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Abstract: Regression testing is a necessary maintenance 

activity in the software industry where modified software 
programs are revalidated to make sure that changes do not 
adversely affect their behavior. Test case prioritization (TCP) is 
one of the most effective methods in regression testing whereby 
test cases are rescheduled in an appropriate order for execution to 
increase test effectiveness in meeting some performance goals 
such as increasing the rate of fault detection. This paper explores 
efforts that have been carried out in relation to TCP frameworks. 
Through the review of related literature, ten existing frameworks 
were identified, classified and reviewed whereby two are Bayesian 
network-based, five are multi-objective, while the rest are varied in 
terms of aspects and purposes. Accordingly, this study analyzes 
those frameworks based on their proposed year, TCP factors, 
number of test cases used, evaluations metric and criteria as well 
as experimental subjects. The results showed that the stated 
frameworks are not integrated with nature-inspired algorithms as 
enhancing optimization techniques while several others were 
insufficiently evaluated according to stated evaluation criteria and 
metrics for the effective and practical testing process. There is also 
a scarcity of frameworks that focus on regression test efficiency. 
This study indicates the need for further research into the topic to 
enhance TCP frameworks that focus on several directions for 
practical considerations in this field such as evaluation issues, 
specific knowledge dependency, and objective deviation. At the 
end of this study, several future directions such as nature-inspired 
algorithms assistance are proposed, and a number of limitations 
are identified and highlighted. 
 

Keywords: Regression testing, test case prioritization, test 
effectiveness, test efficiency, test frameworks.  

I. INTRODUCTION 

Regression testing is a necessary maintenance activity in 
the software industry where modified programs are 
revalidated to make sure that changes do not adversely affect 
their behavior. Naturally, regression testing is carried out by 
reusing available test cases of earlier versions of the current 
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software system in addition to newly created test cases for 
testing new features [1], [2]. In practice, frequent changes can 
lead to the enlargement of three  aspects: size, test suites and 
complexity of the developed software which render the 
regression testing to be costly and time-consuming [2]. Due to 
cost and time constraints, regression testing can be performed  

in three different ways i.e. using test case selection (TCS), 
test case prioritization (TCP) as well as a hybrid approach [3]. 
TCS entails selecting a subset of the existing tests to 
revalidate the modified software system. The main purpose of 
the selection process is to mimic the testing cost without 
affecting its effectiveness [4]. Test selection has three 
categories: 1) safe i.e. the selection of test cases that provide 
different outputs for a modified program as compared to the 
base version, 2) coverage i.e. the selection of test cases based 
on coverage criteria, and 3) reduction or minimization 
whereby redundant test cases are discarded [5], [6]. 
Meanwhile, the TCP method reorders test cases in a manner 
that increases test effectiveness without omitting any test case. 
A hybrid method combines TCP with other selection 
methods. In comparison to the selection and hybrid methods, 
test prioritization is considered as the most effective method 
in regression testing due to the higher possibility of finding 
hidden errors, as no test case is removed [7], [8]. 

Since its introduction in 1997, TCP has been one of the 
most effective methods for performing regression testing [9]. 
In TCP, test cases are rescheduled for execution in an 
appropriate order so as to increase test effectiveness in 
meeting some performance goals such as increasing the rate 
of faults detection [2], [10], [11]. In terms of performance, 
TCP outperforms other regression testing approaches, such as 
the test selection and hybrid approach, as TCP accelerates 
fault detection, mimics bug fixing time and avoids test 
omission drawbacks [10]–[13]. Accordingly, several efforts 
have been proposed in literature in the domain of TCP. 
Several studies demonstrated frameworks that have been 
introduced to increase the effectiveness or reduce the cost of 
performing TCP. In this article, such frameworks on TCP are 
presented and discussed. With respect to the aforementioned, 
this paper attempts to answer the following research 
questions: 

 How many frameworks have been proposed for TCP? 
 What TCP factors are used in these frameworks? 
 How have these frameworks been evaluated? 
 What measurement was used to evaluate these 

frameworks in terms of test efficiency and 
effectiveness? 
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The rest of this paper entails a section describing the 
current TCP frameworks, a discussion section and finally the 
conclusion. 

II. METHODOLOGY 

Peffers, Tuunanen, Rothenberger and Chatterjee [14] 
define methodology as the overall approach which consists of 
the conceptual principles, practice rules and process for 
conducting a research. Accordingly, this paper carries out an 
exploration study for frameworks proposed in the TCP 
domain which entails several steps. The first step entail 
conducting a search in a number of databases such as: IEEE 
Xplore, Springer link and Google scholar for collecting 
studies on TCP frameworks. The second step is collecting and 
classifying these studies. Third, analyzing, discussing and 
reporting the results of this process. Ultimately, ten 
frameworks were identified, analyzed and reported as shown 
in the following sections. 

III. CURRENT TCP FRAMEWORKS 

Several frameworks have been proposed in the field of 
regression test case prioritization since 2007. Through the 
review of related literature, ten frameworks for TCP were 
identified in this study. Two of the frameworks were 
developed based on the Bayesian Networks (BN), five were 
multi-objective, while the remainder of the frameworks were 
aspect-based. 

A. BN-based Frameworks 

Mirarab and Tahvildari [15], [16] introduced the first TCP 
framework based on the Bayesian Networks which rely on the 
probability theory. To prioritize test cases, this framework 
extracts information from three artifacts namely source code 
changes, software fault-proneness, and test coverage data, and 
incorporates those information to build a BN model which 
uses probabilistic inference for prioritizing test cases based on 
their probability of success. An optimized set of test cases 
which was ranked based on their fault prediction capability 
was produced as an output of this framework. The weighted 
average percentage of faults detected (APFD) metric was 
used to evaluate this framework, whilst the data for 
experiment was derived from the Software-artifact 
Infrastructure Repository (SIR). The framework was 
subsequently compared to three other techniques. The Java 
programming language was used to develop the framework 
which was then evaluated using 5 Java programs provided in 
the SIR repository namely: ant, xml-security, jmeter, 
nanoxml, and galileo. The techniques used for comparison 
were: BN-based (with variations: BN and BNA with feedback 
incorporated), original ordering as control technique, and two 
coverage-based conventional techniques (MC and MCA with 
feedback). According to Mirarab [17], this framework 
achieved an average of 90% of the APFD metric, with an 
average of 3.34 seconds running time for the BN algorithm 
and an average of 127.44 seconds running time for the BNA 
algorithm. Mirarab and Tahvildari [16] indicated that within 
the same framework, the BNA technique is 3 to 100 times 
slower than the BN technique. However, it is important to 
note that the framework was evaluated based on hand-seeded 

faults instead of real faults, apart from using feedback (i.e. 
BNA technique) which always increases the running time as 
indicated by Mirarab [17].  

An extension of the previous works was proposed by [18], 
which incorporates the similarities between the test cases. To 
tackle such similarities, a code coverage-based clustering 
approach was used. The researchers indicated that the CBN 
approach outperformed both the BN and BNA approaches, 
with recorded APFD achievements of 86.9, 81.2 and 83.7 
respectively. Ufuktepe and Tuglular [19] also suggested an 
automated platform and tool for implementing the first 
BN-based framework which was introduced by Mirarab and 
Tahvildari [15]. 

B. Multi-objective Frameworks 

As mentioned earlier, a multi-objective TCP has more than 
one objective in the prioritization process. The 
multi-objective TCP framework proposed by Siddik and 
Sakib [20] combines different software artifacts such as 
requirements coverage, design diagrams and code coverage,  
clustering requirements and test cases and subsequently 
mapping customers' requirements with test cases to produce 
the final order of test cases [21], [22]. However, this 
framework ignores historical data regarding faults as well as 
the threat of detecting the same faults by different clusters of 
test cases [23]. 

In terms of time-constraint, Marijan [24] introduced a 
multi-perspective (MP) TCP framework which integrates 
three different perspectives: business, performance and 
technical. Three objectives and a constraint were used namely 
failure impact, test execution time, failure frequency and 
cross-functionality (for test coverage). This framework was 
evaluated using three android-based software systems and 
compared to manual practice. The evaluation metric used is 
cost-cognizant weighted average percentage of faults detected 
(APFDC) which was proposed by Elbaum, Malishevsky and 
Rothermel [25], and of which recorded a 19.59% 
achievement. This work is indicated to be promising by 
Ricken and Dyck [26] due to its industrial aspect. 

Finally, the dissimilarity clustering framework was 
introduced by [23], which attempts to prioritize test cases 
based on their dissimilarity, code coverage and historical 
failure data. This framework was evaluated using the APFD 
metric, involving three projects from the Defects4j datasets 
for experiments, and compared with three different 
prioritization scenarios namely: untreated (original), random, 
and similarity ordering. This framework recorded an average 
APFD of 88.54%, which outperforms the compared 
orderings. 

Bian, Li, Gao and Zhao [7] proposed a concrete 
hyper-heuristic framework for prioritizing test cases. The 
main purpose of this framework is to select, among several 
algorithms in the repository, the appropriate algorithm for 
different TCP scenarios. For evaluation, the average 
percentage of statement coverage (APSC) metric was used to 
evaluate the effectiveness of the framework, and the effective 
execution time (EET) formula to compute test efficiency. 
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 This study reported an average APSC of 96.34% for 
statement coverage and 738.87 as an average of the EET 
when 100% statement coverage was achieved for several 
iterations compared to 18734.4 seconds of the average 
execution time with reduction of around 96% of the actual 
time.  

This study argues that the execution time for this 
framework is always shorter than the multi-objective PSO 
algorithm [7]. 

Finally, the Graphite framework was proposed by Azizi 
and Do [27] for prioritizing test cases using greedy graph 
model. The prioritization process attempt is based on code 
coverage, test case dissimilarity and test cost, i.e. test 
execution time. The framework was evaluated using APFD in 
a time-constraint environment (25%, 50%, and 75%), which 
achieved an average of 85% of fault detection rate during 
several executions and compared with three greedy-based 
techniques. This framework intends to improve the efficiency 
and effectiveness of test prioritization. Moreover, this 
framework uses execution time (ET) to scale test efficiency as 
well as APFD to measure the test effectiveness. In terms of 
test efficiency, the Graphite framework obtained an average 
of 1.400 seconds of execution time in detecting all faults as 
opposed to 2.000 and 3.500 seconds by the compared 
techniques. This means that it reduces around 30% to 60% of 
test execution time which is an indicator of test efficiency 
improvement. However, based on their experiment, this 
framework needs more empirical evaluation with different 
applications and techniques. 

C. Other Frameworks 

This section specifies frameworks that ignore test cases as 
either a basis for prioritization process or for the purpose of 
regression testing. 

Praba and Mala [28] proposed a component-based 
framework for real-time systems which prioritizes critical 

components according to their dependency metrics. The 
framework was developed and tested using Java and 
evaluated based on internal and external metrics. This 
framework was then compared to two methods: full 
regression and unit regression. In terms of time consumption 
i.e. in seconds, this framework was found to be better than the 
full regression method. However, there is a possibility of the 
occurrence of hazards because some components were 
skipped during testing. 

Sampath, Bryce, Jain, and Manchester [29] developed a 
framework for prioritizing user-sessions test cases according 
to HTTP request for web-based systems. This framework was 
implemented using Java and C languages. However, the 
evaluation for this framework did not specify the metrics or 
results of comparison with others. 

Lastly, Qian and Zhou [30] introduced a framework for 
prioritizing test cases according to their memory leak (ML) 
ability using a prediction model built specifically for android 
applications. This framework used code-level features for 
prediction, Android virtual device for experiment, and nine 
subjects for evaluation. The prioritized test cases, according 
to this method, were categorized into three groups: best, 
median, and worst rank. However, the execution time and 
evaluation metric were not specified for this work.  

These three frameworks do not reflect the purpose of 
regression testing in terms of faults detection and prioritized 
test cases. Table I below summarizes the above-mentioned 
TCP frameworks in chronological order, together with their 
respective information including authors, objectives used in 

 
Table- I: The Current TCP Frameworks 

No. Title Source Year TCP factors Eval. metric Achievement Comparison # of TCs Experimental subjects 

F1 BN [15], [16] 2007 Fault prediction APFD 90% 4 techniques 2166 Software-artifact 
Infrastructure Repository 
(SIR) 

F2 CCA [28] 2011 Critical 
components 

Dependency 
metrics 

99% 2 techniques Nil Vehicle Management 
System 

F3 CPUT [29] 2011 User-session Nil Nil Nil 173 Schoolmate web 
application 

F4 RDCC [20] 2014 1) Req 
2) Design 
3) Code 

Nil Nil Nil 10 Academic Time 
Synchronization Project 
(ATSP) 

F5 MP [24] 2015 1) Business 
2) Performance 
3) Technical 

APFDC 19.59% With 
Manually 

1854 3 Mobile Apps 

F6 CBN [18] 2015 Fault prediction APFD 86.9% 4 techniques Nil Software-artifact 
Infrastructure Repository 
(SIR) 

F7 ML [30] 2016 Memory leaks 
detection 

Nil 2.6 - 27.3% 
(Best) 

Nil 242 
(20) 

9 Mobile Apps 

F8 CDTC [23] 2017 1) Total # of 
faults 
detected 

2) Clustering 
dissimilar TC 

APFD 88.54% 3 techniques 12377 Defects4j 
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F9 HHj [7] 2018 1) Structure 
coverage 
(statement). 

2) Effective 
execution 
time. 

APSC, EET 96.34% 4 techniques 28422 8 subjects (5 Java from 
Github, 3 C++ from SIR 
and Google). 

F10 Graphite [27] 2018 1) Code 
coverage. 

2) Test cases 
dissimilarity. 

3) Test cost (test 
execution 
time). 

APFD, ET 85% 3 techniques 4130 4 subjects (2 from SIR). 

 
prioritization, evaluation metrics, achievements gained, 
number of test cases used during the experiments as well as 
experimental subjects. 

IV. RESULTS AND DISCUSSION 

The preceding section had provided a rich description of 
the existing TCP frameworks. The following subsections 
present the evaluation and limitations of those TCP 
frameworks. 

A. Evaluation of TCP Frameworks 

Based on the discussion in the previous sections, there are 
several criteria for the evaluation of TCP frameworks 
including the evaluation metrics, achievement according to 
the said metric, and comparison with other techniques in the 
field. Table I presents the four frameworks that were 
evaluated for their effectiveness using a weighted average 
percentage of faults detected (APFD) metric namely F1, F6, 
F8, and F10. The APFD is a well-known metric developed by 
Rothermel et al. [8] which has since became the most popular 
metric for evaluating the effectiveness of TCP whereby more 
than 40% of current studies in the field of TCP employ APFD 
[31]. Moreover, the calculated values for APFD range from 0 
up to 100, as the higher value indicates the better (faster) fault 
detection rates and can be calculated as [1], [32]: 

               1 2 ... 1
1

2
mTF TF TF

APFD
n m n

  
  


                 (1) 

Where T is a test suite containing n test cases, F a set of m 
faults revealed by T, m total number of faults detected by 
given test suite, n the total number of test cases in T, and TFi 
the position of the first test case detects fault i. 

Furthermore, F5 was evaluated using the APFDC metric, 
which is derived from the APFD, but incorporates the aspects 
of cost and fault severity and is calculated as follows [1], [25]: 

               
1

1 1

1

2 i

i

m n

i j TF
i j TF

C n m

i i
i i

f t t

APFD

t f

 

 

  
   
  

  




 

 
               (2) 

Where tj is the cost of test case, and fi fault severity. 
 
 
 
 
 

 
 

Table- II: Evaluation Criteria for the TCP 
Frameworks 

No. Source 

Evaluation Criteria 

Metric 
Achievemen

t 
Compariso

n 

Multi- 
objectiv

e 

F1 [15], [16]     

F2 [28]     

F3 [29]     

F4 [20]     

F5 [24]     

F6 [18]     

F7 [30]     

F8 [23]     

F9 [7]     

F10 [27]     

Next, F9 was evaluated using a weighted average 
percentage of statement coverage (APSC), which is also 
derived from the APFD for scaling statement coverage and is 
calculated using the following equation [7], [33]: 

           1 2 ... 1
1

2
mTS TS TS

APSC
n m n

  
  


                (3) 

Where TSm represents test case that covers statement m. 
Lastly, F2 was evaluated using the dependency metrics 

whilst F3, F4 and F7 encountered several evaluation issues 
whereby no metric/measurement, achievement or 
comparisons were specified. Table II below specifies the 
evaluation criteria for those frameworks. 

B. Limitations of the TCP Frameworks 

As presented in the table above, there is a gap in the 
evaluation of the metric, achievement, comparison and used 
test cases apart from the fact that most of the current 
frameworks have single objectives. The level of effectiveness 
recorded by these studies reaches almost up to 90% of the 
APFD which indicates that further enhancements are needed, 
and that more artifacts can be incorporated in the 
prioritization process. Other deficiencies are discussed in the 
following points: 
1) Reliance on code. Frameworks that depend on code such 

as F1, F4, F6, F7, and F8, F9 and F10, cannot work in the 
absence of a software 
code which mimics the 
generality of the 
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framework. With the development of COTS, such 
frameworks will become impractical in the absence of the 
code. 

2) Reliance on specific knowledge. F1 and F6 are 
BN-based; this type of technique requires specific 
knowledge of probability and is difficult to build and use. 
Additionally, BN-based techniques are time consuming 
during execution [10]. 

3) Objective deviation. The main objective of test case 
prioritizations is fault detection. Other objectives may 
lead to a decrease in fault detection ability especially 
when there is conflict with the main objective. Due to this 
matter, proper balance is needed specifically in 
multi-objective TCPs [9]. In this regard, not all these 
proposed frameworks are concentrated, either directly or 
indirectly, towards fault detection as the main objective 
for TCP; some of them have not been evaluated based on 
this objective. Hence, frameworks such as F2, F3 and F7 
have no direct or indirect concerns towards fault 
detection ability. 

4) Evaluation issues. As shown in Table 1 and 2, F3, F4 
and F7 have evaluation issues i.e. lack of sufficient 
evaluation. 

5) Nature-inspired assistance. None of the reported TCP 
frameworks are built based on nature-inspired algorithms 
which are more promising and well-known for solving 
multi-objective optimization problems [10]. 

6) Test efficiency. As stated before, only two 
multi-objective frameworks, i.e., F9 and F10 were 
concerned about test efficiency improvements. This 
indicates the need for more research on efficiency 
enhancements for regression test case prioritization. 

7) Efficiency measurement. Frameworks concerning test 
efficiency such as F9 and F10 used the calculation of the 
actual time to scale the efficiency. For more 
enhancements, other measurements are used such as the 
ISO/IEC 25023:2016(E) [34] standard for measurement 
of system and software product quality which provides 
formulas that can be used for measuring test efficiency. 

Due to the above demerits, there is a need to enhance TCP 
frameworks in terms of their evaluation, artifacts, efficiency 
and objectives, by incorporating nature-inspired algorithms 
and more for improving this domain. 

V. CONCLUSION 

Test case prioritization is one of the most effective methods 
for performing regression testing whereby test cases are 
rescheduled in an appropriate order to increase test 
effectiveness in meeting some performance goals such as 
increasing the rate of fault detection. In this study, the 
frameworks for test case prioritization were identified, 
classified and reviewed. Ten identified frameworks were 
critically surveyed in terms of purpose, objectives, 
experiments, and evaluation. Moreover, two TCP frameworks 
are Bayesian network-based, five are multi-objective, while 
the rest are varied in terms of aspects and purposes. Based on 
the deviations and observations, this study indicates the need 
for further research to enhance test case prioritization via the 
development of frameworks that focus on several directions 

for practical considerations in this field. Besides that, there is 
a need for more empirical studies in the evaluation of current 
TCP techniques. Furthermore, most of these frameworks and 
techniques focus primarily on test effectiveness while 
ignoring the test efficiency of test case prioritization. Future 
studies may bridge some of these demerits in the effort to 
enhance TCP. 
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