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Abstract 

Testing is a significant part of the software development lifecycle, and 

generating an optimal number of test data is crucial to accelerate the overall 

software testing process.  However, thorough and exhaustive testing is not 

always viable because of the combinatorial optimisation problem. In addition, 

limited resources, costs, and timelines impede the software testing process.  

Combinatorial testing is a testing approach that facilitates the testing process 

by reducing the amount of test data to a feasible and manageable size. The 

theoretical basis of combinatorial testing affirms that a reduction in test data is 

possible by reducing interaction between parameters. Based on this principle, 

several combinatorial testing strategies have been developed over recent 

decades.  However, most of these are not suitable in real-world situations due 

to their inability to support data constraints, mixed interactions of input data, 

and the generation of sequence arrays. A strategy is, therefore, required to 

meet the above-mentioned requirements.  

This thesis proposes a combinatorial testing tool, known as SICT (Swarm 

Intelligence Combinatorial Testing), that is effective and efficient in solving 

combinatorial optimisation problems related to the generation of test data. 

SICT consists of five strategies that solve different components of the test data 

generation problems: SITG (Swarm Intelligence Test Generator) and mSITG 

(modified SITG) generate optimal number of test data; SISEQ (Swarm 

Intelligence Sequence Generator) and mSISEQ (modified SISEQ) generate an 

optimal number of test sequences; and finally, SITGU (SITG Utility) supports 

data constraints, mixed interaction of input data, and non-uniform parameters. 

These strategies utilise a swarm intelligence based heuristic search, which is 

useful in terms of producing an optimal result.  

The performances of these strategies are compared with popular test data 

generation strategies, and discussion of the strategies aims to determine their 

applicability and effectiveness. The SICT exhibited up to 20% improvement in 

time complexity for test data generation, and up to 10% outperformance in 

space complexity for sequence generation. In addition, the constraints-

provisioning feature of SITGU improves the overall usability. Finally, the 

performance evaluation results show that the SICT are more acceptable and 

useable in generating an optimal amount of test data and test sequence.     
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Chapter 1 

Introduction 

 

1.1 Preamble 

 

This chapter begins by providing background information about testing, 

and goes on to describe the importance of combinatorial testing in the field 

of test suite generation and sequence generation.  The motivation behind the 

research conducted in this thesis, and the scope and objectives of this 

research, are then elaborated upon. Following this, the contribution of the 

thesis and an overview of the chapters will be discussed. Finally, the chapter 

will conclude with an outline of the thesis.  

 

1.2 Overview of Testing 

 

Testing software/hardware ensures it is of acceptable quality, and involves 

evaluating the capacity of that software/hardware. Testing also confirms 

that the software or hardware meets its requirements and is usually 

undertaken during the planning phase (Hetzel, 1988). Overall, testing is a 

process that involves using the product with the intention of finding errors 

(Myers, 1979).   

 

Regardless of the complexity of software/hardware, products always 

receive inputs to process and generate outputs. Usually, hardware products 

consist of smaller sets of inputs compared to software products. Hardware 
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products, therefore, fail in predictable ways. Typically, these ranges of fails 

are not too large. In contrast, software products fail in unpredictable ways. 

Principles of Equivalence of Hardware and Software stated that software has 

overtaken almost all types of hardware products (Null & Lobur, 2014), 

meaning that all hardware can be controlled by any embedded software. 

This collaborative development of products makes testing more complex. 

Consequently, detecting all possible failure modes is not feasible 

(FailureDetectors, 2017).   

 

While testing may pose challenges in the software development life cycle, it 

is an integral part of the process. In many cases, testing is an independent 

component of a product’s lifecycle, running in parallel to the development 

cycle, with many testing approaches being random. Research shows that 

testing typically costs about 40 to 50 percent of a software development 

budget (Ammann & Offutt, 2008; Klaib, Zamli, Isa, Younis, & Abdullah, 

2008; Rabbi, Khatun, Yaakub, & Klaib, 2011). Testing is also a major area of 

study in the field of computer science, and consists of many application 

development theories and practices.  

 

Many categories of testing exist. These categories are developed based on 

the typical flaws in a product, with each type of testing designed to identify 

particular types of failures. The first categories of testing start as soon as the 

product requirement is ready, and the user acceptance testing documents 

are created at that time. In fact, the process of development and the process 

of testing are conducted simultaneously by separate teams. In this way, 

different phases of testing correlate with different development phases. In 

different phases, different testing techniques are applied. Each of these 
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techniques is useful and applicable, in terms of elucidating which types of 

faults relate to a particular development phase.  

 

More specifically, beta testing is performed to ensure that the SUT (software 

under test) meets the end user requirements. Beta testing usually concludes 

the entire testing phase, meaning that the product is ready if beta testing is 

successful. Alternatively, metamorphic testing is a specialised testing 

process which may not be applied to every SUT. Metamorphic testing on 

the SUT is undertaken dependent on requirements and costs. Metamorphic 

testing challenges testers to identify the correct outcome of a test. This type 

of testing is more assumption based. (Baresi & Young, 2001) 

 

1.3 Overview of Combinatorial Testing 

 

Of the software development methodologies, Scrum is one of the most 

popular; enforcing incremental development as well as supporting the 

implementation of continuous integration. Through continuous integration, 

products are deployed over the iterations (Nootyaskool & Ounsrimuang, 

2016). In such an environment, developers sometimes observe an interesting 

phenomenon; the changing behaviour of the SUT after new modules are 

added in new iterations, with the new fault being introduced within older 

modules. This new fault in the older module remained undiscovered in 

previous testing (Kuhn, Kacker, & Lei, 2010).  

 

Solving the undiscovered problem sometimes involves restructuring the 

entire system. One of the many underlying problems is that the new module 

arises with new inputs already set. The combination of new and old inputs 
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is not validated in the newer version. Using the newer input sets, new test 

suites need to be created. The new test suite should be run against the SUT 

to determine a solution to that problem. This is called the new interaction of 

input parameters. The interaction of parameter testing is known as 

combinatorial testing. In many initial applications, combinatorial testing was 

successful in identifying faults and used to test combinations of input 

values.  Testing is divided into two major groups, as follows: 

  

i) Functional testing or black box testing, which tests the SUT to 

make sure that it meets the requirements i.e.; the SUT is 

functionally in an acceptable condition.  

 

ii) Non-functional testing or white box testing, which tests the SUT 

to make sure that it meets the expectation i.e.; acceptable 

performance under certain circumstances.  

 

Combinatorial testing can be classified as functional or black box testing. 

This is because the concept of CT (combinatorial testing) was created to 

ensure that the SUT meets requirements by comparing the current output 

with the desired output for an input. This type of testing determines 

whether or not the functionality of the SUT is correct.  

 

In practice, the SUT that requires lower error tolerance should always test 

using the combinatorial testing approach. The foundation of combinatorial 

testing relies on the fact that not every parameter contributes to a failure. 

The failure is triggered instead by the interaction of fewer parameters (Lei, 

Kacker, Kuhn, Okun, & Lawrence, 2007; Klaib, Zamli, Isa, Younis, & 
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Abdullah, 2008; Yu, Lei, Kacker, Kuhn, & Lawrence, 2012). This theory 

appeared to be practical and reasonable because of the impossibility of 

testing combinations of all parameters and values of software. This theory 

is also recognised by the ISTQB (International Software Testing 

Qualifications Board), which stated that exhaustive testing – of all 

combinations of parameters – is impossible (Raths, 2017). Thus, reduction 

of the quantity of exhaustive testing to an acceptable or practical level is very 

important. 

 

Unlike other testing approaches, in CT an array known as covering array is 

generated that satisfies the requirement of interaction strength. In theory, the 

interaction strength is denoted as t. The covering array contains different 

values of input parameters and is known as a test suite. The test suite is 

executed against the SUT. The testers need to have prior knowledge of the 

acceptable results when running the test suite. In this way, the acceptable 

results can be compared with the results obtained by the test suite (Lyu, 

2005). 

 

The definition of combinatorial testing states that failure is triggered by the 

interaction of fewer parameters. In the definition, fewer parameters interaction 

is known as interaction strength or t. Researchers also discovered that the 

value of t is limited to between 2 and 6, where the most error falls (Harman 

& Raskin, 2004; Yu, Lei, Kacker, Kuhn, & Lawrence, 2012; Cohen, Dwyer, & 

Shi, 2008). Almost all research centres – including the NIST (National 

Institute of Science and Technology) in the USA – support this value limit 

of t. The value of t = 2 is known as the pairwise interaction. In practice, 

pairwise interaction is associated with pairwise testing. This is the most 
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popular combinatorial testing approach, given that pairwise testing assures 

an appropriate level of quality at a very reasonable cost. The major issue 

with pairwise testing is that it may not identify between 30 and 40 percent 

of errors.  

 

Alternatively, t > 2 – i.e., beyond pairwise testing –  is known as t-way testing. 

T-way testing can identify all errors, depending on the value of t. However, 

in many cases, the value of t greater than 6 becomes saturated and can be 

useless in many cases. Whether the value of t is 2 or 6, no conventional 

solution can generate an optimal test suite. Scientists found that the 

generation of ideal test suites is an NP-hard problem (non-polynomial hard 

problem) (Harman & Raskin, 2004; Yu, Lei, Kacker, Kuhn, & Lawrence, 

2012; Cohen, Dwyer, & Shi, 2008).  

 

Based on the number of parameters of a system, SUT can be categorised into 

three types, as below: 

 

i) Configuration parameters 

ii) Input parameters 

iii) Sequence parameters 

 

The first type is known as configuration parameters. Most recently developed 

SUT has a large number of options. Through these options, SUT can be 

configured in many ways. A telecom software may be configured by 

different parameters such as Call Type (local, international, others), Billing 

Type (card, phone, online), Access Type (ISDN, VOIP, PBX), and Server Type 

(Windows, Linux, Others) (Kuhn, Kacker, & Lei, 2010). The SUT should run 
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flawlessly with all possible valid configuration parameters. When CT 

generates the covering array using the configuration parameters, these are 

known as Test Cases.    

 

The second type is known as input parameters. Although the SUT may or 

may not have configuration parameters, it must have inputs to process. As 

an example, a simple word processing application may allow users to 

modify words in many ways including underline, bold, italic, superscript, 

subscript, strikethrough, emboss, and shadow (Kuhn D. R., Higdon, 

Lawrence, Kacker, & Lei, 2012). The module in the word processing 

application receives these inputs and modifies the text accordingly. Some 

inputs can be combined; for example, bold and italic can be used 

simultaneously. However, some inputs cannot be used at the same time, 

such as superscript and subscript. Based on the number of input parameters 

with valid combinations, CT generates the covering array known as Test 

Data. 

 

The third type is known as sequence parameters. This is a special type of 

parameter only available in event-based systems. Events are individual and 

standalone actions exhibited by users or internal processors of a system that 

perform a special task. The event-based system produces outputs by the 

result of the efforts of many connected individual events. In such systems, 

sometimes failures are triggered at a very specific stage of an event. Failures 

may be triggered in a specific sequence of events, may not in the reverse 

order of the same sequence. This type of failure mostly occurs in mission-

critical systems, as these incorporate multiple devices. When using CT, a 

sequence covering array is generated by this strategy, which is then applied 
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to the SUT. This type of covering array is known as a Test Sequence (Kuhn D. 

R., Higdon, Lawrence, Kacker, & Lei, 2012). 

 

 

Figure 1.1: Options dialogue box in Microsoft Word 

 

The interaction between all possible input variables produces a massive 

number of interactions. It generates exponentially larger values, which are 

impossible to execute. Even in a simple system, the number of parameters 

creates large numbers of values in a test suite. Optimisation, therefore, 

becomes difficult; this is known as a combinatorial explosion problem (CEP). A 

simple example of a CEP is illustrated in Figure 1.1, where a simple dialogue 

box from the Microsoft Word is shown. Indents and Spacing tab under the 

Paragraph dialogue box consists of some input values. The figure shows the 

parameter alignment has 4 values, outline level has 10 values, indentation 

special has 2 values, and line spacing has 6 values. Therefore, the amount of 

data required to be executed is 14 × 110 × 12 × 16 = 480. Testing of this single 
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tab requires 480 test data to be tested. In addition, test practitioners are 

required to collect the accepted results and the comparison test. This is equal 

to 24 hours or three working days if a single test is considered to take three 

minutes to execute (Chateauneuf & Kreher, 2002).  

 

In the example above, 480 test data were produced, based on the interaction 

between all parameters. In order to reduce this number, the interaction 

between fewer parameters should, therefore, be analysed. This interaction of 

parameters is known as t or interaction strength. The example above – showing 

480 results – is known as full strength, because all parameters are interacting 

with each other. In a full strength test, the value of t is equal to the number 

of parameters available in the SUT. An SUT with four parameters will be 

known as full strength when t = 4.  

 

Theoretically, if fewer parameters interact, then the number would be 

significantly lower. Thus, the reduction of t from 4 to 3 significantly reduces 

the number of values in the test suite. However, the value of t cannot be 

lower than 2; as to produce the test data, the parameters should interact with 

each other at least pairwise. Fewer than two means that there is no 

interaction of parameters. As previously discussed, when t is 2, it is known 

as pairwise. In addition, any higher values of t are known as t-way.  

 

Interaction Medical dev. Browser Server NASA 

2 95% 76% 70% 92% 

3 98% 95% 88% 97% 

4 100% 95% 95% 100% 

5 100% 95% 98% 100% 

6 100% 100% 100% 100% 

Figure 1.2: Failure identification rates in different applications 
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In t-way, scientists try to identify the most effective values of t, given that 

full strength is not feasible. However, the most effective value of t varies in 

different applications. Figure 1.2 shows a comparative study outlining the 

effectiveness of t in various applications. Testing with the value of t = 6 can 

identify 100 percent of faults, although the failure detection rate is reduced 

as the value of t decreases (Yu, Lei, Kacker, Kuhn, & Lawrence, 2012). Thus, 

for any SUT, the reduction of t from full strength to 6 can be acceptable for 

any combinatorial test generation.  

 

In many applications, it is possible to identify the effectiveness of 

parameters in producing errors during the interaction. Some parameters are 

more critical, which impacts to a greater degree on error production. Other 

parameters play significantly lesser roles. Possession of this knowledge 

means that in an SUT it is possible to introduce a dynamic interaction strength 

between the parameters. Thus, dynamic interaction strength is a multi-variant 

value of t. Some parameters interact with a certain value of t while others 

interact differently. It is this dynamicity of interactions that produces the 

covering array also known as the mixed-strength covering array (Colbourn, et 

al., 2006).  

 

A test suite sometimes produces invalid data combinations because the 

values are not compatible with each other. In real terms, the values are not 

able to be applied concurrently. As an example, using Internet Explorer with 

Linux would create invalid data to apply in an SUT.  Thus, in the area of CT, 

the implementation of constraints through checking of the incompatible test 

data is more usable in a practical environment. (Zhang J. , 2014).  

 



Motivation 

11 

 

1.4 Motivation  

 

On 4th June 1996, the European Space Agency launched the maiden flight 

of the Ariane 5; however, the rocket exploded 40 seconds after lift-off at an 

altitude of 3700 metres. Investigated by the Massachusetts Institute of 

Technology research team, the accident report indicated that a component 

was erroneously putting a 64-bit floating number into a 16-bit floating 

number. This eventually caused overflow error which affected rocket 

alignment (Lions, 1996). This error was the result of a lack of software 

testing, which can be disastrous and life-threatening.  

 

Whether hardware or software, the deployment of a system in real time 

requires an acceptable level of testing to have been done. Testing of a system 

is not easily accomplished, however, and can be complex and costly. 

Applying an automation process may reduce labour costs, although 

involvement of hardware resources will be increased. The implementation 

of parallel processing can be useful; however, with the increasing 

complexity of the system, the best way to reduce costs is to reduce the 

number of test cases or test data.   

 

1.4.1 Test Case Reduction 

 

Android or iPhone mobile phones are currently prevalent due to their 

powerful graphics and processing capacity. One significant indication of 

their popularity is the vast number of Android or iPhone apps developed 

annually. More than 10,000 apps are deployed each year, and this number 

is ever-increasing. In Android phones, the operating system allows users to 
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use the phone within a wide variety of configurations. Accordingly, the user 

can change these configurations to his/her preference (Kuhn, Kacker, & Lei, 

2010).  

 

Configuration name Number of 

values 

List of values 

HARDKEYBOARDHIDDEN 3 NO, YES, UNDEFINED 

KEYBOARDHIDDEN 3 NO, YES, UNDEFINED 

KEYBOARD 4 12KEY, NOKEYS, QWERTY, 

UNDEFINED 

NAVIGATIONHIDDEN 3 NO, YES, UNDEFINED 

NAVIGATION 5 DPAD, NONAV, TRACKBALL, 

UNDEFINED, WHEEL 

ORIENTATION 4 LANDSCAPE, PORTRAIT, SQUARE, 

UNDEFINED 

SCREENLAYOUTLONG 4 MASK, NO, UNDEFINED, YES 

SCREENLAYOUTSIZE 5 LARGE, MASK, NORMAL, SMALL, 

UNDEFINED 

TOUCHSCREEN 4 FINGER, NOTOUCH, STYLUS, 

UNDEFINED 

Figure 1.3: Configuration parameters of Android phones 

 

Figure 1.3 shows the various configuration parameters available in a 

selection of Android phones (Kuhn, Kacker, & Lei, 2010). These changes in 

configuration have a significant impact on the development and 

deployment of apps, given that newly developed apps must support all 

these valid combinations. For example, a user may wish to use a stylus 

rather than finger touch. Additionally, touch may be completely disabled in 

certain cases. The app should respond appropriately whenever the touch 

input method changes.  
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From Figure 1.3 above, all possible combinations are 3 × 3 × 4 × 3 × 5 × 4 × 4 

× 5 × 4 = 172,800. Any android app requires complete testing, which may 

involve some human intervention to run the tests and verify the results. If 

each test case takes 15 minutes to run, this extrapolates to about 24 staff-

years for configuration testing of the app; meaning staff salaries and benefits 

cost about $3 million for testing the app (Kuhn, Kacker, & Lei, 2010). Thus, 

it is important that the number of test cases is strategically minimised to 

ensure that this total cost can be reduced to a practical figure.  

 

1.4.2 Test Data Reduction 

 

Consider a login module of any software system. Usually, login modules 

follow an access control policy, which usually contains requirements 

including:  

 

i) Username must match with employee’s email address  

AND  

ii) Time must be between 9 am and 5 pm 

AND  

iii) Days must only be weekdays  

 

If the user is an admin, the module may have the following policy:  

 

i) User type must match admin type  

 AND  

ii) Time must be between 9am and 5pm  

 AND  
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iii) Days can be any day.  

 

Taking all inputs from the above requirement, a table of values can be 

drawn as follows: 

 

Parameter name Possible values 

Employee [Yes, No] 

Time [0...1400] 

Day [Sun... Sat] 

Admin [Yes, No] 

Figure 1.4: An access control policy statement 

 

There is no significant difference between the values in Figure 1.3 and the 

values in Figure 1.4. The values in Figure 1.4 show the values taken from 

input parameters, while those in Figure 1.3 represent configuration 

parameters. With input parameters, sometimes users need to deal with too 

many values, as shown in Figure 1.3. The value Time in the parameter name 

column in Figure 1.4 represents the values from 0 to 1400. These types of 

values can be reduced to one to three ranges of values. These types of values 

can be minimised through equivalent partitioning or boundary analysis 

techniques (Copeland, 2004; Meyer, 1997). However, parameters and values 

still present a large amount of data to be tested (Cohen, Dalal, Kajla, & 

Patton, 1994; Cohen, Dalal, Fredman, & Patton, 1997; Lei & Tai, 1998; Shiba, 

Tsuchiya, & Kikuno, 2004; Harman & Jones, 2001).  
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1.4.3 Test Sequence Reduction 

 

Sometimes the order of input becomes an essential factor in a fault 

occurring, particularly in event-driven software, where multiple events run 

sequentially and the action of one event depends on another (Kuhn D. R., 

Higdon, Lawrence, Kacker, & Lei, 2012). In this type of system, a fault is 

usually identified at a stage when some events have already occurred. In 

order to identify this fault, CT generates a sequence covering array (SCA) to 

ensure that a sequence of a required t-way or pairwise (interaction) event is 

covered. The t-way event sequence may be interwoven, but all permutations 

of the t-way sequence are covered. To clarify this, let us consider the actions 

of a motor vehicle. A motor car requires the following six events to occur, to 

exit a car park: 

 

Events Action 

A Start the engine 

B Select reverse 

C Apply the accelerator 

D Apply the brake 

E Select drive 

F Apply the accelerator 

Figure 1.5: Events required for a vehicle to exit a car park 

 

In the above table shown in Figure 1.5, six possible events equal 6! = 720 

possible sequences, in all of which the system should respond in a safe 

manner. Drivers know the correct sequence of events, yet mistakes are 

unavoidable. In such cases, thorough testing may be possible, however, the 
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augmentation of events still poses the CEP problem. Considering all 

examples mentioned above, it is impossible for many SUT to return a profit 

from an app if exhaustive testing is done. The frequently heard question is: 

how can effective testing be performed at a reasonable cost? 

 

1.5 Scope of Research of the Thesis 

 

Recall the interaction strength t that represents the interaction between 

parameters of an SUT. Researchers and practitioners have determined that 

the value of t has a significant impact on the reduction of the test suite. This 

theory is based on the premise of CT – that most errors are likely to occur 

based on the interaction of very few parameters, and the parameters which 

cause the fault should be limited to two to six (Tung & Aldiwan, 2000; 

Cohen, 2004; Forbes, Lawrence, Lei, Kacker, & Kuhn, 2008; Zamli, Klaib, 

Younis, Isa, & Abdullah, 2011). Based on this theory, many pairwise and t-

way testing strategies have been developed in recent decades, including 

TConfig  (William, 2010), CTS (Williams, 2000), AllPairs (Gurtovoy, 2017), 

AETG (Ellims, Ince, & Petre, 2008), mAETG (Cohen, Dwyer, & Shi, 2007), 

TCG (Tung & Aldiwan, 2000), mTCG (Cohen, 2004), GA (Shiba, Tsuchiya, 

& Kikuno, Using artificial life techniques to generate test cases for 

combinatorial testing, 2004), ACA (Shiba, Tsuchiya, & Kikuno, Using 

artificial life techniques to generate test cases for combinatorial testing, 

2004), IPO (Lei & Tai, 1998), IPOG (Lei, Kacker, Kuhn, Okun, & Lawrence, 

2007), Jenny (Jenkins, 2017), TVG (Arshem, 2017), ITCH (Hartman, Klinger, 

& Raskin, 2005), GTway (Zamli, Klaib, Younis, Isa, & Abdullah, 2011), PSTG 

(Ahmed & Zamli, 2010), MTTG (Rabbi, Islam, Mamun, & Kaosar, 2014), 

PS2way (Khatun, Rabbi, Yaakub, Klaib, & Ahmed, 2011) and EasyA (Rabbi, 
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Khatun, Yaakub, & Klaib, 2011). A brief description and analysis of these 

has been conducted in the literature review section of this thesis.  

 

The reason behind the developing of a large number of strategies is that the 

reduction based on t appears to be an NP-hard problem (Patrick, Alexander 

, Oriol , & Clark , 2015; Cui, Li, & Yao, 2009; Chen, Gu, Qi, & Chen, 2010). 

There is, therefore, no single strategy that can outperform others in all 

systems. Considerations of resource allocation, cost minimisation, and the 

combinatorial explosion problem with NP-hardness compels the following 

research questions (Diamond, 2001; Yilmaz, Cohen, & Porter, 2006; Rahman, 

Othman, Ahmad, & Rahman, 2014; Kruse & Wegener, 2012):  

 

i) Which is the technique that will best select the optimal and smallest 

number of data in the test suite? 

ii) Which technique can select the optimal and smallest sequences of 

events? 

iii) What is the best way to select the candidate data so that the 

technique is not as complex?  

iv) Is the strategy practical, in supporting non-uniform systems and 

constraints? 

v) Does the strategy support dynamic interaction if the importance of 

the parameters is known?  

 

Much effort has been invested over the past decade into optimising the 

principal problem (CEP) through traditional computing analysis. However, 

although CEP may be alleviated by parallelisation, the development of 

complex software and hardware still poses the same question to researchers. 
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In addition, the parallel computing required for test data generation is an 

expensive solution. Apart from this, the randomisation of a selection of test 

data appears to be an effective solution, although the random selection of 

test data exposes an improper distribution of test data onto the larger 

dataset. Thus, a systematic randomisation is required to optimise the 

problem.  

 

As the problem is also known as the NP-hard problem, it is impossible to 

produce an optimal solution in every case, given the nature of the problem 

itself. However, empirical analysis of the problem identified that artificial 

intelligence based strategies can produce a near optimal solution for the 

CEP. Thus, Genetic Algorithm (GA), Particle Swarm Optimisation (PSO), 

Ant Colony Algorithms (ACA), and Artificial Bee Colony Algorithm (ABC) 

can use an appropriate artificial systematic randomisation technique which 

appears to be an optimal solution for the CEP. The research presented in the 

thesis investigated the available artificial intelligence based algorithms and 

perceived that the swarm intelligence is very effective in generating test 

data. The implementations of ACA, GA based algorithms appeared very 

complex and were unable to produce test data in many input conditions. On 

the contrary, swarm intelligence based algorithms consist fewer steps and 

appear very effective. Overall, by considering the magnitude of the CEP and 

the above-mentioned research question, further investigation has been 

carried out (in later chapters) into the particle swarm based algorithm, and 

its ability to generate optimal test suites for TC, TD and SCA.  
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1.6 Objective of the Thesis 

 

The research in this thesis is compelled by the importance of creating a novel 

strategy to overcome the current research challenges. These include the 

importance and precedence of swarm intelligence over other heuristic 

approaches. To do this, the research investigated all popular test data 

generation strategies, analysed the inner structure and style of test suite 

generation, and classified them accordingly. Empirical study shows that 

some popular strategies take an unacceptable amount of time; even for very 

low complexity systems. To overcome this, the aim of the research is also to 

develop a novel test data generation technique which is low in complexity 

while being highly efficient in test suite generation, to overcome current 

research challenges. To fulfil this aim, the objectives of the research are to: 

 

i) Investigate the limitations of available test suite generation 

strategies. 

ii) Design and implement a low complexity and high-performance 

test data generation strategy based on swarm intelligence 

iii) Support pairwise, t-way, and sequence covering requirements 

iv) Develop and support non-uniform parameterised, mixed 

covering array, and constraints in test data generation 

v) Evaluate the performance of the proposed strategy in terms of test 

data size and complexity. 
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1.7 Contribution of the Thesis 

 

The research investigates different test generation strategies that create 

optimal test suites such as arithmetic strategies, random strategies, and 

heuristic search strategies. The research then explores the problem in three 

major areas:  

 

i) Test data generation  

ii) Test sequence generation  

iii) Mixed interaction strength generation. 

 

The implementation of heuristic searching helps to determine the optimal 

solution. Later chapters of this thesis describe different novel strategies 

based on heuristic searching. Swarm intelligence is used to solve the 

optimisation problem. The main contributions of this research are outlined 

below: 

 

• This research classifies the state-of-the-art strategies based on the 

different values of t.  Details of popular tools that generate test data 

are described, along with the limitations that need to be overcome for 

them to be useful in practice.  

 

• A comparative study – set out in tabular structure – argues that the 

support of mixed covering array and constraints are missing in most 

state-of-the-art technologies, which limits the use of these tools and 

strategies. This particular study in the research is motivated by the 

need to create a novel strategy.  
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• A novel test data generation strategy is proposed using a swarm 

intelligence based algorithm. The swarm object is illustrated in order 

to map the test generation problem along with the swarm based 

heuristic search problem, facilitating the use of a swarm solution in 

test generation problems. The results are compared with other 

strategies, and the effectiveness of the proposed strategy is also 

discussed. The research additionally identifies the issues relating to 

this novel strategy and proposes another novel strategy by 

modifying the design. The new strategy overcomes some of the time 

complexity related to the existing strategy. 

 

• A novel test sequence generation strategy is proposed based on 

swarm intelligence. This strategy helps to generate optimum test 

sequences. Comparative study and discussion show the effectiveness 

of the proposed solution. The research also identifies the limitations 

of the strategy and proposes another novel strategy that overcomes 

these issues. The new strategy is reanalysed to show that the 

limitations are resolved.  

 

• The research finds that the current strategies are unable to generate 

the mixed-covering array. To develope the generation of mixed-

covering arrays, this research also proposes a strategy called SITU. 

The research identifies the usability and applicability of SITU 

through various discussion and included few results for future 

references. Although the results are incomparable because of the 

novelty of research, a discussion of the future work is conducted 

towards the end of the thesis.   



Thesis Outline 

22 

 

Moreover, the research also proposes that all the novel strategies are capable 

of supporting the non-uniform values of a system. The ability to apply 

constraints is also described in the thesis. In this way, the strategies are more 

acceptable and useable in practice. Additionally, all the proposed strategies 

show excellent results in terms of both test suite size and generation time.  

 

1.8 Thesis Outline 

 

As the thesis progresses to the next chapter, an extensive literature review 

is conducted in regard to the popular test suite generation strategies. The 

notations, definitions and basic steps required to generate a test suite are 

described throughout the chapter. Analysis of common strategies and the 

research gap is identified in order to address the current issues. Discussion 

of the importance of creating novel strategies completes Chapter 2. 

 

Chapter 3 fulfils the objective of the research by creating a t-way test data 

generation strategy known as the SITG (Swarm Intelligence Test Generator). 

Initially, the importance and significance of swarm intelligence in relation to 

other heuristic strategies is described. After that, the embedded architecture 

of swarm intelligence is analysed. This encompasses the particles, the search 

space, and the use of velocity in optimising the test generation problem. 

Later, swarm components are associated with components related to the test 

generation so that a new swarm intelligence based test suite generation 

strategy can be developed. Finally, evaluation of the strategy is undertaken 

using different types of systems.  
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Chapter 4 identifies the issues related to the swarm intelligence based test 

generation described in Chapter 3. The issues related to the SITG are a 

compelling argument for restructuring the existing architecture. This 

chapter of the thesis, therefore, creates a new strategy. A modified version 

of the SITG is designed and developed, and is known as the mSITG. 

Evaluation of the mSITG is then conducted in relation to the popular 

systems, with the results compared and discussed alongside the SITG. 

 

Chapter 5 outlines the sequence generation of the combinatorial testing. The 

significance of sequences is described and the steps involved in generating 

a sequence are comprehensively explained. The accuracy of a generated 

sequence is also discussed, and a novel SISEQ (Swarm Intelligence Sequence 

Generation) is proposed. The detailed architectural design and the steps 

involved in generating the optimum sequences are also clarified. Finally, the 

performance evaluation of the SISEQ is conducted.  

 

Chapter 6 of the thesis identifies complexity issues relating to the proposed 

SISEQ in Chapter 5. Thus, this chapter commences with the motivation of 

restructuring the architecture of SISEQ to overcome the complexity. A 

modified version of SISEQ known as mSISEQ is proposed. The modified 

design with its step-by-step sequence generation technique is described. In 

addition, the mSISEQ strategy is compared with the other strategies.  

 

Chapter 7 proposes a novel SITGU (Swarm Intelligence Test Generator 

Utility) algorithm that can sustain utilities not supported by most state-of-

the-art algorithms. This algorithm can support non-uniformity of the input 

configurations or input parameters, constraints, and mixed interaction 
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strength (dynamic value of t). Results of and discussion about mixed 

interaction strength conclude that the thesis – for the first time ever – 

produces a solution. These results are, therefore, useful for future research.  

 

Chapter 8 concludes the thesis, and the thesis aim and object is revised, and 

determined to have been fulfilled. Considerations for possible future work 

is described, followed by closing remarks to end the thesis. 
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Chapter 2 

Literature Review 

 

2.1 Preamble 

 

The previous chapter provided an overview of combinatorial testing and its 

importance in software/hardware development; lack of testing can be 

disastrous, and even life-threatening. Discussion of the theory of 

combinatorial testing concluded that faults can occur as a result of the 

interaction between parameters or events. The previous chapter, Chapter 1 

also revealed that the CEP (Combinatorial Explosion Problem) limits the 

ability to test all possible test combinations. An optimum number of test 

suites is, therefore, required.  

 

This chapter describes the related terminologies used systematically in 

combinatorial testing, and the basic building blocks of creating a general test 

suite are extensively discussed. Steps required for generating a t-way test 

suite are demonstrated, and the proof of correctness function is also 

described, illustrating that the result produced by the strategy is correct. In 

addition, this chapter includes a comparative study of the popular test suite 

generation strategies as a justification of the research aim and objective.  
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2.2 Notation of Definition of Literacy  

 

One of main goals of this research is to generate an optimum covering array 

number. As already discussed, reduction of the exhaustive number depends 

on the interaction strength known as t. This section demonstrates the basic 

components involved in generating a test suite based on t. An overview is 

given of definitions and formal notations used in the literature over recent 

decades; these are important and useful in terms of identifying the 

generation of strategies.  

 

Assuming that SUT has n finite parameters as p1, p2, p3 . . . pn, then assume 

that P = {p1, p2, p3. . . pn}, where the parameters are used to create the test 

suite. The parameters can be the configuration parameters, input 

parameters, or sequences, as discussed in Chapter 1. Therefore, the 

interaction between these parameters will influence the development of a 

fault. In reality, pi (i ∈  P) must have pvi  as a finite discrete number for a 

strategy to generate an optimum amount of data in the test suite. Assuming 

that PV = {pv1, pv2, pv3 . . pvn} is the value of each parameter, then in 

sequence generation, the parameters can be defined as individual events. In 

that case, no consideration of the values is made for individual events. If n 

is continuous in the values of PV, the practitioners must use equivalent 

partitioning or boundary analysis techniques to convert it to a finite number. 

 

 An assumption is made that there is no inter-dependency of values. Thus, 

any value of any parameter cannot be a product of any other values. In 

addition, the values of any parameter must be unique to other values of the 

same parameter. However, the value of one parameter can be equal to any 
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values of other parameters. If 𝐼 is considered to be the interaction set 

representing the interaction between all of the parameters, the number of 

elements in the 𝐼 depend on the interaction strength t (t =  {2 . . |P|}.  The 

number of values in the I is calculated as PCt. The C represents the 

combination between P and t which can be expressed as |I|  =  PCt, given 

that I =  {{p1, p2}, {p1, p3}, {p1, p4}, {p2, p3},   {p2, p4}, {p3, p4}} signifies 

the 4 parameters with a t-way value of 2.  Elements such as (p1, p2) ⊂ I 

indicate the interaction between p1 and p2. In theory, this can be denoted 

as a pairwise set of parameters. However, the set of 𝐼 can also be I =

 {{p1, p2, p3}, {p1, p4}, {p2, p4}, {p3, p4}}, representing a mixed interaction 

(dynamic interaction).  

 

To further understand concepts of CT and the generation of the test suite, 

let us consider game software that can be played on the network. The SUT 

that can be influenced by the configuration is shown in Figure 2.1, below: 

 

P1: OS P2: Browser P3: Access Type P4: Multimedia 

Windows Chrome ISDL Flash 

MAC Firefox Wireless Java 

Figure 2.1: Configuration parameters of a network game 

 

In this example, the number of parameters n =  4 and |pv1|  = |pv2|  =

|pv3|  = |pv4|  =  2 and  pv1 =  {Windows, MAC}, pv2 =  {Chrome,

Firefox}, pv3 =  {ISDL, Wireless}, and pv4 =  {Flash, Java}. In the case of 

an exhaustive test suite, the interaction set will be represented as 𝐼 =

 {p1, p2, p3, p4} meaning that interaction between all parameters will be 
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responsible for test suite generation. In this case, 𝑡 =  4; the generated test 

suite is shown in Figure 2.2.    

 

 P1: OS P2: Browser P3: Access Type P4: Multimedia 

r1 Windows Chrome ISDL Flash 

r2 Windows Chrome ISDL Java 

r3 Windows Chrome Wireless Flash 

r4 Windows Chrome Wireless Java 

r5 Windows Firefox ISDL Flash 

r6 Windows Firefox ISDL Java 

r7 Windows Firefox Wireless Flash 

r8 Windows Firefox Wireless Java 

r9 MAC Chrome ISDL Flash 

r10 MAC Chrome ISDL Java 

r11 MAC Chrome Wireless Flash 

r12 MAC Chrome Wireless Java 

r13 MAC Firefox ISDL Flash 

r14 MAC Firefox ISDL Java 

r15 MAC Firefox Wireless Flash 

r16 MAC Firefox Wireless Java 

Figure 2.2: Generated covering array when the interaction is 4 

 

When t = 4, it is known as the highest interaction level to produce exhaustive 

numbers in the test suite. The exhaustive number TE is calculated as TE =

(|pv1| ∗  |pv2| ∗  |pv3| ∗ |pv4| ). In this case, the interaction set is stated 

as I4 =  {p1, p2, p3, p4}. As specified previously, the TE can be reduced by 

decreasing t from 4 to 3. In such a case, the interaction set can be denoted as  
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I3 =  {{p1, p2, p3}, {p1, p2, p4}, {p1, p3, p4}, {p2, p3, p4}}. 

 

A simple randomisation formula showing the reduction in the TE is 

illustrated below. In Figure 2.3, the section on the left shows that 

{p1, p2, p3}  ∈  I3 has been used to create the covering array and the last 

parameter p4 has been randomised – with any value of p4  being chosen 

randomly.  In the same way, the right-hand side of the first row shows that 

parameter {p1, p3, p4}  ∈  I3 created the covering array where the value of 

p2 was randomised. The same strategy was chosen over other elements of 

the interaction I3.  

 

p1, p2, p3 (p4 randomised) 

 p1 p2 p3 p4 

r1 Windows Chrome ISDL Flash 

r2 Windows Chrome Wireless Java 

r3 Windows Firefox ISDL Flash 

r4 Windows Firefox Wireless Java 

r5 MAC Chrome ISDL Flash 

r6 MAC Chrome Wireless Java 

r7 MAC Firefox ISDL Flash 

r8 MAC Firefox Wireless Flash 
 

p1, p2, p4 (p3 randomised) 

 p1 p2 p3 p4 

r1 Windows Chrome ISDL Flash 

r2 Windows Chrome ISDL Java 

r3 Windows Firefox Wireless Flash 
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r4 Windows Firefox ISDL Java 

r5 MAC Chrome ISDL Flash 

r6 MAC Chrome ISDL Java 

r7 MAC Firefox Wireless Flash 

r8 MAC Firefox Wireless Java 
 

p1, p3, p4 (p2 randomised) 

 p1 p2 p3 p4 

r1 Windows Chrome ISDL Flash 

r2 Windows Firefox ISDL Java 

r3 Windows Chrome Wireless Flash 

r4 Windows Chrome Wireless Java 

r5 MAC Chrome ISDL Flash 

r6 MAC Chrome ISDL Java 

r7 MAC Firefox Wireless Flash 

r8 MAC Firefox Wireless Java 
 

p2, p3, p4 (p1 randomised) 

 p1 p2 p3 p4 

r1 Windows Chrome ISDL Flash 

r2 MAC Chrome ISDL Java 

r3 Windows Chrome Wireless Flash 

r4 Windows Chrome Wireless Java 

r5 MAC Firefox ISDL Flash 

r6 Windows Firefox ISDL Java 

r7 MAC Firefox Wireless Flash 

r8 MAC Firefox Wireless Java 
 

Figure 2.3: Test Data with one randomised value 
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The table in Figure 2.3 shows four different data sets, which have 

overlapping subsets. For example,   {p1, p2, p3}  ⊂  r1, {p1, p2, p3}  ⊂

  r1, {p1, p2, p3}  ⊂   r1, {p1, p2, p3}  ⊂  r1 have the same values. 

Furthermore, values in {p1, p3, p4}  ⊂ r2 and {p1, p2, p4}  ⊂ r2 are also 

the same. By counting the repetitive values, the removal of 19 sets of values 

is possible. Consequently, there will now be only 13 data sets in the test 

suite. Figure 2.4 depicts the test suite after the removal of the redundant data 

sets.  

 

p1, p2, p3, p4 

 p1 p2 p3 p4 

r1 Windows Chrome ISDL Flash 

r2 Windows Chrome Wireless Java 

r3 Windows Firefox ISDL Flash 

r4 Windows Firefox Wireless Java 

r5 MAC Chrome ISDL Flash 

r6 MAC Firefox Wireless Java 

r7 MAC Chrome ISDL Flash 

r8 MAC Firefox Wireless Flash 

t9 Windows Chrome ISDL Java 

t10 Windows Firefox Wireless Flash 

t11 Windows Firefox ISDL Java 

t12 MAC Chrome ISDL Java 

t13 MAC Firefox Wireless Java 

Figure 2.4: Test suite after removal of repetitive values 
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Figure 2.4 demonstrates the simple randomisation technique responsible for 

streamlining the test suite, and shows that reduction from TE = 16 is possible 

by modifying the interaction set I4 =  {p1, p2, p3, p4}  to I3 =  { {p1, p2, p3},

{p1, p2, p4}, {p1, p3, p4}, {p2, p3, p4}  }. A reduction of 16-13 = 3 test data is 

achieved. The individual data in the test suite is known as Test Data or Test 

Case, depending on user requirements or system inputs. If inputs were part 

of a system configuration, it would have been described as a Test Case, 

while the overall data set is known as a Test Suite.  

 

2.2.1 Definition of Test Case  

 

Definition 2.1: Test Case or Test Data – A TC, or TD is an n-tuple of 

{v1 , v2, v3 . . vn} where v1 (v1 ∈ pv1), v2 (v2 ∈ pv2), v3 (v3 ∈ pv3) 

… pvn (vn ∈ pvn) are individual discrete values which can be applied as a 

test input against the SUT. The number of TC or TD in a test suite depends 

on the interaction strength t. In all possible interactions, i.e.; in full strength 

interaction Test Data or Test Case, TE = {{v1 , v2, v3 . . vn | (v1 ∈ pv1)| (v2 ∈

pv2)| (v3 ∈ pv3)| (vn ∈ pvn)} = pv1 ∗  pv2 ∗  pv3 ∗ … ∗  pvn.  Thus, Test 

Cases are a subset of the exhaustive number i.e.;  TC ⊂  TE., or TD ⊂  TE. 

 

2.2.2 Definition of Test Suite 

 

Definition 2.2: Test Suite – A TS is an n-tuple of r ∗  {{v1 , v2, v3 . . vn | (v1 ∈

pv1)| (v2 ∈ pv2)| (v3 ∈ pv3)| (vn ∈ pvn)}  and r <=  𝑝𝑣1 ∗  pv2 ∗  pv3 ∗

… ∗  pvn, which is a finite discrete number. A Test Suite is also a subset of 

the exhaustive number and is a collection of Test Cases or Test Data. Thus, 

TS ⊂  TE and 𝑇𝑆 >  𝑇𝐶 𝑜𝑟 𝑇𝐷.  
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In reality, the TE is impossible to execute because of the CEP (Combinatorial 

Explosion Problem). Thus, the reduction of TE to TS is a key area requiring 

further research.  

 

2.2.3 Definition of Interaction Strength 

 

Definition 2.3: Interaction strength – An interaction strength t is a finite 

number and the value ranges from 2 up to |P|. In theory, t is known to be 

the number of parameters that interact to trigger a fault. Also, t is used to 

define the interaction set 𝐼 during the generation of the optimum test suite 

𝑇𝑆. The number of elements in an interaction set has a combination 

relationship with t.  Thus |I| = nCr (n =  number of parameter or |P|, r =

 value of t or |t|).  

 

2.2.4 Proof of Correctness of the Solution 

 

In the current example, it is observed that the amount of data in the test suite 

is reduced based on interaction strength. However, the solution produced 

by the randomisation is non-optimum. A better strategy may, therefore, 

yield an optimal solution.  

 

The fundamentals of generating TS in the CT strategies imply that all the 

covering requirements must be fulfilled. In the current example, a T3 

combinatorial interaction strength is used to produce the 𝑇𝑆. To prove 

whether the produced result is correct, an interaction set of 𝐼3 is used and is 

shown in Figure 2.5: 
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𝐈3  Value combination 

{𝒑𝟏, 𝒑𝟐, 𝒑𝟑} Windows Chrome ISDL 

Windows Chrome Wireless 

Windows Firefox ISDL 

Windows Firefox Wireless 

MAC Chrome ISDL 

MAC Chrome Wireless 

MAC Firefox ISDL 

MAC Firefox Wireless 

{𝒑𝟏, 𝒑𝟑, 𝒑𝟒} Windows ISDL Flash 

Windows ISDL Java 

Windows Wireless Flash 

Windows Wireless Java 

MAC ISDL Flash 

MAC ISDL Java 

MAC Wireless Flash 

MAC Wireless Java 

{𝒑𝟏, 𝒑𝟐, 𝒑𝟒} Windows Chrome Flash 

Windows Chrome Java 

Windows Firefox Flash 

Windows Firefox Java 

MAC Chrome Flash 

MAC Chrome Java 

MAC Firefox Flash 

MAC Firefox Java 

{𝒑𝟐, 𝒑𝟑, 𝒑𝟒} Chrome ISDL Flash 

Chrome ISDL Java 

Chrome Wireless Flash 
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𝐈3  Value combination 

Chrome Wireless Java 

Firefox ISDL Flash 

Firefox ISDL Java 

Firefox Wireless Flash 

Firefox Wireless Java 

Figure 2.5: Value combination used for proof 

 

In Figure 2.5, the subsets are known as the covering requirements. These 

subsets are the 3-way combination of the corresponding parameters. A T3 

test suite must include all of the above 3-way covering requirements at least 

once. To establish whether the test suites are covering or not, a simple 

technique is to take one record at a time, break it into subsets, and check the 

equality within each subset. In the literature, the test suites are also known 

as the covering array. Figure 2.6 shows the number of times each set in the 

covering array was covered by the T3 test suite.  

 

𝐈3  Value combination with # of coverage 

{𝒑𝟏, 𝒑𝟐, 𝒑𝟑} Windows Chrome ISDL 2 

Windows Chrome Wireless 1 

Windows Firefox ISDL 2 

Windows Firefox Wireless 2 

MAC Chrome ISDL 2 

MAC Chrome Wireless 1 

MAC Firefox ISDL 1 

MAC Firefox Wireless 2 

{𝒑𝟏, 𝒑𝟑, 𝒑𝟒} Windows ISDL Flash 1 
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𝐈3  Value combination with # of coverage 

Windows ISDL Java 2 

Windows Wireless Flash 2 

Windows Wireless Java 2 

MAC ISDL Flash 1 

MAC ISDL Java 2 

MAC Wireless Flash 2 

MAC Wireless Java 1 

{𝒑𝟏, 𝒑𝟐, 𝒑𝟒} Windows Chrome Flash 2 

Windows Chrome Java 2 

Windows Firefox Flash 1 

Windows Firefox Java 2 

MAC Chrome Flash 2 

MAC Chrome Java 1 

MAC Firefox Flash 1 

MAC Firefox Java 2 

{𝒑𝟐, 𝒑𝟑, 𝒑𝟒} Chrome ISDL Flash 2 

Chrome ISDL Java 2 

Chrome Wireless Flash 1 

Chrome Wireless Java 2 

Firefox ISDL Flash 2 

Firefox ISDL Java 1 

Firefox Wireless Flash 2 

Firefox Wireless Java 2 

Figure 2.6: Number of times each set covered 

 

Studying Figure 2.6, it appears that all T3 interaction space has been covered 

at least once, meaning that the covering requirement for T3 has been 
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fulfilled. This shows that the randomised technique depicted in the running 

example is the correct solution. In actual fact, there are many other 

variations that have not been highlighted here. As an example, the values in 

the parameter could be non-uniform i.e.; parameters could have different 

numbers of values, or the interaction between parameters could also be 

different. A constraints consideration could also exist, or the strategy that 

generates the sequence test suite could use a completely different technique.  

As discussed earlier, the example may not be an optimal solution, 

considering it is not easy – given the NP-hard problem – to develop a 

strategy to generate the optimal solution. Designing an optimal strategy 

may, therefore, require some heuristic intelligence to help find the most 

suitable solution. (Yan & Zhang, 2008; Younis, Zamli, & Isa, 2008; Cai, Yang, 

ShangGuan, & Wang, 2014).  

 

The running example shows a simple system with 4 parameters and 2 

values, each producing 2 ^ 4 = 16 values. Given the incremental growth of 

parameters, however, the number becomes exponentially high. Although 

producing a non-optimal solution through randomisation is not 

computationally very costly, generation of the suboptimal or optimal 

solution is expensive, in this context. Experiments carried out in the later 

chapters of this research also identify many strategies incapable of 

generating test suites.  

 

In the current example, reducing t by a value of one can provide a massive 

reduction to the test suite. One such case is when the value of t = 2; known 

as pairwise testing in CT. Interestingly, pairwise testing appears to be 

computationally cheaper than any higher values of t. However, in pairwise 
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testing, the hypothesis is made on the assumption that the interaction of 

only two parameters produces the error. As this may not be feasible for 

many applications, a higher value of t – of up to 6 – is important. Any higher 

value of t is known as t-way testing. In the next section, analysis of the 

available strategies is undertaken.  

 

2.3 Classification of Existing Strategies 

 

Many attempts have been made to classify the existing t-way and pairwise 

test data generation strategies. Cohen categorised test data generation 

strategies into two main groups (Cohen, 2004), namely: 

 

i) Algebraic strategies  

ii) Computational strategies.  

 

Despite these groupings, the strategies that produce test data can in fact be 

classified within four categories:  

 

i) Mathematical strategies  

ii) Random strategies  

iii) Greedy strategies  

iv) Intelligence strategies.   

 

Some mathematical methods exploit mathematical formulas to produce 

optimum test data; these are classified as algebraic strategies and implement 

basic arrays as part of their algorithms. These basic arrays rearrange their 

values using mathematical formulas. Orthogonal array (OA) and Latin 
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array (LA) are two popular algebraic strategies, among many others. 

Frequently, the strategies use the mathematical formulas recursively for a 

specific period. Thus, the complete covering requirement occurs through 

the repetition of the same smaller combination of values (Williams, 2000; 

Chow, 2006).  

 

While the algebraic formulas applied to these strategies can be either i) 

direct or ii) recursive. In reality, neither direct nor recursive formulas are 

able to generate a test suite for a complex system; they are limited to 

pairwise generation. Several tools use these mathematical formulas to 

generate test suites. Some of the popular strategies among these are TConfig 

(Williams, 2000), Combinatorial Test Services (CTS) (Harman & Jones, 2001), 

and Test-Cover (Sherwood, 1994).  

 

Overall, advantages of algebraic strategies include:  

i) Computational costs are very low, meaning the test suite can be 

generated very quickly  

ii) Sub-optimal numbers of records are produced in many cases.  

 

While reported disadvantages are: 

i) Algebraic strategies do not have the effect of t; thus are limited to 

pairwise testing 

ii) Constraints or non-uniform values are incompatible with these 

strategies. 

 

Random strategies consist of an ad hoc approach in which a record is 

randomly selected from the complete input set based on input distribution 
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through a particular selection criterion (Patrick, Alexander , Oriol , & Clark 

, 2015). Sometimes random strategies are used to study the effectiveness of 

other strategies, and are also used to analyse the fault detection capabilities 

of a strategy. In some cases, random strategies work more effectively than 

other strategies. However, as it is a random selection, one strategy does not 

produce the same test suite in every run. Sometimes it is very hard to 

measure the efficacy of the technique. One technique used to measure the 

effectiveness of the random strategy is to run it multiple times and take an 

average. The advantages of random strategies are as follows:  

 

i) Support higher combinatorial coverage than required 

ii) Handling of constraints and non-uniform or mixed-level 

covering requirements is supported 

iii) May produce optimum test suites, however, with the same input 

set, it can produce different test suites in different runs.   

 

Greedy strategies are the most widely used of all strategies. The approach 

of the greedy strategy is to select data from a single test based on the highest 

covering number. After determining the number of parameters and values, 

it is possible to calculate the highest possible coverage that one test data set 

can achieve. Greedy algorithms hypothetically rely on the fact that, by 

identifying the test data that can achieve the highest coverage rate, the 

generation of optimal test suites is possible. However, because of the NP-

hard problem, empirical results show that the greedy strategies are not 

always effective in producing the optimal solution.  
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Two of the most commonly used approaches are known as AETG 

(Automatic Effective Test Generator) and IPO (In Parameter Order). AETG 

(Cohen, Dalal, Fredman, & Patton, 1997) – also known as the one-row-at-a-

time strategy – is one of the most popular greedy strategies. Over time, 

modifications have been made to the basic version to produce the most 

optimal solutions. AETG involves several iterations which select data; once 

these iterations are finished, the complete test suite is built. In each iteration, 

a single test data is generated based on the highest coverage. The iterations 

run until the combinatorial coverage criteria is met. Several tools that use 

this strategy include CATS (Constrained Array Test System) (Sherwood, 

1994), the density based greedy algorithm (Bryce & Colbourn, 2008), and 

PICT (Pairwise Independent Combinatorial Testing) (Czerwonka J. , 2006).  

 

Another popular type of greedy algorithm is IPO (In Parameter Order). 

Many modified versions of IPO have been introduced by researchers (Lei & 

Tai, 1998), (Lei, Kacker, Kuhn, Okun, & Lawrence, 2007), who provided the 

algorithm of IPO which supported pairwise and 3-way coverage. The IPO 

is in widespread use due to its simplicity and rapid execution. In terms of 

mode of action, IPO takes the value of one parameter, combines it with the 

value of another parameter, and calculates the coverage. If the coverage is 

selectable then the combined data is chosen to be part of the test suite. The 

IPO also works over several iterations. In each iteration, test data sets are 

chosen based on certain selection criteria.  

 

Artificial intelligence (AI) based search techniques have been applied in 

different algorithms to produce optimal or near-optimal test suites. Hill 

Climbing, Tabu Search, Great Flood, Simulated Annealing, and Particle 
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Swarm are some of the AI based search techniques. These AI based 

techniques have also been used to generate higher t-way covering arrays. 

Some more complex AI based search techniques such as the Ant Colony 

Algorithm and Genetic Algorithm have also been implemented.  

 

In the literature, these strategies are known as heuristic search algorithms. 

Typically, AI based strategies commence searching from a larger, wider 

input space, known as a search space. In some cases, this can be the 

exhaustive test suites. These strategies then apply different search 

mechanisms, one after another, until coverage conditions are met. Thus, 

every time a search is performed, it refines the whole search space so that 

only the best selectable test data is chosen. The AI based search techniques 

usually run across more than one iteration so that the test suite evolves, and 

the optimal solution is possible. It appears that the AI based search can 

generate optimum test suites in many SUT, and can also support constraints 

and mixed level covering arrays (Rabbi, Mamun, & Islam, 2015 ).  

 

Most strategies found in the literature are computational strategies, which 

use computational calculations to produce test data. Greedy, random, and 

AI based strategies are all computational. Of these, greedy and random 

strategies use less computational power, while AI based strategies use more 

power. Almost all computational strategies support higher combinatorial 

strength and non-uniform values.  

 

Some categorisations are based on the output randomness, and are 

classified into three main sub-categories based on the randomness of the 

solution of the strategy: i) Non-deterministic ii) Deterministic iii) 



Classification of Existing Strategies 

43 

 

Compound (Grindal, Offutt, & Andler, 2005). Nondeterministic strategies 

always produce a random number of test data in each execution, employing 

a random selection of test data over the search space. AI search strategies 

are found to be non-deterministic. Thus, the solution may vary from optimal 

to suboptimal, given each solution produces a different number of test data. 

On the other hand, deterministic strategies produce the same test data set in 

each execution. Usually, algebraic strategies and greedy strategies are 

deterministic. Compound strategies can be a combination of both 

deterministic strategies and nondeterministic strategies. Few strategies are 

determined to be compound strategies.  

 

Strategies can be further subcategorised, based on the behaviour of the 

algorithm; as i) Instant, ii) Iterative iii) Parameter based (Grindal, Offutt, & 

Andler, 2005). Instant strategies generate all test data at once, in a single run. 

Iterative strategies generate one test data at a time and add all test data 

together to complete the process. Parameter based strategies initially create 

a complete test data suite from the subset of parameters, and afterward new 

parameters are added and new test data is also added to ensure that the 

newly added parameters are covered. Algebraic strategies and random 

strategies can be classified as instant, while all AI based strategies are 

iterative. AETG can also be labelled as iterative, while the IPO is an example 

of a parameter based strategy.  

 

In this thesis, the behaviour of individual strategies is studied; therefore, all 

strategies have been classified into three different categories based on the 

interaction supportability of each. Each individual strategy is classified and 

categorised, as below. 
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Classified by Characteristics 

Interaction level [2]-way/pairwise 

[3-4]-way/min t-way 

[5-6]-way/mid t-way 

[7+]-way/max t-way 

Parameterisation Static/uniform 

Dynamic/non-uniform 

Mixed/non-uniform 

interaction 

Array Covering array 

Sequence covering array 

Orthogonal array 

Mixed level covering array 

igure 2.7: Property based classification of available strategies 

 

As discussed earlier, test suites are often known as covering arrays. In fact, 

the test suite is a two-dimensional array which ensures that a covering 

requirement is fulfilled. However, the notion of the array is also used during 

the generation of test data. This means that the covering arrays are created 

based on two different arrays. Those arrays are used to produce a test suite 

by arithmetic strategies. Based on the number of inputs, an arithmetic 

strategy creates orthogonal arrays. Later, the orthogonal arrays are used 

during the generation of the test suite. Other types of arrays can also 

generate test suites. The next subsections describe the different types of 

arrays that can produce test suites.   
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2.3.1 Definition of Orthogonal Array 

 

Orthogonal Arrays (OA) uses various algebraic and mathematical concepts 

(Hedayat, 1999) and with Latin Squares, used to generate test suites. Latin 

Squares are frequently used in compiler design (Mandl, 1985), with many 

variations of the concept used in computer science theories and 

applications. One such variation is the Mutual Orthogonal Latin Square, 

which is also used in some strategies which generate test suites. The Latin 

Square has been defined in many ways by different researchers. Below are 

the most useful definitions of Latin Square, Mutual Orthogonal Latin Square, 

and Orthogonal Array.  

 

Definition 2.4: A Latin Square: LT  is a square of L, where L is a finite number 

that creates L × L array containing the elements from a set S, where 

𝑡ℎ𝑒 𝑡𝑜𝑡𝑎𝑙 𝑜𝑓 𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝑠 𝑖𝑛 𝑆 𝑖𝑠 𝑡ℎ𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝐿 i.e.; the cardinality should be 

the value of S.  In addition, all the elements 𝑠 in S should appear only once 

in each row and in each column of the 𝐿 𝑋 𝐿.  

 

Definition 2.5: An Orthogonal Array: OA is a subset of parameter P =

 {p1, p2, p3. . . pn} and the value V =  {v1, v2, v3 … vn} with the condition 

of OA ⊂  {Pn X Vn}. In addition, the subset {Pn X Vn} exists λ times where the 

λ is the degree of interaction between the parameters and values.  

 

Definition 2.6: A Mutually Orthogonal Latin Square: MOLS is a subset of S and 

L where S and L are both two Latin squares and can be expressed as 

𝑀𝑂𝐿𝑆 ⊂  (𝑆 𝑥 𝐿), where each value of S and each value of L is pairwise 

orthogonal.  
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The generation of test data using the Latin Square involves a simple process; 

an example of which is depicted in Figure 2.8, showing the Latin Square of 

order 3.  Each row and column represent one value once only. Figure 2.9 

represents a variation of the Latin Square of order 3. Thus, a pairwise 

presentation of the test data will be the same cell taken from the array in 2.8 

and 2.9. The generation of the complete test suite is shown in Figure 2.10. 

 

0 1 2 

2 0 1 

1 2 0 

Figure 2.8: Orthogonal Latin Squares first data set 

 

0 1 2 

1 2 0 

2 0 1 

Figure 2.9: Orthogonal Latin Squares second data set 

 

(0,0) (1,1) (2,2) 

(2,1) (0,2) (1,0) 

(1,2) (2,0) (0,1) 

Figure 2.10: Orthogonal Latin Squares from two data sets 

 

Some algebraic strategies use OA to produce the complete test suite. 

Consider a system with three parameters having three values each as shown 

in Figure 2.11 that can generate test site from OA. 
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A B C 

a1 b1 c1 

a2 b2 c2 

a3 b3 c3 

Figure 2.11: System to produce test data 

 

In the OA, each column represents one parameter. To generate a pairwise 

test suite, each parameter must appear exactly the same number of times as 

the others. The complete test suite is shown in Figure 2.12. An analysis of 

the test suite shows that all the column values appear exactly three times.  

In such case, the λ is 3/3 = 1.  

 

 A B C 

t1 a1 b1 c3 

t2 a1 b2 c2 

t3 a1 b3 c1 

t4 a2 b1 c3 

t5 a2 b2 c2 

t6 a2 b3 c1 

t7 a3 b1 c3 

t8 a3 b2 c2 

t9 a3 b3 c1 

Figure 2.12: Generation of test suite using OA 

 

Algebraic strategies that use OA are deterministic. This means that the 

generated test suite has the same amount of data in each run. OA appears 

to be effective only in pairwise testing. The reason for this is that OA does 
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not use a search of the input values or the combination of input values. It 

requires minimum complexity in regard to time and space. The generation 

of test suites is, therefore, considerably faster; certainly an advantage over 

other strategies. However, an impediment to its practicality is that it is not 

capable of supporting non-uniform values. Additionally, even with some 

uniform parametric values – when the number of parameters is an even 

number (2, 4, 6, and so on) – OA appeared to be very ineffective in the 

production of the sub-optimal solution. Overall, in practice, the OA based 

strategies are unusable as they are incapable of generating test suites. 

 

2.3.2 Definition of Covering Array 

 

A Covering Array (CA) is an array with a set of data by which test suite 

generation is possible. In theory, it is stated that the CA is designed in such 

a way that it can employ the data while overcoming the restriction of λ = 1 

(Sloane, 1993). This means that test suite generation using CA can overcome 

pairwise restrictions in CA, λ =  λ >  1. In contrast, it may cause confusion 

that the generated test suite is also known as a covering array. Most 

strategies developed are CA based.  

 

Definition 2.7:  Covering Array or CA is noted as (𝑁;  𝑡, 𝑉k {𝑉 = 1,2,3. . . 𝑘}); a 

set of (𝑁 𝑥 𝑡) with strength 𝑡 where each combination of Vk is ordered from 

each column 𝑖 from 𝑡 columns at least once.  

 

Each column of CA corresponds to each parameter of the SUT where Pi =

 {p1, p2, p3 …  pn} and i =  (1 <=  𝑖 <=  𝑘) and Vi is known as the number 

of values of Pi. The values of the parameters are known as levels. Thus, Vi 
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can be the level of Pi. All parameters having the same number of levels are 

known as Fixed Level Covering Arrays (FCA) or uniform values. On the other 

hand, when the number of values is not the same in each parameter, it is 

known as a Mixed Level Covering Array (MCA), or non-uniform values.  

 

CA is expressed differently in mathematics depending on whether it is a 

FCA or MCA; i.e.; if CA(N;  t, v1. v2. v3 … vk), representing each of V with 

different values and it presents a MCA. In general, for CA, the default 

assumption is FCA and is expressed as CA(N;  t, v^k). An example of CA is 

illustrated in Figure 2.13 below. 

 

CA(5, 24, 2) 

0 1 0 1 

1 0 1 0 

1 0 1 0 

0 1 1 0 

1 1 0 0 

Figure 2.13: Example of a covering array 

 

As discussed in the OA section, the number of values appears the same 

number of times. However, in CA the value appears at least once in the 

array. This shows that OA is also a CA. Various authors express CAN(t, v^k) 

differently, to be the smallest number of N of CA(N;  t, v^k). The N represents 

the number of records in the covering array data set. Thus, AN (t, v^k)  =

 minimum{N |  ∈  CA(N;  t, k, v)} (Cohen, Gibbons, Mugridge, Colbourn, & 

Collofello, 2003). 
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2.3.3 Definition of Variable Covering Array 

 

In the definition of Covering Array using the mathematical 

expression CA(t, v^k), the variable t is used to present the coverage 

information. The higher the t, the greater the amount of data in the test 

suites.  A flexible way of increasing the coverage requirement is to increase 

the t. One very efficient way to increase the coverage is to find the important 

parameters within the system. Sometimes the background knowledge of 

system practitioners can increase the interaction between some inputs. In 

contrast, the interaction between other parameters may remain the same. 

This creates a disproportionate interaction of t within the parameters, which 

is known as Variable Strength Covering Array (VCA).  

 

Definition 2.8: Variable Strength Covering Array (VCA) or t* contains a 

disproportionate number of interactions between parameters and the 

coverage can be expressed as t ∗ =  {(p1, t1), (p2, t2), (p3, t3) … . (pn, tn)}. In 

such expressions, 𝑛 represents the number of parameters.  

 

The value t* represents an interaction variable and is only used to express 

VCA. On the other hand, the fixed t – usually known as the universal t – is 

expressed as 𝑡 =  {({p1, p2, p3, p4;  3})}, representing the universal value of 

3.  

 

2.3.4 Definition of Sequence Covering Array 

 

In the CT, the parameters are usually considered to be independent of each 

other. However, faults are also triggered in the sequence of parameters as 
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well as in the interaction between parameters. In this type of condition for 

the SUT, the parameters are usually in some kind of order, but not 

necessarily back to back. This means the back to back order of parameters 

may produce a different type of error. For example, if pressing Button A, 

then Button B, and C produces an error in an SUT, but the same error is not 

produced when button B is pressed first, then A, and then C. (Cai, Yang, 

ShangGuan, & Wang, 2014). 

   

Definition 2.9: A sequence test suite or a sequence covering array (SCA) of 

events 𝐸 =  {𝑎, 𝑏, 𝑐. . 𝑛} t-way sequence can be defined as SCA (N, S, t), 

representing a N x S matrix where all the entries are from a finite set 𝑆 or 𝑃 

parameters where every t-way permutation of all events 𝑒 occurs at least 

once in every 𝑆.  

 

Example: Consider the four events as a, b, c, d. Thus, all t-way sequences or 

t-way permutations are 4! = 24 occurrences. Consider the 3-way sequence of 

these events is the following six sets of values that cover all 3-way 

sequences.  

 

The generation of an SCA is slightly different to a typical CA. Taking into 

consideration the four events, all 3-way interaction sets can be expressed as 

I3 = {{a, b, c}, {a, c, d}, {a, b, d}, {b, c, d}}.  To generate the correct 3-way 

sequences, the covering requirement should be the permutation of each 

value of I3. Bearing in mind the first value of I3, which is {a, b, c}, then all 

possible combinations of this {a, b, c} can be 3! = 6. The values that emerge 

from this {a, b, c}! can be expressed as: 
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{a, b, c}! =  

{ {a, b, c} , {a, c, b} , {b, a, c} , {b, c, a} , {c, a, b} , {c, b, a} }. 
(e 2.1) 

 

# Test Test Sequence 

1 a d b c 

2 b a c d 

3 b d c a 

4 c a b d 

5 c d b a 

6 d a c b 

Figure 2.14: 3-way sequence 

 

Analysis of Figure 2.14 shows that Test#1 is covering {a, b, c}. In addition 

{a, c, b} is covered by Test#6. {b, a, c} and {b, c, a} is covered by Test#2 and 

Test#3. Finally, {c, a, b} and {c, b, a} are covered by Test#4 and Test#5, 

respectively. In this way, all factorial values of I3 are covered by the 

sequences shown in Figure 2.14. This illustrates that the test sequence 

created is correctly covering the 3-way requirement.  

 

2.4 Available Test Data Generation Tools 

 

More than 25 tools are available that can generate sub-optimum test suites. 

Some of these tools integrate more than one strategy. One very old tool 

developed by Brownlie and others in 1992 (Brownlie, Prowse, & Phadke, 

1992) was named OATS (Orthogonal Array Testing System); while Cohen 

and others established the AETG tool in 1997 (Cohen, Dalal, Fredman, & 

Patton, 1997) and IPO was developed by Lei and Tai in 1998 (Lei & Tai, 
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1998). In 2000, Williams refined TConfig, which appears to be a combination 

of more than one strategy (William, 2010). Additionally, Sherwood et al. 

developed CATS, which supports constraints (Sherwood, 1994); IBM 

established CTS (Hartman, 2008); Microsoft created PICT (Czerwonka J. , 

2017); and the SST tool was introduced by Nie and others in 2006 (Nie, Xu, 

Shi, & Ziyuan, 2006). Recently, Rabbi developed MTTG (Rabbi, Islam, 

Mamun, & Kaosar, 2014). New tools are in development by researchers, and 

some of these are freeware.  Due to NP-hardness, no tool is best for every 

case in every setting. Thus, existing tools have advantages and 

disadvantages based on the scenario in which they are used. This research 

analyses some of the commonly used tools, and comments on the attributes 

of these in the next subsections.  

 

2.4.1 TConfig – Test Configuration Generator 

 

Williams (William, 2010) introduced a computational tool using both OA 

and CA. He proposed an algorithm that can generate OA, which in turn can 

be used as the basis of the CA. Thus, this particular algorithm uses both 

algebraic and combinatorial approaches, in turn, to generate the test data 

set. TConfig is Java applet based. Williams also described the statistical 

experimental methods (Diamond, 2001) used in TConfig, which can also be 

used in almost all t-way test data generation.  

 

Critical Analysis of TConfig: TConfig is a deterministic approach. Although 

it uses OA and CA as a basis, it can support non-uniform values, thus 

overcoming the limitations of these approaches. It is limited to 6-way test 

data generation, however, and input is supported both as symbolic and as 



Available Test Data Generation Tools 

54 

 

real data. Although TConfig supports non-uniform values, it still does not 

support sequential test data generation. Additionally, no support is given 

for mixed interaction of parameters i.e.; variable strength covering array 

(VCA), and no support is found for constraints either.  

 

2.4.2 CTS – Combinatorial Test Services  

 

Combinatorial Test Services (CTS) (Hartman, 2008)  (Hartman A. , 2017) 

uses algebraic recursion for the generation of test data sets, and is also 

referred to as combinatorial recursive construction. The algorithm uses C++ 

programming language, and analyses all possible input configurations. 

Based on these configurations, it selects the best coverage, which, therefore, 

generates the best possible test data sets.  

 

Critical Analysis of CTS: CTS is a deterministic approach which supports 

both uniform and non-uniform input configurations. However, input 

configurations can only be index values, and no actual data can be used for 

test data generation. In regard to interaction levels, CTS supports only 2-

way and 3-way. CTS does not support mixed interaction configurations, but 

supports non-uniform values of the parameters, with an internal 

mechanism to support the constraints. CTS appears to be very effective in 

test data generation, as it produces optimal test data in numerous 

configurations. 
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2.4.3 AllPairs – Test Data Generation through AllPairs 

 

In 2001, Bach introduced AllPairs (Bach, 2017), developed the initial tool 

using Perl programming language. Later, the Java version of the tool was 

created, about which there are no published works. The tool was built to 

support only pairwise test data generation. 

 

Critical Analysis of AllPairs: AllPairs only supports pairwise test data 

generation, with the inner algorithm of the tool being considerably low in 

complexity. The tool generates test data in a deterministic approach. 

AllPairs supports both index values and real values as part of its test data 

generation and additionally supports non-uniform parameterised values. 

AllPairs does not support mixed interaction configuration or constraints.  

 

2.4.4 AETG – Automatic Efficient Test Generator 

 

Introduced by Cohen in 1994, AETG is one of the most popular strategies of 

all the t-way test data generation strategies (Cohen, Dalal, Kajla, & Patton, 

1994). Other researchers further developed the algorithm and the tool, and 

it has the distinction of being the first computational strategy. The steps 

involved in generating test data in AETG can be described as follows: 

 

i) Select the first value from the first parameter to check if it 

includes the highest coverage. 

ii) Randomly select values from all other parameters and check 

whether the complete test data has the highest coverage. 
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iii) Randomly select all other values, combine these, and check for 

the maximum gain in the coverage. 

iv) Iterate all, as long as there are no uncovered pairs found.  

 

Critical Analysis of AETG: Analysis shows that AETG is a random 

approach, which means it generates varying numbers of test data sets in 

different executions.  AETG supports general t-way strategies, however, the 

published results are limited to pairwise and 3-way. Input configuration is 

limited to index values, thus there are no supports for real data. However, 

AETG does support non-uniform values. The recent development of the 

AETG strategy supports mixed variable interaction and constraints (Cohen, 

Dwyer, & Shi, 2008). AETG is also a commercial tool supported by the NIST.  

 

2.4.5 mAETG – Modified AETG 

 

A modified version of the AETG was proposed by Cohen in her PhD thesis 

in 2004 (Cohen M. , 2004). She demonstrated two basic differences in 

mAETG when compared to AETG; the first of these being the randomness. 

The general AETG had the same number of test data in different executions 

but the test data set was not the same. However, in the Cohen 

implementation, randomness in the size was found. Secondly, there was the 

difference in the way uncovered pairs were chosen. AETG selects the 

covered pairs first and the uncovered pairs randomly, but the mAETG 

chooses highly covered pairs first, then it fixes some variables to choose the 

uncovered pairs. 
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Critical Analysis of mAETG: Like AETG, mAETG is non-deterministic. 

mAETG can only support pairwise and 3-way test data generation. Input 

configurations are index values and do not support actual data. mAETG 

also maintains non-uniform values, but does not support mixed level 

interaction configuration. Randomness of the mAETG is in both generated 

test data and size. Thus, each run generates a completely new set of test data.  

 

2.4.6 TCG – Test Case Generator 

 

TCG is a deterministic strategy. Yu-Wen and others used TCG in 2000 as a 

test data generator in Jet Propulsion Laboratory (Yu-Wen & Aldiwan, 2000). 

The algorithm and steps used in TCG are similar to those used in the AETG. 

In the beginning, an empty test set is generated, and then single test data is 

added until all t-way interaction is covered. However, it appears the test data 

in TCG is always the same; unlike with AETG. TCG creates the first group 

of test data based on the number of values of the parameters, which is not 

randomised. After that, the test data are created based on the highest 

covered pairs. The process of generating test data through TCG can be 

itemised as follows: 

 

i) Select one parameter from one of the highest values so that the 

coverage is greatest. 

ii) Add a new parameter with a lesser value. This dynamically adds 

the rest of the parameters with decreasing values.  

iii) Choose the remaining parameters by calculating the coverage 

and choose the one with the maximum coverage.  
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Critical Analysis of TCG: TCG only supports pairwise test data generation, 

and input configuration can only be symbolic. There is no support for the 

use of actual data, although the strategy does appear to support non-

uniform values. However, TCG does not support mixed level interaction 

configurations, provides no support for constraints, and is also unable to 

generate sequence covering array.  

 

2.4.7 mTCG – Modified TCG 

 

As with mAETG, Cohen also altered the original TCG and put forward its 

modified version. The original rule based test data selection process was 

modified to a random based test data selection process. In the test data 

generation process, when there is a similar test data covering found for a 

similar number of pairs, TCG chooses the least used pairs in the selected set, 

where mTCG selects any pairs randomly.  

 

Critical Analysis of mTCG: As mTCG uses random selection of test data, it 

is a non-deterministic approach. The strategy is limited to pairwise testing; 

thus, there is no support for 3-way testing. Input configuration can only be 

index values and there are no supports for real data. However, mTCG can 

support non-uniform parameterised values. mTCG does not support mixed 

level interaction configuration, and also does not support sequence covering 

arrays.  
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2.4.8 GA – Genetic Algorithm 

 

For the first time in the field of heuristic search based strategies, in 2004 

Shiba (Shiba, Tsuchiya, & Kikuno, 2004) modified the original AETG and 

proposed an artificial intelligence (AI) based strategy based on the Genetic 

Algorithm. In GA, each test data is defined as a chromosome. An m number 

of test data are chosen randomly and are known as candidate test data. 

These test data are looped through an evaluation process. The processes of 

crossover and mutation run through the candidate test data and create new 

candidates. Finally, a set of test data is chosen from that candidate set as the 

final selected test data based on a fitness function.  

 

Critical Analysis of GA: Analysis shows that GA is non-deterministic. In 

regard to t-way interaction, GA can only support t up to 3; and with input 

configuration, there is no support for real data. However, test data 

generation using non-uniform values is supported by GA, although GA 

does not support mixed level interaction configuration or provide support 

for constraints. Additionally, GA is not able to produce sequence covering 

arrays. Given the nature of its complex processes, GA takes a long time to 

produce test data.  

 

2.4.9 ACA – Ant Colony Algorithm 

 

Shiba did further work in the area of AI based strategies and implemented 

an artificial ant colony algorithm for the test data generation process (Shiba, 

Tsuchiya, & Kikuno, 2004). ACA also uses AETG as a base algorithm to 

generate test data. Implementation of ACA was motivated by the natural 
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movements of ants and the way in which they select the best routes to source 

food from various locations. This optimisation technique is used to 

minimise the test data size. In ACA, each path is assigned as a solution. In 

nature, when ants discover a path, its quality is evaluated by the number of 

ants on that path. The smaller the number of ants required to be on the path 

to bring the food, the better the solution. Shiba adopted this approach and 

considered the parameters to be a node and the values to be a path. Finally, 

the strategy traverses the parameters from the first one to the last and 

discovers all possible paths; choosing the shortest path through a number 

of selection criteria, with the best path chosen as the test data.  

 

Critical Analysis of ACA: ACA is a random search process and thus appears 

to be non-deterministic. It can only support pairwise testing and t = 3. There 

are also no supports for real data in test data generation. However, ACA 

does support non-uniform parameterised values, although it does not 

support mixed level interaction or constraints. The literature does not 

provide any description about ACA supporting sequence covering arrays. 

ACA takes a relatively long time to generate test data.  

2.4.10 IPO – In-Parameter-Order 

 

IPO is a deterministic approach. It appears that test data generation through 

IPO is very fast compared with other methods. Initially implemented in a 

tool called PairRest, IPO firstly creates an exhaustive number of test data 

from the first two parameters, with other parameters then added after it 

checks that each parameter’s value includes the maximum level of coverage. 

In this way, IPO adds new values at the end and completes a test data set. 

The steps used to generate the test data in IPO can be listed as follows: 
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i) Select the first parameter with the first value and check whether 

the value has the highest coverage from the non-covering 

combinations. 

ii) Once the value is selected, choose the second value; then 

combine it and calculate the coverage.  

iii) If the coverage is selectable, choose it as test data otherwise 

choose another from the remaining values of the parameter. 

iv) Choose the next parameter if the value of the current parameter 

is completed only if there are uncovered pairs remaining.  

 

Critical Analysis of IPO: IPO generates the same number of test data in the 

same input configuration; thus, it is a deterministic approach. IPO only 

supports pairwise test data generation, with no support for higher t. In 

configuring the input values, IPO cannot support real input, and so inputs 

are only mapped as index values. The analysis shows that IPO supports 

non-uniform values, but does not support mixed level interaction 

configuration, and generates no sequence covering array. Additionally, it 

provides no support for constraints. 

 

2.4.11 IPOG – In-Parameter-Order-General  

 

IPOG (Lei, Kacker, Kuhn, Okun, & Lawrence, 2007) is a strategy 

implemented in a popular tool known as FireEye. Development of the 

FireEye tool was due to a collaboration between several entities, including 

ITL (Information Technology Laboratory), NIST (National Institute of 

Standards and Technology), and the University of Texas, Arlington. The 

basics of IPOG are similar to the basics of IPO. IPOG was developed to 
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support the higher t because the higher t was not supported by IPO. Many 

other variations of IPO are also available.  

 

Critical Analysis of IPOG: IPOG is a deterministic strategy and the 

supporting interaction level is up to 6. Input parameters can only be 

symbolic so no original data can be used to generate test suites. Although 

IPOG supports non-uniform parameterised values, it does not support 

mixed level interaction configuration, constraints, or sequence array. 

However, IPOG can generate test data relatively faster than other strategies. 

 

2.4.12 Jenny – Test Generator Strategy by Jenkins 

 

In 2003, Jenkins (Jenkins, 2017) proposed a tool – known as Jenny – to 

generate test data. Jenny generates test data by covering 1-way first, then 2-

way, then 3-way, and so on until the proposed t-way. After generating 1-

way, it checks whether all 1-way has been covered, and when it covers 2-

way, it checks whether all 2-way has been covered. In this way, when 

defined t-way is covered it checks the pairs to ensure the proposed test suite 

is correct.  

 

Critical Analysis of Jenny: Jenny produces the same number of test data 

every time, meaning that the strategy is deterministic. In regard to 

interaction level, Jenny supports t of up to 8. In terms of input parameters, 

Jenny does not support actual input; thus, inputs can only be symbolic. 

Jenny supports non-uniform values but does not support any mixed-level 

interaction or sequence covering array. 
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2.4.13 TVG – Test Vector Generation 

 

Test Vector Generation (TVG) is a tool proposed and developed by 

Schroeder and others in 2003 (Patrick, Alexander , Oriol , & Clark , 2015). 

The tool consists of three techniques. In the first technique, it produces test 

data randomly which supports pairwise interactions only. In the second 

technique, it was extended to support higher t-way interaction. Finally, in 

the third method, TVG uses an input and output relationship to reduce the 

number of exhaustive test data.  

 

Critical Analysis of TVG: TVG is a deterministic strategy. The second 

technique of TVG supports higher t; however, t is limited to 5. In the input 

parameters, both real inputs and symbolic inputs are used. In addition, TVG 

also supports non-uniform parameter values. However, TVG does not 

support mixed interaction configuration or constraints. TVG also does not 

generate sequence covering array.  

 

2.4.14 ITCH – Intelligent Test Case Handler 

 

IBM developed the test data generation strategy known as ITCH (Hartman, 

2008). Additionally, when the Windows version of the tool was developed, 

it was known as WITCH. Unlike in other strategies, in ITCH users specify 

the amount of test data. Based on this figure, ITCH chooses the appropriate 

interaction levels. However, users can also specify t and generate the test 

suite.  
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Critical Analysis of ITCH: It appears that ITCH is a deterministic strategy. 

ITCH can support t of up to 4. Input parameters can be both symbolic and 

real. In addition, ITCH can also support non-uniform parameterised values. 

ITCH does not support any mixed level interaction and does not support 

the sequence covering array. 

 

2.4.15 GTway – Generation of T-way Testing 

 

In 2008, Klaib proposed a backtracking based test data generation strategy, 

which uses the basic IPO to choose the best coverable test data set (Klaib, 

Zamli, Isa, Younis, & Abdullah, 2008). In addition to the IPO, it uses a 

backtracking algorithm to cover all remaining pairs. The backtracking 

algorithm tries to match the uncovered pairs between themselves. If two 

pairs match, it stores the coverage information and then compares it with 

the other matchable pairs, and the highest coverage pair is selected. GTway 

also provides some level of automation support in test data execution.  

 

Critical Analysis of GTway: Analysis shows that GTway supports t = 12. 

Input parameters can consist of both symbolic and real data. In addition, 

GTway also supports non-uniform parameterised values. GTway does not 

support mixed level interaction configuration or constraints. Finally, 

GTway cannot generate any sequence covering array. 

 

2.4.16 MTTG – Multi-Tuple Based Test Generator 

 

In 2014, Rabbi proposed a children’s card game based test data generation 

strategy known as MTTG (Rabbi, Islam, Mamun, & Kaosar, 2014). The 
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strategy first creates parameter interactions based on the interaction t. In 

addition, it uses those interactions as the basis of the search criteria to 

produce test data. One value of the input pairs from the t interaction 

attempts to search values and create possible test data during the process. 

After test data is created the coverage information is immediately 

calculated. If the coverage is selectable, the test data is selected into the final 

test data suite. Thus, there are almost no search techniques involved in 

MTTG, making the strategy extremely low in complexity.  

 

Critical Analysis of MTTG: Although MTTG can produce efficient test data 

in terms of time, in most cases it is unable to produce an optimal test data 

set in terms of size. Since there is almost no exhaustive searching involved, 

the strategy supports as many as 30 interaction levels; and in regard to input 

parameters it supports both index values and real values. In addition, it also 

supports both uniform and non-uniform values. However, it is unable to 

support mixed level interaction configuration. 

 

2.4.17 PSTG – Particle Swarm Test Generator 

 

In 2010, Ahmed proposed a particle swarm based test data generation 

strategy known as PSTG (Ahmed & Zamli, 2010). In PSTG, a heuristic search 

approach is used, mimicking the way in which a swarm randomly searches 

for food in a given area.   

 

Critical Analysis of PSTG: Analysis of PSTG shows that it takes a relatively 

longer time to produce test suites. It also supports t of up to 6. Input 

parameters are only symbolic and provide no support for real data, 
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although both uniform and non-uniform values are supported. PSTG is also 

a non-deterministic strategy, which does not support mixed level 

interaction configurations. 

 

2.4.18 PS2Way – Pairwise Search for 2-way Test Generation 

 

In 2011, Khatun proposed a pair search approach for different input values 

to produce optimal test data sets (Khatun, Rabbi, Yaakub, Klaib, & Ahmed, 

2011). PS2Way searches for high covering pairs to construct the final test 

data set. It generates parameter pairs and then generates value pairs. When 

the pair is covering the highest number of interaction levels it is then 

selected in the final test data set. Within the uncovered pairs, it uses an 

adjusting algorithm to select other favourable pairs to construct the final test 

data.  

 

Critical Analysis of PS2Way: Analysis of PS2Way shows that it is non-

deterministic and only limited to pairwise test data generation. It can use 

both symbolic and real values in the test data generation process. In 

addition, it can support non-uniform values. PS2Way does not provide 

support for mixed level interaction configuration, nor for constraints and 

sequence covering arrays.  

 

2.4.19 EasyA – An Easy Algorithm 

 

A matrix based test data generator was also proposed by Rabbi in 2011, 

which involved the lower complexity of test data generation than other 

strategies (Rabbi, Khatun, Yaakub, & Klaib, 2011). EasyA uses an EVEN 
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algorithm for one set of input configurations and an ODD algorithm for 

another set of input parameters. When all pairs are covered, it then adds the 

test data into the final test data set.  

 

Critical Analysis of EasyA: As the tool uses two algorithms, it is limited to 

supporting the only uniform parameterised values. A deterministic 

strategy, EasyA is restricted to pairwise test data generation. EasyA does 

not support mixed level interaction configuration and provides no support 

for constraints and sequence covering arrays.  

 

2.5 Available Test Sequence Generation Tools 

 

The generation of test sequence through tools is not available in literature 

until 2012 (Kuhn D. R., Higdon, Lawrence, Kacker, & Lei, 2012). ACTS is the 

only tool developed by Kuhn which is limited to interaction strength 3. 

However, there is a long history of similar research worth mentioning in 

this review of literature. Kruse and Wegener in 2012 discussed a concept of 

sequence generation through classified tree (Kruse & Wegener, 2012). CVIS 

model for vehicle (Cooperative Vehicle Infrastructure System) proposed by 

a group of researchers and the concept of sequence generation was 

discussed (Cai, Yang, ShangGuan, & Wang, 2014). T4V (Testing for 

Verification) based on timing diagram included the generation of sequences 

and was discussed by Racchetti (Racchetti, Fantuzzi, & Tacconi, 2015). Test 

sequence for pairwise to be used by web application was discussed by Wang 

(Wang, et al., 2009). A similar concept and approach was discussed by Yuan 

in 2007 for GUI (Graphical User Interface) testing (Yuan, Cohen, & Memo, 

2007). In 2009, Apilli required the coverage fulfilment for web services thus 
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created a similar test sequence generation concept (Apilli, 2009). A detail 

scrutinising analysis of these strategies are discussed in Chapter 5, section 

5.5.  

 

2.6 Other Utilities in Test Generation 

 

In the literature surrounding analysis of strategies, researchers often ignore 

constraints despite the fact that they are a significant component of test suite 

generation. In reality, the values of the parameters of the SUTs are not 

always compatible with each other, and thus, should support certain 

restrictions. By ignoring constraints, a strategy may create invalid test data 

in the test suite. The invalid test data is, therefore, unexecuted in the SUT 

and can lead to anomalies. It may also create false coverage or a gap in the 

total coverage. Regardless, it can lead to a waste of resources.  

 

Definition 2.10: A constraint C (p1vk, p2vk, p3vk …  pnvk) is a set of values 

with certain parameters (𝑝1, 𝑝2, 𝑝3 …  𝑝𝑛) where 𝑣k is the 𝑘𝑡ℎ value of 

parameter pk. The value set must be ignored by the test suite.  

 

In theory, the number of constraints varies SUT to SUT. Thus, most data sets 

used for evaluating the performance of strategies have never implemented 

constraints. In reality, some techniques have been used to implement 

constraints. In 2008, Cohen (Cohen, Dwyer, & Shi, 2008) implemented 

constraints as Boolean notations. These notations cover the position of the 

value pairs.  
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In test suites, test data can correctly cover the t requirement but may be 

known as unsatisfiable test data if the constraints are not implemented. To 

check whether a test suite is unsatisfiable, a tool known as the constraints 

solver or satisfiability solver was created (Zhang, Zhang, & Ma, 2014). This 

tool assesses the test suite and removes the unsatisfiable data.  

 

2.7 Analysis of Strategies 

 

 

Strategy Interaction 

Level 

Support 

Non-

Uniform 

Values? 

Support 

Mixed Level 

Interaction? 

Support 

Sequence 

Covering 

Array 

Support 

Constraints 

OA 2-way No No No No 

CA 3-way No No No No 

TConfig 3-way No No No No 

CTS 3-way No No No Yes 

AllPairs 2-way Yes No No No 

AETG 3-way Yes No Yes Yes 

mAETG 3-way Yes No No No 

TCG 2-way Yes No No No 

mTCG 2-way Yes No No No 

GA 3-way Yes No No No 

ACA 3-way Yes No No No 

IPO 2-way Yes No No No 

IPOG 5-6-way Yes No No No 

Jenny 7-12-way Yes No No No 

TVG 5-6-way Yes No No No 

ITCH 4-way Yes No No No 
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Strategy Interaction 

Level 

Support 

Non-

Uniform 

Values? 

Support 

Mixed Level 

Interaction? 

Support 

Sequence 

Covering 

Array 

Support 

Constraints 

GTway 7-12-way Yes No No No 

MTTG Higher 

t- way 
Yes No No No 

PSTG 5-6-way Yes No No No 

PS2way 2-way Yes No No No 

EasyA 2-way No No No No 

Figure 2.15: Comparison of different strategies 

 

Figure 2.15 provides an overview of all the available strategies, as described 

in this chapter. Although an analysis was presented in the previous section, 

the next subsections will put forward a general overview of strategies, along 

with their strengths and limitations.  

 

• Interaction level: Considering the interaction level t, almost all 

strategies are limited to 2 or 3, although the ITCH, IPOG, TVG, and 

PSTG support slightly higher t; while Jenny and GTway support a 

higher t, of up to 8. Finally, MTTG has the maximum support for t. 

In general, the literature review established the importance of 

supporting the higher t, and it is important for any strategy to have 

an interaction level of at least 6, to provide 100% coverage. However, 

strategies that support t of higher than 6 could be less complex, and 

may not produce optimal test suites. On the other hand, strategies 

with high complexity may produce optimal test suites, but may not 

support higher t. In addition, strategies derived from a heuristic 



Analysis of Strategies 

71 

 

search appeared very complex and mostly did not support higher t. 

Thus, it is important for developers of strategies to consider the 

interaction level t prior to designing and refining such strategies. 

 

• Non-uniform value support: There are very few strategies that 

support non-uniformity of parameters. In practice, software is non-

uniform, whereas hardware has mostly uniform parameters. 

Strategies that do not support non-uniform parameters are few, and 

those tools are developed at a very early stage. Some algorithms 

including OA and arithmetic strategies are also incapable of 

producing test suites for non-uniform parameters.   

 

• Mixed level interaction support: There is no strategy that supports 

mixed level interaction, however, the literature review showed an 

increase in support for mixed level interaction. Thus, any further 

strategy development should support mixed level interaction.  

 

• Sequence covering array support: AETG is the one and only strategy 

that can generate the sequence covering array. As discussed earlier, 

the order of sequences plays a vital role in producing a fault. Thus, it 

is highly desirable for any strategy to support this functionality. 

 

• Constraint support: Constraints are important to implement as they 

are useful in practice; unfortunately, not many strategies currently 

support constraints, although AETG and CTS are two of the 

strategies that do.  
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Overall, it is vital to develop a novel strategy that is more usable than AETG. 

Additionally, a novel strategy should be able to outperform other strategies 

in terms of test suite size, and test suite generation complexity. The new 

strategy should be able to support a higher t of at least up to 6; furthermore, 

support for non-uniform values and mixed level interaction is required. 

Nevertheless, support of constraints and the ability to generate sequence 

covering is also very important for a strategy to be useful in practice.  

 

2.8 Conclusion 

 

This chapter describes the notations and theories related to test suite 

generation, as well as the step-by-step techniques relating to test data 

generation. A correctness procedure for the acceptance of generated test 

data was introduced. In addition, many popular strategies were analysed to 

allow gaps in the research to be determined, providing motivation for the 

development of a novel strategy to address this detriment.  

 

The next few chapters subsequently show the development of novel 

strategies using the swarm intelligence technique. In Chapter 3, a simple SITG 

(Swarm Intelligence Test Generator) is proposed. Beginning with a basic 

description of swarm intelligence; a detailed description of the algorithm and 

pseudo code follows, and finally, a performance evaluation shows the 

effectiveness and strength of the strategy.  
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Chapter 3 

Swarm Intelligence Test Generator 

(SITG) 

3.1 Preamble 

In the previous chapter, the research analysed many different t-way test data 

generation strategies. Limitations were observed and discussed within the 

parameters of interaction level, supportability of non-uniform parameterised 

values, supportability of mixed level interaction, support of sequence covering and 

support of constraints. Through addressing these limitations, the importance 

of creating a novel strategy was raised. 

 

The main goal of this chapter is to outline the swarm intelligence based 

strategy (SITG). The discussion begins with a description of swarm 

intelligence and the impetus for using it as a test suite generation strategy. 

The design of the proposed SITG with its algorithmic description is 

presented alongside the steps required to generate the optimum pairwise 

test data.  Finally, an extensive performance evaluation of SITG is conducted 

to determine the efficiency of the strategy. 
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3.2 Overview of Swarm Intelligence 

 

 

The idea of Swarm Intelligence (SI) was first introduced by Kennedy and 

Eberhart (Kennedy & Eberhart, 1995). Although SI is known as a heuristic 

approach, it does not incorporate complex operations; as in the crossover 

and mutation of genetic algorithms. Thus, SI is much simpler and lower in 

complexity.    

 

Compared with other artificial intelligence algorithms, SI is relatively new 

in terms of solving optimisation problems. It imitates the swarm behaviour 

of insects or animals; or more specifically, birds flocking for food in a 

collaborative manner. Basically, the usefulness of SI can be implemented in 

two areas: 

 

i) The way in which computational technique can be useful in 

understanding biological phenomena  

ii) The way in which biological phenomena can be used to solve 

computational challenges.  

 

The usefulness of swarm intelligence in this research concentrates on the 

second point. Basically, there are two popular swarm intelligence methods: 

 

i) ACA (Ant Colony Algorithm) inspired by ants  

ii) PSO (Particle Swarm Optimisation) inspired by birds or fish.   

 

The ACA has been successfully used to solve many discrete optimisation 

problems, whereas PSO is used as a general optimiser across many 
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applications (Eberhart & Kennedy, 1995) (Chen, Gu, Qi, & Chen, 2010) 

(Shiba, Tsuchiya, & Kikuno, 2004). 

 

PSO originated as a simulation of a simplified social system, with the idea 

derived from the choreography of birds flocking. A flock of birds searching 

for food in a certain area does not necessarily know where – and how far 

away – food is located. However, the flock’s goal is to follow a single bird 

that has access to food.   

 

Fundamentally, PSO utilises the same principle to solve the optimisation 

problem. In the PSO, each single solution is a bird searching for food 

throughout an area. In the model, the birds are known as particles and the 

area is known as search space. To find the best solution, particles use two 

variables known as fitness value and velocity. In each iteration, the fitness 

value is evaluated using a fitness function. Velocity is the integral part of the 

PSO used to calculate the improvement of the solution provided by each 

particle. The improvement is achieved through a new position of the particle 

after each iteration (Eberhart & Kennedy, 1995).  

 

In practice, PSO initialises a group of particles in the search space with a 

random position. The initial solution generates a non-optimal solution in 

the search space. The overall goal is to search for a better result over the 

iterations. In every iteration, the particles update two variables. These two 

variables are widely designated as pBest and gBest. The pBest represents the 

best solution an individual particle has acquired at a particular point in time. 

In reality, this value is calculated using a fitness function. The second value 

is defined as gBest, which denotes the best value of all the pBest.  
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An additional value – optionally used by many PSO based problems – is 

lBest, representing the best value of the neighbouring particle. In each 

iteration, the pBest, gBest, and lBest values are calculated, and the swarm 

particles move from pBest to gBest by adjusting velocity and position. The 

following equations are generally used to calculate the velocity and position 

of an individual particle in each iteration.  

 

𝑉i =  𝑉i-1 +  𝐶1 ∗  𝑟𝑎𝑛𝑑𝑜𝑚() ∗  (𝑝𝐵𝑒𝑠𝑡i –  𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛i)  

+  𝐶2 ∗  𝑟𝑎𝑛𝑑𝑜𝑚() ∗  (𝑔𝐵𝑒𝑠𝑡i –  𝑝𝑟𝑒𝑠𝑒𝑛𝑡i) 
(e 3.1) 

  

𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛i =  𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛i-1 +  𝑉i (e 3.2) 

 

Vi represents the velocity of swarm particles in the current iteration, while 

Vi-1 indicates the velocity of the previous iteration. In addition, the 

maximum velocity Vmax is used to represent the maximum velocity that can 

be achieved by any particle. C1 and C2 are known as learning factors, and 

are usually used to randomise the results; mostly representing values 

between (0, 1) (Eberhart & Kennedy, 1995). 

 

3.3 Swarm Intelligence in Combinatorial Optimisation 

 

The implementation of swarm intelligence in any optimisation problem 

involves two basic steps:  

 

i) Modification and representation of the solution  

ii) Applying the fitness function.  
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The advantage of PSO over all other heuristic algorithms is that the particles 

are real numbers. Thus, any real number can be input into the algorithm. In 

many other strategies – including GA – the initial input needs to be modified 

to be useable in the algorithm. This includes any encoding or input 

conversion through any special operation before utilising it for the core 

functionality. In addition, any mathematical problem can also be easily 

translated to the PSO problem. For example, in finding a solution for the 

equation as follows: 

 

𝑓(𝑥) = 𝑥2 + 𝑦2 + 𝑧2 

 

(e 3.3) 

PSO can use (x, y, z) as a set of particles and the function f(x) can be the 

fitness function. Through the function, the standard repeated search usually 

takes place. Whenever the maximum repetition number or the iteration 

number is reached, or the minimum error condition is met, the process is 

terminated with the results. Additionally, swarm intelligence does not 

involve too many variables. This makes swarm intelligence more favourable 

and useful for NP-hard problems such as test suite generation.  

 

To implement swarm intelligence in the test suite generation problem, it is 

important to map the components of swarm intelligence to the corresponding 

components of test generation. Additionally, an understanding of the basic 

theory is required; to generate the optimum number of test data suites, one 

basic principle is to create test data that covers most of the interaction. Using 

this, any strategy should define the search space and the particles.  A 

calculation may be used to identify the maximum velocity Vmax. The Vmax also 

can be the maximum number of interaction sets covered by any test data. 
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Thus, a particle can search for the Vmax. In the next section, a detailed 

description of the proposed SITG (Swarm Intelligence Test Generator) is 

provided.  

 

3.4 Overall Process of the SITG 

 

In the proposed SITG, particles are defined by the individual test data i.e.; 

the combination of all parameters with their corresponding values. Figure 

3.1 shows an example of particles. Consider three parameters with two 

possible values for each parameter. 

 

Input Parameters 

A B C 

a1 b1 c1 

a2 b2 c2 

Particles 

a1 b1 c1 

a1 b1 c2 

a1 b2 c1 

a1 b2 c2 

a2 b1 c1 

a2 b1 c2 

a2 b2 c1 

a2 b2 c2 

Figure 3.1: Illustration of particles in the SITG 
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In Figure 3.2, the SITG generates 2^3 = 8 numbers of exhaustive data. Thus, 

each test data within the exhaustive number can be treated as particles. The 

illustrated example (3 parameters having 2 values each) contains eight 

particles. Thus, these are the exhaustive figures from which test data should 

decrease to an optimal amount.  

 

2-way interaction search space 3-way interaction search space 

a1 b1 c1 
SP # 1 

a1 b1 c1 SP # 1 

a1 b1 c2 a1 b1 c2 SP # 2 

a1 b2 c1 
SP # 2 

a1 b2 c1 SP # 3 

a1 b2 c2 a1 b2 c2 SP # 4 

a2 b1 c1 
SP # 3 

a2 b1 c1 SP # 5 

a2 b1 c2 a2 b1 c2 SP # 6 

a2 b2 c1 
SP # 4 

a2 b2 c1 SP # 7 

a2 b2 c2 a2 b2 c2 SP # 8 

Figure 3.2: Illustration of search space in two different interaction levels 

 

The second step is to define the appropriate search space. The SITG 

determines the search space based on the coverage requirements. Thus, the 

t-way interaction provided in the input configuration plays a vital role in 

determining the search space. Figure 3.3 shows two different search spaces 

in two different interaction levels.   

 

Figure 3.3 also shows that the number of particles in a search space varies 

based on the interaction level t. Once the search space has been determined, 

the proposed SITG identifies the velocity range. The velocity varies from 0 
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to Vmax. As described earlier, the Vmax represents the highest number of 

interaction sets covered by individual particles.  

 

STEP 1: Generate Header Pairs:  

a. Obtain t-way interaction, where t >= 2. 

b. Create a Global LIST to store generated header pairs. 

c. Generate a Global LIST to store header pairs. 

d. Add the header pairs LIST into the Global LIST. 

e. Go to step ‘c’ unless all pair generation is complete. 

 

STEP 2: Generate Value Pairs: 

a. Create a Global LIST to store value pairs. 

b. Iterate Global header pairs LIST and read the current 

pair. 

c. Slice the current pair and read the value information. 

d. Multiply all the values in current pairs and store. 

e. Create a Boolean type SET with the length of integer. 

f. Add the Boolean SET into the Global LIST. 

 

STEP 3: Generate Numeric Particles: 

a. Create exhaustive number by multiplying all the 

parameters and values. 

b. Create a separate LIST that can transform numeric value 

to test data set whenever selected. 

 

STEP 4: Define Search Space: 

a. Obtain the interaction strength. 

b. Create a LIST to store the search space.  

c. Calculate the numerical difference between each search 

space and add to the LIST. 

  

STEP 5: Initialise Velocity: 

a. Obtain initial velocity, where initial velocity = length 

(LIST in STEP 1.a). 

 

STEP 6: Core Operation – Commence Iteration: 

a. SELECT random number from LIST 4.a 

b. SELECT it as final test data. 

 

STEP 7: Core Operation – Update of Iteration: 

a. Commence next iteration. 

b. Update velocity. 

c. Check whether test data is selectable. 

d. Select the test data  

Figure 3.3: The steps of the SITG algorithm 
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After all the variables have been assigned, the iterations start to select the 

particles which have the maximum interaction set covered. The covering of 

the maximum interaction set is performed via the calculation of actual 

velocity Vi. Whenever the velocity Vi is calculated, it is compared with the 

maximum velocity Vmax. If the Vi is equal to the Vmax it is selected as a part of 

the test suite. Furthermore, whenever interactions are finished, the Vmax is 

also updated. The detailed algorithm of SITG is shown in Figure 3.3 and the 

flowchart of the strategy is shown in Figure 3.4. 

 

 
Figure 3.4: Flowchart of the SITG 

 

3.5 Detailed Description of the SITG 

 

To understand the SITG, a detailed description of the algorithm is 

undertaken in this section. In order for the objective of the SITG to be 
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achieved, several different components are required to work cooperatively. 

The input and output of each part are interconnected to ensure that this 

optimisation occurs. To perform a successful optimisation through SITG, a 

combination of seven parts works together.  

 

The first of these parts – generation of header pair – converts the number of 

input parameters to the required interaction set. Thus, the header pair is the 

combination of parameters. In pairwise testing, the header pairs are created 

in a 2-way interaction set and for the t-way interaction set are created based 

on the defined t. This is the first step of the SITG that creates the header pair 

to support both pairwise and t-way test data generation. The header pair or 

header is used for generating the particles. As described earlier, the particles 

are the combination of values. It is impossible to generate the combination 

of values with generating the combination of parameters i.e.; the header pair. 

The generation of the header pair uses a mathematical function to calculate 

the total number of headers that can be paired in the header pair, which can 

be expressed as:  

 

𝑁 (𝐻𝑒𝑎𝑑𝑒𝑟 𝑃𝑎𝑖𝑟)  =  𝑛𝐶𝑟  

 

(e 3.4) 

 

N (Header Pair) represents the total number of header pairs, n represents the 

number of input parameters and r represents the required t-way coverage. 

In this first step, the SITG reads all the parameters as numerical values. 

Thus, if there are 4 parameters in the system and the coverage requirement 

of t is 2, then SITG creates a two-dimensional array in the memory. The array 

is presented by the numerical values at all times until the complete test suite 
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is generated. The process of generating the header pair is shown in Figure 3.5, 

below:  

 

Steps Corresponding output 

Read number of 

parameters = 4 

User Inputs 

Param1: A 

Param2: B 

Param3: C 

Param4: D 

Convert to 

index 

[1] = A 

[2] = B 

[3] = C 

[4] = D 

Read the 

coverage = 2 

User Input = 2 

Calculate the 

number of 

possible header 

combinations 

N = nCr = 6 

Loop from 1 

through 6 

Store parameter position 1, 2 in array as [1, 2] 

Store parameter position 1, 3 in array as [1, 3] 

Store parameter position 1, 4 in array as [1, 4] 

Store parameter position 2, 3 in array as [2, 3] 

Store parameter position 2, 4 in array as [2, 4] 

Store parameter position 3, 4 in array as [3, 4].  

Figure 3.5: Generation of the header pair of the SITG 
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It is shown that parameters are stored in the memory as indexes. The index 

of the location is used as a numerical value and used to calculate the number 

of header pair. The usage of index values is faster than using real values, and 

it is also easy to retrieve and store, back and forth. Figure 3.5 shows that the 

parameters are read as user inputs. The parameters are converted into index 

values and stored in the memory. The number of coverage requirements is 

read; with coverage requirements used alongside the number of parameters 

to calculate the number of possible header pairs. The four parameters with 

pairwise coverage requirements create six possible header pairs.  

 

The number of header pairs – i.e.; 6 – is used in many other places. This 

number is also used as the maximum number of iterations run by SITG. 

However, most importantly, it is used to create the value pair. Given the 

header pair is the index values, a deindexing process is run to read the 

number of values available for a parameter. In Figure 3.6, the steps of the 

second part of SITG are shown.   

 

Step Corresponding output 

Iterate the list of header pairs EX:  

[1 2] 

[1 3] 

[1 4] 

[2 3] 

[2 4] 

[3 4] 

Read the single position of the 

header pair 

EX:  

[1 4] 
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Step Corresponding output 

Read the value of each parameter 

in the pair 

Read, 1 

Read, 4 

Read the value of each parameter Read values of 1: a1, a2 

Read value of 4: d1, d2 

Convert the values of the 

parameters into indexes 

Values of 1: 1, 2 

Values of 4: 1, 2 

Create the explosive combination 

of the pair and store in the 

memory 

Explosive combination of values = 

value of 1 x value 2 = 2 x 2 = 4 as: 

[1, 1] 

[1, 2] 

[2, 1] 

[2, 2] 

Set all memory locations with 

zero values 

[1, 1] = 0 

[1, 2] = 0 

[2, 1] = 0 

[2, 2] = 0 

Figure 3.6: Steps relating to the second module of the SITG 

 

In the second part of the SITG, the overall goal is to create a combination of 

values from the header pair. In the first step, the total number of header pairs 

is identified. The iteration runs to extract the individual header pair. The 

individual pairs are assigned to individual parameters. The total number of 

values is read as indexes.  

 

The example shows that the value a1 and a2 of parameter A, is converted to 

1 and 2, and the value d1 and d2 of parameter D is also converted to 1 and 
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2. The values of each parameter are used to create all possible combinations. 

Basically, this is an exhaustive combination within the interaction set. In a 

different scenario, with non-uniform values of parameters such as A with 

a1, a2, and a3; and B with b1 and b2 generates a total of 3 x 2 = 6 values. 

Technically, these 6 values are the memory locations. Thus, a binary value 

‘Zero’ or ‘One’ is stored.  

 

The idea of creating this combination of values with a default zero value is 

because this is used to identify the combinatorial coverage. When a value 

pair is covered, the value of that location is updated by ‘One’. In a regular 

interval, especially when test data is selected, this coverage is checked. Thus, 

checking whether values are ‘One’ or ‘Zero’ is one of the exit criteria of the 

SITG.  

 

In the third part, the SITG generates a complete set of test data from 

numerical values. The numerical values range from zero to the number of 

exhaustive combinations. To understand the generation of test data from 

any number, consider a non-uniform parameterised system – where A has 

three values, a1, a2, and a3; parameter B has two values, b1 and b2; and 

parameter C has four values, c1, c2, c3, and c4. Thus, the exhaustive number 

is 3 x 2 x 4 = 24. The figure below shows each test data with a corresponding 

test data number. 

 

Exhaustive Number Exhaustive Value 

0 (a1, b1, c1) 

1 (a1, b1, c2) 
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Exhaustive Number Exhaustive Value 

2 (a1, b1, c3) 

3 (a1, b1, c4) 

4 (a1, b2, c1) 

5 (a1, b2, c2) 

6 (a1, b2, c3) 

7 (a1, b2, c4) 

8 (a2, b1, c1) 

9 (a2, b1, c2) 

10 (a2, b1, c3) 

11 (a2, b1, c4) 

12 (a2, b2, c1) 

13 (a2, b2, c2) 

14 (a2, b2, c3) 

15 (a2, b2, c4) 

16 (a3, b1, c1) 

17 (a3, b1, c2) 

18 (a3, b1, c3) 

19 (a3, b1, c4) 

20 (a3, b2, c1) 

21 (a3, b2, c2) 

22 (a3, b2, c3) 

23 (a3, b2, c4) 

Figure 3.7: Exhaustive data of non-uniform input 
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Storing real exhaustive test data is computationally very demanding. Thus, 

using the numerical translation of test data helps to make the strategy work 

faster. Storing and processing numerical values, on the other hand, is less 

complex and computationally high performing. This part of the SITG 

algorithm translates any number to the corresponding test data, with steps 

shown in Figure 3.8 below: 

 

Step Output 

Read any random number N = 21 

Read the parameters and the 

number of values of the 

parameters 

A = 3 

B = 2 

C = 4 

Divide N by C 

Quotient Q1 = N/C 

Remainder R1 = N % C 

Q1 = 21 / 4 = 5 

R1 = 21 % 4 = 1 

Divide Q1 by B 

Quotient Q2 = Q / B 

Remainder R2 = Q % B 

Q2 = 5 / 2 = 2 

R2 = 5 % 2 = 1 

Divide Q2 by A 

Quotient Q3 = Q / A 

Remainder R3 = Q % A 

Q3 = 2 / 3 = 0 

R3 = 2 % 3 = 2  

Test data  (a3, b2, c2) 
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Step Output 

TD = (R3th of the parameter A, 

R2th of the parameter B, R1th 

of the parameter C) 

Figure 3.8: Numerical translation of test data 

 

The technique utilises the popular ‘short division by two with remainder’, 

which is used in the decimal-to-binary conversion. In this case, SITG uses 

the number of values instead of the basic two as the divider. When SITG 

finds any random number, it divides the number by the value of C first (in 

this case, 4). The result is stored in the temporary memory to use in further 

operations, but the remainder is used as an index of the parameter C. The 

example shows that the remainder 1 is located in the second value of the 

parameter C. This means that the remainder is a zero-based index.  

 

The result as an integer recorded as Q2 = 5 is further divided by the number 

of values of parameter B. Similar to parameter C, the result and the 

remainder is used to further construct the test data. Finally, the values of 

parameters A, B, and C are combined to construct the test data. In this case, 

it is (a3, b2, c2), which is correctly presented as the test data shown in Figure 

3.8. 

 

In the fourth step, the SITG defines the search space. The range of the search 

space is identified numerically. Basically, the entire exhaustive number is 

divided into a few ranges, known as search spaces. Thus, the search spaces can 

be expressed as:  
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𝑆𝑃 ⊂  𝐸𝑥 (e 3.5) 

  

Ex = {SP1, SP2, SP3…. SPn} (e 3.6) 

  

{SP1} ∩ {SP2} ∩ {SP3} ∩ …… {SPn} = ∅ (e 3.7) 

  

However, the range of each search space depends on the value of t. 

Theoretically, the higher t is, the lower the number of values in the search 

space.  Thus, the number of elements in the search space is proportionate to 

the value of t. It can be expressed as:   

 

|𝑆𝑃|  ∝ 1/𝑡  

 

(e 3.8) 

As mentioned in regard to the goal of defining search space, the particles 

randomly search for the test data from the defined search space. Higher t-way 

values require higher coverage, which means more data in the test data 

suite. Search spaces with lower ranges can achieve this goal. Using the above 

example – with 3, 2, and 4 values in the input parameters – the value of t can 

be either pairwise or 3. The figure 3.9 below shows the detailed steps 

required to calculate the range of search space for both values of t.  

 

Step Output 

In t = 2,  

SP range = 24 / (3 x 2) = 4 

and the number of SP will be 24 / 4 = 6.  

Thus, the  

In t = 3, 

SP range = 24 / (3 x 2 x 4) = 1 

and the number of element of 

each SP will be 24/1 = 24. 
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Step Output 

SP1 = 0-3 

SP2 = 4-7 

SP3 = 8-11 

SP4 = 12-15 

SP5 = 16-19 

SP6 = 20-23 

Thus, each test data represents 

one SP.  

Figure 3.9: Calculation of the range of search space 

 

In the fifth part of SITG, the velocity is initialised. The velocity is an integral 

part of the total strategy which is used to identify whether test data is 

selectable. The velocity of all particles changes as soon as test data is selected 

for the final test suite. Whenever particular test data is selected and removed 

from a search space, it creates a permanent change within the covering 

information, thus the velocity of other particles changes immediately. 

Theoretically, the first selected particle always has the maximum velocity 

Vmax. Thus, in the first iteration, the SITG searches for the test data which has 

the Vmax only. In the subsequent iteration, the velocity Vi is updated. 

However, the value of maximum velocity is calculated as:    

     

Vmax = nCr 

 

(e 3.9) 

where n = number of parameters in the system, C = combination relation, 

and r = the value of t. In a system with three parameters with the maximum 

t, it is proved that the final test suite selects all the exhaustive numbers. 

Thus, any test data that can include at least one coverage is selected. In 

addition, the lowest possible velocities select all the test data from the 
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exhaustive number. Regardless of the complexity of the system, the 

maximum velocity Vmax is calculated in a similar fashion.  

 

It is important, however, to update the velocity in the subsequent iterations. 

In many cases, velocity is updated as soon as test data is selected and added 

for the final test suite. Practically, it is possible to update the current velocity 

Vi by simply reducing by 1. This is a very straightforward approach, and can 

be expressed as: 

 

Vi   = Vmax - 1 

 

(e 3.10) 

However, in many complex systems, updating velocities by reducing by 1 

can cause an unwanted delay in the test data selection process. Most of the 

time, it creates optimal test data but unfortunately takes an unusually long 

time to do so. In most complex systems, it is not useful to check the test data 

with the updated lower velocity. To make the SITG faster, the current 

velocity is calculated in a more systematic way. The calculation of current 

velocity is stated as: 

 

 Vi= nC(r +1) 

 

(e 3.11) 

The n represents the total number of input parameters, while the C signifies 

the combination relation between values, and r is the value of t. The use of 

this type of velocity produces the test data a lot more quickly than does the 

simpler one value reduction technique.  
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However, this complex approach still does not produce an optimal test data. 

To overcome this, the number of coverages is used during the calculation of 

Vi. The coverage is the number of pairs covered by the test data in the 

present iteration. This coverage is compared continuously with the Vi. If the 

coverage is higher than the value of Vi, then the value is replaced with the 

covering value. This condition can be expressed as: 

   

(Vi = Ci → (Ci > Vi)) ∧ (Vi = Vi → (Ci <= Vi)) (e 3.12) 

 

The Vi represents the current velocity and the Ci denotes the number of 

possible coverages in the iteration.  

 

In the next part, the SITG begins a core optimisation function. It engages all 

the variables from other parts, selects the test data, and adds those to the 

final test suite. This part reads the search space, and randomly selects one 

particle from the search space range. The SITG interprets it as a numerical 

value, and converts it to test data. The velocity V is calculated and compared 

to the Vmax. In this part, only the first iteration executes, as any randomly 

selected particle has the Vmax.  

 

In the last part, SITG executes all other iterations. This final component 

involves the major computational operation, with velocity V being 

compared to Vi. Functionally, this part of SITG can be divided into two 

subsections. One subsection selects the particle, while the second subsection 

continuously checks the exit criteria. Both parts work synchronously. To 

provide a more detailed explanation, the first subsection commences with a 

pre-calculated velocity Vi, and then reads the search space ranges. From the 
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search space, one numerical value is read at a time, and the number is 

converted to the particle. The velocity V is calculated and compared to the 

Vi. In addition, the second subsection checks whether the exit criteria are 

met. The iteration’s exit criteria are conditions which check whether the 

value pair is covered. Remembering that in the second part of SITG, the value 

pair is the memory location containing the ‘Zero’ values; in the second 

subsection of the final part of SITG, the ‘Zero’ value is replaced with the 

‘One’ value as soon as a particular test data is selected. When the exit criteria 

are met, the module constructs the output by mapping the index of the 

values with the original value. Thus, the final test suite is constructed by 

adding all of the test data. The next section provides an evaluation of SITG. 

 

3.6 Evaluation of the SITG 

 

This section of the chapter presents a complete evaluation of the SITG 

strategy. The main goal of evaluating the SITG strategy is to measure the 

effectiveness of the algorithm. In fact, the effectiveness of any test data 

generation strategy is usually analysed by assessing the size of the 

generated test suite; with any strategy that generates a minimum number of 

test data being more effective. Thus, the primary goal of any strategy is to 

generate the minimum number of test data in the test data suite.  

 

Many authors have compared their strategies in terms of the time taken 

to generate the test data size i.e.; measuring the time complexity. Although 

time complexity varies depending on the configuration of a computer 

system, the experiments in the research use similar system configurations. 

In order to be fair in analysing the complexity of the strategies proposed in 
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this, a similar performing computing environment is used. It was not 

applicable to use the same environment to all the strategies because of the 

fact that, some systems are outdated to be available to use. The following 

platforms details are recorded while compiling the results. 

 

• Jenny, TConfig, TVG: Intel P IV 1.8 GHz, C++ programming language 

in Linux OS. 

• IPO, IPOG: Intel P II, 450 MHz, Java programming language in 

Windows 98 OS. 

• WHITCH: Intel P IV 2.6 GHz, C programming language in Windows 

XP OS. 

• GTWay, MTTG: Intel P IV, 1.6 GHz, 1 GB RAM, C++ programming 

language in Windows XP OS. 

• SITG (including other proposed strategies in this research): Intel Core 

i7, 2 GHz, C# programming language in Windows 10. 

 

To measure the efficiency of the SITG, the research incorporates extensive 

experiments, which can be divided into two major categories, as follows: 

 

i) Pairwise evaluation  

ii) T-way evaluation.  

 

The next section considers the pairwise evaluation of SITG. 
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3.6.1 Pairwise evaluation  

 

To evaluate the performance of the SITG as a pairwise test data generator, 

the research investigates other pairwise test data generators. The following 

systems are used as a comparison of efficiency. In fact, these systems – S1 to 

S6 – are the standard set of systems commonly used to analyse the strategies.  

  

S1: 3 parameters with 3, 2, and 3 values.  

S2: 3 parameters with 2, 1, and 3 values. 

S3: 5 parameters with 3, 2, 1, 2, and 2 values. 

S4: Three 2-valued parameters. 

S5: Thirteen 3-valued parameters. 

S6: Ten 5-valued parameters. 

 

The research compares the generated test data with the popular pairwise 

test data generation strategies including AETG, IPO, TConfig, Jenny, 

AllPairs, and GTway. It is also interesting to note that the systems from S1 

to S3 are non-uniform parameterised systems, while the remainder are 

uniform parameterised systems.  

 

Table 3.1: Pairwise evaluation of the SITG 

Systems S1 S2 S3 S4 S5 S6 

AETG N/A N/A N/A N/A 15 N/A 

IPO 9 6 7 4 17 47 

TConfig 9 6 8 4 18 46 

Jenny 9 6 8 5 17 45 

TVG 9 6 8 6 N/A N/A 
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Systems S1 S2 S3 S4 S5 S6 

AllPairs 9 6 9 4 22 49 

GTway 9 6 7 4 19 46 

SITG 9 6 6 4 19 46 

 

Table 3.1 shows the size of the test suites for systems from S1 to S6. The 

values depicted as N/A are not available using that strategy. The overall 

results show that the SITG outperforms all strategies for non-uniform 

values. In S3, the SITG is the only strategy that can generate the optimal 

number of test data. Furthermore, S1 and S2 are systems in which all 

strategies have optimal test data. Thus, in a non-uniform system, SITG is 

more effective than other systems.  

 

In regard to systems S4 to S6 which feature uniform parameters, the results 

are unclear. In S4, many strategies can achieve the best values, but the AETG 

is unable to produce a test suite. In contrast, the AETG produces an optimal 

result in S5. However, the AETG is not able to be compared to any other 

strategies because of its inability to produce test data in many other cases. It 

is also not possible to compare TVG with other strategies, as it cannot 

produce test data for systems S5 and S6.  

 

IPO produces very competitive results in all systems. In S5, IPO produces 

better results than SITG. On the one hand, in S6 the proposed SITG 

outperforms IPO. Comparing the performance with TConfig, SITG is very 

competitive. However, counting the total number of test data for all 

systems, the SITG produces optimal test data. Compared with Jenny, SITG 

also appears very competitive. On average, two systems are evident in 
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which Jenny outperforms SITG, while SITG outperforms Jenny in two other 

systems.  

 

AllPairs is capable of producing test data in all cases; however, the size is 

greater, compared with all other strategies. Thus, AllPairs cannot be 

compared to other strategies. Interestingly, both GTway and SITG produce 

the same number of test data in almost all systems. System S3 is the only 

system in which SITG outperforms GTway.  

 

Overall, compared with SITG, strategies including IPO, Jenny, and GTway 

produce very competitive results. All four strategies produce the most 

optimal results in all systems. Looking at the averages, however, SITG 

produces the optimal test data across four systems, while the other 

strategies including Jenny, IPO, and GTway produce optimal test data in 

three systems. The conclusion could, therefore, be made that in test data 

generation for pairwise systems, SITG is more acceptable than any other 

strategy.  The next section measures and compares the performance of SITG 

with other t-way strategies.  

 

3.6.2 T-way evaluation 

 

To analyse and evaluate the SITG in t-way testing, the experiments were 

subdivided into two categories. The categories were created based on the 

complexity of the system: 

  

i) Low complexity system  

ii) Moderately complex system.   
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The results in Table 3.2 and Table 3.3 represent the low complexity system. 

The low complexity system is considered using uniform parameter values. 

On the other hand, Table 3.4 presents the moderately complex system. In 

the moderately complex system, the variation of many non-uniform 

parameterised systems is used. In addition, Tables 3.2 and 3.3 represent a 

single system whereby the value of t varies, while in Table 3.4, the value of 

t is fixed.  

 

3.6.2.1 Low Complexity Input Configuration 

 

In t-way testing, the research compares the results with many diverse 

systems. One of the reasons for this is that the strategies that support 

pairwise testing do not always support t-way testing. Many of the strategies 

that evolved were developed for pairwise testing but were later updated to 

generate test data for higher t. As an example, IPO is a pairwise strategy 

later known as IPOG which supports t-way test data generation. The 

research did not find results for GTway to use in this experiment. However, 

the results from strategies including Jenny, TConfig, and TVG are used in 

this experiment.  

 

Table 3.2 represents the evaluation of a single system. The input 

configuration of the system contains 10 parameters with 2 values each. 

However, the value of t varies from 2 to 6. The maximum value of 6 

theoretically supports the maximum coverage of any system, which was 

described in Chapter 1 of this thesis.  
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Table 3.2: Performance of fixed inputs with various t 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 10 19 49 128 352 

WHITCH 6 18 58 N/A N/A 

Jenny 10 18 39 87 169 

TConfig 9 20 45 95 183 

TVG 10 17 41 84 168 

SITG 9 16 44 87 174 

 

As a test data strategy, IPOG appears to perform the least well of any case 

in the evaluation. WHITCH is certainly the most optimum in the first 

column i.e.; when the value of t = 2 is compared with other strategies. 

However, WHITCH appears to become less successful the higher t becomes. 

In addition, WHITCH is unable to generate any test data when the value of 

t is 5 and 6. 

 

 Jenny outperforms all others by a significant difference, when the value of 

t = 4; while TVG offers the best result overall when the value of  t = 5 and t = 

6. Finally, the proposed SITG delivers the best result only once, when the 

value of t = 3. Comparing all strategies, TVG performs best in the most 

categories. However, Jenny and the SITG generate the most competitive test 

suites.  

 

Table 3.3 represents another low complexity single system whereby 7 

parameters each have 3 values. However, the value of t varies from 2 to 6. 

Unfortunately, results from Jenny and TVG were not available for this 
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evaluation. The research was not able to find any results from the literature, 

and there is no source available for Jenny or TVG.  

 

Table 3.3: Performance of 7 p and 3 v, where t varies from 2 to 6 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 17 57 185 608 1281 

WHITCH 15 45 216 N/A N/A 

TConfig 15 55 166 477 921 

SITG 15 52 154 436 848 

 

IPOG does not display any optimal result in any value of t, while the best 

result for WHITCH is produced when the value of t = 2. Notwithstanding, 

TConfig and SITG also produce the same result for the value of t = 2; there 

are, in fact, three best results. WHITCH also outperforms all other strategies 

when t = 3. In all other cases, however, when the value of t = 4, t = 5, and t = 

6, SITG generates the optimal test suites.  

 

In summary, comparison of Tables 3.2 and 3.3, does not reduce the difficulty 

of deciding the best strategy so far. It is very clear that no strategy can 

completely dominate others. However, it is also clear that – thus far – SITG 

has not once failed to generate a test suite, unlike many other strategies. In 

addition, SITG has generated the optimal test suite, in many cases. In fact, 

TVG and Jenny are the two strategies which generate the most competitive 

results. Overall, for low complexity systems, SITG is obviously a useful 

strategy to consider for test suite generation.  
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3.6.2.2 Moderately Complex Input Configuration 

 

This section presents a performance evaluation of moderately complex 

systems. The moderately complex system consists of several parameters; 

these parameters are non-uniform. However, the value of t is fixed for all 

systems. The following systems are considered when analysing the 

performance of the strategy:  

 

i) MC1: 4 parameters with 3 values, 5 parameters with 4 values 

ii) MC2: 1 parameter with 5 values, 8 parameters with 3 values, 2 

parameters with 2 values 

iii) MC3: 2 parameters with 8 values, 2 parameters with 7 values, 2 

parameters with 6 values, 2 parameters with 5 values 

iv) MC4: 5 parameters with 6 values, 4 parameters with 5 values, 2 

parameters with 3 values 

v) MC5: 1 parameter with 10 values, 1 parameter with 9 values, 1 

parameter with 8 values, 1 parameter with 7 values, 1 parameter with 

6 values, 1 parameter with 5 values, 1 parameter with 4 values, 1 

parameter with 3 values, 1 parameter with 2 values, 1 parameter with 

1 values. 

 

Table 3.4: Performance of moderately complex systems 

Systems MC1 MC2 MC3 MC4 MC5 

IPOG 463 324 4776 3273 5492 

WHITCH 704 1683 4085 N/A 5922 

Jenny 457 303 4580 3033 6138 

TConfig 499 302 4317 N/A 5495 
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Systems MC1 MC2 MC3 MC4 MC5 

SITG 423 289 4274 2384 5876 

 

In Table 3.4, the rows represent the strategies, and the columns signify the 

systems. Firstly, the IPOG outperforms all other strategies in MC5, while 

WHITCH generates optimal test data in MC3. However, for all other 

systems, WHITCH does not generate any test result close to optimum. 

Specifically, in MC2, WHITCH test data is a long way from optimal, 

compared to the other strategies. Although Jenny generates competitive test 

data suites in systems of low complexity, as shown in Table 3.4, it is unable 

to generate any optimal results in moderately complex systems. TConfig is 

also unable to produce any competitive test data suites.  

 

Comparing the SITG to all other strategies, it appears that the SITG 

generates optimal test suites in most moderately complex systems, 

including MC1, MC2, and MC4. More specifically, in the example of MC2, 

the SITG considerably outperforms other strategies. In other cases – when 

SITG does not produce the optimal test data – the results are still near 

optimum and competitive. Overall, it can clearly be seen from Table 3.4 that 

the SITG is most applicable for moderately complex systems.  

 

3.6.3 Further Analysis  

 

In the previous section, the performance of the SITG was evaluated both as 

a pairwise and a t-way strategy. It can be concluded that the SITG generates 

better results in the majority of cases. Subsequent analysis also determined 

that the SITG is more acceptable in terms of size. However, evaluation was 
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not conducted in relation to the time taken to generate the test data, i.e.; a 

complexity analysis.  

 

The major reason for this omission is that the literature lacks complexity 

results to enable comparison with the proposed SITG. Additionally, the 

source code is not always available. Furthermore, in systems of low and 

moderate complexity, most strategies can generate the test data in a 

polynomial time. Sometimes the time taken is less than a second; thus a 

small difference in computing systems results in a significant difference in 

time complexity. Subsequently, comparing time complexity for low and 

moderate systems is not effective.  

 

In order to measure time complexity most effectively, analysis of a large 

system is most appropriate given that test data generation time in large 

systems is greater. In larger input configurations, the SITG takes too much 

time (usually more than 24 hours) to produce any test data. To demonstrate 

the complexity of the SITG, a large system input configuration – LC1 – is 

used in an experiment. The input configuration LC1 is set up as:  

 

i) LC1: A uniform system with t = 4, where all values V = 5 but the 

number of parameters P varies from 5 to 15. 

 

Table 3.5: SITG performance for large system - size 

P IPOG WHITCH Jenny TConfig TVG GTway SITG 

5 784 625 837 773 849 731 621 

6 1064 625 1074 1092 1128 1027 N/A 
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P IPOG WHITCH Jenny TConfig TVG GTway SITG 

7 1290 1750 1248 1320 1384 1216 N/A 

8 1491 1750 1424 1532 1595 1443 N/A 

9 1677 1750 1578 1724 1795 1579 N/A 

10 1843 1750 1719 1878 1971 1714 N/A 

11 1990 1750 1839 2038 2122 1852 N/A 

12 2132 1750 1964 N/A 2268 2022 N/A 

13 2254 N/A 2072 N/A 2398 2116 N/A 

14 2378 N/A 2169 N/A N/A 2222 N/A 

15 2497 N/A 2277 N/A N/A 2332 N/A 

 

Table 3.6: SITG performance for large system – time  

P IPOG WHITCH Jenny TConfig TVG GTway SITG 

5 0.19 5.26 0.44 31.46 1.468 0.047 1689.35 

6 0.45 14.23 0.71 231.56 5.922 0.563 >24hr 

7 0.92 59.56 1.93 1,120 18.766 3.046 >24hr 

8 1.88 115.77 4.37 >1hr 55.172 15.344 >24hr 

9 3.58 210.87 9.41 >3hr 132.766 63.516 >24hr 

10 6.38 350 17.53 >8hr 276.328 201.235 >24hr 

11 10.83 417 30.61 >23hr 548.703 599.203 >24hr 

12 17.52 628.94 50.22 >24hr 921.781 1682.844 >24hr 

13 27.3 >24hr 76.41 >24hr 1565.5 4573.687 >24hr 

14 41.71 >24hr 115.71 >24hr >24hr 11818.281 >24hr 

15 61.26 >24hr 165.06 >24hr >24hr 28793.360 >24hr 
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Unlike the other tables, the rows of both Tables 3.5 and 3.6 represent the 

strategies, while the columns represent the changes in the parameters. Table 

3.5 and Table 3.6 show the size and time, respectively. The experiments were 

conducted for one day, and were turned off whenever the experiment 

required more than one day to run. Evaluation of the experimental results 

shows that the SITG is incapable of generating test data for larger systems. 

In all cases, SITG needs more than one day to generate test suites.  

 

Overall, the SITG is highly capable in terms of generating test suites in low 

and moderately complex systems. It also provides outstanding results for 

systems with non-uniform parameters. However, in regard to larger 

systems, it is unable to produce any results. The next section will conclude 

this chapter of the thesis.   

 

3.7 Conclusion 

 

This chapter of the research explores a swarm intelligence based t-way test 

data generation strategy known as SITG. The strategy is effective in 

generating pairwise and t-way test suites; however, it appears to be 

ineffective in test data generation for larger configurations. A further 

structural analysis of the SITG and an investigation into these outcomes is, 

therefore, required, in order to provide support for large configuration 

systems.   

 

In the next chapter, the SITG strategy is further investigated, and a modified 

version of SITG – known as mSITG – is put forward, to overcome the 

drawbacks of SITG. The architectural design and description of this new 
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strategy is also provided. The results will again be compared, with the 

analysis section examining the performance and acceptability of the newly 

proposed mSITG.  
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Chapter 4 

Modified Swarm Intelligence Test 

Generator (mSITG) 

 

4.1 Preamble 

In the previous chapter, swarm intelligence was implemented through the 

development of a strategy known as the Swarm Intelligence Test Generator 

(SITG). A complete description of the parameters related to swarm 

intelligence was also provided, the architecture of the SITG was shown, and 

steps were individually explained. Finally, the results showed the efficiency 

of the SITG. 

 

Throughout this chapter, a modified version of the SITG (mSITG) is 

designed and developed, and an investigation is undertaken to determine 

why the SITG is unable to support large system configurations. A new 

architecture is, therefore, built to overcome these drawbacks. As in the 

previous chapter, a description of the process is presented, and the mSITG 

is also evaluated alongside popular strategies, as well as the previous SITG. 

Finally, the results and discussion analyse the benefits and limitations of the 

modified version.  
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4.2 Justification of the mSITG  

 

During the development of the SITG, the search space was considered to be 

the exhaustive number. In fact, the exhaustive number is divided into many 

search spaces. However, the generation of the exhaustive number is 

exponentially high. Thus, it sometimes becomes a large number even for a 

simple system. As searching for optimisation in huge search spaces requires 

significant amounts of time, higher complexity is the result.  To overcome 

the complexity issues, the way that the search space is conceived of must be 

changed. In addition, the term particles must also be defined differently. 

Thus, in mSITG, a new architecture is proposed. The new architectural 

design is described in the next section.  

 

4.3 Modified Design used in mSITG 

 

To generate test data in mSITG, each single value is considered to be a 

particle. Consider an input configuration with parameter A having 3 values 

(a1, a2, a3), B with (b1, b2), and C with (c1, c2, c3, c4). Having a pairwise 

requirement, the value pairs are shown in Figure 4.1.  

 

AB  AC  BC  

a1b1 

Search 

Space # 1 

a1c1 

Search 

Space # 2 

b1c1 

Search 

Space # 3 

a1b2 a1c2 b1c2 

a2b1 a1c3 b1c3 

a2b2 a1c4 b1c4 

a3b1 a2c1 b2c1 

a3b2 a2c2 b2c2 
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AB  AC  BC  

 a2c3 b2c3 

 a2c4 b2c4 

 a3c1  

 a3c2  

 a3c3  

 a3c4  

Figure 4.1: Particles and the search spaces in the mSITG 

 

Figure 4.1 shows the proposed particles and search spaces. The 

combination of values within each of AB, AC, and BC are the search spaces, 

i.e.; the values ranging from a1b1 to a3b2 make the search space, whereas the 

individual value a1b1 is the particle.  

 

4.4 Swarm Intelligence in Designing Strategies 

 

A detailed description of parameters related to swarm intelligence was given 

in Chapter 3. However, prior to designing and developing the new strategy 

mSITG, several propositions must be considered, as follows (Hu, 2017): 

 

i) Particle Number: Number of particles should range from 15 to 

30; however, in the majority of problems in which Particle Swarm 

Optimisation (PSO) is used, the number of particles typically 

consists of up to 10 particles.    

ii) Velocity: Velocity determines the number of changes an 

individual particle can make. Usually, velocity is represented 
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within a range, such as -5 to 5. In this example, the maximum 

velocity – Vmax – is 10.  

iii) Exit Criteria: This represents the number of iterations that a 

swarm intelligence executes. It can be a function, or a plain integer 

number, or the minimum error requirement.  It can also be a 

specific logic depending on the nature of the problem to be 

optimised. 

iv) Global and Local:  These are two basic optimisation levels. Global 

level optimisation is lower in complexity and can generate faster 

solutions. On the other hand, local optimisation is higher in 

complexity and produces better results. However, a combination 

of both can be used in many problems, where global optimisation 

can produce a faster result, while local optimisation can refine it.  

 

4.5 Algorithm for the mSITG: 

 

After consideration of the nature of particles and search spaces, the following 

steps are involved in generating the test data through mSITG.  

 

STEP 1: Generation of Header Pairs:  

a. Get t-way interaction where t >= 2. 

b. Read the parameters. 

c. Create header pair through nCr. 

d. Store the header pair in the memory. 

 

STEP 2: Generation of Value Pairs: 

a. Read the header pairs. 

b. Split the parameters from the header pair. 

c. Read individual parameters and their values. 
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d. Create an exhaustive number of combinations of header pairs. 

e. Create a binary variable that corresponds with header pairs. 

 

STEP 3: Define & Read Search Space: 

a. Read all values in the value pair. 

b. Store value segmented by header pairs. 

c. Create lists for individual pairs. 

 

STEP 4: Define Velocity Matrix: 

a. Create a list with the element according to the size of the 

value pairs.  

b. Calculate possible coverage.  

c. Store numerical value in each location.  

 

STEP 5: Initialise Velocity and Read Concurrent Velocity: 

a. Read the initial value of velocity matrix. 

b. Read the other velocities. 

 

STEP 6: Core Operation – Start Iteration: 

a. Use particles from header pairs. 

b. Randomly choose value from the search space. 

c. Set the value pair as true. 

d. Read the next search space. 

e. Use both values to generate the test data. 

f. Read all other values from search space. 

g. Construct the final test data. 

 

STEP 7: Core Operation – Update of Iteration: 

a. Start next iteration. 

b. Update velocity. 

c. Check if the test data is selectable by comparing the 

velocity. 

d. Select the test data.  

 

STEP 8: Combine Operation – Working with Zero Velocity 
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a. Read all velocities. 

b. Put everything in the test data skeleton. 

c. Read all versions. 

d. Select best version.  

e. Repeat from STEP 1 until there are no particles remaining. 

Figure 4.2: Steps to generate test data in the mSITG 

 

The proposed mSITG uses eight different steps to generate the test data.  In 

the same way as the SITG, the mSITG starts by creating the header pair. The 

main goal of creating the header pair is to create the particles for the strategy. 

In the beginning, the parameters are converted to corresponding index 

values. Thus, the inputs where A has 3 values, B has 2 values, and C has 4 

values convert the parameters A, B, and C to 0, 1, and 2. In addition, this 

function iterates through the input parameters, combining each value of the 

t to create the header pair. The header pair created with the index values is 

shown in Figure 4.3.  

  

Header Pair 

0 1 

0 2 

1 2 

Figure 4.3: Header pairs in the memory 

 

The header pair is used to build the value pair. The value pair is the exhaustive 

combination of the values of the parameters in the header pair. Generation of 

the exhaustive combination is computationally less complex, given it is built 

using two loops which combine values. When creating the value pair, the 

strategy again uses the indexing feature rather than using the original 
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values. By using indexes, the strategy overcomes the complexity of storing 

large string values, and is faster performing; in fact numerical comparison 

is more rapid than string comparison. The value pairs are stored in the 

memory, as shown below in Figure 4.4: 

 

Value Pairs in Memory 
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Figure 4.4: Value pairs in the memory 

 

As soon as the value pairs are created, the mSITG creates the search space with 

the values in the header pair, meaning that the combinatorial values in a 

header pair are the search spaces. The mSITG identifies the number of search 

spaces as nCr. The idea of allocation of search space is that the mSITG 

searches for the candidates in the search space. In the proposed mSITG, a 

candidate is a particle in the search space that is selected for construction of 
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the test data. Whenever the particles are selected as candidates, the test data 

is constructed.  

 

After the search space is defined, the next immediate step is to define the 

velocity. Unlike in the previous SITG, this step creates an array of velocities 

with the initial velocity and the minimum subsequent velocities for further 

iterations. In this way, the first iteration reads the first value from the 

velocity matrix and uses it as a reference to select the candidates. Finally, 

the subsequent iterations use the corresponding velocities.  

 

However, two different velocities used by the mSITG must be considered: 

 

i) Candidate velocity 

ii) Final velocity. 

 

Initially, when the mSITG chooses a particle as a candidate from the search 

space the velocity is measured. The velocity is not the complete test data 

velocity; rather, this is the velocity of individual particles and the velocity is 

smaller than the original velocity. This strategy uses the nCr combination 

equation to calculate velocity, where n is the number of parameters in that 

header pair and the r is the t-way value i.e.; coverage requirement. 

Considering the above example, the candidate velocity is one. This means 

that to be selected as a candidate, the pair must have at least one coverage. 

The consideration of final coverage is the coverage matrix used during the 

test data generation iterations. This matrix is used in Steps 6 and 7 of the 

proposed mSITG.  
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In Step 6, the first iteration runs and the velocity is not compared. The 

candidate selection is also random, with no comparison with any candidate 

velocities conducted. Thus, in the first iteration, while the values are selected 

from the value pair, the principal concern is adjustment of the values in 

parameterised order, which is processed through a predefined test 

construction skeleton. In reference to the current example, the complete 

process is shown in Figure 4.5 below: 

 

Steps Output 

Choose candidate sets 11 from AB 

20 from AC 

13 from BC 

Skeleton  

ABC 

Create all possible ABC 

ABC V1 = 110 

ABC V2 = 113 

ABC V3 = 210 

ABC V4 = 210 

ABC V5 = 113 

ABC V6 = 213 

Choose any one of all possible 

versions of ABC  

ABC = 210  
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Steps Output 

Reverse engineer and create the 

particles from the selected test data 

ABC = 210 

AB = 21 

AC = 20 

BC = 10 

Set the coverages of particles that 

are covered 

SET AB of 21 = true 

SET AC of 20 = true 

SET BC of 10 = true 

Create the final test by deindexing  a3, b2, c1 

Figure 4.5: Description of Step 5 of the main algorithm 

 

Basically, three candidates are required to build the test data. The example 

shows index value (1 1) was chosen by the first header pair, (2 0) was chosen 

by the second header pair, and finally, the value (1 3) was chosen by the third 

header pair. As the first step does not involve any comparison with the 

velocity, random values are chosen. In the second step, all possible versions 

of ABC are created from a predefined skeleton. Given the skeleton holds the 

position of ABC, the random values derived from previous steps are stored 

there.  

 

In the next step, all possible versions of the candidate sets are generated. 

From the table, it is evident that there are six possible versions of these 

values. As no comparison is required, any randomly chosen value can be 

selected to be part of the test data, and the table shows that (210) has been 

selected. A reverse process is then carried out to check and update the 
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coverage of the particles. As discussed earlier, the coverage is updated to 

check that the generated test suite is correct. This also allocates updated 

values to the coverage. Finally, the deindexing assigns real values and adds 

these to the final test data suite.  

 

The last step involves the major complexities of the system. The underlying 

premise of this is the amount of random generation and the comparison of 

velocities. The complete sequence is shown below in Figure 4.6:  

 

Step Output 

Choose candidate sets 

11 from AB 

23 from AC 

01 from BC 

Compare with candidate velocity 

Velocity(AB) = 1 

Velocity(AC) = 0 

Velocity(BC) = 1 

Remove AC and select another 

candidate 
21 from AC 

Compare AC with candidate 

velocity 
Velocity (AC) = 1 

Final candidates 

11 from AB 

21 from AC 

01 from BC 

Create ABC versions from the 

skeleton 

ABC v1 = 111 

ABC v2 = 111  

ABC v3 = 211 

ABC v4 = 201 
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Step Output 

ABC v5 = 101 

ABC v6 = 201 

Read the velocity V V = 4 

Compare the running velocity V  

Velocity (ABC v1) = 3 

Velocity (ABC v2) = 3 

Velocity (ABC v3) = 2 

Velocity (ABC v4) = 4 

Velocity (ABC v5) = 5 

Velocity (ABC v6) = 2 

Compare velocity with the 

maximum velocity 

Velocity (ABC v4) is equal to 

running velocity 

Velocity (ABC v5) is greater than 

running velocity 

Select the maximum velocity value ABC v5 is selectable = 101 

Update the selectable velocity  V = 5 

Reverse engineer and create 

particles from the selected test data 

ABC = 101 

 

AB = 10 

AC = 11 

BC = 01 

Set the coverages of those particles 

as covered 

SET AB of 10 = true 

SET AC of 11 = true 

SET BC of 01 = true 

Deindex the values and add to 

final test data 

101 

a2 b1 c2 

Figure 4.6: Test data selection process of the algorithm 
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Initially, the particles randomly choose three particles as the candidates. As 

the initial velocity is 1, the velocity of each candidate is, therefore, compared 

to the candidate velocity. The table shows the velocity of the AC particles is 

not equal to the candidate velocity. Thus, a new candidate is chosen as the 

particle AC, and the comparison is repeated. The process iterates until all 

candidates satisfy the selection criteria. The table shows the final candidate 

numbers are 11 from the header pair AB, 21 from the header pair AC, and 01 

from the header pair BC.  These results are selected to construct the test data.  

 

The next steps demonstrate that six possible variations of test data are 

achievable from these candidates. The table establishes that ABC v1 and 

ABC v2 have the same test data; on many occasions, different versions may 

create the same data due to the selection of similar candidates. In such cases, 

mSITG eliminates the duplicate. In the next step, the mSITG reads the 

current velocity required to select the test data; it shows that the minimum 

velocity should be at least four.  

 

After examining all the velocities, the mSITG determines that v4 fulfils the 

minimum selection requirement, while v5 has the higher value. Thus, the 

mSITG selects the v5 and updates Vmax velocity as 5. Reverse engineering is 

performed to update the coverage information. Finally, deindexing creates 

the test data and adds it to the test data suite.  

 

The final component of the proposed mSITG operates with uncovered pairs. 

In very rare cases, the mSITG may detect pairs which have not been covered; 

possibly because of the initial candidate velocity requirement. Generally, in 

most situations there will be no remaining unselected candidates. However, 
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this step also functions as a proof of the correction of the test suite. At this 

stage, all the coverage information – listing all uncovered pairs – is checked. 

Using the ABC skeleton, all possible test data is created using these 

uncovered pairs.  

 

The coverage of all the test data is stored temporarily, with the most covered 

figure being selected and added to the final test data suite. The selected data 

is then reverse engineered and coverage information is updated. The steps 

continue until no uncovered pair remains. The Figure 4.7 below illustrates 

the complete process.  

 

Step Output 

Read particles Read particles in AB, AC, and BC 

Read uncovered pairs 

Uncovered: 

AC = 13 

BC = 02 

Create ABC from uncovered pairs 
ABC v1 = 103 

ABC v2 = 102  

Read the highest velocity 
Velocity (ABC v1) = 2 

Velocity (ABC v2) = 1 

Select the highest velocity Select 103 

Reverse engineering to update 

coverage information 

SET AB of 10 = TRUE 

SET AC of 13 = TRUE 

SET BC of 03 = TRUE 

Deindex to add to final test suite 
103 

a2 b1 c4 

Figure 4.7: Final steps of the algorithm 



Evaluation of the mSITG 

122 

 

4.6 Evaluation of the mSITG 

 

In reality, all t-way test data generation strategies are pairwise. However, 

many pairwise strategies are simply pairwise and do not support higher 

values of t. Thus, evaluation of the mSITG has been divided into two main 

sections as follows: 

 

i) Pairwise evaluation 

ii) T-way evaluation. 

 

In the first section, the results are compared with all pairwise strategies, 

while in the second section, the proposed mSITG is compared with t-way 

strategies, including the previously proposed SITG.  

 

4.6.1 Pairwise Evaluation 

 

To evaluate mSITG, six different system configurations are considered. The 

systems are the same systems used in the previous chapter, as follows: 

 

S1: 3 parameters with 3, 2, and 3 values.  

S2: 3 parameters with 2, 1, and 3 values. 

S3: 5 parameters with 3, 2, 1, 2, and 2 values. 

S4: Three 2-valued parameters. 

S5: Thirteen 3-valued parameters. 

S6: Ten 5-valued parameters. 
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Within these configurations, three uniform parameters and three non-

uniform parameters are used. Table 4.1 contains the test data sizes 

comparing other popular pairwise strategies.    

 

Table 4.1: Pairwise evaluation of the mSITG 

Systems S1 S2 S3 S4 S5 S6 

AETG N/A N/A N/A N/A 15 N/A 

IPO 9 6 7 4 17 47 

TConfig 9 6 8 4 18 46 

Jenny 9 6 8 5 17 45 

TVG 9 6 8 6 N/A N/A 

AllPairs 9 6 9 4 22 49 

GTway 9 6 7 4 19 46 

SITG 9 6 6 4 19 46 

mSITG 9 6 7 4 20 45 

 

An overview of Table 4.1 indicates that the mSITG and the SITG outperform 

all others, with the best results for four systems. Otherwise, the most 

optimal results for any other strategy is three. Therefore, mSITG is as 

effective as SITG for pairwise test data generation; the difference between 

them being that SITG produced the three best results for non-uniform 

values, while the mSITG produced the three best results for uniform values. 

The SITG is, therefore, more effective with non-uniform values compared 

with mSITG; whereas the mSITG is more effective with uniform values 

compared with SITG. However, it is very arbitrary to draw a firm 

conclusion based on this result, as the problem is known to be a NP-hard 

problem.   
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The goal of designing and developing the mSITG is to overcome the time 

complexity of the SITG. However, in pairwise testing, the time complexity 

is not evaluated, as pairwise generation occurs in polynomial time. Any 

computer with a greater memory and processing unit can play a significant 

role in the reduction of complexity of pairwise generation. Additionally, the 

operating system – whether Windows, Mac, or Linux – makes a significant 

impact on time complexity because of the architecture of the operating 

system (OS).  

 

Furthermore, it is impracticable to create an older computer and accompany 

this with an older version of the OS to calculate the complexity in an 

identical way to that performed for the previous popular pairwise 

strategies. Thus, the time complexity analysis conducted throughout this 

research is executed only using large systems, so that actual complexity 

performances can clearly be identified. 

 

4.6.2 T-way Evaluation 

 

The mSITG as a t-way test data generation approach is evaluated 

extensively. The system configuration can be divided into three categories, 

as below:  

 

i) mSITG evaluation in low complexity systems  

ii) mSITG in moderately complex systems, and  

iii) mSITG in high complexity systems.  
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In the next subsection, a comparison of low complexity systems will be 

conducted.  

 

4.6.2.1 Low Complexity Input Configuration 

 

Consideration of parameters and values is similar to that undertaken in the 

previous chapter. The tables below demonstrate a comparison of popular t-

way test data generation strategies, including the previous strategy SITG. As 

also applied in the previous chapter, Table 4.2 contains the results of 10 

parameters with 2 values, and Table 4.3 contains the results of 7 parameters, 

each with 3 values.    

 

Table 4.2: Performance in 10 p with 2 v, with t ranging from 2 to 6 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 10 19 49 128 352 

WHITCH 6 18 58 N/A N/A 

Jenny 10 18 39 87 169 

TConfig 9 20 45 95 183 

TVG 10 17 41 84 168 

SITG 9 16 44 87 174 

mSITG 8 16 39 79 162 

 

It is certainly clear that mSITG outperforms SITG and all other strategies for 

this configuration. While WHITCH produces the best results in the first 

case, it is not able to produce any test data as t increases. When the value of 

t = 4, Jenny produces an equal number of test data, but fails in all other cases. 

IPOG and TVG are far from optimum, in terms of test data generation. The 
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previous SITG only generates optimal numbers with mSITG, in the second 

case. Overall, Table 4.2 shows that mSITG is more acceptable than any other 

t-way test data generation strategy.  

 

Table 4.3: Performance in 7 p with 3 v, where t varies up to 6 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 17 57 185 608 1281 

WHITCH 15 45 216 N/A N/A 

TConfig 15 55 166 477 921 

SITG 15 52 154 436 848 

mSITG 14 50 154 450 996 

 

Table 4.3 shows a different scenario to that of the previous table. In Table 

4.3, IPOG does not produce any optimal test data. WHITCH appears to be 

most favourable only in the second case, on this occasion. As with IPOG, 

TConfig is a test data generation strategy which does not produce an 

optimal result. Although SITG is not the leading approach in the earlier 

experiment, in Table 4.3 SITG outperforms all other strategies – including 

the proposed mSITG. However, mSITG generates the most optimal result in 

the first case, as well as being equally optimum with the SITG in case 3. 

Therefore, mSITG appears to be a competitive approach, along with the 

previous SITG. Overall – comparing Table 4.2 and Table 4.3 – the most 

optimal generation is performed by the mSITG.  
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4.6.2.2 Moderately Complex Input Configuration 

 

The same configuration used in the preceding chapter has been considered 

here to evaluate the effectiveness of the mSITG. Basically, the moderately 

complex system comparison consisted of many non-uniform systems in a 

single table. 

 

Table 4.4: Performance with non-uniform experiment 

Systems MC1 MC2 MC3 MC4 MC5 

IPOG 463 324 4776 3273 5492 

WHITCH 704 1683 4085 N/A 5922 

Jenny 457 303 4580 3033 6138 

TConfig 499 302 4317 N/A 5495 

SITG 423 289 4274 2384 5876 

mSITG 455 293 4883 2517 6288 

 

Table 4.4 shows an interesting phenomenon in test data generation 

strategies. The mSITG – which generated the most optimal results in the low 

complexity system – does not produce any leading results in the moderately 

complex system. The SITG demonstrates the best performance, having three 

optimums out of five cases. In the first and second cases, mSITG is the 

strategy ranked second after the SITG; however, it varies in all other cases. 

This interesting characteristic is the result of NP-hardness; thus designing a 

strategy that is optimum in all cases is problematic. The next section 

incorporates the comparison within the high complexity system. 

 



Evaluation of the mSITG 

128 

 

4.6.2.3 High Complexity Input Configuration 

 

Essentially, there is no theory that can determine whether a system is a low 

complexity, moderately complex, or high complexity. In this thesis, 

measurement of the parameters, the corresponding values of the 

parameters, and the coverage requirement is undertaken; and, therefore, the 

exhaustive number of test data is calculated. Based on the exhaustive 

number, the experiments in this research are divided into these three 

categories.  

 

In the high complexity system, test data generation strategies are very time-

consuming; thus the assessment of complexity is practical and logical. 

Overall, the experiments are divided into four major sections. Each section 

represents different system configurations; each section additionally 

includes two subsections. In the first subsection, the test data generation size 

was compared, while the second subsection presents the time it took to 

generate the test data. The experiments are defined below: 

 

i) E1: P = 10 and V = 5, and t varies from 2 to 6.  

ii) E2: t = 4 and V = 5, and P varies from 5 to 15. 

iii) E3: P = 10 and t = 4, and V varies from 2 to 10. 

iv) E4: Traffic Collision Avoidance System Module (TCAS) shows non-

uniform values as P = 12 (two 10-valued parameters, one 4-valued 

parameter, two 3-valued parameters, and seven 2-valued 

parameters); with t varying from 2 to 12. 
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Table 4.5: mSITG size comparison for experiment E1 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 48 308 1843 10119 50920 

WHITCH 45 225 1750 N/A N/A 

Jenny 45 290 1719 9437 N/A 

TConfig 48 312 1878 N/A N/A 

TVG 50 342 1971 N/A N/A 

GTway 46 293 1714 9487 44884 

mSITG 44 289 1722 9744 50429 

 

Table 4.6: mSITG time comparison for experiment E1 

Value of t t = 2 t = 3 t = 4 t = 5 t = 6 

IPOG 0.11 0.56 6.38 63.8 791.35 

WHITCH 1 23 350 N/A N/A 

Jenny 0.43 0.78 17.53 500.93 N/A 

TConfig 1 88.62 32340 N/A N/A 

TVG 0.141 5.797 276.328 N/A N/A 

GTway 0.265 6.312 201.235 3636.110 21525.063 

mSITG 0.016 0.34 3.014 9.404 39.125 

 

Tables 4.5 and 4.6 show results in terms of size and complexity, respectively. 

GTway outperforms all strategies in test data generation size, as it has the 

best result in two cases. All other strategies have one optimal result each, 

apart from IPOG, which does not generate any optimal result in any case. 

However, in terms of test data generation time, IPOG is very competitive 

with the mSITG nevertheless, the mSITG outperforms all strategies. 

Although GTway is more acceptable in terms of test data size, close 
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attention to the time taken for generation of test data shows that GTway 

requires a significant amount of time for test data creation. Thus, when 

comparing both time and size, the mSITG is more acceptable.   

 

Table 4.7: mSITG size comparison for experiment E2 

P IPOG WHITCH Jenny TConfig TVG GTway mSITG 

5 784 625 837 773 849 731 786 

6 1064 625 1074 1092 1128 1027 1056 

7 1290 1750 1248 1320 1384 1216 1307 

8 1491 1750 1424 1532 1595 1443 1459 

9 1677 1750 1578 1724 1795 1579 1592 

10 1843 1750 1719 1878 1971 1714 1717 

11 1990 1750 1839 2038 2122 1852 1851 

12 2132 1750 1964 N/A 2268 2022 1975 

13 2254 N/A 2072 N/A 2398 2116 2103 

14 2378 N/A 2169 N/A N/A 2222 2229 

15 2497 N/A 2277 N/A N/A 2332 2329 

 

Table 4.8: mSITG time comparison for experiment E2 

P IPOG WHITCH Jenny TConfig TVG GTway mSITG 

5 0.19 5.26 0.44 31.46 1.468 0.047 0.051 

6 0.45 14.23 0.71 231.56 5.922 0.563 0.584 

7 0.92 59.56 1.93 1,120 18.766 3.046 0.859 

8 1.88 115.77 4.37 >1hr 55.172 15.344 1.296 

9 3.58 210.87 9.41 >3hr 132.766 63.516 1.986 

10 6.38 350 17.53 >8hr 276.328 201.235 2.658 
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P IPOG WHITCH Jenny TConfig TVG GTway mSITG 

11 10.83 417 30.61 >23hr 548.703 599.203 5.869 

12 17.52 628.94 50.22 >24hr 921.781 1682.844 9.268 

13 27.3 >24hr 76.41 >24hr 1565.5 4573.687 12.565 

14 41.71 >24hr 115.71 >24hr >24hr 11818.281 25.254 

15 61.26 >24hr 165.06 >24hr >24hr 28793.360 29.368 

 

Analysis of Table 4.7 and Table 4.8 shows that Jenny has optimal results in 

five cases. WHITCH has a competitive result – with the best values in four 

cases – whereas GTway has the best outcome in two cases. Comparing test 

data generation time, Jenny is very competitive, along with IPOG and 

mSITG. WHITCH is unable to be considered, as it cannot generate test data 

as P increases. TVG and TConfig have similar issues to WHITCH, in that 

time taken to generate test data is unacceptably long. GTway has optimal 

values in two cases, but it also takes a significant amount of time to generate 

test data. However, after analysing all cases, it appears that Jenny is the best 

approach to consider for the configuration.  

 

Table 4.9: mSITG size comparison for experiment E3 

V IPOG WHITCH Jenny TConfig TVG GTway mSITG 

2 46 58 39 45 40 46 38 

3 229 336 221 235 228 224 215 

4 649 704 703 718 782 621 695 

5 1843 1750 1719 1878 1971 1714 1720 

6 3808 N/A 3519 N/A 4159 3514 3628 

7 7061 N/A 6482 N/A 7854 6459 6852 
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V IPOG WHITCH Jenny TConfig TVG GTway mSITG 

8 11993 N/A 11021 N/A N/A 10850 11873 

9 19098 N/A 17527 N/A N/A 17272 19193 

10 28985 N/A 26624 N/A N/A 26121 29229 

 

Table 4.10: mSITG time comparison for experiment E3 

V IPOG WHITCH Jenny TConfig TVG GTway mSITG 

2 0.16 1 0.47 14.43 0.297 1.282 0.31 

3 0.547 120.22 0.51 379.38 3.937 7.078 0.59 

4 1.8 180 4.41 >1hr 46.094 25.250 0.58 

5 6.33 350 17.53 >8hr 276.328 201.235 3.63 

6 16.44 >24hr 134.67 >24hr 1,273.469 765.453 11.81 

7 38.61 >24hr 485.91 >24hr 4,724 2389.812 31.78 

8 83.96 >24hr 1410.27 >24hr >24hr 6270.735 45.66 

9 168.37 >24hr 2125.8 >24hr >24hr 15672.531 134.18 

10 329.36 >24hr 5458 >24hr >24hr 35071.672 211.28 

 

Tables 4.9 and 4.10 show a different situation to the previous results. The 

mSITG has the most optimal result in two cases, with GTway having the 

best results in all other cases. It is clearly identifiable that GTway is the best 

strategy for that configuration.  In terms of time, IPOG has the best result in 

the first two cases, with the mSITG having the best results in the subsequent 

cases. It is also very clear that most strategies take significantly more time 

as V increases. Strategies such as WHITCH, TConfig, and TVG take more 

than one day, with GTway taking about 21 hours. However, the other 

strategies take significantly less time. In terms of which is the best strategy; 
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if complexity is an issue then mSITG is a good choice, although GTway 

could also be a good choice for this configuration. 

  

Table 4.11: mSITG size comparison for experiment E4 

T-Way IPOG WHITCH Jenny TConfig TVG GTway mSITG 

2 100 120 108 108 101 100 100 

3 400 2388 413 472 434 402 403 

4 1361 1484 1536 1476 1599 1429 1433 

5 4219 N/S 4580 N/A 4773 4286 4443 

6 10919 N/S 11625 N/A N/S 11727 11777 

7 N/S N/S 27630 N/S N/S 27119 27899 

8 N/S N/S 58865 N/S N/S 58584 60580 

9 N/S N/S N/A N/S N/S 114411 118661 

10 N/S N/S N/A N/S N/S 201728 209306 

11 N/S N/S N/A N/S N/S 230400 304409 

12 N/S N/S N/A N/S N/S 460800 460800 

 

Table 4.12: mSITG time comparison for experiment E4 

T-Way IPOG WHITCH Jenny TConfig TVG GTway mSITG  

2 0.8 0.73 0.001 >1hr 0.078 0.297 0.36 

3 0.36 1,020 0.71 >12hr 2.625 1.828 8.75 

4 3.05 5,400 3.54 >21hr 104.093 58.219 14.412 

5 18.41 N/S 43.54 >24hr 1,975.172 270.531 58.23 

6 65.03 N/S 470 >24hr N/S 1476.672 95.743 

7 N/S N/S 2461.1 N/S N/S 4571.797 58.9419 

8 N/S N/S 11879.2 N/S N/S 10713.469 202.459 
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T-Way IPOG WHITCH Jenny TConfig TVG GTway mSITG  

9 N/S N/S >1day N/S N/S 14856.109 165.858  

10 N/S N/S >1day N/S N/S 10620.953 492.351  

11 N/S N/S >1day N/S N/S 363.078 139.264 

12 N/S N/S >1day N/S N/S 12.703 289.255 

 

Results in Tables 4.11 and 4.12 are very intriguing. Strategies that outclassed 

others in previous results now fail to generate test data, in many cases. IPOG 

appears to be unsustainable as t increases. Although the strategy of choice 

in the E2 experiment, Jenny failed to generate test data when t was as high 

as 8. Interestingly, IPOG – which failed to generate optimal test data in all 

other experiments – outperforms all strategies in this configuration.  

 

GTway has the optimal test data size in many cases, while mSITG only 

generates an optimal amount of test data in two cases. In terms of time, 

GTway takes significantly more time, however, appears to be superior when 

t has the maximum value. This can theoretically be possible, as when t is 12 

for a 12-parameter configuration, the exhaustive number is generated but 

requires no iteration, thus no reduction or creation process takes place. 

Overall, if size is a consideration then GTway is a good choice, although 

alternatively, mSITG can be less complex in terms of generating the test 

data. 

 

4.7 Conclusion 

 

This chapter of the research was motivated by the need to create a modified 

version of the previous SITG. Design and architectural considerations of the 
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mSITG are described. Furthermore, the algorithm is explained in several 

contexts, with extensive evaluation undertaken alongside many other 

popularly used strategies. The mSITG significantly reduces complexity by 

maintaining a near-optimum size; a noteworthy achievement given that 

complexity is a major issue in test data generation. In addition, mSITG is a 

strategy which can support any type of configuration; whether it is a non-

uniform, low complexity, moderately complex, or high complexity system. 

In the next chapter of the thesis, the importance of sequence generation is 

described, followed by evaluation of the strategy alongside others.  
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Chapter 5 

Swarm Intelligence Sequence Generator 

(SISEQ) 

 

5.1 Preamble 

In the previous chapter, swarm intelligence was implemented to generate the 

minimum and optimal amount of test data. It is clearly shown that NP 

hardness limits the proposed strategies in many cases. One strategy shows 

a higher reduction in size where another demonstrates faster test data 

generation. However, swarm intelligence appears to be useful in optimising 

test data generation.  

 

The main goal of this chapter is to generate a sequence of events. Unlike 

parameters in test data generation, events do not have any values. Events 

are individual components, mostly available in event driven software. This 

chapter of the thesis commences with a description of the importance of 

sequence generation. An optimal sequence generation strategy known as 

Swarm Intelligence Sequence Generator (SISEQ) is proposed, with a 

detailed description and comparative results provided. Finally, discussion 

and analysis of the strategy conclude the chapter. 
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5.2 Background to Sequence Generation 

 

In recent years, accessibility and interactivity – in terms of software 

development – have progressed markedly. In apps for mobile devices, 

accessibility and interactivity are heavily implemented to improve user 

experiences; from an individual GitHub contributor (Preston-Werner, 

Wanstrath, & Hyett, 2017) to Google (Google, 2017). Improvement of user 

experiences often depends on the number of events users perform to carry 

out a task. These require a sequence of optimal events to be devised as a 

blueprint, prior to the development of the software.  

 

In addition, during the development of events, a shared module may be 

accessed by many events. Sometimes, the output of one event is used as an 

input for another event. In such cases, the system should reach a state before 

another event takes place. For example, in an html based mobile app, a user 

can tap a button before part of the page component is loaded. This illustrates 

that the page loading event had an unsuccessful state when the user tap 

event started. To understand the events that are associated with a system, a 

state machine diagram (Wang J. , 2016) is often developed by the analyst 

prior to the actual development.  

 

The usage of events and their behaviours are more prominent in control 

engineering, when factories use machine automation techniques to improve 

efficiency, in terms of output. Consider the following events shown in 

Figure 5.1 used by a module in a factory automation control program. In 

such a program, several other devices interact with each other i.e.; air flow 

control may interact with pressure gauge control.  
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Event Activity 

a connect battery 

b connect air flow 

c connect pressure gauge 

d connect drive motor 

Figure 5.1: Four events in a factory operation 

 

Thus, a sequence covering array – an array of events – is provided. These 

sequence covering arrays are created based on a t sequence. The array 

contains the set of actions where the t event sequences interleave but ensure 

that the permutations are covered. 

 

5.3 Notion of Sequence Covering Array 

 

Definition: A sequence covering array SCA(N, E, t) is an array of events with 

N x E matrix where E is the finite event and N is the total number of rows in 

the matrix. Each row of the matrix contains e values from the E sets only 

once. The total number of 24 sequences is shown in the figure below in 

Figure 5.2. 

 

Rows Event A Event B Event C Event D 

S 1 a b c d 

S 2 a b d c 

S 3 a c b d 

S 4 a c d b 
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Rows Event A Event B Event C Event D 

S 5 a d b c 

S 6 a d c b 

S 7 b a c d 

S 8 b a d c 

S 9 b c a d 

S 10 b c d a 

S 11 b d a c 

S 12 b d c a 

S 13 c a b d 

S 14 c a d b 

S 15 c b a d 

S 16 c b d a 

S 17 c d a b 

S 18 c d b a 

S 19 d a b c 

S 20 d a c b 

S 21 d b a c 

S 22 d b c a 

S 23 d c a b 

S 24 d c b a 

Figure 5.2: All possible sequences of the event 

 

The six events used by a component produce 4! = 24 possible sequences. 

Thus, the system should respond correctly and safely in all 24 orders. 

Mistakes are inevitable and should not result in injury to the users. If the 
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process is manual, it is impossible to test this vast number of sequences, due 

to time and budget. If the number of events increases, the number of 

possible sequences leads to the combinatorial explosion problem. Even if it 

is automated, the combinatorial explosive number is unsolvable.  

 

The minimisation of this generated sequence is usually performed via the 

minimisation of the interaction. In this case, all 24 sequences are known as 

the full-strength sequence, i.e.; t = 4.  In such cases, the entire event interacts 

within itself. By reducing the interaction number t by one, only the 

following 6 tests are produced.  

 

No.  Sequences 

S1 a d b c 

S2 b a c d 

S3 b d c a 

S4 c a b d 

S5 c d b a 

S6 d a c b  

Figure 5.3: 3-way sequence for 4 parameters 

 

In the reduction of t from 4 to 3 the requirement of the sequences to 

interleave has been reduced. Investigation of the full-strength sequence 

shows that all events within it are interleaving. The 3-way subset of events 

is {a b c, a b d, a c d, b c d}, and the requirement that fulfils this interaction 

is that all permutations of the 3-way subset should interleave. The next 

section provides proof that the generated 3-way sequences are correct.   
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5.4 Proof of Correctness in Sequence Generation  

 

Using the four events A, B, C, and D – the total 3-way combination of events 

will have four different event combinations as follows in Figure 5.4. 

 

Event Combinations 

a b c 

a b d 

a c d 

b c d 

Figure 5.4: Three-way combinations of events 

 

The above 3-way sequences are the values used to calculate whether the 

tests provide sufficient sequence coverage. Thus, each individual test in the 

sequence test suites largely covers all permutations of the above 

combinations (permutations of the above sequences are set out below in 

Figure 5.5, to illustrate).  

 

{a b c} {a b d} {a c d} {b c d} 

a b c a b d a c d b c d 

a c b a d b a d c b d c 

b c a b d a c d a c d b 

b a c b a d c a d c b d 

c a b d a b d a c d c b 

c b a d b a d c a d b c 

Figure 5.5: Permutations of all of the t-way sequences 
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Figure 5.3 above shows all possible permutations of the events needed to 

cover the test suites to be correct. To better understand how the six tests in 

Figure 5.5 cover all the 3-way sequences, Figure 5.6, below, depicts the 

combinations of events that can be extracted from the generated sequence 

array.  

 

{a d b c} {b a c d} {b d c a} {c a b d} {c d b a} {d a c b} 

a d b b a c b d c c a b c d b d a c 

a d c b a d b d a c a d  c d a d a b 

a b c b d c b c a c b d c b a d c b 

d b c a c d d c a a b d d b a a c b 

Figure 5.6: Individual tests with all possible sequences 

 

To check for correctness of the generated sequence covered, the following 

figure shows how each individual value is covered.  

 

a b c a b d a c d b c d 

Com. Test# Com. Test# Com. Test# Com. Test # 

a b c 1 a b d 4 a c d 2 b c d 2 

a c b 6 a d b 1 a d c 1 b d c 3 

b c a 3 b d a 3 c d a 5 c d b 5 

b a c 2 b a d 2 c a d 4 c b d 4 

c a b 4 d a b 6 d a c 6 d c b 6 

c b a 5 d b a 5 d c a 3 d b c 1 

Figure 5.7: Coverage achieved by individual tests 
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As shown by Figure 5.7, above, each 3-way occurrence of the sequences is 

covered at least once by each individual test. This coverage ensures that the 

generation of test data is correct.  

 

5.5 Related Work 

 

Evidence concerning sequence array has not been discussed in the computer 

science literature (Kuhn D. R., Higdon, Lawrence, Kacker, & Lei, 2012), 

although it has a long history (Bochmann & Petrenko, 1994) (Chow, 2006)  

(Hanford, 1970) (Howden & Shi, 1996) (Parnas, 1969 ) (Sarikaya, 1989). 

However, some existing work has focused on program flow control derived 

from state chart machine diagrams (Chow, 2006) (Offutt, Liu, Abdurazik, & 

Ammann, 2003) (Parnas, 1969 ), while other work has been based on syntax 

expression (Bochmann & Petrenko, 1994) (Hanford, 1970). 

 

The test sequence generation technique is developed based on a 

classification tree (Kruse & Wegener, 2012), an approach created for model 

based testing. An input partitioning approach divides the input data into 

several forms and builds a classification tree.  In this way, the test sequence 

is viewed as a path that traverses the tree. However, no results were 

included in that research, with the technique limited to discussion only.  

 

Other authors (Yu, Lei, Kacker, Kuhn, & Lawrence, 2012) outlined general 

combinatorial approaches and proposed techniques which may be used to 

generate combinatorial sequences. However, this paper was limited to 

technical discussion only.  
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Recently, researchers (Cai, Yang, ShangGuan, & Wang, 2014) have studied 

the Cooperative Vehicle Infrastructure System (CVIS) model and shown the 

generation of test sequences from a system model, such as Unified 

Modelling Language (UML). Like others, they studied the complex multi-

level relation between the objects and developed the classification of the 

CVIS objects. In this way, a collision fault tree and a system state diagram 

was developed. Later, the state diagram was used to develop the test 

sequences that cover most system faults.  

 

A Testing for Verification (T4V) system (Racchetti, Fantuzzi, & Tacconi, 

2015), based on the Timing Diagram (TD) (Fisler, 1999) which generates test 

sequences for industrial automation software in particular, has also been 

presented. This approach involves generating test sequences to target a 

software specification to be tested so that the specification meets the 

requirement.  

 

Test sequence techniques for pairwise sequences have also been described 

(Wang, Sampath, Lei, & Kacker, 2008) (Wang, et al., 2009). In this approach, 

navigation graphs were used for a web application, with the authors 

proposing the test sequence technique to solve a similar problem to that 

raised in this thesis. However, the authors did not mention any coverage 

requirements, and the research was also limited to pairwise sequences.  

 

Yuan et al (Yuan, Cohen, & Memo, 2007) used some concepts of covering 

array in order to improve the efficiency of GUI testing. The concept involves 

a set of predefined events such as Clear, Draw, Refresh. Test sequences were 
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developed and recommendations were made that the event must be 

repeated to ensure that the t-way sequence pairs are covered.  

 

Introduced in 2009 (Apilli, 2009), the fault-based testing technique included 

t-way combinations so that the required coverage is fulfilled. Although used 

in web services by Apilli, the technique can be employed for other 

applications, with an advantage being that it is also possible to detect 

interaction faults.  

 

A study that developed the t-way sequence generation technique (Kuhn D. 

R., Higdon, Lawrence, Kacker, & Lei, 2012) is the only research that has 

addressed a similar problem to that solved by this thesis. Kuhn et al used a 

Latin Square (LS) to develop the test sequence. Different t-way test coverage 

can be achieved through this technique.  

 

5.6 Swarm Intelligence in Sequence Generation 

 

Swarm intelligence has been proven to be effective in optimisation problems 

over the decades. Swarm intelligence can be adapted in many ways to 

address sequence generation problems; however, to obtain the most useful 

result, it is important to illustrate and map the components of sequence 

generation problems with swarm intelligence. In this way the swarm 

intelligence solution can be used most effectively. Keeping this in mind, the 

research will now consider the following swarm intelligence components 

and propose the SISEQ algorithm: 
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i) Particles: In the proposed SISEQ algorithm, each individual 

event is known as a particle. Thus, in the above example, Table 

5.1 consists of 4 particles including a, b, c, d.  

 

ii) Search space: Figure 5.8 – which depicted the number of all 

possible sequences – is known as the search space in the proposed 

SISEQ algorithm. In reality, the permutation of particles 

generates the search space and the search space is a covering 

array consisting of 24 elements.  

 

iii) Exit criteria: Exit criteria is a rule that exits the iteration. 

Sometimes it is identified as the number that represents the 

iteration numbers used to find the optimum solution. The SISEQ 

uses the proof of correctness concept as part of the exit criteria. 

When all sequence requirements are covered, the iteration exits 

and the number of generated sequences are known as the 

proposed solution. 

 

iv) Local velocity versus global velocity: Local velocity and global 

velocity are two optimisation levels. To generate a less optimal 

solution, most algorithms use global velocity. Global velocity is 

usually much faster than local velocity. On the other hand, local 

velocity is much more complex than global velocity. 

Accordingly, a combination of both local and global velocity is 

often used by strategies. The SISEQ also uses a combination of 

both global and local velocity. A global velocity is identified by 

the strategy at the beginning of the iteration. In each iteration, the 
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local velocity is calculated and used as a measurement to select a 

candidate solution. At the same time, the local velocity compares 

its value with the global velocity. If the local velocity is found to 

be much higher in complexity, the global velocity updates its 

value. This update of the global velocity basically improves all 

other local velocities available in other search spaces.  

 

5.7 Description of the SISEQ 

 

To create the most optimal sequence covering array, the SISEQ uses the 

greedy approach. The idea is to determine which sequences cover the 

majority of the t-way array. In the SISEQ theory, the particles are considered 

to be individual events. In this running example, a, b, c, and d are the 

individual events. This individual event considered to be the particles in the 

generating the test sequences by the SISEQ. In addition to this, SISEQ must 

define the search space. The area of the search space depends on the t-way 

requirement; the goal being that each iteration selects one single sequence 

from one search space. The selection is conducted through a selection 

criterion known as velocity requirement. Figure 5.8 depicts the search spaces 

in 2-way and 3-way sequence requirements.  

 

 Search Space in 2-way Search Space in 3-way 

 Sequences 
Search 

Space 
 

Search 

Space 

S 1 a b c d Search 

Space# 1 

a b c d Search 

Space# 1 S 2 a b d c a b d c 
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 Search Space in 2-way Search Space in 3-way 

S 3 a c b d a c b d 

S 4 a c d b a c d b 

S 5 a d b c a d b c 

S 6 a d c b a d c b 

S 7 b a c d b a c d 

Search 

Space# 2 

S 8 b a d c b a d c 

S 9 b c a d b c a d 

S 10 b c d a b c d a 

S 11 b d a c b d a c 

S 12 b d c a b d c a 

S 13 c a b d 

Search 

Space# 2 

c a b d 

Search 

Space# 3 

S 14 c a d b c a d b 

S 15 c b a d c b a d 

S 16 c b d a c b d a 

S 17 c d a b c d a b 

S 18 c d b a c d b a 

S 19 d a b c d a b c 

Search 

Space# 4 

S 20 d a c b d a c b 

S 21 d b a c d b a c 

S 22 d b c a d b c a 

S 23 d c a b d c a b 

S 24 d c b a d c b a 

Figure 5.8: Search spaces in 2-way and 3-way sequences  
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Figure 5.8 shows that the area or the number of elements in the search space 

significantly changes based on the t sequence requirement. In the 2-way 

sequence requirement, the exhaustive number is divided into two sections. 

This results in the array length of 12 in each part.  

 

In the case of the 3-way sequence, the exhaustive number is divided into 

four sections containing a length of six.  Notable here is that there could be 

a 4-way sequence requirement. This will represent one single search space 

and thus all the test sequences will be selected. This is described as the full-

strength sequence covering array. To calculate the length of the search space, 

the following equation is used by the SISEQ: 

 

l = N! / t! (e 5.1) 

  

In the equation, l represents the number of elements in each search space, N 

represents the exhaustive number, and t is the t-way sequence. After the 

search space is calculated, the SISEQ calculates the global velocity. The global 

velocity is used to determine which sequence covers most of the t-way 

sequences. Contrastingly, local velocity measures the velocity that is used 

within the related search space.  

 

The velocity, in fact, consists of the covering elements achieved by a 

sequence. As an example, consider sequence #2 {b a c d} from Figure 5.3. The 

maximum number of possible covering sequences in the 3-way requirement 

is: {[b a c], [b a d], [b c d], [a c d]}. In addition, Figure 5.6 also shows the array, 

which is the covering array requirement. When the values are covered by 

any sequence they are removed from the array shown in Figure 5.6. 
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Therefore, the velocity is the value that represents the number of uncovered 

elements. 

 

The sequence #2 contains all uncovered values. Thus, the velocity of the 

sequence #2 is 4. At the beginning of the first iteration, the local velocity is 

always equal to the global velocity. In every other iteration, the global 

velocity is reduced to one. However, the local velocity always changes in 

each sequence. If in any case, the local velocity becomes larger than the 

global velocity, the entire search space is notified. This process thus updates 

the global velocity throughout the search spaces. 

   

Finally, the exit criteria are known as the rule that closes the iterations and 

selects the sequences. This is a separate function, run simultaneously with 

the main iteration. The goal of this function is to check whether all the 

elements of covering array are covered by the selected sequences.  The 

flowchart for SISEQ is depicted in Figure 5.9. 
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Figure 5.9: Flowchart for the SISEQ. 
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The flowchart in Figure 5.9 shows how the SISEQ algorithm generates the 

sequence covering array. In the beginning, the SISEQ algorithm selects the 

particles. The particles are used to identify the search space. When the search 

space is calculated, the SISEQ calculates the global velocity. The global velocity 

is used to find the sequences that have the maximum t-way pair covered. 

The flowchart shows the n number of search spaces, where the sequence is 

selected and added to the sequence covering array.  

 

The selection of sequences is achieved using a one-at-a-time approach. In 

this way, each iteration ensures that at least one sequence is selected from 

one search space. When the iteration selects the sequence, it is added to the 

sequence covering array. Once all the iterations are finalised, the exit criteria 

ensure that all the t-way covering pairs are covered. The exit criteria also 

confirm that the covering array correctly presents the t-way requirement. 

  

5.8 Evaluation of SISEQ 

 

Few available strategies support generating sequences; in fact, it appears 

that Automated Combinatorial Testing for Software (ACTS) (Kuhn D. R., 

Higdon, Lawrence, Kacker, & Lei, 2012) is the only strategy that supports 

sequence generation. Thus, comparison of ACTS and the proposed SISEQ 

will now be undertaken. However, no complexity analysis for ACTS has 

been performed; therefore, the time will not be able to be compared with 

any other strategies in this thesis. However, for future reference, complexity 

is recorded. 
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Table 5.1: Sequence generation when t = 3 

Events ACTS SISEQ 

5 8 8 

6 10 10 

7 12 10 

8 12 12 

9 14 12 

 

Table 5.1 shows the comparison between ACTS and SISEQ for 3-way 

sequence generation. The number of sequences of events is shown in the 

left-hand column. The test sequence numbers are entered in the 

corresponding column. SISEQ produces better results in all cases. 

Specifically, SISEQ outperforms ACTS in two cases. When the number of 

events is 7, ACTS generates 12 tests but SISEQ generates 10. Also, when the 

number of events is 9, ACTS generates 14 test sequences but SISEQ 

generates 12. In all other cases, ACTS and SISEQ have a similar number of 

test sequences. Thus, in 3-way sequence generation, SISEQ is more 

acceptable than ACTS.   

 

Table 5.2: Sequence generation when t = 4 

Events ACTS SISEQ 

5 29 24 

6 38 37 

7 50 42 

8 56 48 

9 68 53 
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Table 5.2 shows the comparison between ACTS and SISEQ for 4-way 

sequence generation. This table clearly confirms that SISEQ is a far more 

satisfactory strategy than ACTS. In each case, SISEQ has a better solution 

than ACTS. Especially, when the number of events is 9, the SISEQ reduces 

by (68 – 53) 15 test sequences.  

 

Table 5.3: Time (in seconds) required to generate sequence array  

Events t = 3 t = 4 

5 2.01 5.25 

6 6.38 10.27 

7 25.54 42.14 

8 562 1017 

9 12854 38075 

 

Table 5.3 represents the complexity measurement of the proposed SISEQ, 

i.e.; the time SISEQ takes to generate sequences. Although no similar reports 

were able to be found in the literature to allow comparison, it is now 

recorded for future reference. Independent analysis of the time shows that 

it is too great to generate sequences. For example, for the nine events, using 

t = 4 takes about 10 hours to generate the sequence. Thus, an issue relating 

to sequence generation has been identified.  

 

5.9 Conclusion 

 

In this chapter, a test sequence generator using the swarm intelligence 

technique was proposed. Throughout the chapter, the architecture and 

consideration of search space, particles, and test sequence selection through 
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coverage is described. To conclude, the result was compared with the 

current test data sequence generation algorithm. The outcome 

demonstrated that SISEQ outperforms in all cases, thus being more 

acceptable in terms of test sequence size. In the next chapter, the complexity 

issues relating to SISEQ will be investigated, with a modified version –

known as mSISEQ – being proposed. 
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Chapter 6 

Modified Swarm Intelligence Sequence 

Generator (mSISEQ) 

 

6.1 Preamble 

In the previous chapter of the thesis, a useful test sequence generation 

strategy using the swarm intelligence technique is proposed, and the 

algorithmic steps are described. The results are compared with another test 

sequence generation strategy. However, there are some complexity issues 

related to the previous strategy.  

 

This chapter aims to reduce the complexity issues involved in the previously 

proposed SISEQ and create a new modified strategy, known as mSISEQ. 

This involves a redesign of the particles and the search space. A newly 

designed swarm intelligence, procedures, and algorithmic steps are 

implemented throughout this chapter. Finally, results and discussion 

complete the chapter. 

  

6.2 Justification of the mSISEQ 

 

While investigating the previous strategy, two issues that cause higher time 

complexity were identified. The first and foremost issue relates to search 
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space. The search space presenting the exhaustive number of sequences 

becomes too large to optimise in any polynomial time. Hence, to reduce the 

time complexity, it is important to also reduce the dimensions of the search 

space. In addition, the exhaustive sequences are stored, and access from the 

in-memory causes significant complexity. Thus, to overcome the 

complexity, the test sequence generation can be on an ad-hoc basis. The test 

sequences can be built and the velocity checked during the iteration. 

  

6.3 Modified Design used in the mSISEQ 

 

Motivated by the two issues discussed, the proposed mSISEQ considers the 

coverage sequences to be the search space. In fact, regardless of the value of  

t, the coverages must be checked as an exit criterion. To understand the 

search space and the particles considered by the mSISEQ, an illustration of the 

popular running example i.e.; 4 sequences with 3 coverage requirements – 

is carried out. Such a system requires the following coverage criteria, shown 

below: 

 

{a b c} {a b d} {a c d} {b c d} 

Coverage Coverage Coverage Coverage 

a b c a b d a c d b c d 

a c b a d b a d c b d c 

b c a b d a c d a c d b 

b a c b a d c a d c b d 

c a b d a b d a c d c b 

c b a d b a d c a d b c 

Figure 6.1: Coverage requirement 
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Thus, in the mSISEQ, the search space is considered to be the set of the above 

permutation values of sequences. As Figure 6.1 shows four permutations, 

so the mSISEQ creates four search spaces. Each value from the search space 

is considered as a particle. Therefore, the consideration of search space and 

particles is illustrated in Figure 6.2. 

  

{a b c}  {a b d}  {a c d}  {b c d}  

a b c 

Search 

Space 

#1 

a b d 

Search 

Space 

#2 

a c d 

Search 

Space 

#3 

b c d 

Search 

Space 

#4 

a c b a d b a d c b d c 

b c a b d a c d a c d b 

b a c b a d c a d c b d 

c a b d a b d a c d c b 

c b a d b a d c a d b c 

Figure 6.2: Illustration of search space in the mSISEQ 

 

The consideration of velocity and running velocity remains unchanged in 

the mSISEQ. However, each value inside the search space is a candidate 

particle. Basically, the candidate particles are the particles whereby the 

empty sequences are not identified. A later description of the strategy shows 

the empty sequences and the generated particles are used to create the test 

sequences. 

  

6.4 Algorithm of the mSISEQ 

 

The overall algorithm is shown in the figure below: 
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STEP 1: Generation of T-way Sequences as Coverage Sequences:  

Obtain t-way sequences where t >= 2. 

Read individual events. 

Create t-way through events. 

Store t-way sequences in memory. 

 

STEP 2: Define Search Space: 

Read t-way sequences and candidate sequence. 

Identify empty spaces able to be replaced by any sequence. 

Create complete dummy test case from coverage. 

Mark each range as the search space. 

 

STEP 3: Define Velocity: 

Read maximum coverage possible. 

Set maximum coverage as initial velocity. 

 

STEP 4: Core Operation – Start Iteration: 

Read one random particle from each search space. 

Identify the empty space. 

Fill empty space with possible replaceable sequence. 

Compare with velocity. 

If selectable, update coverage information. 

 

STEP 5: Core Operation – Update of Iteration: 

Start next iteration. 

Recalculate velocity. 

Read random particles from search space. 

Check if test sequence is selectable by comparing velocity. 
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Select test sequence.  

Update coverage information.  

Figure 6.3: Detailed steps for generation of mSISEQ. 

 

Although this strategy has very similar steps to the previous strategy, the 

inner operation is quite dissimilar.  When the coverage and search space are 

created in Step 2 of the strategy, each particle is read as a candidate particle 

in order to identify the missing sequences required to produce the complete 

test sequence. For example, the ACB from the second value of ABC coverage 

requires D to form a complete test sequence. Each of these candidate 

sequences are updated by the ‘x’ value and generate the candidate particles. 

These candidate particles are shown in the figure below: 

 

{a b c} 

{a b c x} 

{a c b x} 

{b c a x} 

{b a c x} 

{c a b x} 

{c b a x} 
 

 

{a b d} 

{a x b d} 

{a x d b} 

{b x d a} 

{b x a d} 

{d x a b} 

{d x b a} 
 

 

{a c d} 

{a x c d} 

{a x d c} 

{c x d a} 

{c x a d} 

{d x a c} 

{d x c a} 
 

 

{b c d} 

{b x c d} 

{b x d c} 

{c x d b} 

{c x b d} 

{d x c b} 

{d x b c} 
 

Figure 6.4: Creating the candidate particles 

 

Figure 6.4 above shows the candidate particles inferring the missing 

sequence required to create the test sequence. The search space associated 

with these particles displays the same missing events. This understanding 

of event sequences assists in limiting usage of memory. Thus, in practice, 

the strategy stores the following four values in the memory. This set of 
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particles works as a map for the overall candidate particles. The map helps 

to reduce the time and space complexity of the strategy. 

 

{a b c d} 

{a b c x} 

{a x c d} 

{a b x d} 

{x b c d} 

Figure 6.5: Creating the candidate particles map 

 

In the next step, the velocity is measured. The calculation of initial velocity 

and updated velocity is the same across all the strategies. As discussed in 

Chapter 3, the velocity has nCr relation with the coverage. The velocity is 

used as an indication of whether the test sequence is selected or not. While 

the initial velocity is calculated, the core operation is started. 

 

At this stage, in the first iteration, the strategy randomly selects a candidate 

sequence. As a candidate sequence is selected, the strategy reads the missing 

sequences. Figure 6.5 demonstrates the way in which the missing sequence 

is replaced and the full candidate test sequence is created. In the event of 

multiple missing sequences, the strategy first checks the default positions. 

To understand the default positions, let us consider five events as a, b, c, d, 

and e, and the candidate test sequence with the missing events as MS = {a x 

c x e}. As discussed, there are two missing events; b and d. With the default 

position, the missing event is updated to CTE (Candidate Test Event) = {a b 

c d e}, because the default sequence of b and d is second and fourth, 

respectively.  
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The newly created CTE is checked against the selection criteria. If the 

velocity is not satisfied, a new permutated version of the missing event is 

introduced. From the example, the permutation of the missing events and 

the newly created CTE can be {a d c b e}. All permutations are then checked 

until any one of these satisfies the velocity, thus being selected as a final test 

sequence. This process of creating and selecting the test sequence is 

involved in both Steps 5 and 6. Step 5 involves the first iteration where there 

is no requirement to check the initial velocity. However, from the second 

iteration, generated test sequences are required to check against the velocity 

shown in Step 6. 

   

6.5 Evaluation of mSISEQ 

 

In Table 6.1, the results of ACTS, SISEQ, and mSISEQ are shown when the 

coverage requirement is 4. As discussed in the previous chapter, ACTS does 

not generate any optimum results. However, in the first case, when the 

number of events is five, mSISEQ has the poorest value. In the second case, 

mSISEQ also does not have an optimal result. Interestingly, however, in all 

other cases, mSISEQ has the optimal value, outperforming the SISEQ. 

Overall, considering the average best case, mSISEQ is more acceptable than 

SISEQ.  

Table 6.1: Sequence generation when t = 4 

Events ACTS SISEQ mSISEQ 

5 29 24 39 

6 38 37 38 

7 50 42 41 
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Events ACTS SISEQ mSISEQ 

8 56 48 48 

9 68 53 52 

 

Table 6.2 represents the time taken by the strategies to generate the 

sequences. It is clearly evident that the mSISEQ takes much less time to 

generate test sequences. Looking more closely at the last case, the time taken 

by the SISEQ is 38075 seconds – equivalent to 10 hours – whereas the 

mSISEQ takes only 1859 seconds, the equivalent of just one hour. As 

illustrated by the above tables, it is also apparent that the mSISEQ is very 

effective in generating sequences. Overall, as a test sequence generator, the 

mSISEQ is more acceptable than other strategies.  

 

Table 6.2: Time required to generate sequences 

Events t = 3 t = 4 

Strategy SISEQ mSISEQ SISEQ mSISEQ 

5 2.01 0.21 5.25 0.54 

6 6.38 0.14 10.27 3.25 

7 25.54 1.24 42.14 6.76 

8 562 5.28 1017 286.78 

9 12854 291.25 38075 1859 

 

6.6 Conclusion 

 

This chapter investigated the complexity issues raised in the previous 

chapter. In doing so, the way in which particles and search space are 
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considered has been modified, and a new swarm intelligence based test 

sequence generator mSISEQ has been introduced. The algorithm is 

described sequentially, and the result is compared with other strategies. The 

outcomes show that the mSISEQ is more acceptable in terms of both 

sequence size and time. In the next chapter, the architectural design of a 

novel strategy known as the Swarm Intelligence Test Generator Utility 

(SITGU) is presented, which supports non-uniform values of parameters, 

constraints, and mixed covering array.  
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Chapter 7 

Swarm Intelligence Test Generator 

Utility (SITGU) 

 

7.1 Preamble 

In the previous chapter, a strategy referred to as mSISEQ is proposed, in 

order to generate sequences. The generation of sequence array is reasonably 

less complex, compared with test data generation. The implementation of 

swarm intelligence in sequence generation is also less complex, compared to 

test data generation. Steps involved in generating sequences are outlined in 

Chapter 6. Finally, the results and discussion demonstrate the acceptability 

of the proposed mSISEQ.  

 

This chapter also proposes a new strategy – known as the Swarm Intelligence 

Test Generator Utility (SITGU) – which is able to generate test data with 

different criteria conditions, including non-uniform values of parameters, 

constraints, and mixed covering array. This part of the research exclusively 

describes the architectural considerations, modular description, and 

provides some of the comparative results that support these utilities. 
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7.2 Non-Uniform Structure of SUT 

 

As part of the test data generation process, the system under examination 

can generally be one of two types. This classification can be based on the 

number of values each parameter may have. In reality, most software 

products have several inputs, with various choices of values. For example, 

a text field in a webpage can receive literally countless numbers of values. 

Although various testing techniques can limit the number of values, it still 

poses a non-uniformly distributed value of various inputs. The system must 

respond appropriately to these dynamic SUTs, and correctly generate the 

optimal number of test data.  

 

Some of the arithmetic strategies that allow users to generate test suites for 

non-uniform systems have already been described in this thesis. These 

strategies also generate optimal values, in many cases. However, anomalies 

make any strategy impractical in real circumstances. Thus, any strategy 

should support non-uniform values of parameters. In the next section, the 

architecture that processes non-uniform parameters will be described. 

 

7.2.1 Design Considerations to Support Non-Uniformity 

 

Although the generation of the header pair and the value pair as part of 

creating the test suite has already been described in this thesis, the following 

section exclusively explains the process of generating the header pair and the 

value pair. The reason for this is that both the header pair and the value pair 

are the pairs for the parameters, and the values of the pairs are based on t. 

In fact, generation of value pairs within parameters is basically the 
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exhaustive generation of values. To elaborate, this means that with four 

parameters and three values each – where t = 2 – the exhaustive amount of 

test data is generated with each of the two pairs. The SITGU deals with the 

exhaustive amount of test data, resulting in support for non-uniform values. 

The process is detailed below, in which the exhaustive amount of test data 

is generated for any number of parameters. 

 

Step 1: Generate Header Pair 

Read number of parameters as n. 

Read coverage information as r. 

Generate n!  

Generate r! 

Generate (n-r)! 

Calculate ‘Total numbers of pairs’ = n!/ (r! * (n-r)! 

Loop until ‘Total numbers of pairs’ achieved. 

Create array with size of t.  

Loop to read the first parameter. 

Loop to read the second parameter. 

Pair first parameter with second parameter. 

End loop for second parameter. 

End loop for first parameter. 

Store to the array of header pair. 

 

Step 2: Generate Value Pair 

Create two-dimensional array (first dimension contains total 

number of pairs). 

Loop start to read first dimension. 

Read the values of header pair. 
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Read each parameter. 

Read values of each parameter. 

Calculate exhaustive numbers by value multiplication. 

Create the size of second dimension.  

Loop to pair the values described in Step 1.  

Figure 7.1: Generation of exhaustive numbers from any parameters 

 

The above pseudo code in Figure 7.1 shows the steps used to generate pairs 

to support both uniform and non-uniform values. In the first step, the 

number of parameters n and the coverage requirement t are both read as a 

numerical value. The next two steps involve generating the factorials of both 

n and t. Generating the factorial means the multiplication of each value from 

1 to the numerical value. A third value (n-r) and its factorial are calculated 

to execute the combination equation shown in the sixth step.  

 

After the execution of the sixth line, the total number of parameter pairs is 

determined. The iteration runs until the parameter pairs assemble. 

However, the parameters used in the strategy are not the actual values. In 

fact, the values are stored in the memory and the indexes are used to 

calculate and build the pairs.  

 

The second part basically involves the creation of the exhaustive number of 

pairs of the values where the values were taken from the header pairs. In the 

beginning, the strategy allocates a two-dimensional array. In fact, the total 

number of header pairs forms the first dimension of the array. An iteration 

loops through the header pairs.   
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The loop reads the header pairs and splits all the parameters, as well as 

reading the individual parameters and the corresponding values. The 

multiplication of each value gives the numerical value that allocates the 

second dimension of the two-dimensional array. After the second 

dimension is allocated, it is looped, and the combination of each value is 

paired. The pair of values for each parameter creates the complete value 

pairs. 

  

In fact, the generation of the header pair and the value pair is an integral part 

of any strategy. Both these pairs are responsible for the management of both 

uniform and non-uniform values. The proposed steps that generate the 

header pair and the value pair are very efficient. In reality, no action is 

required, regardless of whether any SUT is non-uniform or uniform. 

  

7.3 Mixed Covering Array of SUT 

 

In the test data generation process, it is often easy to identify the less 

important parameters of an SUT. Essentially, for a larger system, identifying 

the less important parameter can produce a high quality, optimal test data 

suite. While a less important parameter may be identified as having less of 

an impact on a system or vice versa, the test data can be generated through 

a mixed covering array. The important parameters of the SUT may have 

higher coverage requirements, compared with lower requirements for the 

less important parameters. This variability of coverage requirement is 

known as the mixed-covering array. Consider a system containing four 

parameters; A, B, C, and D, with values as follows: 
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A B C D 

a1 b1 c1 d1 

a2 b2 c2 d2 

Figure 7.2: 4 parameter input for mixed-covering array 

 

The table in Figure 7.2 shows the values of each parameter; for the purpose 

of this example, D is considered to be less important and may be limited to 

pairwise requirement only. On the other hand, the requirement for A, B, and 

C could be 3-way coverage. In such cases, the generated test suite should be 

checked against two different coverage requirements. Figure 7.3 shows the 

coverage needed for the mixed covering array requirement as follows: 

 

Parameters to cover Values to cover 

AB (a1, b1), (a1, b2), (a2, b1), (a2, b2) 

AC (a1, c1), (a1, c2), (a2, c1), (a2, c2) 

AD (a1, d1), (a1, d2), (a2, d1), (a2, d2) 

BC (b1, c1), (b1, c2), (b2, c1), (b2, c2)  

BD (b1, d1), (b1, d2), (b2, d1), (b2, d2) 

CD (c1, d1), (c1, d2), (c2, d1), (c2, d2) 

ABC 

 

(a1, b1, c1), (a1, b1, c2), (a1, b2, c1), (a1, b2, 

c2), (a2, b1, c1), (a2, b1, c2), (a2, b2, c1), (a2, 

b2, c2) 

Figure 7.3: Covering requirement for all mixed covering parameters 

 

To generate the pairwise and 3-way mixed covering array, coverage with 

the above values is required. Analysis of the table shows that there are a 
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number of overlapping values, which should be ignored to improve the 

performance. The coverage requirement of the full strength of A, B, and C is 

basically divided as AB, AC, and BC, so the coverage requirement that was 

shown in rows 1, 2, and 4 can be ignored. The actual coverage required is 

shown in Figure 7.4 below: 

  

Parameters to cover Values to cover 

AD (a1, d1), (a1, d2), (a2, d1), (a2, d2) 

BD (b1, d1), (b1, d2), (b2, d1), (b2, d2) 

CD (c1, d1), (c1, d2), (c2, d1), (c2, d2) 

ABC 

 

(a1, b1, c1), (a1, b1, c2), (a1, b2, c1), (a1, b2, 

c2), (a2, b1, c1), (a2, b1, c2), (a2, b2, c1), (a2, 

b2, c2) 

Figure 7.4: Covering requirement for actual mixed covering 

 

7.3.1 Supportability of Mixed Covering Array 

 

The proposed SITGU supports a mixed covering array. In fact, the process 

and architecture of SITGU do not require any major change to support this. 

In the test data generation process, the value pair is used as the exit criteria.  

Whenever it is required to support the mixed covering array, the strategy 

creates a different value pair. During iteration, when a test data is 

constructed, it is spat into values and cross checked with the values of the 

mixed array requirement. 

  

 



Mixed Covering Array of SUT 

172 

 

7.3.2 Evaluation of Mixed Covering Array 

 

No available strategy exists that supports mixed covering array, meaning a 

comparison of results is not possible in terms of evaluation of the strategy. 

Table 7.1 represents mixed covering input configuration with the 

corresponding generated test data. In the column on the left, P represents 

the number of parameters, and t represents the coverage. In each of the rows 

in the column on the left, there is multiple t, with the coverage values and 

values inside the brackets presenting the number of parameters for the 

corresponding coverage. For example, in the first row in the left-hand 

column, the number of parameters is 4, the coverage is pairwise for 4 

parameters, and the coverage of 3 – i.e.; t = 3 – for any three parameters 

within the four. The value was recorded for future reference.   

 

Table 7.1: Results of mixed covering array 

Mixed Covering Array Results 

P = 4 

t = 2 (4)  

t = 3 (3) 

8 

P = 5 

t = 2 (5)  

t = 3 (3) 

8 

P = 6 

t = 2 (6)  

t = 3 (5) 

t = 4 (4) 

16 
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Mixed Covering Array Results 

P = 7 

t = 2 (7) 

t = 3 (6)  

t = 4 (5) 

19 

P = 7 

t = 2 (7)  

t = 3 (6) 

t = 4 (5) 

t = 5 (5) 

32 

P = 7 

t = 2 (7)  

t = 3 (6) 

t = 4 (5) 

t = 5 (5) 

t = 6 (6) 

64 

P = 7 

t = 3 (5)  

t = 4 (4) 

t = 5 (5) 

34 

P = 7 

t = 3 (4)  

t = 4 (4) 

t = 5 (5) 

33 

P = 7 

t = 2 (5)  

17 
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Mixed Covering Array Results 

t = 3 (6) 

t = 4 (4) 

P = 8 

t = 2 (5)  

t = 3 (7) 

t = 4 (5) 

21 

P = 9 

t = 2 (6)  

t = 3 (8) 

t = 4 (5) 

24 

P = 9 

t = 2 (6)  

t = 3 (8) 

t = 4 (6) 

26 

P = 9 

t = 2 (6)  

t = 3 (6) 

t = 4 (6) 

31 

P = 9 

t = 2 (6)  

t = 3 (5) 

t = 4 (6) 

28 

P = 9 

t = 2 (6)  

t = 3 (4) 

26 
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Mixed Covering Array Results 

t = 4 (6) 

P = 9 

t = 2 (6)  

t = 3 (4) 

t = 4 (4) 

20 

 

7.4 Designs to Support Constraints 

 

The use of constraints is somewhat ignored by most test data generation 

strategies. In fact, constraints are the predicate that establish incompatible 

values. As an example, a value of OS – ‘Linux’ is incompatible with the value 

of Browser – ‘Internet Explorer’ in a software configuration testing 

environment. This predicate produces much unusable test data. Now 

consider the running example that consists of four parameters A, B, C, and 

D with two values. In addition, also consider the constraints a1 and d1. This 

is to note that constraints function only in values. Thus, the generated test 

data must not contain any values with the combination of a1 and d1.   

 

Parameters to cover Values to cover 

AB (a1, b1), (a1, b2), (a2, b1), (a2, b2) 

AC (a1, c1), (a1, c2), (a2, c1), (a2, c2) 

AD (a1, d2), (a2, d1), (a2, d2) 

BC (b1, c1), (b1, c2), (b2, c1), (b2, c2) 

BD (b1, d1), (b1, d2), (b2, d1), (b2, d2) 

CD (c1, d1), (c1, d2), (c2, d1), (c2, d2) 

Figure 7.5: Covering requirement with constraints 



Conclusion 

176 

 

Figure 7.5 above shows the covering requirement for the running example 

for pairwise testing. The figure shows that the value combination of (a1, d1) 

is removed from the covering requirements. In the process of test 

generation, these constraints are identified and implemented during the 

generation of value pairs. In addition, when the final test data suite is 

generated, a routine call checks the full suite.  

 

7.5 Conclusion 

 

This chapter describes the algorithm known as the SITGU that deals with 

utility supports during test data generation. Initially, the architectural 

design for supporting t non-uniform values was described; although the 

results and discussion featured within Chapters 3 and 4. Later, the 

supportability of the mixed-covering array is described and the results in 

various input configurations are recorded. There is no strategy available 

with which to compare the performance of SITGU. Finally, the design shows 

the way in which SITGU manages the constraints.  

 

The next chapter concludes the thesis and provides an overview of all 

chapters. Subsequent sections revisit the aims and objectives of the thesis, 

with closing remarks finalising the thesis and ending the chapter.  
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Chapter 8 

Conclusion 

 

8.1 Preamble 

The research in this thesis presents a complete SICT (Swarm Intelligence 

based Combinatorial Testing) strategy that consists of a group of strategies 

based on a heuristic search; particularly of swarm intelligence. The overall 

SICT consists of five different algorithms, namely i) the SITG (Swarm 

Intelligence Test Generator), which generates optimal test data, ii) the 

mSITG (modified Swarm Intelligence Test Generator), which also generates 

optimal test data while reducing the complexity issues associated with the 

previous SITG, iii) the SISEQ (Swarm Intelligence Sequence Generator) – a 

strategy which generates t-way sequences, iv) the mSISEQ (modified Swarm 

Intelligence Sequence Generator) – a modified version of SISEQ which deals 

with and solves complexity issues, and finally, v) the SITGU (Swarm 

Intelligence Test Generator Utility), which is a strategy that generates test 

data in a diverse way.  

 

The aim of the research was to investigate the limitations of test data 

generation strategies. Thus, a low complexity optimal combinatorial testing 

strategy was required. However, the strategy also needed to support all 

possible covering requirements including pairwise, t-way, and sequence. In 
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addition, the strategy was required to support utility requirements such as 

non-uniform value parameters, mixed covering input configurations, and 

constraints. Finally, evaluation of the performance of these strategies 

alongside other existing strategies was essential.  

 

In the context of the aims of the research, this chapter summarises all key 

points from all chapters. Through these key points and results achieved so 

far, discussion is made to fulfil the objective of the research. Finally, 

consideration is made of the implications for future work, based on the 

findings of this thesis. 

 

8.2 Contributions of Chapters 

 

Chapter 1 established an environment involving the real-life issues that 

reflect the need for combinatorial testing. It was demonstrated that 

sometimes a lack of combinatorial testing can be associated with 

catastrophic incidents that interfere with important data, threatening life. 

Although testing is vital, combinatorial testing is not a straightforward 

exercise. Chapter 1 described the combinatorial explosion problem 

associated with combinatorial testing and elaborated upon NP-hardness.  

Aims and objectives of the research completed this chapter.  

 

Chapter 2 began by listing the steps in the process of creating optimal test 

data and defined and described concepts and proof of correctness. A 

classification of the popular test data generation strategies was established, 

and a comparative analysis of the strategies was conducted. This provided 
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the stimulus to develop a heuristic search based combinatorial testing 

strategy.  

 

Chapter 3 created a preliminary testing strategy based on swarm intelligence. 

Each component of the algorithm was described, followed by an evaluation 

of the SITG. The motivation for creating a new version of the strategy 

concluded the chapter. 

 

Chapter 4 investigated the time complexity issues inherent in the SITG. The 

impetus for creating a modified version known as the mSITG was described. 

An explanation of the modification of the architecture of the strategy was 

provided, and finally, an evaluation of the effectiveness of the mSITG was 

presented. 

 

Chapter 5 described sequences and the importance of generating sequences, 

as well as the proof of correctness. Subsequently, the design of the SISEQ 

was proposed, and the algorithmic steps were itemised and discussed. 

Evaluation of the strategy completed the chapter.  

 

Chapter 6 raised the complexity issues of the SISEQ, with a change in the 

design creating a modified version; the mSISEQ. Aspects of the strategy 

were then analysed. 

 

Chapter 7 presented a strategy – the SITGU; a utility offshoot of the SITG 

that is involved with utilities required during test data generation. The 

ability of non-uniform parameter values to be supported by SITGU was 
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described. Explanation of the way in which SITGU supports mixed covering 

array and constraints was also conducted. 

  

8.3 Discussion of Outcomes 

 

This section debates the usability and acceptability of the overall SICT – as 

supported by the research – to be recognised as a combinatorial testing 

strategy. Additionally, current performance issues and possible 

development opportunities for continuation of the research will also be 

identified.  

 

Results in Chapter 3 showed the potential for SITG to generate optimal test 

data in most cases. The input configurations were divided into three 

categories; within two categories SITG outperformed all other popular 

strategies. While for the high complexity system the SITG was unable to 

produce any result within a day, a modified version – the mSITG – was 

developed and proposed in Chapter 4. A very extensive experiment was 

undertaken to determine the effectiveness of the mSITG alongside other 

popular strategies. Fundamentally, the problem was NP-hard, and the 

result itself was observed to be quite unpredictable. Jenny was certainly a 

strategy which appeared suitable for an input configuration, however, it 

failed to generate optimal test data in a non-uniform large complex system. 

IPOG was a reasonable strategy and was comparable in terms of the time it 

took to generate the test data. However, acceptability was likely to be 

reduced given the size of data it produced.  
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WHITCH and TVG appeared to be uncompetitive with mSITG. GTway was 

a good strategy but took a significantly longer time, despite supporting test 

generation in all conditions. As a result of the analysis, it was concluded that 

the SITG and the mSITG were more acceptable than any other strategies in 

regard to pairwise and t-way test data generation strategies. Thus, the 

development and evaluation of SITG and mSITG successfully accomplished 

one of the aims of the research.   

 

Although not many strategies have the ability to produce sequences, 

Chapter 5 proposed a sequence generation strategy referred to as SISEQ. 

However, it was not possible to conduct an extensive performance 

evaluation as only one other strategy – ACTS – creates sequences. 

Additionally, no complexity analysis was possible, given the comparison 

was limited to 3-way and 4-way sequence generation. Compared with 

ACTS, SISEQ was the superior strategy in all cases, and acceptable as a 

sequence generation strategy. Although complexity analysis was not 

possible, the time taken to generate the sequence was recorded in the thesis. 

The time appeared to not be optimum; therefore, a modified version was 

proposed and developed in Chapter 6.  

 

Results showed that mSISEQ appeared to be more acceptable when taking 

both time and size into consideration. The contributions of Chapter 5 and 

Chapter 6 meant the aim of the research was achieved.  A further aim of the 

research, however, was to support non-uniform parameter values, mixed 

covering array, and constraints. While some descriptions and results in 

Chapters 3 and 4 showed that both SITG and mSITG support non-uniform 

values, Chapter 7 described the associated architectural design. Subsequent 
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sections of Chapter 7 showed results of mixed covering array. Evaluation of 

the SITGU was not possible, as it appeared there was no available strategy 

to support mixed covering array. Finally, the ability of the strategy to 

support constraints – and the corresponding design – was described.  

 

Revisiting Chapter 2, through analysis of current technologies, the new 

SICT is hereby proposed. Adding the SICT as a competitive tool, analysis of 

strategies is undertaken in Figure 8.1. 

 

Strategy Interaction 

Level 

Support 

Non-

Uniform 

Values? 

Support 

Mixed 

Level 

Interaction? 

Support 

Sequence 

Covering 

Array? 

Support 

Constraints? 

OA 2-way No No No No 

CA 3-way No No No No 

TConfig 3-way No No No No 

CTS 3-way No No No Yes 

AllPairs 2-way Yes No No No 

AETG 3-way Yes No Yes Yes 

mAETG 3-way Yes No No No 

`TCG 2-way Yes No No No 

mTCG 2-way Yes No No No 

GA 3-way Yes No No No 

ACA 3-way Yes No No No 

IPO 2-way Yes No No No 

IPOG 5-6-way Yes No No No 
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Strategy Interaction 

Level 

Support 

Non-

Uniform 

Values? 

Support 

Mixed 

Level 

Interaction? 

Support 

Sequence 

Covering 

Array? 

Support 

Constraints? 

Jenny 7-12-way Yes No No No 

TVG 5-6-way Yes No No No 

ITCH 4-way Yes No No No 

GTway 7-12-way Yes No No No 

MTTG Higher t-

way 

Yes No No No 

PSTG 5-6-way Yes No No No 

PS2way 2-way Yes No No No 

EasyA 2-way No No No No 

SICT Higher t-

way 

Yes Yes Yes Yes 

Figure 8.1: Final comparison of strategies 

 

The comparison presented in Figure 8.1 revisits the aims and objectives of 

the research. SICT is shown to be a tool that supports all the requirements 

of a testing strategy. This has fulfilled the outcomes of the research. 

  

8.4 Future Work in Test Generation 

 

Combinatorial testing relates to combinatorial optimisation. As 

optimisation is an NP hard problem, the solution most often depends on the 

requirements of the users. Usually, demand for faster strategies produces 

non-optimum sizes; with optimum sizes meanwhile being produced in non-
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polynomial time. Combinatorial testing is a useful strategy for a range of 

products; however, fast-moving technology changes the domain of input 

configuration at a rapid pace. Products that were formerly controlled by 

buttons are now being controlled by voice. Similarly, the concept of big data 

puts pressure on more traditional storage systems.  

 

Changes to computing introduce new challenges to combinatorial testing. It 

is a daunting task for any strategy to perform t-way testing in a big data 

environment. In addition, some products incorporate video or audio inputs. 

Combinatorial testing in video and audio inputs can be extremely difficult. 

Thus, the whole area demands further investigation.  

 

In regard to the internal development of SICT, we believe that, in practice, 

SICT may be tested with more complex input configurations. Although 

results for time were optimum, it could be further reduced via 

parallelisation. Because of the NP-hardness of the problem, there is always 

a limitation of interaction strength. The advantage of parallelisation can 

possibly support limitless interaction strength of input parameters. In 

addition, the sheer volume of generated test data and test sequence can 

occupy the available memory. Thus, parallelisation can distribute the 

generation of test data into different machines to lessen the burdens of the 

memory.  

 

The development of SICT can also be further extended by adding an 

automatic execution. As the exported test data are used to execute against 

the SUT, a strategy can be developed to support automatic execution of the 

generated test data. The avenue can be viewed from two perspectives. 
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Firstly, for software, a common object model can be developed to make  

input configuration more flexible. Therefore, the common object model can 

force to execute the test data against the SUT through accessing various 

APIs. Secondly, for hardware, an interface may be developed to support 

testing for various physical products. In such a case, a comprehensive 

investigation may be required for the specific type of hardware. 

 

Moreover, the generation of test data is a NP hard problem. The research 

can be further investigated in the form of pure mathematics. The notion of 

the mathematics, thus, can be an attempt to draw closer solution of the NP-

hard problem. 

  

8.5 Closing Remarks 

 

In writing this thesis, an attempt has been made to fill a deficit in the 

research. Throughout the above discussion, it is argued that the research 

question has been answered. This thesis also provides step-by-step 

instructions for generating and optimising test data. It is hoped that this 

guide may assist other researchers to develop and hone their own strategies. 

In practice, while not many organisations use combinatorial testing due to 

a lack of resources and a shortage of strategies that can solve real problems, 

this thesis may help industry personnel to implement combinatorial testing 

within their own organisations, by using SICT as a testing strategy.  
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Appendix A: Correctness of test data 

generated by SITG 

 

To identify whether the generated test data is correct, a proof of 

implementation is demonstrated. The demonstration is carried out 

pairwise, when t = 2.  

Pairwise Correctness: 

To demonstrate the correctness of SITG as pairwise, we consider the input 

configuration S1, described as S1 in Chapter 3. The input was configured as 

three parameters with non-uniform values, as follows: 

A B C 

a1 b1 c1 

a2 b2 c2 

a3 - c3 

Table A.1: The non-uniform configuration as described in S1. 

The test data generated by SITG is shown in Table A.2 below:  

1 a2 b2 c1 

2 a1 b1 c1 

3 a3 b1 c2 

4 a1 b2 c3 

5 a3 b2 c1 

6 a1 b2 c2 

7 a2 b1 c3 

8 a3 b1 c3 
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9 a2 b1 c2 

Table A-2: Generated Test Data by SITG 

In terms of proof of correctness (whether the generated test data is correct), 

the process was described in detail in Chapter 2. The pairwise coverage is 

required to cover all possible 2-way pairs of the parameters. This requires 

the following matrix to be covered, as shown in Table A.3: 

AB AC BC 

a1b1 a1c1 b1c1 

a1b2 a1c2 b1c2 

a2b1 a1c3 b1c3 

a2b2 a2c1 b2c1 

a3b1 a2c2 b2c2 

a3b2 a2c3 b2c3 

 a3c1  

 a3c2  

 a3c3  

Table A.3: Pair covering requirement for the generated test data 

When the covering requirement is identified, the test data must be sliced 

from A.2 and checked to see if any value from Table A.3 matches. When 

values are matched, it is marked as covered. Table A.4 below shows the pair 

with the corresponding test data covering it.  

 

AB AC BC 

Pair Test # Pair Test # Pair Test # 

a1b1 2 a1c1 2 b1c1 2 

a1b2 4/6 a1c2 6 b1c2 3/9 
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a2b1 7/9 a1c3 4 b1c3 7/8 

a2b2 1 a2c1 1 b2c1 1/5 

a3b1 3/8 a2c2 9 b2c2 6 

a3b2 5 a2c3 7 b2c3 4 

  a3c1 5   

  a3c2 3   

  a3c3 8   

Table A.4: Pairs with associated test data number 

Table A.4 shows that all pairs have been covered at least once by any of the 

test data. The covering by SITG of the pair proofs of the generated test data 

is correct.  
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Appendix B: Source code for  

Test Suite Generation 

private void GenerateHeaderPairs(List<int> lstCal) 
        { 
            this.lstPairHeader = new List<int[]>(); 
            numOfParams = lstCal.Count; 
            coverage = 
Int32.Parse(this.combo_interaction.SelectedItem.ToString()); 
             
             
            CombinationGenerator x = new CombinationGenerator(numOfParams, 
coverage); 
            int[] indices; 
 
            while (x.hasMore()) 
            { 
                int[] pairArray = new int[coverage]; 
                 
                indices = x.getNext(); 
                for (int i = 0; i < indices.Length; i++) 
                { 
                    pairArray[i] = indices[i]; 
                } 
                lstPairHeader.Add(pairArray); 
            } 
        } 
 
private void GenerateValuePairs(List<int> lstCal) 
        { 
            this.numberOfTotalPairs = 0; 
            this.lstPairValue = new List<bool[]>(); 
            foreach (int[] item in this.lstPairHeader) 
            { 
                int numberOfPairs = 1; 
                for (int i = 0; i < item.Length; i++) 
                { 
                    numberOfPairs = numberOfPairs * lstCal[item[i]]; 
                } 
                bool[] valuesPair = new bool[numberOfPairs]; 
                this.numberOfTotalPairs = this.numberOfTotalPairs + 
numberOfPairs; 
                this.lstPairValue.Add(valuesPair); 
            } 
        }  
 
private void BuildTestCases(List<int> headerP, int velocity) 
        { 
            // main work 
 
            while (true) 
            { 
                for (int x = velocity; x >= 1; x--) 
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                { 
 
                    for (int i = 0; i < lstPairValue.Count; i++) 
                    { 
                        bool[] item = lstPairValue[i]; 
 
 
                        List<int> freePos = new List<int>(); 
 
                        for (int j = 0; j < item.Length; j++) 
                        { 
                            if (!item[j]) 
                                freePos.Add(j); 
                        } 
 
 
                        if (freePos.Count > 0) 
                        { 
                        
                            int j = 
freePos[GetRandomNumber(freePos.Count)]; 
                            { 
 
                                int[] headerPair = lstPairHeader[i]; 
                                int[] valArray = new 
int[headerPair.Length]; 
 
                                BigInteger totalNumbers = 1; 
 
                                for (int k = 0; k < valArray.Length; k++) 
                                { 
                                    valArray[k] = headerP[headerPair[k]]; 
                                    totalNumbers = totalNumbers * 
valArray[k]; 
                                } 
 
 
                                BigInteger[] gapArray = new 
BigInteger[valArray.Length]; 
                                BigInteger tempMath = 0; 
 
                                for (int l = 0; l < gapArray.Length; l++) 
                                { 
                                    if (tempMath == 0) 
                                    { 
                                        tempMath = totalNumbers / 
valArray[l]; 
                                    } 
                                    else 
                                    { 
                                        tempMath = tempMath / valArray[l]; 
                                    } 
 
                                    gapArray[l] = tempMath; 
 
                                } 
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                                int[] cuTestCase = 
GetCurrentTestCase(gapArray, j); 
 
 
 
                                int[] unfinishedTestCase = new 
int[headerP.Count]; 
 
                                for (int m = 0; m < headerPair.Length; m++) 
                                { 
                                    unfinishedTestCase[headerPair[m]] = 
cuTestCase[m] + 1; // start the value from one 
                                } 
 
 
                                List<int> tmpHeaderPair = 
GetTempHeaderPairs(unfinishedTestCase); 
 
                                
                                MakeCompleteSingleTestCase(headerP, 
unfinishedTestCase, x); 
 
                                
                            } 
                        } 
                    } 
                } 
 
                int counter = 0; 
                for (int i = 0; i < lstPairValue.Count; i++) 
                { 
                    bool[] item = lstPairValue[i]; 
 
                    for (int j = 0; j < item.Length; j++) 
                    { 
                        if (!item[j]) 
                        { 
                            counter++; 
                        } 
                    } 
                } 
 
 
 
                if (counter == 0) 
                { 
 
                    //means complete test case is done. 
                    break; 
 
 
                } 
                else 
                {  
                    velocity = 1; 
                    //MessageBox.Show("Uncoverd Pair : " + counter); 
                } 
            } 
        }  
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private void MakeCompleteSingleTestCase(List<int> lstCal, int[] 
unfinishedTestCase, int currentVelocity) 
        { 
            bool needToCheckPairHeader = true; 
            int finalCoveredPair = 0; 
            List<int> tmpHeaderPair = new List<int>(); 
            int[] finishedTestCase = new int[unfinishedTestCase.Length]; 
            bool isSingleCovered = true; 
 
 
            for (int i = 0; i < unfinishedTestCase.Length; i++) 
            { 
                if (unfinishedTestCase[i] == 0) 
                { 
                    isSingleCovered = false; 
                    int ithParameter = lstCal[i]; 
                    int flagCoveredPairs = 0; 
 
                    // For Randomisation 
                    Random rand = new Random(); 
                    HashSet<int> check = new HashSet<int>(); 
 
                    for (int j = 1; j <= ithParameter; j++) 
                    { 
                        //check if the random already exists 
                        int curValue = rand.Next(1, ithParameter+1); 
                        while (check.Contains(curValue)) 
                        { 
                            curValue = rand.Next(1, ithParameter+1); 
                        } 
                        check.Add(curValue); 
 
                        unfinishedTestCase[i] = curValue; 
                        //Console.WriteLine("Generated Random: " + 
unfinishedTestCase[i]); 
                        if (needToCheckPairHeader) 
                        { 
                            tmpHeaderPair = 
GetTempHeaderPairs(unfinishedTestCase); 
                            needToCheckPairHeader = false; 
                        } 
                        int covredPairs = 
CalculateNumberOfPairCovered(unfinishedTestCase, tmpHeaderPair, lstCal); 
                        if (covredPairs == tmpHeaderPair.Count) 
                        { 
                            unfinishedTestCase.CopyTo(finishedTestCase, 0); 
                            needToCheckPairHeader = true; 
                            finalCoveredPair = covredPairs; 
                            break; 
                        } 
                        else if(covredPairs > flagCoveredPairs) 
                        { 
                            flagCoveredPairs = covredPairs; 
                            unfinishedTestCase.CopyTo(finishedTestCase, 0); 
                            finalCoveredPair = covredPairs; 
                        } 
                        if (j == ithParameter) 
                        { 
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                            needToCheckPairHeader = true; 
                            finishedTestCase.CopyTo(unfinishedTestCase, 0); 
                        } 
                    } 
                } 
                if (isSingleCovered && (i == unfinishedTestCase.Length - 
1)) 
                { 
                    tmpHeaderPair = GetTempHeaderPairs(unfinishedTestCase); 
                    int covredPairs = 
CalculateNumberOfPairCovered(unfinishedTestCase, tmpHeaderPair, lstCal); 
                    unfinishedTestCase.CopyTo(finishedTestCase, 0); 
                    finalCoveredPair = covredPairs; 
                } 
            } 
           
            if (finalCoveredPair >= currentVelocity) 
            { 
 
                MakePairCovered(finishedTestCase, tmpHeaderPair, lstCal); 
                this.finalTestCases.Add(finishedTestCase); 
                 
                 
                 
            } 
        }   
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Appendix C: Source code for  

Test Sequence Generation 

// full sequence generator 
            List<int[]> FullPermutation = new List<int[]>(); 
            int[] valArrayrrr = new int[events.Length]; 
 
            for (int i = 0; i < events.Length; i++) 
            { 
                valArrayrrr[i] = events[i]; 
            } 
 
            FullPermutation.Add(valArrayrrr); 
 
            while (NextPermutation(events)) 
            { 
                int[] valArray1rrr = new int[events.Length]; 
                for (int i = 0; i < events.Length; i++) 
                { 
                    valArray1rrr[i] = events[i]; 
                } 
                FullPermutation.Add(valArray1rrr); 
            } 
 
private bool GetRunningCoverageAndCheckWithThreshold(int[] 
CandidateSequence, int aaa, int cov) 
        { 
            List<int[]> mList = GetSlicedItem(CandidateSequence, cov); 
            int counter = 0; 
            List<int[]> toSetAsTrue=null; 
            toSetAsTrue = new List<int[]>(); 
 
            foreach (int[] pItem in mList) 
            { 
 
                 
                for (int i = 0; i < coveragePair.Count; i++) 
                { 
                    List<int[]> firstPartArr = coveragePair[i]; 
 
                    for (int j = 0; j < firstPartArr.Count; j++) 
                    { 
                        int[] secPartArr = firstPartArr[j]; 
 
                        bool arraysAreEqual = 
Enumerable.SequenceEqual(secPartArr, pItem); 
 
                        if(arraysAreEqual) 
                        { 
                            if (!coveragePairBool[i][j]) 
                            { 
 
                                counter++; 
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                                int[] p = new int[2]; 
                                p[0] = i; 
                                p[1] = j; 
 
                                toSetAsTrue.Add(p); 
                                break; 
                            } 
 
                             
                        } 
                    } 
                } 
            } 
 
            if(counter >= aaa) 
            { 
                foreach (int[] item in toSetAsTrue) 
                { 
                    int i = item[0]; 
                    int j = item[1]; 
                    coveragePairBool[i][j] = true; 
                } 
                return true; 
            } 
            else 
            { 
                toSetAsTrue.Clear(); 
                return false; 
            } 
             
             
             
        } 
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