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Abstract

A common problem in the interclass integration testing of object-oriented software is to

determine the order in which classes are integrated and tested, which is generally called the

class integration test order (CITO) generation problem. The CITO can affect the design and

execution of test cases, the order in which integration faults are revealed, and the required

test stubs. Therefore, an optimal CITO for an object-oriented program is desired because

it can facilitate the detection of integration faults or bugs, and meanwhile save test efforts.

However, searching for the optimal CITO is a NP hard problem. Therefore, the existing

studies aim to devise a CITO with the lowest possible test efforts.

Despite the encouraging results obtained by the existing approaches, some problems

limit the performance and generality of these approaches. One limitation is that these

approaches are ineffective and inefficient when generating the CITOs for programs with a

moderately large number of classes (Problems 1 and 2). Another significant threat is that a

test oracle problem exists in these CITO generation systems (Problem 3). In this thesis, we

deal with these three problems.

For Problem 1, the unsatisfactory effectiveness is due to the ignorance of the factors

that affect the overall test efforts. To address this problem, a new cycle-breaking algorithm

ANS is introduced to perform a good Analysis of the relationship between the Number of

removed dependencies and the related Stubbing complexity, which are the two main factors
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that affect the overall test efforts. Given a set of class dependencies that are going to be

removed, this algorithm finds superior alternatives that break the same cycles or an equal

number of cycles with lower stubbing cost than the original class dependencies.

For Problem 2, the inefficiency of the existing approaches for CITO generation is

caused by the huge search space, and therefore, we propose a method called CITOSC

(Class Integration Test Order generation with Similar-class Combination), which is based

on the hypothesis that similar-class combination can remove class dependencies and yield

a smaller problem space. Identical class dependence and symmetric classes are the two

main properties that are used to identify similar classes.

To address Problem 3, we apply Metamorphic Testing (MT) to validate CITO gener-

ation systems and implement it as CITOMT (validating Class Integration Test Order gen-

eration systems with Metamorphic Testing). MT has been applied to alleviate test oracle

problem in other areas of software testing. Metamorphic Relations (MRs), which are the

key components of MT, reason about relations between test outputs of a system. We pro-

pose five kinds of MRs to ensure the quality of the CITO generation systems. In these

proposed MRs, follow-up test inputs are generated by modifying classes or class depen-

dencies in the source test inputs while some characteristics of the source test outputs are

preserved, for example, the same CITO or the equal stubbing cost. Faults can be detected

in the CITO systems if an individual MR is violated for certain tests.

Experiments are conducted to evaluate the performance of these proposed methods.

The cycle-breaking algorithm ANS achieved reduction of more than 13% in the test ef-

forts, thus outperforming other competing techniques. With similar-class combination,

CITOSC minimized the search space. Specifically, it reduced the numbers of classes and

class dependencies by over 10% and 6%, respectively, for six of nine used Java programs.
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Moreover, for four programs, CITOSC reduced the number of cycles among class depen-

dencies by more than 20%. For CITOMT, failure detection of MT has been successfully

demonstrated on three systems implementing the abovementioned competing techniques.

On mutation analysis, more than 84% of faulty programs can be detected by all MRs for

these CITO generation systems under investigation. To the best of our knowledge, we are

the first to introduce MT to validating CITO generation systems. We hope that the promis-

ing results will interest and encourage more in-depth research in this field.
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Chapter 1

Introduction

A common problem in the interclass integration testing of object-oriented software is to

determine the order in which the classes are integrated and tested [67], which is generally

called the class integration test order generation problem. The class integration test order

affects the preparation of test cases, and it also determines the order in which inter-class

faults are detected [117]. Moreover, different class integration test orders often require

different test stubs. A test stub is an incomplete class that provides necessary services for

compilation and integration but does not implement the full functionality. Constructing

test stubs is an expensive and error-prone operation. Different test stubs require various

efforts. However, test stubs cannot be avoided because circular dependencies are quite

common [86], especially in large-scale programs. Therefore, an optimal class integration

test order for an object-oriented program is desired because it can save redundant efforts in

constructing test stubs for integration testing.

Research on class integration test order generation is of great importance in real life.

As the crowdsourcing in software development becomes gradually popular recently, many

program components, such as classes in object-oriented programs, are divided into different

1
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participants to implement, and finally these classes are combined to achieve a cumulative

result. How to combine these classes quickly and accurately is a question, and class in-

tegration test order generation can provide a good solution for this issue. However, the

existing publications on class integration test order generation still have some limitations.

This thesis is devoted to the study of class integration test order generation. In this

chapter, we first briefly introduce the background of class integration test order generation

research. Then we provide the motivation and contribution of our work.

1.1 Background

In software testing for object-oriented programs, integration testing is an important process

to verify whether all classes could cooperate well when they are assembled into the whole

program. Determining an integration test order for all classes is a common problem en-

countered during integration testing. Such test orders can affect the design and execution

of test cases, the order in which integration faults are revealed, and the required test stubs.

Therefore, an optimal class integration test order can facilitate the detection of integration

faults or bugs, and meanwhile save test efforts, which means not only less complex test

stubs, but also fewer test cases.

The ideal solution for the class integration test order generation problem is an optimal

test order with a minimal stubbing cost, which is important but also difficult. Therefore,

the existing studies aim to devise a class integration test order with the lowest possible test

efforts. These studies could be characterized as graph-based and search-based approaches.

For graph-based methods, a diagram (for example, Object Relation Diagram or Test

Dependency Graph) is constructed for the program where each vertex represents a class

and each edge represents the dependency between classes. Such methods try to find a best
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way to traverse all vertices in the diagram. It is obvious that all vertices can be visited

by reverse topological sorting when no circular dependencies exist in the program, and

consequently, a class integration test order can be generated according to the visiting order

of each vertex. However, cycles are common in the program due to complex dependencies

between classes. In order to transfer a cyclic diagram to an acyclic diagram, some edge

removing rules are designed to break cycles, such as removing the edges that are involved

in more cycles or removing the edges with the minimal stubbing cost.

Search-based methods adopt evolutionary algorithms to generate class integration test

orders. In such methods, a class integration test order is represented by an individual,

and plenty of individuals compose an initial population. Evolutionary operations, such as

mutation and crossover, are adopted to parental individuals to generate offspring, i.e., more

class integration test orders as alternatives. A Fitness function is proposed to choose the

best solution (i.e., the class integration test order with the minimum testing efforts) from the

search space. The above process will be repeated until the number of iterations is exceeded.

Although these existing methods have made considerable progress, there are some lim-

itations that prevent them from achieving better performance. Moreover, the systems im-

plemented based on these methods are untestable. There is no relevant research trying to

validate such systems.

This thesis aims at enhancing the cost-effective for class integration test order gener-

ation. The first phase of studies is the generation of class integration test orders with the

minimal stubbing cost, followed by a second phase that aims to verify the systems for class

integration test order generation.
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1.2 Motivation

Despite the encouraging results obtained by the existing approaches, some problems limit

the performance and generality of these approaches. One limitation is that these approaches

are inefficient and ineffective for programs with a moderately large number of classes.

Another significant threat is that a test oracle problem exists in the class integration test

order generation systems. We describe these three problems in detail below.

1.2.1 Problems 1&2. Class Integration Test Order Generation

Method

Researchers have proposed different kinds of approaches for the class integration test order

generation. Although these approaches have achieved satisfactory results for some small

or medium programs, such approaches are ineffective and inefficient when dealing with the

programs that contain a sheer volume of cycles or classes. As we have introduced before,

the existing approaches for the class integration test order generation can be characterized

into two types: search-based and graph-based. We will explain two problems for these two

kinds of approaches respectively.

• Problem 1. Ineffective

– Searching for the optimal class integration test order is a NP hard problem.

Therefore, the existing approaches try to devise the sub-optimal class integra-

tion test order instead. However, sometimes the obtained solutions by the exist-

ing approaches are unsatisfactory due to the ignorance of the factors that affect

the overall stubbing cost. The overall stubbing cost measures the total stubbing

efforts during the whole integration testing, which can be affected by two fac-

tors. One is the number of test stubs required, and the other is the stubbing
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cost for each test stub. However, the existing approaches ignore these two fac-

tors when they are generating class integration test orders, which makes these

methods ineffective.

– Specifically, for graph-based methods, edges are removed to break cycles that

are formed by the class dependencies. Usually, the edge with the greatest num-

ber of cycles will be removed, which only considers the first factor (the number

of test stubs), or the edge with the minimal stubbing cost is deleted, which only

considers the second factor. Similarly, for search-based methods, a fitness func-

tion is used to calculate the overall stubbing cost for a complete class integration

test order, which cannot perform a good analysis between two factors.

• Problem 2. Inefficient

– The existing approaches are able to generate class integration test orders for

those small or medium programs, but they usually take a large amount of time

to generate their sub-optimal solutions for real-life applications with such a

moderately large number of classes. As the number of classes increase, the

dependencies between classes will become complex, and correspondingly, the

number of cycles will also increase. For graph-based methods, the critical step

to generate class integration test order is to break all cycles. It is obvious that

it would be more difficult to break hundreds or thousands of complicated cy-

cles compared with those simple ones. For search-based methods, as the search

space is composed by all the possible solutions (i.e., class integration test or-

ders), the search space is well-known to be N!, where N denotes the number

of classes in the program under integration testing. Therefore, the search space

will become great as the number of classes increases.
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To address these two limitations, a new class integration test order generation approach

is required. For problem 1, to improve the effectiveness we aim to propose a new cycle

breaking algorithm, which try to perform a good analysis between two factors that affect

the overall stubbing cost, i.e., the number of test stubs and the stubbing cost for each test

stub.

For problem 2, the problem space for the large-scale programs can be minimized by

reducing the number of classes. We develop a new notion of similar classes. Based on this

new concept, we propose two properties to identify such similar classes. Similar classes

can be combined, and the corresponding class dependencies can be effectively identified

and some redundant cycles among classes can be removed to enhance the efficiency of the

class integration test order generation.

1.2.2 Problem 3. Validation of Class Integration Test Order Genera-

tion Systems

Although many researchers have proposed different kinds of approaches to generate class

integration test orders, no studies try to verify the correctness of these systems implemented

based on those proposed approaches. This is because a test oracle problem exists in the

class integration test order generation systems. Devising an optimal class integration test

order is a NP hard problem, therefore, many existing approaches try to search for a sub-

optimal solution instead, which is a local optimal solution. As we cannot define what is a

local optimal, we are unable to determine whether the generated class integration test order

is the actual output that should be devised by the class integration test order generation

system. In other words, such systems have the test oracle problem. It becomes difficult to

test these class integration test order generation systems without the test oracle. Fortunately,

metamorphic testing has been applied to alleviate test oracle problem in software testing,
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and they have been adopted in other fields in software engineering, such as, validation,

quality evaluation, as well as program analysis and comprehensive. Metamorphic relations

are the key components in metamorphic testing, which are used to verify the relations

among the inputs and outputs of multiple executions of the system under test. To fill the gap

that lacks the validation of systems implemented based on these proposed class integration

test order generation approaches, we adopt metamorphic testing on class integration test

order generation systems. By adopting metamorphic relations, we can better analyse the

class integration test orders generated by these existing systems, identify potential bugs

or errors in such systems, and subsequently fix these problems and generate better class

integration test orders.

1.3 Contributions of the Thesis

The proposed framework in this thesis aims at enhancing the cost-effective of integration

testing for object-oriented programs, through the improvement of efficiency and effective-

ness of the systems that generate class integration test orders, and the use of metamorphic

relations to verify the existing typical systems for class integration test order generation.

The entire workflow is illustrated in Figure 1.1.

The main contributions of this thesis are as follows:

• A cycle-breaking algorithm is proposed to comprehensively consider the two factors

that affect the overall stubbing cost, namely the number of test stubs and the corre-

sponding stubbing cost for each test stub. This algorithm aims to keep a good trade-

off between these two factors, which is usually ignored by the existing approaches

for class integration test order generation.
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Original program*

Class Dependency Complexity Reduction Scheme

   1. extract relations describing similar classes

   2. combine similar classes

   3. remove redundant cycles amongst classes

   1. identify overlapping paths

   2. execute the cycle-breaking algorithm

   3. generate the class integration test order 

Developing Overlapping Path-Based 

Cycle-Breaking Algorithms

Reduced

Program

* The input of original program includes classes, class dependencies and related coupling information.

input output

input

outputinput

output

Classes

Class Integration Test Order Verification using 

Metamorphic Relations

   1. extract metamorphic relations

   2. construct test cases 

      (source and follow-up programs)

   3. run the automated test order generation system

Class Integration Test Order Generation System

Class Integration 

Test Order 

Generation System

Faults 

Figure 1.1: Workflow of CITO

• Based on the hypothesis that similar-class combination can reduce the problem space

for large-scale programs that contain a moderately large number of classes, we apply

the idea of similar-class combination to class integration test order generation, which

can reduce the number of classes as well as the number of cycles among classes.

• A new notion of similar classes has been developed through the identification of

some characteristics about class dependence, namely, identical class dependence and

symmetric classes. Two propositions are elucidated to verify the effectiveness of

similar-class combination.

• Experimental results confirmed the effects of similar-class combination on the min-

imization of the problem space for the class integration test order generation. The
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proposed cycle-breaking algorithm in this thesis outperforms other competing meth-

ods in minimizing the stubbing costs of the generated class integration test orders.

• CITOMT, a verification framework for class integration test order generation systems

is proposed. To our best knowledge, this is the first time to validate such kind of

systems, and it is also the first time to introduce metamorphic testing in integration

testing.

• Five kinds of metamorphic relations are proposed to test the class integration test or-

der generation systems effectively, which can be extended into all systems to generate

class integration test orders. Before that, no references to the applicable metamor-

phic relations can be obtained for testing the class integration test order generation

systems.

• Experiments are conducted to demonstrate the failure detection capability of meta-

morphic testing. The experimental results show that the proposed metamorphic re-

lations are able to systematically and effectively detect faults in the class integration

test order generation systems. This study explores a new application domain in meta-

morphic testing and further extends its applications in software testing.

1.4 Organization of the Thesis

The rest of this thesis is organized as follows.

In Chapter 2, we first review related work on the class integration test order generation,

including some basic knowledge and the previously reported class integration test order

generation approaches. Then we briefly describe metamorphic testing and its applications

in the context of software engineering.
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To improve the effectiveness of the existing approaches, a new cycle-breaking algo-

rithm called ANS is introduced in Chapter 3 to minimize the stubbing cost of the generated

test orders. ANS performs a good Analysis of the relationship between the Number of

removed dependencies and the related Stubbing complexity. Therefore, these two factors

that impact the stubbing cost are fully considered in ANS, which is the main novelty in this

algorithm. Experimental results show that the proposed cycle-breaking algorithm outper-

forms other competing methods.

To improve the efficiency of the existing approaches, we introduce a new method in

Chapter 4 and implement it as CITOSC, a class integration test order generation approach

with similar-class combination. We hypothesis that similar-class combination can remove

class dependencies and yield a smaller problem space for class integration test order gen-

eration. Two properties are proposed to identify similar classes. To scientifically test this

hypothesis and evaluate the performance of the proposed algorithm, a field experiment is

conducted to compare CITOSC with its counterparts. The empirical results validate the

positive effects of similar-class combination on minimizing the number of classes as well

as class dependencies in programs under test.

Chapter 5 describes CITOMT in detail. We introduce a validation framework for class

integration test order generation systems using metamorphic testing, which is the first time

to validate such integration testing systems. It is also the first time that metamorphic testing

is applied in integration testing. In our framework, we propose five MRs to validate such

systems. We evaluate the capability of our framework in detecting faults for class integra-

tion test order generation systems using mutation analysis. The experimental results show

that more than 84% of faulty programs can be detected by all metamorphic relations for all

systems under test.
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We conclude the thesis in Chapter 6, which includes the results that have been drawn

from the research, main contributions, and suggestions for future work.



Chapter 2

Literature Review

Class integration test order (CITO) generation is a common problem in the interclass inte-

gration testing. Different test orders often lead to different test stubs and creating a test stub

is an expensive and error-prone operation. Therefore, an optimal class test order is desired

because it can save redundant efforts in constructing test stubs. Several publications have

proposed various approaches and strategies for the CITO generation problems.

In this chapter, we first describe related work on CITO generation. Although many

approaches are proposed to address CITO generation problems, there are little techniques

or methods applied to validate the corresponding CITO generation systems. Therefore,

we discuss metamorphic testing in the context of software engineering, which is used to

validate the CITO generation systems in this thesis.

2.1 Class Integration Test Order Generation

Integration testing is an important part of software testing. Grechanik et al. [47] proposed

a novel approach to reduce the number of synthesized integration tests by analyzing the

interaction among software components. Tahvili [116] proposed multiple criteria for the

12
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approach for test execution optimization in integration testing. CITO generation is an im-

portant aspect of integration testing.

Works that address CITO problems consist of graph-based and search-based methods,

which can also be characterized by their measurement of stubbing cost: the number of

stubs, the stubbing complexity, and the cycles-weight ratio.

2.1.1 Number of Test Stubs

Kung et al. [67, 68] first used the number of test stubs to assess CITOs and were the first

to propose a graph-based method for the CITO generation problem. They constructed an

Object Relation Diagram (ORD) and identified all cycles in the program. CITOs can be

generated by topological sorting if no cycles exist in the diagram; otherwise, some edges

must be deleted to break the cycles before that.

Based on Kung et al.’s work, Tai and Daniels [117] proposed a two-level strategy that

assigns a major test order to each class only when considering strongly connected rela-

tionships (such as inheritance and aggregations) and determines a minor test order for the

classes at the same major test level.

Le Traon et al. [72] extracted frond edges from each strongly connected component

and removed all of the incoming edges of the node with the maximal number of incoming

or outgoing fronds. Differently, Hewett [57] adopted an incremental strategy by including

appropriate class candidates into the test order one by one.

Briand et al. [12] improved the approach used by Kung et al. and assigned weight for

each edge to roughly estimate the number of cycles that it is involved. The edge with the

highest weight is removed because it breaks the most cycles.

Hanh [52] proposed a graph-based method called Triskell that determines class test

orders by considering both stub minimization and testing resource allocation.
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2.1.2 Stubbing Complexity

Malloy [81] identified six types of edges in the ORD constructed for C++ programs and

assigned different weights to different types of edges to estimate the stubbing costs for such

edges.

Briand et al. [11] first proposed the measurement method called stubbing complexity

for the overall stubbing cost of the generated CITO. They also first proposed the search-

based method. After that, various kinds of evolutionary algorithms, such as the simulated

annealing algorithm [13, 113] and particle swarm optimization, were applied, and some

performed better performance than the traditional ones.

Borner et al. [10] adopted the simulated annealing algorithm [13] to generate class test

orders and selected error-prone class dependencies as the test focus. Multi-objective opti-

mization algorithms were introduced by Vergilio et al. [123] and Assunção et al. [5], such

as the ant colony algorithm [41, 43, 35] and non-dominated sorting genetic algorithm-II

[36, 37], in attempts to find Pareto-optimal [95] solutions. Guizzo et al. [50, 49] intro-

duced a hyper-heuristic [53, 15] to choose evolutionary operators that search for class test

orders based on their historical performances. Mariani et al. [83] improved Guizzo et

al.’s approach [50] by adopting grammatical evolution [104, 14] to automatically generate

multi-objective evolutionary algorithms. Czibula et al. [34] used reinforcement learning

[115, 74] to search for a CITO with a minimal number of test stubs. These multi-objective

optimization algorithms aim to achieve a good trade-off between the number of emulated

attributes and methods. They used the number of emulated attributes and methods to assess

the stubbing cost, which is different from the proposed algorithm that aims to minimize the

overall stubbing complexity.
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2.1.3 Cycles-Weight Ratio

Abdurazik and Offutt [3] proposed nine types of coupling between classes and calculated

the stubbing complexity as the weight for each edge. They removed the edge with the

maximal cycles-weight ratio by considering both the number of test stubs and their stubbing

costs.

Hashim [55] estimated interclass coupling strengths by the numbers of attributes and

methods involved in interclass interaction. The fewer attributes or methods involved indi-

cates a weak coupling strength between classes and thus a lower stubbing cost.

Bansal [6] combined the two measurements of stubbing cost mentioned above (i.e.,

the stubbing complexity and the number of stubs). He also introduced new dependencies

that were omitted by Malloy. For each edge, he estimated the stubbing complexity and

the number of cycles in which it is involved, deleting the edge with minimum stubbing

complexity and involved in more cycles.

Wang et al. [124] proposed a multigranular flow network model to describe inter-class

relationships, and identified critical classes that are frequently executed, have more com-

plexity, and are appreciably influential in the system. They evaluated each edge from three

new aspects other than the stubbing complexity: vulnerabilities, threats, and failure con-

sequences. The edge with the greatest weight was removed, and critical classes would be

integrated first.

The existing approaches are unable to devise satisfactory class test orders because they

do not fully consider these two factors, namely the number of test stubs and the corre-

sponding stubbing complexity, in determining the overall stubbing cost. Therefore, we aim

to propose new approach to address this problem and perform better.
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2.2 Metamorphic Testing

The test oracle problem and the reliable test set problem are two fundamental problems

that need to be addressed in software testing. The test oracle problem [7, 92, 96, 98] refers

to the situations where the execution result is difficult to be verified for the program given

a test case (that is, an input selected to test the program). For the reliable test set problem,

it is usually impossible to execute all the existing test cases, therefore, it is important to

effectively select a subset of test cases, that is, the reliable test set, which can determine

whether the program is correct or not. Some testing techniques have been proposed to

generate test cases for solving the reliable test set problem, such as random testing [51],

coverage testing [139], search-based testing [54], and symbolic execution [16]. Also, as-

sertion checking [103] and N-version programming [82] are proposed to address the test

oracle problem. Unlike the aforementioned testing techniques that can only address one

of two problems, metamorphic testing (MT) is able to address both fundamental problems.

Moreover, researchers conducted experiments to compare the performance of MT with that

of assertion checking [58, 132] for addressing the test oracle problem. The results show

that MT is able to detect more faults than assertion checking although the computational

cost is a slightly higher.

We first introduce the basic knowledge on MT, and then describe its application in

different domains, especially in software engineering and testing.

2.2.1 Basic Knowledge

Metamorphic Testing is first proposed by Chen et al. [26, 21] to alleviate the problem of test

oracles by verifying the relations among the inputs and outputs of multiple executions for

the programs or systems under testing. Metamorphic Relation (MR) is the key component
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in MT, which reasons about relations between test outputs of a program when it lacks test

oracles. In general, a MR is a necessary property of a function f over function inputs x1,

x2, ..., xn (n > 1), and their corresponding output values f (x1), f (x2), ..., f (xn) [30, 107].

For example, a mathematical property of the sine function is that sin(x) = sin (π - x), the

corresponding MR is that if two function inputs x1 and x2 satisfy x1 + x2 = π , then two

function outputs should be equal, i.e., sin(x1) = sin(x2). In this example, x2 is constructed

based on <x1, sin(x1)> according to the MR, therefore, we refer to x1 as a source input

and x2 as a follow-up input. Such relations can be used to test the program when we are

not sure whether the test output is correct. An implementation for this function must have

faults if it violates the above relation.

The biggest difference is that conventional testing approaches only focus on each in-

dividual test output, while MT verifies MRs among the inputs and outputs of the multiple

executions where MRs specify how the change to the test input affects the test output. Such

MRs have been proved by a general framework proposed by Chen et al. [32]. MT detects

faults in the programs that violate MRs, therefore, it can alleviate the test oracle problem.

Researchers have conducted surveys on MT and presented an overview of the application

of MT in different domains [42, 59, 107].

2.2.2 Application of Metamorphic Testing

Many studies from different domains have proved the effectiveness of MT to alleviate

the test oracle problem. An empirical study [76] shows that a small number of the pro-

posed MRs can achieve very encouraging results in the detection of the software faults,

covering various domains, such as, bioinformatics [27, 100, 101, 105], embedded sys-

tems [22, 61, 69], web services [114, 23, 19, 20], simulation and modelling [40, 91, 17],

databases [75, 39], components [9, 80], compilers [71, 118], online search functions and
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search engines [135, 137, 136], machine-learning classifiers [88, 90, 126], software product

lines [108, 109], computer graphics [85, 48, 24, 25, 65] and security-critical applications

(cybersecurity [29] and cryptography [99, 87].

Moreover, MT has helped to detect many real-life faults in the abovementioned do-

mains. In computer graphics, the binary space partitioning tree was used to solve the sur-

face visibility problem. Kuo et al. [70] adopted MT to verify a binary space partitioning

tree program and detected a real bug in it. In embedded systems, Jiang [61] proposed sev-

eral MRs to test the correctness of a Central Processing Unit (CPU) scheduling program

and detected two real bugs in an open source simulator [120]. Olsen and Raunak [93] val-

idated the simulation models through MT. Segura et al. [106] evaluated the effectiveness

of MT’s fault detection capability in variability analysis tools and detected 19 real bugs in

seven out of the 15 tools under test. In machine learning, Murphy et al. [89] put forward

six kinds of MRs (that is, addition, permutation, multiplication, inclusion, exclusion, and

inversion) for the verification of machine learning application, and discovered real bugs in

three specific machine learning tools. Xie et al. [125, 85] presented MRs to detect faults

in two supervised classifiers, i.e., k-Nearest Neighbor (KNN) and Naïve Bayes. The ex-

perimental results revealed some real faults in the open source machine learning tool Weka

[45].

MT has become more popular due to more functions recently, such as, data gener-

ation and user expectations inspection, which extends beyond fault detection. In image

classification, MRs were used for data augmentation to enhance the performance of classi-

fiers [130] and identify implementation bugs [44]. In autonomous driving systems [133],

MRs were applied to predict the driving behaviours, i.e., the driving behaviours should

be identical whatever weather conditions are on the same road [131], Zhou et al. [134]

extracted valuable MRs to help users to better understand and use modern information
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technology paradigms, such as commercial websites, google maps navigation, and video

analysis software, which discovered some unreasonable settings that conflict with user ex-

pectations. In addition to the abovementioned domains, MT has been more widely applied

in software engineering [4, 32, 33, 62, 64, 78, 102, 129, 128], especially in software testing

[9, 22, 23, 27, 29, 73, 71, 75, 109, 126, 137]. Chen et al. [33] integrated MT with sym-

bolic evaluation for program proving. In their method, symbolic execution was adopted

to identify whether the inputs for the program violated the proposed MRs. The necessary

conditions of program correctness can also be proved by this method.

Liu et al. [78] applied MT into fault tolerance. Fault tolerance aims to enable the pro-

gram performs its functions successfully even though some faults still exist. A trustworthy

input can be determined by the number of satisfied and violated MRs, that is, an input is

trustable if it satisfied more MRs and violated fewer MRs. Jin et al. [64] combined both

concolic testing [46, 112] and MT with branch-switching debugging. A synthesized pro-

gram was generated based on the original program using MR check. Then concolic testing

and branch-switching debugging were adopted to localize the potential faults. The experi-

mental results demonstrated the fault localization ability of the proposed approach. Lidbury

et al. [73] applied equivalence modulo inputs (EMI testing) to detect faults in the OpenCL

compilers. EMI testing [71] generated variants of the original program based on MRs, so

that the outputs of such variants could be predicted. Compilation errors can be discovered

based on the different behaves that should be identical for some given test inputs.

In performance testing, Segura et al. [111] extracted MRs between performance mea-

surements of different executions of the program and applied MT to reveal performance

failures. They also adopted MRs to detect faults in RESTful Web APIs [110]. Pesu et al.

[97] evaluated the performance of different machine translation services by the MR that an
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ideal translator should provide the same translation results whether or not via an interme-

diate language. Jiang et al. [63] replaced the original test suite by the group of test cases

associated with MRs, to guide the process of automated program repair.

Xie et al. [127] combined MT with spectrum-based fault localization technique to

estimate the probability of each program statement of being faulty. Different from the

conventional testing technique that checks whether the actual output of test cases is correct

or not, their approach determines whether the source and follow-up inputs and outputs

violate the proposed MRs. The results showed that three real-life faults were detected by

MT in three out of seven programs [102, 128] in the Siemens suite [60].

Although the usefulness of MT has been widely recognized, there are still some chal-

lenges that had not been addressed and some opportunities for future research about MT

that are gradually emerging [30].

Construction of MRs is still a labor-intensive task and requires the help from a domain

expert or a programmer. Several studies were conducted to systematically identify MRs

[77] and select effective MRs [18, 28, 84]. Chen et al. [31] devised a framework based

on category-choice to identify MRs. Zhu [138] implemented a Java unit testing tool based

on MT called JFuzz. In their tool, data mutation operators were adopted to devise MRs

automatically. Troya et al. [121] investigated how to infer likely MRs for model trans-

formations automatically. Kanewala et al. [66] believed that functions owned the similar

control flow and data dependency graphs were most likely to have similar MRs. Therefore,

they proposed machine learning based approaches to predict MRs. For a given function,

features were extracted using graph kernels from its control flow graphs and data depen-

dency information.

Different MRs own the different capability of fault detection. For example, Le et al.

[71] used a very simple MR and detected 147 unique bugs in two popular C compilers
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(GCC and LLWM) in 2014. But they are not the only researchers to use MT to test com-

pilers. In 2010, Tao et al. [118] also conducted the testing of similar compilers, but they

only found one fault in the GCC compiler. The number of faults detected by two research

teams is dramatically different, which means MRs have a significant impact on the MT’s

capability for fault detection. Furthermore, as observed by Liu et al. [76], a small number

of diverse MRs may effectively reveal almost all faults. Therefore, we aim to analyse dif-

ferent kinds of MRs, develop more effective MRs, and demonstrate the practicality and ro-

bustness of class integration test order generation systems through a comprehensive scaled

experiment.



Chapter 3

ANS: A New Cycle-Breaking Algorithm

for the Class Integration Test Order

Generation

It is a general objective to minimize overall stubbing cost when performing class integra-

tion test order generation. The overall stubbing cost is affected by two factors: the number

of required test stubs and the stubbing complexity. However, existing approaches are un-

able to obtain a satisfactory class integration test order, this is largely due to the lack of a

comprehensive trade-off analysis between the aforementioned two factors.

To minimize overall stubbing cost by balancing these two factors, we propose a new

cycle-breaking algorithm called ANS, which aims to keep a good Analysis involving the

Number of removed dependencies and the related Stubbing complexity. Firstly, we select

a class dependency as the initialization mechanism to remove cycles. Then we search

for a near ideal set of class dependencies to replace the initialized class dependency, such

22
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dependencies break the same or greater number of cycles as the initialized dependency but

attract less stubbing cost.

Empirical experiments are conducted on nine open-source Java programs to evaluate

the performance of the proposed algorithm. The results show that ANS avoided the limi-

tation in the existing cycle-breaking strategies, and achieved reduction of more than 13%

in the stubbing cost, thus outperforming other competing techniques. ANS is capable of

generating class test orders with significantly lower stubbing cost.

The rest of this chapter is organized as follows. Section 3.1 introduces the whole work

of this chapter. Section 3.2 describes the background. Section 3.3 introduces the motiva-

tion. We present our algorithm in Section 3.4. Section 3.5 presents the detailed design of

our experiments and Section 3.6 summarizes the results. Section 3.7 discusses the possible

threats to validity. Section 3.8 concludes this chapter.

3.1 Introduction

Stubbing is inevitable in the overall testing process, since some methods, classes or sub-

systems might not be available when we test other components that depend on them. For

a class dependency, a test stub is built for the source class, emulating the behaviors of the

dependent class. In integration testing, the order in which classes are integrated and tested

has a significant impact on the construction of test stubs. For example, when class A de-

pends on class B, we can integrate class B before class A without any test stubs. But if we

integrate and test class A first, class B may be unreliable or be unable to provide related

services to class A. In such a case, a test stub must be created for class A to emulate the

services of class B. As shown in this example, different test orders lead to different test

stubs, and corresponding various stubbing cost. If classes are independent of each other,



CHAPTER 3. ANS 24

they can be tested directly, but in real life, class dependency is a common phenomenon.

Especially, when cycles involved in large programs that cross different classes, an order

should be decided which classes are tested first. Since we cannot avoid stubbing when we

conduct testing, minimizing overall stubbing cost is extremely important when generating

class integration test orders (CITOs).

Although many tools to easily create test stubs (or mocks) have been implemented, for

instance, Mockito [1] and JUnit [2], test stubs are error-prone [8], also, how to design test

stubs is still a question for tester. Therefore, we require an optimal test order to achieve the

minimal stubbing cost, and based on this test order to implement corresponding test stubs

via these tools.

Generating the optimal CITO is a NP-hard problem, but researchers have proposed

many techniques to generate CITOs with the lowest possible stubbing cost. However, the

performances of the existing CITO generation approaches are unsatisfactory in some cases,

which are caused by the following problem:

• Ignorance of the factors that affect the overall stubbing cost makes these methods

ineffective.

As suggested by Briand et al. in [12], "more precise indicator" rather than the num-

ber of test stubs should be used to assess the stubbing cost, therefore, they proposed the

overall stubbing cost to measure the effort required to construct all of the test stubs during

integration testing [11]. Various class test orders cause different overall stubbing cost. For

the entire integration testing, the overall stubbing cost is the sum of the stubbing cost for

all test stubs, which is affected by two factors: the distinct number of test stubs and the

corresponding stubbing complexity (which is a measure of the stubbing cost of each test

stub). Most existing graph-based approaches are unable to determine a satisfactory class

test order because they do not simultaneously consider these two factors. For example,
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Briand et al. [12] assigned weights to estimate the number of cycles that each class depen-

dency is involved in and constructed test stubs to emulate the class dependency with the

maximal value of a weight; in this manner, they only considered the first factor that impacts

the stubbing cost. Hashim et al. [55] focused only on the second factor and sequentially

created test stubs for the class dependencies with the minimal stubbing costs. Other cycle-

breaking strategies considered both two factors, such as, Bansal et al. [6] and Abdurazik

et al. [3] used cycles-weight ratio to measure the stubbing cost for each class dependency.

The edge with a higher cycles-weight ratio value indicates that it is involved in more cycles

but attracts minimal stubbing cost if it is removed. Calculation of cycles-weight ratio can

be helpful, but it is too rough and in some cases is unable to keep a good trade-off analysis

between the number of created stubs (cycles) and the corresponding stubbing complexity

(weight). The same problem is encountered in the search-based approaches due to the lack

of sufficient guidance in the search process. More details will be described in Section 3.3.

Therefore, we propose a cycle-breaking algorithm to simultaneously consider these two

factors that affect the overall stubbing cost. Given a set of class dependencies that are going

to be removed, this algorithm finds superior alternatives that break the same cycles or an

equal number of cycles with lower stubbing cost than the original class dependencies.

We evaluate the proposed approach by conducting experiments on nine open-source

Java programs. In generating the class test order with the minimum stubbing cost, the

proposed approach reduces the stubbing cost for six programs by 0.35% to 13.09%, and its

performance is at least comparable to if not better than those of the existing approaches.
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3.2 Background

In this section, we introduce the basic knowledge about CITO generation, including the

problem representation, test stubs and stubbing complexity.

3.2.1 Problem Representation

Class Integration Test Order (CITO): o is a class integration test order generated for a

given program containing m classes, i.e., o = {C1, C2, ..., Cm}.

Let O represents all potential solutions for inter-class integration testing, O = {o1, o2,

..., on}, where n = m!. Each solution o j is a test order from O, o j = {C j1, C j2, ..., C jm}

where C ji refers to a class that will be integrated and tested in the ith position in o j.

Class Integration Test Order (CITO) Generation Problem: CITO generation prob-

lem aims to find a solution os = {Cs1, Cs2, ..., Csm} such that: Ocplx(os)≤Ocplx(o j), where

Ocplx (o j) is an objective function that represents the overall stubbing complexity of the

class integration test order o j.

For graph-based methods, the critical step in CITO generation problem is cycle-

breaking. Let c represents the number of all of the cycles among class dependencies in

a given program. A set of class dependencies Dep, are removed to break c cycles, Dep =

{dep1, dep2, ..., depk} where k ≤ c. Correspondingly, a set of test stubs are constructed

for Dep, and a class integration test order o is generated. Specifically, for this kind of ap-

proaches, CITO generation problem aims to search for a set of class dependencies Deps =

{deps1, deps2, ..., depsk} such that: the generated class integration test order os can satisfy

Ocplx(os) ≤ Ocplx(o j) where o j represents any other class integration test orders.
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3.2.2 Test Stub

A test stub describes the coupling between the source class and the target class on which

the source class depends, providing services from the target class to the source class, such

as, a variable from the target class that is used as a parameter in the source class’s method,

or a method from the target class that is invoked by the source class. Attribute assessment

and method invocation are two common routes for class interaction, and they are termed

attribute coupling and method coupling, respectively. Specifically, the value of attribute

coupling between class A and B is equal to the number of attributes (including variables,

different parameters and return types) of class B that are accessed by class A. Similarly,

method coupling between class A and B is the number of methods of class B that are called

by class A.

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 

public class A { 
  public A() { 
    B b = new B(); 
    int a1 = 1; 
    double a2 = 0.1; 
  } 
  public int methodA1() { 
    return b.getInt(); 
  } 
  public double methodA2(B b) { 
    a2 = a1 + b.getDouble(); 
    return a2; 
  } 
} 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 

public class B { 
  public B() { 
    int b1 = 1; 
    double b2 = 1.0; 
  } 
  public int getInt(){ 
    return b1; 
  } 
  public double getDouble() { 
    return b2; 
  } 
} 

 

Figure 3.1: Source Code Example to Describe Coupling Information

Figure 3.1 shows a source code example to describe the coupling information between

class A and class B. In Figure 3.1, the attribute coupling between class A and class B is one,

because class A accesses an instance of class B as the parameter for methodA2 (line 10).
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The method coupling between class A and class B is three, i.e., the constructor of class A

invokes the constructor of class B (line 3), methodA1 invokes method getInt() (line 8), and

methodA2 invokes method getDouble() in class B (line 11).

3.2.3 Stubbing Complexity

Briand et al. [11] proposed the concept of stubbing complexity to measure the stubbing

cost of a test stub (i, j). This idea depends on the attribute coupling and method coupling,

which count the number of attribute accesses and method invocations, respectively. The

stubbing cost is calculated by:

SCplx(i, j) = [WA ·A(i, j)
2
+WM ·M(i, j)

2
]1/2 (3.1)

Because attribute coupling and method coupling may vary significantly within the same

program, we normalize them using min-max normalization [56] to avoid the influences of

the extreme values. In Equation 3.1, the normalized attribute coupling and method coupling

are linear-weighted, and their weights are equal to 0.5. For the program shown in Figure

3.1, given the minimal attributes and methods are zero, the maximal attributes and methods

are two and four, respectively, the normalized attribute coupling and method coupling are

0.5 and 0.75, respectively. Corresponding, the stubbing complexity of creating a test stub

for class A to emulate the behaviors of class B is 0.64 according to the above Equation 3.1.

For a generated CITO o, the overall stubbing complexity (OCplx) is used to estimate the

overall stubbing cost through integration testing. OCplx is equal to the sum of the stubbing

complexity of each test stub that belongs to the set Stubs, and it is calculated as follows:
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OCplx(o) = ∑
(i, j)∈Stubs

SCplx(i, j) (3.2)

According to this equation, the overall stubbing cost is affected by two factors: (1)

The number of test stubs or the number of class dependencies removed. As the number

of class dependencies removed increases, the stubbing cost possibly increases. (2) The

corresponding stubbing complexity, that is, the overall stubbing cost tends to decrease if

the test stubs for all of the removed class dependencies have relatively low stubbing costs.

3.3 Motivation

In this section, we will use a sample program to illustrate why the existing approaches are

unable to obtain an optimal class test order. Then, we present our algorithm to address this

problem.

A

B

CD

E
 

Class 
Deps 

Attribute Coupling & 
Method Coupling 

# of Cycles 
Stubbing 

Complexity 
Cycles-

Weight Ratio 

AB (5, 5) 3 1 3 

BA (0, 2) 1 0.283 3.534 

BC (1, 2) 2 0.316 6.329 

CD (0, 1) 1 0.141 7.092 

DA (3, 3) 1 0.6 1.667 

CE (1, 3) 1 0.447 2.237 

EA (2, 0) 1 0.283 3.534 
 

(a) ORD of Sample (b) Information of Class Dependencies in Sample 

 

Figure 3.2: A Sample Program to Illustrate Our Motivation
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Figure 3.2(a) shows the object relation diagram (ORD) of a sample program consisting

of five classes A, B, C, D and E, which each node represents a class, and a dependency from

the source class to the target class is represented by a directed edge from the head node to

the tail node. According to Figure 3.2(a), this sample program contains three cycles.

• A→B→A

• A→B→C→D→A

• A→B→C→E→A

Table (b) in Figure 3.2 summarizes the information pertaining to class dependencies

in this sample program. Column 2 represents the value of attribute coupling and method

coupling for the related class dependency. Column 3 counts the number of cycles in which

the class dependency is involved. Column 4 calculates the stubbing complexity for the class

dependency according to Equation 3.1. The last column represents the cycles-weight ratio,

which is calculated by dividing the number of cycles by the value of stubbing complexity.

For example, class dependency A→B, both its attribute coupling and method coupling are

five, and its cycles-weight ratio is three (3/1 = 3).

To generate the class test orders for this sample program, we first eliminate all of the

cycles among the class dependencies. The existing graph-based approaches can be charac-

terized into three types based on their cycle-breaking strategies.

• Number of Cycles (NC): Deleting the class dependency involved in the greatest num-

ber of cycles. For instance, Briand et al. [12] used the product of in-degree of the

source node and out-degree of the target node as edge weight in the ORD to emulate

the number of cycles in which the class dependency is involved.
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• Stubbing Complexity (SCplx): Deleting the class dependency that requires the min-

imal stubbing effort. For example, Hashim et al. [55] assigned the value of coupling

measures to each class and measured the effort required to construct the test stubs for

such classes.

• Cycles-Weight Ratio (CWR): Deleting the class dependency with the highest cycles-

weight ratio value, such as the approaches proposed by Bansal et al. [6] and Ab-

durazik et al. [3]. The class dependency with the highest cycles-weight ratio value

indicates that it is involved in the greatest number of cycles, but incurs a minimal

stubbing cost if stubbed.

Table 3.1 presents the class dependencies removed by the above three typical cycle-

breaking strategies, as well as the number of test stubs and the overall stubbing complexity

calculated using Equation 3.2. The optimal choices for class dependency removal are also

listed.

Table 3.1: Comparison of Results for Cycle-Breaking Strategies
Strategies Removed Deps Stubs OCplx

NC A→B 1 1
SCplx C→D, B→A, E→A 3 0.707
CWR C→D, B→A, E→A 3 0.707

Optimal B→C, B→A 2 0.599

As shown in the results, none of the overall stubbing costs of NC, SCplx or CWR

are the minimal values. NC only considers the number of removed dependencies, while

SCplx only compares stubbing complexity. Even in the case of CWR, although it considers

these two factors that affect the overall stubbing cost, it can still lead to sub-optimal results

owing to rough calculation. For example, the dependency B→C is involved in two cycles

with the stubbing complexity (0.316), while the dependency C→D is involved in only one
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cycle with the stubbing complexity (0.141). Accordingly, constructing a test stub for the

dependency C→D seems to be a good choice because its CWR (7.092) is slightly higher

than that of B→C (6.329), but the results indicate that removing the dependency B→C

rather than C→D is the best choice.

The optimal solution is to remove dependencies B→C and B→A to break cycles, even

though these two dependencies do not have the best values in terms of the number of cycles,

stubbing complexity or cycles-weight ratio.

Similar scenarios are encountered in other types of approaches based on evolutionary

algorithms. For example, genetic algorithms [11, 52] regarded all test orders as the popu-

lation and the overall stubbing complexity as the fitness. However, these algorithms do not

consider any detailed factors (such as, the stubbing complexity of each class dependency)

that affect the overall stubbing cost as the guidance information to generate new test or-

ders. Several multi-objective evolutionary algorithms [5, 123] consider only the number of

emulated methods and attributes, but they omit the detailed information. For instance, to

minimize the number of emulated methods, the number of test stubs can be reduced, or the

test stubs for those class dependencies with fewer method invocations can be created.

Therefore, in this chapter, we conduct an analysis involving the number of test stubs

and their corresponding stubbing complexity when breaking cycles. For this example, we

have three choices: (1) to remove a class dependency involved in all three cycles to mini-

mize the test stub number, i.e., A→B, (2) to remove the class dependency with the lowest

stubbing cost in each cycle, i.e., B→A, C→D and E→A, and (3) to remove the class de-

pendency involved in only a part of the cycles, and remove the class dependency with the

lowest stubbing cost in each cycle for the remaining cycles, i.e., B→C and B→A. Then,

we compare the three choices and select the best solution with the lowest stubbing cost.

These three choices have the same effect, that is, breaking the same cycles, and we search
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for the choice that has the lowest stubbing cost. Therefore, in the proposed algorithm, we

measure the stubbing cost of the current test order, and decide whether to remove a class

dependency involved in more cycles that minimizes the test stub number, or to create a test

stub for a class dependency with the minimal stubbing cost that reduces the final stubbing

cost.

3.4 Algorithm

We first introduce the whole process of graph-based methods for CITO generation, then

analyze the factors that impact the performance of the existing cycle-breaking algorithms,

and finally introduce our cycle-breaking algorithm, i.e., ANS.

3.4.1 Overview of CITO Generation

First, an ORD is created to represent class dependencies for the program under the test.

As shown in Figure 3.2(a), each value in the node represents the serial number of the cor-

responding class, and each edge represents the corresponding class dependency. Stubbing

complexity is calculated for each dependency based on the input attribute coupling and

method coupling. Therefore, the CITO generation problem is transformed into the prob-

lem of traversing nodes in the ORD.

Then, the Tarjan’s algorithm [119] is adopted to execute depth-first search for the ORD

and divide the diagram into multiple strongly connected components. A strongly connected

component containing more than one node is regarded as non-trivial. Cycles can only exist

in such a non-trivial strongly connected component. That is because all pairs of vertices in

a cycle are connected, these vertices must be in the same strongly connected component.
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So, we regard such strongly connected component as the smallest element to deal with, and

identify all cycles in it.

For each non-trivial strongly connected component, the ANS algorithm is applied to

generate the dependencies that are going to be removed. The corresponding test stubs are

built for these dependencies. Once all cycles in the ORD are broken, nodes in the ORD can

be visited by reverse topological sorting, and consequently, the CITO is generated based

on the node visitation order.

3.4.2 Overlapping Paths

The cycles among the class dependencies in the program can be broken by removing the

class dependencies. For each removed class dependency, a test stub is constructed. To min-

imize the stubbing cost of these test stubs, the most appropriate class dependency should

be selected for removal. If the cycles among the class dependencies are independent and

do not share common paths, the optimal solution is to remove the class dependency with

the least stubbing complexity in each cycle. However, the existence of overlapping paths

complexifies the class test order generation process.

Definition 1: Overlapping paths. Supposing that cA and cB are two cycles in

the object relation diagram for a given program. cA is composed by m unique classes

cA = CA1→CA2→...→ CAm→CA1, and similarly, cB consists of n unique classes cB =

CB1→CB2→...→CBn →CB1. For a path PA = CAi →CA(i+1)→...→CA j (1 ≤ i < j ≤ m)

in cA, if there exists a path in cB, i.e., PB = CBi→CB(i+1) →...→ CB j, with the same length

as that of PA, and the nodes in the same position are identical, i.e., CAi = CBi, CA(i+1) =

CB(i+1) and so on. Thus, cA and cB share common edges, PA and PB are overlapping paths.

The overall stubbing cost of integration testing is calculated as the sum of the stubbing

complexity of each class dependency, which can be affected by two factors. One is the
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number of removed dependencies; as the number of removed dependencies increases, the

stubbing cost likely increases. The other is the stubbing complexity of each removed class

dependency; the overall stubbing cost is likely to be low if all of the dependencies with

relatively low stubbing complexity are removed. The overlapping paths in cycles tend to

create a conflict between these two factors of the overall stubbing cost. This is also the

reason why the existing cycle-breaking strategies do not yield satisfactory results when

faced with overlapping cycles, as we have explained in Section 3.3.

Two choices are presented when we deal with multiple overlapping cycles. Removing

the common edges that are involved in multiple cycles requires fewer test stubs but the

overall stubbing cost may increase because the construction of each test stub can be a

complex process. Meanwhile, deleting the edge with the least stubbing complexity cannot

guarantee an overall minimal stubbing cost because a greater number of edges may be

removed than that with the former option.

3.4.3 ANS Algorithm

We propose a new cycle-breaking algorithm called ANS because the basic idea of the pro-

posed algorithm is to perform a good Analysis of the relationship between the Number of

removed dependencies and the related Stubbing complexity. Our algorithm first selects a

class dependency that breaks multiple cycles. Due to the existence of overlapping paths,

there exist alternative solutions for the initially removed class dependency to break these

cycles. Therefore, based on the cycles broken by this initial class dependency, our algo-

rithm searches for another dependency or a set of other dependencies that break the same

cycles but with a lower stubbing cost. The idea behind this algorithm is similar to the con-

cept of "exploitation" in evolutionary algorithms, which searches for solutions that have

better performance in the neighborhood of the current solution [122].
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Initialize a removed dependency

1

3

4 6

2 5

1

3

4 6

2 5

A new choice

(a) (b)

Figure 3.3: Example of Cycle Breaking

Figure 3.3 shows an example of cycle-breaking. In this example, the object relation di-

agram contains six nodes. We choose the edge 4→2 as the initially removed dependency in

Figure 3.3(a), which breaks three cycles in the diagram: (1) 2→3→4→2, (2) 2→6→4→2,

(3) 2→5→6→4→2. A new choice with lower stubbing cost devised by our cycle-breaking

algorithm are edges 3→4 and 6→4 in Figure 3.3(b). The edge 3→4 is removed to break

the cycle (1), and edge 6→4 is deleted to break the cycles (2) and (3). Besides, only the

new generated choice with lower stubbing cost is reserved, others are discarded.

Algorithm 1 is the main body of the proposed cycle-breaking algorithm ANS, which

attempts to maintain a good analysis between the two factors for minimizing the stubbing

cost: the number of removed dependencies and the related stubbing complexity. All of

the cycles in the program and all of the edges that are involved in the cycles constitute the

input, and the algorithm generates a set of removed edges as its output.

The algorithm begins with the initialization procedure (line 1), where the output set

RemEdges is created. Then, the edge that is involved in the greatest number of cycles is

extracted (line 3) as the initially removed edge e. The stubbing complexity of edge e is

calculated (line 4), and all of the cycles in which edge e is involved (ECycles) and all of the

edges that are involved in these cycles (EEdges) are identified (lines 5-6). The algorithm
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Algorithm 1 Cycle-Breaking ANS Algorithm - Part I Main Body
Require: a list of edges that are involved in cycles AllEdges

a list of cycles in the entire program AllCycles
Ensure: a set of removed edges RemEdges

1: RemEdges← ∅
2: for AllCycles.size != 0 do
3: e = getMaxCyclesEdge(AllEdges)
4: scplx = getSCplx(e)
5: ECycles = getCycles(e)
6: EEdges = getEdges(ECycles)
7: TempEdges1← findFromCycles(ECycles, scplx)
8: TempEdges2← findFromEdges(EEdges, scplx)
9: if TempEdges1.size != 0 || TempEdges2.size != 0 then

10: RemEdges.add(Compare(TempEdges1, TempEdges2))
11: else
12: RemEdges.add(e)
13: end if
14: update(RemEdges)
15: end for

then attempts to find a set of removed edges that can replace the initial edge, that is, break-

ing the same cycles or an equal number of cycles but with a lower stubbing cost (lines 7-8),

which is executed by two functions, findFromCycles (Algorithm 2, lines 1-12) and find-

FromEdges (Algorithm 2, lines 13-26). The two sets TempEdges1 and TempEdges2 store

the set of removed edges generated by findFromCycles and findFromEdges, respectively.

Finally, the overall stubbing costs of these two sets obtained using the functions find-

FromCycles and findFromEdges are compared, and the better set is reserved (lines 9-10).

Correspondingly, for the remaining edges, the cycles in which they are involved are updated

(line 14). The above process is repeated until no cycles exist.

Algorithm 2 introduces these two functions findFromCycles and findFromEdges in de-

tail. For the first function findFromCycles, we start from the cycles in which edge e is

involved. For each cycle, edge et with the minimal stubbing complexity is obtained (line
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3). If et is not equal to edge e and the overall stubbing cost after considering et is reduced

(line 4), then et is added to the set TempEdges1, and consequently, all of the cycles in

which et is involved are updated (lines 5-6). If the algorithm is unable to obtain better al-

ternatives, it returns an empty set (line 8). After all of the cycles in set ECycles have been

processed, the final set TempEdges1 is obtained.

Algorithm 2 Cycle-Breaking ANS Algorithm - Part II Functions
1: function findFromCycles(ECycles, scplx)
2: for each cycle c in ECycles do
3: et = getMinSCplxEdge(c)
4: if scplx > SCplx(et , TempEdges1) then
5: TempEdges1.add(et)
6: update(et)
7: else
8: TempEdges1←Φ

9: break
10: end if
11: end for
12: end function

13: function findFromEdges(EEdges, scplx)
14: num = getCyclesNum(e)
15: for num > 0 do
16: et = getMaxCyclesEdge(EEdges)
17: if scplx > SCplx(et , TempEdges2) then
18: TempEdges2.add(et)
19: num = num - getCyclesNum(et)
20: updateEdges(et)
21: else
22: TempEdges2←Φ

23: break
24: end if
25: end for
26: end function

For the second function findFromEdges, we start from the edges that are involved in

ECycles and find a set of removed class dependencies that break the same number of cycles
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as the initial edge e. In these edges, the edge et with the maximal number of cycles is

obtained (line 16). If removing et rather than e can reduce the overall stubbing cost, then et

is added to the set TempEdges2 (lines 17-18). The number of remaining cycles is updated

(line 19) as are the other edges in the set EEdges (line 20). Similarly, an empty set is

returned when no better alternatives exist (line 22). After the set TempEdges2 breaks the

same number of cycles as the initial edge e, the execution of this function is completed.

For the time complexity of these two algorithms (Algorithm 1 and 2), assuming that the

number of edges that are involved in cycles is EI , and the number of cycles in the program

is C. For each edge that is involved in the most cycles, we iterate all these cycles and

their corresponding edges and then perform two functions. For these two functions, their

main task is to compare the stubbing complexity of the initial edge with that of alternatives,

whose time complexity is O(C) and O(EI), respectively. The worst case is that we iterate

all edges (EI), therefore, the overall time complexity is O(E2
I + C·EI).

Although both graph-based and search-based methods ignore these two factors, we did

not solve this problem for search-based methods, because these two factors (the number of

test stubs and the corresponding stubbing complexity) can be considered only when dealing

with an incomplete CITO. In graph-based methods, the CITO can be generated only after

all of the cycles have been broken. Therefore, we can choose which class dependency

is to be removed by considering these two factors. In contrast, in search-based methods,

an integer represents a class, and a vector of such integers represents a CITO. All of the

evolutionary operators are applied to full CITOs to generate an offspring. Therefore, the

proposed measure for graph-based methods cannot be applied to search-based methods.
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3.5 Experimental Design

We designed two groups of experiments to answer the following research question:

• What is the performance of the proposed cycle-breaking algorithm (ANS) in

terms of minimizing the stubbing cost?

To answer this question, we used overall stubbing complexity to estimate the stubbing

cost of the entire integration testing process. A class test order with the minimum value of

OCplx was desired. The OCplx is calculated by the Equation 3.2. The number of test stubs

(Stubs) was also used as a supplementary metric. We considered that the fewer test stubs

are required, the better is the performance of the CITO generation approach.

We first used benchmark programs to compare ANS algorithm with two typical meth-

ods. That is, the graph-based cycle-breaking algorithm [12] and a search-based method

that adopted genetic algorithm [11] proposed by Briand et al., which are commonly used as

competitors by other researchers. Table 3.2 shows the information of benchmark programs,

including their descriptions and number of classes.

Table 3.2: Information of Used Programs in Group 1
Programs Description Classes

ANT A Java-Based Build Tool 25

ATM Automated Teller Machine Simulation System 21

DNS Domain Name System 61

SPM Security Patrol Monitoring System 19

To further evaluate the performance of the proposed approach, we selected nine Java

programs that are widely used in the existing CITO generation approaches. Table 3.3 sum-

marizes these programs, including their sources, descriptions, and numbers of classes.

Three cycle-breaking strategies mentioned in Section 3.3 are used as competitors to val-

idate the effectiveness of the proposed algorithm, ANS. Because the source code of the
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three cycle-breaking strategies are not available, we implemented them according to their

algorithms.

After eliminating all of the cycles, test stubs are constructed for the removed class

dependencies. The overall stubbing complexity and the number of test stubs are counted

and compared.

Table 3.3: Information of Used Programs in Group 2
Programs Source Description Classes

daisy
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=51&file=daisy _1.1.tar.gz (v1.1) NFS UNIX-like file system 23

deos
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=57&file=deos_1.1.tar.gz (v1.1) A scheduler from a real-time executive for avionics systems 25

email__spl
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=157&file=email__spl_1.0.tar.gz (v1.0) Email tool 39

GPL__spl
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=158&file=GPL__spl_1.0.tar.gz (v1.0) Graph generator 178

JHotDraw
http://sourceforge.net/projects/jhotdraw/package
used:org.jhotdraw.draw of JHotDraw (v7.5.1) 2D graphics framework 411

jmeter
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=8&file=jmeter_1.0.tar.gz (v1.0) Load test tool 372

log4j3
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=106&file=log4j3_1.2.tar.gz (v1.2) Log tool for Java 261

MyBatis http://code.google.com/p/mybatis/ MyBatis (v3.0.2) Java persistence framework 428

notepad__spl
https://sir.csc.ncsu.edu/php/common/download.php?ac=pub&key=sir/
javaobjects&id=162&file=notepad__spl_1.0.tar.gz (v1.0) Source code editor 65

For benchmark programs, information about class dependencies including attribute

coupling and method coupling was taken from the Appendix in the literature [11]. For

the programs in Group 2, the class dependencies and the related coupling information were

obtained using a Java program analysis framework called Soot 1.

3.6 Experimental Results

Table 3.4 shows the comparison of results for four benchmark programs. The values of two

quality indicators (OCplx and Stubs) for these two methods were obtained from reference

1http://www.sable.mcgill.ca/soot
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[11]. The values of OCplx in Briand et al.’s approach (graph-based method) is null since

it only considers the number of test stubs. GA refers to the CITO generation appraoch

based on genetic algorithm (GA). We do not conduct statistic test for benchmark programs

since we do not have the raw data of comparative approaches. The best mean values of two

quality factors for each program has been highlighted in bold.

In terms of OCplx, the mean values obtained by ANS are minimal for two programs

compared with GA. For the program ANT, although the mean values for both GA and ANS

are 3.62, GA is non-determinism whose OCplx ranges from 3.59 to 3.86. In terms of Stubs,

ANS obtains the minimal values on three programs. Even for the remaining program ANT,

ANS only requires one more test stub than the best solution.

Table 3.4: Comparison of Results on Benchmark Programs for ANS and Briand et al.’s
methods

Programs Methods
OCplx Stubs

Range Mean Range Mean

ANT
Briand et al. - - 11 11

GA [3.59-3.86] 3.62 [12-14] 12.16
ANS 3.62 3.62 12 12

ATM
Briand et al. - - 7 7

GA 2.68 2.68 7 7
ANS 2.70 2.70 7 7

DNS
Briand et al. - - 6 6

GA 1.47 1.47 [6-7] 6.89
ANS 1.00 1.00 5 5

SPM
Briand et al. - - 17 17

GA [5.77-6.52] 5.87 [16-18] 16.94
ANS 2.45 2.45 11 11

We evaluated the performance of the proposed cycle-breaking algorithm and compared

it with the performance of the three other typical cycle-breaking strategies studied in Sec-

tion 3.3. Each strategy was executed 30 times for each program. The non-deterministic

results obtained using the other three methods were subjected to the Wilcoxon rank-sum
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test [38] to evaluate whether there exist statistically significant differences between the OC-

plx and Stubs obtained by our algorithm and those obtained using the other algorithms. The

process of evaluating the existence of differences is consistent with the literature [12]. The

ranges, means and p-values of OCplx and Stubs are listed in Table 3.5, where the minimal

mean values are presented in boldface.

In terms of the range of OCplx, NC produced a distribution of widely varying results

across the 30 executions for all programs because multiple dependencies were involved in

the same number of cycles in the later stage of the cycle-breaking algorithm. The range

of OCplx obtained using SCplx was also wide for some programs, such as jmeter and

log4j3, but the range was narrower than that of NC. These results indicate that the programs

might contain multiple dependencies with the same minimal stubbing complexity, but the

probability is relatively low because the same stubbing complexities require both the same

attribute coupling and method coupling for two different class dependencies. In contrast,

CWR and the proposed algorithm are more deterministic because they rarely make arbitrary

decisions when removing class dependencies.

Our cycle-breaking algorithm obtained the minimal mean OCplx values for eight of

nine programs, and the exception was the program MyBatis. Both CWR and the pro-

posed algorithm achieved the minimal mean OCplx value for the programs email__spl

and JHotDraw. For the remaining programs, the OCplx values obtained using the pro-

posed algorithm were lower than the values obtained using the other algorithms, and the

reductions achieved using the proposed algorithm ranged from 0.35% (1-1.965/1.972) to

13.09% (1-2.244/2.582) reduction. Overall, all of the OCplx values obtained using the

proposed algorithm are comparable to if not better than the best results obtained using the

other approaches. For the program MyBatis, our algorithm performed slightly worse than

CWR because of the excessive removal of class dependencies due to the initialization. To
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Table 3.5: Comparison of Results on Programs for ANS and Three Competitors (NC, SC-
plx and CWR)

Programs Methods
OCplx Stubs

Range Mean p-value Range Mean p-value

daisy

NC [0.129-0.482] 0.319 1.666e-09 3 3 -
SCplx 0.161 0.161 - 4 4 -
CWR [0.129-0.161] 0.145 9.651e-06 [3-4] 3.5 9.651e-06
ANS 0.129 0.129 - 3 3 -

deos

NC [1.547-3.180] 2.595 1.191e-12 [11-13] 12.333 0.01548
SCplx 2.695 2.695 - 27 27 -
CWR 1.351 1.351 - 14 14 -
ANS 1.257 1.257 - 12 12 -

email__spl

NC [0.957-1.168] 1.075 1.111e-12 5 5 -
SCplx [0.972-1.061] 1.008 1.052e-12 [6-11] 8.033 1.052e-12
CWR 0.902 0.902 - 5 5 -
ANS 0.902 0.902 - 5 5 -

GPL__spl

NC [2.488-3.959] 3.060 1.212e-12 42 42 -
SCplx [2.950-2.981] 2.967 4.455e-13 [52-53] 52.567 4.455e-13
CWR 2.582 2.582 - 49 49 -
ANS 2.244 2.244 - 42 42 -

JHotDraw

NC [1.599-2.328] 1.979 1.212e-12 90 90 -
SCplx [0.977-1.004] 0.988 8.691e-13 [94-98] 95.700 8.691e-13
CWR 0.963 0.963 - 92 92 -
ANS 0.963 0.963 - 91 91 -

jmeter

NC [1.998-2.694] 2.278 1.212e-12 39 39 -
SCplx [1.467-1.547] 1.513 1.132e-12 [55-60] 57.833 9.807e-13
CWR [1.305-1.335] 1.320 4.696e-13 [42-43] 42.500 4.696e-13
ANS 1.284 1.284 - 40 40 -

log4j3

NC [2.433-3.065] 2.816 1.212e-12 90 90 -
SCplx [2.162-2.425] 2.297 1.199e-12 [103-120] 111.833 1.167e-12
CWR 1.972 1.972 - 96 96 -
ANS 1.965 1.965 - 91 91 -

MyBatis

NC [1.603-2.580] 2.103 1.212e-12 [58-59] 58.567 4.455e-13
SCplx [2.086-2.271] 2.171 1.210e-12 [119-132] 124.167 1.145e-12
CWR 1.201 1.201 - [60-62] 61.800 6.115e-14
ANS 1.209 1.209 - 57 57 -

notepad__spl

NC [2.489-3.480] 3.031 1.211e-12 43 43 -
SCplx [1.249-1.478] 1.347 1.132e-12 [56-68] 61.167 1.132e-12
CWR 1.019 1.019 - 44 44 -
ANS 1.000 1.000 - 43 43 -
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accelerate cycle-breaking, we started from an initially removed edge that was involved in

the greatest number of cycles. However, such a choice may have led to a sub-optimal result,

such as the result obtained for the program MyBatis.

Although NC created the fewest test stubs for seven programs (except for the programs

deos and MyBatis), its stubbing cost was unsatisfactory. Thus, considering only the num-

ber of test stubs is inadequate for minimizing the stubbing cost. The proposed algorithm

follows NC in terms of Stubs, meaning that it comprehensively considers the number of

test stubs and the corresponding stubbing complexity when determining the overall stub-

bing cost. In addition, the p-values below 0.05 indicate that the differences between OCplx

and Stub values obtained using the proposed method and the other methods are statistically

significant.

3.7 Threats to Validity

Although the experimental results demonstrate the effectiveness of ANS algorithm, it still

faces the following threat to validity:

In ANS algorithm, a class dependency that is involved in the greatest number of cycles

is set as an initialization. The underlying rationale is to accelerate the processing of the

algorithm for complex and large cycles. However, the performance of the algorithm may

be affected by the initialization, as in the case of MyBatis. Therefore, in our subsequent

work, we aim to study its detailed effects on performance and explore a better choice for

initialization.
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3.8 Conclusion

The number of test stubs and the corresponding stubbing complexity are two main factors

that affect the overall stubbing cost for a CITO. Most of the existing techniques for CITO

generation ignore these two factors, or unable to fully consider these two factors.

Therefore, we proposed a new cycle-breaking algorithm, ANS. The basic idea of ANS

is to perform a good Analysis of the relationship between the Number of removed depen-

dencies and the related Stubbing complexity. ANS first selects a class dependency as an

initialization. Then, it searches for a superior choice (i.e., deleting other dependencies) that

has a similar effect as removing the initial dependency, such as breaking the same cycles,

but incurs a lower stubbing cost.

The experimental results indicated that the proposed approach outperformed the con-

ventional methods on six of the nine programs (up to 13.09% reduction in OCplx), and on

the remaining programs, it achieved stubbing costs comparable to those achieved by the

conventional methods.



Chapter 4

CITOSC: Evaluating the Effects of

Similar-Class Combination on Class

Integration Test Order Generation

In integration testing, the order in which classes are integrated and tested is significant for

the construction of test stubs. With the existing approaches, it is usually difficult to generate

the sub-optimal test orders for real applications, which have large numbers of classes.

There exist moderately large numbers of classes in software systems, which is one of the

main factors that complicate the generation of class integration test order (CITO), therefore,

the main objective of this study is reducing the problem space for CITO generation.

We proposed a method called CITOSC (Class Integration Test Order generation with

Similar-class Combination), which is based on the hypothesis that similar-class combina-

tion can remove class dependencies and yield a smaller problem space. Identical class

dependence and symmetric classes are the two main properties that are used to identify

similar classes. After identifying similar classes, an algorithm is proposed to reduce the

47
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problem space by combining such similar classes. In addition, we combine the similar-

class combination with the novel cycle-breaking algorithm ANS proposed in the previous

chapter. Empirical experiments are conducted on nine open-source Java programs to eval-

uate the performance of the proposed approach.

With similar-class combination, the proposed approach reduced the numbers of classes

and class dependencies by over 10% and 6%, respectively, for six programs. Moreover, for

four programs, the proposed approach reduced the number of cycles among class depen-

dencies by more than 20%.

The proposed method relies on the two aforementioned important properties to identify

similar classes, and these properties are known to significantly improve the performance of

CITO generation. The results obtained in this study confirmed the capability of the pro-

posed approach in terms of minimizing the number of classes and class dependencies in

programs. Moreover, after combining similar classes, our cycle-breaking algorithm ANS

still outperformed other competing methods in minimizing the stubbing costs of the gener-

ated test orders.

The rest of this chapter is organized as follows. Section 4.1 introduces the whole work

of this chapter. Section 4.2 introduces the motivation. We present our approach in Section

4.3. Section 4.4 presents the detailed design of our experiments and Section 4.5 summarizes

the results. Section 4.6 discusses our findings and the possible threats to validity. Section

4.7 concludes this chapter.
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4.1 Introduction

In the integration testing of a program, it is important to determine the order in which

classes are integrated and tested. Class integration test order (CITO) affects the prepa-

ration of test cases, and it determines the order in which inter-class faults are detected

[117]. When the classes in a program are independent of each other, the testing order is

arbitrary, and the classes are tested directly and separately. However, in real applications,

class dependency is commonly encountered. Especially in large-scale programs, stubbing

is inevitable because circular dependencies are quite common [86].

Designing an optimal test order with the minimal stubbing cost is extremely important.

However, searching for the globally optimal class test order is impractical, even when the

number of classes is moderately large. Graph-based and search-based approaches have

been extensively adopted to search for the locally optimal class test order instead [5].

Graph-based approaches aim to break cycles among class dependencies, while search-

based approaches devise superior class test orders by executing evolutionary operations,

such as mutation and crossover in a genetic algorithm, on the initial test order. However,

the performances of these two types of approaches are limited by the following problem:

• It becomes difficult for the existing heuristics to generate the locally optimal test

order for real applications with a moderately large number of classes.

This problem affects the two types of approaches in different ways. For instance, the

performance of graph-based methods deteriorates when applied to a program with an enor-

mous number of cycles. For example, the program Byte Code Engineering Library [12]

from the Jakarta project is used to analyze, create, and manipulate binary Java class files,

and it contains more than 400,000 cycles. With the existing graph-based approaches, it is

difficult to manage such a large number of cycles.



CHAPTER 4. CITOSC 50

The unsatisfactory performance of search-based methods is caused by the underlying

encoding strategy for class test orders. Given an integer corresponding to a class, a vector

of such integers represents a class test order. For a program containing N classes, the

search space contains N! possible solutions, which is an enormous number in the case of a

program with hundreds or thousands of classes.

We aim to reduce the problem space to address this issue. The CITO generation is basi-

cally equivalent to the problem of the identification of a minimal feedback vertex set (FVS)

[79]. To simplify the problem of finding an FVS, Orenstein et al. [94] proposed a new kind

of graph reduction operation in which they eliminate edges from the graph, such that an

optimum solution for the reduced graph yields an optimum solution for the original graph.

To this end, we observe that a few classes are involved in similar cycles. If we regard such

"similar classes" holistically, some cycles containing such classes are redundant and can

be removed, which reduces the problem space. Therefore, we hypothesize that similar-

class combination can reduce the problem space for large-scale programs that contain a

moderately large number of classes. Based on this hypothesis, two properties pertaining to

class dependency, namely, identical class dependence (ICD) and symmetric classes (SC),

are proposed to identify similar classes. Owing to the combination of similar classes, over-

all, the method is required to manage fewer classes, which reduces the search space for the

search-based approaches. Similarly, for the graph-based approaches, the numbers of class

dependencies and cycles are reduced.

We evaluate the proposed approach by conducting experiments on nine open-source

Java programs. The results indicate that the proposed approach reduces the number of cy-

cles and the number of classes for eight of the nine programs. In the case of six of the

nine programs, the numbers of classes and class dependencies are reduced by more than

10% and 6%, respectively. Moreover, for four programs, the proposed approach reduces
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the number of cycles by more than 20%. We also evaluate the effects of similar-class com-

bination on the performance of the state-of-the-art cycle-breaking techniques, including

the ANS algorithm proposed in the previous chapter. Overall, similar-class combination

does not degrade the performance of the cycle-breaking techniques when considering the

coupling values of class dependencies.

4.2 Motivation

In this section, we will use a sample program to illustrate why the similar-class combination

is able to reduce the problem space for the CITO generation methods. Then, we present

our approach to address this problem.

A

B

CD

E

A

B

C

X

D E+

X

 

Class 
Deps 

# of Cycles 
Stubbing  

Complexity 
Cycles- 

Weight Ratio 

A→B 2 1 2 

B→A 1 0.283 3.534 

B→C 1 0.316 3.165 

C→X 1 0.588 1.701 

X→A 1 0.883 1.133 
 

(a) Example for Similar Class Combination (b) Information for the “New” Sample Program 

 

Figure 4.1: Example for Similar Class Combination

We aim to combine similar classes to reduce the problem space for the existing ap-

proaches. Figure 4.1 shows an example of similar-class combination for the sample pro-

gram in Figure 3.2. As shown in Figure 3.2(a), which is the same as the Object Relation

Diagram (ORD) shown on the left side of Figure 4.1(a), classes D and E depend only on

class A, and class C depends on classes D and E. Classes D and E are "similar" because

they are involved in the same cycles. Therefore, we combine these two classes and replace
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them with a new class X . The ORD for the "new" sample program is shown on the right

side of Figure 4.1(a). The class number and cycle number of the "new" sample program

decrease by one. The information of the "new" sample program is shown in Figure 4.1(b).

After combining similar classes, the class dependency B→A owns the minimal stubbing

complexity and the greatest cycles-weight raito, rahter than the class dependency C→D in

the original program in Figure 3.2. Corresponding, the class dependency B→A will be

removed by two cycle-breaking algorithms mentioned in the Section 3.3, SCplx and CWR.

Finally, SCplx and CWR can also generate the optimal solution for the reduced program.

4.3 Proposed Approach

This section introduces the proposed CITO generation approach. We first illustrate the

overview of the approach, then introduce the two properties for similar-class identification,

and finally describe our similar-class combination algorithm.

4.3.1 Overview of the Approach

Figure 4.2 shows an overview of the proposed approach, which takes a program containing

ten classes as an example to make the process of CITO generation more intuitively.

We first construct an ORD for the given program, then combine similar classes to reduce

the graph. Our hypothesis is that similar-class combination can reduce the problem space

of large-scale programs that contain a moderately large number of classes. Therefore, a

new notion of similar classes has been developed through the identification of two prop-

erties pertaining to class dependence, namely, ICD and SC. Through similar-class combi-

nation, some redundant cycles containing similar classes can be effectively identified and



CHAPTER 4. CITOSC 53

8

1
2

3
46

5

7

9

1
0

S
te

p
 1

 C
o

n
st

ru
ct

 a
n

 O
R

D

O
ri

g
in

al
 

p
ro

g
ra

m
*

S
te

p
 2

 S
im

il
ar

 C
la

ss
 C

o
m

b
in

at
io

n

1
2

3
4

7

5

1
0

S
te

p
 3

 B
re

ak
 C

y
cl

es
 b

y
 A

N
S

 A
lg

o
ri

th
m

S
te

p
 4

 G
en

er
at

e 
a 

C
la

ss
 T

es
t 

O
rd

er

S
te

p
 2

.1
 I

d
en

ti
fy

 S
im

il
ar

 C
la

ss
es

S
te

p
 2

.2
 C

o
m

b
in

e 
S

im
il

ar
 C

la
ss

es

1
2

3
5

1
06 4 9

7 8

If
 s

im
il

ar
 

cl
as

se
s 

ex
is

t

If
 s

im
il

ar
 c

la
ss

es
 a

re
 n

o
t 

id
en

ti
fi

ed

1
2

3
4

7

5

1
0

S
te

p
 3

.1
 S

el
ec

t 
C

la
ss

 D
ep

en
d

en
ci

es

4

7

5

1
0

1
2

3

S
te

p
 3

.2
 R

em
o

v
e 

C
la

ss
 D

ep
en

d
en

ci
es

C
la

ss
es

*
 
T

h
e 

in
p

u
t 

o
f 

o
ri

g
in

al
 
p

ro
g

ra
m

 
in

cl
u

d
es

 
cl

as
se

s,
 
cl

as
s 

d
ep

en
d

en
ci

es
 a

n
d

 r
el

at
ed

 c
o

u
p

li
n

g
 i

n
fo

rm
at

io
n
.

Fi
gu

re
4.

2:
O

ve
rv

ie
w

of
th

e
Pr

op
os

ed
A

pp
ro

ac
h



CHAPTER 4. CITOSC 54

removed. Thereafter, a "reduced" graph that contains fewer class dependencies and class

cycles is generated.

Next, Tarjan’s algorithm [119] is adopted to divide the diagram into different strongly

connected components. We identify all of the cycles in each strongly connected component.

The cycle-breaking algorithm ANS, which aims to keep a good Analysis involving the

Number of removed dependencies and the related Stubbing complexity, is applied to each

strongly connected component. The above process is repeated until no cycles remain in the

strongly connected component.

Finally, test stubs are constructed for the removed dependencies, and a CITO is gener-

ated for the acyclic diagram.

4.3.2 Properties for Similar-Class Identification

In this section, we analyze the relationships among classes and propose two properties,

namely identical class dependence (ICD) and symmetric classes (SC), to identify similar

classes. Moreover, two propositions are presented to verify that similar-class combination

can reduce the problem space of CITO generation. Proposition 1 demonstrates that classes

having the ICDs are involved in the same cycles, and Proposition 2 shows that SCs have

the same test priority. Classes with the same test order or classes that are involved in the

same cycles can be combined to reduce the numbers of classes and class dependencies. We

first describe the following notations that are used to describe the proposed properties for a

given class C.

• Set Target_C stores all classes upon which class C depends.

• Set Source_C is the set of dependent classes of class C, which stores all classes that

depend on class C.
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• Set Cycles_C stores a set of cycles among class dependencies that class C is involved

in.

• List Order_C denotes the final test order of class C.

In this chapter, we define the concepts ICD and SC and subsequently propose two

corresponding propositions to demonstrate the effectiveness of these concepts:

Definition 1: Identical Class Dependence. Given two classes Ci and C j, if they depend

on the same set of classes, and their dependent classes are equal, i.e., Target_Ci = Target_C j∧
Source_Ci = Source_ C j, then classes Ci and C j are said to be having identical class

dependence.

Proposition 1: For two classes Ci and C j having identical class dependence, if class

Ci is involved in cycles among class dependencies, then C j is also involved in the same

cycles, which means that all classes except for class Ci or C j in these cycles are equal, i.e.,

Cycles_Ci = Cycles_C j.

PROOF. Suppose the given conclusion is false; that is, the set of cycles containing

class Ci is not the same as the set of cycles containing class C j, i.e., Cycles_Ci 6= Cycles_C j,

which includes three situations:

(1) The set Cycles_Ci is a subset of the set Cycles_C j, or vice versa, i.e., Cycles_Ci ⊆

Cycles_C j or Cycles_C j ⊆ Cycles_Ci.

(2) The set Cycles_Ci is not a subset of the set Cycles_C j, or vice versa, but these

two sets contain some equal elements. That is, Cycles_Ci 6⊂ Cycles_C j and Cycles_C j 6⊂

Cycles_Ci and Cycles_Ci ∩ Cycles_C j 6= ∅.

(3) The intersection of two sets Cycles_Ci and Cycles_C j is empty set, i.e., Cycles_Ci

∩ Cycles_C j = ∅.

For the first situation, if Cycles_Ci ⊆ Cycles_C j, suppose that cycle c j =

C1→C2→...→Cn→C j→C1 (1 ≤ n ≤ m, m is the number of classes) belongs to Cycles_C j
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whereas the cycle ci = C1→C2→...→Cn→Ci→C1 does not belong to Cycles_Ci, which

means the cycle c j but not ci exists in the program. Because the common path p =

C1→C2→...→Cn exists, the disappearance of cycle ci is caused by at least one of two class

dependencies (Cn→Ci or Ci→C1) does not exist. Hence, class Cn depends on class C j but

not class Ci, or class C1 is depended by the class C j but not class Ci, or both two cases

hold on. No matter which cases, this contradicts the assumption that class Ci and C j have

identical class dependence, so our assumption is false. In other words, the set Cycles_Ci is

not a subset of the set Cycles_C j. Similarly, Cycles_C j ⊆ Cycles_Ci does not hold on.

For the other two situations, we can make the same supposition that cy-

cle c j = C1→C2→...→Cn→C j→C1 belongs to Cycles_C j whereas the cycle ci =

C1→C2→...→Cn→Ci→C1 does not exist. Based on the similar inference, we can conclude

that these two situations do not hold on, either. Therefore, all three situations are false, i.e.,

Cycles_Ci 6= Cycles_C j is false. In other words, the set of cycles containing class Ci is the

same as the set of cycles containing class C j, i.e., Cycles_Ci = Cycles_C j.

Definition 2: Symmetric Classes. Two classes Ci and C j, are said to be symmetric if

they satisfy the following three conditions, (1) they depend on the same set of classes, i.e.,

Target_Ci = Target_C j, (2) their dependent classes are equal, i.e., Source_Ci = Source_C j,

(3) for any pair of class dependencies, such as C1→Ci and C1→C j (or Ci→C1 and C j→C1),

their attribute coupling and method coupling are identical, respectively.

Proposition 2: Given a stable CITO generation algorithm, if class Ci and C j are sym-

metric classes, then the generated test orders of class Ci and C j are equal, i.e., Order_Ci =

Order_C j.

PROOF. Because class Ci and C j are symmetric classes, if class Ci is not involved in

any cycles, then class C j is not involved in any cycles, either. For a stable CITO genera-

tion algorithm, if there are no cycles, a class is integrated once all classes upon which it
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depends have been integrated and tested. All classes on which class Ci and C j depend are

the same, i.e., set Target_Ci = Target_C j, therefore, in this case, the generated test orders

of class Ci and C j are equal. If class Ci is involved in cycles, according to Proposition 1,

class C j is also involved in the same cycles, i.e., Cycles_Ci = Cycles_C j. For any cycle ci

= C1→C2→...→Cn→Ci→C1 (1≤ n ≤ m, m is the number of classes) in Cycles_Ci, there is

a corresponding cycle c j = C1→C2→...→Cn→C j→C1 in Cycles_C j. All Class dependen-

cies are the same except for Cn→Ci (Ci→C1) and Cn→C j (C j→C1). Because the pair of

class dependencies Cn→Ci (Ci→C1) and Cn→C j (C j→C1) have the same value of attribute

coupling and method coupling, respectively, these two cycles are identical except for two

different notations Ci and C j. Correspondingly, solutions to break cycles in Cycles_Ci and

Cycles_C j are equal. Therefore, after removing some class dependencies, all classes on

which class Ci and C j depend are still the same. The generated test orders of class Ci and

C j are equal.

4.3.3 Similar-Class Combination

Similar-class combination is inspired by the graph reduction operation proposed by Oren-

stein et al. [94] for FVS identification problem. In theory, similar-class combination based

on SCs cannot degrade the performance of any cycle-breaking technique, but in some cases,

it can help to lower the stubbing cost of the generated CITOs. In contrast, similar-class

combination based on ICD can both increase and lower the stubbing cost of the generated

CITO depending on the specific case.

For the best case, similar-class combination can lower the stubbing cost of the gener-

ated CITO. For the example in Figure 4.1 introduced in Section 4.2, the cycle-breaking

algorithms SCplx and CWR can generate the optimal solution for the reduced program, but

these two algorithms cannot generate the optimal CITO for the original sample program.
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In the original program, the dependency B→C is involved in two cycles with the stubbing

complexity (0.316), and the dependencies C→D and E→A have the lowest stubbing com-

plexity (0.141 and 0.283) in these two cycles, separately. In this case, the dependency B→C

cannot be selected by the two algorithms because it does not have the lowest stubbing cost

or the greatest cycles-weight ratio. However, in the reduced program, the classes D and E

are combined and consequently, the dependencies C→D and E→A do not exist. Two new

class dependencies C→X and X→A are constructed, and their stubbing costs are higher

(0.588 and 0.883) than that of B→C. Therefore, the dependency B→C can be selected by

the two algorithms.

Although ICD can identify a greater number of similar classes due to looser conditions,

this advantage can be a drawback that increases the stubbing cost in the worst case. For ex-

ample, suppose class Ci and class C j have identical class dependence, indicating that these

two classes are involved in the same cycles, that is, all of the classes in the correspond-

ing cycles are equal, except for the classes Ci and C j. Consider Cycles_Ci (Cycles_C j) to

represent the set of cycles in which class Ci (C j) is involved. Supposing that the class de-

pendency C→Ci is the best choice to break all of the cycles in Cycles_Ci, the corresponding

class dependency C→C j is guaranteed to break all of the cycles in Cycles_C j. However,

this class dependency may not be the optimal solution for Cycles_C j because of differ-

ent stubbing complexity. The stubbing complexity of the class dependency C→C j may be

lower than, equal to, or even higher than that of the class dependency C→Ci due to the

lack of restrictions on the coupling values of the class dependencies with identical class de-

pendence. If the stubbing complexity of class dependency C→C j is lower or equal, C→C j

is the best choice for Cycles_C j. Otherwise, there may exist another class dependency in

Cycles_C j with a stubbing complexity value between that of the class dependencies C→Ci

and C→C j. In such a case, the class dependency C→C j is no longer the optimal choice
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to break all of the cycles in Cycles_C j. We are unable to obtain a better solution when

we regard similar classes as a whole and consider Cycles_Ci and Cycles_C j together. This

problem is described in greater detail in Section 4.6 with the aid of real applications.

Combining symmetric classes does not confront with the abovementioned problem in

similar-class identification by identical class dependence because symmetric classes spec-

ify the detailed constraints on the coupling values of similar classes, which ensures that the

class dependencies related to these symmetric classes have the equal stubbing complexity.

Therefore, for two symmetric classes Ci and C j, the counterpart of the class dependency

that is the best solution for Cycles_Ci must be the optimal result for Cycles_C j.

We apply these two properties, namely, identical class dependence and symmetric

classes, in the proposed approach to identify similar classes. Similar classes can be com-

bined and some redundant cycles containing such similar classes can be removed. These

two properties mainly help to reduce the problem space for the existing CITO generation

approaches, and theoretically, they have no effect on the stubbing cost if we use a stable

cycle-breaking algorithm. However, a moderately large number of classes or cycles is an

important reason for the poor effectiveness of the existing approaches, especially when

these approaches are applied to a program with enormous class dependencies and compli-

cated cycles. With heuristics, it would be easier to generate a better class test order for a

program containing fewer classes and class dependencies. From this viewpoint, these two

properties simplify the CITO generation problem for the original program, which helps to

generate class test orders with a lower stubbing cost.

Algorithm 3 is the similar-class combination algorithm. Given a pair of classes Ci and

C j, we first calculate the source and target sets for them (lines 1-3). Then, based on the

proposed properties, we identify whether these classes are similar (line 4). If they are

similar, a new class C is created to replace them (line 5). The related class dependencies



CHAPTER 4. CITOSC 60

are constructed for the new class C (lines 6-7), and the stubbing complexity is calculated

for these new class dependencies (lines 13-20). Finally, the sets of classes and cycles are

updated (lines 9-10).

Algorithm 3 Similar Class Combination
Require: a set of all classes Classes

a set of all cycles Cycles
Ensure: a set of combined classes RClasses

a set of reduced cycles RCycles
1: for each pair of classes Ci and C j in Classes do
2: calculate Target_Ci and Target_C j
3: calculate Source_Ci and Source_C j
4: if classes Ci and C j own identical class dependence

or are symmetric classes then
5: create a new class C
6: Target_C← Target_Ci
7: Source_C← Source_Ci
8: calculateSCplx()
9: RClasses← updateClasses(Ci, C j, C)

10: RCycles← updateCycles(Ci, C j, C)
11: end if
12: end for

13: function calculateSCplx()
14: for each class Ct in Target(C) do
15: SCplx(C→Ct)=SCplx(Ci→Ct)+SCplx(C j→Ct)
16: end for
17: for each class Cs in Source(C) do
18: SCplx(Cs→C)=SCplx(Cs→Ci)+SCplx(Cs→C j)
19: end for
20: end function

For simplicity, we consider only two classes in the algorithm, but in practice, multiple

similar classes can be identified by using the proposed properties. Supposing that a new

class C represents the combination of n similar classes, the set sim(C) represents the set of
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these similar classes C1, C2, ..., Cn. For the class Ci in the set sim(C), a new class depen-

dency S→C is formed for each class S in Source_Ci. Similarly, a new class dependency

C→T is formed for each class T in Target_Ci. The stubbing complexity of the new class

dependencies is calculated using Equations 4.1 and 4.2, and it is the sum of stubbing com-

plexities of the corresponding original class dependencies. After adding the new class C

and its class dependencies into the program, the original similar classes and their related

class dependencies are removed from the program.

SCplx(S,C) = ∑
Ci∈sim(C)

SCplx(S,Ci) (4.1)

SCplx(C,T ) = ∑
Ci∈sim(C)

SCplx(Ci,T ) (4.2)

4.4 Experimental Design

We conducted several experiments to evaluate the performance of the proposed approach.

Research questions are introduced in Section 4.4.1. The information of used programs,

experimental settings, and evaluation metrics are described in Section 4.4.2.

4.4.1 Research Questions

The proposed approach first identifies similar classes by identifying the two properties per-

taining to class dependence, namely, ICD and SC. Based on this notion of similar classes,

some inter-class relationships can be effectively identified, and some redundant cycles con-

taining these inter-class relationships can be removed. Thereafter, a reduced program that
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contains fewer classes and class dependencies is generated. For the reduced program, we

adopt the proposed cycle-breaking algorithm (ANS) to minimize the stubbing cost. To

evaluate the performance of the proposed approach, we designed experiments to answer

the following two research questions. RQ1 pertains to the effectiveness of the similar-class

combination under the condition that the other factors remain unchanged. RQ2 assesses

the performance of the proposed approach (i.e., ANS algorithm with similar-class com-

bination) and explores the effects of similar-class combination on the performance of the

state-of-the-art cycle-breaking techniques.

• RQ1: What is the performance of similar-class combination in terms of reduc-

ing the problem space?

Before generating CITOs, we first analyze the effects of similar-class combination on

reducing the problem space for graph-based and search-based methods. We collect two

types of similar classes by identifying two properties, namely ICD and SC, as proposed in

Section 4.3.2, and obtain two reduced programs by combining these similar classes. We

count the number of classes, class dependencies, and cycles in the original program and the

two reduced programs. The changes in the above statistics represent the effects of similar-

class combination on minimizing the program scale, such as reduction of the number of

classes and class dependencies.

• RQ2: Will similar-class combination affect the performance of the cycle-

breaking techniques?

We evaluate whether similar-class combination affects the performance of the cycle-

breaking techniques. We apply three kinds of cycle-breaking algorithms mentioned in Sec-

tion 3.3 to the reduced programs obtained by similar-class combination and compare the

results.
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4.4.2 Experimental Settings and Evaluation Metrics

To be consistent with experimental settings in Chapter 3, the nine Java programs in Ta-

ble 3.3 were also used in this experiment. Therefore, it would be easy to compare the

performance of the cycle-breaking techniques before and after applying similar-class com-

bination.

Similarly, the overall stubbing complexity (OCplx) was used to evaluate the stubbing

cost of constructing test stubs based on generated class test orders. The number of test stubs

(Stubs) was considered as a supplementary metric. The lower values of these two metrics

indicate a better performance of the CITO generation approach.

4.5 Experimental Results

4.5.1 Research Question 1

RQ1: The performance of similar-class combination in reducing the problem space.

We recorded the set of similar classes identified based on the two proposed properties,

namely ICD and SC. Table 4.1 lists the number of records for similar classes that were

identified based on ICD and SC for each program. The statistics show that all programs

contained similar classes that were identified by the two proposed properties, except for

the program deos. For the large-scale programs with more than 100 classes, we identified

greater numbers of similar classes than those for small-scale programs, such as programs

daisy, email__spl, and notepad__spl. In general, SC identified fewer similar classes due to

its stricter conditions compared with the property of ICD.

We also counted the number of similar classes in each record that were identified by

the two properties ICD and SC for all programs. Figure 4.3 shows the relationship between
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Table 4.1: Number of instances for similar classes identified by two properties (ICD and
SC)

Programs # of instances identified by ICD # of instances identified by SC

daisy 1 1
deos 0 0

email__spl 5 3
GPL__spl 16 11
JHotDraw 26 18

jmeter 15 5
log4j3 16 15

MyBatis 21 16
notepad__spl 5 3

Total 105 72

the proposed properties and similar classes. The value on the y-axis indicates the number

of sets with similar classes whose sizes, indicated on the x-axis, are obtained using the

corresponding property. Among the sets obtained based on ICD and SC, in 61.9% (65/105)

and 58.3% (42/72), respectively, two similar classes were identified. Most of the sets of

similar classes contained no more than 10 similar classes, and the largest set contained 72

similar classes.

Table 4.2 summarizes a comparison of the programs obtained by means of similar-class

combination based on the two properties ICD and SC in terms of the number of classes,

number of class dependencies (Deps), number of class dependencies that are involved in cy-

cles (OverDeps), and number of cycles. The columns "Original", "ICD", and "SC" present

the statistics of the original programs and the programs obtained by means of similar-class

combination based on ICD and SC, respectively. The percentage values describe the degree

of the reduction in these statistics compared with the original programs. Most programs

contained fewer classes and class dependencies after similar-class combination, except for

the program deos. For six programs (email__spl, GPL__spl, JHotDraw, log4j3, MyBatis

and notepad__spl), more than 10% reductions in the number of classes and more than 6%
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Figure 4.3: Relationship between Properties and Similar Classes

reductions in the number of dependencies were achieved. For four programs (email__spl,

GPL__spl, MyBatis and notepad__spl), more than 20% reductions in the number of cy-

cles were achieved. The ICD property identified a greater number of similar classes, and

it achieved the highest reductions for the notepad__spl program: approximately 55.38%

(1-29/65), 62.41% (1-53/141), 70.49% (1-36/122), and 86.78% (1-30/227) in the numbers

of classes, dependencies, OverDeps, and cycles, respectively.

To highlight the differences between the original programs and the reduced programs

more intuitively, we drew the ORDs for the strongly connected components that con-

tained similar classes. Figure 4.4 shows a comparison of two ORDs generated for the

program notepad__spl. Due to space limitations in this thesis, the diagrams of the other

programs can be accessed on GitHub (https://github.com/miazhang9/CITO_SCC). Figure

4.4(a) shows the ORD for the original program, where the value in each node indicates the
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Table 4.2: Comparison of Programs Obtained by Combining Similar Classes based on Two
Properties

Programs
# of Classes # of Deps # of OverDeps # of Cycles

Original ICD SC Original ICD SC Original ICD SC Original ICD SC

daisy 23
22 22

36
35 35

9
9 9

4
4 4

4.35% 4.35% 2.78% 2.78% 0.00% 0.00% 0.00% 0.00%

email__spl 39
29 31

61
49 53

28
23 25

38
26 30

25.64% 20.51% 19.67% 13.11% 17.86% 10.71% 31.58% 21.05%

GPL__spl 178
103 114

260
150 167

104
68 80

144
88 103

42.13% 35.96% 42.31% 35.77% 34.62% 23.08% 38.89% 28.47%

JHotDraw 411
357 366

1680
1417 1458

199
180 186

225
204 210

13.14% 10.95% 15.65% 13.21% 9.55% 6.53% 9.33% 6.67%

jmeter 372
340 352

1252
1204 1238

147
137 145

729
721 728

8.60% 5.38% 3.83% 1.12% 6.80% 1.36% 1.10% 0.14%

log4j3 261
211 226

784
662 705

242
162 186

2173
2053 2136

19.16% 13.41% 15.56% 10.08% 33.06% 23.14% 5.52% 1.70%

MyBatis 428
302 327

1211
1058 1131

389
327 351

37,882
14,790 23,861

29.44% 23.60% 12.63% 6.61% 15.94% 9.77% 60.96% 37.01%

notepad__spl 65
29 31

141
53 55

122
36 36

227
30 30

55.38% 52.31% 62.41% 60.99% 70.49% 70.49% 86.78% 86.78%

class number, and the directed edge represents the dependency between two classes. The

ORDs of the two reduced programs obtained using ICD and SC are identical, as shown in

Figure 4.4(b). Two types of similar classes that are shown in Figure 4.4 were identified by

both properties, and the class numbers of these classes are shown as follows:

• 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 41, 42, 43, 44, 45, 46, 47,

48, 49, 50, 51, 52, 53, 54

• 62, 63

As shown in Figure 4.4(a), the strongly connected component extracted from the origi-

nal program contains 43 classes and 120 class dependencies. While in the reduced program,

classes 62 and 63 are combined as an integral. Similarly, class 25 and other 28 classes are

treated holistically. Therefore, we only need to tackle 14 classes and 34 class dependen-

cies in the reduced program as shown in Figure 4.4(b). The new program contains only 30

cycles compared with 227 cycles in the original program.
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Figure 4.4: Comparison of Object Relation Diagram for notepad__spl: (a) Original Pro-
gram (b) Reduced Program

A reduction in the number of cycles improves the efficiency of the graph-based ap-

proaches because these approaches aim to break all of the cycles in the program. For

search-based approaches, a reduction in the number of classes is helpful due to the en-

coding strategy for CITOs, as mentioned in Section 4.1. The size of the search space for

search-based methods is N! (N factorial) for a program containing N classes. The fewer

the classes, the smaller is the search space. Hence, the conventional CITO generation ap-

proaches can benefit from similar-class combination based on the proposed properties.

4.5.2 Research Question 2

RQ2: Effects of similar-class combination on the cycle-breaking techniques.

To answer RQ2, we evaluate the effects of similar-class combination on the perfor-

mance of the cycle-breaking techniques, and this question includes two research sub-

questions:
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• RQ2.1 What is the performance of the proposed cycle-breaking algorithm (ANS) in

minimizing the stubbing cost when applying similar-class combination?

• RQ2.2 Will similar-class combination affect the performance of other cycle-breaking

techniques?

Tables 4.3 and 4.4 present the OCplx and Stubs obtained using the three competitors

and the proposed cycle-breaking algorithm for the reduced programs, that is, the programs

obtained by means of similar-class combination based on ICD and SC, respectively. The

results obtained for all of the programs, except for deos (which does not have any instances

of similar classes identified based on the two properties), are compared. Values in Tables

4.3 and 4.4 that are different from those in Table 3.5 are highlighted in bold.

As in the case of Research Question in Chapter 3, each method was executed 30 times

for each program because some competitors are non-deterministic. The Wilcoxon rank-

sum test was performed to investigate whether the differences between the results obtained

using the proposed method and those obtained using the existing methods were statistically

significant.

For RQ2.1, as shown in Table 4.3, the proposed approach achieved the minimal stub-

bing cost for six of the eight programs (except for log4j3 and MyBatis). The results shown

in Table 4.4 are identical to our findings for Research Question in Chapter 3: the proposed

approach outperformed the competitor approaches for all programs, except MyBatis.

For MyBatis, the proposed approach yielded the same OCplx and Stubs values as those

without similar-class combination, as well as the same as those yielded by CWR. However,

the proposed approach performed slightly worse than CWR due to the extra removed class

dependencies, as it did in the case of Research Question in Chapter 3.

For the program log4j3, CWR-ICD reduced 0.036 (1.965-1.929) on OCplx, which is

better than the performance of the original CWR (1.972) and that of the proposed approach
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Table 4.3: Comparison of Results on Programs After Combining Similar Classes by Prop-
erty ICD

Programs Methods
OCplx Stubs

Range Mean p-value Range Mean p-value

daisy

NC-ICD [0.129-0.482] 0.332 5.186e-09 3 3 -
SCplx-ICD 0.161 0.161 - 4 4 -
CWR-ICD [0.129-0.161] 0.144 2.364e-05 [3-4] 3.467 2.364e-05
ANS-ICD 0.129 0.129 - 3 3 -

email__spl

NC-ICD [0.902-1.168] 1.061 1.583e-11 5 5 -
SCplx-ICD [0.972-1.026] 1.002 9.338e-13 [6-9] 7.667 9.338e-13
CWR-ICD 0.902 0.902 - 5 5 -
ANS-ICD 0.902 0.902 - 5 5 -

GPL__spl

NC-ICD [2.572-3.849] 3.076 1.212e-12 42 42 -
SCplx-ICD [2.960-2.991] 2.976 9.338e-13 [52-53] 52.5 4.696e-13
CWR-ICD 2.592 2.592 - 49 49 -
ANS-ICD 2.254 2.254 - 42 42 -

JHotDraw

NC-ICD [1.439-2.207] 1.904 1.211e-12 90 90 -
SCplx-ICD [1.076-1.097] 1.087 7.718e-13 [94-97] 95.600 7.718e-13
CWR-ICD 1.063 1.063 - 92 92 -
ANS-ICD 1.063 1.063 - 91 91 -

jmeter

NC-ICD [1.890-2.738] 2.295 1.212e-12 39 39 -
SCplx-ICD [1.467-1.588] 1.524 1.150e-12 [55-62] 58.333 1.087e-12
CWR-ICD [1.305-1.345] 1.322 5.634e-13 [42-44] 42.600 5.634e-13
ANS-ICD 1.284 1.284 - 40 40 -

log4j3

NC-ICD [2.405-3.186] 2.828 1.212e-12 90 90 -
SCplx-ICD [2.145-2.381] 2.257 1.206e-12 [102-117] 109.3 1.144e-12
CWR-ICD 1.929 1.929 - 94 94 -
ANS-ICD 1.965 1.965 - 91 91 -

MyBatis

NC-ICD [1.574-2.610] 2.034 1.212e-12 58 58 -
SCplx-ICD [1.709-1.920] 1.802 1.210e-12 [101-114] 106.7 1.162e-12
CWR-ICD 1.201 1.201 - [60-62] 61.533 1.969e-13
ANS-ICD 1.209 1.209 - 57 57 -

notepad__spl

NC-ICD [1.164-1.846] 1.462 1.211e-12 42 42 -
SCplx-ICD [1.038-1.650] 1.320 1.068e-12 [45-77] 59.733 1.068e-12
CWR-ICD 1.019 1.019 - 44 44 -
ANS-ICD 0.981 0.981 - 42 42 -
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Table 4.4: Comparison of Results on Programs After Combining Similar Classes by Prop-
erty SC

Programs Methods
OCplx Stubs

Range Mean p-value Range Mean p-value

daisy

NC-SC [0.129-0.482] 0.315 1.591e-08 3 3 -
SCplx-SC 0.161 0.161 - 4 4 -
CWR-SC [0.129-0.161] 0.148 5.189e-07 [3-4] 3.6 5.189e-07
ANS-SC 0.129 0.129 - 3 3 -

email__spl

NC-SC [0.902-1.150] 1.054 4.257e-12 5 5 -
SCplx-SC [0.972-1.026] 1.000 8.727e-13 [6-9] 7.533 8.727e-13
CWR-SC 0.902 0.902 - 5 5 -
ANS-SC 0.902 0.902 - 5 5 -

GPL__spl

NC-SC [2.467-3.795] 3.000 1.212e-12 42 42 -
SCplx-SC [2.950-2.981] 2.969 3.798e-13 [52-53] 52.633 3.798e-13
CWR-SC 2.582 2.582 - 49 49 -
ANS-SC 2.244 2.244 - 42 42 -

JHotDraw

NC-SC [1.681-2.245] 1.985 1.212e-12 90 90 -
SCplx-SC [0.977-0.997] 0.988 8.815e-13 [94-97] 95.633 8.815e-13
CWR-SC 0.963 0.963 - 92 92 -
ANS-SC 0.963 0.963 - 91 91 -

jmeter

NC-SC [1.946-3.004] 2.349 1.212e-12 39 39 -
SCplx-SC [1.467-1.578] 1.526 1.151e-12 [55-61] 58.333 1.015e-12
CWR-SC [1.305-1.345] 1.320 5.669e-13 [42-44] 42.567 5.669e-13
ANS-SC 1.284 1.284 - 40 40 -

log4j3

NC-SC [2.432-3.276] 2.790 1.212e-12 90 90 -
SCplx-SC [2.145-2.414] 2.293 1.212e-12 [102-119] 111.567 1.179e-12
CWR-SC 1.972 1.972 - 96 96 -
ANS-SC 1.965 1.965 - 91 91 -

MyBatis

NC-SC [1.602-2.471] 2.023 1.212e-12 [58-59] 58.633 3.798e-13
SCplx-SC [1.743-1.948] 1.839 1.209e-12 [102-116] 109.433 1.171e-12
CWR-SC 1.201 1.201 - [60-62] 61.533 1.969e-13
ANS-SC 1.209 1.209 - 57 57 -

notepad__spl

NC-SC [1.060-1.618] 1.368 1.208e-12 42 42 -
SCplx-SC [1.019-1.650] 1.279 1.069e-12 [44-77] 57.567 1.069e-12
CWR-SC 1.019 1.019 - 44 44 -
ANS-SC 0.981 0.981 - 42 42 -
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(1.965). CWR-ICD yielded a better choice because it established the association between

cycles by means of ICD. For example, CWR-ICD removed the class dependency 16→18

instead of 36→16 and 38→16, as selected by CWR. Table 4.5 shows the information of

these three class dependencies; the class dependency 36→16 has a higher cycles-weight

ratio than the other class dependencies. Therefore, the class dependency 36→16 was first

removed by CWR. Then, the cycles-weight ratio was updated for the remaining class de-

pendencies. The class dependency 16→18 was involved in eight cycles, where two cycles

also contained the class dependency 36→16. Therefore, its cycles-weight ratio was up-

dated to 61.224 (6/0.098=61.224). The class dependency 38→16 was still involved in two

cycles, so it yielded the highest cycles-weight ratio (62.500). Therefore, CWR removed the

class dependency 38→16. However, classes 36 and 38 exhibited ICD. In this case, CWR-

ICD regarded classes 36 and 38 holistically, replaced them with a new class X , and calcu-

lated the cycles-weight ratio for the combined class dependency X→16 (2/(0.011+0.032)

= 46.512). Correspondingly, the class dependency 16→18 was involved in six cycles, and

its cycles-weight ratio was the highest (6/0.098=61.224). Although it seems that removing

class dependency 16→18 led to the greatest increase in stubbing cost by far, CWR-ICD

eventually yielded a better result.

Table 4.5: Class Dependencies Causing Better Result of CWR-ICD for Program log4j3
Class Deps # of Cycles Stubbing Complexity Cycles-Weight Ratio

36→16 2 0.011 181.818
16→18 8 0.098 81.633
38→16 2 0.032 62.500

In terms of Stubs, NC yielded the least number of test stubs in most cases, followed

by the proposed approach. This finding is consistent with our findings for Research Ques-

tion in Chapter 3. Moreover, the p-values lower than 0.05 indicate that after similar-class
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combination, the differences between the results obtained using the competitors and those

obtained using the proposed approach are statistically significant.

For RQ2.2, In Table 4.3 and 4.4, values of OCplx and Stubs that are different from those

in Table 3.5 are presented in boldface for the sake of readability, while the best values of

OCplx and Stubs are presented in boldface in Table 3.5.

The results obtained using CWR and the proposed approach were deterministic for most

of the programs. Therefore, the differences in the results obtained before and after similar-

class combination are obvious. For the non-deterministic values of OCplx and Stubs, we

conducted the Wilcoxon rank-sum test to estimate whether the results obtained by means

of similar-class combination based on ICD and SC differed significantly from the original

results. Table 4.6 presents the p-values of eight programs for NC and SCplx, respectively.

The p-values below 0.05 indicate significant differences, and they are presented in boldface.

The p-values of Stubs for NC were not shown because for seven programs, NC, NC-

ICD and NC-SC all obtained certain values. For MyBatis, the p-values for NC-ICD and

NC-SC were 1.434e-06 and 0.607 (Stubs), respectively. It indicates that the number of test

stubs generated by NC and NC-ICD has significant differences, but it does not hold for

NC-SC.

CWR, CWR-ICD, and CWR-SC all obtained deterministic values for most programs.

With regard to the remaining programs, for daisy, the p-values for CWR-ICD and CWR-

SC were 0.804 (OCplx) and 0.445 (Stubs). For jmeter, the p-values for CWR-ICD and

CWR-SC were 0.6202 (both OCplx and Stubs) and 0.9068, respectively. For MyBatis, the

p-values for CWR-ICD and CWR-SC were 0.173 (Stubs). It indicates that no statistically

significant differences between the results from CWR-ICD (or CWR-SC) and CWR exist.

Therefore, similar-class combination does not degrade the performance of CWR in terms

of minimizing stubbing cost for programs daisy, jmeter and MyBatis.
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By comparing the OCplx and Stubs obtained before and after similar-class combina-

tion, we found that combining SCs minimized the number of classes (as well as class de-

pendencies) without degrading the performance of the cycle-breaking techniques in terms

of minimizing stubbing cost for all programs. The other property ICD did not degrade the

performance of the cycle-breaking techniques for most programs. We will discuss the other

special cases in Section 4.6.

Overall, the proposed approach outperformed the competitors on most programs, and

especially when combining SCs, it achieved the minimal stubbing cost on seven of the eight

programs.

4.6 Discussion

4.6.1 Analysis for Special Cases

In some special cases, similar-class combination based on the two proposed properties,

namely ICD and SC, may affect the specific characteristics of the used programs. Corre-

spondingly, different CITOs are generated by these cycle-breaking techniques when com-

bining similar classes. We discuss such special cases in this section. We summarize the pro-

grams for which methods obtained significantly different OCplx and Stubs under similar-

class combination based on the two properties and explain these differences.

Table 4.7 presents the programs for which the generated CITOs are affected by similar-

class combination. The upward arrows between parentheses indicate that a approach ob-

tained better results than the original version, whereas the downward arrows indicate lower

OCplx or Stubs. The results show that similar-class combination based on a stricter prop-

erty, that is, SC, not only did not affect the performance of the cycle-breaking techniques

but also helped to reduce the stubbing cost for some programs (such as notepad__spl and



CHAPTER 4. CITOSC 75

Table 4.7: Programs for Which Generated CITOs Are Affected by Similar Class Combina-
tion

Methods OCplx Stubs
NC-ICD notepad__spl(↓) MyBatis(↓), notepad__spl(↓)

SCplx-ICD GPL__spl(↑), JHotDraw(↑), MyBatis(↓) MyBatis(↓)
CWR-ICD GPL__spl(↑), JHotDraw(↑), log4j3(↓) log4j3(↓)
ANS-ICD GPL__spl(↑), JHotDraw(↑), notepad__spl(↓) notepad__spl(↓)

NC-SC notepad__spl(↓) notepad__spl(↓)
SCplx-SC MyBatis(↓) MyBatis(↓)
ANS-SC notepad__spl(↓) notepad__spl(↓)

MyBatis), which is consistent with the explanation given in Section 4.3.3. Although the

OCplx values for the programs GPL__spl and JHotDraw increased slightly for the three

approaches when similar-class combination based on ICD was applied, this drawback dis-

appeared when SCs were combined. This result can be ascribed to the distinct coupling val-

ues of these class dependencies for similar-class combination. For example, three classes

(35, 36, and 38) in GPL__spl form four class dependencies: 35→36 and 38→36 (attribute

coupling = 2, method coupling = 2, stubbing complexity = 0.072), 36→35 (attribute cou-

pling = 0, method coupling = 3, stubbing complexity = 0.092) and 36→38 (attribute cou-

pling = 0, method coupling = 2, stubbing complexity = 0.061). These class dependencies

are involved in two cycles: (1) 35→36→35 and (2) 38→36→38. Classes 35 and 38 have

ICD based on Proposition 1 rather than are SCs based on Proposition 2 because class de-

pendency 36→35 and 36→38 have different coupling values. If classes 35 and 38 were

combined, only one cycle existed. In the case of the NC approach, such combination of

classes did not influence the final result because all class dependencies had the same num-

ber of cycles as before. While for the other three approaches, class dependencies 35→36

and 38→36 were removed due to lower stubbing complexity than that of class dependen-

cies 36→35 and 36→38. However, the optimal choice was removing class dependencies

35→36 and 36→38, which can be obtained when these two classes were not combined.

The same reason is true for the program JHotDraw.
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For notepad__spl, both NC and the proposed approach achieved fewer OCplx and Stubs

with similar-class combination based on ICD and SC. The class dependency involved in

the greatest number of cycles was removed by NC, but this abundance of cycles can be

reduced by the similar classes identified by ICD and SC. For example, the class dependency

20→19 (stubbing complexity = 0.713) involved in 30 cycles was removed by NC in a

certain stage of its execution, as shown in Figure 4.5. Both ICD and SC identified 29 similar

classes in these cycles, which were highlighted in grey background. We regarded these 29

classes holistically, and constructed a new class dependency 19→25 (stubbing complexity

= 0.019×29 = 0.551) to represent all dependencies from class 19 towards these similar

classes. After similar-class combination, class dependency 19→25 was involved in seven

cycles (the actual number of cycles should be 29×7=203), which was the greatest number

of cycles. While the class dependency 20→19 was involved in only two cycles. Hence,

NC-ICD and NC-SC removed class dependency 19→25 rather than 20→19, breaking 173

more cycles with 0.162 less stubbing complexity.

Cycle [152]: 20; 19; 20;  

Cycle [153]: 20; 19; 25; 20;  
Cycle [154]: 20; 19; 26; 20;  

Cycle [155]: 20; 19; 27; 20;  

Cycle [156]: 20; 19; 28; 20;  
Cycle [157]: 20; 19; 29; 20;  

Cycle [158]: 20; 19; 30; 20;  

Cycle [159]: 20; 19; 31; 20;  
Cycle [160]: 20; 19; 32; 20;  

Cycle [161]: 20; 19; 33; 20;  

Cycle [162]: 20; 19; 34; 20;  

Cycle [163]: 20; 19; 35; 20;  
Cycle [164]: 20; 19; 36; 20;  

Cycle [165]: 20; 19; 37; 20;  

Cycle [166]: 20; 19; 38; 20; 
Cycle [167]: 20; 19; 39; 20;  

Cycle [168]: 20; 19; 41; 20;  

Cycle [169]: 20; 19; 42; 20;  
Cycle [170]: 20; 19; 43; 20;  

Cycle [171]: 20; 19; 44; 20;  

Cycle [172]: 20; 19; 45; 20;  

Cycle [173]: 20; 19; 46; 20;  
Cycle [174]: 20; 19; 47; 20;  

Cycle [175]: 20; 19; 48; 20;  

Cycle [176]: 20; 19; 49; 20;  
Cycle [177]: 20; 19; 50; 20;  

Cycle [178]: 20; 19; 51; 20;  

Cycle [179]: 20; 19; 52; 20;  
Cycle [180]: 20; 19; 53; 20;  

Cycle [181]: 20; 19; 54; 20; 

 

Figure 4.5: Cycles Containing Class Dependency 20→19

The proposed approach yielded fewer OCplx and Stubs for the reduced program

notepad__spl because of the removal of an extra class dependency 18→19 from the origi-

nal program. As we observed in the case of Research Question in Chapter 3, CWR signifi-

cantly outperformed NC and SCplx in terms of stubbing cost minimization by calculating
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the cycles-weight ratio, which considers the two objectives of reducing the total number

of test stubs and minimizing the stubbing cost for each removed dependency. While this

calculation is easy, it is rough, and it may omit a better class dependency that breaks the

same cycles as the initial choice but reduces the stubbing cost, which is the aim of our

cycle-breaking algorithm. Although the performance of the proposed cycle-breaking al-

gorithm is superior to that of the existing methods, we cannot guarantee that its results

are the best, and especially for some complex programs containing numerous cycles, it is

arduous to search all possible solutions. The number of cycles is minimized by means of

similar-class combination based on the two proposed properties, which alleviates this issue

to some extent. For example, the reduced program notepad__spl contained only 30 cycles

in Figure 4.4, making the problem easier compared with the original 227 cycles.

Interestingly, for MyBatis, both SCplx-ICD and SCplx-SC reduced OCplx and Stubs

compared with their original versions. SCplx removed more class dependencies without

similar-class combination. For example, four similar classes 182, 186, 192, and 193 are

identified by ICD and SC. Class dependencies 51→182, 51→186, 51→192, and 51→193

were removed first by SCplx due to relatively lower stubbing complexity (the values are all

0.011). However, despite this, it was unable to break all of the cycles in the program, thus

necessitating the removal of more class dependencies with higher stubbing complexity. The

latter removed class dependencies can also break the same cycles where the first four class

dependencies are involved, which can render the stubbing efforts redundant. Moreover,

these latter removed class dependencies cannot be considered first due to their higher stub-

bing complexities. If we regard these similar classes holistically and combine their class

dependencies, the stubbing complexity of the newly generated class dependency is 0.044

(4×0.011), and this class dependency will not be selected by SCplx. Therefore, SCplx-ICD

and SCplx-SC can avoid the construction of extra test stubs.
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Overall, similar-class combination can minimize the number of classes (as well as

class dependencies) without degrading the performance of the cycle-breaking techniques

in terms of minimizing the stubbing cost for most programs. Similar-class combination

based on ICD increases the stubbing cost for GPL__spl and JHotDraw due to the lack

of constraints on the coupling values of the class dependencies, which we addressed by

combining SCs. Moreover, similar-class combination can alleviate the drawbacks of the

competitor approaches in some cases to devise better CITOs with lower stubbing costs.

For the proposed approach, it would be easier to find a satisfactory cycle-breaking solution

among the fewer cycles obtained by combining SCs.

4.6.2 Threats to Validity

Although the experimental results demonstrate the effectiveness of the proposed approach,

some potential threats to the validity of the proposed approach and experiments remain.

Internal validity. Class dependencies of programs are obtained by Soot based on their

binary files. Several dynamic class dependencies are neglected because they are formed

only when the programs are executed. Depth-first search is adopted to identify cycles in

each strongly connected component, but it is difficult to verify these cycles one by one.

Therefore, the dependencies among classes and the number of cycles that each class de-

pendency is involved in may not be adequate. Fortunately, this problem has little effect

on the comparison between our approach and its competitors because all of the required

information is identical for each method.

External validity. Because the three typical cycle-breaking strategies considered

herein are not publicly available, we implemented them according to the algorithms pro-

vided by Briand et al. [12], Hashim et al. [55], and Abdurazik et al. [3], but made a

few minor changes. To emulate the number of cycles in which each class dependency is
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involved, the algorithm of Briand et al. [12] calculates the product of in-degree of source

class and out-degree of target class, while in our experiments, NC directly counts the num-

ber of cycles for each class dependency. To measure the stubbing cost of the test stubs for

each class, the algorithm of Hashim et al. [55] counts the number of use relationships from

a certain class to other classes. A smaller number of use relationships represents a more

independent class, and correspondingly, the test stubs for such classes are easy to construct.

Such measurement of stubbing costs is rough and cannot describe the intentions of different

class dependencies. For example, creating a test stub for a class dependency that involves

multiple method invocations is much more difficult than that for a class dependency that

contains only one method invocation. The algorithm of Abdurazik et al. [3] regards the

number of parameters and return value types as two different coupling values, but we com-

bine them into attribute coupling in this thesis, as described in Section 3.2. Because our

experiments mainly focused on different types of cycle-breaking strategies, both SCplx and

CWR adopted stubbing complexity, which is the most popular measure.

Our approach was evaluated by applying it to nine Java programs. However, the gener-

alizability of the experimental results to all programs needs further exploration, especially

for programs written in other languages. We intend to apply the proposed approach to more

programs in the future.

4.7 Conclusion

The existing CITO generation approaches usually require considerable amounts of time to

generate a sub-optimal test order for real applications with a moderately large number of

classes. We assume that similar-class combination reduces the problem space for CITO

generation. Therefore, for the proposed approach, we devised two novel properties-ICD
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and SC-to identify similar classes involved in the same cycles or having equal test orders.

Two propositions were presented to prove the effectiveness of similar-class combination in

reducing the problem space for CITO generation. In addition, the cycle-breaking algorithm

ANS in Chapter 3 was combined to remove the class dependencies in programs by fully

considering the two factors that impact the overall stubbing cost, namely the distinct num-

ber of test stubs and the corresponding stubbing complexities. A CITO is determined when

no cycles exist in the program.

Experiments were conducted to evaluate the performance of the proposed approach

against that of three typical cycle-breaking methods (NC, SCplx, and CWR) by applying

them to nine Java programs. The combination of similar classes minimized the number of

cycles and classes for eight of the nine programs, which reduced the problem space for the

existing methods without degrading their performance in terms of minimizing the stubbing

cost.

In this section, we only identified similar classes that are involved in the same cycles or

have equal test priority. However, negative associations exist in different classes when class

A is tested and class B should not be tested simultaneously. To further reduce the problem

space, in the future, we will investigate other types of relationships that can describe these

negative associations between different classes.



Chapter 5

CITOMT: Validating Class Integration

Test Order Generation Systems with

Metamorphic Testing

Previous studies proposed different kinds of approaches for class integration test order

(CITO) generation, and corresponding systems can be implemented based on these ap-

proaches. Such CITO generation systems can facilitate the process of software integration

testing if they are implemented correctly.

However, a test oracle problem exists in the CITO generation systems. Since these

approaches for CITO generation normally deliver a local optimum rather than a global

optimum, there are no practically feasible ways to validate their generated CITOs, that is,

these implementation systems are untestable.

To address the test oracle problem, we apply Metamorphic Testing (MT) to validate

CITO generation systems and implement it as CITOMT. Metamorphic Relations (MRs),

which are the key components of MT, reason about relations between test outputs of a

81
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system. Five effective MRs are developed to ensure the quality of the CITO generation

systems. In these proposed MRs, follow-up test inputs are generated by modifying classes

or class dependencies in the source test inputs while some characteristics of the source test

outputs are preserved, for example, the same class test order or the equal stubbing cost.

Faults can be detected in systems if an individual MR is violated for certain tests.

Failure detection of MT has been successfully demonstrated in empirical experiments

on three systems implementing different typical CITO generation approaches. More than

84% of faulty programs can be detected by all MRs, for three CITO generation systems

under investigation. The experimental results show that the proposed MRs are able to sys-

tematically and effectively detect faults in CITO generation systems. This study explores a

new application domain in MT and further extends its applications in Software Engineer-

ing.

The rest of this chapter is organized as follows. Section 5.1 introduces the whole work

of this chapter. We present our validation framework in Section 5.2. Section 5.3 presents

the detailed design of our experiments and Section 5.4 summarizes the results. Section

5.5 discusses our findings and the possible threats to validity. Section 5.6 concludes this

chapter.

5.1 Introduction

Software integration testing is an essential process to guarantee the quality of software be-

ing produced. An important problem in software integration testing is to determine the

order in which classes are integrated and tested, because classes in a software system are

usually independently developed and tested. Test stubs are constructed for a class A when
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classes on which class A depends are unavailable. Because cycles among class dependen-

cies are common in programs [86], test stubs are inevitable.

Different class integration test orders (CITOs) need various test stubs, and correspond-

ingly, require different efforts to construct such test stubs, which has been proved by Kung

et al. [67]. In their experiment, students were asked to prepare test stubs for some member

functions for a program, and one simple test stub is required about 0.79 person-hours to

prepare. For a case study system called InterViews which contains 122 classes, a random

CITO requires 191 test stubs that could be written in about 152 person-hours, while the

optimal CITO requires only 8 test stubs that can be constructed in around 7 person-hours.

Therefore, for an ideal CITO, few or no efforts required to construct test stubs for the

integration testing are desirable.

Finding the optimal CITO is basically equivalent to the travelling salesman problem

[12], which is well-known as a factorial ordered problem. Searching for the globally op-

timal CITO is impractical for a real-life application even with a moderately large number

of classes, and hence heuristics are extensively adopted to search for the locally optimal

CITO instead.

Previous studies focus on the improvement of the performance for different kinds of

CITO generation approaches. Systems can be implemented based on these proposed ap-

proaches to generate CITOs for a given Object-Oriented program. Systems implemented

based on such approaches can facilitate the process of software integration testing. How-

ever, no matter how good the approach for CITO generation is, an incorrect implementation

would not benefit from its capability. Therefore, it is important to validate such CITO gen-

eration systems.

However, testing such a system is difficult if not impossible, because except for trivial

inputs, no practically feasible ways exist to validate its generated CITO. Approaches for
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CITO generation would be more likely to deliver a locally optimal solution than a globally

optimal solution. Given a real-life system of even moderate complexity, we are not able to

validate whether a generated CITO for this real-life system is the actual output that should

be computed by the approach, as we are unable to give an exact definition for the concept

of local optimum. Overall, such CITO generation systems are referred to as untestable

systems or systems with the test oracle problem.

Fortunately, the technique of metamorphic testing (MT) [26] could help to alleviate

the test oracle problem. MT differs from conventional testing approaches which focus

on the verification of each individual output of the software under testing, instead MT

verifies relations among the inputs and outputs of multiple executions of the software. Such

relations are referred to as metamorphic relations or MRs for short. If an individual MR

is violated for certain tests, it implies that the implementation is faulty because MRs are

the necessary properties of the implemented algorithm. In this case, the test oracle is not

required, which is suitable for our untestable systems.

We propose to use MT as a framework for validating the CITO generation systems. MT

has never been applied in the area of CITO generation, since no references to the applicable

MRs which are the key components in MT can be obtained. A challenging problem is to

develop effective MRs for validating these systems, which is one of the major contributions

delivered by this chapter.

In this chapter, we propose five kinds of MRs to validate different CITO generation

systems. These MRs modify class dependencies with the aim of preserving a part of or

the entire original test order. We validate three systems implementing different typical

CITO generation approaches using the test suites generated based on the proposed MRs.

The results show that no faults can be detected by the five proposed MRs in three CITO

generation systems, which increases the likelihood of being valid for our systems. We
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also conduct mutation analysis to evaluate the effectiveness of the proposed MRs. The

experimental results show that more than 84% of faulty programs can be detected by all

MRs for three CITO generation systems.

5.2 Validation Framework

5.2.1 Validation Procedure

In this section, we adopt MT to validate systems implementing the CITO generation ap-

proaches introduced in Section 3.3. MR is the key component in MT, which is a necessary

property of the function over its inputs and the corresponding outputs. MR describes how

to generate a follow-up test case based on the source test case and its source output, and ex-

plains which relation between two outputs (i.e., source output and follow-up output) must

be satisfied. We first extract MRs for these systems implementing the CITO generation

approaches. The proposed MRs are generated based on the necessary property of these ap-

proaches, which will be explained in detail in Section 5.2.2. The main procedure of these

CITO generation approaches is identical, which is to break all cycles in the object rela-

tion diagram constructed for the program under integration testing. Once no cycle exists

in the diagram, classes are integrated and tested based on the reverse topological sorting.

Test stubs are only constructed for the class dependencies whose corresponding edges are

removed in cycles.

Our validation procedure for the CITO generation systems includes four steps. Firstly,

we select source programs as source inputs to run the CITO generation system and obtain

the generated test orders as source outputs. Then, follow-up programs are generated based

on the proposed MR, source inputs and their corresponding source outputs. Such follow-

up programs are referred to as follow-up inputs. Next, follow-up inputs are used to run the
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CITO generation system. The obtained test orders are follow-up outputs. Finally, we check

whether the proposed MR holds for such two kinds of outputs. If the relation is violated, a

failure is revealed.

5.2.2 Metamorphic Relations (MRs)

In this section, we discuss the developed MRs for the CITO generation systems.

MR1: Permutation of class names

An obvious MR to validate CITO generation systems is about permuting class names.

Figure 5.1 shows an example for the permutation of class names. In the source program

and follow-up program, each node represents a class and each directed edge represents a

class dependency, for example, C1→C2 represents class C1 depends on class C2. Let SP

denote the source program that contains six classes, and the output is a class integration

test order, Osp, which is further supposed to be [C4, C5, C3, C2, C1, C6]. A follow-up

program FP can be constructed by permuting the class names without any modifications

on inter-class relationships and functionality of these classes. Obviously, there is a one-

to-one correspondence between the computed test orders of programs SP and FP, and the

efforts required to construct test stubs based on these two test orders should also be equal.

MR2: Adding/deleting class dependencies for the initial class with the aim of preserv-

ing its test order

Figure 5.2 shows an example for MR2. The notation for nodes and edges is similar

with Figure 5.1, and the weight for each edge represents the stubbing cost for each class

dependency. Let SP denote the source program that contains six classes, and in the output,

i.e., the generated class integration test order, Osp, class C4 is integrated and tested first.



CHAPTER 5. CITOMT 87

C6

C5

C4 C3

C1 C2

C2

C4

C3 C6

C5 C1

Source Program Follow-up Program

C6C1C2C3C4 C5

Source Output
Follow-up Output

C2C5C1C6C3 C4

Figure 5.1: Example of MR1 Permutation of Class Names∗
∗The adopted permutation scheme is C1→C5, C2→C1, C3→C6, C4→C3, C5→C4, C6→C2.

It indicates that the highest test priority of class C4 will contribute to a lower stubbing

cost for the subsequent integration testing (i.e., test stubs are not required for those classes

depending on class C4). In such a case, adding new class dependencies to class C4 will

not incur extra stubbing cost for the subsequent integration testing, and this operation will

not affect the test order of class C4. Hence, a follow-up program FP which has the same

classes as SP, can be generated by adding one or more class dependencies to class C4, for

example, the addition of edge C2→C4. Class C4 will still be the initial class in the test

order O f p generated for the program FP. Because the classes on which class C4 depends

are unchanged, the stubbing cost of O f p will be equal to that of Osp. Similarly, deleting

class dependencies from class C4, will reduce the stubbing cost when class C4 is integrated,

and as a consequence, this operation will not affect its test priority. Therefore, the other

follow-up program FP which has the same classes as SP, can be constructed by removing

class dependencies through the removal of edges, such as, removing class C1 on which class

C4 depends, through the removal of edge C4→C1. Class C4 will still be the initial class in
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the class integration test order O f p generated for the program FP. Because the classes on

which class C4 depends are fewer in FP, the stubbing cost of O f p will be smaller than that

of Osp.

Source Program

Source Output

C6

C5

C4 C3

C1 C2
0.3

0.60.5

0.2

0.1

0.3

0.4

0.1

0.2

Follow-up Program by 

adding class dependencies

Follow-up Output

C4

0.1

0.4

0.3

0.1

0.5

0.3

0.6

0.2

W

C6

C5

C4 C3

C1 C2

0.2

Follow-up Program by 

removing class dependencies

C4

Follow-up Output

0.1

0.4

0.3

0.5

0.3

0.6

0.2
C6

C5

C4 C3

C1 C2

0.2

C4

Figure 5.2: Example of MR2 Adding/deleting class dependencies for the initial class*
∗The added class dependency is C2→C4 with a very large weight W , and the removed class dependency is
C4→C1.

To prove MR2, we need the following proposition:

Proposition 1. Suppose class C is integrated and tested first. If class C is not indepen-

dent, all class dependencies from class C will be involved in cycles.
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Proof of Proposition 1. Suppose that there exists another class D, class C depends on

class D and the class dependency C→D is not involved in any cycles. According to our

assumption that all systems for class integration test order generation will not construct un-

necessary test stubs when no cycle exists, class D should be integrated and tested prior to

class C, so that a test stub created for class C to emulate class D can be avoided. Although

class D might be involved in cycles, we can regard class D and other classes that are in-

volved in the same cycles as a whole. The test order of other classes can be ignored because

it will not affect the test sequence between class D and class C. Class C will not be the ini-

tial class in the class integration test order, which contradicts our assumption that class C

is integrated and tested first. Therefore, the class dependency C→D must be involved in

cycles.

Proof of MR2. Class C is integrated and tested first, which means all class dependen-

cies from class C are removed and test stubs are constructed for these class dependencies.

Because all class dependencies from class C are involved in cycles, such class dependen-

cies must be the locally optimal solution obtained by approaches to break cycles in which

they are involved. To generate the follow-up program, we remove some of these class

dependencies from class C, the corresponding cycles will be broken automatically. This

operation will not affect remaining cycles and solutions to break these cycles. Remaining

class dependencies from class C will still be the locally optimal solution for the follow-up

program, and corresponding test stubs are constructed. Therefore, class C will still be the

initial class in the test order.

Another measure to generate the follow-up program is to add new class dependencies

to class C. If such class dependencies do not form new cycles, the locally optimal solu-

tion obtained by class integration test order generation approaches will be the same, and

class C will still be the initial class in the integration test order. If the newly added class
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dependencies form new cycles, some class dependencies from class C must be involved

in these cycles. Removing such class dependencies from class C will be the optimal so-

lution to break these cycles if they own lower stubbing cost. Therefore, to make sure that

class C will still be the initial class in the class integration test order, the newly added class

dependencies should be assigned a very large weight W .

MR3: Adding/deleting class dependencies for the last class with the aim of preserving

its test order

Figure 5.3 shows an example for MR3, where the notation for nodes and edges is simi-

lar with that of other MRs. Let SP denote the source program that contains six classes, and

in its generated class integration test order, Osp, class C6 is the last class to be integrated

and tested. That means testing class C6 requires the greatest stubbing cost, or this opera-

tion cannot lower stubbing cost for the subsequent integration testing (i.e., fewer classes

depending on class C6). A MR can be defined relating to the modification of class depen-

dencies for the last class in the integration test order, i.e., class C6. Because testing class C6

has already incurred the greatest stubbing cost, the increase of its stubbing cost by adding

more class dependencies from class C6 will not affect the test order of class C6. Hence, a

follow-up program FP which has the same classes as SP, can be produced by adding one

or more dependencies from class C6 to other classes, for example, adding edge C6→C2.

Class C6 will still be the last class in the class integration test order O f p generated for the

program FP. Because class C2 is integrated and tested prior to class C6, no extra test stubs

are required in the program FP. The stubbing cost of O f p will be the same as that of Osp.

Similarly, reducing the stubbing cost saved by the integration of class C6 for the subsequent

integration testing has no effects on the test order of class C6. Therefore, suppose that class

C6 is depended by some other classes, a follow-up program FP which has the same classes

as SP, can be generated by removing one or more class dependencies to class C6, such as,
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removing edge C5→C6. Class C6 will still be the last class in the test order O f p generated

for the program FP. The test stub constructed for class C5 to emulate the services from

class C6 is unnecessary now. The stubbing cost of O f p will be lower than that of Osp.
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Figure 5.3: Example of MR3 Adding/deleting class dependencies for the last class∗
∗The added class dependency is C6→C2 with a very large weight W , and the removed class dependency is
C5→C6.

To prove MR3, we need the following proposition:

Proposition 2. Suppose that class C is the last class to be integrated and tested. If other

classes depend on class C, all class dependencies to class C are involved in cycles.
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Proof of Proposition 2. Suppose that there exists another class B, such that class B

depends on class C and the class dependency B→C is not involved in any cycles. Class

C should be integrated and tested prior to class B, so that a test stub created for class B to

emulate class C can be avoided according to our assumption that unnecessary test stubs are

not constructed. Then, class C will not be the last class in the integration test order, which

contradicts our assumption. Therefore, the class dependency B→C must be involved in

cycles.

Proof of MR3. Class C is integrated and tested lastly, which means all class depen-

dencies to class C are the locally optimal solution obtained by class integration test order

generation approaches to break cycles in which they are involved. Removing some class

dependencies to class C breaks their corresponding cycles and does not affect the solutions

to break the remaining cycles. Therefore, test stubs will be constructed for other remaining

class dependencies to class C, and class C will still be the last class in the class integration

test order.

For adding new class dependencies from class C, if such class dependencies do not

form new cycles, the classes on which class C depends will be integrated and tested before

class C, which is consistent with the fact that class C is integrated and tested lastly. If

the newly added class dependencies form new cycles, some existing class dependencies

to class C must be also involved in these cycles. To make sure that removing these class

dependencies to class C will also be the optimal solution for the new cycles, a very large

weight W should be assigned to the newly added class dependencies.

MR4: Adding a new class with the aim of preserving the original test order

Different from MR2 and MR3 in which classes in the program remain unchanged, a

new class is added to the program with the aim of preserving the original test order in

MR4. Figure 5.4 shows an example for MR4. Let SP denote the source program that
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Figure 5.4: Example of MR4 Adding a new class with the aim of preserving the original
test order∗
∗ One kind of added class is Ct , which is depended by all the existing classes, and the other kind is Cs, which
depends on all other existing classes.

contains six classes, and the class integration test order generated for the program SP is

Osp, which is further supposed to be [C4, C5, C3, C2, C1, C6]. A follow-up program FP can

be generated by adding a new class Ct such that all the classes in the program depend on

this new class Ct . Therefore, the class integration test order O f p generated for the program

FP should be O f p = [Ct , Osp]. Similarly, a new class Cs that depends on all other existing
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classes is added, and the class integration test order O f p should be [Osp, Cs]. The stubbing

cost of these two class integration test orders O f p will be the same as that of Osp.

MR5: Combining classes with the aim of preserving the original test order

A more complicated MR is to combine some classes with the aim of preserving the

original test order. Figure 5.5 shows an example for MR5. Let SP denote the source pro-

gram that contains six classes, and the class integration test order generated for the program

SP is Osp, which is further supposed to be [C4, C5, C3, C2, C1, C6]. Two edges C4→C1 and

C5→C6 are removed to break cycles, and test stubs are constructed for the two correspond-

ing class dependencies. A follow-up program FP can be generated by combining classes,

for example, combining classes C2 and C3 to form a new class Cx. Dependencies between

class C2 and C3 are ignored, while dependencies between class C2 (or C3) and other re-

maining classes are generated for the new class Cx. For instance, an edge C1→Cx with the

weight as 0.8 replaces the edge C1→C2 (weight = 0.3) and the edge C1→C3 (weight = 0.5).

In the follow-up program, the combination of classes C2 and C3 does not affect the class

integration test order generated by approaches, therefore, the class integration test order

generated for the program FP is similar with Osp, that is, O f p = [C4, C5, Cx, C1, C6]. The

stubbing cost of O f p will be the same as that of Osp.

To preserve the original test order, the combination of appropriate classes is very impor-

tant. As we have known the generated class integration test order for the source program,

we can easily infer which edges are removed to break cycles. Suppose that an edge e is

removed to break m (m > 1) cycles, and c is one of these cycles. If a class dependency

Ci→C j is only involved in this cycle c, combining Ci and C j will not affect the generated

class test order, because the class dependency Ci→C j is not the optimal solution to break

cycles, i.e., the edge e will still be removed to break such m cycles.
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Figure 5.5: Example of MR5 Combining classes while preserving the original test order∗
∗ Classes C2 and C3 are combined as a new class Cx.

Based on the above five MRs, follow-up inputs are generated. Then follow-up outputs

can be obtained by running the CITO generation system. Finally, we check whether follow-

up outputs and source outputs satisfy the corresponding MR. Faults are detected if the MR

is violated.

5.3 Experimental Design

This section provides the experimental design for the proposed validation framework for

three CITO generation systems. Test data, including source test cases and follow-up test

cases are generated based on the proposed MRs. Firstly, source test cases and follow-up

test cases are applied in three original CITO generation systems to detect any violations

of these proposed MRs. If any violation is detected, which means that faults exist, then

we will modify the systems to correct these faults. After that, mutation analysis is adopted

to evaluate the effectiveness of five proposed MRs. Mutants are generated for the CITO
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generation system as faulty programs. If an MR is violated, a mutant is killed and corre-

spondingly, a fault can be detected. Section 5.3.1 introduces the information of three CITO

generation systems. Section 5.3.2 introduces the research questions. Generation of test

cases and mutants are described in Section 5.3.3 and 5.3.4, respectively.

5.3.1 CITO Generation Systems

Figure 5.6 shows the overview of three CITO generation systems. These systems are im-

plemented by us based on the corresponding CITO generation approaches introduced in

Section 3.3, because there are no public CITO generation systems. Given a program un-

der the integration testing, CITO generation system takes the information of classes and

class dependencies as the input and generates a class test order for integration testing as an

output. For each class, class information presents its dependent classes, and the classes on

which it depends. Class dependency information indicates attribute coupling and method

coupling for each class dependency, which can be used to calculate its stubbing cost. Based

on such class and class dependency information, an object relation diagram is constructed

for the given program and cycles are identified in the diagram. We assign different weights

to each edge measuring the effort of removing it. The appropriate edge is removed to break

cycles based on its weight. After all cycles have been broken, a class test order is gener-

ated. Three CITO generation systems are implemented based on different kinds of weight

calculation:

• NCSystem: weight is calculated based on the number of cycles. The edge that is

involved in the greatest number of cycles will be removed.

• SCSystem: weight is calculated based on stubbing cost. The edge that requires the

lowest stubbing cost will be removed.
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• CWRSystem: weight is calculated based on cycles-weight ratio. The edge with the

highest cycles-weight ratio is removed.

Class 
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ORD* 
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Class Test Order 

Generation

Stubbing Cost 

Calculation

Class 

Information

Weight Calculation

(Number of Cycles)

Weight Calculation

(Stubbing Cost)

Weight Calculation

(Cycles-Weight Ratio)

Cycles Breaking

Class Integration 

Test Order

ORD: Object Relation Diagram

Figure 5.6: Overview of Class Integration Test Order Generation Systems

Multiple edges may satisfy the above criteria for the cycle-breaking in practice. In case

of a tie, we propose the following measures for this issue. If the weight calculation is based

on the number of cycles, the edge attracting the lowest stubbing cost is selected from its

competitors. If the weight calculation is based on stubbing cost or cycles-weight ratio, the

edge involved in the greatest number of cycles is selected. Otherwise, the edge where the

source node has the smallest index is selected. Similarly, multiple classes can be integrated
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at the same time if all classes on which they depend have been tested. Hence, such multiple

classes have the same test order.

5.3.2 Research Questions

We first generate test suites based on the proposed MRs. Then we test three CITO genera-

tion systems using the given test suites. Once a MR is violated, faults can be detected. We

can modify our systems based on the violated MR and the corresponding test suites until

no faults can be found. We conduct experiments to answer the following two questions.

• RQ1: What is the performance of different MRs on detecting faulty programs?

As we have known, different MRs have different impacts on the MT’s capability for

fault detection. We evaluate the effectiveness of different MRs on detecting faults. Mutants

are generated as faulty programs. A mutant is killed if the given MR is violated, and

correspondingly, faults are detected.

• RQ2: What is the performance of MT on detecting different kinds of faults?

Because these faults generated by mutation operators are very common in practice. We

aim to validate the capability of MT in detecting different kinds of faults. Therefore, we

count the number of killed mutants generated by different mutation operators. By compar-

ing the number of different kinds of killed mutants, we can find for which kinds of faults

the proposed MRs performed well, and for which kinds of faults the proposed MRs per-

formed the worst, which can provide the direction for our future work, i.e., to propose more

specific MRs for those kinds of faults that are difficult to detect now.
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5.3.3 Test Case Generation

For the source test cases, we choose four benchmark programs that are popularly used

in the CITO generation problem as source inputs. Table 5.1 presents the information of

source programs, i.e., these benchmark programs, including the number of classes, class

dependencies (Deps), cycles, dependencies that are involved in cycles, and LOC. The de-

tailed information of classes and class dependencies, such as attribute coupling and method

coupling, can be found in the literature [11].

Table 5.1: Information of Source Programs

Programs Classes Deps Cycles Deps LOC
in Cycles

ANT 25 83 654 41 4093
ATM 21 67 30 29 1390
DNS 61 276 16 23 6710
SPM 19 72 1178 59 1198

We run three CITO generation systems for these benchmark programs and obtain the

corresponding class test orders as the source outputs. Follow-up test cases can be generated

easily based on source inputs, source outputs, as well as these proposed MRs. For some

MRs, more than one follow-up program can be generated according to a source test case,

therefore, we randomly choose five follow-up programs in such cases. Table 5.2 counts the

number of follow-up programs for each MR. For MR2 and MR3, column "ADD (DEL)"

counts the number of follow-up programs generated by adding (deleting) class dependen-

cies for the initial or last class. For MR4, column "SRC (TAR)" counts the number of

follow-up programs generated by adding a source (target) class.

As shown in Table 5.2, total 117, 116 and 117 follow-up programs are generated for

NCSystem, SCSystem and CWRSystem, respectively. For MR1, i.e., the permutation of

class name, which is the simplest, five follow-up test cases are generated for each source
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test case. For MR2 and MR3, adding class dependencies for the initial (last) class is much

easier than deleting class dependencies for the initial (last) class with the aim of preserving

its test order. In some cases, such as ANT for NCSystem, the initial class in the class test

order does not depend on any other classes. Similarly, no other classes depend on the last

class in the test order. Therefore, no class dependencies from the initial class (or to the last

class) can be removed. For MR4, adding a target class on which all the existing classes

depend, or a source class which depends on all the existing classes, is easy to implement.

Therefore, 20 follow-up test cases are generated for both situations respectively. For MR5,

only certain class combinations may preserve the class test order and remain the same

stubbing cost. Therefore, it is more complicated to generate such follow-up test cases

compared with other MRs.

Table 5.2: Number of Follow-Up Programs for MRs

SUT Programs MR1 MR2 MR3 MR4 MR5 SUM
ADD DEL ADD DEL SRC TAR

NCSystem

ANT 5 5 0 5 0 5 5 1 26
ATM 5 5 0 5 1 5 5 2 28
DNS 5 5 0 5 2 5 5 4 31
SPM 5 5 3 5 1 5 5 3 32
SUM 20 20 3 20 4 20 20 10 117

SCSystem

ANT 5 5 1 5 0 5 5 1 27
ATM 5 5 0 5 1 5 5 2 28
DNS 5 5 0 5 2 5 5 4 31
SPM 5 5 3 5 1 5 5 1 30
SUM 20 20 4 20 4 20 20 8 116

CWRSystem

ANT 5 5 1 5 0 5 5 0 26
ATM 5 5 0 5 1 5 5 2 28
DNS 5 5 0 5 2 5 5 4 31
SPM 5 5 3 5 1 5 5 3 32
SUM 20 20 4 20 4 20 20 9 117
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5.3.4 Mutant Generation

To evaluate the effectiveness of the proposed MRs, we generate mutants for three CITO

generation systems by the tool, PIT 1. PIT is a mutation testing system, which runs the pro-

vided test cases against mutants, i.e., faulty programs. PIT first compiles the given source

code to generate byte code. Then faulty programs are obtained by applying a set of muta-

tion operators to the byte code. Different results are produced when the application code

changes, and correspondingly, such faulty programs can be detected. Mutation operators

used in PIT are described as the following:

• FALSE_RETURNS (False Returns Mutator): Replace primitive and boxed Boolean

return values with false.

• CONDITIONALS_BOUNDARY (Conditionals Boundary Mutator): Replace the

relational operators, such as, <, >, with their boundary counterpart, i.e., <=, >=.

• EMPTY_RETURNS (Empty Returns Mutator): Replace return values with an

"empty" value for that type. For example, replacing java.util.List with Collec-

tions.emptyList().

• INCREMENTS (Increments Mutator): Replace increments with decrements and

vice versa. For example, change increment from 1 to -1 and change increment from

-1 to 1.

• VOID_METHOD_CALLS (Void Method Call Mutator): Remove method calls to

void methods.

• MATH (Math Mutator): Replace binary arithmetic operations for integer or floating-

point arithmetic with another operation. For example, replace integer subtraction
1https://pitest.org/
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with addition, replace double addition with subtraction, replace double division with

multiplication, and replace double multiplication with division.

• NEGATE_CONDITIONALS (Negate Conditionals Mutator): Replace the original

conditional with its negate conditional.

• NULL_RETURNS (Null Returns Mutator): Replace return values with null 2.

• PRIMITIVE_RETURNS (Primitive Returns Mutator): Replace int, short, long,

char, float and double return values with 0.

Table 5.3: Information of Mutants for CITO Generation Systems

Type of Mutants Number
NC SC CWR

FALSE_RETURNS 5 5 5
CONDITIONALS_BOUNDARY 28 27 27

EMPTY_RETURNS 17 17 17
INCREMENTS 16 16 16

VOID_METHOD_CALLS 62 64 63
MATH 31 31 33

NEGATE_CONDITIONALS 106 103 101
NULL_RETURNS 14 13 13

PRIMITIVE_RETURNS 11 11 11
SUM 290 287 286

Table 5.3 counts the number of different kinds of mutants generated for three CITO

generation systems. Column "NC", "SC" and "CWR" counts the number of different kinds

of mutants generated for NCSystem, SCSystem and CWRSystem, respectively. The total

number of mutants generated for NCSystem, SCSystem, and CWRSystem is 290, 287, and

286, respectively. More than 30% of mutants are generated by negate conditionals mutator,

which replaces the original conditional with the corresponding negate conditional. For

2Methods that can be mutated by Empty Returns Mutator will not be mutated.
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example, "==" is replaced by "! =", "<=" is replaced by ">", and ">=" is replaced by

"<". Mutants generated by void method call mutator account for 28%, which ranks the

second.

Table 5.4 counts the number of mutants generated for cycle-breaking module, which is

the most different module among three CITO generation systems. Column "NC", "SC" and

"CWR" counts the number of different kinds of mutants generated for NCSystem, SCSys-

tem and CWRSystem, respectively. The number of mutants generated in cycle-breaking

module is 43, 39 and 39 for NCSystem, SCSystem, and CWRSystem, respectively. Similar

with the whole system, almost half of these mutants are generated by negate conditionals

mutator.

Table 5.4: Information of Mutants for Cycle-Breaking Module in CITO Generation Sys-
tems

Type of Mutants Number
NC SC CWR

CONDITIONALS_BOUNDARY 7 6 6
EMPTY_RETURNS 2 2 2

VOID_METHOD_CALLS 4 5 5
MATH 2 2 4

NEGATE_CONDITIONALS 24 21 19
NULL_RETURNS 3 2 2

PRIMITIVE_RETURNS 1 1 1
SUM 43 39 39

Mutation score (MS) is adopted to measure the performance of different MRs. MS

indicates the adequacy of a test suite (TS) against the program (P) under test, which is

calculated as follows:

MS(P,T S) =
Nk

Nm−Ne
(5.1)
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where Nk counts the number of killed mutants by the test suite, Nm counts the total number

of mutants and Ne refers to the number of equivalent mutants, which behave the same

as the unmutated program. One kind of output information indicates which module our

system executed. Therefore, mutants could be regarded as equivalent mutants if the mutated

modules were not executed by the system, or the mutants are generated by mutating the

statements that print such indication information. Equivalent mutants are excluded when

counting the number of mutants in Tables 5.3 and 5.4.

In our experiments, a test suite consists of a set of test cases generated for the same

MR. Different from the traditional testing where the expected values are provided, MRs

are provided in MT. If the test outputs of the source test case and its follow-up test case

violate the given MR for a mutant, the mutant is referred to be killed. The higher the MS,

the more adequate the given test suite (i.e., the proposed MR) against the program under

the test is.

5.4 Experimental Results

We first test three CITO generation systems using the five proposed MRs. All pairs of test

cases, i.e., source test cases and follow-up test cases, pass the corresponding CITO gen-

eration systems respectively and no MRs are violated. It indicates that no faults can be

detected by the five proposed MRs in three CITO generation systems, which increases the

likelihood of being valid for our systems. However, the effectiveness of different MRs can-

not be distinguished by the three systems. Therefore, we use these systems as benchmarks

for the following experiments, that is, to evaluate the effectiveness of the proposed MRs

using mutation analysis.

RQ1: What is the performance of different MRs on detecting faulty programs?
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For this research question, the generated mutants are used as faulty programs and pairs

of test cases are applied in such faulty programs to detect the violation of the proposed

MRs. Table 5.5 shows the MS of CITO generation systems for different test suites gen-

erated based on five MRs, where all test cases for the same MR are consisted of a test

suite. Column Nk counts the number of killed mutants and column MS represents the cor-

responding mutation scores. More than 84% of faulty programs can be detected by all

MRs for three CITO generation systems. Specifically, all 177 pairs of test cases killed

246 mutants and detected 84% of faults for NCSystem. All pairs of test cases killed 248

mutants and detected 86% of faults for SCSystem and CWRSystem. Test cases adopted

on SCSystem and CWRSystem detected two more faults compared with those applied on

NCSystem. These two faults exist in the function for stubbing cost calculation. While in

NCSystem, stubbing cost is not calculated when breaking cycles because breaking cycles

is based on the number of cycles in which each edge involves. Therefore, these two faults

are missed in NCSystem.

Table 5.5: Mutation Scores of CITO Generation Systems for Different Test Suites Gener-
ated Based on Five MRs

MRs Type NCSystem SCSystem CWRSystem
Nk MS Nk MS Nk MS

MR1 None 143 0.4931 141 0.4913 141 0.4930

MR2
ADD 163 0.5621 237 0.8258 238 0.8322
DEL 146 0.5034 221 0.7700 225 0.7867

TOTAL 163 0.5621 241 0.8397 242 0.8462

MR3
ADD 221 0.7621 235 0.8188 240 0.8392
DEL 141 0.4862 210 0.7317 210 0.7343

TOTAL 229 0.7897 242 0.8432 245 0.8566

MR4
SRC 207 0.7138 205 0.7143 200 0.6993
TAR 210 0.7241 208 0.7247 203 0.7098

TOTAL 210 0.7241 208 0.7247 245 0.8566
MR5 None 246 0.8483 247 0.8606 248 0.8671
Total None 246 0.8483 248 0.8641 248 0.8671
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Among five MRs, the test suite generated based on MR5 (i.e., combining certain classes

with the aim of preserving the class test order for other classes and remaining the same

stubbing cost) not only killed the greatest number of mutants, but also killed almost all the

mutants that can be killed by other MRs. Although the number of test cases in this test suite

is not the greatest (only 10, 8 and 9 test cases for NCSystem, SCSystem, and CWRSystem),

the violation detection effectiveness of the test suite for MR5 is the highest.

While for the simplest MR, the permutation of class names (MR1), its test suite in-

cluded 20 pairs of test cases, but it only killed 143 mutants for NCSystem (141 mutants

for SCSystem and CWRSystem). This finding indicates that different MRs own different

capability of fault detection, which is consistent with the previous study on MT [76].

More complex MRs are likely to kill more mutants. That is because the follow-up

programs generated by more complex MRs, such as MR5, have more different class de-

pendencies from the source programs compared with the follow-up programs generated by

simple MRs. For example, Figure 5.7 shows a snippet where a faulty program is gener-

ated by changing the conditionals boundary "i <value" to "i ≤ value". The function of

this snippet is to store the attribute coupling value of a class dependence from the source

class to the target class. For instance, if the attribute coupling value is five, then the func-

tion addAttrDeps will be executed five times to add five different attribute coupling. The

faulty program generated by conditionals boundary will count one more time on attribute

coupling for all class dependencies. Different values of attribute coupling require differ-

ent stubbing cost, and correspondingly affect the generated CITOs. However, such a fault

can only be detected by MR5. That is because the follow-up programs generated by MR5

changed the class dependencies to a greater extent compared with other MRs by combining

some classes. Specifically, MR1, the permutation of class names, does not affect the class

dependencies as well as their attribute coupling. Although MR2 and MR3 add or delete
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class dependencies for the initial or last class, for the remaining class dependencies, if we

sort them by the stubbing cost, the results of sorting are the same as that in the original pro-

grams because all class dependencies are added one more attribute coupling. The situation

is the same for MR4. The more different class dependencies in follow-up programs, the

more difficult for CITO generation systems to preserve the original results. Therefore, a

little modification on the original CITO generation systems may generate different results.

In other words, the mutants are easy to be killed.

String values[] = line.trim().split("\t"); 
try { 
    Integer source = Integer.parseInt(values[0]); 
    Integer target = Integer.parseInt(values[1]); 
    Integer value = Integer.parseInt(values[2]); 
    for (int i = 0; i < value; i++) { 
        addAttrDeps(source, target)); 
    } 
} catch (Exception e) { 
    continue; 
} 

 

Figure 5.7: A Snippet to Store Attribute Coupling Values for Class Dependencies in CITO
Generation Systems

The MS of MR1 is quite low compared with other MRs. As we introduced before, the

follow-up programs are constructed by permuting the class names without any modifica-

tions on class dependencies, so that in most cases, the CITOs generated for the source pro-

gram and follow-up program are almost the same except for different notations of classes.

Therefore, it is difficult for MR1 to kill more mutants. But MR1 can still detect some faults

related to the notation of classes. For example, in NCSystem, if more than one class depen-

dencies are involved in the greatest number of cycles and have the same stubbing cost, the

class dependency whose source class owns the smallest index will be removed. A faulty

program is generated by mutating the if statement, which causes the class dependency

with the smallest index of source class is removed, no matter how much the stubbing cost
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is. Because the indexes of the same class are different in source programs and follow-up

programs, the generated CITOs will be different, and such a fault can be detected.

The MS of MR2 on NCSystem is also low compared with that on the other two systems,

SCSystem and CWRSystem. Although MR3 and MR2 are similar (both are adding class

dependencies with the aim of preserving its source CITO), the MS of MR3 on NCSystem

(0.7621) is higher than that of MR2 (0.5621). That is because the changes in the number

of cycles for each class dependency by MR2 are quite small. For example, for the source

program ATM, MR2 adds three class dependencies 1→6, 5→6, and 12→6 for the initial

class 6 while MR3 adds three class dependencies 15→3, 15→7, 15→18 for the last class

15. For the follow-up program generated by MR2, all three new class dependencies are

not involved in any cycles, and the number of cycles for each class dependency is also un-

changed. However, for the follow-up program generated by MR3, the number of cycles for

more than 62% (18/29) class dependencies increases. The new class dependency 15→18

is also involved in one cycle. In NCSystem, the class dependency involved in the greatest

number of cycles is removed. Therefore, the more different class dependencies in follow-

up programs, the more difficult for CITO generation systems preserve the source CITOs,

and correspondingly, the easier the mutants are killed.

For MR2 and MR3, adding and deleting class dependencies show different performance

on detecting faulty programs. The test suite generated by adding class dependencies detects

more mutants compared with the test suite obtained by deleting class dependencies. This is

because the number of test cases generated by deleting class dependencies is much fewer,

for example, only three test cases for MR2 and four test cases for MR3 in NCSystem.

Although the test suite generated by deleting class dependencies kills fewer mutants, it can

still detect faults that are omitted by test cases generated by adding class dependencies. For
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MR4, the performance of test suites generated by adding a target class or a source class is

comparable.

Because cycle-breaking module is the most different part among three systems, Table

5.6 presents the MS of cycle-breaking modules for different test suites generated based on

five MRs. Column Nk counts the number of killed mutants and column MS represents the

corresponding mutation scores. As shown in Table 5.6, more than 65% of faults in cycle-

breaking modules can be detected by all MRs. Similar to the whole system, the test suite

generated based on MR5 killed the greatest number of mutants for all three systems. The

performance of test suites obtained by MR2 and MR3 are comparable, and it is better than

the performance of test suites generated by the relatively weaker MRs, such as MR4 and

MR1.

Table 5.6: Mutation Scores of Cycle-Breaking Modules for Different Test Suites Generated
Based on Five MRs

MRs Type NCSystem SCSystem CWRSystem
Nk MS Nk MS Nk MS

MR1 None 22 0.5116 23 0.5897 23 0.5897

MR2
ADD 28 0.6512 28 0.7179 28 0.7179
DEL 28 0.6512 28 0.7179 28 0.7179

TOTAL 28 0.6512 28 0.7179 28 0.7179

MR3
ADD 25 0.5814 28 0.7179 28 0.7179
DEL 26 0.6047 28 0.7179 28 0.7179

TOTAL 26 0.6047 28 0.7179 28 0.7179

MR4
SRC 20 0.4651 22 0.5641 22 0.5641
TAR 20 0.4651 22 0.5641 22 0.5641

TOTAL 20 0.4651 22 0.5641 22 0.5641
MR5 None 28 0.6512 28 0.7179 28 0.7179
Total None 28 0.6512 28 0.7179 28 0.7179

Overall, the proposed MRs are able to detect more than 84% of faults in three CITO

generation systems. Among five MRs, MR5 owns the highest capability for fault detection,

which killed almost all the mutants that can be killed by other MRs.
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RQ2: What is the performance of MT on detecting different kinds of faults?

Table 5.7 shows MS of three CITO generation systems for different types of mutants.

Column Nk counts the number of killed mutants and column MS represents the correspond-

ing mutation scores. To show the results more intuitively, Figures 5.8 to 5.10 present the

distribution of these killed mutants for NCSystem, SCSystem, and CWRSystem, respec-

tively.

Table 5.7: Mutation Scores of CITO Generation Systems for Different Types of Mutants

Type of Mutants NCSystem SCSystem CWRSystem
Nk MS Nk MS Nk MS

FALSE_RETURNS 4 0.8000 5 1.0000 5 1.0000
CONDITIONALS_BOUNDARY 14 0.5000 14 0.5185 14 0.5185

EMPTY_RETURNS 16 0.9412 15 0.8824 15 0.8824
INCREMENTS 16 1.0000 16 1.0000 16 1.0000

VOID_METHOD_CALLS 56 0.9032 57 0.8906 57 0.9048
MATH 25 0.8065 27 0.8710 30 0.9091

NEGATE_CONDITIONALS 94 0.8868 94 0.9126 91 0.9010
NULL_RETURNS 12 0.8571 12 0.9231 12 0.9231

PRIMITIVE_RETURNS 9 0.8182 8 0.7273 8 0.7273
SUM 246 0.8483 248 0.8641 248 0.8671

As shown in Table 5.7, except for conditionals boundary mutator and primitive returns

mutator, more than 80% of mutants generated by other mutators can be killed, especially

for increments mutator, all 16 mutants are killed. Over 90% of faults generated by two

mutators (empty returns mutator and void method call mutator) can be detected in NCSys-

tem. Similarly, over 90% of faults obtained by two mutators (negate conditionals mutator

and null returns mutator) can be detected in SCSystem, and over 90% of faults generated

by four mutators (void method call mutator, math mutator, negate conditionals mutator and

null returns mutator) can be detected in CWRSystem.
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Figure 5.8: The Distribution of Killed Mutants for NCSystem

 

Figure 5.9: The Distribution of Killed Mutants for SCSystem
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Figure 5.10: The Distribution of Killed Mutants for CWRSystem

Only 50% of mutants generated by conditionals boundary mutator are killed, that is

because the relational operator has the same effects on some functions as their boundary

counterpart. For example, in function getMaxStubDep() which obtains the class depen-

dency with the maximal stubbing cost, the relation operator ">" is used to compare the

stubbing cost for two class dependencies and the class dependency with higher stubbing

cost will be stored in a temp parameter. In such a case, the effects of ">" and its boundary

counterpart ">=" are equal. Similarly, the primitive returns mutator that replaces return

values with zero may not violate some proposed MRs. For example, in function getSCplx()

which calculates stubbing cost for each class dependency, the return value of this function

is set to zero by the primitive returns mutator. In such a case, the stubbing cost of any

CITOs would be zero, which still conforms to some MRs where the stubbing costs of two

class test orders generated by the source program and the follow-up program are expected
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to be equal. The currently proposed MRs are unable to detect such faults. Some other cri-

teria should be provided, such as, the stubbing cost of a generated CITO should be greater

than zero, which is left for future work.

Overall, more than 80% of mutants generated by seven of nine mutators can be killed.

The performance of MT on detecting different kinds of faults is varying, and all mutants

can be killed by the increments mutator.

5.5 Discussion

5.5.1 Experimental Results Analysis

In our experiments, we found that even test cases generated by the same MR can own the

different capability to kill mutants. That is because the class dependencies in the generated

follow-up programs are different for various test cases. For example, to test NCSystem,

test cases #1 and #2 generate two follow-up programs for the source program ATM based

on MR3, that is, adding class dependencies for the initial class 15 randomly. The added

class dependencies are shown as following:

Follow-up program #1: 15→3, 15→7, 15→12, 15→13, 15→14, 15→18,

Follow-up program #2: 15→4, 15→6, 15→11, 15→17, 15→19.

Table 5.8 shows the number of cycles for each class dependency in the source program,

and its two follow-up programs #1 and #2, respectively. As shown in Table 5.8, for those

class dependencies that are already involved in cycles in the source program, most of such

class dependencies are involved in more cycles in the follow-up program #1. After adding

class dependencies, five more class dependencies are involved in cycles in the follow-up

program #1 while only two more class dependencies are involved in cycles in the follow-up

program #2. It is obvious that class dependencies in the follow-up program #1 are more
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different from the source program. The number of mutants killed by test case #1 and #2 is

216 and 129, respectively. It is consistent with what we analyzed before, that is, the more

different class dependencies in follow-up programs, the more difficult for CITO generation

systems to preserve the source CITOs, and correspondingly, the easier the mutants are

killed.

Table 5.8: Number of Cycles for Each Class Dependency in Source Program and Follow-
Up Programs for ATM

Class Dependencies Source Program Follow-up Program #1 Follow-up Program #2

8→10 20 33 21
9→8 11 18 12

10→15 6 25 7
11→8, 11→9, 11→10 5 8 5
12→8, 12→9, 12→10,
13→8, 13→9, 13→10,
14→8, 14→9, 14→10

1 2 1

12→11, 13→11, 14→11 3 6 3
15→12, 15→13, 15→14 / 6 /

15→18, 18→9 / 1 /
15→19, 19→9 / / 1

We also investigate whether the generated CITOs affect the performance of MT on three

CITO generation systems. Table 5.9 shows the generated CITOs and OCplx by three sys-

tems for the four test suites (ANT, ATM, DNS and SPM). The number in column "CITOs"

represents the class ID. Table 5.10 shows the number of killed mutants by the four test

suites respectively. For the program ANT, the numbers of killed mutants are equal for

SCSystem and CWRSystem where the generated CITOs are the same. Similarly, for the

program SPM, the CITOs generated by NCSystem and CWRSystem are the same, and the

numbers of killed mutants are also equal for these two systems. However, for the programs

ATM and DNS, although the orders generated by three systems and the corresponding

stubbing efforts are equal, the numbers of killed mutants are different, especially for the
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program ATM. Therefore, we can conclude that the numbers of killed mutants and the

orders generated by three programs are not necessarily related.

Table 5.9: Generated CITOs and OCplx by Three Systems for Four Test Suites
Test Suites SUT CITOs OCplx

ANT
NCSystem

9→12→15→17→3→8→19→21→20→23→2
→4→5→16→1→6→7→10→22→25→11→
14→24→18→13

4.269

SCSystem
4→9→12→15→17→3→5→8→21→20→23
→16→1→2→7→10→19→22→6→11→18→
24→25→13→14

4.636

CWRSystem
4→9→12→15→17→3→5→8→21→20→23
→16→1→2→7→10→19→22→6→11→18→
24→25→13→14

4.193

ATM / 6→16→20→21→1→2→7→17→3→4→5→8
→9→11→18→19→10→12→13→14→15

2.701

DNS /

9→10→13→15→17→27→28→31→36→44
→46→49→59→60→61→5→47→53→21→8
→14→22→34→39→40→43→58→32→41→
1→2→4→6→16→18→19→23→25→26→29
→45→48→56→7→11→20→24→30→35→
54→55→57→37→42→38→50→51→12→52
→3→33

1.003

SPM
NCSystem 6→11→18→3→10→17→16→2→9→19→1

→12→13→14→15→4→5→7→8
4.361

SCSystem 6→11→18→4→10→17→3→16→2→9→13
→19→1→12→14→15→5→7→8

6.535

CWRSystem 6→11→18→3→10→17→16→2→9→19→1
→12→13→14→15→4→5→7→8

4.111
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Table 5.10: Number of Killed Mutants by Different Test Suites
Test Suites SUT Nk

ANT
NCSystem 234
SCSystem 242

CWRSystem 242

ATM
NCSystem 234
SCSystem 241

CWRSystem 240

DNS
NCSystem 237
SCSystem 233

CWRSystem 233

SPM
NCSystem 245
SCSystem 241

CWRSystem 245

The more complicated MRs, the stronger the detection capability is. It indicates that

more complex MRs that can validate the CITO generation systems may exist. Therefore,

except for the five MRs introduced explicitly before, we also present an example for a

potentially immature MR, division, which is inspired from MR5 (combining classes with

the aim of preserving the original test order). The potentially new MR is dividing some

existing classes with the aim of preserving the original test order. Figure 5.11 shows an

example of this new MR on NCSystem. The NCSystem breaks cycles by removing the

class dependency that is involved in the greatest number of cycles. Let SP denote the

source program that contains six classes, and the class integration test order generated for

the program SP is Osp, which is further supposed to be [C4, C5, C3, C2, C1, C6]. A follow-up

program FP can be generated by dividing the existing class C4 into two classes (C4 and C4’)

and remaining the existing class dependencies C3→C4, C4→C1 and C5→C4. In the follow-

up program, the division of class C4 does not affect the CITO generated by approaches,

therefore, the class integration test order generated for the program FP is similar with Osp,
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that is, O f p = [C4, C4’, C5, C3, C2, C1, C6]. We generated test suites based on this sample

program to validate the NCSystem. Although no MRs are violated, test cases generated

by six MRs killed 251 mutants for NCSystem and achieved 0.8655 in mutation score. The

test cases generated by the new MR improve the MS by 2%. More complex MRs that can

validate the CITO generation systems may exist, which needs our more exploration in the

future.

Source Program

Follow-up Program by 

dividing one class

Source Output

Follow-up Output

C6

C5

C4 C3

C1 C2
0.3

0.60.5

0.2

0.1

0.3

0.4

0.1

0.2

0.1

0.4
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C1 C2
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C1C2C3C4' C5C4 C6

Figure 5.11: Example for New MR (Division) Performed on NCSystem. Class C4 is di-
vided into two classes (C4 and C4’).
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Although the proposed MRs focus on CITO generation systems, these MRs can also be

extended to other cycle-breaking algorithms on directed weighted graphs. The proposed

MRs can be summarized as four types, that is, permutation (MR1), edge adding/deleting

(MR2 and MR3), node adding (MR4) and combination (MR5), which can be used to gen-

erate specific MRs for other cycle-breaking problem. For example, the feedback vertex set

(FVS) problem is to search for a set of vertices whose removal leaves a graph without cy-

cles and the sum of weights for such vertices is minimal. The FVS problem is similar to the

CITO generation problem except that FVS problem is to remove vertices. However, four

types of MRs can also be generated to test the algorithms for FVS problem. For a given

source graph G and its solution S, the follow-up graph GF can be generated by permuting

the notation of nodes, adding an edge to the node in solution S, adding a node that links

to all other remaining nodes with a very large weight, and so on. The solution SF for the

follow-up graph GF should be the same as the original solution S.

5.5.2 Threats to Validity

Although the experimental results demonstrate the effectiveness of the proposed MRs, it

still faces the following threats to validity.

For the internal validity, we implemented three CITO generation systems for the experi-

ments because no such systems are public. To check the correctness of our implementation,

we generate test suites based on the proposed MRs. Our implemented systems pass all test

suites successfully and no MRs are violated.

For the external validity, more than 84% of mutants were killed by around 117 pairs

of test cases for three CITO generation systems. As we analyzed in Discussion, even

test cases generated by the same MR can own the different capability to kill mutants. To

improve the fault detection capability, test cases should be able to generate more different
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class dependencies in follow-up programs. We intend to explore how to design such test

cases in the future.

In addition, to the best of our knowledge, it is the first time to validate CITO generation

systems, which means no other testing or validation methods for CITO generation systems

exist. Therefore, it is impossible to compare the effectiveness of MT with other kinds of

testing or validation methods for CITO generation systems.

5.6 Conclusion

Previous studies focus on exploring different kinds of approaches for CITO problem but

omit to validate such CITO generation systems. A test oracle problem exists in these CITO

generation systems because there are no practically feasible ways to validate their generated

class integration test orders, which are normally not global optima. To address this issue,

we adopt the technique of MT to validate CITO generation systems. In this chapter, we

propose five kinds of MRs for the validating of these systems. Although no faults can be

detected by the test cases generated based on the five proposed MRs, the likelihood of being

valid increases for the CITO generation systems. We also conducted mutation analysis to

evaluate the effectiveness of five proposed MRs. The experimental results show that more

than 84% of faulty programs can be detected by all MRs for three CITO generation systems.

The fault detection capability of the proposed MRs is different. The more complicated

MRs, the stronger the detection capability is. Therefore, more complex MRs that can

validate the CITO generation systems may exist, which requires our more exploration in

the future.
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Conclusions and Future Work

This thesis has been devoted to the study of class integration test order generation by using

several software testing techniques. In this chapter, we summarize our main contributions

and discuss some promising future directions.

6.1 Summary

In this thesis, we first proposed a cycle-breaking algorithm ANS in Chapter 3 to improve

the effectiveness of the class integration test order generation. It is the first work giving

fully consideration between the two factors that affect the overall stubbing cost. The ex-

perimental results show that the introduced cycle-breaking algorithm can generate the class

integration test orders with lower stubbing cost.

Then, we presented the hypothesis, design, algorithm, and evaluation of CITOSC in

Chapter 4, which is a novel system that incorporates similar-class combination into the

proposed cycle-breaking algorithm ANS to generate class integration test orders. Specifi-

cally, we made the following main contributions:

120
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• A new method is proposed to enhance the efficiency of the class integration test

order generation, which is based on the hypothesis that similar-class combination can

remove class dependencies and yield a smaller problem space for class integration

test order generation. To the best of our knowledge, this is the first work to alleviate

the huge search space problem.

• A series of experiments is performed to evaluate the performance of CITOSC. We

adopt similar-class combination to the programs under test and compare the reduced

programs with the original ones to examine the effects of similar-class combination

on minimizing the problem space. We also compare the obtained overall stubbing

cost with that of the competing techniques. The empirical results show that CITOSC

has the capability to improve the efficiency for the class integration test order gener-

ation.

Similar-class combination can help to minimize the search space for programs with a

moderately large number of classes. We hope that our study can interest and encourage

further research regarding the minimization of the problem space, which can be adopted in

not only integration testing, but also other fields of software engineering research that are

puzzled by huge search space.

After that, we introduced a validation framework for the class integration test order gen-

eration systems using metamorphic testing in Chapter 5. We first proposed several meta-

morphic relations, which reason about relations between the generated class integration test

orders. We then implemented CITOMT, a validation framework for the class integration

test order generation systems using these proposed metamorphic relations. The generation

systems will be regarded as faulty once a metamorphic relation is violated.

We conducted a series of experiments to evaluate CITOMT, including mutation analysis

to assess the effectiveness of different metamorphic relations. The results have successfully
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demonstrated the failure detection of CITOMT on the class integration test order generation

systems. Moreover, more than 84% of faulty programs are detected by all metamorphic

relations.

Our work serves as the first step toward class integration test order generation systems

validation. We hope that the promising results will interest and encourage more in-depth

research in this new field.

6.2 Future Work

There are several directions for future research. The top priority is to further improve

the efficiency and effectiveness for the proposed class integration test order generation

approaches.

In this thesis, our hypothesis that similar-class combination can reduce the problem

space for large-scale programs that contain a moderately large number of classes is con-

firmed. Although we have devised two properties to identify similar classes, more charac-

teristics of class dependencies can be analysed to define new kinds of similar classes. The

existing two properties, both identical class dependence and symmetric classes are positive

associations. Some negative associations also exist among different classes in the program

under the test, which needs further exploration. For example, if class A inherits from class

B, then class A and B should not be tested simultaneously. Therefore, class A and class

B should not be in the search space at the same moment. Based on this rule, the search

space can be minimized. Such properties that can describe the negative associations will

be investigated in the future.

In addition, we perform a good analysis between two factors that affect the overall stub-

bing cost, i.e., the number of test stubs and the stubbing cost for each test stub and obtain
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some satisfactory results. The analysis of these two factors is only a kind of qualitative

analysis in this study, i.e., the fewer the number of test stubs is or the lower the stubbing

cost for each test stub is, the lower the overall stubbing cost will be.

As we have known that a conflict between the two factors exists in some cases, further

quantitative analysis can be conducted to determine a subtle relationship between these two

factors. Also, some criteria can be introduced to measure the impact of two factors on the

overall stubbing cost, respectively. Therefore, we can make a better trade-off between the

two factors with more information obtained by quantitative analysis. Such measures can

further improve the performance of the proposed approach.

In this study, we also validate the class integration test order generation systems based

on our proposed metamorphic relations. Such general metamorphic relations can be applied

to all class integration test order generation systems, whether they are implemented based

on graph-based methods or search-based methods.

As we have known that the fault detection capability of various metamorphic relations

is different, more complicated metamorphic relations are required to improve the perfor-

mance of the proposed validation framework. Because there are no other references to the

applicable metamorphic relations, the specific metamorphic relations should be devised for

different generation systems respectively, based on the characteristics of different kinds

of class integration test order generation approaches. Additionally, there is a need to de-

vise some ideas for automatic generation of metamorphic relations, which can improve the

efficiency for validation greatly.

Currently, our study only focuses on Java code. We intend to extend it to other object-

oriented programming languages. The main idea of our methods is based on the depen-

dencies among classes, and such dependencies among components including classes are a

common phenomenon in object-oriented programs. Therefore, the proposed methods and



CHAPTER 6. CONCLUSIONS AND FUTURE WORK 124

validation framework in this study are applicable to other works no matter which kind of

programming languages are used.
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