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Practical Combinatorial Interaction Testing:
Empirical Findings on Efficiency and Early
Fault Detection
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Abstract—Combinatorial interaction testing (CIT) is important because it tests the interactions between the many features and
parameters that make up the configuration space of software systems. Simulated Annealing (SA) and Greedy Algorithms have been
widely used to find CIT test suites. From the literature, there is a widely-held belief that SA is slower, but produces more effective tests
suites than Greedy and that SA cannot scale to higher strength coverage. We evaluated both algorithms on seven real-world subjects
for the well-studied two-way up to the rarely-studied six-way interaction strengths. Our findings present evidence to challenge this
current orthodoxy: real-world constraints allow SA to achieve higher strengths. Furthermore, there was no evidence that Greedy was
less effective (in terms of time to fault revelation) compared to SA; the results for the greedy algorithm are actually slightly superior.
However, the results are critically dependent on the approach adopted to constraint handling. Moreover, we have also evaluated a
genetic algorithm for constrained CIT test suite generation. This is the first time strengths higher than 3 and constraint handling have
been used to evaluate GA. Our results show that GA is competitive only for pairwise testing for subjects with a small number of

constraints.

Index Terms—Combinatorial interaction testing, prioritisation, empirical studies, software testing

1 INTRODUCTION

N this paper we present the results of an empirical study

of practical combinatorial interaction testing (CIT). CIT
is increasingly important because of the increasing use of
configurations as a basis for the deployment of systems [1].
For example, software product lines, operating systems and
development environments are all governed by large con-
figuration parameter and feature spaces, for which combi-
natorial interaction testing has proved a useful technique
for uncovering faults.

Two widely used algorithms for CIT are Simulated
Annealing (SA) and Greedy. The previous literature assumes
a trade-off between computational cost of finding CIT test
suites and the fault revealing power of the test suites so-
found when time to run the test suites is considered [2], [3],
[4]. The ‘conventional wisdom’ is that Greedy is fast (but its
test suites are large and therefore less effective at finding
faults quickly). SA, being a meta-heuristic, is generally
believed to be slower to compute the test suite, yet it can pro-
duce smaller test suites that can find faults faster [4].

The strength of a CIT test suite refers to the level of inter-
actions it tests. In pairwise (or two-way) CIT, only inte-
ractions between pairs of configuration choices are tested.
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As might be expected, there is evidence that testing at
higher strengths of interaction can reveal faults left uncov-
ered by lower strengths [5]. We investigate interaction
strengths up to six-way, because previous work has shown
that there is little value to be gained from higher strengths
than this [5].

It is widely believed that SA can only cover the lowest
strength (pairwise interaction) in reasonable time; higher
strengths, such as those up to five- and six-way feature
interactions, have been considered infeasibly expensive,
even though they may lead to improved fault revelation [1],
[5]. By contrast, though greedy algorithms can scale to such
higher strengths [2], it is believed that their results are infe-
rior with respect to test suite size (in general the simulated
annealing will produce smaller test suites). This raises two
important and related questions that we wish to investigate
in this paper:

Can we find situations in which meta-heuristic search

algorithms such as Simulated Annealing can scale to
higher interaction strengths?

and, if we can find such cases,

How well does the Greedy approach compare to Simulated
Annealing at higher strengths?

Until recently, much of the CIT literature has assumed an
unconstrained configuration space [1]. This is a question-
able assumption because most real-world CIT applications
reside in constrained problem domains: some interactions
are simply infeasible due to these constraints [6], [7], [8], [9].
Any CIT approach that fails to take account of such con-
straints may produce many test cases that are either
unachievable in practice or which yield expensively mis-
leading results (such as false positives).

This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/
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Another type of constraint, often referred to as a soft con-
straint [6] may also have a role to play. Soft constraints are
combinations of options that a tester believes do not need to
be tested together (based either on their knowledge of the
test subject and/or by a static analysis). Catering for such
constraints will not improve test effectiveness, but it may
improve efficiency. Unlike other work, we leverage this
type of constraint as well in this paper.

Furthermore, practical testers are not so much concerned
with finding test suites as with finding an effective prioriti-
sation of a test suite. That is, the order in which the test cases
are applied to the system under test is increasingly impor-
tant, both in general [10] and for CIT [11], [12], [13]. Expect-
ing the tester to simply execute all test cases available is
often impractical because it takes too long. It is therefore
important that CIT should not merely find a set of test cases,
but that it should prioritise them so that faults are revealed
earlier in the testing process.

Many different meta-heuristic techniques have been
developed for CIT, such as simulated annealing [4], genetic
algorithms [14], great deluge [15], tabu search [16] and
hill climbing [17]. Greedy variants include the Automatic
Efficient Test case Generator (AETG) [3], the In Parameter
Order General (IPOG) algorithm [2], and the deterministic
density algorithm to name a few. Among the state-of-the-art
tools are Covering Arrays (CA) by Simulated Annealing
(CASA)' and Advanced Combinatorial Testing System
(ACTS),” which uses a greedy algorithm, based on IPOG.
Meta-heuristics usually find smaller test suites than a
greedy approach, however, the latter is considered to be
faster [4]. In this paper we study the Simulated Annealing
approach (as implemented in CASA [4]) and the Greedy
approach (as implemented in ACTS [18]), because these are
two widely used approaches, believed to offer a speed-qual-
ity tradeoff and their associated tools are relatively mature.
In order to conduct a more thorough investigation we have
chosen an additional algorithm for CIT test suite generation
in the presence of constraints. We selected one that uses a
genetic algorithm. For pairwise testing GA has been shown
to be comparable in terms of efficacy and efficiency as SA
approaches [14]. However, there have been only a few
empirical studies that take into account higher-strength CIT
[19] (only three-way, in particular) and none that take con-
straints into account. We reviewed the available tools [19]
and chose the one that provides a method for constraint
handling and is able to generate test suites of up to 3.

We present results from empirical studies of these three
approaches, reporting on the relationship between their
achievement of lower and higher interaction strengths, and
their ability to find faults for the constrained prioritised
interaction problem, both important practical considera-
tions when applying this technique. There has been little
previous work on the relationship between constrained
interaction problems and fault revelation, and on the prob-
lem of ordering test cases for early fault revelation with
respect to constrained higher strength interactions.

1. CASA is available at: cse.unl.edu/~citportal/.
2. ACTS is available by request from: http:/ /csrc.nist.gov/groups/
SNS/acts/documents/comparison-report.html#acts.
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This paper addresses this important gap in the literature.
We report on constrained, prioritised, CIT using Simulated
Annealing, Greedy and Genetic Algorithms approaches for
two-way to six-way interaction strengths applied to multi-
ple versions of seven programs from the Software-artifact
Infrastructure Repository (SIR) [20]. Our results extend the
findings of the previous conference version of paper [21],
which considered Simulated Annealing, but neither Greedy
nor Genetic Algorithm, for two-way to five-way interaction
strengths applied to five of the seven subjects studied here.

The findings of our study provide evidence that chal-
lenges some of the assumptions currently prevalent in the
CIT literature. Specifically, our primary findings are:

1)  We show that higher-strength CIT (even up to six-
way interaction strength) is achievable for Simulated
Annealing for our real-world subjects, confounding
the ‘conventional wisdom’ that this is infeasible.
This apparently surprising result arises because of
the role played by constraints in reducing computa-
tional effort for simulated annealing.

2) We find that the rate of early fault detection for the
greedy algorithm (using ‘forbidden tuples’ con-
straint handling where needed for scalability) did
not appear to be inferior to that observed for simu-
lated annealing, confounding the belief that there is
a tradeoff between the two approaches.

We also establish the following that will aid CIT testers:

1)  We show that separate consideration of single- and
multi-valued parameters leads to significant runtime
improvements for prioritisation and interaction cov-
erage for all three approaches.

2) We show the higher strength CIT is necessary to
achieve better fault revelation in prioritised CIT; our
empirical study reveals that higher strength CIT
reveals more faults than lower strengths. This means
that for comprehensive testing, higher strength inter-
action suites are both desirable (and also feasible,
even for Simulated Annealing).

3) We find that lower strength CIT naturally achieves
some degree of ‘collateral” higher strength coverage,
and that it also performs no worse in terms of early
fault revelation. This means that we can use lower
strength prioritisation as a cheap way to find the
first fault.

4)  We find that the approach to constraint handling has a
pivotal effect on the scalability of the greedy algo-
rithm. Performance can be dramatically improved by
using the enumeration of all tuples forbidden by the
constraints in place of the default constraint handler.
For two subjects studied (Grer and sED), this substitu-
tion for the default constraint handler, reduced the
execution time from over 8 hours to a mere 8 seconds.

5) We find that the Genetic Algorithm does not scale to
higher-strength constrained CIT in terms of execu-
tion time, unlike SA and Greedy approaches. Per-
haps further development of such global search
techniques may further address this issue.

The rest of this paper is organised as follows. We first

present Background on combinatorial interaction testing.



PETKE ET AL.: PRACTICAL COMBINATORIAL INTERACTION TESTING: EMPIRICAL FINDINGS ON EFFICIENCY AND EARLY FAULT... 903

Next, we describe our Research Questions and Experimen-
tal Setup. Section 5 presents the Results. Future Work and
Threats to Validity are described in Sections 6 and 7 respec-
tively. We end with Conclusions containing practical advice
for CIT users.

2 BACKGROUND

In this section we present literature on combinatorial testing
as well as notation used throughout the paper.

2.1 Related Work

Combinatorial interaction testing has been used success-
fully as a system level test method [3], [5], [13], [17], [22],
[23], [24], [25], [26]. CIT combines all ¢t-combinations of
parameter inputs or configuration options in a systematic
way so that we know we have tested a measured subset of
input (or configuration) space. Research has shown that we
can achieve high fault detection rates given a small set of
test cases [3], [5], [13], [25].

Integration of constraint handling into a CIT tool is a
non-trivial task. Each constraint can potentially introduce
a large number of invalid configurations. Consider, for
example, a constraint that disallows two parameters to
take particular values. Any extension of such a disallowed
tuple to other parameters will yield an invalid configura-
tion. Furthermore, combinations of constraints may pro-
duce other ones which are not explicitly specified. Grindal
et al. [27] evaluated seven constraint handling methods for
test case selection. Bryce and Colbourn proposed [6] to
avoid disallowed tuples, however, implicit constraints can
cause invalid test cases to still be generated. Kuhn et al.
[18] implemented a forbidden tuples method in their greedy-
based ACTS tool [18], where they derive disallowed inter-
actions from the constraints and use these as a validity
check for each test case generated. The tool also allows the
user to choose a Constraint Satisfaction Problem (CSP)
solver to handle constraints. This type of solver has first
been used for covering array generation by Hnich et al. [9].
In 2007 a Boolean satisfiability (SAT) solver has been intro-
duced to handle constraints in a greedy [18] as well as an
SA-based algorithm [7]. However, only in 2011 improve-
ments introduced by Garvin et al. [4] allowed for efficient
constraint handling in an SA-based algorithm for covering
array generation.

Many of the current research directions into this technique
examine specialised problems such as the addition of con-
straints between parameter values [6], [7], [24], [27], [28], or
re-ordering (prioritising) test suites to improve early coverage
[12], [13], [23], [24], [29]. Other work has studied the impact of
testing at increasing higher strengths (¢t > 2) [18], [30].

In a recent survey by Nie and Leung [1] CIT research is cat-
egorised by a taxonomy to show the areas of study. We have
extracted data from this table for three columns, fault detec-
tion, constraints and prioritisation. We show this in Table 1
and add a reference to one of the papers from that survey (the
survey may include more than one paper per name).

At first glance it might appear from Table 1 that there
has been broad coverage of these topics in previous work.
However, this is deceptive since most of these CIT aspects
are studied in isolation. There are no previous studies

TABLE 1
Overview of Literature on Fault Detection, Prioritisation
and Constraints: Extracted from [1]

Authors Fault detect. Prioritisation Constraints
Bryce and Memon [31] v v v
Cohen et al. [3] v
Cohen et al. [8] v v v
Grindal et al. [27] v
Kuhn et al. [5] v

Nie et el. [32] v

Schroeder et al. [26] v

that cross the boundaries of prioritisation, constraints and
fault detection.

2.2 Preliminaries

In this section we will give a quick overview of the notation
used throughout the paper. In particular, a Covering Array
is usually represented as follows [33]:

C’A(N; t, v’flv§2 .. vk'")7

s Tm

where N is the size of the array, ¢ is its strength, sum of
ki, ..., ky, is the number of parameters and each v; stands for
the number of values for each of the k; parameters in turn.

Suppose we want to generate a pairwise interaction test
suite for an instance with three parameters, where the first
and third parameter can take four values and the second
one can only take three values. The problem can then be for-
mulated as: CA(N;2,4'3'41), which is called a model for the
CIT problem.

Furthermore, in order to test all combinations one would
need 4 x 3 x 4 = 48 test cases, pairwise coverage reduces this
number to 16. Additionally, suppose that we have the fol-
lowing constraints: first, only the first value for the first
parameter can be ever combined with values for the other
parameters, and second, the last value for the second param-
eter can never be combined with values for all the other
parameters. Introducing such constraints reduces the size of
the test suite even further to eight test cases. The importance
of constraints is evident even in this small example.’

We differentiate between two types of constraints in
this work: hard and soft, terms first proposed by Bryce and
Colbourn [6]. Hard constraints exclude dependencies that
happen between parameter values. For instance, if turning
on 8-bit arithmetic means that we cannot use a division
function, then these cannot be tested together. Much of the
work on constraints has focused on this type of constraints.
Since the challenge is to construct test suites that are
guaranteed to avoid these combinations, we cannot have
them in our test suites.

Soft constraints, on the other hand, have not, hitherto,
received as much attention [6], [7], [8]. These constraints are
combinations of parameters that we do not need to test

3. There are, however, cases where a constraint might increase test
suite size. Consider three parameters pl1, p2 and p3, taking values 0, 1 or
2 each. One-way interaction test suite will contain three test cases. If we
add a constraint (pl # 2 A p2 # 2) — p3 = 2, we increase one-way inter-
action test suite size to 4.
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together (a tester has decided that combining these parame-
ter values is not needed, but the test will still run if this com-
bination exists).

An example of such a parameter might be combining the
string match function in an empty file. While this might be
excluded because the tester believes it is unlikely to find a
fault, the test case containing this pair still runs.

3 RESEARCH QUESTIONS

In real-world situations, it is often not feasible to test combi-
nations of the input parameters exhaustively. In these situa-
tions, combinatorial interaction testing can help reduce the
size of the test suite. Constraints may rule out certain combi-
nations of value-parameters, thereby reducing the size of
the test suite even further. The extent of this reduction by
constraints motivates our first research question:

RQ1: What is the impact of constraints on the sizes of the

models of covering arrays used for CIT?

Most of the literature and practical applications focus on
pairwise, and sometimes three-way, interaction coverage.
Partially this is due to time inefficiency of the tools avail-
able. Kuhn et al. stated in 2008 that “only a handful of tools
can generate more complex combinations, such as three-
way, four-way, or more (..). The few tools that do generate
tests with interaction strengths higher than two-way may
require several days to generate tests (..) because the gener-
ation process is mathematically complex” [18]. However,
recent work in this area shows a promising progress
towards higher strength interaction coverage [2], [4], [18].
We want to know how difficult it is to generate test suites
that achieve higher-strength interaction coverage when
using a state-of-the-art CA generation tool, and the role
played by constraints. Thus we ask:

RQ2: How efficient is the generation of higher-strength
constrained and unconstrained covering arrays
using state-of-the-art tools?

Though the majority of our study is concerned with
constrained CIT problems, for which we study the character-
istics of both algorithms, we know that the greedy algorithm
can potentially scale to handle unconstrained problems,
unlike the simulated annealing or genetic algorithm app-
roach. Therefore, we compare the greedy algorithm’s execu-
tion times on constrained and unconstrained problems (by
simply dropping the constraints from our subjects to yield
unconstrained versions). This allows us to partially assess the
impact of constraints on scalability.

Greedy [2], [3], [18] and meta-heuristic search [4] are the
two most frequently used approaches for covering array
generation [4]. Both involve a certain degree of randomness.
For instance, simulated annealing and genetic algorithm,
meta-heuristic search techniques, randomly select a trans-
formation, apply it, and compare the new solution to the
previous one to determine which should be retained.
Greedy algorithms are less random, yet they nevertheless
make random choices to break ties. This motivates our next
research question:

RQ3: What is the variance of the sizes of CAs across multi-
ple runs of a CA generation algorithm?
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Prioritising test cases according to how many pairs of
parameter-value combinations are already covered (.e.,
pairwise coverage) has been found to be successful at find-
ing faults quickly [29]. A question arises: “what happens
when we prioritise according to a higher-strength coverage
criterion?”. Note that any ¢-way interaction also covers
some (t — i)-way interactions. Thus we want to investigate
the relationships between the different types of interaction
coverage:

RQ4: What is the coverage rate of k interactions when pri-
oritising by t-way coverage?
— What is the coverage rate of pairwise interactions
when prioritising by higher-strength coverage?
— What is the coverage rate of ¢-way interactions
when prioritising by lower-strength coverage?

In other words, we want to know what is the collateral cover-
age of k interactions when prioritising by ¢-way coverage?

Testers often do not have enough time or resources to
execute all test cases from the given test suite, which is why
test case prioritisation (TCP) techniques are important [10].
The objective of TCP is to order tests in such a way that
maximises the early detection of faults. This motivates our
next research question:

RQ5: How effective are the prioritised test suites at detect-

ing faults early?

—  Which strength finds all known faults first?

—  Which strength provides the fastest rate of fault
detection?

- Does prioritising by pairwise interactions lead to
faster fault detection rates than when prioritising
by higher-strength interactions?

— Is there a ‘best’ combination when time con-
straints are considered, for example, creating
four-way constrained covering arrays and priori-
tising by pairwise coverage?

Finally, we would like to know, given the range of
approaches available for CIT test suites generation, which is
the best one. Our main aim, thus, is to answer the following
question:

Which approach should be chosen when generating
CIT test suites under constraints?

By answering these research questions, we aim to help
the developers and users of CIT tools in their decisions
about whether to adopt higher strength CIT.

4 EXPERIMENTAL SETUP

In order to answer the questions posed above, we con-
ducted the experiments presented in this section.

4.1 Constrained Testing Models

We have used five C subject programs: FLEX, MAKE, GREP, SED
and czip, as well as two Java programs: NANOXML and SIENA.
Their sizes in Uncommented Lines of Code, measured with
cloc* are presented in Table 2. These are obtained from the
Software-artifact Infrastructure Repository [20].

4. http:/ /cloc.sourceforge.net
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TABLE 2
Uncommented Lines of Code of Subjects/Versions
Subjects Ver. 1 Ver. 2 Ver. 3 Ver. 4 Ver. 5 Ver. 6 Ver.7
FLEX 9,581 10,297 10,319 11,470 10,366 - -
MAKE 14,459 29,011 30,335 35,583 - - -
GREP 9,493 10,017 10,154 10,173 10,102 - -
SED 5,503 9,884 7,161 7,101 13,419 13,434 14,477
GzIP 4,604 5,092 5,102 5,240 5,754 - -
NANOXML 1,894 2,532 3,106 - 3,279 - -
SIENA 2,958 2,959 - - 3,007 - -

We chose these C subjects in order to compare our results
against the ones obtained previously in the literature (for
example, in the work of Qu et al. and Qu and Cohen [13],
[30]). Moreover, these five C subjects come with test plans
described in the Test Suite Specification Language (TSL)
[34]. In this previous work, the modified versions of the sub-
jects were used that did not contain constraints in the input
models. NANOXML and SIENA were also chosen to include a
subject that was written in another programming language.”
This set of seven subjects includes all those presently avail-
able in the SIR repository for which fault matrices and TSL
specifications are available.

We use the TSL description to extract the relevant param-
eters and values and constraints. In the case of NANOXML the
code was divided into several TSL files. We chose the larg-
est one for our experiments.® Since TSL is created by a tester,
it includes knowledge of the system that combines both
hard and soft constraints. TSL contains some single-valued
parameters labeled as either error or single. These are param-
eters that should be tested alone. We utilize the existence
of these single-valued parameters in our experiments. An
example is turning on the “help” feature. While this is a
hard constraint, turning “statistics” on and off in FLEx would
be considered a soft constraint. The test developer has
decided that this feature is unlikely to interact with others.
We use the constraints from these TSL files without modifi-
cation for our experiments to mimic what a real user would
do (SIR was developed with this goal in mind).

This approach to evaluation also removes bias that from
our decision making about which constraints to retain or
remove. For the generation of Covering Arrays, we have
only considered parameters having at least two possible
values.” This was to decrease the computation effort of the
CA generation tool we used.

We encoded all of the constraints as hard constraints
so that they do not appear in our test suite with the aim
of reducing the combinatorial space. In the resultant test
suite, all single-valued parameters (i.e., parameters that
contained only one value that could be combined with

5. At the time of subject selection, NANOXML was the only Java pro-
gram that contained TSL specifications as well as respective fault matri-
ces in SIR. sIENA was missing fault matrices which were generated for
the purposes of this paper.

6. Exhaustive test suites for all other TSL files contained up to 14
tests each. Thus we only concentrated on generating CIT test suites for
the largest TSL file.

7. We note here that some values were immediately prohibited by the
constraints. For example, if an ‘error’ constraint is found, there is no need
for checking it’s interaction with values for all the other parameters.

other parameters) were simply added to each of the test
cases for completion.

4.2 CA Generation
We use CASA, ACTS and a genetic algorithm provided by
Shiba et al. [14], which we call GAcit, for the generation of
Covering Arrays. CASA is one of the few freely available
CA generation tools that can handle logical constraints
explicitly specified by the user. It is based on simulated
annealing and is known to generate smaller covering arrays
than the greedy algorithms for constrained CIT models [4].
Another reason to use CASA is to avoid one potential
source of experimental bias. Most of the tools that are based
on a greedy algorithm also perform prioritisation during
the process of generating the covering array. This occurs
because the greedy algorithm always chooses the test case
that contains the largest number of uncovered t-tuples.
However, since our research questions include investigation
of the impact of reduced test suites on the fault detection
rate as well as the impact of various prioritisation criteria,
we use simulated-annealing, an algorithm that does not
implicitly perform prioritisation during its selection phase.
Since greedy approaches are also popular and are consid-
ered to be faster than SA-based methods for CA generation,
we use the ACTS tool as well for comparison. We also use
GAcit to show an alternative method, that has only been
proposed for CIT in the last few years.

4.3 CA Prioritisation
After generating ¢-way covering arrays, we prioritise each
of these according to multiple t-way prioritisation criteria
(for 2 <t < 6). There are standard prioritisation algorithms
in the literature: Bryce and Memon [31], and Manchester
et al. [35], for example.8

For our experiments, we use a variation of the algorithm
by Bryce and Memon [31]. We note that this differs from the
code-coverage weighted prioritization of Qu et al. [13]. The
original algorithm iterates through test cases and retains the
one test case that covers the largest number of currently
uncovered t-tuples. We also differentiate this from prioriti-
sation during construction (or regeneration) which was
used by Qu et al. [24]. In that work new test suites are gener-
ated each time.

Note that, in the original algorithm, despite ties being
broken at random, the test cases later in the suite have a
higher chance of getting picked. Consider the case when all

8. Note that the two algorithms differ only at the pre-processing
stage.
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n tests cover the same amount of uncovered t-tuples. The
first test will be picked for the current maximum first. How-
ever, the probability of it being actually picked as the next
test case in our prioritised test suite is 0.5", since at each tie
breaking point it has to win over the next test case. Hence,
we gather all test cases whose count of currently uncovered
t-tuples is maximal (lines 18-19 in Algorithm 1), and then
pick one at random (line 22). Thus each will be picked with
probability 1/n. In order to implement these modifications
we add an array, holding all the test suites which cover the
same amount of uncovered ¢-way interactions (line 9). Fur-
thermore, we keep a Boolean mapping from test cases to
t-tuples to mark those currently uncovered t-tuples con-
tained by a given test case. We also record the total number
of currently uncovered t-tuples contained by a given test
case (lines 7, 13). These mappings were updated whenever
a new test case was marked as used in order to avoid con-
stantly re-calculating the number of uncovered t-tuples for
each test case. The pseudocode for the algorithm used is
presented in Algorithm 1.

Algorithm 1. Pseudocode for test suite prioritisation.

: C'A = test suite to prioritize

: gather all valid ¢-tuples based on CA

: mapping =[]

sums =[]

: for all tests in CA do

mapping|test] = [True if ¢-tuple; in test, else False]
sums|test] = sum(mappingl[test])

: end for

: bestTest = a test that covers the most unique t-tuples
. add bestTest to TestSuite

. selectedTestCount =1

: while selectedTestCount < size(CA) do

13:  update sums, mapping

14:  remove sums|bestTest]|, mapping[bestTest]

15: tCountMax = max(sums)

16:  bestTests =[]

17:  for all tests in sums do

O N Ul A WN =

U
N — O O

18: if sums|test] == tCount Max then
19: add test to bestTests

20: end if

21:  end for

22:  bestTest = random test from bestTests
23:  add bestTest to TestSuite

24:  selectedTestCount++

25: end while

4.4 Interaction Coverage Metric

To calculate the t-way interaction coverage of a given test
suite we use Algorithm 2. We noticed that all of our subjects
contain single-valued parameters. Sometimes there are
many such single-valued parameters, for example, 69 per-
cent of all the parameters in the case of FLEx. Therefore, we
consider these separately. To generate covering arrays, we
first exclude single-valued parameters from the models.
Once an array is generated, we extend each test case with
single-valued parameters for completeness. In order to cal-
culate interaction coverage rates efficiently we use CAs out-
put by our tools (i.e.,, without single-valued parameters).
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Each test case is evaluated in turn (line 7 in Algorithm 2).
For each t-way tuple in the test case, if it’s not already cov-
ered (line 9), we update the tuple count of covered tuples of
length ¢ (line 11). Next, we extend the tuple count of tuples
of length ¢+ 1 and above by considering single-valued
parameters (line 13). Finally, to calculate the total number of
valid t-way interactions that should occur in the final test
suite we use the following combinatorial identity (called
Vandermonde’s identity):

"7 =2 (")

where m and n are the numbers of single- and multi-valued
parameters respectively and ¢ is the interaction strength
(line 22).

Algorithm 2. Pseudocode for the rate of t--way coverage.

1: CA = a given test suite (without single-valued parameters)

2: singleparams = number of single-valued parameters

3: multipliers = [(*""*™%) | number of ¢-way interactions
covered by single-valued parameters

4: counttuples = copy(multipliers) number of t-way interac-
tions covered by the test suite so far

5: coverage = [] number of t-way interactions covered by each
test case

6: tuples = [] covered t-tuples

7: forj=1 to size(CA) do

8:  for all t-tuples in test; do

9: if t-tuple not in tuples then
10: add t-tuple to tuples
11: counttuples[t|+=1
12: for all higherstrength do
13: counttuples[higherstrength] + =
multipliers[higherstrength — t|
14: end for
15: end if
16:  end for
170 coverageltest;] = counttuples
18: end for

19: multituples = all valid t-way tuples for a given model
(without single-valued parameters)

20: singletuples = copy(multipliers) all valid ¢-tuples for single-
valued parameters

21: alltuples = [] all t-tuples to be covered

22- alltuples[t] _ Z;:O (vrz,ultit?pl()s[t]> (.s‘inglefuphfs[t])

t—i
23: rate = coverage/number of all valid ¢-tuples * 100%

To compare how quickly each prioritised test suite
achieves the interaction coverage of a specific strength, we
define an Average Percentage of Covering-array Coverage
(APCC) metric following the Average Percentage of Fault
Detection (APFD) metric [36]. Given m interactions to cover
and n test cases, let I; be the index of the first test case that
covers the interaction I. APCC is defined as follows:

L1
APCC = (172:Z +7) * 100.
n

nm

APCC measures the area under curve for the plot of
increasing interaction coverage for a prioritised test suite.
Fig. 1 illustrates the metric using the test suite generated for
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Fig. 1. Interaction coverage of three-way covering array for Make priori-
tised by pairwise coverage (obtained with CASA).

MAKE. It takes 14 test cases (i.e., 100 percent of test cases of
the three-way test suite presented) to achieve 100 percent
coverage for three-way interaction coverage. The test suite
achieves 100 percent coverage for both three-way and pair-
wise interaction coverage.

4.5 Fault Detection

We measure the fault detection capability of each prioritised
test suite. We gather all available software versions of the
seven subjects from SIR with seeded faults provided as part
of SIR. In order to avoid experimenter bias and ensure
repeatability we only used the faults provided with each of
the subject tested in SIR. In our study we concentrate on
faults, which are detected by full TSL suites and are not trig-
gered by single or error value assignments (marked as such
in TSL suites; these need not be tested with any other param-
eters). Numbers of faults studied for each subject are pre-
sented in Table 3. For each of the test suites we gathered the
number of faults detected by every i tests. We note that these
faults were hand-seeded and do not necessarily represent
interaction faults. However, in prior research, these have
been shown to be sensitive to the strength of CIT [13], [30].

5 RESULTS

This section presents the results of all the experiments con-
ducted and answers the research questions. We address the
first three questions in the next section.

5.1 CA Generation Under Constraints

For rLEx, MAKE and Grep modified TSL descriptions were
used by Qu et al. and Qu and Cohen [13], [30] in order to
create unconstrained models. We note here that some
parameter values were omitted, while some others were
combined. The reason for these modifications was to
“obtain exhaustive suites that retain close to the original
fault detection ability” [13]. Qu et al. also note that “in a real
test environment an unconstrained TSL would most likely
be prohibitive in size and would not be used” [13]. The sizes
of the covering arrays generated for these modified files are
presented in Table 4. For FLEx and GRrep, the numbers for

TABLE 3
Number of Faults Studied for Each Subject
FLEX MAKE GREP SED GZIP NANOXML SIENA
50 2 12 21 5 16 4
TABLE 4
Covering Array Sizes for Modified Unconstrained CIT
Models [13], [30]
CIT Specification Size Size Size Size
t=2 t=3 t=4 t=5
FLEX
CA(N;t,2*3'16'6") 96 288 NA NA
GREP
CA(N;t,4'3121312112141) 48 192 NA NA
MAKE
CA(N;t,3'2251322141) 20 60 180 540

t =4 and ¢t =5 were not provided, most probably due to
time restrictions of the CA generator used.

5.1.1 Efficiency

The constrained CIT models we use are generated directly
from TSL descriptions from SIR and exclude the single-val-
ued parameters. We ran the CASA, ACTS and GAcit tools
20 times on each model on a MacBook Air laptop with an
Intel Core i7 processor, running at 1.7 GHz with 8 GB
of RAM. Figs. 2 and 3 present the runtime information of
generated Covering Arrays. Time limit of 3 hours was set.
Note that the runtime variations are much smaller in the
case of the ACTS tool. Similarly, almost no variation was
recorded for GAcit.

In the case of the genetic algorithm used, with exception
of GRep, all pairwise runs where achieved within 3 seconds
each. Three-way and higher-strength suites were not gener-
ated within 3 hours. Moreover, for seb GAcit was not able to
provide a pairwise test suite within 3 hours, while each
pairwise test suite generation run for GRep took just under
8,000 seconds.

For both CASA and ACTS most runs took fewer than
20 minutes, as shown in Figs. 2 and 3.7 1f a different setting
than the default one was used to generate a CA, then these
runs are marked with * or ** in the boxplots. For the three-
way criterion of Grer and sep, CASA was terminated after 3
hours: subsequently, we ran CASA again, with the ‘known
size’ parameter set to the best result obtained within 3 hours
in these two cases. In case of sep and six-way criterion,
CASA run into out-of-memory error without producing an
initial array. ACTS has not produced a result for sep and
GREP and six-way criterion within the 3 hour time limit, thus
we changed the default settings to get the covering arrays.

We changed the constraint handling method to
‘forbidden tuples” and obtained the arrays within 8 seconds
each. Such fast runtimes are quite surprising, since this
constraint handling method enumerates all forbidden com-
binations. (Similar method is used in GAcit). The number of

9. In case of FLEx and six-way criterion one run exceeded the 3 hour
limit, thus we excluded it from the boxplot.
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Fig. 2. All CA Generation Runtimes (CASA) with 20 min zoom.

disallowed interactions increases with the number of con-
straints, making enumeration effort more time consuming
and more difficult due to interactions between the con-
straints. ACTS uses a solver for Constraint Satisfaction Prob-
lems as its default for constraint handling. However, the
experiments presented in this paper show that this might
not be the most efficient method.

5.1.2 Efficacy

The sizes of the smallest constrained CAs we generated using
CASA, ACTS and GAcit are presented in Tables 5 and 6. In
the case of Grep and seD for ¢ > 4, only the numbers of unique
rows are reported in Table 5. Sizes denoted with * and ** were
not obtained using default tool settings. The tables also
include the number of tests in the original exhaustive TSL
test suite from SIR. Tables 4 and 5 provide an answer to RQ1:
constraints can reduce the size of CIT models significantly.

Each test suite among the 20 runs of ACTS had the same
size with no variation in test cases. Thus, in contrast to
CASA and GAcit (for which maximum size variation was
4), ACTS produces deterministic results. However, ACTS
test suite sizes are in almost all cases bigger than in the case
of CASA and GAucit, as shown in Table 5. Minimal results
from CASA are shown in Table 5, while size variations in

Fig. 4. Note that the ACTS tool produced a smaller test suite
for Grep and four-way coverage. Since in that case CASA
actually produced duplicate test cases (which were later
removed), we suspect that an SA algorithm that prevents
duplicates would have produced a test suite at least as small
as the one generated by ACTS.

Furthermore, minimal test suites in Table 5 differ from
the ones presented in our earlier work [21], which poses the
question: how many times should CASA be run to obtain
the smallest test suite or one whose size is small enough?

We present the CIT models for the original TSL files from
SIR with all the constraints and parameter order ignored in
Table 7.

Results presented in this section provide strong evi-
dence that constraints play an important part in the effi-
ciency of covering array generation. At the modelling
stage, constraints allow for certain values to be excluded
from CIT because, for instance, these correspond to error
states or cases that do not require further interaction (e.g.
printing the ‘help” message).

5.1.3 Test Suite Reduction

Excluding single-valued parameters allows further model
reduction without compromising the test suite. These can



PETKE ET AL.: PRACTICAL COMBINATORIAL INTERACTION TESTING: EMPIRICAL FINDINGS ON EFFICIENCY AND EARLY FAULT...

909

ACTS covering array generation runtimes

12000

10000 -
2
3 8000 - —
L
@
v -3 fa—
v 6000
©
s
g 4000 - -
(2]

2000 - -

0 - O — . . ————— — e o o -&-0--0-— —— —— — 4--0-—_
rrr r r r T T T 17T T T T T 7T T T T T 7T T 1 1 1 T T 1 1 1T 7T i 'F K &k %
87585 2335% 85838y 9335y 25%3F 97FEE 35wEs

2333 2233 2239 2238 2233 2233 2233
£gS8x fgSex% fgpSez EfgSe: £g5ex Zfgfex fgfex
SES%y 3520 B280h RE55% 3z8%d BE8n2 f25%d
55888 g9298 §4888 3338 So880 ErE5E fogfs
2E2S° §39Ff BgSS5 33800 HEEBY EEzss pfisd
1S < g8 7]
@ S ®© [
c@c*®
1200
1000 -
3
5 800
£
E
& -
Y 600 -
2]
©
]
S 400 -
b -
200 -
— —
0 O — e P — e —— — — — g - - O O e e e P O

Fig. 3. All CA Generation Runtimes (ACTS) with 20 min zoom.

be added to each row of the CA generated in the post-proc-
essing stage, relieving the tool of the need to consider tuples
involving such single-valued parameters. This in turn
improves CIT test suite generation efficiency. In case of the
constrained model for FLEX, for instance, 20 out of 29 parame-
ters are single-valued. There are almost 39 thousand six-way
combinations between just the 20 parameters, not to mention
six-way tuples that involve also the other nine parameters.
Even though these are already covered by the first test case
generated, a CIT tool would still count these tuples to estab-
lish coverage. We used the ACTS tool to generate a six-way
interaction test suite for two FLEX models: one that contained
the single-valued parameters and one that didn’t. Exclusion
of single-valued parameters led to five times speedup. More-
over, the number of tuples covered in the resultant test suites
dropped from over 2.5 million to just under eight thousand.
Therefore, it is important for CIT testers to consider single-
and multi-valued parameters separately in the input model.

The significance of these reductions can be seen in
Table 5. The number of test cases generated decreases sig-
nificantly when compared to the full TSL suite. In the case
of MAKE, for instance, five-way coverage is achieved with
only 64 tests (using CASA), while the exhaustive test suite
contains 793 test cases.

5.1.4 Other Considerations

With regards to the generation effort of CASA, in some
cases the variation between runtimes has been significant.
This may stem from the different seeds used for the stochas-
tic simulated annealing. At each run, the algorithm starts
with a randomly generated solution, which might be either
very close to or very far from the actual solution. CASA
determines the size of CAs in a stochastic way: it is possible
that it gets ‘stuck’ and works harder on some problems
because of a bad starting point. We also note that the biggest
runtime variation occurred in the case of MAKE and FLEX (see
Fig. 2), which have one of the least constrained CIT models.
In fact, there is only one constraint between two (or more)
parameters in the TSL model for make. CASA was engi-
neered to work well on constrained CIT models, which
might explain this behaviour.

It is also worth noting that in cases where CASA
times out it is possible to restart the solver with fixed
test suite size. This is not possible for ACTS. Thus even
though the latter might generally be faster, when given
restrictive time constraints an SA-algorithm might still
be a better choice. However, ACTS did not generate
a test suite for Grer and sep for interaction strength 6
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Fig. 4. All CA size variations (CASA) with zoom < 210.
TABLE 5
Constrained Covering Array Sizes for the CASA, ACTS and GAcit Tools (Minimal Out of 20 Runs)
CIT specification Size Size Size Size Size TSL
t=2 t=3 t=4 t=5 t=6 full
CASA ACTS GAcit CASA ACTS GAcit CASA ACTS GAcit CASA ACTS GAcit CASA ACTS GAcit
FLEX
CA(N;t,22322'51) 26 27 26 56 66 - 11 130 - 180 238 - 310 366 - 525
MAKE
CA(N;t,2') 7 9 7 14 19 - 30 43 - 64 91 - 137 185 - 793
GREP
CA(N;t,3%416'8'41312151) 43 46 44 148* 153 - 347 298 - 436 436 - 438 438 - 470
SED
CA(N:t,2°6'10'2!412231) 58 58 - 170 170 - 324 324 - 324 324 - Err  324% - 360
GzIP
CA(N;t,233") 18 21 18 45 68 - 72 108 - 144 144 - 144 144 - 214
NANOXML
CA(N;t,2°412Y) 8 8 8 20 24 - 32 32 - 64 64 - 64 64 - 85
SIENA
CA(N;t,3'413'514%3%) 20 22 20 70 83 - 205 216 - 436 428 - 518 516 - 567

Best results are marked in bold. 'Denotes sizes after duplicates were removed. *Denotes CAs obtained by first running CASA for 3 hours and then taking the best
result as input for the next run. Err denotes out-of-memory error. CAs marked with** were obtained by using the ‘forbidden tuples’ setting of ACTS for constraint

handing. -denotes runs of GAcit which did not produce a valid CA within 3 hours.

within 3 hours. On the other hand, CASA failed to pro-

duce an initial six-way interaction test suite for sep due

to an out-of-memory error.

With regards to the generation effort of GAcit, even
though it produces comparable sizes to CASA, its the least
efficient of the tools used. Given that Grer and sep CIT
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TABLE 6

Ratios of Full Test Suite Sizes for Covering Arrays Generated Using the CASA, ACTS and GAcit Tools (Minimal Out of 20 Runs)

CIT specification Size Size Size Size Size TSL
t=2 t=3 t=4 t=5 t=6 full

CASA ACTS GAcit CASA ACTS GAcit ~ CASA ACTS GAcit ~ CASA ACTS GAcit ~ CASA ACTS GAcit

FLEX

CA(N;t,273%251) 0.05 005 0.05 011 013 - 021 025 - 034 045 - 059 070 - 1

MAKE

CA(N;t,2) 0.01 001 0.01 002 002 - 0.04 005 - 008 011 - 017 023 - 1

GREP

CA(N;t,32416'81413'2151)  0.09 010  0.09 0.31* 033 - 074 063 - 093 093 - 093 093 - 1

SED

CA(N;t,2'6'10'2'412231) 016 016 - 047¢ 047 - 090 090 - 090 090 - Err  0.90% - 1

GzIp

CA(N;t,2133Y) 0.08 010 0.08 021 032 - 034 050 - 0.67 0.67 - 0.67 067 - 1

NANOXML

CA(N;t,2°412") 0.09 0.9 0.09 024 028 - 038 038 - 075 075 - 075 075 - 1

SIENA

CA(N;t,3'413'51423%) 0.04 004 0.04 012 015 - 036 038 - 077 075 - 091 091 - 1

Best results are marked in bold. 'denotes sizes after duplicates were removed. *Denotes CAs obtained by first running CASA for 3 hours and then taking the best
result as input for the next run. Err denotes out-of-memory error. CAs marked with** were obtained by using the ‘forbidden tuples setting of ACTS for constraint
handing. -Denotes runs of GAcit which did not produce a valid CA within 3 hours.

models contain the largest number of constraints, we might
conclude that current GA-based tools have an inefficient
way of dealing with constrained CIT. Moreover, generalis-
ing to higher-strength also leaves room for improvement.

In conclusion, the state-of-the-art CA generation tools
can cope with higher strength CA generation under con-
straints (RQ2). The sizes of generated test suites by ACTS
are comparable with CASA producing the best results for
strengths five and six for five out of seven subjects studied.
Unlike execution time, we observe little variance in CA sizes
between the different runs of CASA (Fig. 4), providing an
answer to RQ3. Furthermore, genetic algorithm’s perfor-
mance is far worse than the two more popular techniques,
though competitive for pairwise in five cases. These observa-
tions provide supporting evidence for the best practice, which is to

TABLE 7
Constrained and Unconstrained CIT Models

Constrained Unconstrained

FLEX (32 TSL constraints)
CA(N;t,203251)
9 parameters (30%)

CA(N;t,2%3452)

29 parameters (100%)
MAKE (28 TSL constraints)
CA(N;t,2'0)

10 parameters (45'%)

CA(N;t,211314%5161)
22 parameters (100%)
GrEP (58 TSL constraints)
CA(N;t,2'3342516'8")

9 parameters (64%)

seD (58 TSL constraints)
CA(N;t,2734%610")

11 parameters (58%)

CA(N;t,14213%4' 5171101131 211)
14 parameters (100%)

CA(N;t,1'27314%5%618210")
19 parameters (100%)

Gzip (69 TSL constraints)
CA(N;t,21331)

14 parameters (56%)

CA(N;t,14283%425161341)
25 parameters (100%)
NANOXML (26 TSL constraints)
CA(N;t,2041)

7 parameters (33%)

CA(N;t,12211364161)
21 parameters (100%)
SIENA (62 TSL constraints)
CA(N;t,314131514233)

9 parameters (82%)

CA(N;t,41812181715181131819131)
11 parameters (100%)

perform a few runs of an SA-based tool with predetermined time-
out and then to select the smallest CA generated. If one is using
Greedy approach, then one run is enough, however suite size is
often bigger than that produced with SA.

5.2 Prioritisation and Interaction Coverage

This section addresses RQ4. Following the best practice out-
lined in Section 5.1, we chose 34 smallest Covering Arrays,
out of the CAs we generated using CASA,"’ and 35 Cover-
ing Arrays, generated using ACTS, and six Covering
Arrays, generated using GAcit'" for the seven subjects (FLEX,
MAKE, GREP, SED, GZIP, NANOXML and sIENA) and for ¢-way inter-
action coverage criteria (2 <t < 6). Note that these only
contain multi-value parameters (single-valued parameters
having been removed). Subsequently, we ordered each of
these according to pairwise, three-way, four-way, five-way
and six-way coverage using the greedy algorithm presented
in Algorithm 1. This produces 375 CAs.

Excluding single-valued parameters also allows signifi-
cant speed-up for prioritisation. For example, 20 out of 29
parameters for FLEX are single-valued. We report, in Table §,
the runtimes of Algorithm 1 for CIT models of FLEx with and
without the single-valued parameters.

Prioritising the same CA according to interaction cover-
age for different strengths produces significantly different
permutations of test cases. Table 9 shows the permutations
of the pairwise CA (generated using CASA) of MAKE accord-
ing to different strength criteria.

Tables 10, 11 and 12 report the interaction coverage
achieved by each of the 75 unprioritised CAs. For each CA
generated for ¢t-way strength, we measure the interaction
coverage for t'-way strength (2 <t <6). A t-way strength
CA, by definition, achieves 100 percent interaction coverage
for strengths lower than ¢ (therefore we omit these criteria
from Tables 10, 11 and 12).

10. Since CASA did not produce a result when applied to sep and
six-way criterion due to an out-of-memory error.

11. For sep GAcit was not able to provide a pairwise test suite within
the 3 hour time limit.
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TABLE 8 TABLE 9
Runtimes of the Prioritisation Algorithm on Two CIT Permutations of the Test Suite for make Which
Models of FLEx Achieves Pairwise Interaction Coverage
Pairwise CA for FLEX Prior. Prior. MAKE 2-way CA
(26 Test Cases) Strength Time (sec.) t-way Prioritisation Permutation
Without single-valued params. t=2 0.036 t—29 Ty, Ts, Ty, Ty, Ty, Ty, To
. . v ) ) I I )0
With single-valued params. t=2 0.213 t—=13 T5, Ty, Ty, Ty, T1, Th, T
Without single-valued params. t=3 0.081 t=14 15,15, 15, To, Ty, Ty, T
With single-valued params. t=3 17.926 t=5 Ts, T3, To, Ty, Ty, Ts, T»
Without single-valued params. t=4 0.198 t=26 To, Ts, 13,11, T5, Ty, T
With single-valued params. t=4 986.430
Without single-valued params. t=5 0.248
With single-valued params. t=5 >20 min For all subject programs but sieNa, pairwise CAs achieve
Without single-valued params. t=6 0.149 at least 59 percent collateral five-way interaction coverage
With single-valued params. t=6 >20 min and at least 47 percent collateral six-way interaction cover-

age. This provides an answer to the top level RQ4. Note
that, for our coverage calculation, single-valued parameters

TABLE 10
Interaction Coverage Results for CAs Generated by CASA
Subjects  Gen. Size Cov. for Strength Subjects Gen. Size Cov. for Strength
Crit. 2 3 4 5 6 Crit. 2 3 4 5 6
flex 2 26 - 98.59 95.55 91.13 85.68 sed 2 58 - 92.24 82.01 71.75 62.34
3 56 - - 99.58 98.42 96.37 3 170 - - 98.88 96.56 93.26
4 111 - - - 99.94 99.71 4 324 - - - 100.00 100.00
5 180 - - - - 99.99 5 324 - - - - 100.00
6 310 - - - - - 6 - - - - - -
make 2 7 - 94.37 83.98 71.27 58.33 gzip 2 18 - 97.56 93.00 87.09 80.51
3 14 - - 97.25 90.76 81.22 3 45 - - 99.61 98.59 96.86
4 30 - - - 98.90 95.65 4 72 - - - 99.95 99.76
5 64 - - - - 99.65 5 144 - - - - 100.00
6 137 - - - - - 6 144 - - - - -
grep 2 43 - 88.74 74.13 60.03 47.79 nanoxml 2 8 - 97.60 92.90 86.62 79.46
3 148 - - 97.45 92.38 85.52 3 20 - - 99.64 98.63 96.86
4 347 - - - 99.67 98.79 4 32 - - - 99.95 99.75
5 436 - - - - 100.00 5 64 - - - - 100.00
6 438 - - - - - 6 64 - - - - -
siena 2 20 - 76.99 53.41 35.57 23.46 5 436 - - - - 99.59
3 70 - - 90.40 75.13 58.90 6 518 - - - - -
4 205 - - - 97.15 90.54
TABLE 11
Interaction Coverage Results for CAs Generated by ACTS
Subjects  Gen. Size Cov. for Strength Subjects Gen. Size Cov. for Strength
Crit. 2 3 4 5 6 Crit. 2 3 4 5 6
flex 2 27 - 98.46 95.23 90.61 85.01 sed 2 58 - 92.59 82.61 72.41 62.92
3 66 - - 99.70 98.84 97.26 3 170 - - 98.94 96.73 93.59
4 130 - - - 99.94 99.74 4 324 - - - 100.00 100.00
5 238 - - - - 99.99 5 324 - - - - 100.00
6 366 - - - - - 6 324 - - - - -
make 2 9 - 95.36 86.47 75.14 63.12 gzip 2 21 - 97.62 93.12 87.25 80.66
3 19 - - 98.32 93.83 86.52 3 68 - - 99.76 99.11 97.98
4 43 - - - 99.42 97.46 4 108 - - - 99.97 99.88
5 91 - - - - 99.81 5 144 - - - - 100.00
6 185 - - - - - 6 144 - - - - -
grep 2 46 - 89.09 74.86 61.04 48.97 nanoxml 2 8 - 97.71 93.21 87.15 80.20
3 153 - - 97.40 92.31 85.48 3 24 - - 99.69 98.85 97.34
4 298 - - - 99.55 98.32 4 32 - - - 99.95 99.75
5 436 - - - - 100.00 5 64 - - - - 100.00
6 438 - - - - - 6 64 - - - - -
siena 2 22 - 78.03 55.23 37.57 25.22 5 428 - - - - 99.56
3 83 - - 91.97 78.50 63.41 6 516 - - - - -
4 216 - - - 97.54 91.68
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TABLE 12
Interaction Coverage Results for CAs Generated by GAcit

Subjects Gen. Size Cov. for Strength Subjects  Gen. Size Cov. for Strength

Crit. 2 3 4 5 6 Crit. 2 3 4 5 6
flex 2 26 - 9851 9535 9079 85.21 gzip 2 18 - 9759 93.09 8725 80.74
make 2 7 - 9456 8440 7182  58.90 nanoxml 2 8 - 9766 93.04 86.82 79.70
grep 2 44 - 8848 7372 59.62 4749 siena 2 20 - 7659 53.03 35.38 2342

need to be added back to the CAs in order to produce com-
plete test suites. Interestingly, the lowest rates of coverage
for pairwise CAs occurred for MAKE, and GREP and SIENA,
which are the least and two of the most constrained subjects,
respectively.

To answer the subquestions of RQ4 on prioritisation,
we prioritised each of the 75 CAs according to five different
prioritisation criteria (two-, three-, four-, five- and six-way
interaction coverage), resulting in 375 prioritised CAs. The
results'” from the prioritisation are aggregated using APCC
(defined in Section 4.4) in Tables 13, 14 and 15.

The variation in APCC between the different strengths
of prioritisation criteria is observed to have little effect. It
caused up to 6.82 percent variation. Strength of covering
arrays has no impact on this variation. Thus no prioritisa-
tion criterion is clearly better than another. Furthermore,
the choice of CA generation tool had little influence on the
APCC values. Since CASA produces smaller test suites,
one might argue that ¢-way interactions should be covered
more quickly. However, this is not always the case. Cover-
ing arrays generated by ACTS achieved up to 8.34 percent
faster coverage (in the case of MAKE and three-way genera-
tion criterion: 52.72 percent versus 61.06 percent), while
CASA achieved up to 3.18 percent faster coverage than
ACTS (in the case of NaANOXML and pairwise generation cri-
terion: 64.64 percent versus 61.46 percent), as shown in
Tables 13 and 14. In 590 cases CAs generated using ACTS
produced higher APCC values, while CAs generated using
CASA produced higher APCC values in 231 cases. More-
over, since higher-strength covering arrays contain more
test cases, they cover more t-way interactions for larger ¢,
as shown in Fig. 5.

This provides answers to the two subquestions in RQ4: it
seems that there is no clear advantage to be gained by pri-
oritising by interactions of higher/lower strength. Note that
whenever the next test case adds a new three-way interac-
tion to the test suite, it does not necessarily mean that a new
pairwise interaction has been added.

However, whenever a new two-way interaction is added,
then automatically new three-way, four-way, five-way and
six-way interactions are covered. Therefore, in terms of
interaction coverage, prioritising by the lowest strength (the
pairwise interaction criterion) will often prove to be suffi-
cient, as our results confirm. However, a further question
arises as to whether the same observation will hold for fault
detection rates. This is the question to which we turn in the
next section.

12. The complete data and all APCC plots are available at the com-
panion webpage: http:/ /www0.cs.ucl.ac.uk/staff/].Petke/cittse/
html/index.html.

5.3 Fault Detection
This section addresses RQ5. Tables 16, 17 and 18 present the
percentage of detected faults after 25, 50, 75, and 100 percent
of each test suite is executed, aggregated over all versions of
subject programs. With FLEX, GREP, sED and NaNoxmL, CAs
with higher generation strength do detect more faults when
executed in their entirety. In all cases, the number of faults
detected by test cases assigning values to at least two
parameters was found to be identical in the case of t-way
covering arrays and full TSL test suites provided in SIR.
Thus, we achieve the same fault detection by using a
smaller number of tests. For rLEX, this was achieved with
four-way covering arrays (obtained with ACTS), for MAKE,

make generated:2 ordered:3
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Fig. 5. Comparing APCC for pairwise and six-way CAs for MAKE (gener-
ated with ACTS).
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TABLE 13
APCC Values for CAs Generated by CASA
Subjects Gen.  Prio. APCC for Strength Subiects Gen.  Prio. APCC for Strength
Crit.  Crit. 2 3 4 5 6 | > Crit.  Crit. 2 3 4 5 6
2 2 9116 8525 7851 7141 6431 2 2 8595 7253 59.79  49.04 40.29
2 3 90.66  85.02 7853 71.61  64.61 2 3 85.65 7247 5998 4939 40.73
flex 2 4 90.79  85.01 7847 7156  64.60 sed 2 4 85.69 72,63 60.24 49.69  41.00
2 5 90.10 8443 78.02 7122 6435 2 5 8526 7223 5998 4955  40.96
2 6 90.01 8426 77.79 7098 64.12 2 6 8496 7204 59.82 4941 40.84
3 2 9595 9278 88.63 8372 7827 3 2 9521 8834 8058 73.01 65.97
3 3 9570 9276  89.13  84.86  80.06 3 3 95.15 8945 8269 7566  68.76
flex 3 4 9553 9242 88.68 8439 79.63 sed 3 4 9497 8935 8270 7575  68.91
3 5 9457 9146 8786 83.74 79.16 3 5 9496  89.37 82.80 7593 69.14
3 6 9446 9114 8738 83.17 7856 3 6 9480 89.17 8257 75.69  68.93
4 2 9794 9628 9399 9116 87.85 4 2 9751 9329 8835 8339 78.69
4 3 9791 9644 9449 9203 89.07 4 3 9746 9457 90.83 86.62  82.21
flex 4 4 9771 9613 9416 9177 8897 sed 4 4 9743 9456 9097 87.00 82.87
4 5 9737 9567 93.60 9117 88.37 4 5 97.39 9450 9091 8695  82.83
4 6 97.08 9517 9295 9043  87.60 4 6 97.28 9438 9082 8690  82.83
5 2 9874 9771 9627 9443 9224 5 2 9751 9345 8855 8357 7878
5 3 9871 9783 96.63 95.05 93.09 5 3 9749 9457 90.80 86.55  82.10
flex 5 4 9854 9761 9642 9495 93.16 sed 5 4 97.42 9455 9094 8693 8277
5 5 9845 9743 96.17 9464 92.82 5 5 97.37 9449 9090 86.94 82.82
5 6 9824 9708 95.66 9399 92.08 5 6 9723 9437 90.83 86.93  82.87
6 2 9928 9863 97.69 9646 9497 6 2 0.00 0.00 0.00 0.00 0.00
6 3 99.18 9867 9798 97.05 95.87 6 3 0.00 0.00 0.00 0.00 0.00
flex 6 4 99.16 9862 9793 97.09  96.05 sed 6 4 0.00 0.00 0.00 0.00 0.00
6 5 99.10 9851 9778 9691  95.88 6 5 0.00 0.00 0.00 0.00 0.00
6 6 98.90 9823 9744 9653 9547 6 6 0.00 0.00 0.00 0.00 0.00
2 2 7872 6697 5477 4349  33.81 2 2 8344 7534 6736 59.85 5293
2 3 7851 6740 5548 4420 34.39 2 3 8345 7538 6745 59.97  53.09
make 2 4 7851 6740 5548 4420 34.39 gzip 2 4 8342 7534 6743 5997 53.12
2 5 78.72 6697 5477 4349  33.81 2 5 82.81 7485 67.08 59.75 5299
2 6 7695 65.66 5391 4297 33.50 2 6 8222 7440 66.77 59.56  52.88
3 2 8926 8259 7362 6330 5273 3 2 9306 89.01 8442 7949 7441
3 3 89.24 8278 7407 6392 5341 3 3 93.07 89.07 8456 79.73 7473
make 3 4 88.55 81.68 7294 6298 52.72 gzip 3 4 93.10 89.08 8459 79.80 74.85
3 5 8855 8167 7291 6294 5269 3 5 93.02 89.01 8452 79.74 7481
3 6 8770 8114 72,69 6291 5275 3 6 93.09 89.08 8459 79.79 74.85
4 2 9489 9111 8582 7898 70.88 4 2 9586 9323 90.02 8643 82.61
4 3 9494 9155 8670 80.15 7213 4 3 9586 9336 9034 8695 8331
make 4 4 9497 9174 87.04 80.66 7275 gzip 4 4 9585 9333 9030 86.89 83.25
4 5 9464 9146 86.82 8049 72.63 4 5 9586 9335 90.32 86.92 83.28
4 6 9446 9126 86.63 8032 7251 4 6 9553 93.00 90.01 86.68 83.11
5 2 9765 9579 9290 8892 83.83 5 2 9793 9645 9449 9220 89.68
5 3 97.65 9612 9373 9020  85.40 5 3 9793 96.68 9514 9335 91.34
make 5 4 9765 9613 93.87 9055 8593 gzip 5 4 9793  96.69 9517 9344 9153
5 5 9762 96.05 93.67 9029 85.71 5 5 9793 96.68 9515 93.39 9146
5 6 9744 9583 9349 90.17  85.64 5 6 9793 96.68 9516 9341 9149
6 2 9891 9805 96.64 9456 9174 6 2 9793 9651 9467 9249 90.10
6 3 9891 9818 9697 95.07 92.32 6 3 9793 96.69 9515 93.34 9130
make 6 4 9891 9821 9714 9550  93.10 gzip 6 4 9793  96.69 9518 9345 9155
6 5 9887 9816 97.09 9550 93.21 6 5 9793 96.68 9516 9342 9149
6 6 98.82 9812 97.06 9548 93.22 6 6 9793 96.68 9515 93.39 9145
2 2 80.16 6343 4853 36.68 27.64 2 2 8095 7322 6529 57.60  50.41
2 3 80.01 63.62 48.86 3698 27.85 2 3 8095 7323 6531 57.63 50.46
grep 2 4 7943  63.13 4851 36.77 27.76 nanoxml 2 4 7952 7200 64.36 56.94 49.97
2 5 7937 6297 4840 3672 2775 2 5 7998 7238 64.64 5714 50.11
2 6 78.09 6247 4830 36.77 27.83 2 6 76.56  68.39  60.65 5347  46.93
3 2 9429 8600 76.01 6592  56.45 3 2 9211 8818 8354 7842 73.05
3 3 94.09 8728 7850 6893 59.44 3 3 9192 8813 83.72 7885 73.68
grep 3 4 93.65 86.87 7824 6885 59.52 nanoxml 3 4 9090 87.05 8275 78.08 73.13
3 5 9333 86.60 78.09 6884 59.62 3 5 91.28 87.14 8256 77.68  72.62
3 6 9291 8620 77.79 68.64 59.52 3 6 86.68 8174 7690 7211 67.38
4 2 9759 9332 8771 8156 75.30 4 2 9526 9274 8948 8567 8152
4 3 9749 9453 90.19 8482 7884 4 3 9521 9266 89.64 8621 8247
grep 4 4 9729 9445 9053 8573  80.28 nanoxml 4 4 95.01 9259 89.63 86.26  82.57
4 5 9724 9432 9042 8573 8042 4 5 9457 9202 8906 8574 8216
4 6 9692 9400 90.16 8554 80.32 4 6 92,60 89.07 8542 81.74 78.04
5 2 98.11 9451 89.81 8470 79.54 5 2 9759 96.18 9425 9191 89.28
5 3 98.00 9573 9224 8783  82.86 5 3 97.60 9645 9500 9324 9119
grep 5 4 9787 9562 9253 8873 84.35 nanoxml 5 4 9744 9626 9485 9322 9137
5 5 9772 9545 9239  88.68 84.44 5 5 9747 9628 94.83 9315 91.25
5 6 97.10 9485 91.89 8830  84.19 5 6 9695 9530 9350 91.61  89.66
6 2 98.09 9441 89.66 8456 7945 6 2 9760 9626 9447 9230 89.85
6 3 98.04 9577 9226  87.82  82.83 6 3 9760 9645 95.01 9327 91.25
grep 6 4 9792 9564 9257 8879 8443 nanoxml 6 4 97.53 9636 9491 9322 9131
6 5 9774 9541 9237 88.69  84.50 6 5 9753 96.32 9484 9311 9119
6 6 9750 9520 9217 8853  84.38 6 6 96.74 9529 93.72 92.03 90.22
2 2 70.74 4764 3042 1923 12.28 4 5 96.82 9235 8528 75.69 64.55
2 3 7048 4766 3051 19.32 12.34 4 6 9648 91.81 84.81 7547  64.57
siena 2 4 69.82 4733 3044 1933 1236 5 2 98.69 9427 88.62 8239 75.69
2 5 6926 4707 3035 1931 1236 5 3 98.65 9671 9227 8589 7839
2 6 6845 4663 3019 1926 12.35 siena 5 4 9855 96.61 9326 8798  80.97
3 2 91.65 7803 61.65 4637 33381 5 5 9833 9638 9310 8822 81.82
3 3 9121 7941 63.64 48.07 3496 5 6 98.01 9599 9272 88.02  81.87
siena 3 4 9048 7894 6357 4823  35.19 6 2 9893 9527 90.34 8478 7883
3 5 89.74 7825 6318 4815 3526 6 3 98.83 9721 9336 87.80 81.28
3 6 89.63 78.05 63.03 48.07 35.25 siena 6 4 98.81 9717 9434 89.89 83.93
4 2 9728 90.67 8179 7149 60.58 6 5 98.64 9693 9417 9012 8473
4 3 97.09 9283 8479 7411 6240 6 6 9848  96.69 9392 8996 8478
siena 4 4 9704 9271 8552 75.67 64.29
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APCC Values for CAs Generated by ACTS

TABLE 14

Subjects Gen.  Prio. APCC for Strength Subiects Gen.  Prio. APCC for Strength
Crit.  Crit. 2 3 4 5 6 || ) Crit.  Crit. 2 3 4 5 6
2 2 91.54 8559 7872 7146 6420 2 2 85.65 7218 59.54 4887  40.17
2 3 91.14 8551 7898 7201 6495 2 3 8526 7222 59.92 4942 4076
flex 2 4 91.15 8544 7885 7186 64.82 sed 2 4 8505 7214 59.96 4953  40.90
2 5 91.00 8518 7855 7156  64.55 2 5 84.62 7170  59.63 49.35  40.84
2 6 9044 8472 7821 7132 6439 2 6 8453 7161 59.54 4926  40.77
3 2 9662 9396 9037 86.02 8112 3 2 9526 8857 8092 7336 6629
3 3 9651 9404 9087 87.05 8267 3 3 9523 8946 8258 7543 6844
flex 3 4 96.16 9356 9035 8656 8227 sed 3 4 9494 8928 8257 7557 6870
3 5 95.88 93.17 89.90 86.12 8187 3 5 94.81 89.12 8244 7549  68.66
3 6 9535 9259 8933 8557  81.37 3 6 94.83 89.11 8241 7549 68.70
4 2 9827 9681 9474 9214  89.08 4 2 9753 9323 8822 8326 7858
4 3 98.22 9695 9529 93.17  90.59 4 3 9748 9460 90.87 86.66 8227
flex 4 4 98.10 9676 9507  93.01  90.55 sed 4 4 9745 9456 9094 8694 8277
4 5 97.83 9634 9455 9246  90.03 4 5 97.36 9449 9093 8699  82.88
4 6 9755 9594 9407 9191  89.46 4 6 9728 9440 9085 8694  82.87
5 2 99.01 9817 9695 9539 9351 5 2 9754 9313 8806 83.08 7843
5 3 99.01 9835 97.44 9624 9472 5 3 9747 9458 90.82 8657 8213
flex 5 4 98.92 9821 9731 9620  94.85 sed 5 4 9746 9458 9098  87.00 82.85
5 5 9879 9799  97.02 9588 9454 5 5 9736 9449 9092 8698  82.88
5 6 98.66 9776 9670 9549 9411 5 6 97.34 9445 90.88 8694  82.85
6 2 9938 9884 98.03 9698  95.69 6 2 9751 9306 8791 8285 7813
6 3 99.37 9893 9833 9754  96.53 6 3 9751 9460 9085 86.64 8225
flex 6 4 99.27 9882 9825 9754  96.66 sed 6 4 9742 9455 9096 8698  82.83
6 5 99.12 9860 97.99 9726  96.41 6 5 97.39 9449 9089 8692  82.80
6 6 99.03 9845 9779  97.02  96.14 6 6 9730 9439 9084 8692 82.86
2 2 8324 73.06 6146 50.02  39.72 2 2 8540 7758 69.60 6190 54.75
2 3 8322 7305 6148 5006 39.77 2 3 8389 7602 6814 60.60 53.62
make 2 4 82.88 7248 60.84 4947  39.29 gzip 2 4 84.27 76.87 6929 6190 5494
2 5 82.07 7214 6086 49.68  39.56 2 5 84.17 7673 69.15 6178 54.86
2 6 8207 7212  60.81 49.62  39.49 2 6 83.60 7612 6861 6136 5458
3 2 92.02  86.66 79.17 7007 60.20 3 2 95.61 9274 89.15 8507 80.71
3 3 9212 8694 7974 7085 61.05 3 3 9558 9299  89.87 8631 8244
make 3 4 9214 8697 7975 7086  61.06 gzip 3 4 9561 9295 8971 86.04 82.06
3 5 91.68 8655 7933 7043  60.66 3 5 9560 93.00 89.88 8632 8245
3 6 9087 8579 7883 7022  60.65 3 6 9560 9295 8976 86.13 8220
4 2 9649 9381 89.67 8405 /711 4 2 9724 9538 9299 9020 8715
4 3 9651 9420 90.64 8554 7890 4 3 9724 9558 9354 9116 8851
make 4 4 9646 9418 9075 8585 79.44 gzip 4 4 9724 9557 9353 9119  88.61
4 5 9639 9416 9076 8586  79.43 4 5 9724 9559 9360 9131 8878
4 6 9588  93.62 9030 8554  79.25 4 6 9724 9557 9354 9122  88.66
5 2 9837 9712 9517 9233 8846 5 2 9793 9651 9465 9247  90.07
5 3 98.37 9726 9549 9281  89.01 5 3 9793  96.69 9515 9333  91.27
make 5 4 9836 9729 9567 9323  89.75 gzip 5 4 9793 9669 9519 9348  91.59
5 5 9830 9725 9565 9326  89.88 5 5 9793  96.67 9514 9337 9142
5 6 98.21 9716 9556  93.18  89.81 5 6 9792  96.68 9516 9340 9146
6 2 9920 9856 9751 9595 9376 6 2 9793 9648 9458 9235 89.90
6 3 99.19  98.64 9777 9638 9431 6 3 9793 9669 9514 9333 9129
make 6 4 99.19 9868  97.90  96.68  94.84 gzip 6 4 9793 9668 9517 9345 9154
6 5 99.17 9867 97.89 9672  95.00 6 5 9793 9668 9515 9339 9146
6 6 99.07 9856  97.80  96.64 9495 6 6 9793 9668 9516 9342 9149
2 2 8156 6514 5020 3814 28.88 2 2 8064 7270 6470 57.03 4994
2 3 8133  65.07 5027 3829 29.04 2 3 7880 7159 6425 57.04 5021
grep 2 4 80.19 6451 5012 3834 29.16 nanoxml 2 4 78.80 7159 6425 57.04 5021
2 5 79.04 6378 49.67 3807  29.00 2 5 7753 6930 6146 5419 4758
2 6 7956 6415 4993 3825 29.11 2 6 7774 6969 6194 5469  48.05
3 2 9448 8639 7650 6645 57.03 3 2 9346 9024 8636 8195 7718
3 3 9434 8750 7868 69.15 59.75 3 3 9337 9020 8650 8231 7774
grep 3 4 9404 8741 7886 6952 6022 nanoxml 3 4 9322 9005 8634 8216 77.62
3 5 9380 8711 7858  69.30  60.07 3 5 9272 8942 8565 8148 7698
3 6 9247 8618  78.02 69.02 5997 3 6 91.83 88.10 8401 79.63 75.04
4 2 9716 9272 8690 8045 7379 4 2 9524 92,69 8952 8590 8198
4 3 97.06 9366 8875 8279 7622 4 3 9505 9268 8977 8639  82.64
grep 4 4 96.89 9345 88.89 8349 7747 nanoxml 4 4 9485 9244 8955 8625  82.63
4 5 9645 93.18 8875 8345 7752 4 5 9451 91.74 8859 8514 8150
4 6 9649 9299 8847 83.17  77.30 4 6 9260 8945 86.08 8254 7890
5 2 9805 9476 9036 8544 80.34 5 2 9761 9633 9463 9256 90.18
5 3 98.00 9570 9216  87.69  82.67 5 3 9757 9644 9498 9316  91.03
grep 5 4 97.85 9558 9248  88.67 8430 nanoxml 5 4 9742 9627 9487 9324 9141
5 5 97.65 9536 9231 88.60 8436 5 5 9745 9622 9475 9305 9115
5 6 9747 9515 9211 8844 8426 5 6 9629 9483 9330 91.68  89.94
6 2 98.09 9460 90.05 85.08 80.03 6 2 9759 9631 9461 9255 90.18
6 3 9796 9573 9224 8780 8281 6 3 9757 9644 9500 9325 9122
grep 6 4 9787 9563 9256 8875  84.37 nanoxml 6 4 9741 9627 9488 9326 9143
6 5 97.66 9538 9236 8870 8451 6 5 97.06 9588 9451 9292 9110
6 6 97.26 9499  92.03  88.46 8437 6 6 96.81 9529  93.67 91.95 90.14
2 2 7417 50.44 3244 2067 13.30 4 5 96.87 9276 86.03 7678  65.93
2 3 7391 5062 3272 2088 1343 4 6 9652 9205 8541 7651  66.02
siena 2 4 7343 5041 3269 2092 1347 5 2 9864 9459 89.09 8280 7590
2 5 7284 5021 3264 2091 1347 5 3 98.65 96.64 9228 8601 7854
2 6 7075 4912 3224 2080 1345 siena 5 4 9856 9659 9319 8778  80.57
3 2 9292 8077 6537 5040 37.64 5 5 9841 9640 93.03 88.04 8151
3 3 9269 8229 6737 5198 3859 5 6 98.10 9599 9259 8770  81.33
siena 3 4 9232 8195 6741 5234  39.05 6 2 9891 9490 8973 8412 7822
3 5 91.69 8135 67.13 5236  39.24 6 3 98.87 9722 9336 8778 8122
3 6 90.64 8063 6672 5218  39.21 siena 6 4 98.80 9715 9435 89.89  83.90
4 2 9735 9055 8154 7139 60.87 6 5 98.66 9699 9421 90.12 8473
4 3 9723 9322 8552 7518  63.76 6 6 98.38 9662 9386 89.90  84.69
siena 4 4 97.08 93.08 8622 7670 65.62

915
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TABLE 15
APCC Values for CAs Generated by GAcit

Subjects Gen.  Prio. APCC for Strength Subiects Gen.  Prio. APCC for Strength
Crit.  Crit. 2 3 4 5 6| ™) Crit.  Crit. 2 3 4 5 6
2 2 9141 8565 7894 7179  64.60 2 2 8344 7534 6739 59.89 5299
2 3 9144 8566 79.00 7194 64.82 2 3 8337 7541 6759 6020 53.38
flex 2 4 90.92 8520 78.62 71.64 64.61 gzip 2 4 8337 7541 6759 6020 53.38
2 5 89.49 8388 7754 70.81 64.00 2 5 8341 7533 6744  60.02  53.20
2 6 89.60 8396 7756 70.78  63.93 2 6 8341 7535 6746 60.04 53.22
2 2 7839 6722 5531  44.07 3430 2 2 80.58 73.03 6526 57.68  50.56
2 3 7872 6736 5531  44.02 34.23 2 3 80.58 73.03 6526 57.68  50.56
make 2 4 7786 6642 5450 4341  33.82 nanoxml 2 4 7959 7212 6453 57.13  50.16
2 5 7839 6722 5531  44.07  34.30 2 5 7986 7218 6444 5696  49.97
2 6 76.51 6544 5390 43.08  33.66 2 6 78.83 7070 62.71 5518 4827
2 2 80.52 63.68 48.66 3674 27.71 2 2 7129 4754 3017 19.05 1220
2 3 80.07 63.78 49.02 37.16  28.06 2 3 71.05 47.68 3041 1923 12.29
grep 2 4 79.14  63.05 4858 3692 2794 siena 2 4 70.57 4768 3051 1930 1233
2 5 7992 6349 4883 37.07 28.04 2 5 69.47 4714 3031 19.24 1231
2 6 7887 6277 4838 36.81  27.90 2 6 68.58 4651  30.01 19.13 1229

czir and SIENA we just needed pairwise coverage; for Grep,
three-way coverage; for NaNOxML, three-way as well
(obtained with ACTS). For seD it was sufficient to generate a
four-way covering array to detect the same faults as the
full TSL suite. In all cases pairwise coverage achieves at
least 75 percent fault coverage.

Furthermore, all prioritisation strategies achieved simi-
lar fault detection rates. In 85.29 percent (90 percent for
Java subjects only) of cases in Table 16 and 77.14 percent
(75 percent for Java subjects only) of cases in Table 17,
covering arrays ordered by pairwise criterion achieve best
fault detection rates in comparison to higher-strength pri-
oritisation criteria. Overall, the five-way criterion is the
best producing best results in 85.29 percent of cases for
covering arrays generated using CASA and in 85.71 per-
cent of cases for covering arrays generated using ACTS.
However, all prioritisation strategies produce best fault
detection rates in at least 77.14 percent of cases presented
in Tables 16 and 17.

Partially answering RQ5, we have found no clear consis-
tency between the different prioritisation strategies. This
might be partially due to the small number of faults avail-
able (up to 16 involving multi-valued parameters). How-
ever, pairwise coverage scaled well in comparison to
higher-strength coverage prioritisation criteria.

Since higher strength CAs contain a larger number of test
cases, comparing fault detection rates against percentages
of test suite executed is not fair for lower strength covering
arrays. To address this issue, Tables 19, 20 and 21 present
the fault detection rate information against actual numbers
of test cases executed, allowing direct comparison over all
CAs: the tables show the percentage of detected faults after
multiples of 10 test case executions (CAs smaller than the
given number of executions are marked with -).

In 58.71 percent (56.10 percent for Java subjects only) of
cases, CAs generated by CASA and ordered by the pairwise
criterion achieve best fault detection rates. For CAs gener-
ated by ACTS, the pairwise strategy is the best, achieving
best fault detection rates in 68.05 percent (72.09 percent for
Java subjects only) cases. The six-way prioritisation criterion
is slightly better for CAs generated using CASA, producing
best fault detection rates in 72.90 percent of cases. However,
all prioritisation strategies produce best fault detection rates
in at least 58.06 percent of cases.

Moreover, pairwise CAs are no worse at early fault
detection than higher-strength CAs. In 43 percent of cases
presented in Tables 19 and 20, at least one pairwise ordered
CA produces the best fault detection rate among all cover-
ing arrays for a given subject.

These results provide a mixed response to the remainder
of RQb: there is no dominant prioritisation criterion with
respect to fault detection rate after a specific number of test
executions; lower strength CAs produce fault detection
rates comparable to those of higher strengths.

This suggests the following recommendation for best
practice in prioritised combinatorial interaction testing:
given sufficient time and resources for testing, higher strength
CAs under constraints are feasible and detect more faults. How-
ever, with limited time, lower strength CAs still provide a reason-
able fault detection rate.

When comparing CASA and ACTS covering array gener-
ation tools, there is no clear winner. GAcit achieves similar
results. Analysing data in Tables 16 and 17 shows that, in
121 cases, CAs generated by CASA produce higher fault
detection rates than CAs generated by ACTS, while in
129 cases the opposite is true. Test suites generated by
CASA are sometimes better in terms of fault detection than
the ones generated by ACTS, as is in the case of pairwise
and three-way test suites for FLEx, where ACTS-generated
test suites cover 92 and 96 percent of six-way interactions,
while CASA-generated test suites cover 94 and 98 percent
six-way interactions, respectively. However, for example,
ACTS’s four-way test suites for FLEX detect more faults than
CASA—100 percent versus 96 percent (see Tables 16 and
17). Furthermore, previously generated minimal test suites
for FLEX, shown in our previous work [21], cover more faults.
Hence, two question arise: how many times should CASA
be run? and which test suites should be chosen to increase
the probability of high fault detection rates?

5.4 Greedy Scalability on Unconstrained Problems

In this section we address RQ2 for unconstrained CIT.
Table 22 presents the results that compare the executions
times for the greedy algorithm on constrained and uncon-
strained CIT. As we can see, the worst case execution time
is for six-way interaction testing of Gzip, for which the execu-
tion time is about 8 minutes (486.390 seconds in Table 22).
Though this is considerably slower than the timings for
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TABLE 16

Percentage of Detected Faults for All Versions of Subjects Used (CASA)

Subjects Gen. Prio. % of Test Suite Executed Subiects Gen. Prio. % of Test Suite Executed
Crit.  Crit.  25%  50%  75% 100% || °*) Crit.  Crit.  25%  50%  75% 100%
2 2 86.0 940 940 940 2 2 7619 9048 9524 9524
2 3 840 900 940 940 2 3 80.95 9048 9524 95.24
flex 2 4 8.0 920 940 940 || sed 2 4 7619 8571 9524 9524
2 5 900 920 940 940 2 5 8571 9048 9524 9524
2 6 860 940 940 940 2 6 8571 9524 9524 9524
3 2 960 980 980 980 3 2 9048 9524 9524 9524
3 3 900 960 980  98.0 3 3 9048 9048 9524 9524
flex 3 4 940 960 980 980 || sed 3 4 9048 9524 9524 9524
3 5 940 980 980  98.0 3 5 8571 9048 9048 9524
3 6 920 980 980 980 3 6 9048 9524 9524 9524
1 2 920 920 960 960 1 2 8571 9048 100.0 100.0
4 3 900 920 920  96.0 4 3 8571 8571 9048 100.0
flex 4 4 940 960 960 960 || sed 4 4 9524 100.0 100.0  100.0
4 5 920 960 9.0 960 4 5 9048 9048 100.0  100.0
4 6 920 920 9.0 960 4 6 9048 9524 100.0  100.0
5 2 960 960 960  96.0 5 2 8571 9048 9524 100.0
5 3 940 960 960  96.0 5 3 9048 9048 9048  100.0
flex 5 4 940 940 940 960 || sed 5 4 9048 100.0 100.0  100.0
5 5 920 920 9.0 960 5 5 8571 100.0 100.0  100.0
5 6 920 920 940  96.0 5 6 8571 9524 100.0  100.0
6 2 100.0 100.0 1000 _ 100.0 6 2 - - - -
6 3 1000 100.0 100.0  100.0 6 3 - - - -
flex 6 4 1000 100.0 1000 1000 || sed 6 4 - - - -
6 5 1000 100.0 1000  100.0 6 5 - - - -
6 6 1000 100.0 1000 100.0 6 6 - - - -
2 2 50.0 100.0 100.0 100.0 2 2 80.0 1000 100.0 100.0
2 3 100.0  100.0 1000  100.0 2 3 80.0 100.0 100.0  100.0
make 2 4 1000 100.0 1000 1000 || gzip 2 4 1000 100.0 100.0  100.0
2 5 500 100.0 100.0  100.0 2 5 800 800 100.0 100.0
2 6 1000 100.0 1000 100.0 2 6 1000 100.0 1000  100.0
3 2 1000 100.0 1000  100.0 3 2 1000 100.0 1000 100.0
3 3 1000 100.0 1000  100.0 3 3 1000 100.0 100.0  100.0
make 3 4 1000 100.0 1000 1000 || gzip 3 4 1000 100.0 100.0  100.0
3 5 1000 100.0 1000  100.0 3 5 1000 100.0 100.0  100.0
3 6 1000 100.0 1000 100.0 3 6 1000 100.0 100.0  100.0
1 2 100.0 100.0 1000 _ 100.0 1 2 100.0 1000 1000 _ 100.0
4 3 1000 100.0 100.0  100.0 4 3 1000 100.0 100.0  100.0
make 4 4 1000 100.0 1000 1000 || gzip 4 4 100.0  100.0 1000  100.0
4 5 1000 100.0 1000  100.0 4 5 1000 100.0 100.0  100.0
4 6 100.0  100.0 1000  100.0 4 6 100.0  100.0 1000  100.0
5 2 100.0 1000 1000 _ 100.0 5 2 100.0 100.0 1000 _ 100.0
5 3 1000 100.0 100.0  100.0 5 3 1000 100.0 100.0  100.0
make 5 4 1000 100.0 1000 1000 || gzip 5 4 100.0  100.0 1000  100.0
5 5 1000 100.0 1000  100.0 5 5 1000 100.0 1000  100.0
5 6 1000 100.0 1000 100.0 5 6 1000 100.0 1000 100.0
6 2 1000 100.0 1000 100.0 6 2 1000 100.0 1000 100.0
6 3 100.0  100.0 1000  100.0 6 3 100.0  100.0 1000  100.0
make 6 4 1000 100.0 1000 1000 || gzip 6 4 1000 100.0 100.0  100.0
6 5 100.0  100.0 1000  100.0 6 5 100.0  100.0 1000  100.0
6 6 1000 100.0 1000 100.0 6 6 1000 100.0 1000 100.0
2 2 750 8333 8333 8333 2 2 500 6875 875 875
2 3 750 8333 8333 83.33 2 3 250 500 6875 875
grep 2 4 750 750 8333 8333 || nanoxml 2 4 625 500 875 875
2 5 8333 8333 8333 8333 2 5 3125 500 875 875
2 6 750 8333 8333 83.33 2 6 250 6875 6875 875
3 2 9167 1000 100.0  100.0 3 2 9375 9375 93.75 93.75
3 3 91.67 9167 91.67 100.0 3 3 875 9375 9375 93.75
grep 3 4 8333 9167 9167 1000 || nanoxml 3 4 6875 9375 9375 93.75
3 5 1000 100.0 100.0  100.0 3 5 875 9375 9375 93.75
3 6 100.0  100.0 1000  100.0 3 6 9375 9375 9375 93.75
1 2 100.0 100.0 1000 _ 100.0 1 2 6875 9375 93.75 93.75
4 3 91.67 100.0 100.0  100.0 4 3 875 9375 9375 93.75
grep 4 4 9167 9167 1000 100.0 || nanoxml 4 4 9375 9375 9375 93.75
4 5 1000 100.0 1000  100.0 4 5 9375 9375 93.75 93.75
4 6 9167 9167 9167 100.0 4 6 9375 9375 9375 93.75
5 2 9167 1000 1000 100.0 5 2 875 1000 100.0 100.0
5 3 100.0  100.0 1000  100.0 5 3 100.0  100.0 1000  100.0
grep 5 4 9167 9167 1000 100.0 || nanoxml 5 4 9375 9375 93.75 100.0
5 5 100.0  100.0 1000  100.0 5 5 100.0  100.0 1000  100.0
5 6 9167 1000 100.0  100.0 5 6 1000 100.0 1000  100.0
6 2 9167 1000 1000 100.0 6 2 9375 1000 1000 100.0
6 3 9167 9167 100.0  100.0 6 3 100.0  100.0 1000  100.0
grep 6 4 91.67 91.67 1000 100.0 || nanoxml 6 4 9375 100.0 100.0  100.0
6 5 100.0  100.0 1000  100.0 6 5 9375 100.0 100.0  100.0
6 6 91.67 1000 100.0  100.0 6 6 9375 1000 100.0  100.0
2 2 100.0 100.0 1000 _ 100.0 ) I 5 T00.0 100.0 1000 _ 100.0
2 3 500 750 1000 100.0 || °*€°¢ 4 6 1000 100.0 100.0  100.0
siena 2 4 750 1000 1000  100.0 5 2 T00.0 100.0 1000 100.0
2 5 750 100.0 1000 100.0 5 3 1000 100.0 100.0  100.0
2 6 100.0  100.0 1000 100.0 || siena 5 4 100.0  100.0 1000  100.0
3 2 1000 100.0 1000 100.0 5 5 1000 100.0 100.0  100.0
3 3 100.0  100.0 1000  100.0 5 6 100.0  100.0 1000  100.0
siena 3 4 750 100.0 1000 100.0 6 2 1000 100.0 1000 100.0
3 5 100.0  100.0 1000  100.0 6 3 100.0  100.0 1000  100.0
3 6 1000 100.0 1000 100.0 ) 6 4 1000 100.0 100.0  100.0
I 2 750 1000 1000 1000 || 5" 6 5 100.0  100.0 1000  100.0
siena 4 3 1000 100.0 1000  100.0 6 6 1000 100.0 100.0  100.0
4 4 100.0  100.0 1000  100.0
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TABLE 17

Percentage of Detected Faults for All Versions of Subjects Used (ACTS)

Subjects Gen. Prio. % of Test Suite Executed Subiects Gen. Prio. % of Test Suite Executed
Crit.  Crit.  25%  50%  75% 100% || °*) Crit.  Crit.  25%  50%  75% 100%
2 2 900 920 920 920 2 2 7619 8571 9048 90.48
2 3 90.0 900 920 920 2 3 8571 9048 90.48  90.48
flex 2 4 880 920 920 920 || sed 2 4 8571 9048 9048  90.48
2 5 90.0 920 920 920 2 5 7619 9048 9048  90.48
2 6 720 920 920 920 2 6 8095 8571 9048 90.48
3 2 900 940 940 960 3 2 8571 9048 9048 9524
3 3 880 940 940 960 3 3 90.48 9524 9524 9524
flex 3 4 920 920 920 960 || sed 3 4 9048 9524 9524 9524
3 5 920 940 940 960 3 5 90.48 9524 9524 9524
3 6 90.0 940 940  96.0 3 6 9048 9048 9524 9524
1 2 920 1000 100.0 100.0 1 2 9048 9524 1000 100.0
4 3 940 980 980 100.0 4 3 9524 1000 100.0  100.0
flex 4 4 9.0 960 1000 100.0 || sed 4 4 9048 100.0 100.0  100.0
4 5 940 1000 100.0  100.0 4 5 1000 100.0 100.0  100.0
4 6 940 960 100.0 100.0 4 6 1000 100.0 1000  100.0
5 2 940 960 960 100.0 5 2 1000 100.0 1000 100.0
5 3 940 960 960 100.0 5 3 9524 9524 9524  100.0
flex 5 4 940 960 1000 100.0 || sed 5 4 9524 9524 9524  100.0
5 5 940 1000 100.0  100.0 5 5 9048 9048 9524  100.0
5 6 1000 100.0 1000  100.0 5 6 8571 9524 9524 100.0
6 2 940 960 960 1000 6 2 9524 9524 9524 1000
6 3 9.0 960 960 100.0 6 3 1000 100.0 100.0  100.0
flex 6 4 940 960 960 1000 || sed 6 4 90.48 9524 9524 100.0
6 5 1000 100.0 100.0  100.0 6 5 8571 100.0 100.0  100.0
6 6 960 960 960 100.0 6 6 90.48 9048 9524 100.0
2 2 1000 100.0 1000 100.0 2 2 1000 100.0 1000 100.0
2 3 1000 100.0 1000  100.0 2 3 1000 100.0 100.0  100.0
make 2 4 1000 100.0 1000 1000 || gzip 2 4 80.0 100.0 100.0  100.0
2 5 1000 100.0 1000  100.0 2 5 80.0 100.0 100.0  100.0
2 6 1000 100.0 1000  100.0 2 6 1000 100.0 100.0  100.0
3 2 1000 100.0 1000 100.0 3 2 1000 100.0 1000 100.0
3 3 1000 100.0 1000  100.0 3 3 1000 100.0 100.0  100.0
make 3 4 1000 100.0 1000 1000 || gzip 3 4 1000 100.0 100.0  100.0
3 5 1000 100.0 1000  100.0 3 5 1000 100.0 100.0  100.0
3 6 1000 100.0 1000  100.0 3 6 1000 100.0 100.0  100.0
4 2 1000 100.0 1000 100.0 4 2 1000 100.0 1000 100.0
4 3 1000 100.0 100.0  100.0 4 3 1000 100.0 100.0  100.0
make 4 4 1000 100.0 1000 100.0 || gzip 4 4 1000 100.0 100.0  100.0
4 5 1000 100.0 100.0  100.0 4 5 1000 100.0 100.0  100.0
4 6 1000 100.0 1000  100.0 4 6 1000 100.0 1000  100.0
5 2 1000 100.0 1000 100.0 5 2 1000 100.0 1000 100.0
5 3 1000 100.0 1000  100.0 5 3 1000 100.0 100.0  100.0
make 5 4 100.0 100.0 1000 100.0 || gzip 5 4 1000 100.0 1000  100.0
5 5 1000 100.0 100.0  100.0 5 5 1000 100.0 1000  100.0
5 6 100.0 100.0 100.0  100.0 5 6 100.0 100.0 100.0  100.0
6 2 1000 100.0 1000 100.0 6 2 1000 100.0 1000 100.0
6 3 1000 100.0 100.0  100.0 6 3 1000 100.0 100.0  100.0
make 6 4 1000 100.0 1000 1000 || gzip 6 4 1000 100.0 100.0  100.0
6 5 1000 100.0 1000  100.0 6 5 1000 100.0 100.0  100.0
6 6 1000 100.0 1000 100.0 6 6 1000 100.0 1000  100.0
2 2 750 8333 8333 91.67 2 2 6875 6875 875 875
2 3 9167 9167 91.67 9167 2 3 625 4375 6875 875
grep 2 4 91.67 9167 91.67 91.67 || nanoxml 2 4 250 4375 6875 875
2 5 750 9167 91.67 91.67 2 5 6875 875 875 875
2 6 91.67 9167 91.67 91.67 2 6 500 6875 875 875
3 2 9167 9167 9167 1000 3 2 9375 100.0 100.0 100.0
3 3 91.67 9167 91.67 100.0 3 3 1000 100.0 100.0  100.0
grep 3 4 83.33 100.0 100.0 100.0 || nanoxml 3 4 6875 9375 100.0 100.0
3 5 8333 9167 91.67 100.0 3 5 9375 9375 1000 100.0
3 6 83.33 91.67 91.67 100.0 3 6 875 9375 100.0 100.0
4 2 1000 100.0 100.0 100.0 4 2 9375 9375 9375 1000
4 3 91.67 91.67 91.67 100.0 4 3 750 100.0 1000 100.0
grep 4 4 100.0 100.0 100.0 100.0 || nanoxml 4 4 68.75 875 9375 100.0
4 5 1000 100.0 100.0  100.0 4 5 6875 875 93.75 100.0
4 6 100.0 100.0 100.0  100.0 4 6 93.75 9375 9375 100.0
5 2 1000 100.0 1000 100.0 5 2 1000 100.0 1000 100.0
5 3 1000 100.0 100.0  100.0 5 3 9375 9375 100.0  100.0
grep 5 4 1000 100.0 1000 100.0 || nanoxml 5 4 9375 1000 100.0  100.0
5 5 1000 100.0 1000  100.0 5 5 9375 100.0 100.0  100.0
5 6 1000 100.0 1000 100.0 5 6 9375 9375 100.0 100.0
6 2 1000 100.0 1000 100.0 6 2 9375 9375 9375 100.0
6 3 1000 100.0 1000  100.0 6 3 1000 100.0 1000  100.0
grep 6 4 1000 100.0 1000 100.0 || nanoxml 6 4 9375 100.0 100.0  100.0
6 5 1000 100.0 1000  100.0 6 5 9375 9375 100.0 100.0
6 6 1000 100.0 1000  100.0 6 6 9375 9375 93.75 100.0
2 2 500 500 750 750 ) Z 5 1000 100.0 1000  100.0
2 3 500 500 750 750 || °*€°¢ 4 6 1000 100.0 100.0 100.0
siena 2 4 500 500 750 750 5 2 1000 100.0 1000 100.0
2 5 750 750 750 750 5 3 1000 100.0 100.0  100.0
2 6 500 750 750 750 || siena 5 4 1000 100.0 100.0  100.0
3 2 1000 100.0 1000 100.0 5 5 1000 100.0 100.0  100.0
3 3 1000 100.0 100.0  100.0 5 6 1000 100.0 100.0  100.0
siena 3 4 1000 100.0 1000  100.0 6 2 1000 100.0 1000 100.0
3 5 1000 100.0 100.0  100.0 6 3 1000 100.0 100.0  100.0
3 6 750 100.0 1000 100.0 || siena 6 4 1000 100.0 100.0  100.0
1 2 1000 100.0 1000 100.0 6 5 1000 100.0 100.0  100.0
siena 4 3 1000 100.0 100.0  100.0 6 6 1000 100.0 100.0  100.0
4 4 1000 100.0 100.0  100.0
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TABLE 18
Percentage of Detected Faults for All Versions of Subjects Used (GAcit)

Subjects Gen.  Prio. % of Test Suite Executed Subiects Gen.  Prio. % of Test Suite Executed
Crit.  Crit. 25% 50% 75%  100% || ) Crit.  Crit. 25% 50% 75%  100%
2 2 88.0 92.0 92.0 92.0 2 2 80.0 100.0 100.0 100.0
2 3 88.0 92.0 92.0 92.0 2 3 100.0 100.0 100.0  100.0
flex 2 4 92.0 92.0 92.0 92.0 gzip 2 4 100.0 100.0 100.0  100.0
2 5 90.0 90.0 90.0 92.0 2 5 80.0 100.0 100.0 100.0
2 6 88.0 92.0 92.0 92.0 2 6 80.0 100.0 100.0 100.0
2 2 100.0 100.0 100.0 100.0 2 2 25.0 68.75 87.5 87.5
2 3 50.0 100.0 100.0 100.0 2 3 250 6875 68.75 87.5
make 2 4 100.0 100.0 100.0 100.0 || nanoxml 2 4 50.0 50.0 68.75 87.5
2 5 100.0 100.0 100.0  100.0 2 5 68.75  68.75 87.5 87.5
2 6 100.0 100.0 100.0  100.0 2 6 25.0 87.5 87.5 87.5
2 2 75.0 8333 91.67 91.67 2 2 75.0 100.0 100.0 100.0
2 3 50.0 8333 91.67 91.67 2 3 75.0 100.0 100.0 100.0
grep 2 4 91.67 91.67 91.67 91.67 siena 2 4 50.0 75.0 75.0  100.0
2 5 83.33 91.67 91.67 91.67 2 5 50.0 50.0 75.0  100.0
2 6 75.0 8333 91.67 91.67 2 6 75.0 75.0 75.0  100.0

constrained problems (all of which terminated in under one
second), it is by no means infeasible. Moreover, runtimes
for unconstrained and constrained CIT models for siENA, in
contrast to other subjects, are comparable. We note that size
reduction (in terms of the number of parameters) due to
constraints for this subject is the lowest, as shown in Table 7.

The “forbidden tuples’” constraint handling option turned
out to be efficient, suggesting that majority of time spent by
ACTS on constrained CIT problems was devoted to con-
straint satisfaction. Therefore, it is not surprising that ACTS
remains as reasonably scalable on unconstrained problems
as it is on constrained problems (by suitable deployment of
the ‘forbidden tuples’ constraint handling procedure).

Table 22 also reveals the considerable influence of the
constraints on the overall CIT test process. While the greedy
algorithm is feasible for unconstrained problems, it produ-
ces between one and three orders of magnitude more test
cases for unconstrained CIT problems. This further under-
scores the importance of constraints, suggesting that future
work on CIT should explore ways of increasing the amount
of constraint information available to the CIT algorithm.
One way to do this would be through the exploration of soft
constraints, which have hitherto been less widely studied in
the CIT literature.

5.5 Greedy vs SA vs GA

Overall, we observed little difference between test suites
generated by CASA and ACTS in terms of efficiency, t-way
coverage and fault detection rates. GAcit was significantly
worse than the other two approaches. Greedily generated
test suites are usually bigger (and generated in a shorter
amount of time) than those generated by both CASA and
GAcit. Therefore, they cover more t-way interactions. How-
ever, they do not always discover faults as quickly as CASA
does when the test suite is prioritised.

6 FUTURE WORK

Since SA and Greedy algorithms produce good, small test
suites, a question arises: which test suites are the best in
terms of coverage and fault detection rates? Moreover, is
there a way of making an SA-based CIT tool produce deter-
ministic results? Determinism is important in the industry.
For example, one might want to extend an existing test suite

to cover all t-way interactions when a new component is
added to the system. Seeding can be used and a test suite
built around the existing tests, or incremental approaches
may be in order [37].

Moreover, further investigation has shown that the effi-
ciency of the tools used highly relies on constraint handling.
Constraint handling in ACTS is much faster on our subjects
when the ‘forbidden tuples’ constraint handling technique
is used (that is a list of interactions that cannot occur
together is generated). The default method, that is, using a
CSP solver (a constraint solver for Constraint Satisfaction
Problems, specialising in various types of constraints) pro-
vides substantial overhead. For Grep result for six-way was
not generated within several hours, but it was generated
within seconds when ‘forbidden tuples” method was used.
It is unclear if there are certain parameter sizes of software
systems where this result will differ. Subjects with high
number of constraints also significantly decreased efficiency
of the Greedy approach.

7 THREATS TO VALIDITY

We tested the scalability of CIT techniques for test case gen-
eration in the presence of constraints. To test two of the most
popular techniques, one based on simulated-annealing and
another using a greedy approach, we used two state-of-the-
art CIT tools. Our results might thus depend on the imple-
mentation of the algorithms within these two tools, however
given that these are considered state-of-the-art we believe
that they are representative of their respective algorithms.
As for the GA, since they have not been used as much in the
literature, there is a risk that our results for GAcit have more
dependence on the specific implementation.

As our results indicated, the choice of constraint han-
dling method adopted has a dramatic impact on the perfor-
mance of the greedy approach. Thus direct comparison of
SA and greedy in presence of constraints is clearly depen-
dent on the constraint solving method used.

The CASA approach is stochastic in nature, since it uses
simulated annealing. Therefore, its results can vary from
one execution to the next. Same is true for GAcit. Since
Greedy is deterministic, there is no value to be gained from
an inferential statistical analysis (the Greedy results are not
drawn from a population). However, in order to cater for
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TABLE 19
Percentage of Detected Faults up to Multiples of 10 Test Case Executions (CASA)
Subjects Gen.  Prio. Num. of Test Cases Executed Subiects Gen. Prio. Num. of Test Cases Executed
Crit.  Crit. 10 20 30 40 50 60 | o Crit.  Crit. 10 20 30 40 50 60
2 2 90.0 940 - - - - 2 2 66.67 8571 9048 9524 9524 -
2 3 90.0  94.0 - - - - 2 3 7143 8571 9048 9524 9524 -
flex 2 4 88.0  94.0 - - - - | sed 2 4 7143 8571 8571 9524 9524 -
2 5 920 940 - - - - 2 5 66.67 8571 9048 9524 9524 -
2 6 88.0 940 - - - - 2 6 7619 9524 9524 9524 9524 -
3 2 90.0 980 980 980 980 E 3 2 7143 8571 8571 9048 9048 9524
3 3 9.0 960 960 980 980 - 3 3 66.67 8095 8571 90.48 9048 90.48
flex 3 4 940 960 960 980  98.0 - | sed 3 4 7143 8571 9048 9048 9048 90.48
3 5 940 940 980 980 980 - 3 5 7143 7619 7619 8571 9048 90.48
3 6 900 920 980 980 980 - 3 6 5714 66.67 8571 9048 9524 9524
4 2 920 920 920 920 920 920 z 2 7143 7143 8095 8095 8095 8571
4 3 90.0 900 900 920 920 920 4 3 7143 8095 8571 8571 8571 8571
flex 4 4 90.0 940 940 940 960 960 | sed 4 4 66.67 7619 8095 8571 8571 8571
4 5 920 920 920 920 920  96.0 4 5 80.95 8095 8571 8571 8571 8571
4 6 90.0 920 920 920 920 960 4 6 80.95 9048 9048 9048 90.48 90.48
5 2 900 960 960 960 960 960 5 2 7619 7619 8095 8095 8095 80.95
5 3 90.0 920 940 940 940 940 5 3 5714 7619 7619 8095 8095 80.95
flex 5 4 920 940 940 940 940 940 | sed 5 4 66.67 7619 8571 8571 8571 8571
5 5 880 900 920 920 920 920 5 5 5714 6667 7619 8095 8095 80.95
5 6 880 880 900 900 920 920 5 6 7143 7619 7619 7619 8571 8571
6 2 90.0 980 100.0 1000 100.0 100.0 6 2 E E B E E -
6 3 880 920 960 960 960 100.0 6 3 - - - - - -
flex 6 4 90.0 920 920 940 940 960 | sed 6 4 - - - - - -
6 5 90.0 900 960 960 980 100.0 6 5 - - - - - .
6 6 920 920 940 980 980 100.0 6 6 - - - - - -
2 2 E E E E E E 2 2 100.0 E E E E E
2 3 - - - - - - 2 3 100.0 - - - - -
make 2 4 - - - - - - | gzip 2 4 100.0 - - - - -
2 5 - - - - - - 2 5 80.0 - - - - -
2 6 - - - - - - 2 6 100.0 - - - - -
3 2 100.0 : = - - E 3 2 1000 100.0 100.0 100.0 = -
3 3 100.0 - - - - - 3 3 1000 100.0 100.0  100.0 - -
make 3 4 100.0 - - - - - | gzip 3 4 1000  100.0 100.0  100.0 . -
3 5 100.0 - - - - - 3 5 1000 100.0 100.0  100.0 - -
3 6 100.0 : . - - . 3 6 1000  100.0 100.0  100.0 . -
4 2 1000  100.0 B B E - 4 2 1000 1000 100.0 1000 100.0 100.0
4 3 100.0  100.0 - - - - 4 3 1000 100.0 100.0 100.0 100.0  100.0
make 4 4 1000  100.0 - - - - | gzip 4 4 100.0 1000 100.0 1000 100.0  100.0
4 5 100.0  100.0 - - - - 4 5 1000 100.0 100.0 100.0 100.0  100.0
4 6 1000  100.0 - - - - 4 6 80.0 100.0 1000 100.0 100.0 100.0
5 2 1000 100.0 1000 100.0 100.0 100.0 5 2 1000 1000 100.0 1000 100.0 100.0
5 3 100.0  100.0 100.0 1000 100.0  100.0 5 3 80.0  80.0 1000 1000 100.0  100.0
make 5 4 1000 100.0 1000 100.0 1000 100.0 | gzip 5 4 100.0 1000 100.0 1000 100.0  100.0
5 5 100.0 100.0 100.0 1000 100.0  100.0 5 5 80.0 100.0 1000 1000 100.0  100.0
5 6 1000 100.0 1000 100.0 100.0 100.0 5 6 1000 1000 100.0 1000 100.0 100.0
6 2 1000 100.0 100.0 1000 100.0 100.0 6 2 80.0 100.0 1000 1000 100.0 100.0
6 3 100.0 1000 100.0 1000 100.0  100.0 6 3 80.0 100.0 1000 100.0 100.0  100.0
make 6 4 100.0 100.0 100.0 1000 100.0 100.0 | gzip 6 4 1000 100.0 100.0 100.0 100.0  100.0
6 5 100.0 1000 100.0 1000 100.0  100.0 6 5 80.0  80.0 1000 100.0 100.0 100.0
6 6 100.0 100.0 100.0 1000 100.0  100.0 6 6 1000 100.0 100.0 100.0 1000 100.0
2 2 750 8333 8333 8333 - E 2 2 : = - : = -
2 3 750 8333 8333 8333 - - 2 3 - - - - - -
grep 2 4 75.0 75.0 8333 83.33 - - | nanoxml 2 4 - - - - - -
2 5 8333 8333 8333 83.33 - - 2 5 - - - - - -
2 6 750 8333 8333 8333 - . 2 6 : . - : . -
3 2 750 8333 9167 9167 91.67 9167 3 2 9375 B B E - -
3 3 66.67 8333 8333 91.67 9167 91.67 3 3 93.75 - - - - -
grep 3 4 750 8333 8333 8333 9167 9167 | nanoxml 3 4 93.75 - - - - -
3 5 750 8333 8333 1000 100.0 100.0 3 5 93.75 - - - - -
3 6 83.33 8333 1000 100.0 100.0 100.0 3 6 93.75 - - - - -
4 2 8333 8333 8333 8333 8333 09167 1 2 6875 9375 93.75 E - B
4 3 66.67 6667 750 91.67 9167 91.67 4 3 875 9375 9375 - - .
grep 4 4 750 8333 9167 9167 9167 91.67 | nanoxml 4 4 9375 9375 93.75 - - -
4 5 8333 8333 8333 8333 8333 91.67 4 5 93.75 9375 9375 - - .
4 6 83.33 8333 91.67 9167 91.67 91.67 4 6 9375 9375 93.75 - - -
5 2 8333 8333 9167 91.67 9167 9167 5 2 875 9375 1000 1000 100.0 100.0
5 3 91.67 100.0 1000 100.0 1000 100.0 5 3 100.0 1000 100.0 1000 100.0  100.0
grep 5 4 8333 8333 91.67 91.67 91.67 91.67 | nanoxml 5 4 875 9375 9375 9375 93.75 100.0
5 5 750 8333 8333 9167 91.67 91.67 5 5 9375 100.0 1000 100.0 1000 100.0
5 6 750 8333 8333 9167 91.67 9167 5 6 93.75 100.0 100.0 1000 100.0  100.0
6 2 750 8333 8333 8333 8333 8333 6 2 750 9375 1000 1000 100.0 100.0
6 3 750 8333 8333 8333 8333 8333 6 3 875 100.0 1000 100.0 100.0  100.0
grep 6 4 750 750 750 8333 91.67 91.67 | nanoxml 6 4 750 9375 1000 1000 100.0  100.0
6 5 91.67 91.67 1000 100.0 1000 100.0 6 5 875 9375 1000 100.0 100.0 100.0
6 6 750 750 750 750 750 83.33 6 6 93.75 9375 1000 1000 100.0  100.0
2 2 75.0 E E - E N Z 5 500 750 1000 100.0 100.0 100.0
2 3 100.0 - - - - - | stene 4 6 1000 1000 100.0 1000 100.0 100.0
siena 2 4 100.0 - - - - - 5 2 750 750 750 750 750 750
2 5 100.0 - - - - - 5 3 750 100.0 100.0 1000 100.0  100.0
2 6 100.0 - - - - - | siena 5 4 100.0 1000 100.0 1000 100.0  100.0
3 2 1000 100.0 1000 1000 100.0 100.0 5 5 750 1000 100.0 1000 100.0  100.0
3 3 750 100.0 1000 100.0 1000  100.0 5 6 750 100.0 1000 100.0 100.0 100.0
siena 3 4 750 100.0 100.0 1000 100.0  100.0 6 2 750 1000 1000 1000 100.0 100.0
3 5 1000 100.0 1000 100.0 100.0  100.0 6 3 750 750 750 100.0 1000 100.0
3 6 750 100.0 1000 1000 100.0 100.0 | siena 6 4 750 750 1000 1000 100.0  100.0
1 2 750 750 750 750 750 100.0 6 5 500 100.0 1000 100.0 100.0  100.0
siena 4 3 100.0 100.0 100.0 1000 100.0  100.0 6 6 1000 100.0 100.0 100.0 100.0  100.0
4 4 500 750 750 1000 100.0  100.0
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TABLE 20
to Multiples of 10 Test Case Executions (ACTS)

Subjects Gen. Prio. Num. of Test Cases Executed Subiects Gen. Prio. Num. of Test Cases Executed
Crit.  Crit. 10 20 30 40 50 60 | ) Crit.  Crit. 10 20 30 40 50 60
2 2 90.0 92.0 - - - - 2 2 7143 8095 8571 9048 90.48 -
2 3 90.0 92.0 - - - - 2 3 80.95 8571 9048 90.48 90.48 -
flex 2 4 88.0 92.0 - - - - | sed 2 4 76.19 8571 9048 90.48 90.48 -
2 5 90.0 92.0 - - - - 2 5 7143 8571 9048 9048 90.48 -
2 6 90.0 92.0 - - - - 2 6 7143 8571 8571 9048 90.48 -
3 2 90.0 92.0 94.0 94.0 94.0 94.0 3 2 8095 8095 8571 8571 85.71 90.48
3 3 86.0 90.0 94.0 94.0 94.0 94.0 3 3 7619 8571 9048 9048 9524 95.24
flex 3 4 90.0 92.0 92.0 92.0 92.0 96.0 | sed 3 4 8095 8571 90.48 9048 9048 9524
3 5 86.0 92.0 94.0 94.0 94.0 96.0 3 5 80.95 80.95 90.48 90.48 9524 9524
3 6 86.0 94.0 94.0 94.0 94.0 96.0 3 6 7143 8571 9048 9048 9048 90.48
4 2 88.0 92.0 92.0 96.0 100.0 100.0 4 2 5714 8095 9048 9048 90.48 90.48
4 3 92.0 94.0 94.0 94.0 98.0 98.0 4 3 5238 8095 8095 8571 9048 9048
flex 4 4 94.0 96.0 96.0 96.0 96.0 96.0 | sed 4 4 66.67 7619 7619 8571 9048 90.48
4 5 90.0 90.0 94.0 100.0 100.0 100.0 4 5 4286 7143 8571 9524 9524 9524
4 6 90.0 92.0 92.0 96.0 96.0 96.0 4 6 7143 7619 8095 9048 9048 95.24
5 2 88.0 90.0 92.0 94.0 94.0 94.0 5 2 66.67 80.95 90.48 9524 100.0 100.0
5 3 86.0 90.0 90.0 92.0 92.0 94.0 5 3 76.19 8571 8571 9524 9524 9524
flex 5 4 90.0 92.0 94.0 94.0 94.0 94.0 | sed 5 4 619 7143 8095 80.95 9048 9524
5 5 78.0 94.0 94.0 94.0 94.0 94.0 5 5 66.67 8095 8095 8095 80.95 80.95
5 6 88.0 92.0 94.0 94.0 98.0 100.0 5 6 5238 7619 80.95 8095 80.95 8571
6 2 90.0 90.0 90.0 90.0 94.0 94.0 6 2 7619 8571 90.48 9524 9524 9524
6 3 90.0 90.0 92.0 94.0 96.0 96.0 6 3 66.67 8095 8095 9524 9524 9524
flex 6 4 90.0 94.0 94.0 94.0 94.0 940 | sed 6 4 7143 7143 8095 8571 8571 8571
6 5 86.0 98.0 98.0 98.0 98.0 98.0 6 5 619 8095 8095 8095 8571 8571
6 6 90.0 92.0 94.0 96.0 96.0 96.0 6 6 619 8095 8095 8095 80.95 85.71
2 2 - - - - - - 2 2 100.0 100.0 - - - -
2 3 - - - - - - 2 3 100.0  100.0 - - - -
make 2 4 - - - - - - | gzip 2 4 100.0  100.0 - - - -
2 5 - - - - - - 2 5 80.0 100.0 - - - -
2 6 - - - - - - 2 6 100.0  100.0 - - - -
3 2 100.0 - - - - - 3 2 100.0 100.0 100.0 100.0 100.0 100.0
3 3 100.0 - - - - - 3 3 100.0 100.0 100.0 100.0 100.0 100.0
make 3 4 100.0 - - - - - | gzip 3 4 100.0  100.0 100.0 100.0 100.0 100.0
3 5 100.0 - - - - - 3 5 100.0 100.0 100.0 100.0 100.0 100.0
3 6 100.0 - - - - - 3 6 100.0 100.0 100.0 100.0 100.0 100.0
4 2 100.0 100.0 100.0 100.0 - - 4 2 100.0 100.0 100.0 100.0 100.0 100.0
4 3 100.0 100.0 100.0 100.0 - - 4 3 100.0 100.0 100.0 100.0 100.0 100.0
make 4 4 100.0 100.0  100.0  100.0 - - | gzip 4 4 100.0 100.0 100.0 100.0 100.0  100.0
4 5 100.0 100.0 100.0 100.0 - - 4 5 80.0 80.0 100.0 100.0 100.0 100.0
4 6 100.0 100.0 100.0 100.0 - - 4 6 80.0 100.0 100.0 100.0 100.0 100.0
5 2 100.0 100.0 100.0 100.0 100.0 100.0 5 2 100.0 100.0 100.0 100.0 100.0 100.0
5 3 100.0 100.0 100.0 100.0 100.0  100.0 5 3 100.0 100.0 100.0 100.0 100.0 100.0
make 5 4 100.0 100.0 100.0 100.0 100.0 100.0 | gzip 5 4 100.0 100.0 100.0 100.0 100.0  100.0
5 5 100.0 100.0 100.0 100.0 100.0 100.0 5 5 80.0 100.0 100.0 100.0 100.0  100.0
5 6 100.0 100.0 100.0 100.0 100.0  100.0 5 6 80.0 80.0 100.0 100.0 100.0 100.0
6 2 100.0 100.0 100.0 100.0 100.0 100.0 6 2 100.0 100.0 100.0 100.0 100.0 100.0
6 3 100.0 100.0 100.0 100.0 100.0  100.0 6 3 80.0 100.0 100.0 100.0 100.0  100.0
make 6 4 100.0 100.0 100.0 100.0 100.0 100.0 | gzip 6 4 100.0 100.0 100.0 100.0 100.0 100.0
6 5 100.0 100.0 100.0 100.0 100.0  100.0 6 5 100.0 100.0 100.0 100.0 100.0  100.0
6 6 100.0 100.0 100.0 100.0 100.0 100.0 6 6 80.0 100.0 100.0 100.0 100.0 100.0
2 2 50.0 8333 8333 91.67 - - 2 2 - - - - - -
2 3 91.67 91.67 91.67 91.67 - - 2 3 - - - - - -
grep 2 4 91.67 91.67 91.67 91.67 - - | nanoxml 2 4 - - - - - -
2 5 750 91.67 91.67 91.67 - - 2 5 - - - - - -
2 6 91.67 91.67 91.67 91.67 - - 2 6 - - - - - -
3 2 8333 91.67 91.67 91.67 91.67 91.67 3 2 93.75  100.0 - - - -
3 3 66.67 8333 8333 91.67 91.67 91.67 3 3 100.0  100.0 - - - -
grep 3 4 75.0 8333 8333 8333 8333 91.67 | nanoxml 3 4 875 100.0 - - - -
3 5 83.33 8333 8333 8333 91.67 91.67 3 5 93.75 100.0 - - - -
3 6 75.0 75.0 75.0 8333 91.67 91.67 3 6 93.75 100.0 - - - -
4 2 8333 91.67 91.67 91.67 91.67 100.0 4 2 93.75 93.75 100.0 - - -
4 3 8333 9167 91.67 91.67 9167 91.67 4 3 750 100.0 100.0 - - -
grep 4 4 750 8333 91.67 91.67 91.67 91.67 | nanoxml 4 4 87.5 875 9375 - - -
4 5 750 8333 8333 8333 1000 100.0 4 5 6875 9375 9375 - - -
4 6 91.67 100.0 100.0 100.0 100.0  100.0 4 6 93.75 93.75 100.0 - - -
5 2 750 8333 91.67 100.0 100.0 100.0 5 2 100.0  100.0 100.0 100.0 100.0 100.0
5 3 75.0 75.0 75.0 75.0 75.0 91.67 5 3 93.75 9375 9375 9375 100.0 100.0
grep 5 4 75.0 750 8333 9167 91.67 91.67 | nanoxml 5 4 93.75 9375 100.0 100.0 100.0 100.0
5 5 8333 91.67 91.67 9167 91.67 100.0 5 5 93.75 93.75 100.0 100.0 100.0  100.0
5 6 91.67 91.67 100.0 100.0 100.0 100.0 5 6 875 9375 9375 93.75 100.0 100.0
6 2 66.67 8333 100.0 100.0 100.0 100.0 6 2 9375 9375 9375 9375 9375 9375
6 3 750 9167 91.67 91.67 91.67 91.67 6 3 100.0 100.0 100.0 100.0 100.0  100.0
grep 6 4 8333 8333 91.67 91.67 1000 100.0 | nanoxml 6 4 9375 9375 9375 100.0 100.0 100.0
6 5 8333 8333 8333 8333 8333 8333 6 5 875 9375 9375 100.0 100.0 100.0
6 6 750 8333 8333 8333 9167 91.67 6 6 9375 9375 9375 93.75 9375 100.0
2 2 50.0 75.0 - - - - ) 4 5 100.0 100.0 100.0 100.0 100.0 100.0
2 3 500  75.0 - - - - | Stene 4 6 750 1000 1000 1000 1000  100.0
siena 2 4 50.0 75.0 - - - - 5 2 75.0 100.0 100.0 100.0 100.0 100.0
2 5 75.0 75.0 - - - - 5 3 100.0 100.0 100.0 100.0 100.0 100.0
2 6 75.0 75.0 - - - - | siena 5 4 100.0 100.0 100.0 100.0 100.0  100.0
3 2 750 100.0 100.0 100.0 100.0 100.0 5 5 75.0 100.0 100.0 100.0 100.0 100.0
3 3 75.0 100.0 100.0 100.0 100.0  100.0 5 6 100.0 100.0 100.0 100.0 100.0  100.0
siena 3 4 100.0 100.0 100.0 100.0 100.0 100.0 6 2 100.0 100.0 100.0 100.0 100.0 100.0
3 5 50.0 100.0 100.0 100.0 100.0  100.0 6 3 100.0 100.0 100.0 100.0 100.0  100.0
3 6 50.0 75.0 100.0 100.0 100.0 100.0 | siena 6 4 100.0 100.0 100.0 100.0 100.0 100.0
4 2 100.0  100.0 100.0 100.0 100.0 100.0 6 5 50.0 75.0 75.0 75.0 75.0 75.0
siena 4 3 75.0 75.0 750 100.0 100.0 100.0 6 6 75.0 75.0 75.0 100.0 100.0 100.0
4 4 50.0 75.0 100.0 100.0 100.0 100.0
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TABLE 21
Percentage of Detected Faults up to Multiples of 10 Test Case Executions (GAcit)

Subjects Ge_n‘ Pri'O. Num. of Test Cases Executed Subiects Gep. Pri.o‘ Num. of Test Cases Executed
Crit.  Crit. 10 20 30 40 50 60 | > Crit.  Crit. 10 20 30 40 50 60
2 2 90.0 920 - - - - 2 2 1000 - - - - -
2 3 90.0 920 - - - - 2 3 1000 - - - - -
flex 2 4 920 920 - - - - gzip 2 4 1000 - - - - -
2 5 90.0  90.0 - - - - 2 5 1000 - - - - -
2 6 900 920 - - - 2 6 1000 - - - - -
2 2 - - - - - 2 2 - - - - - -
2 3 - - - - - - 2 3 - - - oo
make 2 4 - - - - - - nanoxml 2 4 - - - - - -
2 5 - - - - - - 2 5 - - - oo
2 6 - - - - - - 2 6 - - ..o
2 2 750 750 8333 9167 - - 2 2 000 - - - - -
2 3 500 750 9167 9167 - - 2 3 1000 - - - - -
grep 2 4 9167 9167 9167 9167 - - | siena 2 4 750 - - - - -
2 5 8333 8333 9167 9167 - - 2 5 500 - - - - -
2 6 750 8333 9167 9167 - - 2 6 750 - - - - -
TABLE 22
ACTS Runtimes, Averages Over 20 Runs
CIT specification Seconds Seconds Seconds Seconds Seconds Size Size Size Size Size
t=2 t=3 t=4 t=5 t=6| t=2 t=3 t=4 t=5 t=6
FLEX constrained
CA(N;t,22322451) 0.026 0.017 0.016 0.019 0.017 27 66 130 238 366
FLEX unconstrained
CA(N;t,2233452) 0.003 0.014 0.222 6.029  162.402 26 97 31 1,171 3,547
MAKE constrained
CA(N;t,210) 0.008 0.007 0.007 0.006 0.007 9 19 43 91 185
MAKE unconstrained
CA(N;t,2143%425161) 0.002 0.009 0.125 1.734  51.630 31 141 608 2,241 7,289
GREP constrained
CA(N;t,3241618141312151) 7.560 7.364 7.374 7.495 7.674 46 153 298 436 438
GREP unconstrained
CA(N;t, 1421334151710 131211) 0.002 0.020 0.251 3426  94.293 275 2,739 19,406 97,879 418,645
SED constrained
CA(N;t,2%6110121412231) 0.622 0.561 0.571 0.611 0.721 58 170 324 324 324
SED unconstrained
CA(N;t,11273143536182101) 0.002 0.022 0378  10.056 279.875 84 679 4,608 27,697 149,289
GZIP constrained
CA(N;t,2133h) 0.096 0.046 0.042 0.070 0.132 21 68 108 144 144
GZIP unconstrained
CA(N;t,14283%425161341) 0.007 0.030 0553 15598  486.390 206 1094 5284 23871 95502
NANOXML constrained
CA(N;t,254'21) 0.026 0.017 0.011 0.010 0.008 8 24 32 64 64
NANOXML unconstrained
CA(N;t,12211364161) 0.003 0.006 0.066 0.587  10.787 26 105 398 1,287 3973
SIENA constrained
CA(N;t,314131514233) 0.187 0.193 0.157 0.174 0.209 22 83 216 428 516
SIENA unconstrained
CA(N;t, 41812181 7151811318191 31) 0.001 0.001 0.006 0.310 0.180 24 111 460 1,651 5,399

Constrained CAs were obtained by using the ‘forbidden tuples” setting for constraint handing.

this potential threat to validity, we reported runtimes over
20 runs of CASA, ACTS and GAcit.

All of the programs we used in this study are relatively
small with respect to the number of parameters. Moreover,
there is little diversity in their type, four of them are text
manipulation utilities.

But we have used real programs from a well-studied
subject repository and believe that this represents a realis-
tic use of CIT.

8 CONCLUSIONS

In this paper we investigated greedy, simulated annealing
and genetic algorithm approaches to the constrained, pri-
oritised, interaction testing problem, presenting results for

their application to multiple versions of seven subjects
using interaction strengths from two-way (pairwise) to six-
way interactions. Our results hold for both C and Java pro-
grams used.

Our findings challenge the conventional wisdom that
higher strength interaction testing is infeasible for simulated
annealing; we were able to construct six-way interaction test
suites in reasonable time. Furthermore, these higher strength
test suites find more faults overall, making them worthwhile
for comprehensive testing. We also find that ordering test
suites for lower strengths performs no worse than higher
strengths in terms of early fault revelation.

However, our findings also challenge the previously
widely-held assumption that, compared to simulated
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annealing, greedy algorithms are fast, yet produce larger
test suites with lower fault revealing potency with respect
to time. Not only did we find that, without careful selection
of the constraint handling mechanism, greedy approaches
can be surprisingly slow, but also more importantly, that
their fault revealing power is comparable to that of simu-
lated annealing. Genetic algorithms, on the other hand, do
not scale to constrained higher-strength CIT.

Our results and test data, together with reports of cover-
age and fault detection and plots of Average Percentage of
Covering-array Coverage for all cases are contained in this
paper’s companion website: http://www0.cs.ucl.ac.uk/
staff/].Petke/cittse/html/index.html.
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