primarily used in search-based TCP approaches.
This metric is used to test minimization of time based on the effectiveness of a proposed
algorithm. The authors present a pairwise algorithm that uses ConstRaints, Order, and Weight
(PROW) to handle constraints and preferences for pairwise coverage [25]. Further supporting
the importance of trade-offs, size of test suites shows 20% [4], [12], [21], [27], [29], [37], [43],
[44], [47], [51], [61], [66], [80], [81], [82], [83], [84]. It is the ratio between the total size of
the test suite and the coverage of the reconstructed test suite that detects all faults or satisfies
all requirements.

TCP Evaluation Metric

= Cost Effectiveness
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Fig. 8. TCP Evaluation Metric
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In the effectiveness group, coverage can have 43%, mutation 30%, average percentage
faults detected (APFD) 20%, average percentage of wise combinations covered (APCC) 4%
and normalized average percentage faults detected (NAPFD) 3%. Coverage comes as the
second largest number of evaluations metric with 43% in TCP evaluation metrics [2], [4], [12],
[14], [15], [20], [21], [22], [24], [25], [26], [27], [29], [30], [32], [33], [35], [36], [37], [38],
[41], [42], [43], [44], [45], [46], [49], [50], [51], [52], [53]. [54], [55], [56]. [58], [59], [60,
[61], [62], [63], [64], [65]. [66], [68], [69]. [0, [71], [72], [73], [74], [76], [77]. [78], [80],
[82], [83], [84]. Most coverage is for TCP approaches, search-based, model-based, and
similarity-based. This metric shows the multiple coverage for each approach, among them is
defined some author, with higher coverage requirements will be more effective for reduction
in a regression test suite, the experimental result already compared with existing techniques
[12].

Apart from that, mutation ranks second in the effectiveness group with 30% [2], [11], [12],
[13], [14], [15], [16], [17], [19], [20], [21], [22], [23], [24], [26], [27], [29], [30], [32], [36],
[38], [43], [46], [48], [50], [54], [55], [57], [58], [63], [65], [66], [68], [69], [70], [71], [78],
[80], [81], [84] fault-based criteria, such as those based on mutation tests, have been studied
for variability tests using the FM [14]. In addition, some authors concluded that mutation
testing is used in FSM-based test methods to derive test cases from FSM models and evaluate
whether the behaviour of a SUT conforms to its specification [54]. This trade-off is often used
in search-based approaches.

In the context of evaluating TCP in SPLT, APFD metric plays a significant role. This metric
considers both the coverage and order of execution of test cases, providing insights into the
effectiveness of TCP approaches. Trade-offs arise when assessing TCP effectiveness using
APFD, typically involving the balancing of objectives such as maximizing fault detection
while minimizing testing time or resources. The percentages show 20% from trade-off
evaluation [2], [27], [30], [37], [42], [43], [47], [49], [50], [51], [52], [53], [54], [58], [60],
[61], [62], [63], [65], [68], [69], [70], [71], [78], [80], [82]. Most of the trade-off problems
were inherited from APFD, which has since become APFDc [63], APCC [42], [50], [61], [70],
[71] and NAPFD [2], [58], [69], [80] to satisfy various TCP objectives. This trade-off problem
is commonly used in similarity-based approaches.

5. Research Findings

SPL is used to handle the commonality and variability of business applications to meet the
specific needs or goals of a particular market. In SPL, TCP was introduced to provide an
approach to executing important test cases first and then producing the desired results. In this
context, the impact of TCP in SPLT is very important and needs to be highlighted.

In answering RQ1 regarding TCP research trends in SPL, 77 studies were evaluated after
inclusion and exclusion stages were applied. All the primary study are used to answer this
question. Result from the study selection process, obtained four types of paper was found,
which is journal, conferences, book, and thesis Fig. 5 shows that the number of articles
published per year increased positively from 2012 to 2017. Although the graph shows a slight
decrease from 2017 until 2022, the demand for TCP in research is still growing. Based on the
results, TCP approaches were identified and grouped into seven dimensions. Based on the
results obtained, TCP approaches are very important and are still used by researchers. New
approaches in TCP continue to be introduced among researchers until now.

RQ2 discusses TCP issue approaches in SPL testing. Referring Fig. 7, the percentages of
primary study approaches are showing three approaches sitting in the highest ranking, which
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is search-based, model-based and similarity-based. Moreover, in determining the advantages
and limitations, the input and the type of data set also play an important role in this issue. For
example, the search-based approach, the author reports the effect of different approach
characteristics, such as search space size, tuning budget, tuning algorithm, and number of
classes to tune, on the results [15]. What can be concluded here is that the TCP approach serves
as motivation for any change in the future in SPLT. The results of the study found that there
are some techniques that are not widely used among researchers, the technique is cost
effective-based, pairwise testing-based, feature selection method-based, collaborative
filtering-based, automated code-based, mixed-method approach, spectrum-based, mutation-
based, use case-based, and configuration knowledge-based. However, these techniques can
still be improved by researchers.

In the search-based approach with the highest ranking in the primary study according to
Fig. 7, there are several techniques that are highlighted, among them are the Genetic Algorithm
(GA), AAFM, AFFS, GA-ANFIS and PSO-ANFIS, the Drag and Drop approach, and the
Evolutionary Algorithm (IBEA). These techniques have been able to resolve the issue in TCP,
where GA-ANFIS and PSO-ANFIS can be effectively used for reduction in test suites AAFM
is a mature topic and has stimulated several other topics such as product configuration,
derivation, testing, development, and reverse engineering. GA is a technique widely used by
researchers; this technique has succeeded solve TCP problem by automatically generating
valid feature selections that optimize desired product properties.

For RQ3, trade-off issues of cost and effectiveness in for TCP in SPL testing was discussed.
Referring the Fig. 8 TCP evaluation metric which has been divided into two groups namely,
cost and effectiveness. In cost measure, three types of metrics are found, which is time
execution, size of test suite and APFDc. While the effectiveness group indicates five types,
which is coverage, mutation, APFD, APCC and NAPFD. The evaluation metrics used in this
primary study and the reasons for their creation are discussed. Execution time is still the
primary metric used in all TCP approaches. In order to support multiple objectives in separate
studies, APFD has introduced and adopted several new metrics.

6. Threats to Validity

Several risks to validity may arise in the implementation of SLR. To ensure the quality of SLR,
the validity threats must be eliminated. In this section, the threat is analysed and minimised.

i.  Internal validity:

When conducting research, the internal validity of the study can be one of the major threats to
the study conducted. This threat can be minimized by some procedures, such as formulating a
good search term. The keywords for the search term were carefully formulated in a database
of online resources. Then, the researcher conducted a database search, which included searches
in four reliable databases, and collected relevant literature. Since the four reliable databases
do not contain all sources in this research area, the limitation is that we do not know if we
found all methods of historical preference. However, we tried to perform the following steps
well. An evaluation of quality and inclusion and exclusion criteria was used to select studies
irrelevant studies were excluded from consideration. To improve the quality of the search and
reduce the risk of overlooking relevant studies, data synthesis and extraction of primary studies
were performed for this SLR.
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ii.  External validity:

The first external validity is that the research is general, and the conclusion is also general. We
cannot capture reasonable sources, but we have taken practical steps to minimize the impact
of this threat, such as creating research questions and finding their motivations. Research
questions are the starting point of any good research. They provide the roadmap for moving
forward and identifying and focusing on research gaps in the SLR.

iii.  Conclusion validity:

The validity of conclusions refers to hazards that affect the ability to draw correct conclusions
from the research conducted. One potential risk to the validity of conclusions is the reliability
of the data extraction strategy. To minimize this risk, data extraction features are designed to
allow researchers to focus on research questions formulated to extract the correct features from
the literature.

7. Conclusion

This SLR paper contains the primary studies of SPLT based on TCP that have been published
between 2009 and 2023. In order to obtain a finding, the review process has been conducted.
A process was conducted for the purpose of identifying and evaluating relevant primary
studies. A synchronization process was performed on the data extracted from the study.
Several findings can be drawn from the study, as follows:

i. Itisstill necessary to improve a number of prioritization techniques.

ii.  Further exploration is necessary to classify data in TCP, encompassing diverse sources
like requirements, system models, and source code. This deeper analysis enables
researchers to better understand how varied data types of influence TCP effectiveness,
aiding informed decision-making in software testing.

iii.  Clarifying the implementation timeline for TCP approaches is crucial, offering
insights into practical considerations and resource needs. This documentation aids
practitioners and researchers in planning and executing TCP strategies effectively
within their specific contexts.

iv.  The proposed algorithm for evaluating TCP time reduction, especially in the search-
based TCP approach, significantly addresses gaps in timing execution and coverage.
Through systematic assessment of TCP effectiveness in reducing testing time, this
algorithm offers crucial guidance for optimizing testing processes and enhancing
overall efficiency in software development workflows.

v. To compare TCP's effectiveness with existing approaches and measure its
effectiveness in prioritizing test cases, evaluation metrics are necessary.

vi.  The proposed algorithm evaluates TCP time reduction using a search-based TCP
approach, addressing gaps in timing execution and coverage.
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Appendix

This appendix section contains Table X1.

Table X1. Existing Approaches and Their Citation Indexes

No. Approaches Source
1 Search-based [11]-[29]
2 Model-based [30]-[46]
3 Similarity-based [47]-[56]
4 Fault-based [571-[60]
5 Coverage-based [61]-[63]
6 Requirement-based [1], [67]
7 Risk-based [68]-[69]
8 Interaction Coverage-Based [70]-[71]
9 Simulation-based [64]-[66]
10 Cost Effective-based [2]

11 Pairwise Testing-Based [3]

12 Feature Selection Method-Based [72]
13 Collaborative Filtering-based [73]
14 Automated code-based [74]
15 Mixed-method Approach [75]
16 Spectrum-based [76]
17 Mutation-based [77]
18 Use Case-based [78]
19 Configuration Knowledge-based [79]
20 Log-based [80]
21 Content-based [81]
22 Pattern-based [82]
23 Grammar-based [83]
24 Contract-hased [84]
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