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Abstract Test Case Prioritization Using Repeated
Small-Strength Level-Combination Coverage

Rubing Huang
Dave Towey ¥, Member, IEEE, Jinfu Chen

Abstract—Abstract test cases (ATCs) have been widely used in
practice, including in combinatorial testing and in software prod-
uct line testing. When constructing a set of ATCs, due to limited
testing resources in practice (e.g., in regression testing), test case
prioritization (T CP) has been proposed to improve the testing qual-
ity, aiming at ordering test cases to increase the speed with which
faults are detected. One intuitive and extensively studied TCP tech-
nique for ATCs is A-wise Level-combination Coverage based Prior-
itization (ALCP), a static, black-box prioritization technique that
only uses the ATC information to guide the prioritization process.
A challenge facing ALCP, however, is the necessity for the selection
of the fixed prioritization strength A before testing—testers need
to choose an appropriate A value before testing begins. Choosing
higher A values may improve the testing effectiveness of ALCP
(e.g., by finding faults faster), but may reduce the testing efficiency
(by incurring additional prioritization costs). Conversely, choosing
lower A values may improve the efficiency, but may also reduce the
effectiveness. In this paper, we propose a new family of ALCP tech-
niques, Repeated Small-strength Level-combination Coverage-based
Prioritization (RSLCP), that repeatedly achieves the full combina-
tion coverage at lower strengths. RSLCP maintains ALCP’s ad-
vantages of being static and black box, but avoids the challenge
of prioritization strength selection. We have performed an em-
pirical study involving five different versions of each of five C
programs. Compared with ALCP, and Incremental-strength LCP
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(ILCP), our results show that RSLCP could provide a good trade-
off between testing effectiveness and efficiency. Our results also
show that RSLCP is more effective and efficient than two popu-
lar techniques of Similarity-based Prioritization (SP). In addition,
the results of empirical studies also show that RSLCP can remain
robust over multiple system releases.

Index Terms—Abstract test case, level-combination coverage,
regression testing, software testing, test case prioritization.

1. INTRODUCTION

N PRACTICE, software systems are usually influenced by

different parameters or factors (such as configuration op-
tions and user inputs), with each parameter possibly having a
finite set of different levels or values. An abstract test case (ATC)
represents a combination of levels of different parameters, and
has been used in different testing situations, including combina-
torial testing [1], software product lines testing [2], and highly
configurable systems testing [3].

When an ATC set has been constructed, it is desirable to
execute all the test cases—in which case execution order does
not matter. However, due to often limited testing resources, it
is often possible to only run some of the ATCs in the set. In
such situations, the ATC execution order may become critical,
because a well-prioritized test case execution sequence may
identify failures more quickly, and thus may enable earlier fault
characterization, diagnosis, and correction [1]. Generally speak-
ing, the process of scheduling the order of test cases is called Test
Case Prioritization (TCP) [4], and the prioritization of ATCs is
called Abstract Test Case Prioritization (ATCP) [5].

Many strategies have been proposed to guide ATCP accord-
ing to different criteria, for example, random TCP [6], [7], and
Similarity-based Prioritization (SP) [8]-[10]. The most widely
used ATCP is A-wise Level-combination Coverage-based Prior-
itization (ALCP) [11], which adopts a fixed strength A (called the
prioritization strength) to choose each ATC in a greedy manner:
When selecting each next ATC from the candidates, ALCP cal-
culates the number of parameter-level combinations at a fixed
prioritization strength A covered by each candidate that has not
yet been covered by executed test cases, and then chooses the
one with the maximum number of uncovered A-wise parameter-
level combinations. ALCP has many advantages, including that
it is simple and intuitive [11]. Furthermore, because it only
uses the level-combination coverage information derived from
the test cases, rather than information from the source code or
program execution, ALCP is a static, black-box technique [12].
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Although previous studies have shown that ALCP is an effective
prioritization technique, in terms of fault detection [6], [11],
[13], [14], it does have a constraint that the fixed strength A
must be set before prioritization begins. Different A values may
lead to different performances, with investigations [13], [14]
finding that larger A values may improve the testing effective-
ness of ALCP (e.g., by finding faults faster), but may reduce the
testing efficiency (by incurring additional prioritization costs);
conversely, lower A values may improve the efficiency, but may
also reduce the effectiveness.

Although it is intuitive that a small prioritization strength for
LLCP may be efficient (in terms of overheads), it has also been
shown that over 50% of faults can be triggered by one param-
eter (1-wise combination coverage), and more than 70% can
be triggered by two (2-wise combination coverage) [15], [16].
This indicates that choosing a small prioritization strength may
be effective for ALCP, especially when the number of ATCs is
small. However, when the ATC candidate set is large, ALCP
with small prioritization strengths may become ineffective [17].
This is because, when the small-strength (1-wise or 2-wise)
level-combination coverage is fully achieved by the selected or
executed ATCs, the remaining candidates are effectively ran-
domly ordered.

In this paper we propose a new family of ALCP tech-
niques, Repeated Small-strength Level-combination Coverage-
based Prioritization (RSLCP). RSLCP attempts to overcome
the limitations of current versions of LCP, attempting to bet-
ter balance the tradeoff between testing effectiveness and effi-
ciency. In particular, RSLCP begins with a small prioritization
strength A (A = 1, 2) to implement the ALCP algorithm—which
means that RSLCP is also initially ALCP. Once the A-wise
level-combination coverage of selected or executed ATCs is
fully achieved—i.e., the number of A-wise level combinations
covered by the selected ATCs is equal to that covered by all
candidates—then RSLCP restarts with the same prioritization
strength A, repeating full A-wise level-combination coverage in
the next round. This process is repeated until all candidates have
been chosen. RSLCP has the following three advantages: 1) it is
very simple, adopting a similar mechanism to ALCP; 2) similar
to ALCP, it is a static, black-box prioritization method, using
only the level-combination coverage to guide the ATCP (this
means that it is not necessary to obtain source code informa-
tion, nor to execute the program); and 3) unlike ALCP, it is not
necessary to set the prioritization strength before prioritizing
ATCs.

To evaluate the proposed technique, we conducted empirical
studies on five C programs, each of which had five different
versions. In summary, the main contributions of this paper are
as follows:

1) We propose a new strategy to guide the ATC prioritiza-
tion, repeated small-strength level-combination coverage-
based prioritization (RSLCP), and describe a framework
to support it.

2) Based on the proposed framework, we provide two cate-
gories (using two different strategies) involving six algo-
rithms to implement RSLCP.
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3) We report on empirical studies investigating each RSLCP
technique, comparing with ALCP and SP, from the per-
spectives of: testing effectiveness (the speed of interaction
coverage and fault detection); testing efficiency (the prior-
itization cost); and robustness [how well the overall fault
detection potential is maintained across different versions
of the software under test (SUT)].

The rest of this paper is organized as follows. Section II de-
scribes the background information. Section III introduces the
RSLCP method, including the framework, algorithm, complex-
ity analysis, and mechanism. Section IV presents the research
questions and experimental setup. Section V reports on the em-
pirical studies conducted to answer the research questions. Sec-
tion VI reviews related work, and, finally, Section VII concludes
the paper.

II. BACKGROUND

In this section, we describe some background information
about ATCs and TCP.

A. Abstract Test Case

Given some SUT that has k parameters that constitute a pa-
rameter set P = {p1,p2,...,px }, with a corresponding level
set L ={Ly,Ly,..., Ly}, where each parameter p; has some
valid levels from the finite set L; (i = 1,2,..., k). In practice,
parameters may represent anything that influences the perfor-
mance of the SUT, such as components, configuration options,
user inputs, and so on. Let Q be the set of constraints on level
combinations.

Definition 2.1. Input Parameter Model: An input param-
eter model (or input model) for the SUT, denoted as
Model(P, L, Q), is a model of the SUT that includes the set
of some parameters P that may influence the SUT, the set of
level sets L for each parameter, and constraints set Q on level
combinations.

For example, Fig. 1 shows a screenshot of the font settings
for Microsoft Word 2013.! As shown in the red box, we only
consider the Effects aspects of the font settings, for which there
are seven choices. Table I gives an input parameter model for
the font effects of Microsoft Word 2013. The effects have seven
parameters, each of which can have two levels. It is not possible
to have both parameters from any of the sets (Strikethrough,
Double Strikethrough), (Superscript, Subscript), or (Small
caps, All caps) to be “Yes” at the same time. Therefore, there
are three level combination constraints. To simplify the repre-
sentation of this problem, each parameter can be denoted by
p; (i =1,2,...,7),and each level can be labelled by an integer
(starting at 0), as shown in Table I.

This example yields the following input parameter model:
Model (P ={p1,p2,...,p7}, L ={{“0",“1"}, {“27,“3"},
{47,957}, {67, <77}, {987,997}, {107,117}, {127, “137}},
Q= {p = 0" py = “3",p5 = “4" > py =“T", p5 = 8"
— pg = “117}), where the symbol < represents implication.
Because the specific values of each parameter have no impact on

![Online]. Available: https://products.office.com/en-us/microsoft-word-2013.
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TABLE I
INPUT PARAMETER MODEL FOR MICROSOFT WORD 2013 FONT EFFECTS

Parameter p1: Strikethrough p2: Double Strikethrough  p3: Superscript pa: Subscript ps: Small caps pe: All caps pr7: Hidden
Level Yes (0) Yes (2) Yes (4) Yes (6) Yes (8) Yes (10) Yes (12)
No (1) No (3) No (5) No (7) No (9) No (11) No (13)
(Strikethrough = “Yes”) +> (Double Strikethrough = “No”), i.e., (p1 = “07) + (p2 = “37).
(Superscript = “Yes”) <> (Subscript = “No”), ie., (p3 = “4”) <> (pa = “77).
(small caps = “Yes”) <> (A1l caps = “No”), ie., (p5s = “8”) <> (pg = “117).
[ eont =) Intuitively —speaking, any ATC can cover some 7-
wise level combinations: for example, an ATC

Font
ont | Advanced 25 oy i3 ey ceQ? » » .

, I A S R ST B A I3 covers seven 1-wise

Latin text ) ) ) ) ) )

atin te:

M . 1 11> %44 A 7 QY (13 2"
Asian text font: Font style: Size: leVe] Combmatlons ( 1 )’ ( 2 )’ ( 4 )’ ( 7 )’ ( 8 )’ ( 11 )’
+Body Asian [=] [Reguiar 1 and (“13”). Similar to ATCs, an 7-wise level combination may
) [Reguiar — [NIRET - . . . . .
Eont: Ttalic 105 also be either valid or invalid: for example, a 2-wise level
~Body [+] 8ol - |r— - e oy - s o

JE— combination (“17,“2”) is valid; but another one, (“07”,“2”), is
omplex scripts . . . . . .

Font Fopt style: Sie: invalid. Obviously, a valid ATC covers all valid n-wise level
+Body CS [+] [Regutar [+] 11 [~] combinations, regardless of 7 values.

Alltedt For ease of description, we define a function (), tc) for an
Font color: Underli le: Underl colo Emphasi k: - . .
A ncetine e e e ATC tc that returns the set of all n-wise level combinations

utomatic B (none) Automatic (none) .
T covered by tc, i.e.
[7] strikethrough small caps o ] ) ] . . .
[¥] Double strikethrough ] Al caps Y(n, tC) = {<UJ1 y Uja s - - -5 Uy, )ll Shn<je<--<gy< ]f}
[7] superscript [V] Hidden (2)
[ supsaript Similarly, a function (7, T') for a set T of test cases can be
Freew defined to return the set of all -wise level combinations covered
e o by all model inputs in 7', i.e.

This is the body theme font for Asian text. The current document theme defines which font
will be used.

[ set s Defaut | [ Text Effects... |

Fig. 1. Screenshot of the font settings from Microsoft Word 2013.

the SUT model, without loss of generality, we can use the fol-
lowing abbreviated version: Model(|L1||Lo|- - |Lg|, Q).
Therefore, the above model can be represented as:
Model(27,Q = {#07 <> “3”,“4” « “T" “8” < “117}).

Definition 2.2. Abstract Test Case: A k-tuple (I1,1s, . ..
is an ATC of the SUT where [; € L;,1 <1i < k.

If all the level constraints in Q are satisfied, then the ATC is
said to be valid, otherwise it is invalid. An example of a valid
ATC for the previous model is (“07,“37, 47 <77 “8” “117,
“12”); and an example of an invalid one is (“07,“2”,“5”, “6”,
“9” “10”,“13”)—because it violates the constraint (“0” <

alk)

“3”).
Definition 2.3: n-wise Level Combination: An n-wise level
combination is a k-tuple (I1,ls,...,[;) involving 7 parameters

with fixed levels (called fixed parameters) and (k — 7)) parame-
ters with arbitrary allowable levels (called free parameters that
are denoted by “—”"), where 0 < n < k and:

{ll GLZ',

An n-wise level combination is also called an 7-wise
schema [1]. Without loss of generality, to more clearly describe
the problem, free parameters can be ignored. In other words, an
n-wise level combination can be considered an n-tuple.

~

- if p; is a fixed parameter
;=

if p; is a free parameter

)

G, T) = | ¢(n,te). 3)

teeT

Obviously, the size of ¥(n, tc) (|¢(n, tc)|) is equal to C'(k, n)
(the number of n-combinations from k elements).

We next present the definition of 7-wise level-combination
coverage for an ATC, or for a subset of the given test set.

Definition 2.4: n-wise Level-Combination Coverage: Given
a valid test suite 7", a valid ATC tc, and a subset 1" of T
(tc e T and T'" C T), the n-wise level-combination coverage
of tc against 1" can be defined as the ratio of the number of
n-wise level combinations covered by tc to those covered by 7":

wintell The p-wise level-combination coverage of test set 7"

WJ (7]<,T) ‘ ‘ ( ) ‘
against 7" can be written as DICKBIR

B. Test Case Prioritization

TCP seeks to schedule test cases such that those with higher
priority, according to some criteria, are executed earlier than
those with lower priority. When testing resources are limited
or insufficient for the execution of all test cases in a test suite,
a well-designed test case execution order can be crucial. The
problem of TCP is defined as follows [4]:

Definition 2.5: Test Case Prioritization: Given a tuple
(T,Q,g), where T is a test suite, €2 is the set of all possible
permutations of 7', and g is a fitness function from € to real
numbers, the goal of TCP is to find a prioritized test suite (also
called a test sequence) S € (2 such that

(V') (8" € Q) (S"#5) [9(8) = 9(F)]. ©)

According to Rothermel et al. [4], prioritization can be done
according to many possible criteria, including, for example,
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Fig. 2. Illustration of RSLCP.

code coverage [18]. To date, many TCP strategies have been
proposed, based on various concepts, including: fault sever-
ity [19]; source code coverage [4], [20], [21]; search-based
techniques [18]; integer linear programming [22]; risk expo-
sure [23]; historical records from recent regression tests [24];
and information retrieval [25], [26]. Most strategies can be clas-
sified as either meta-heuristic search methods or greedy methods
[27]. When TCP is applied to ATCs, it is called abstract TCP
(ATCP) [5].

III. REPEATED SMALL-STRENGTH LEVEL-COMBINATION
COVERAGE-BASED PRIORITIZATION

In this section, we present a new family of ALCP techniques
that work by repeatedly using repeated, small-strength level-
combination coverage. We call these techniques RSLCP. We
introduce two RSLCP versions in this section, and present an
analysis of the space and time complexity for each version.

A. Framework

Unlike ALCP, because the RSLCP prioritization strength is
limited to 1 or 2, it is not necessary that a value be assigned to
A before prioritizing ATCs.

As shown in Fig. 2, RSLCP prioritizes an unordered set of
ATCs (denoted T') into a prioritized set S that has been divided
into « (o > 1) disjoint and ordered parts (S;,Ss,...,5),
where each S; (i = 1,2,...,«) has also been prioritized us-
ing a prioritization strength ;. Formally, the following five
conditions must be satisfied:

1)Each S; is a non-empty test sequence, 1 <7 < «
DT=5USU--USa

3) S =(51,52,...,5) NG))
HSNS=01<i#j<a

5) A; is used for the construction of S;

Condition 1 means each subset .S; is both non-empty and or-
dered. Condition 2 means that all test cases are divided amongst
the « subsets. Condition 3 means that S' is ordered by sequenc-
ing 51, 5, ...,S, successively [which means that .S ; follows
S; (1 < j < a)]. According to Condition 4, no test case belongs
to more than one test sequence, and, finally, Condition 5 means
that \S; is constructed using the prioritization strength A;.

Although the value of « is fully determined by the given
T, it does not impact on the framework or on the following
algorithms. We created two versions of the framework, an inde-
pendent and a partially independent version.

1) RSLCP Independent Version: The RSLCP independent
version (RSLCP-IV) guarantees that construction of S;;; is

IEEE TRANSACTIONS ON RELIABILITY, VOL. 69, NO. 1, MARCH 2020

independent of construction of S; (1 <4 < «). Formally, the
following two conditions must be satisfied:

Daye{l,2}1<i<a }
2) (0, 8) = v, T\UiZ) S

Condition 1 means that each subset .S; adopts a small strength
(1 or 2) to guide the ALCP process. Condition 2 means that each
subset S; covers all A;-wise level combinations that could be
covered by the candidates remaining before constructing ;.

Although the construction of test sequences S; and S;;
(1 <4 < «) are independent, actually, construction of \S; may
impact on the construction of .S; | ; (because .S, 1 is constructed
using only those test cases remaining after S;’s construction).
The algorithms used to prioritize each test sequence S; will be
presented in Section III-B.

2) RSLCP Fartially Independent Version: The RSLCP par-
tially independent version (RSLCP-PV) is similar to the inde-
pendent version, but involves some .S;; 1 constructions that are
based on the S; construction. The following three conditions
must be satisfied (assuming Sy = 0):

(6)

1) )\2.7:71 - 17)\2.7: = 27 1 S T S (g'l
) Y(haw1,8 1) =(rae 1, T\UZS) 3. (D)
3) 7/)()‘2.1" Saz-1 U SZJ:) = 7/}()‘2-’th \ UZIZ Si)

where x is an integer.

Condition 1 differs from that of RSLCP-IV by assigning a
prioritization strength of 1 to each \S; when 4 is an odd number,
and a strength of 2 when ¢ is even. Conditions 2 and 3 mean that,
when ¢ is odd, the corresponding test sequence S; is constructed
independently to achieve the highest 1-wise level-combination
coverage; but when i is even, the S; is constructed so as to guar-
antee that S; and S;_; cover the same 2-wise level combinations
as those covered by the remaining candidates. In effect, RSLCP-
PV first uses a prioritization strength of 1 to construct the subset
So,—1, and then considers Sy, ;1 as the already selected ATCs
for construction of the test sequence Ss,.. This process is then
repeatedly applied to the remaining candidates.

V)

B. Algorithm

Algorithm 1 describes the basic RSLCP procedure, which
includes iteratively constructing each S; (i =1,2,...,«)
(Line 4). Once an S; is completely constructed, it is added
to the end of S (S «— S > S;) (Line 5), and removed from
the candidate set 7" (Line 6). The test sequence S;.; can
then be constructed, with such constructions continuing until
all candidates have been chosen. Clearly, although construc-
tion of the test sequence S; is independent of construction of
S; (1 <1 # j <), as can be seen, because .S; is constructed
using elements from candidates remaining after .S;’s construc-
tion, the construction of S; can impact that of 5.

‘We propose an algorithm to complete the construction process
for each S;. The algorithm draws from the well-known greedy
approach, Additional Greedy Approach [18], which iteratively
selects the element of maximum weight (for the problem) from
those parts not yet selected or executed. The problem for con-
struction of S; is to cover the maximum number of A;-wise
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Algorithm 1: RSLCP Procedure.

Input: 7' = {tcy, teo, ..., te, } > Unordered ATCs
Output: S > Prioritized ATCs

1. i1

2. T T

3: while |S| # n do

4: Construct S; by selecting elements from the
remaining candidates T' as subsequent ATCs in S,
according to a specified criterion and ; € {1,2},
i.e., Algorithm2(T', 1;) or Algorithm3(T', \;).

3 S— (55 > Add S; into the end of S
6: T — (T'\ S;)

7 i—(i+1)

8: end while

9: return S

Algorithm 2: RSLCP-1V S; Construction (7", A;).
Input: 7/ C T
Output: S;
1: Sz' — <>
TempSet «— 1p(r;, T")
while 77 # () && (%, S;) # TempSet do
Select tc € T', where maz (|1 (%, te) Up(xi, Si)|)
> Take a random one in case of equality
S; — (Sl - <tC>)
T (T {tei})
end while
return S;

> Remaining candidates from 7'
> Prioritized ATCs

Rl

level combinations not yet covered by test cases that have al-
ready been selected or executed. Algorithm 2 describes the Ad-
ditional Greedy algorithm to construct ,S; for RSLCP-1V, and
Algorithm 3 describes it for RSLCP-PV.

1) RSLCP-IV Algorithm: As shown in Algorithm 2, the
RSLCP-IV algorithm chooses one of the candidates as the next
ATC in S; such that it covers the maximum number of A;-wise
level combinations that have not yet been covered by the al-
ready selected or executed ATCs in .S; (Line 5). If more than
one candidate has the highest A;-wise level-combination cov-
erage, then a random tie-breaking mechanism [28] is used, so
that one best candidate is selected. This process is repeated un-
til either of the following two conditions is satisfied (Line 3):
1) all candidates have been selected (i.e., T = @) or 2) S,
achieves full A;-wise level-combination coverage against 7"
[i.e., (i, S;) = TempSet, where TempSet is the set of A;-
wise level combinations covered by the remaining ATCs after
completely constructing S;_1].

For each prioritization strength 1; (1 < i < «) used for con-
structing .S;, we use the following five assignment categories:

1) Pure 1-wise RSLCP-IV: Each prioritization strength A; is
assigned avalueof 1: A =g =--- =24, = 1.

2) Pure 2-wise RSLCP-IV: Similar to the Pure 1-wise
RSLCP-1V, this category assigns each prioritization
strength A; avalue of 2: 1y = Ay =--- =X, = 2.

3) (1 + 2)-wise RSLCP-IV: Unlike the previous two assign-
ment categories, this category uses a combination of 1

Algorithm 3: RSLCP-PV S, Construction(7”, ;).

Input: 7/ C T
Output: S;
DS ()
if A; == 1 then then
S —0
else if
S — Si—1
end if
TempSet — (x;, T"US")
while 77 # 0 && ¥ (r;, S; |JS") # TempSet do
Select tc € T', where
max (| (i, te) Jv (1, S; US")]|) o> Take
arandom one in case of equality
10: S; — (SL - <tC>)
11: T — (T'\ {te; })
12:  end while
13: return S;

> Remaining candidates from 7'
> Prioritized ATCs

> For the case of A; = 2 then

Lodans w2

and 2 for the prioritization strengths. For .S; where i is
an odd number, the prioritization strength A; is assigned
a value of 1; and when 7 is an even number, A; is as-
signed a value of 2: A} = A3 =--- = Aot =1 and
X2=X4=---=XL%J = 2.

4) (24 1)-wise RSLCP-IV: This category inverts the (1 4 2)-
wise RSLCP-1V category. For S; with even ¢ numbers, X;
is assigned a value of 1; .S; with odd ¢ numbers is assigned
2: )\,1 :)\3 :"':)\,2"%]_1 :2; and )\2 :)\_1 ==
Mg =1.

5) Random Assignment RSLCP-IV: In this category, each
prioritization strength A; is randomly assigned eithera 1 or
2 value: A; = rand(1,2), where rand(z,y) is a function
returning an integer in the range [z, y].

2) RSLCP-PV  Algorithm: The RSLCP-PV algorithm
(Algorithm 3) is similar to the (1 4 2)-wise RSLCP-IV al-
gorithm. Construction of S; with odd values of 7 (S,_1,
1 < < «/2) uses the same mechanism as the RSLCP-IV al-
gorithm (a prioritization strength of 1), indicating that this part
is independent of previous constructions (Line 3). However,
when constructing S; for even values of i (59, ), although the
same prioritization strength of 2 is used, this part is partially
dependent (not completely independent): information about the
A9q,—1-wise level combinations covered by ATCs in S, is
used (Line 5). Random tie-breaking [28] is again used when
there is more than one candidate covering the same maximum
level of combinations.

The RSLCP-PV algorithm first uses a prioritization strength
of 1 to prioritize ATCs. When 1-wise level-combination cov-
erage has been fully achieved for Ss, 1, then a value of 2 is
used for the prioritization strength. Effectively, the RSLCP-PV
algorithm uses incremental prioritization strengths (from 1 to 2)
to construct S;.

C. Complexity Analysis

In this section, we provide a brief analysis of both the space
and time complexity of RSLCP. We first introduce the data
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structure used to store the A;-wise level combinations. Given
Model(|Ly||Ly| - - - |Li|, @) and ATC set T' with size n, we
assume that 6 = max;<;<;{|L;|}.

A 2-layer hierarchical data structure, denoted Hyy, is used
to store all A;-wise level combinations derived from the input
parameter model. The first layer of Hy is an array of C' (k, Ai)
elements, each of which is a parameter combination with size
i, denoted F'C;, = (pj, sDjss -5 Djs, ), where 1 < j1 < jo <

- < Jy, < k.Inother words, this array contains all possible A;-
wise parameter combinations. Each parameter combination in
the first level is actually a pointer to the next layer. Each structure
in the second layer is a bitmap for all A;-wise level combinations
derived from each X;-wise parameter combination. Each bitmap
uses a single bit for each A;-wise level combination, with a value
of 1 indicting that the relevant level combination has already
been covered by previously selected ATCs, but a value of 0
meaning that it has not yet been covered.

For each candidate tc € T, we use an array H.,, of size
C(k, A;), each element of which represents the index of the A;-
wise level combination of the corresponding F'C,, in the second
level of H,;. To check whether each A;-wise level combination
is covered or not, its index can be used to locate the relevant
position in the bitmap.

1) Space Complexity: We next present an analysis of the
space complexity of RSLCP, which is determined by two pa-
rameters: 1) the number of candidates, n and 2) the number of
n-wise (n € {1,2}) level combinations derived from the input
parameter model.

Because each candidate covers 7-wise level combinations
of size C'(k,n), the space complexity for parameter (1) is
O(n x C(k,n)). The space complexity for parameter (2) is
determined by the input parameter model. As described in the
previous section, the data structure used to store the possible
n-wise level combinations, H,y, has two layers. The first layer
of Hyy contains all n-wise parameter combinations, resulting in
a space complexity of O; = O (C (k, 17)) The space complexity
of the second layer, O, can be described as follows:

02 :O< Z (|Lj1|Lj2"'|Lj/1;|)>
1<j1 <jo<-<jn<k

< 0( > (5’7))
1<) <ja <<y <k

=O0(C(k,n) x o"). ®)
Therefore, the RSLCP space complexity is
O(RSLCP) = O(n x C(k,m)) + O1 + Os
O(n x C(k,n)) +O(C(k,n))
O(C(k,n) x &")
( (k,n) x (n+1+6"))
= O(Clk,n) % (n+6")). ©)

Because 7 is limited to a value of either 1 or 2, the best
space complexity is when ) = 1, giving O(C(kz, 1) x (n+ 5)),
which is of the same order as O (k x (n + 6)). The worst space

IEEE TRANSACTIONS ON RELIABILITY, VOL. 69, NO. 1, MARCH 2020

complexity, when 1 = 2, is O(C(k,2) x (n + 6%)), which is
of the same order as O(k* x (n + 6?)). Of the different ver-
sions of RSLCP, only Pure 1-wise RSLCP-IV has the best space
complexity.

2) Time Complexity: We next present an analysis of the time
complexity of RSLCP, which is also determined by two param-
eters: 1) the number of candidates involved, n and 2) the time
complexity of calculating uncovered 7-wise level combinations
for each candidate.

Regarding parameter (1), when selecting the ith model input
from candidates, RSLCP needs to check each of the (n — i + 1)
candidates. For parameter (2), there is a need to check whether
or not the 7-wise level combinations covered by each candidate
tc are covered by previously selected ATCs. Since H,,j, stores
the index of each 7-wise level combination, this check takes
O(1) time for each n-wise level combination. Therefore, the
RSLCP time complexity can be presented as

O(RSLCP) = 0<i (n—i+1)x C(km)))

i=1

O<(Z(nl+1)> X C(k,n))
o<”(";1) x C(k,r;))

= o(n2 x C(k,n)).

Similar to the results of the space complexity analysis, RSLCP
has best time complexity (O(n® x k)) when 1 = 1, and worst
complexity (O(n® x k?)) when 1 = 2. Again, of the different
RSLCP versions, only Pure 1-wise RSLCP-IV has the best time
complexity.

Previous investigations [27], [29] have shown that the order
of time complexity of ALCP is equal to O (n? x C(k,1)). This
means that when 1 < A < [k/2], then as A increases, the prior-
itization time of ALCP also generally increases; however, when
[k/2] < A <k, then the prioritization time generally decreases
as A increases. As discussed by Petke et al. [13], [14], X is gen-
erally assigned a value between 1 and 6, which means that A
is generally less than [k/2], especially when & is large. Since
ALCP’s order of time complexity is O (n* x C(k,n)) (where n
isequal to 1 or 2), it is expected that RSLCP would have similar
testing efficiency to ALCP when X is 1 or 2. However, RSLCP
should be more efficient than ALCP when A is 3, 4, 5, or 6.

10)

D. Discussion

This section briefly explains why RSLCP should achieve im-
provements over ALCP. RSLCP attempts to provide a trade-
off between testing effectiveness and efficiency for prioritizing
ATCs. The analysis of time complexity showed that the testing
efficiency of RSLCP should be similar or better than ALCP,
which means that RSLCP is an efficient ATCP technique. The
rest of this analysis, therefore, addresses how RSLCP should
provide comparable testing effectiveness, comparing RSLCP
with ALCP for different A values.
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1) When 1 < X < 2: As discussed earlier (Section III-A),
RSLCP uses either 1 or 2 when applying ALCP to the
prioritization of ATCs, which means that it would cover
1-wise or 2-wise level combinations as quickly as ALCP.
This means that RSLCP should have testing effectiveness
that is at least similar to ALCP. Furthermore, when 1-wise
or 2-wise level combinations have been fully covered by
the already selected ATCs, ALCP then randomly priori-
tizes the remaining ATCs. However, RSLCP repeats the
ALCP process to prioritize any remaining ATCs, which
should provide better performance than random prioritiza-
tion (e.g., in terms of the speed of covering higher-strength
level combinations).

2) When 3 < A < 6: RSLCP should be faster at covering 1-
wise or 2-wise level combinations than ALCP, because
this is the basic principle of RSLCP. Compared with
ALCP, RSLCP may, however, be slower at covering high-
strength level combinations. However, because RSLCP
repeatedly achieves full 1-wise or 2-wise interaction cov-
erage, it may also be able to quickly (to some extent) cover
high-strength level combinations. For example, if a can-
didate ATC tc covers a set of 1-wise level combinations
that have not been covered by previously selected ATCs,
tc may also cover a set of A-wise level combinations. In
other words, RSLCP may sometimes provide comparable
testing effectiveness to ALCP, when A is high.

IV. EXPERIMENTAL SETUP

In this section, we present the research questions related to the
testing effectiveness and efficiency of our proposed techniques,
and examine the experiments we conducted to answer them.

A. Research Questions

In the field of TCP, two important issues are: 1) the prioritiza-
tion effectiveness and 2) the prioritization efficiency. Generally
speaking, the prioritization effectiveness is measured by the rate
of fault detection. However, due to the characteristics of ATCs,
the prioritization effectiveness can be also measured by the rate
of interaction coverage. In this paper, therefore, we focus on the
rates of interaction coverage and fault detection with respect to
the effectiveness. Furthermore, when a new version of the SUT
is released, the original prioritized test suite may become less
effective: the initial test ordering might no longer be optimal. It
would be helpful, therefore, for testers to know how maintain-
able the fault detection potential (the robustness) of a test suite
prioritization technique is over multiple releases of the system.
The following four research questions were designed to exam-
ine the testing effectiveness, prioritization costs, and robustness
of RSLCP.

RQ1: How well do the six RSLCP versions perform?

RQ1.1: How well do the five RSLCP-IV algorithms perform?

RQ1.2: How well does the RSLCP-PV algorithm compare
with the RSLCP-1IV algorithms?

Answering RQ1 will help testers know which RSLCP tech-
nique is the most effective or efficient. The two sub-questions are
designed to further investigate the best RSLCP-IV algorithms

and the differences between the RSLCP-IV and RSLCP-PV
algorithms.

RQ2: How well does RSLCP compare with ALCP?

As discussed, RSLCP attempts to balance the tradeoff be-
tween testing effectiveness and efficiency in ALCP. Answering
RQ2 should make it clear whether or not RSLCP can achieve
comparable testing effectiveness to current ALCP techniques,
which would help clarify whether or not it should be considered
as a cost-effective alternative.

RQ3: How does RSLCP compare with other widely used
prioritization techniques such as Incremental-strength LCP
(ILCP), and Similarity-based Prioritization (SP)?

The ILCP is another ATCP technique to avoid the selection of
prioritization strength existed in ALCP; while the SP has been
considered as an efficient prioritization technique. Therefore,
answer RQ3 would enable a better understanding of the testing
effectiveness and efficiency of RSLCP (compared with those
of ILCP and SP), which would help decide whether it is more
cost-effective or not.

RQ4: How robust is RSLCP across multiple releases of the
SUT?

Answering RQ4 will help identify the robustness of RSLCP,
and whether or not it degrades over multiple releases of the
system.

B. Subject Programs

In our empirical study, we considered five versions of five
programs (giving a total of 25 different programs) written in
the C programming language. The five programs, which were
obtained from the GNU FTP server,> were: a tool for lexical
analysis (flex); two widely used command-line tools for search-
ing and processing text matching regular expressions (grep and
sed); a widely used compression utility (gzip); and a popular
utility used to control the compile and build processes of the
programs (make).

These subject programs have been widely used in TCP re-
search [4], [6], [13], [14], [29], [32]-[36]. Table II gives the
program details, including the input parameter model, the num-
ber of ATCs obtained from the Software-artifact Infrastructure
Repository (SIR)* [37], the program size excluding comments
in lines of code (measured by cloc®), the program version
number, and the number of faults in each version. The ATC set
for each program was constructed using the test specification
language [38]. Apart from the program make (for which some
ATCs were removed due to unsuccessful execution), the ATCs
used cover all valid level combinations at each strength.

C. The 15 Studied Prioritization Techniques

Table I1I gives an overview of the 15 prioritization techniques
investigated, listing each technique’s category, mnemonic,

2[Online]. Available: http:/ftp.gnu.org/

3The input parameter model of each program was taken from the previous
work by Petke et al. [13], [14].

4[Online]. Available: http://sir.unl.edu/

3[Online]. Available: http://cloc.sourceforge.net/
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TABLE I
SUBJECT PROGRAMS

Subject ATCs  Input Parameter Model Size  Version  Faults
flex-vl 9470 2.4.7 32
flex-v2 Model(2°3%5', Q) 12231 25.1 32
flex-v3 500 Q| =12 12 249 2.5.2 20
flex-v4 12379 2.5.3 33
flex-v5 12 366 2.54 32
grep-vl 11988 22 56
grep-v2 Model(2'3%425'6'8', Q) 12724 2.3 58
grep-v3 440 |Q| =83 12 826 24 54
grep-vd 20 838 2.5 58
grep-vb 58 344 2.7 59
gzip-vl 4521 1.1.2 8
gzip-v2 Model(2'33', Q) 5048 1.2.2 8
gzip-03 156 |Q| =61 5059 123 7
gzip-v4 5178 124 7
gzip-vd 5 682 1.3 7
make-v1 18 568 3.76.1 37
make-v2 Model(2'°, Q) 19 663 3.77 29
make-v3 111 Q| =1 20 461 3.78.1 28
make-v4 23125 3.79 29
make-v5 23 400 3.80 28
sed-vl 7793 3.0.2 16
sed-v2 Model (27346 10", Q) 18 545 4.0.6 18
sed-v3 324 |Q| =50 18 687 4.0.8 18
sed-v4 21743 411 19
sed-v5 26 466 4.2 22

description, prioritization objective, and corresponding refer-
ence in the literature. Because RSLCP is a new version of LCP,
we also considered another ALCP version, denoted AW, which
we investigated for six A values (A = 1,2,3,4,5,6), follow-
ing previous studies [6], [11], [14], [29]-[31]. In addition, we
also compared our methods with another two widely used ATCP
techniques, ILCP [29], and SP [8]. ILCP makes use of incremen-
tal strengths beginning with A = 1 to run ALCP. We examined
two versions of SBP [8], global SP (GSP), and local SP (LSP):
GSP initially selects two elements as the first two test cases with
the minimum similarity, and then iteratively chooses an element
as the next test case such that it has the minimum Jaccard sim-
ilarity against previously selected test cases; LSP, in contrast,
iteratively chooses a pair of test cases with the minimum Jaccard
similarity until all candidates have been chosen [8].

D. Fault Seeding

For each of the subject programs, the original version contains
no seeded-in faults. Although a number of hand-seeded faults are
available from the SIR [37], many of these faults are easily de-
tected (on average more than 60% of test cases can reveal them).
In this paper, therefore, we used mutation analysis [39] to seed
in faults (see Table II). As discussed in previous studies [40],
[41], mutation analysis can provide more realistic faults than
hand-seeding, and may be more appropriate for studying TCP.
Compared with real faults, however, the correlation between
mutant killing ability and real fault detection may become weak
when the test suite size is kept constant [42]. Nevertheless, the
detection of real faults should improve significantly when test
suites attain the highest levels of mutant kills [42]. In this paper,
each mutant could be killed by the given test suite.
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For the five subject programs, we used the same mutation
faults® as used by Henard et al. [35]. More specifically, for
each version V; (1 <4 < 5) of each subject program, the same
mutant operators used in Andrews et al. [40] were adopted to
produce the faulty versions (mutants) for our paper. The opera-
tors used were: constant replacement; statement deletion; unary
insertion; arithmetic operator replacement; relational operator
replacement; logical operator replacement; and bitwise logi-
cal operator replacement. As discussed by Henard et al. [35],
equivalent,” and duplicated® mutants were eliminated using the
Trivial Compiler Equivalence (TCE) [44] tool, resulting in about
one third of the mutants being removed. This was done to re-
duce interference in the fault detection evaluation of each pri-
oritization technique. Furthermore, as suggested by Papadakis
et al. [45], subsumed mutants [46] (also called disjoint mu-
tants [47])° were also identified and discarded [35] to avoid
biasing the experimental results [43]. The subsumed mutants
were removed by executing all ATCs for each mutant, and iden-
tifying the failure-causing ATCs.

The performance of several ATCP techniques may depend on
the Failure-Triggering Fault Interaction (FTFI) value of each
mutant in each subject program, i.e., the number of parameters
required to detect a failure [15], [48]. Table IV shows the FTFI
number distribution of each program.

E. Evaluation Metrics

In this paper, we focused on the testing effectiveness and effi-
ciency of RSLCP, from the perspectives of interaction coverage,
fault detection, and prioritization cost.

1) Interaction Coverage Metric: The rate of interaction cov-
erage was used to evaluate the speed of covering level combi-
nations by the prioritized test suite. The Average Percentage of
T-wise Covering-array Coverage (APCC) [14], also called Av-
erage Percentage of Combinatorial Coverage [27], was used to
measure the rate of interaction coverage of strength 7 achieved
by prioritized ATCs. Its definition is given as follows:

Definition 4.1: Average Percentage of 7-wise Covering-
array Coverage: Suppose S = (t1,t,...,t,) is a prioritized
set of ATCs with size n, the APCC definition of S' at strength
T(1<7<k)is

Y Ui )] 1

n x |[¢(r,S)] 2n
The APCC metric values range from 0.0 to 1.0, with higher
values indicating better rates of interaction coverage at a specific
strength 7. In this paper, following previous studies [14], we
considered APCC with 7 =1, 2, 3,4, 5, and 6.
2) Fault Detection Metric: We used the fault detection rates
of each prioritization technique as the fault detection metric.

APCC(r, §) = (11)

[Online].
mutants/

7Equivalent mutants are functionally equivalent versions of the original pro-
gram [43].

8Duplicated mutants are equivalent to other mutants, but not to the original
program [44].

9The mutants are subsumed or disjoint such that they are jointly killed when
other mutants are killed.

Available:  https://henard.net/research/regression/ICSE_2016/
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TABLE III
RSLCP, ALCP, ILCP, AND SBP TECHNIQUES CONSIDERED IN THE EXPERIMENTS

Category  Mnemonic  Description Prioritization Objective Reference
I\ Pure 1-wise RSLCP-IV Covers the repeated maximum 1-wise level combinations Our study, and [17]
V2 Pure 2-wise RSLCP-IV Covers the repeated maximum 2-wise level combinations Our study
RSLCP V3 (1 + 2)-wise RSLCP-IV Covers the independently-repeated maximum (1 + 2)-wise level combinations Our study
V4 (2 + 1)-wise RSLCP-IV Covers the independently-repeated maximum (2 + 1)-wise level combinations Our study
V5 Random Assignment RSLCP-IV  Covers the independently-repeated maximum (1 or 2)-wise level combinations ~ Our study
PV RSLCP-PV Covers the partially-independent-repeated maximum level combinations Our study
1w LCP at prioritization strength 1 Covers the maximum 1-wise level combinations [30]
2W LCP at prioritization strength 2 Covers the maximum 2-wise level combinations [11]
ALCP 3W LCP at prioritization strength 3 Covers the maximum 3-wise level combinations [11]
AW LCP at prioritization strength 4 Covers the maximum 4-wise level combinations [29]
5W LCP at prioritization strength 5 Covers the maximum 5-wise level combinations [31]
6W LCP at prioritization strength 6 Covers the maximum 6-wise level combinations 14]
ILCP ILCP Incremental-strength LCP Covers the maximum level combinations at incremental strengths 29]
Sp GSP Global SP Achieves global maximum distance 8]
LSP Local SP Achieves local maximum distance [8]
TABLE IV

FTFI NUMBER DISTRIBUTION

FTFI Number

Subject Program Total Number

1 2 3 4 5 6 >6
flex-v1 2 7 7 4 2 7 3 32
flex-v2 2 7 9 4 1 6 3 32
flex-v3 2 4 6 3 0 4 1 20
flex-v4 2 7 9 3 3 6 3 33
flex-v5 2 8 7 4 2 6 3 32
> 10 33 38 18 8 29 13 149
grep-vl 2 20 17 8 9 0 0 56
grep-v2 2 19 17 g 11 0 1 58
grep-v3 1 21 14 9 9 0 0 54
grep-v4 1 18 15 16 8 0 0 58
grep-v5 2 16 18 14 9 0 0 59
) 8 94 8 55 46 0 1 285
gzip-vl 4 2 1 0 1 0 0 8
gzip-v2 4 2 1 0 1 0 0 8
gzip-v3 5 2 0 0 0 0 0 7
gzip-v4 5 2 0 0 0 0 0 7
gzip-vb 5 2 0 0 0 0 0 7
23 10 2 0 2 0 0 37
make-v1 0 0 0 0 1 1 35 37
make-v2 0 0 0 0 0 1 28 29
make-v3 0 0 0 0 2 0 26 28
make-v4 0 0 0 0 1 1 27 29
make-v5 0 0 0 0 1 1 26 28
> 0 0 0 0 5 4 142 151
sed-vl 0 8 5 3 0 0 0 16
sed-v2 1 9 7 1 0 0 0 18
sed-v3 1 9 7 1 0 0 0 18
sed-v4 1 8 8 2 0 0 0 19
sed-v5 1 12 7 2 0 0 0 22
> 4 46 34 9 0 0 0 93

A well-known fitness function is the Average Percentage of
Faults Detected (APFD) [4], which measures the fault detection
rate of a given prioritized test suite. Higher APFD values indi-
cate better prioritized test sequences. The APFD is defined as
follows:

Definition 4.2: Average Percentage of Faults Detected: Sup-
pose T’ is a test suite containing n test cases, and F' is a set of
m faults revealed by T'. Let SF'; be the number of test cases in
the prioritized test suite S of 7" that are executed before detect-
ing fault f;. The APFD of S is calculated using the following
equation (from Rothermel et al. [4]):

SF; + SF, + - -- + SF,, 1

+ —.
nxm 2n

APFD(S) =1 — (12)

3) Efficiency Metric: The prioritization cost measures how
quickly each prioritized test suite is constructed, and was used

to represent the efficiency of the technique. Obviously, lower
prioritization cost means better efficiency.

E. Inferential Statistical Analysis

Because some prioritization strategies involve randomization
(due to the random tie-breaking technique [28]), we ran each
experiment 1000 times, as suggested in previous studies [49].

As part of the investigation, we wanted to determine the sta-
tistical significance of any differences between the APCC or
APFD values (used to evaluate each prioritization technique),
for which there are many statistical tests, such as the ¢-test
and Wilcoxon—-Mann—Whitney test [49]. Because there was no
relationship among the 1000 iterations, we used an unpaired
test [35]. Furthermore, because no assumptions were made about
which prioritization technique was better than the other, a two-
tailed test was used [35]. Following previous guidelines on in-
ferential statistical approaches for dealing with randomized al-
gorithms [49], [50], we used the unpaired two-tailed Wilcoxon—
Mann—Whitney test to check the statistical significance (at a
significance level of 5%).

Since we used multiple statistical prioritization techniques,
we report the p-values, which indicate whether or not the dif-
ferences between two techniques are highly significant. When
the p-value between two techniques M; and M> is less than
5%, the difference between M; and M, is highly significant;
otherwise, it is not significant. As Henard et al. [35] explained,
however, with an increase of the number of the executions, p
will become sufficiently small, which means that there are dif-
ferences between two algorithms. However, when the p-value
is very small, it may be difficult to identify which algorithm
is actually the better. We therefore used a different statistical
measure, the effect size, which is generally measured by the
non-parametric Varia and Delay effect size measure [51], Alz.

The Varia and Delay effect size measure should provide more
useful information when comparing two different algorithms.
INE (My, My) = 0.50, for example, would indicate that in the
sample, there is no difference between algorithms M; and Ms.
Alg(Ml , M5) > 0.50 would mean that M; is superior to Mo;
and Alg(Ml , M5) < 0.50 would mean that M, is superior to
M, . The further the Alg value is from 0.50, the larger is the effect
size. Based on previous work [51], we classify four categories
of the effect size: no-difference (|Ajo (M, My) — 0.50| = 0);

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.



358

99.8 99.5

IEEE TRANSACTIONS ON RELIABILITY, VOL. 69, NO. 1, MARCH 2020

98.0

006| @ e o b e
99.4
99.2

99.0

99.0
98.5
98.0
97.5

LR

*’T*
|

. e
+ -y - 1978 S ¥, F
* g 5 ,g;g%%%%f% +
WK ;

4
I

98.8
98.6
98.4
98.2
98.0
97.8
97.6
97.4

97.0
96.5
96.0
95.5
95.0
94.5
94.0

I

i
T

95.0 ‘

Jo4s
94.0
1935
930
Jo25 ¥

92.0
915

]

97.2
97.0

935

:\r 91.0
90.5

+
PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

(a)

V1 V2 IV3 V4 IV5

92

+
IV1 IV2 IV3 IV4 IV5 PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

+
IV1 IV2 IV3 V4 IV5 PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

(b) (c)

86

91
90

e
& + ¥

i+

F—

B2

+

4 8
| 84
83

¥

@
®

.%%%%% %

87

+
t? | 82
81

=B

priiie

86

e o

80

e
GaEa

85
84

3

79
78

w—{ G —+

[
I

1 83

%

v T

&,
e

¥4
$
|

76

IV1 IV2 IV3 V4 IV5 PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

(d)

Fig. 3.

small (0 < |A1o (M, My) — 0.50] < 0.10); medium (0.10 <
|[Ayo (M, M) —0.50] < 0.17); and large (JA1o (M, My) —
0.50 > 0.17).

V. RESULTS

This section presents the results of the experiments con-
ducted, and answers the research questions. In the displayed
results, each box plot shows the distribution of the 1000 APCCs
or APFDs (averaged over 1000 iterations), listed horizontally
across the figure. Each box plot shows the mean (square in
the box), median (line in the box), upper and lower quartiles,
and minimum and maximum APCC values for the prioritization
technique. In addition, a statistical analysis is given for each
pairwise APCC or APFD comparison of prioritization tech-
niques. For example, for a comparison between two methods
M versus M, we use x to denote that there is no statistical
difference between them (i.e., their p-value is greater than 0.05);
v/ to denote that M is significantly better (p-value is less than
0.05, and the effect size A;o (M, My) is greater than 0.50); and
X to denote that M, is significantly better (p-value is less than
0.05, and A5 (M, M) is less than 0.50).

A. Interaction Coverage Results

In this section, we answer RQ1, RQ2, and RQ3, from the
perspective of the interaction coverage rates. Figs. 3—7 present
the APCC results for programs flex, grep, gzip, make, and sed.
Each figure describes different strength values for APCC, i.e., T
is assigned 1, 2, 3,4, 5, and 6. Tables V and VI show the detailed
Wilcoxon test APCC results at the 0.05 significance level for
each comparison.

1) RQI: RSLCP Techniques: Here, we try to answer the sub-
questions of RQ1: RQ1.1 and RQ1.2, according to APCC, and
then briefly analyze each observation.

a) RQ1.1: RSLCP-1V Techniques: Based on the experimental
results, we can observe the following.

2
V1 IV2 IV3 IV4 IV5 PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

5
IV1 IV2 IV3 IV4 IV5 PV 1W 2W 3W 4W 5W 6W ILCP GSP LSP

(e) (0]

APCC results for each prioritization technique for the program flex. (a) 7 = 1. (b) 7 =2.(¢c) 7 =3.(d) 7 =4.(e) 7T = 5. () 7 = 6.

i) When 7 = 1, all RSLCP-IV techniques have very simi-
lar APCC:s for all programs, because their 1-wise APCCs
have very similar distributions. According to the statis-
tical analysis (Table V), however, IVl and IV3 gener-
ally have the best performances, followed by IV5, regard-
less of subject programs (apart from programs gzip and
make).

When 2 < 7 < 6, it can be observed that IV2 overall has
the best performance for all programs, followed by IV4;
while IV1 is worst, followed by IV5 and IV3. The statis-
tical analysis (Table V) also confirms these observations.

The main reason for the first observation is that both IV1 and
IV3 initially make use of A = 1 for prioritizing ATCs, which is
the same mechanism as 1 W—the mechanism 1W chooses an el-
ement as the next test case such that it covers the largest number
of 1-wise level combination that have not been covered by previ-
ously selected ATCs. When all 1-wise level combinations have
been covered by the selected ATCs, the order of the remaining
ATCs does not change the 1-wise APCC value. Therefore, IV1
and IV3 perform very similarly, and have better 1-wise APCCs
than other RSLCP-IV techniques. Regarding the difference for
programs gzip and make, a possible reason may be that an el-
ement covering the largest number of uncovered 2-wise level
combinations (selected as the next test case by IV2, IV4, and
IV5), could cover a comparable number of uncovered 1-wise
level combinations as IV1 and IV3, due to the characteristics
of the input parameter model (i.e., each parameter contains a
similar number of levels).

The second observation can be explained as follows: Sim-
ilar to the case of IV1 and IV3, IV2 and IV4 have the same
APCC values at 7 = 2. However, IV2 repeatedly covers entire
2-wise level combinations, which may provide the faster speed
to cover level combinations 7 > 2 than other RSLCP-IV tech-
niques. Similarly, IV1 only repeatedly covers entire 1-wise level
combinations, which may not provide higher rates of interaction
coverage at higher strengths.

ii)
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From the perspective of the interaction coverage rate, the
answer to RQ1.1 is: Overall, IV2 has the best performance
among all RSLCP-IV techniques, followed by IV4; and IV1 is
generally the worst.

b) RQ1.2: RSLCP-1V versus RSLCP-PV: Based on the
experimental data, we have the following observations:

i) When 7 =1, PV has very similar APCC values to

RSLCP-IV techniques for all programs. Apart from pro-
grams gzip and make, however, the statistical analysis
shows that compared with IV1 and IV3, there is no highly
significant difference compared with PV; while the differ-
ence between PV and IV2, IV4, or IVS5 is highly signif-
icant. In addition, the statistical analysis also shows that
PV is similar to IV1 and IV3, but performs better than
other RSLCP-IV techniques when 7 = 1.

ii) When 2 < 7 < 6, PV is worse than I'V2 for all programs,

but performs better than IV1, IV3, and IVS5. The sta-
tistical analysis confirms the box plot observations. PV
has APCC values comparable to IV4. However, the sta-
tistical analysis shows that IV4 has significantly better
2-wise APCCs than PV; but for high 7 values, the op-
posite is true: PV has significantly better 7-wise APCCs
than IV4.

A plausible reason to the first observation is that, as was the
case for IV1 and IV3, PV uses 1W at the start of the prioritiza-
tion process, which guarantees that it has similar speeds to IV1
and IV3, but higher speeds than other RSLCP-IV techniques for
covering 1-wise level combinations. However, IV2 uses 2W to
prioritize ATCs, while PV uses 1W and 2W to guide the pri-
oritization. Therefore, IV2 may provide faster speeds than PV
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Fig. 7. APCC results for each prioritization technique for the program sed. (a) 7 = 1. (b) 7 =2.(c) 7 =3.(d) 7 =4.(e) T = 5. (f) 7 = 6.

for covering high 7 value level combinations. Similarly, IV4 2) RQ2: RSLCP versus ALCP: Based on experimental re-
initially uses 2W for prioritizing ATCs, and then independently  sults comparing RSLCP and ALCP, we have the following ob-
chooses 1 W to prioritize the remaining ATCs when 2-wise level  servations:

combinations have been fully covered. This process may pro- a) When the prioritization strength A for ALCP is equal to
vide better 2-wise APCCs than PV. However, when all 1-wise the strength value 7 for APCC (i.e., A = 7), ALCP gen-
level combinations have been covered by the selected ATCs, erally has similar or better APCC values than all RSLCP
PV does not independently use 2W for prioritizing the remain- techniques.

ing ATCs, i.e., it considers 2-wise level combinations that have b) Compared with ALCP at low XA values (such as 1W and
not yet been covered by previously selected ATCs (obtained by 2W, i.e., A is 1 or 2), although all RSLCP techniques
IW). This process may guarantee that PV has higher APCCs have similar or worse A-wise APCC values when 7 = A,
than IV4. overall, they have better APCC values at other strengths

With respect to the interaction coverage rate, the answer to (when 7 # ).

RQ1.2 is: Overall, PV achieves a better performance than other ¢) Compared with ALCP at high X values (such as 3W, 4W,
RSLCP-IV techniques. 5W, and 6W, i.e., A > 3), when 7 > 3, RSLCP has worse
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TABLE V
STATISTICAL ANALYSIS FOR PAIRWISE APCC COMPARISONS OF RSLCP TECHNIQUES (A12 VALUES INCLUDED IN BRACKETS)

P— Tlex grep e ke el
71 72 73 74 _7=5 76 7=l 7= __7=3 74 __7=5 76 e A ) T=1__7=2 73 74 75 7% 7= __7=2 =3 74 75 76
V1 os V2 V(072) X(0.00) X(0.00) X(0.00) X(0.04) X(0.33)[ v/(0.92) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)[ ©O(0.49) X(0.00) X(0.00) X(0.00) X(0.00) X(0.01)] O(0.52) X(0.00) X(0.00) X(0.01) X(0.05) X(0.12)| ¥/(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
IVIosIV3 | O(051) X(0.00) X(0.00) X(0.01) X(0.10) X(034)| O(0.52) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(050) X(0.09) X(0.08) X(0.10) X(0.13) X(015)| O(0.51) X(020) X(0.11) X(012) X(0.16) X(023)| O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(0.01)
IVIosIVA | v(072) X(0.00) X(0.00) X(0.00) X(0.06) X(030)| v(0.91) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(051) X(0.00) X(0.00) X(0.00) X(0.01) X(0.03)| O(0.51) X(0.00) X(0.00) X(0.02) X(0.07) X(0.15) v/(100) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
IVIosIV5 | v(062) X(0.03) X(0.01) X(0.02) X(009) X(032)| v(0.71) X(0.01) X(0.01) X(0.00) X(0.01) X(00h)| O(050) X(0.11) X(0.10) X(0.10) X(0.11) X(013)| O(0.50) X(0.16) X(0.11) X(0.11) X(0.14) X(O021)| v/(074) X(0.01) X(0.01) X(0.01) X(0.01) X(0.02)
V20sIV3 | X(029) V(1.00) V(0.97) v(082) v(0.66) O(0.50)| X(0.09) v(100) v(1.00) v(0.95) v(0.89) v(083) O0O51) v(1.00) v(1.00) v(1L00) v(098) v(0.95)| Q(049) v(0.98) v(098) V(088) v(0.77) V(068)| X(0.00) V(1.00) V(1.00) v(0.98) v(094) v(090)
IV20sIVA | O(050) O(049) V(0.67) v(065) v(058) X(045)[ O(0.49) O(049) V(074) V(075) V(075 v(073)| O051) v(052) v(076) (077) V(077) v(077)| 0049 O(050) v(061) v(0.63) V(06 v(058)| O050) O(052) v(076) v(0.75) V(075) V(0.74)
IV20sIV5 | X(040) V(074) V(0.79) v(072) V(0.62) O(048)| X(029) v(075) (085 v(084) v(081) v(078) O(050) v(0.77) v(0.85) v(085) (085 v(083)| O(048) v(0.74) V(078) v(076) Y(0.70) V(064)[ X(024) V(076) v(085) ¥(0.85) v(083) v(081)
V3 0s IV4 V(071) X(0.00) X(0.05) X(0.29) X(0.42) X(0.46)| v/(0.91) X(0.00) X(0.02) X(0.16) X(0.29) X(0.36)[ O(0.51) X(0.00) X(0.00) X(0.01) X(0.07) X(0.16)| O(0.50) X(0.02) X(0.04) X(0.19) X(0.31) X(0.39)| ¥/(1.00) X(0.00) X(0.00) X(0.08) X(0.19) X(0.27)
IV30sIV5 | v(061) X(032) X(033) X(042) X(047) O048)| v(0.70) X(039) X(0.37) X(040) X(044) X(0.46)[ O(049) X(033) X(033) X(032) X(0.33) X(036)| O(049) X(032) X(034) X(039) X(044) X(047)| v/(074) X(038) X(036) X(037) X(0.40) X(0.43)
ViosIV5 | X(040) V(074) V(0.69) V(060) V(055 V(053] X(030) V(075 V(0.73) V(067) V(062 V(058)| O049) V(075 V(071 v(071) /(069 V(065 O049) V(074 V072 V(0.67) V(061) V(057)| X(024) V(075 V(073 V(0.70) V(0.66) V(0.63)
Viw PV O(051) X(0.00) X(0.00) X(0.00) X(004) X(028)| O(052) X(0.00) X(0.00) X(0.00) X(000) X(0.00)| O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(00D)| O(051) X(001) X(00I) X(0.02) X(0.06) X(019)| O(049) X(0.00) X{(0.00) X(0.00) X(0.00) X(0.00)
V2 05 PV X(029) V(068) (057) V(053) O(050) X(043)| X(0.10) v(094) v(0.59) O(051) O(049) O048)| OO51) v(092) v(078) V(0.67) v(061) Y(038)| O(049) v(061) V(061) V(0.58) ¥(056) V(054 X(000) v(1.00) v(080) v(066) v(0.61) v(0.59)
1V3 05 PV O(050) X(0.00) X(0.04) X(020) X(035) X(044)[ O(051) X(0.00) X(0.00) X(0.05) X(0.1) X(0.16)| O(0.50) X(©0.01) X(0.00) X(0.01) X(0.04) X(©0.08)[ O(050) X(0.06) X(0.07) X(0.16) X(027) X(0.36)| O(049) X(0.00) X(0.00) X(0.04) X(0.10) X(0.15)
V4 05 PV X(029) V(069) X(040) X(038) X(0.42) O(048) X(0.10) v(0.94) X(034) X(026) X(0.25) X(025)| O(049) v(0.90) v(057) X(0.39) X(032) X(030)| O(050) v(061) OO51) X(045) X(0.44) X(0.46)| X(0.00) v(1.00) v(0.55) X(0.39) X(035) X(034)
1V5 05 PV X(039) X(036) X(0.25) X(030) X(038) X(045)| X(031) X(046) X(019) X(0.17) X(0.19) X(021)] O(0.50) X(046) X(031) X(023) X(021) X(021)| O(051) X(0.33) X(029) X(030) X(034) X(0.39)| X(026) O(0.48) X(029) X(0.23) X(023) X(025)

TABLE VI
STATISTICAL ANALYSIS FOR PAIRWISE APCC COMPARISONS OF RSLCP AGAINST OTHER ATCP TECHNIQUES (Am VALUES INCLUDED IN BRACKETS)
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1.0,
1.0
1.0
(0.99,
(100,

1.00) v/(1.00) v/(1.00
1.00) v/(1.00) v/(1.00
1.00) V(100) v(1.00)
1.00) V(100) v(1.00)
100) v(100) ¢(1.00)
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V(093) V(096) ¥(097)
V(100) V(1.00) V(0.9
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V(100) V(1.00) /(100
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LSS
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P e 37ip T make sed
) 76 L = T S 7172 73 74 75 7% D = R T Tl 72 73 74 75 7%
VIos W O(050) V(1.00) V(1.00) v V(1.00) V(1.00)| O(052) V(1.00) v(1.00) v(099) v(090) vV (0.65)] O049) v (093) V(097) V(098) V(099) V(1.00)| O(050) v(057) v(091) v(0.93) v (0.93) O(049) V(1.00) V(100) v(100) v(1.00) v (0.99)
V205 IW X(028) V(1.00) V(100) v(100) v/(100) v/(1.00)| X(0.09) v/(1.00) v/(1.00) v/(1.00) v(1.00) v(1.00)[ O(050) v/(1.00) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| O(0.49) v(1.00) v/(1.00) v/(1.00) v/(1.00) X(0.00) V/(1.00) V(1.00) v(100) v(100) v/(1.00)
V305 W 0(049) V(1.00) V(100) V(100) v/(100) v/(1.00)| O(0.50) v/(1.00) v/(1.00) v/(1.00) v(1.00) v(1.00)[ O(049) v/(1.00) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| O(0.50) v(0.97) V(099) V/(1.00) v/(0.99) O(049) V(1.00) V/(100) v/(1.00) v/(1.00) v/(1.00)
V4 os IW X(028) V(1.00) V(100) v(100) v/(100) v/(100)| X(0.10) v/(1.00) v/(1.00) v/(1.00) v(1.00) v(1.00)[ X(0.49) v/(1.00) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| O(0.50) v(1.00) v/(1.00) v/(1.00) v/(1.00) X(0.00) V/(1.00) v/(1.00) V/(1.00) /(1.00) V(1.00)
V505 IW X(038) V(1.00) V(100) v(100) v/(100) v/(1.00)| X(030) v/(1.00) v/(1.00) v/(1.00) v(1.00) v(099)[ O(050) v/(0.99) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| O(0.50) v(0.97) V(099) v/(099) v/(0.99) x(ozw) V(100) V/(1.00) v(1.00) v(1.00) v/(1.00)
PV os IW 0(049) v(1.00) V(100) V(100) v(1.00) v(1.00)] O(049) v(1.00) v(1.00) V(1.00) V(1.00) V(1.00)| O(049) v(1.00) v(1.00) ¥(1.00) V(1.00) V(1.00)| O(049) v(1.00) V(1.00) V(1.00) v/(1.00) O(049) ¢(100) ¥(100) v(1.00) ¥(1.00) ¥/(1.00)
TVTos oW V(073) X(000) X(0.23) v(087) v(096) v(097)] v(091) X(0.00) X(0.00) X(001) X(0.02) X(0.02)| O(050) X(0.00) X(0.00) X(0.16) v(056) ¢(084)] ¥ (052) X(0.00) X(007) X(035) v(060) v 7(100) X(0.00) X(0.01) X(022) X(037) X(0.49)
V205 2W O(051) O(050) V(100) V(100) v(100) v(0.99)| O(048) O(048) v/(1.00) v(0.99) V(0.96) v(0.86)[ O(051) O(050) v/(0.98) v/(1.00) v/(1.00) v/(1.00)| O(051) O(0.50) v(095) V(098) v/(0.98) v/(0: 0(049) O(049) v/(1.00) v/(1.00) ¥/(1.00) /(1.00)
V3 05 2W V(072) X(0.00) V(099) V(100) v(100) v(0.99)| v(0.90) X(0.00) v(0.72) v(0.86) v(0.77) V(059)[ O(050) X(0.00) X(0.07) v/(0.65) v/(0.93) v(0.99)| O(0.51) X(0.02) X(0.38) v/(0.79) v/(0.90) v/(0: V(1.00) X(0.00) v(087) v/(098) v(0.99) v(0.99)
V4 05 2W 0(051) O(051) V(100) V(100) v(100) v(099)| O(049) O(049) v(0.99) v(0.97) V(0.88) V(070)[ O(049) X(0.48) v/(0.94) v/(0.99) v/(1.00) v/(1.00)| O(0.52) O(051) V(091) V(096) v/(0.96) v/(0: O(048) X(047) V/(100) V/(1.00) /(1.00) V/(1.00)
V5 05 2W V(061) X(026) v(096) ¥(100) V(100) v(099)| v(070) X(024) v(071) v(0.83) V(077) v(0.62)| O051) X(023) O(0.50) v(0.75) v(0.92) V(0.98)| v(052) X(026) vV(0.59) v(082) V(091) V(0! V(075) X(0.24) v(082) v(095) v(0.97) V(0.97)
PV 0s 2W V(072) X(032) V(100) V(100) v(100) v(1.00)] v(0.89) X(0.06) v(1.00) v(0.99) V(096) V(0.86)| O(050) X(0.10) v(0.93) v(0.99) v(1.00) V(1.00)| O(0.51) X(040) V(0.88) V(096) V(097) V(0. V(100) X(0.00) V(100) v(100) v/(1.00) (100)
VI 05 3W V(090) X(0.00) X(0.00) X(0.00) X(0.00) X(0.16)| v(0.98) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(0.02)[ v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
V2 05 3W V(080) v(092) X(0.00) X(0.00) X(0.04) X(0.25)| v(083) v(0.98) X(0.00) X(0.00) X(0.00) X(0.00)| O(051) v(0.52) X(0.06) X(0.00) X(0.01) X(0.02)| O(0.48) O(048) X(0.00) X(0.00) X(0.04) X(0.15)| V(0.76) v'(0.9) X(0.00) X(0.00) X(0.00) X(0.00)
V3 05 3W V(090) X(0.00) X(0.00) X(0.00) X(0.02) X(0.27)| v(098) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00) O(0.49) X(0.01) X(0.00) X(0.00) X(0.01) X(0.07)| V/(100) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
V4 05 3W V(080) V(093) X(0.00) X(0.00) X(0.03) X(0.30)| v(083) v(0.98) X(0.00) X(0.00) X(0.00) X(0.00)| O(049) O(0.50) X(0.01) X(0.00) X(0.00) X(0.00)[ O(0.49) O(049) X(0.00) X(0.00) X(0.02) X(0.1)| v(0.76) v(0.95) X(0.00) X(0.00) X(0.00) X(0.00)
V5 vs 3W V(0.85) O(049) X(0.00) X(0.00) X(0.03) X(028)| v/(0.91) O(048) X(0.00) X(0.00) X(0.00) X(0.00)[ O(0.50) X(0.25) X(0.01) X(0.00) X(0.00) X(0.00)| O(0.50) X(025 X(0.00) X(0.00) X(0.02) X(0.09)| v/(0.88) X(0.46) X(0.00) X(0.00) X(0.00) X(0.00)
PV 0s 3W. V(090) V(0.80) X(0.00) X(0.00) ) X(031)| v(098) V(0.66) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) X(0.09) X(0.02) X(0.00) X(0.00) X(0.00)| O(049) X(0.37) X(0.00) X(0.00) X(0.03) X(0.12)[ (1.00) X(0.01) X(0.00) X(0.00) X(0.00) X(0.00)
VI 05 AW V(099) X{(0.00) X(0.00) X(0.00) X(0.00) X(000)] v(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(000)| O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(051) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| v(100) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
V205 4W V(097) V(100) X(0.00) X(0.00) X(0.00) X(0.00)| v(097) ¥(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) v/(0.53) X(0.05) X(0.00) X(0.00) X(0.00)[ O(0.50) V'(0.53) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.95) v/(100) X(0.00) X(0.00) X(0.00) X(0.00)
V3 vs 4W V(0.99) X(046) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(0.50) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) X(0.02) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
IV411~4W V(097) V(100) X(0.00) X(0.00) X(0.00) X(0.00)| v(097) v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(049) OO51) X(0.01) X(0.00) X(0.00) X(0.00)[ O(0.51) v(0.54) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.95) v/(100) X(0.00) X(0.00) X(0.00) X(0.00)
V(098) V(0.67) x(om) X(0.00) X(0.00) X(0.00)[ v/(099) O(0.49) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) X(025) X(0.01) X(0.00) X(0.00) X(0.00)[ O(051) X(028) X(0.00) X(0.00) X(0.00) X(0.00) v(0.98) O(0.48) X(0.00) X(0.00) X(0.00) X(0.00)
V(099) V(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(0.50) X(0.08) X(0.01) X(0.00) X(0.00) X(0.00) ) X(040) X(0.00) X(0.00) X(0.00) X(0.00)| v(1.00) X(025) X(0.00) X(0.00) X(0.00) X(0.00)
V/(1.00) X(0.05) x(om) X(0.00) X(0.00) X(000)| v(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0-00) ) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| v(074) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)] v/(1.00) X(000) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(051) (055 X(0.06) X(0.00) X(0.00) X(0.00)| v/(0.72) O(0.48) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.99) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(100) V(099 x(om) X(0.00) X(0.00) X(0.00)| v(1.00) X(0.43) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.73) X(0.02) X(0.00) X(0.00) X(0.00) X(0.00)| v/(100) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V( ) X(0.00) X(0.00) X(0.00)[ v/(1.00) v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(049) v(0.53) X(0.02) X(0.00) X(0.00) X(0.00)| v(0.73) O(049) X(0.00) X(0.00) X(0.00) X(0.00)| V(099 v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V( 00) X(0.00) X(0.00) X(0.00)| v/(1.00) v(0.59) X(0.00) X(0.00) X(0.00) X(0.00) (051) X(026) X(0.02) X(0.00) X(0.00) X(0.00)| v/(0.74) X(025) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) O(048) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V(10 ) X(0.00) X(0.00) X(0.00)| v(1.00) v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| O ) X(0.00) X(0.00) X(0.00)| v(0.73) )_X(0.00) X(0.00) X(0.00) X V(100) V(082) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) ¥ X(0.00) X "X(0.00)] V(1.00) X(0.00) X(0.00) X(000) X(0.00) X(000)| ;) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| (058) X(0.01) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) X(000) X(0.00) X(000) X(000) X(0.00)
V(1L00) V(1.00) /(um) X(0.00) X(0.00) X(0.00)| v(1.00) V(100) X(0.00) X(0.00) X(0.00) X(0.00)| V(052) v(057) X(0.04) X(0.00) X(0.00) X(0.00)| v/(087) v/(0.60) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V(1.00) X(0.08) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(051) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.88) X(0.04) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(1.00) V(1.00) v(0.66) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(051) v(055) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.88) v/(0.61) X(0.00) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
V(100) V(099) X(040) X(0.00) X(0.00) X(0.00)| v/(1.00) v/(0.81) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.52) X(028) X(0.01) X(0.00) X(0.00) X(0.00) v/(0:88) X(032) X(0.00) X(0.00) X(0.00) X(0.00)| v/(100) O(048) X(0.00) X(0.00) X(0.00) X(0.00)
V(L00) V(100) V(075 X(0.00) X(0.00) X(0.00)] v(1.00) v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)| v/(0.52) X(015) X(0.01) X(0.00) X(0.00) X(0.00)| v(0.88) O(049) X(0.00) X(0.00) X(0.00) X(0.00)| v/(100) V(0.98) X(0.00) X(0.00) X(0.00) X(0.00)
5(050) X(0.00) X(0.00) X(0.00) X(0.00) X(000)| O(050) X(0.00) X(000) X(000) X(0.00) X(000)| O(050) X(0.00) X(000) X(0.00) X(0.00) X(0.00)| O(051) X(0.01) X(0.00) X(0.00) X(0.00) X(0.00)] O(050) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
IV2osILCP | X(0.28) v/(0.68) X(0.00) X(0.00) X(0.00) X(0.00)[ X(0.08) v/(0.93) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) v(0.92) X(0.11) X(0.00) X(0.00) X(0.00)| O(0.49) /(061) X(0.06) X(0.00) X(0.00) X(0.00)| X(0.00) v(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
IV3osILCP | O(049) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)[ O(0.49) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)| O(050) X(0.01) X(0.00) X(0.00) X(0.00) X(0.00)| O(050) X(0.06) X(0.00) X(0.00) X(0.00) X(0.00)| O(0:50) X(0.00) X(0.00) X(0.00) X(0.00) X(0.00)
IV4osILCP | X(028) v/(0.69) X(0.00) X(0.00) X(0.00) X(0.00) X(0.08) v/(0.93) X(0.00) X(0.00) X(0.00) X(0.00)| O(049) v(089) X(0.07) X(0.00) X(0.00) X(0.00)| O(050) v/(0.61) X(0.04) X(0.00) X(0.00) X(0.00)| X(0.00) v/(1.00) X(0.00) X(0.00) X(0.00) X(0.00)
IV5osILCP | X(0.38) X(036) X(0.00) X(0.00) X(0.00) X(0.00)| X(029) X(0.45) X(0.00) X(0.00) X(0.00) X(0.00)| O(050) X(0.46) X(0.04) X(0.00) X(0.00) X(0.00)| O(051) X(0.33) X(0.02) X(0.00) X(0.00) X(0.00)| X(026) O(0.48) X(0.00) X(0.00) X(0.00) X(0.00)
PVosILCP | O(049) O(0.50) X(0.00) X(0.00) X(0.00) X(0.00)| O(048) X(0.47) X(0.00) X(0.00) X(0.00) X(0.00)| O(0.50) O(049) X(0.06) X(0.00) X(0.00) X(0.00)| O(0.50) O(0.50) X(0.04) X(0.00) X(0.00) X(0.00)| O(051) O(051) X(0.00) X(0.00) X(0.00) X(0.00)
V(079) Y(1.00) V(1.00) ¥(1.00) V(1.00) V(1L.00)| v(081) v (085) ¥(092) v(095) v(097) v(098)| X(045) X(019) X(016) X(0.15) X(0.15) X(0.16)] X(036) X(0.10) X(022) X(041) V(068) v (089)] V(1.00) V(094 ¥ (096) ¥ (097) ¥ (098) V(099
V(059) v(1.00) v(1.00) v/(1.00) v/(1.00) v/(1.00)| X(0.23) v/(1.00) v/(1.00) v/(1.00) v/(1.00 1.00)| X(0.46) v/(1.00) v(1.00) v/(1.00) v(0.97) v(0.92)[ X(0.34) v/(0.98) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| v/(1.00) ¥/(1.00) v/(1.00) v/(1.00) ¥/(1.00) v/(1.00}
V(0.78) v(1.00) v/(1.00) v/(1.00) v/(1.00) v/(1.00)| v/(0.80) v/(1.00) v/(1.00) v/(1.00) v/(1.00 1.00)| X(045) v(0.71) vV(0.64) v(0.56) O(0.49) X(0.46) X(0.35) X(0.34) v/(0.69) v/(0.87) v/(0.96) v/(0.99)] v(1.00) ¥(1.00) ¥/(1.00) v/(1.00) ¥/(1.00) v/(1.00}
V(060) V(1.00) V(100) v(1.00) v(1.00) v(1.00)| X(025) v/(1.00) v/(1.00) v/(1.00) v/(1.00) v(1L.00)| X(044) v/(1.00) v(1.00) V(0.98) V(0.90) V(0.78)] X(035) v(0.97) V(0.99) V(099) v(099) v(100)| v(1.00) v(1.00) v(100) v(1.00) v(1.00) v(1.00
V(068) V(1.00) V(100) v(1.00) v(1.00) v(1.00)| v(053) v(1.00) v(1.00) v(1.00) v(1.00) v(1L.00)| X(045) v(0.76) v(0.74) v(0.71) V(0.66) v(0.60)| X(036) v(0.61) v(0.76) v(0.88) v(0.96) v(099)| v(1.00) v(1.00) v(1.00) v(1.00) v(1.00) v(1.00
V(079) v(100) V(100) ¢(100) V(100) V(1.00)| V(079 v(1.00) v(1.00) V(1.00) V(1.00) V(1.00)| X(045) v(1.00) v(1.00) V(0.99) V(0.95) V(089)| X(035 v(090) v(0.98) v(099) v(100) v(100)| v(1.00) v(100) V(100) V(1.00) V(1.00) V(100
0. ) v 1.00)
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APCC values, irrespective of subject program. However, ALCP could sometimes achieve better APCCs at low 7 values
when 1 < 7 < 3, RSLCP has comparable, or even better, (e.g., 3W, 4W, and 5W have higher 2-wise APCCs than IV1,
performance. IV3,1V5, and PV for the programs gzip and make).
d) The statistical analysis validates above three observations From the perspective of the interaction coverage rate, the
overall. answer to RQ2 is: RSLCP generally has better 7-wise APCC
The first observation can be easily explained: ALCP chooses performances than ALCP at low A values for 7 # A; while it
the next test case with the largest number of uncovered A-wise  has comparable (and even better) 7-wise APCCs for1 < 7 < 3,
level combinations, leading to highest rate of interaction cover- compared with 3W, 4W, 5W, and 6W.
age. The second observation can be explained by the fact that 3) RQ3: RSLCP versus ILCP and SP: As illustrated in
RSLCP repeatedly achieves full 1-wise or 2-wise level combi-  Figs. 3—7 and Table VI, it can be observed that:

nation coverage, which may provide comparable level combina- a) ILCP, IV1, IV3, and IVS5 have comparable APCCs when
tion coverage at high 7 values; however, once 1-wise (or 2-wise) 7 = 1; while IV2 and 1V4 achieve better APCCs when
level combinations have been full covered by 1W (or 2W), the 7 = 2. Similarly, PV achieves comparable 1-wise and 2-
remaining ATCs are randomly prioritized. wise APCCs to ILCP. However, for all other 7 values (i.e.,

The third observation can be explained as follows: The 3 < 7 <6), ILCP performs significantly better than all
RSLCP techniques focus on the prioritization strength equal to RSLCP techniques.

either 1 or 2, which guarantees better APCCsatT = lor7 = 2. b) Compared with GSP, different programs have different ob-
Although RSLCP could cover level combinations at high 7 val- servations. More specifically, RSLCP and GSP have very
ues, its speed may be lower than that of ALCP at high X values. similar 1-wise APCCs for the programs flex and grep; GSP
Additionally, ALCP also achieves a faster speed of covering has higher 1-wise APCCs than RSLCP for the programs
level combinations at low 7 values, which may explain why gzip and make. For the program sed, however, the 1-wise
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APCC performances of RSLCP are better than those of
GSP. In addition, the statistical analysis shows that, over-
all, RSLCP performs significantly better than GSP for the
programs flex, grep, and sed; while the opposite is true
for gzip and make. Nevertheless, when 7 is greater than
1 (e, 2 <7 <6), all RSLCP techniques apart from IV1
have significantly better performances than GSP, for all
programs. IV1 performs better than GSP for the programs
flex, grep, and sed, but has worse performance for gzip.
Regarding the program make, IV1 outperforms GSP for 7
equal to 2, 3, and 4, but GSP is better than IV1 for 7 equal
to 5 and 6.

¢) Compared with LSP, all RSLCP techniques have higher
APCCs, irrespective of subject programs and 7 values. The
statistical results confirm that the differences between the
APCCs of RSLCP and LSP are highly significant.

The first observation can be explained as follows: On the one
hand, ILCP first adopts the same procedure as PV (it initially
uses 1W for prioritizing ATCs until all 1-wise level combina-
tions have been covered by the selected ATCs), and then uses
2W for prioritizing the remaining ATCs to cover uncovered 2-
wise level combinations as quickly as possible. Therefore, ILCP
has comparable 1-wise APCCs to IV1, IV3, IV5, and PV, and
also has similar 2-wise APCCs to PV. However, since IV2 and
IV4 initially use 2W to guide the prioritization, it is understand-
able that their 2-wise APCCs are better than ILCPs. On the other
hand, when all 2-wise level combinations have been covered by
previously selected ATCs, ILCP makes use of 3W to prioritize
the remaining ATCs, and attempts to cover uncovered 3-wise
level combinations as quickly as possible. ILCP iteratively re-
peats this process, incrementing by 1 each time, until all ATCs
have been chosen, which may guarantee that ILCP has higher
APCCs at high 7 values than RSLCP.

The second observation (that RSLCP generally has better
APCCs than GSP) can be explained as follows: RSLCP makes
use of the information of interaction coverage to guide the pri-
oritization of ATCs, but GSP uses the information of similarity
between each candidate and previously selected ATCs. There-
fore, RSLCP provides faster speed of covering level combina-
tions than GSP. Regarding why GSP has higher 1-wise APCCs
than RSLCP for the programs make and gzip: GSP initially
selects two elements from candidates as the first two ATCs
with the minimum Jaccard similarity, indicating that these two
ATCs cover the largest number of 1-wise level combinations.
Although GSP may choose a different pair of elements as the
first two ATCs due to the tie-breaking [28], each pair of ATCs
cover the same maximum number of 1-wise level combinations.
However, RSLCP randomly chooses an element as the first ATC
tcy, and then chooses the second ATC tc» such that it may cover
the largest number of uncovered 1-wise level combinations by
tcy. In other words, itis not guaranteed that tc; and tco can cover
the maximum number of 1-wise level combinations among all
pairs of ATCs. As shown in Table II, the input parameter mod-
els for both make and gzip contain nearly all parameters with
the same number of levels, which means that it is difficult for
RSLCP to choose two ATCs with the minimum Jaccard simi-
larity. Therefore, after choosing two ATCs, RSLCP may cover
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fewer 1-wise level combinations than GSP, resulting in the lower
1-wise APCC.

For the final observation, the main reason can be described
as follows: LSP iteratively chooses a pair of elements with
the minimum Jaccard similarity as the next two ATCs until
all candidates have been selected, which indicates that each
pair of ATCs is constructed independently. In other words, it is
possible that two successive pairs of ATCs cover very similar
level combinations, leading to low interaction coverage rates.

With respect to the rate of interaction coverage, the answer
to RQ3 is: RSLCP generally achieves lower APCCs than ILCP,
in most cases, but always has better performance than SBP, and
often also for GSP.

B. Fault Detection Results

In this section, we answer RQ1, RQ2, and RQ3, in terms of
the fault detection rates. Figs. 8—12 present the APFD results
for programs flex, grep, gzip, make, and sed, respectively. Each
figure describes different versions for APFD. Tables VII and
VIII show the detailed Wilcoxon test APFD results at the 0.05
significance level for each comparison.

1) RQI: RSLCP Techniques: Here, we attempt to answer the
two sub-questions of RQ1, RQ1.1, and RQ1.2, according to the
APFD results.

a) RQ1.1: RSLCP-1V Techniques: Based on the experimental
data, we have the following observations:

1) Among the five RSLCP-IV techniques, IV1 generally per-

forms worst, regardless of subject programs with differ-
ent versions. However, the APFD difference between IV 1
and the other RSLCP-IV techniques (IV2, IV3, IV4, and
IV5) seems small, in terms of both median and mean
values: the differences between the mean values of IV1
and each of the other four RSLCP-IV techniques are less
than 3%; and the differences between the median val-
ues range from 0% to 3%—program gzip with versions
v3, v4, and v35, for example, seems to have no difference
in the median values for each comparison. As shown in
Table VII, it can be observed that, apart from the com-
parison of IV1 and IV3 for the program gzip with the
last three versions (i.e., v3, v4, and v5), the differences
when comparing any IVz (2 < 2 < 5) technique against
IV1 are highly significant—the corresponding p-values
are less than 0.05. Additionally, the effect size measure
Am(lVl,IVm) values are less than 0.50, which means
that IV outperforms IV1 more than 50% of the time for
each version of each program.

ii) Regarding the comparisons among 1V2, 1V3, IV4, and
IVS5, the greatest difference is less than 1% among all
programs, for both mean and median APFD values.
In other words, other than IV1, the RSLCP-IV tech-
niques all have very similar performance (according to
the fault detection rates). Regarding the comparison be-
tween IVz and IVy (2 < 2 # y < 5), most p-values are
greater than 0.05, indicating that any differences between
them are not significant. However, the effect size measure
Aps (IVz, IVy) results show that IV2 is the best, followed
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Fig. 8. APFD results for each prioritization technique for the program flex.
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Fig. 9. APFD results for each prioritization technique for the program grep.

by IV4 and IV5. Overall, the statistical analysis confirms
the box plots observations.

From the perspective of fault detection rate, the answer to
RQ1.1 is: IV1 has the worst fault detection rates, while other
RSLCP-IV techniques are similarly effective.

b) RQ1.2: RSLCP-1V versus RSLCP-PV: Based on the
experimental results, we can observe the following:

Based on the box plots results, PV achieves higher APFDs
than IV 1, and has comparable performance to the other RSLCP-
IV techniques, regardless of subject programs. According
to the statistical analysis, however, we have the following
observations.

i) Regarding the p-values, all of the IV1 versus PV com-

parisons are highly significant, except for the programs
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Fig. 10.  APFD results for each prioritization technique for the program gzip.
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Fig. 11.  APFD results for each prioritization technique for the program make.

vi v2 v3

gzip-v3, gzip-v4, and gzip-v5. This means that the APFDs
are very different when comparing IV1 and PV. The ef-
fect size measure A (IV1,PV) values have different
ranges for different programs: for example, there are large

v4 v5

differences for the programs flex and sed, regardless of
versions, because the Alg(IVLPV) values range from
0.24 to 0.33 (except for the program sed-vl). However,
for the programs grep, gzip, and make, the A, (IV1,PV)
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Fig. 12.  APFD results for each prioritization technique for the program sed.
TABLE VII
STATISTICAL ANALYSIS FOR PAIRWISE APFD COMPARISONS OF RSLCP TECHNIQUES (A12 VALUES INCLUDED IN BRACKETS)
. flex grep 8zip make sed
Comparison vl v2 03 v4 v5 ol v2 03 v4 05 vl v2 v3 v4 v5 vl v2 v3 v4 v5 vl v2 03 v4 v5
V1 vs IV2 X(0.26) X(0.23) X(0.28) X(0.26) X(0.26)| %(0.43) X(0.43) X(0.43) X(0.36) X(0.37)[ X(0.41) X(0.41) O(0.48) O(0.48) O(0-48)] X(0.43) X(0.41) X(0.41) X(0.38) X(0-43)| X(0.36) X(0.28) X(0.28) X(0.29) X(0.30)
V1 vs IV3 X(0.30) X(0.28) X(0.32) X(0.30) X(0.30)[ X(0.43) X(0.42) X(0.44) X(0.40) X(0.40)| X(0.46) X(0.46) O(0.48) O(0.48) O(0.48)| X(0.45) X(0.44) X(0.44) X(0.42) X(0.45)| X(0.43) X(0.37) X(0.37) X(0.37) X(0.37)
V1 0s IV4 X(0.29) X(0.27) X(0.31) X(0.29) X(0.29) X(0.44) X(0.44) X(0.42) X(0.39) X(0.39)| X(0.43) X(0.43) O(0.48) O(0.48) O(0.48)| X(0.46) X(0.44) X(0.45) X(0.42) X(0.46)| X(0.36) X(0.29) X(0.29) X(0.31) X(0.32)
V1 vs IV5 X(0.29) X(0.27) X(0.32) X(0.29) X(0.30)| X(0.44) X(0.43) X(0.44) X(0.40) X(0.41)| X(0.44) X(0.44) O(0.48) O(0.48) O(0.48)| X(0.44) X(0.43) X(0.43) X(0.40) X(0.44)| X(0.39) X(0.34) X(0.34) X(0.35) X(0.35)
V2 05 IV3 V(0.54) v(0.56) v/(0.54) v (0.55) v/ (0.55)| O(0.50) O(0.49) O(0.51) v/(0.54) v/ (0.53)| v/(0.55) ¥/(0.55) O(0.51) O(0.51) O(0.51)] O(0.51) ¥(0.53) ¥/(0.53) ¥ (0.55) O(0.52)[ v/(0.58) v/(0.60) v/(0.60) v/(0.59) v/(0.58)
V2 vs IV4 v (0.54) ¥(0.55) v(0.53) ¥ (0.53) v/(0.53)] O(0.50) O(0.51) O(0.50) O(0.52) O(0.52)| O(0.52) O(0.52) O(0.50) O(0.50) O(0.50)| O(0.52) v/ (0.54) v (0.54) ¥/(0.55) v/(0.53)| O(0.50) O(0.51) O(0.51) ¥/ (0.53) O(0.52)
V2 0s IV5 V(0.53) v(0.55) v/(0.54) v(0.54) v (0.54)[ O(0.51) O(0.51) O(0.51) v/(0.54) v/(0.54) v/(0.53) v/(0.53) O(0.50) O(0.50) O(0.50)| O(0.51) O(0.52) O(0.52) v/(0.53) O(0.50)| v/(0.54) v/ (0.57) v/ (0.57) v/(0.57) v/(0.56)
V3 vs IV4 O(0.49) O(0.49) O(0.48) O(0.49) O(0.49)|  O(0.51) O(0.52) O(0.48) O(0.48) O(0.49)|  X(0.46) X(0.46) O(0.49) O(0.49) O(0.49)| O(0.51) O(0.50) O(0.51) O(0.50) O(0.51)| X(0.43) X(0.42) X(0.42) X(0.44) X(0.44)
V3 vs IV5 O(0.49) O(0.49) O(0.50) O(0.49) O(0.49)[ O(0.51) O(0.52) O(0.50) O(0.50) O(0.50)| ©O(0.48) X(0.47) O(0.49) O(0.49) O(0.49)[ O(0.50) O(0.48) O(0.49) O(0.48) O(0.49)| X(0.47) X(0.47) X(0.47) O(0.48) O(0.48)
V4 vs IV5 QO(0.50) O(0.51) O(0.51) O(0.50) O(0.50)| O(0.51) O(0.50) O(0.52) O(0.51) O(0.52)| O(0.51) O(0.51) O(0.50) O(0.50) O(0.50)] O(0.49) O(0.48) O(0.48) O(0.48) X(0.47)| v/ (0.54) v/ (0.55) v/(0.55) v/(0.54) v/(0.54)
V1 vs PV X(0.26) X(0.24) X(0.29) X(0.26) X(0.26)| X(0.43) X(0.42) X(0.42) X(0.37) X(0.37)[ X(0.41) X(0.41) O(0.49) O(0.49) O(0.49)| X(0.42) X(0.41) X(0.41) X(0.37) X(043)| X(0.37) X(0.30) X(0.30) X(0.32) X(0.33)
V2 vs PV Q(0.50) O(0.51) O(0.51) O(0.50) O(0.50)|  O(0.49) O(0.49) O(0.49) O(0.51) O(0.50)| O(0.50) O(0.50) O(0.51) O(0.51) O(0.51)| ©O(0.48) O(0.49) O(0.50) O(0.49) O(0.49)| O(0.51) O(0.52) O(0.52) v/(0.53) v/ (0.53)
V3 vs PV X(0.46) X(0.45) X(0.46) X(0.45) X(0.45)[ O(0.50) O(0.50) O(0.48) X(0.47) X(0.47)| X(0.45) X(0.45) O(0.50) O(0.50) O(0.50)| X(0.47) X(0.46) X(0.46) X(0.44) O(0.48)| X(0.44) X(0.42) X(0.42) X(0.44) X(0.45)
V4 vs PV X(0.46) X(0.46) O(0.48) X(0.47) X(0.47)| O(0.49) O(0.48) O(0.50) O(0.49) O(0.48)| O(0.49) O(0.49) O(0.51) O(0.51) O(0.51)| X(0.46) X(0.46) X(0.46) X(0.44) X(0.47)| O(0.51) O(0.50) O(0.50) O(0.51) O(0.51)
IV5 vs PV X(0.47) X(0.46) X(0.47) X(0.46) X(0.46)| O(0.48) O(0.48) O(0.48) X(0.47) X(0.47)| X(0.47) O(0.47) O(0.51) O(0.51) O(0.51)| ©O(0.48) O(0.48) O(0.48) X(0.46) O(0.49)| X(0.47) X(0.45) X(0.45) X(0.47) X(0.47)

values range from 0.37 to 0.49, which means that their

differences are relatively medium or small.

ii) When comparing IVz (2 < z < 5) with PV, different IVz
techniques have different observations. More specifically,
apart from the programs sed-v4 and sed-v5, there is no
significant differences between IV2 and PV. Except for
grep with the first three versions, gzip with the last three
versions, and make-v5, the differences between IV3 and
PV are highly significant. In addition, the APFD differ-
ences between IV4 and PV are highly significant for the
programs flex (except for flex-v3) and make, but not for the
programs grep, gzip, and sed, for all versions. Similarly,
the differences between IVS5 and PV are highly signif-
icant for all versions of the programs flex and sed, and
some versions of other programs. Nevertheless, the ef- b)
fect size measure A, (IVz, PV) only ranges from 0.42
to 0.53, which indicates that the differences between

them are small. As a consequence, we can conclude that,

overall, the statistical analysis confirms the box plots

results.

servations:

With respect to the rate of fault detection, the answer to RQ1.2
is: RSLCP-PV performs significantly better than IV1, but has
very similar performances to other RSLCP-IV techniques.

2) RQ2: RSLCP versus ALCP: Based on the experimental
data comparing RSLCP and ALCP, we have the following ob-

a) The box plots distributions show that the differences be-
tween RSLCP and ALCP are relatively small, regardless
of subject program. Both in terms of mean and median val-
ues, this maximum difference between RSLCP and ALCP
is only approximately 3.5% to 5.0%.

Different programs may have different observations.
For example, for all five versions of the program flex,
all RSLCP techniques perform better than all ALCP
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TABLE VIII

STATISTICAL ANALYSIS FOR PAIRWISE APFD COMPARISONS OF RSLCP AGAINST OTHER ATCP TECHNIQUES (A1 2 VALUES INCLUDED IN BRACKETS)

Comparison

V1 vs IW
V2 05 IW
V3 vs IW
V4 05 1IW
V5 vs IW
PV os IW

flex grep gzip make sed
& 02 03 vf 05 ol 02 03 vf 05 ol 02 03 [z 05 ol 02 03 2] 05 & v2 03 3 05
v (0.79) v (0.79) ¥ (0.75) ¥(0.78) ¥'(0.78)| v (0.66) ¥'(0.71) O(0.51) ¥'(0.66) v (0.60)| v/(0.57) v/ (0.57) X(0.47) X(0.47) X(0.47)| v/(0.57) X(0.40) X(0.39) O(0.50) X(0.29)| O(0.49) v'(0.58) v'(0.58) v/(0.59) v/ (0.64)
V(0.92) v(0.94) v(0.89) v(0.92) v(0.92)| v(0.72) v(0.76) ¥ (0.57) ¥ (0.76) v (0.71)| v(0.65) ¥ (0.65) O(0.50) O(0.50) O(0.50)| v/(0.63) X(0.47) X(0.46) v/ (0.61) X(0.33)| v/(0.63) v/(0.78) v (0.78) ¥ (0.78) v (0.80)
v (0.91) v(0.92) v(0.87) v(0.90) v (0.90)| v(0.72) ¥ (0.77) ¥'(0.56) v'(0.74) ¥/ (0.68)| v/ (0.61) v/(0.61) O(0.49) O(0.49) O(0.49)| v/(0.61) X(0.44) X(0.43) v/(0.57) X(0.32)| ¥/ (0.56) ¥'(0.70) v/ (0.70) v/(0.71) v/ (0.74)
V(0.91) v(0.92) v(0.87) v(0.91) v (0.90)| v (0.72) v (0.76) v(0.58) v(0.75) v/(0.69)| v/ (0.64) v/(0.64) O(0.49) O(0.49) O(0.49)| v/ (0.61) X(0.44) X(0.43) v/ (0.56) X(0.31)| v/ (0.63) V(0.77) ¥ (0.77) ¥(0.76) ¥/ (0.78)
v (0.91) v(0.92) v (0.87) ¥(0.90) v'(0.90)| v/ (0.71) ¥ (0.76) ¥'(0.56) v'(0.74) ¥ (0.67)| v/(0.63) v/(0.63) O(0.49) O(0.49) O(0.49)| v/(0.62) X(0.46) X(0.44) v'(0.58) X(0.33)| /(0.59) v'(0.73) ¥'(0.73) ¥/(0.72) ¥'(0.75)

V(0.92) V(0.94) v(088) v/(0.92) v(0.92)

V(0.72) V(0.78) ¥(058) v/(0.76) ¥/(0.70)

v (0.65) ¥/(0.65) O(0.49) O(0.49) O(0.49)

V(0.64) X(047) X(046) V/(0.61) X(033

/(0.62) v (0.76) ¥(0.76) ¥(0.75) ¥/(0.77)

V1 vs 2W
V2 95 2W
V3 vs 2W
V4 vs 2W
IV5 vs 2W
PV vs 2W

V(0.76) V(0.75) ¥ (0.71) ¥ (0.73) ¥ (0.73)
V(0.90) v(0.91) v(0.86) v/(0.89) v/(0.89)
V(0.88) v(0.89) v(0.84) v/(0.87) v/(0.87)
V(0.89) v(0.89) v/(0.85) v/(0.88) v/(0.88)
V(0.89) v(0.89) v(0.84) v/(0.88) v/(0.88)
V(0:90) V(0.91) v(0.86) v/(0.89) v/(0.89)

X(0-42) X(041) X(0.28) X(043) X(037)
0(049) O(0.47) X(0.34) v/ (0.56) O(0.49)
0(0.49) O(0.49) X(0.33) O(0.52) X(0.46)
(048) X(0.47) X(0.35) v/(0.53) X(0.47)
0(047) X(047) X(0.33) O(0.52) X(0.45)
0(049) O(0.49) X(0.35) v/(0.55) Q(0.48)

0(0.49) O(0-49) O(0-48) O(0.48) O(0-48)
V(0.57) v (0.57) O(0.50) O(0.50) O(0.50)
0(052) O(0.52) O(0.49) O(0.49) O(0.49)
V(0.56) v (0.56) O(0.50) O(0.50) O(0.50)
V(0.54) v/(0.55) O(0.50) O(0.50) O(0.50)
V(057) v/ (0.57) O(0-49) O(049) O(0.49)

V(0.62) X(0.47) X(0.45) v/(0.60) X(0.32
V(0.60) X(0.44) X(0.42) v/(0.56) X(0.31
V/(0.59) X(0.44) X(0.42) v/(0.56) X(0.30
V(0.61) X(0.46) X(0.44) v/(0.58) X(0.32
V(063) X(047) X(0.45) v/(0.61) X(033

X(0.35) X(0.27) X(0.27) X(0.30) X(0.3%)
O(0.49) O(0.48) O(0.48) O(0.52) v/(0.54)
X(0.41) X(0.39) X(0.39) X(0.43) X(0.46)
O(0.48) X(0.46) X(0.46) O(0.49) O(0.51)
X(0.45) X(0.42) X(0.42) X(0.45) O(0.48)
X(0.47) X(0.46) X(0.46) O(0.48) O(0.51

IV1 vs 3W
V2 vs 3W
V3 vs 3W
V4 vs 3W
1V5 vs 3W
PV vs 3W

V(0.73) V(0.71) ¥(0.70) ¥ (0.72) ¥ (0.72)
V(0.90) v/(0.90) v/(0.85) v/(0.89) v/(0.88)
V(0.88) v(0.87) v(0.82) v/(0.86) v/(0.86)
V(0.88) v(0.88) v/ (0.83) v/(0.87) v/(0.87)
V(0.88) v(0.88) v(0.82) v(0.87) v(0.86)
V/(0:90) v(0.90) v/(0.84) v/(0.89) v/(0.88)

X(0-4T) X(0.40) X(0.33) X(0.36) X(033)
X(0.47) X(0.47) X(0.40) O(0.49) X(0.46)
(0.48) O(0.48) X(0.39) X(0.45) X(0.42)
X(0.47) X(0.47) X(0.41) X(0.47) X(0.44)
X(0.46) X(0.47) X(0.39) X(0.45) X(0.42)
0(0.48) O(0.48) X(0.41) O(0.48) X(0.45)

X(0.38) X(0.38) O(0-47) O(0.47) O(0.47)
X(0.46) X(0.46) O(0.50) O(0.50) O(0.50)
X(0.41) X(0.41) O(0.49) O(0.49) O(0.49)
X(0.44) X(0.44) O(0.50) O(0.50) O(0.50)
X(0.43) X(0.43) O(0.50) O(0.50) O(0.50)
X(045) X(0.45) O(0-49) O(049) O(0.49)

)
(047)
(044)
(044)
(046)
(047)

V(0.55) X(0.39) X(0.38) O(0.48) X(0.29
(047)
(044)
(044)
(046)
(047)
)

O(050)
V(057) O(0.51) O(0.48) v/(0.60) X(0.36
V(0.55) O(0.48) X(0.45) v/(0.56) X(0.36
V(0.54) O(0.48) X(0.45) v/(0.56) X(0.34
)
)

X(0.43) X(0.40) O(0.48) X(0.32

V(0.56) O(0.49) X(0.47) v/(0.58) X(0.37)
V(0.58) O(0.51) O(049) v/(0.61) X(0.37)

X(0.31) X(0.15) X(0.15) X(0.22) X(0.23
X(0.45) X(033) X(0.33) X(0.42) X(0.41
X(0.38) X(0.24) X(0.24) X(0.33) X(0.33;
X(0.45) X(0.32) X(0.32) X(0.39) X(0.39)
X(0.41) X(0.27) X(0.27) X(0.36) X(0.35
X(044) X(032) X(0.32) X(0.39) X(0.38

IV1 vs 4W
V2 vs 4W
V3 vs 4W
V4 vs 4W
1V5 vs 4W
PV vs 4W

V(0:64) V(0.62) v (0.59) v (0.63) v (0.63)
V(0.83) v(0.84) v/ (0.76) v/(0.82) v/(0.82)
V(0.81) v(0.80) v/(0.73) v(0.79) v/ (0.79)
V(0.81) v(0.81) v/(0.74) v/(0.80) v/(0.80)
V(0.81) v(0.80) v(0.73) v/(0.80) v/(0.79)
V(0.83) V(0.83) v/(0.76) v/(0.82) v/(0.82)

X(0.43) X(043) X(0.34) X(0.30) X(027)
O(0.50) O(0.50) X(0.40) X(0.43) X(0.38)
0(0.50) O(0.51) X(0.39) X(0.40) X(0.35)
(0.49) O(0.50) X(0.41) X(0.41) X(0.37)
0(0.49) O(0.50) X(0.39) X(0.40) X(0.35)
Q(0.50) O(0.51) X(0.41) X(0.43) X(0.38)

X(0.40) X(0-40) O(0-48) O(0.48) O(0.48)
0(0.48) O(0.48) O(0.50) O(0.50) O(0.50)
X(0.43) X(0.43) O(0.49) O(0.49) O(0.49)
X(0.46) X(0.46) O(0.50) O(0.50) O(0.50)
X(0.45) X(0.45) O(0.50) O(0.50) O(0.50)
X(0.47) X(047) O(0-49) O(0.49) O(0.49)

X(0.47) X(0.45) X(045) O(051) X(039
V(0.53) v/(0.54) v/(0.54) v/(0.65) X(0.45
Q(0.52) O(0.51) O(0.51) v/(0.60) X(0.44
Q(0.51) O(0.51) O(0.50) v/(0.60) X(0.42
0(052) v/(0.53) O(0.52) v/(0.63) X(0.45
V(055) V/(0.55) v/(0.54) v/(0.66) X(045

X(0.29) X(0.12) X(0.12) X(0.18) X(0.19
X(O 43) X(0.29) X(0.29) X(0.39) X(0.37)
X(0.36) X(0.21) X(0.21) X(0.30) X(0.30
X(0.43) X(0.29) X(0.29) X(0.36) X(0.35
X(0.39) X(0.24) X(0.24) X(0.32) X(0.31

V1 vs 5W
V2 vs 5W
V3 vs 5W
1V4 vs 5W
V5 vs 5W
PV vs 5W

V(057) V(0.56) v (0.57) ¥ (0.56) v (0.56)
V(0.78) V(0.79) v(0.74) v (0.77) ¥(0.77)
V(0.75) (0.75) v(0.71) v/(0.74) ¥/ (0.74)
V(0.76) ¥(0.76) ¥(0.72) V/(0.75) v/ (0.74)
V(0.76) v(0.76) v/ (0.71) v/(0.74) v/ (0.74)
V(0.78) V(0.79) v (0.74) V(0.77) ¥ (0.77)

X(0.35) X(0.33) X(0.28) X(0.25) X(021)
X(0.41) X(0.40) X(0.34) X(038) X(0.32)
X(0.42) X(0.41) X(0.33) X(0.34) X(0.29)
X(0.41) X(0.39) X(0.35) X(0.36) X(0.31)
X(0.40) X(0.39) X(0.33) X(0.34) X(0.29)

X(0.38) X(0.38) O(0-49) O(0.49) O(0-49)
X(0.45) X(0.45) O(0.51) O(0.51) O(0.51)
X(0.41) X(0.40) O(0.50) O(0.50) O(0.50)
X(0.44) X(0.44) O(0.51) O(0.51) O(0.51)
X(0.43) X(0.43) O(0.51) O(0.51) O(0.51)
X(045) X(0.44) O(0.50) O(0.50) O(0.50)

X(0.44) X(0.39) X(0.39) X(041) X(037)
Q(0.52) O(0.48) O(0.49) v/(0.56) X(0.42
O(0.50) X(0.45) X(0.45) O(0.50) X(0.41

Q(0.51) X(0.47) X(0.46) v/(0.53) X(0.42
v/(0.53) O(0.49) O(0.49) v/(0.57) X(0.43,

X(0.44) X(0.29) X(0.29) X(0.39) X(0.37)
X(0.36) X(0.21) X(0.21
X(0.44) X(0.28) X(0.28
X(0.40) X(0.24) X(0.24
X(043) X(0.28) X(0.28

(0.36) X(0.34
0.32) X(0.30
(0.35) X(0.34

V1 os 6W
V2 vs 6W
V3 vs 6W
V4 vs 6W
1V5 vs 6W
PV vs 6W

35(050) O(051) O(051) O(0.48) O(0-49)
V(0.74) V(0.77) ¥(0.71) V(0.72) ¥(0.72)
V(0.70) V(0.72) V(0.67) v (0.68) v/(0.68)
V(0.71) v(0.73) v(0.69) v (0.70) v/(0.69)
V(0.71) V(0.73) v(0.67) v (0.69) v(0.69)
V(0.74) V(0.76) V(0.70) V(0.72) V(0.72)

X(0.36) X(032) X(0.28) X(0.27) X(0.23)
X(0.43) X(0.39) X(0.34) X(0.39) X(0.34)
X(0.43) X(0.40) X(0.34) X(0.35) X(0.31)
X(0.42) X(039) X(0.35) X(0.37) X(0.32)
X(0.41) X(0.38) X(0.33) X(0.36) X(0.31)
X(043) X(040) X(0.35) X(0.38) X(0.34)

V1 vs ILCP
V2 vs ILCP
V3 vs ILCP
V4 vs ILCP
V5 vs ILCP
PV vs ILCP

0(0:52) O(0.50) O(051) O(0.51) O(0.50)
V(0.77) ¥(0.77) ¥ (0.70) ¥(0.75) ¥/ (0.75)
V(0.73) V(0.72) v (0.67) ¥(0.71) ¥ (0.71)
V(0.74) v(0.73) v (0.68) v(0.72) v(0.72)
V(0.74) V(0.73) V(0.67) ¥(0.72) ¥ (0.71)
V(0.77) ¥(0.76) v/ (0.69) ¥ (0.75) v/ (0.75)

X(0.35) X(0.34) X(0.30) X(0.27) X(0.24)
X(0.42) X(0.41) X(0.36) X(0.40) X(0.35)
X(0.42) X(0.42) X(0.35) X(0.37) X(0.32)
X(0.41) X(0.41) X(0.37) X(0.38) X(0.33)
X(0.40) X(0.40) X(0.35) X(0.37) X(0.32)
X(0.42) X(042) X(0.37) X(0.39) X(0.35)

(
(
(
(
(
(
(
(
(
(
(
X(0.42) X(0.41) X(0.35) X(0.37) X(0.32)
(
(
(
(
(
(
(
(
(
(
(

(0.39)
(0.46)
(0.42)
(0.46)
(0.15) Xi
(0.33) X
(0.24) X
(0.32) X
(0.27) X
(0.32) Xi
(0.12) Xi
(0.29) X
(0.21) X
(0.29) X
(0.24) X
X(0.42) X(0.29) X(0.29) X(0.36) X(0.35,
X(0.30) X(0.12) X(0.12) X(0.18) X(0.18,

(0.29) X
(0.21) X
(0.28) X
(0.24) X
(0.28) Xi
(0.13) X
(0.31) X
(0.23) X
(0.30) X
(0.25) X
(0.30)
(0.16)
(0.35)

(

(

(

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
0.29) X(0.29)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

V1 ovs GSP
V2 vs GSP
V3 vs GSP
V4 vs GSP
V5 vs GSP
PV vs GSP

X(0.45) X(0.24) ¥ (0.67) X(0.45) X(0.45)
V(0.75) ¥(0.56) v(0.89) v/(0.76) ¥/(0.75)
V(0.71) O(0.49) v (0.86) v/(0.71) ¥(0.71)
V(0.72) O(0.50) v(0.87) v (0.72) ¥(0.72)
V(0.71) O(0.50) v/(0.85) v/(0.71) ¥/(0.71)
V(0.76) ¥(0.55) v(0.88) v/(0.76) v/(0.75)

V(0.65) O(0.48) v(0.72) v (0.66) v (0.62)
V(0.71) V(0.55) v (0.78) ¥ (0.78) v/ (0.75)
0.72) ¥ (0.57) ¥(0.77) ¥ (0.74) ¥ (0.71)
0.71) v(0.55) v(0.78) v (0.76) v/(0.72)

0.72) V(0.57) v (0.78) V(0.77) ¥/(0.74)

V1 vs LSP
V2 vs LSP
V3 vs LSP
V4 vs LSP
V5 vs LSP
PV vs LSP

X(0.44) X(0.3%) v(0.69) X(0.45) X(0.45)
V(0.71) V(0.65) v(087) v (0.72) ¥(0.72)
V(0.67) ¥(0.59) v(0.85) v/(0.68) v/(0.68)
V(0.68) v(0.60) v(0.85) v/ (0.69) v/(0.69)
V(0.68) v(0.60) v/(0.84) v/(0.68) v/(0.68)
V(0.71) V(0.64) V(0.87) V(0.72) v (0.72)

)
)
)
0.71) ¥ (0.55) v/ (0.77) ¥ (0.74) V/(0.71)
)
)
)

0.85) v/(0.79) v (0.76) v/(0.94) v/(0.94)
0.85) v(0.80) v/(0.75) v/(0.93) v (0.93)
V(0.79) V(0.76) v (0.94) v(0.93)
0.85) v(0.79) v(0.75) v/(0.93) v (0.92)

(0.71)
(0.72)
(0.71)
(0.71)
(0.72)
(081) V(0.79) ¥ (0.70) ¥(0.89) ¥ (0.89)
(0.85)
(0.85)
(0.85)
(0.85)
(0:86) V(0.81) V(0.76) V/(0.94) V(0.94)

(0.29)
(0.33)
(0.32)
(031)
(0.33)
(0.33)
X(0.29)
(0.32)
(0.31)
(0.30)
(0.32)
(0.33)
X(0.32)
(0.36)
(0.36)
(0.34)
(0.37)
(0.37)
(0.39)
(0.45)
(0.44)
(0.42)
(0.45)
(0.45)
(0.37)
04
O(0.49) X(0.45) X(0.44) O(0.50) X(0.40)
(0.42)
(0.43)
(0.31)
(035)
(0.35)
(0.33)
(0.36)
(0.36)
(0.32)
(0.36)
(0.36)
(0.34)
(0.37)
(0.37)
(0.16)
(0.16)
(0.16)
(0.15)
(0.17)
(0.16)
(0.09)
(0.09)
(0.09)
(0.08)
(0.10)
(0.09)

X(0.34) X(0.34) O(0.50) O(050) O(0-50)|  X(0-45) X(0.33) X(0.33) X(0.37) X(031)| X(030) X(0.13) X(0.13) X(0.18) X(0.19
X(0.42) X(042) O(0.52) O(0.52) O(0.52)| O(0.52) X(0.41) X(0.41) O(0.52) X(0.35)| X(0.44) X(0.31) X(031) X(0.39) X(0.38
X(0.37) X(037) O(0.51) O(051) O(0.51)|  O(0.51) X(0.38) X(0.38) X(0.46) X(0.35)| X(0.37) X(0.23) X(0.23) X(0.30) X(0.30
X(0.40) X(0.41) O(0.52) O(0.52) O(0.52)| O(0.50) X(0.38) X(0.37) X(0.45) X(0.33)| X(0.44) X(0.30) X(0.30) X(0.36) X(0.36
X(0.39) X(039) O(0.52) O(0.52) O(0.52)|  O(0.51) X(0.40) X(0.39) O(0.49) X(0.36)| X(0.40) X(0.25) X(0.25) X(0.32) X(0.32
X(041) X(041) O(0.51) O(051) QO51)| v/ (0.54) X(0.42) X(0-42) v/(0.53) X(0.36)| X(043) X(0.30) X(0.30) X(0.36) X(0.35
X(0.40) X(0-40) O(0-48) O(0-48) O(048)| X(0-42) X(0.33) X(0.33) X(0.34) X(032)| X(0.32) X(0.16) X(0.16) X(0.21) X(0.22
0(0.48) O(0.48) O(0.51) O(0.51) O0.51)|  O(0.49) X(0.41) X(0.41) O(048) X(0.36) | X (0.45) X(0.35) X(0.35) X(0.42) X(0.42
X(0.43) X(0.43) O(0.50) O(0.50) O(0.50)| O(0.48) X(0.38) X(0.39) X(0.43) X(0.36)| X(0.38) X(0.26) X(0.26) X(0.33) X(0.33
X(0.46) X(0.46) O(0.50) O(0.50) O(0.50)| X(0.46) X(0.38) X(0.38) X(0.42) X(0.34) | X(0.45) X(0.34) X(0.34) X(0.39) X(0.39
X(0.45) X(045) O(0.51) O(0.51) O(0.51)| O(0.48) X(0.40) X(0.40) X(0.45) X(0.37)| X(0.41) X(0.29) X(0.29) X(0.35) X(0.35
X(0.47) X(047) O(0.50) O(0.50) Q(0.50)| O(0.50) X(0.42) X(0.42) O(0.50) X(0.37)| X(044) X(0.34) X(034) X(0.39) X(0.39
O(048) X(047) X(0.4%) X(0-44) X(044)| X(0.17) X(0-14) X(0.12) X(0.07) X(0-16)| X(046) ¥ (0.73) ¥ (0.73) ¥ (0.62) X(0.34)
V(0.57) v (0.56) X(0.47) X(0.47) X(047)| X(0.18) X(0.16) X(0.13) X(0.10) X(0.16)| v(0.62) v(0.90) v(0.90) ¥/ (0.82) v/(0.56)
0(052) O(0.51) X(0.46) X(0.46) X(0.46)| X(0.18) X(0.15) X(0.12) X(0.08) X(0.16)| v/(0.54) v/(0.84) v/ (0.84) v/(0.75) O(0.48)
V(0.55) v/(0.55) X(0.46) X(0.46) X(046)| X(0.17) X(0.15) X(0.11) X(0.08) X(0.15)| v(0.62) v/(0.89) v/ (0.89) v/ (0.80) v/(0.54)
V(0.54) v(0.53) X(0.46) X(0.46) X(0.46)| X(0.18) X(0.16) X(0.13) X(0.08) X(0.17)| v/(0.58) v (0.86) v/(0.86) v/(0.77) O(0.49)
V(057) v/(0.56) X(0.46) X(0-46) X(046)| X(0.18) X(0.18) X(0.13) X(0.11) X(0.16)| v/(0.61) v(0.88) v/(0.88) ¥(0.79) v/ (0.53)
V(059) v (0.59) ¥(0.70) ¥ (0.70) ¥ (0.70)| X(0-27) X(0-10) X(0.09) X(0.06) X(0:09)| X(0.38) ¥ (0.83) v (0-83) v (0.59) O(0-49)
V(0.67) v(0.67) ¥(0.72) v(0.72) v(0.72)|  X(031) X(0.11) X(0.09) X(0.09) X(0.09)| v(0.53) v(0.95) v/(0.95) v/ (0.81) v/(0.69)
V(0.63) v (0.62) v(0.71) v(0.71) v(0.71)|  X(031) X(0.10) X(0.09) X(0.08) X(0.09)| X(0.45) v(0.92) v/(0.92) ¥(0.73) ¥/ (0.61)
V(0.66) v(0.66) v(0.71) v(0.71) v(0.71)|  X(0.29) X(0.10) X(0.08) X(0.07) X(0.08)| v(0.53) v/(0.95) v/(0.95) v/(0.79) v/(0.66)
V(0.65) v(0.65) v(0.71) v(0.71) v(0.71)|  X(0.30) X(0.11) X(0.09) X(0.07) X(0.10)| O(0.49) v (0.93) v/(0.93) v/(0.75) v/ (0.63)
V(0.67) V(0.67) V(0.71) V(0.71) V(0.7D)]  X(032) X(0.12) X(0.10) X(0.10) X(0.09)| O(0.52) v(0.94) v/(0.94) v (0.78) V/(0.66)

techniques; however, for the program sed, all ALCP tech-
niques (except 1W and 2W for some cases) have higher
mean and median APFD values than the RSLCP tech-
niques. Nevertheless, the RSLCP techniques generally
have comparable or better APFD performances than 1W
and 2W, and comparable performances to 3W and 4W.
Compared with SW and 6W, overall RSLCP has the worse
rates of fault detection; however, it can sometimes have

significantly better performances.

c) In general, the statistical analysis supports the observa-
tions above. It should be noted that for the program flex,
the difference between RSLCP and ALCP has a large ef- b)
fect size in most cases (except for the comparisons of IV1
with 4W, 5W, and 6W)—with the effect size values rang-
ing from 67% to 94%. However, for the program sed, the
case is generally the opposite: apart from 1W and 2W, all
other ALCP techniques generally have significantly better
performances than RSLCP, either with a large or medium

effect size.

From the perspective of the fault detection rate, the answer c)
to RQ2 is: Although RSLCP and ALCP have similar APFD
observations, overall, RSLCP is comparable or more effective
than ALCP with low A values (1 or 2), and has comparable (and
sometimes superior) APFDs to ALCP with medium A values
such as 3 and 4. In addition, RSLCP is worse than ALCP with

high A values such as 5 and 6, but it sometimes has much better
fault detection rates.

3) RQ3: RSLCP versus ILCP and SP: Based on the exper-
imental data comparing RSLCP, ILCP, and SP, it can be seen
that:

a) Compared with ILCP, although RSLCP has relative sim-
ilar mean and median APFD values, it overall has better
rates of fault detection for the program flex but worse
performances for the other four programs, irrespective of
versions. The statistical analysis supports these box plot
observations.

Compared with GSP, except for the program make, and
some versions of the program gzip, RSLCP generally has
higher APFDs, both in terms of mean and median values.
The statistical analysis shows that the differences between
GSP and RSLCP are highly significant, because their p-
values are generally less than 0.05; and the effect size Alg
values are within a high or medium degree (except for the
program gzip).

Compared with LSP, except for the program make, RSLCP
generally has better performances in most cases, regard-
less of mean and median APFD values. This observation
is supported by the statistical analysis, i.e., nearly all the p
values are less than 0.05; and most effect size Alg values
are within a high degree.
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TABLE IX
PRIORITIZATION TIME (IN MILLISECONDS) REPRESENTED BY MEAN/STANDARD DEVIATION (/o)
. RSLCP ALCP SP
Subject o —Tv3—Tv3 Vi IVs PV W — 2W  3W W 5W oW ILce GSP TSP
flex 40/8  100/8 111/6 111/5 111/5 109/6 39/11 97/14 236/27 399/11 460/12 327/17  1,602/36 1,321/19 1,299/20
grep 32/4 86/8 94/5 94/5 93/6  92/6 29/5 81/6 201/7  370/22 472/12  382/23  1,357/25 1,012/14  999/22
gzip 15/9  68/15 63/7 59/7 61/7 61/6 15/9 72/13  248/8  819/10 1822/17 2,962/37 15,5540/93  175/7 176/10
make 6/8 20/7 35/7 35/6 34/6  34/6 6/8 20/7 64/6 126/6  165/8 158/12  589/13 69/8 69/8
sed 23/8 79/4 87/8 88/8 87/8 86/8 21/8 77/6 264/8  618/15 967/15  1,043/11 3,691/146  627/9 624/8
> 116/- 353/- 390/- 387/- 386/- 382/- 110/- 347/- 1,013/- 2,332/- 3,886/— 4,872/- 22,779/- 3,204/— 3,167/-

From the perspective of fault detection rate, the answer to
RQ3 is: RSLCP generally performs worse than ILCP, but can
sometimes achieve a better performance. Compared with SP
(both GSP and LSP), RSLCP is generally more effective, al-
though it may be less effective in some cases.

As discussed in Section V-A, RSLCP is faster at covering
1-wise or 2-wise level combinations than ALCP. In addition,
as shown in Table IV, the proportion of faults with the FTFI
number being 1 or 2 is about 27% to 30% for the program flex;
approximately 30% to 40% for grep; 75% to 100% for gzip;
and 45% to 60% for the program sed. In other words, RSLCP
may have better or at least similar fault detection rates to ALCP
for these four programs. However, as discussed in the APFD
results, RSLCP is more effective than ALCP for the program
flex, but overall less effective for the programs grep, gzip, and
sed. This phenomenon may be explained as follows: 1) ALCP
could achieve the rates of covering 1-wise and 2-wise level
combinations to some extent, which may detect faults with the
FTFI number 1 and 2 as quickly as RSLCP. 2) Even though
two faults may have the same FTFI number, they may have
very different properties. For example, consider two faults f;
and fo with the FTFI number equal to 2, which means that
both of them could be caused by two parameters p; and p;
from the input parameter model Model(P, L, Q), i.e., p;, p; €
P, and the corresponding levels are L; € L and L; € L. The
fault f; may be triggered by the combination of (p; = [;) and
(pj =1;), where [; € L; and [; € L;; while the fault may be
caused by the combination of (p; # [;) and (p; # [;). Therefore,
the probability of detecting f; is equal to ImEUm| L;\>1<\ Ik and the
probability of detecting f5 is W
the number of ATCs required to detect f; is much fewer than that
to detect fo, especially when the sizes of L; and L; are large.
As a consequence, a higher rate of covering 1-wise or 2-wise
level combinations does not always imply a faster detection of
1-wise or 2-wise faults.

A possible reason to explain why RSLCP has significantly
worse APFD performance than SP for the program make may
be: As discussed in Section V-A3, SP first chooses the best
pair of elements as the first two ATCs that cover the largest
number of 1-wise level combinations. When there is only one
best pair (i.e., not a tie-breaking situation), the first two ATCs
are deterministic. If two such ATCs could detect many faults,
then SP could certainly achieve higher rates of fault detection
than RSLCP. Manual inspection of the ATC set and mutants for
the program make has confirmed this to be the case.

. In other words,

C. Prioritization Cost Results

In this section, we answer RQ1, RQ2, and RQ3, from the
perspective of the prioritization cost. Table IX shows the priori-
tization time, in milliseconds, for the RSLCP, ALCP, ILCP, and
SP techniques. The table presents the mean prioritization time
(p) and the standard deviation (o) over the 1000 independent
runs performed per technique.

1) RQI:RSLCP Techniques: From the table, it can be clearly
observed that among the six RSLCP techniques, IV1 has the
fastest prioritization, with the other RSLCP techniques all show-
ing similar prioritization costs. Therefore, the answer to RQ1.1
is that IV1 is most efficient among RSLCP-IV techniques; while
others are comparable to each other. Similarly, the answer to
RQ1.2is: IV1 is more efficient than PV; while other RSLCP-1V
techniques are similar to RSLCP-PV.

2) RQ2: RSLCP versus ALCP: Compared with ALCP, IV1
requires a very similar time to 1W, with the other RSLCP tech-
niques (IV2, IV3, IV4, 1V5, and PV) taking a very similar
amount of time to 2W. In addition, all the RSLCP techniques
require considerably less time than 3W, 4W, 5W, and 6W. From
the perspective of prioritization cost, therefore, the answer to
RQ2 is: RSLCP has similarly efficiency to ALCP when A is
small (such as 1 and 2), and requires much less time when X is
larger (such as 3, 4, 5, and 6).

3) RQ3:RSLCP versus ILCP and SP: Compared with ILCP,
each RSLCP technique requires significantly less prioritization
time, i.e., the mean () prioritization time of ILCP ranges from
589 to 15 540 ms; however, the mean time of RSLCP ranges
from only 6 to 111 ms. Similarly, RSLCP also needs much less
time than SP (both GSP and LSP) to prioritize ATCs. Therefore,
the answer to RQ3 is: The RSLCP techniques are much more
efficient than ILCP and SP.

D. Summary

By combining and summarizing the observations from the
experimental results of interaction coverage rates, the fault de-
tection rates, and the prioritization time, we have the following
conclusions:

1) Compared with ALCP with low A values (such as 1 and
2), RSLCP achieves superior or at least comparable test-
ing effectiveness, measured with APCC and APFD, while
maintaining testing efficiency.

2) Compared with ALCP with medium A values (such as
3 and 4), RSLCP achieves comparable fault detection
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TABLE X
MEAN AND MEDIAN APFD VALUES OVER VERSIONS FOR EACH RSLCP TECHNIQUE

Subject  Version Mean Median
V1 V2 V3 V4 V5 PV V1 V2 V3 N/} 1V5 PV
vl 85.13%  87.06%  86.74%  86.80%  86.82%  87.04% 85.13%  87.10%  86.76%  86.81%  86.85%  87.04%
02 86.08%  88.25%  87.84%  87.93%  87.88%  88.16% 86.12%  88.28%  87.81%  87.93%  87.96%  88.22%
flex v3 87.71%  89.60%  89.25%  89.39%  89.26%  89.53% 87.75%  89.53%  89.26%  89.46%  89.37%  89.58%
04 86.08%  87.96%  87.63%  87.72%  87.68%  87.94% 86.09%  87.97%  87.60%  87.73%  87.76%  88.01%
05 85.73%  87.62%  87.30%  87.38%  87.35%  87.61% 85.76%  87.63%  87.27%  87.39%  87.42%  87.67%
Max - Min 2.58% 2.54% 2.51% 2.59% 2.44% 2.49% 2.62% 2.43% 2.50% 2.65% 2.52% 2.54%
ol 87.72%  88.03%  88.04%  88.02%  87.98%  88.06% 87.72%  88.06%  88.08%  87.97%  87.98%  88.06%
02 86.49%  86.83%  86.90%  86.81%  86.81%  86.90% 86.51%  86.83%  86.93%  86.79%  86.83%  86.87%
03 86.45%  86.84%  86.78%  86.87%  86.75%  86.87% 86.45%  86.86%  86.80%  86.86%  86.76%  86.93%
arep v4 84.86%  85.56%  85.36%  85.46%  85.37%  85.53% 84.87%  85.64%  85.43%  85.44%  85.41%  85.52%
05 83.48%  84.19%  84.01%  84.09%  83.99%  84.18% 83.45%  84.24%  84.07%  84.10%  83.97%  84.15%
Max - Min 4.24% 3.84% 4.03% 3.93% 3.99% 3.88% 427% 3.82% 4.01% 3.87% 4.01% 3.91%
vl 94.22%  94.99%  94.58%  94.84%  94.76% = 94.99% 94.55%  95.27%  94.79%  95.15% = 95.03%  95.27%
02 94.18%  94.96%  94.55% = 94.82% = 94.74%  94.96% 94.55%  9519%  94.71%  95.11%  95.03%  95.19%
. v3 98.33%  98.36%  98.35%  98.36%  98.36%  98.35% 98.31%  98.40%  98.40%  98.40%  98.40%  98.40%
&=p v4 98.33%  98.36%  98.35%  98.36%  98.36%  98.35% 98.31%  98.40%  98.40%  98.40%  98.40%  98.40%
v5 98.33%  98.36%  98.35%  98.36%  98.36%  98.35% 98.31%  98.40%  98.40%  98.40%  98.40%  98.40%
Max - Min 4.15% 3.40% 3.80% 3.54% 3.62% 3.39% 3.76% 3.21% 3.69% 3.29% 3.37% 321%
ol 53.49%  54.18%  54.01%  53.92%  54.06%  54.28% 53.42%  54.04%  54.09%  53.88%  53.98%  54.36%
02 50.43%  51.60%  51.16%  51.18%  51.38%  51.66% 50.28%  51.54%  51.04%  51.15%  51.43%  51.65%
make 03 52.01%  53.16%  52.75%  52.67%  52.95%  53.21% 51.96%  53.09%  52.82%  52.78%  52.93%  53.11%
v4 53.04%  54.62%  54.08%  54.04%  54.29% = 54.76% 52.98%  54.61%  54.16%  54.01%  54.35%  54.78%
05 50.14%  50.99%  50.78%  50.64%  50.97%  51.08% 50.10%  50.84%  50.74%  50.64%  50.84%  51.03%
Max - Min 3.35% 3.63% 3.30% 3.40% 3.32% 3.68% 3.32% 3.77% 3.42% 3.37% 3.51% 3.75%
vl 85.19%  86.86%  86.05%  86.86%  86.42%  86.73% 85.12%  86.97%  86.13%  87.01%  86.39%  86.92%
02 88.14%  90.15%  89.34%  90.03%  89.62%  89.97% 88.17%  90.16%  89.34%  90.09%  89.68%  90.14%
sed 03 88.14%  90.15%  89.34%  90.03%  89.62%  89.97% 88.17%  90.16%  89.34%  90.09%  89.68%  90.14%
v4 87.03%  89.08%  88.28%  88.86%  88.47%  88.78% 87.01%  89.17%  88.28%  88.86%  88.52%  88.90%
v5 88.75%  90.27%  89.72%  90.13%  89.84%  90.05% 88.83%  90.37%  89.75%  90.25%  89.97%  90.18%
Max - Min 3.56% 3.41% 3.67% 3.27% 3.42% 3.32% 3.71% 3.40% 3.62% 3.24% 3.58% 3.26%

rates but has worse interaction coverage rates. However,
RSLCP also requires less prioritization time.

3) Compared with ALCP with high A values (such as 5
and 6), RSLCP usually achieves worse (though some-
times comparable or better) rates of interaction coverage
and fault detection, while maintaining much better testing
efficiency.

4) Compared with ILCP, similar to ALCP with high A values,
the testing effectiveness of RSLCP is generally worse than
that of ILCP (although sometimes RSLCP is better or
comparable to ILCP), but RSLCP is much more efficient
than ILCP.

5) Compared with SP, RSLCP not only provides better test-
ing effectiveness in most cases, but is also more efficient.

As expected based on the discussion in Section III-D, overall,

RSLCP provides a good tradeoff between testing effectiveness
and efficiency.

E. Robustness Across Versions

This section attempts to answer RQ4 about the robustness of
each RSLCP technique across different versions.

As shown in Figs. 3-7, the APFD distributions for each
RSLCP technique are similar over the five versions of each
subject program. In addition, Table X presents the mean and
median APFDs of RSLCP over the five versions, from which
we can have the following observations:

1) In terms of the mean APFD, even in the worst case, it

varies only slightly: from v/ to v5, for example, varying
less than 4.30% for IV1 and IV3 for all subject programs;

and less than 4.00% for other RSLCP techniques (IV2,
IV4,1V5, and PV).

2) With respect to the median APFD, the case is very sim-
ilar to that of the mean APFD: each RSLCP technique
achieves the median value varying less than 4.00% over
the five versions of each program, in the worst case (ex-
cept for a few cases, such as for flex), where the median
values vary approximately 4.27%, 4.01%, and 4.01% for
IV1, IV3, and IV5, respectively).

Overall, it can be observed that the APFD is quite robust
over the five versions, for all RSLCP techniques, irrespective
of subject programs. The answer to RQ4, therefore, is: Each
RSLCP technique can remain robust over multiple releases of
the SUT.

F. Threats to Validity

In this section, we examine some potential threats to the
validity of our paper.

1) Construct Validity: In this paper, we have focused on
the testing effectiveness and efficiency, measured using the
rate of fault detection and the prioritization time, respectively.
The APFD metric has been commonly adopted in the study of
TCP [4], [6]; while the APCC metric has been widely used in the
field of combinatorial interaction testing [13], [14]. Neverthe-
less, we acknowledge that there may be other metrics which are
also pertinent to this paper, for example, Average Percentage of
Statement Coverage [18], Average Percentage of Decision Cov-
erage [18], and Average Percentage of Method Coverage [52].

2) Internal Validity: Any potential threat to internal validity
would be mainly about the implementation of our algorithms.

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.



HUANG et al.: ABSTRACT TEST CASE PRIORITIZATION USING REPEATED SMALL-STRENGTH LEVEL-COMBINATION COVERAGE 369

We have used C++ to implement the algorithms, and have care-
fully tested the implementation to minimize this threat as much
as possible.

3) External Validity: With respect to the external validity,
the main threat is the generalization of our results. We have
used only five subject programs, written in the C language, all
of which are of a relatively medium size. However, we believe
that the 25 versions studied here (five versions of each of the five
programs) are sufficient to support the conclusions. Neverthe-
less, more larger size programs, or programs written in different
languages, will be required to further validate our techniques.

A second potential threat to external validity relates to the
input parameter models for the subject programs, which we
adopted from previous studies [13], [14]. Based on these models,
we also availed of the widely used sets of ATCs provided by
SIR [37] in our experiments. However, different ATC sets may
lead to different findings, and therefore different models (for
constrained or unconstrained environments) and other sets of
ATCs are still required to help generalize our findings.

4) Conclusion Validity: The main potential threat to con-
clusion validity relates to the randomized computation in our
algorithms. To minimize this threat, all algorithms were re-
peated 1000 times, and inferential statistics was applied to the
comparisons of results.

VI. RELATED WORK

In this section, we introduce some related work about ATCP,
which has been widely researched in several different fields,
including in combinatorial testing [1], software product lines
testing [2], and highly configurable systems testing [3].

According to Qu et al. [6], ATCP can be divided into two
categories: (1) Regeneration Prioritization Strategy (RPS)—
considering TCP during ATC generation and (2) Pure Priori-
tization Strategy (PPS)—re-ordering a given set of ATCs. Our
proposed RSLCP method belongs to the second category.

A. Regeneration Prioritization Strategy

RPS has generally been applied to combinatorial testing,
which attempts to generate prioritized Covering Arrays (CAs)—
CAs are special sets of ATCs satisfying certain criteria [53].
Two CA construction strategies exist: greedy and meta-heuristic
search.

1) Greedy Strategy: Bryce and Colbourn [54], [55] first pro-
posed an RPS to generate the prioritized CAs by assigning test
case weight to interaction coverage. Their strategy defines a
weight for each parameter, calculates the weight for each pa-
rameter interaction (called generation strength) at strength 2,
and then uses a greedy algorithm to construct pairwise priori-
tized CAs. Qu et al. [6], [56] proposed different weighting as-
signments for parameters and levels, including three weighting
methods based on code coverage and one based on specification,
and applied them to Bryce and Colbourn’s method [54], [55],
later extending this to configurable systems [57], and then also
using the installation and generation cost of new configurations
to improve the method [58].

2) Meta-Heuristic Search Strategy: Chen et al. [59] used ant
colony optimization to build 2-wise prioritized CAs, using the
same weighting calculations as Bryce and Colbourn [54], [55].
Similarly, Lopez-Herrejon et al. [60] used a genetic algorithm to
generate the prioritized pairwise CAs, applying them to software
product lines.

B. Pure Prioritization Strategy

Most prioritization studies have focused on interaction cov-
erage information or test case dissimilarity to guide the pri-
oritization of test cases. To clearly describe these strategies,
we classify them into two categories of prioritization methods:
level-combination coverage-based prioritization and similarity-
based prioritization.

1) Level-Combination = Coverage-Based  Prioritization:
Level-Combination Coverage-Based Prioritization (LCP)
greedily chooses an element from the candidates as the next test
case such that it covers the largest number of level combinations
that have not already been covered by previously selected test
cases. According to the prioritization strength(s) adopted, LCP
can be categorized as Fixed-strength LCP (FLCP, i.e., ALCP),
Incremental-strength LCP (ILCP), or Mixed-strength LCP
(MLCP). FLCP uses a fixed prioritization strength A throughout
the entire prioritization process, whereas ILCP and MLCP can
use different strength values. When choosing each element from
the candidates as the next ATC in the test sequence, both FLCP
and ILCP use a single prioritization strength (even though ILCP
may change the prioritization strength in later steps). MLCP,
on the other hand, uses more than one prioritization strength.

Regarding FLCP, Bryce and Memon [ 11] first proposed ALCP
for prioritizing existing test suites for GUI-based programs us-
ing A = 2, 3. Sampath et al. [61] applied FLCP with A = 1,2
to reorder user-session test cases for web applications. Bryce
et al. [62] proposed a single model to define generic prioritiza-
tion criteria (including FLCP with A = 1, 2) that are applicable
to event-driven software, such as GUI and Web applications. Qu
et al. [6], [56] used ALCP with A = 2,3 to prioritize CAs by
assigning a weighting for each parameter, and then obtaining
the weighting of each test case. Bryce et al. [63] extended their
ALCP (using A = 2) technique by defining the test case length
as its prioritization cost, suggesting that longer test cases would
require more execution time. Wang et al. [27] combined test
case weight and cost with Bryce and Memon’s ALCP technique
[11], and proposed two heuristic prioritization methods to re-
order CAs by considering total and additional techniques. They
also proposed a series of evaluation metrics based on test case
weight and cost, and used them to assess prioritized CAs. Huang
et al. [7] extended the strategy of adaptive random prioritiza-
tion [32] to CAs, proposing a method which, by replacing Bryce
and Memon’s [11] ALCP technique (with A = 2, 3, 4), attempts
to reduce time costs, while maintaining testing effectiveness.
Huang et al. [17] proposed a new ALCP technique using re-
peated base-choice coverage. This belongs to the same category
as our proposed RSLCP method IV1. Recently, Petke et al. [13],
[14] conducted an extensive study to investigate the testing ef-
fectiveness of ALCP with A = 2, 3,4, 5,6, showing that ALCP

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.



370

with small A values could achieve comparable performance to
that with high A values.

For ILCP, Huang et al. [31] applied Bryce and Memon’s [11]
ALCP technique to the prioritization of Variable-strength CAs
(VCAs) [64], and proposed two new VCA prioritization algo-
rithms. The technique first uses the main-strength to prioritize
VCAs using ALCP, and when all level combinations with the
main-strength are covered by the selected test cases, the tech-
nique then uses the sub-strength to order the remaining candidate
test cases. Huang er al. [29] used incremental interaction cov-
erage to guide CA prioritization, by applying ALCP [11] with
incremental prioritization strength values. This approach starts
with strength A = 1, and then increments the A value when all
possible A-wise parameter-level combinations have been cov-
ered by the selected test cases.

Regarding MLCP, Huang et al. [33] proposed a new dissimi-
larity measure based on the aggregate-strength interaction cov-
erage, and presented a new greedy PPS algorithm to prioritize
CAs. This method combines the prioritization strength values
1,2,...,7 (where 7 is the generation strength of the given CA)
to guide the selection of each test case from the candidates.

According to the classifications above, different versions of
RSLCP belong to different categories. IV1 and IV2 belong the
category of FLCP, and IV3 and PV belong to the category of
ILCP. However, IV4 and IVS5 do not fully belong the cate-
gories above, because IV4 adopts decreasing strengths, and IV5
may adopt either incremental or decreasing strengths. Neverthe-
less, when choosing an element from the candidates as the next
ATC each time, all RSLCP techniques have the same mecha-
nism as FLCP. Moreover, RSLCP has the same aim as ILCP—
overcoming the biased selection of prioritization strength for
ALCP. In order to cover all 1-wise and 2-wise level combina-
tions as quickly as possible, PV uses the same process as ILCP.
After that, PV repeats the process, ignoring the previously se-
lected ATCs. In contrast, ILCP increments XA to 3 to prioritize
the remaining ATCs, considering the already selected ATCs—it
checks the A-wise level combinations that have not been covered
by the previously selected ATCs.

2) Similarity-Based Prioritization: Wu et al. [65] used
Srikanth et al.’s [58] switching cost between two test cases as the
similarity measure to prioritize CAs, proposing two greedy algo-
rithms and a graph-based algorithm. Their extended work [66]
proposed single-objective algorithms to reduce the switching
cost, and also proposed hybrid and multiobjective algorithms
to balance the tradeoff between high level-combination cover-
age and low switching cost. Henard ef al. [8] introduced an-
other similarity measure, and proposed two greedy PPSs for
software product lines—local maximum distance prioritization
and global maximum distance prioritization. Recently, Huang
etal. [36] investigated 14 similarity measures for two similarity-
based prioritization algorithms proposed by Henard ef al. [8],
attempting to identify the best similarity measure for each al-
gorithm. Al-Hajjaji et al. [9] also proposed a new similarity
measure, and applied it to the greedy prioritization algorithm
for software product lines.

Huang et al. [5] have also recently reported on an empir-
ical examination of 16 popular ATCP techniques, from the
perspective of fault detection effectiveness.
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VII. CONCLUSION

ATCP has been widely used in different testing situations,
including combinatorial testing [1]. ALCP is perhaps the most
well-known ATCP technique [11]. ALCP requires to set a fixed
prioritization strength A before testing. There is a tradeoff be-
tween testing effectiveness and efficiency for ALCP: When A is
higher, ALCP has higher testing effectiveness but lower testing
efficiency; however, when A is lower, it has lower testing effec-
tiveness but higher testing efficiency. In this paper, we proposed
a new method that attempts to balance the tradeoff between
testing effectiveness and efficiency for ALCP, namely RSLCP.
RSLCP has the same advantages as ALCP—it is simple, and
is a static black-box technique (which means that it neither re-
quires information about the source codes, nor is test execution
necessary). However, RSLCP also has some additional advan-
tages compared with ALCP, including that it does not face the
requirement of assigning a value to A in advance of testing.
We conducted empirical studies to compare RSLCP with ALCP,
ILCP, and SP, in terms of interaction coverage rate, fault de-
tection rate, and prioritization cost. Based on these empirical
studies, we have the following findings:

1) Among the six RSLCP techniques, V1 generally has the
worst testing effectiveness, while the other five techniques
all have very similar performance.

2) Compared with ALCP and ILCP, RSLCP could provide a
good tradeoff between testing effectiveness and efficiency.

3) Compared with SP, RSLCP not only provides better test-
ing rates of interaction coverage and fault detection in
most cases, but also requires less prioritization time.

4) All of the six RSLCP techniques are robust over multiple
releases of the software-systems under test.

Because of RSLCP’s potential for prioritizing ATCs, in the
future we would like to develop and examine more cost-effective
algorithms to achieve better tradeoff between testing effective-
ness and efficiency. Multiobjective algorithms, for example, will
be considered in ATCP. We will also conduct more empirical
studies to further compare with other ATCP techniques, and
evaluate our techniques in different applications (such as GUI
and web applications), especially in larger and more complex
systems.

ACKNOWLEDGMENT

The authors would like to thank the anonymous reviewers for
their many constructive comments. The authors would also like
to thank Christopher Henard for providing us the fault data for
the five subject programs.

REFERENCES

[1] C.Nie and H. Leung, “A survey of combinatorial testing,” ACM Comput.
Surveys, vol. 43, no. 2, pp. 11:1-11:29, 2011.

[2] P. A. da Mota Silveira Neto, I. do Carmo Machado, J. D. McGregor,
E. S. de Almeida, and S. R. de Lemos Meira, “A systematic mapping
study of software product lines testing,” Inf. Softw. Technol., vol. 53, no. 5,
pp. 407423, 2011.

[3] X. Qu, “Testing of configurable systems,” Adv. Comput., vol. 89,
pp. 141-162, 2013.

[4] G. Rothermel, R. H. Untch, C. Chu, and M. J. Harrold, “Prioritizing test
cases for regression testing,” IEEE Trans. Softw. Eng., vol. 27, no. 10,
pp- 929-948, Oct. 2001.

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.



HUANG et al.: ABSTRACT TEST CASE PRIORITIZATION USING REPEATED SMALL-STRENGTH LEVEL-COMBINATION COVERAGE

[5]

[6]

[7]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

R. Huang, W. Zong, D. Towey, Y. Zhou, and J. Chen, “An empirical
examination of abstract test case prioritization techniques,” in Proc. 39th
Int. IEEE/ACM Conf. Softw. Eng. Companion (ICSE-C), Buenos Aires,
Argentina, May 2017.

X. Qu, M. B. Cohen, and K. M. Woolf, “Combinatorial interaction regres-
sion testing: A study of test case generation and prioritization,” in Proc.
IEEE Int. Conf. Softw. Maintenance, Paris, France, Oct. 2007.

R. Huang, J. Chen, Z. Li, R. Wang, and Y. Lu, “Adaptive random priori-
tization for interaction test suites,” in Proc. 29th Annu. ACM Symp. Appl.
Comput. (SAC’14), 2014, pp. 1058-1063.

C. Henard, M. Papadakis, G. Perrouin, J. Klein, P. Heymans, and
Y. L. Traon, “Bypassing the combinatorial explosion: Using similarity
to generate and prioritize t-wise test configurations for software product
lines,” IEEE Trans. Softw. Eng., vol. 40, no. 7, pp. 650-670, Jul. 2014.
M. Al-Hajjaji, T. Thim, J. Meinicke, M. Lochau, and G. Saake,
“Similarity-based prioritization in software product-line testing,” in Proc.
18th Int. Softw. Product Line Conf. (SPLC’14), 2014, pp. 197-206.

H. Wu, C. Nie, F.-C. Kuo, H. K. N. Leung, and C. J. Colbourn, “A discrete
particle swarm optimization for covering array generation,” IEEE Trans.
Evol. Comput., vol. 19, no. 4, pp. 575-591, Aug. 2015.

R. C. Bryce and A. M. Memon, “Test suite prioritization by interaction
coverage,” in Proc. Workshop Domain Specific Approaches Softw. Test
Autom. (DoSTA’07), 2007, pp. 1-7.

S. W. Thomas, H. Hemmati, A. E. Hassan, and D. Blostein, “Static test
case prioritization using topic models,” Empirical Softw. Eng., vol. 19,
no. 1, pp. 182-212, 2014.

J. Petke, M. B. Cohen, M. Harman, and S. Yoo, “Efficiency and early
fault detection with lower and higher strength combinatorial interaction
testing,” in Proc. 12th Joint Meet. Eur. Softw. Eng. Conf. ACM SIGSOFT
Symp. Foundations Softw. Eng. (ESEC/FSE’13), 2013, pp. 26-36.

J. Petke, M. B. Cohen, M. Harman, and S. Yoo, “Practical combi-
natorial interaction testing: Empirical findings on efficiency and early
fault detection,” IEEE Trans. Softw. Eng., vol. 41, no. 9, pp. 901-924,
Sep. 2015.

D. R. Kuhn, D. R. Wallace, and A. M. Gallo, “Software fault interactions
and implications for software testing,” IEEE Trans. Softw. Eng., vol. 30,
no. 6, pp. 418—421, Jun. 2004.

D. R. Kuhn, Y. Lei, and R. Kacker, “Practical combinatorial testing:
Beyond pairwise,” IT Professional, vol. 10, no. 3, pp. 19-23, May/Jun.
2008.

R.Huang, W.Zong, J. Chen, D. Towey, Y. Zhou, and D. Chen, “Prioritizing
interaction test suite using repeated base choice coverage,” in Proc. 40th
Annu. IEEE Comput. Softw. Appl. Conf. (COMPSAC’16), Atlanta, GA,
USA, Jun. 2016.

Z.Li, M. Harman, and R. Hierons, “Search algorithms for regression test
case prioritization,” IEEE Trans. Softw. Eng., vol. 33, no. 4, pp. 225-237,
Apr. 2007.

S. Elbaum, A. Malishevsky, and G. Rothermel, “Incorporating varying
test costs and fault severities into test case prioritization,” in Proc. 23rd
Int. Conf. Softw. Eng. (ICSE’01), Toronto, Ontario, Canada, May 2001.
L. Zhang, D. Hao, L. Zhang, G. Rothermel, and H. Mei, “Bridging the
gap between the total and additional test-case prioritization strategies,” in
Proc. 35th Int. Conf. Softw. Eng. (ICSE’13), 2013, pp. 192-201.

Y. Lu et al., “How does regression test prioritization perform in real-world
software evolution?,” in Proc. 38th Int. Conf. Softw. Eng. (ICSE’16), 2016,
pp. 535-546.

L. Zhang, S.-S. Hou, C. Guo, T. Xie, and H. Mei, “Time-aware test-case
prioritization using integer linear programming,” in Proc. 18th Int. Symp.
Softw. Testing Anal. (ISSTA’09), 2009, pp. 213-224.

H. Yoon and B. Choi, “A test case prioritization based on degree of risk
exposure and its empirical study,” Int. J. Softw. Eng. Knowl. Eng., vol. 21,
no. 2, pp. 191-209, 2011.

Y. Huang, K. Peng, and C. Huang, “A history-based cost-cognizant test
case prioritization technique in regression testing,” J. Syst. Softw., vol. 85,
no. 3, pp. 626-637, 2012.

R. K. Saha, L. Zhang, S. Khurshid, and D. E. Perry, “An information
retrieval approach for regression test prioritization based on program
changes,” in Proc. 37th Int. IEEE/ACM Conf. Softw. Eng. (ICSE’15),
Florence, Italy, May 2015.

A. Marchetto, M. M. Islam, W. Asghar, A. Susi, and G. Scanniello, “A
multiobjective technique to prioritize test cases,” IEEE Trans. Softw. Eng.,
vol. 42, no. 10, pp. 918-940, Oct. 2016.

Z. Wang, L. Chen, B. Xu, and Y. Huang, “Cost-cognizant combinatorial
test case prioritization,” Int. J. Softw. Eng. Knowl. Eng., vol. 21, no. 6,
pp- 829-854,2011.

[28]

[29]

[30]

[31]

[32]

[33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[40]

[47]

(48]

[49]

[50]

[51]

371

R. Huang, J. Chen, D. Chen, and R. Wang, “How to do tie-breaking in
prioritization of interaction test suites?,” in Proc. 26th Int. Conf. Softw.
Eng. Knowl. Eng. (SEKE’14), 2014, pp. 121-125.

R. Huang, X. Xie, D. Towey, T. Y. Chen, Y. Lu, and J. Chen, “Prioritization
of combinatorial test cases by incremental interaction coverage,” Int. J.
Softw. Eng. Knowl. Eng., vol. 23, no. 10, pp. 1427-1457, 2013.

R. C. Bryce, S. Sampath, and A. M. Memon, “Developing a single model
and test prioritization strategies for event-driven software,” IEEE Trans.
Softw. Eng., vol. 37, no. 1, pp. 4864, Jan./Feb. 2011.

R. Huang, J. Chen, T. Zhang, R. Wang, and Y. Lu, “Prioritizing variable-
strength covering array,” in Proc. 37th Annu. IEEE Comput. Softw. Appl.
Conf. (COMPSAC’13), Kyoto, Japan, Jul. 2013.

B. Jiang, Z. Zhang, W. K. Chan, and T. H. Tse, “Adaptive random test
case prioritization,” in Proc. IEEE/ACM Int. Conf. Autom. Softw. Eng.
(ASE’09), Auckland, New Zealand, Nov. 2009.

R. Huang, J. Chen, D. Towey, A. Chan, and Y. Lu, “Aggregate-strength
interaction test suite prioritization,” J. Syst. Softw., vol. 99, pp. 36-51,
2015.

B. Jiang and W. K. Chan, “Input-based adaptive randomized test case
prioritization: A local beam search approach,” J. Syst. Softw., vol. 105,
pp. 91-106, 2015.

C. Henard, M. Papadakis, M. Harman, Y. Jia, and Y. L. Traon, “Comparing
white-box and black-box test prioritization,” in Proc. 38th Int. IEEE/ACM
Conf. Softw. Eng. (ICSE’16), Austin, TX, USA, May 2016.

R. Huang, Y. Zhou, W. Zong, D. Towey, and J. Chen, “An empirical
comparison of similarity measures for abstract test case prioritization,”
in Proc. 41st Annu. IEEE Comput. Softw. Appl. Conf. (COMPSAC’17),
Turin, Italy, Jul. 2017.

H. Do, S. G. Elbaum, and G. Rothermel, “Supporting controlled exper-
imentation with testing techniques: An infrastructure and its potential
impact,” Empirical Softw. Eng., vol. 10, no. 4, pp. 405435, 2005.

T. J. Ostrand and M. J. Balcer, “The category-partition method for spec-
ifying and generating fuctional tests,” Commun. ACM, vol. 31, no. 6,
pp. 676-686, 1988.

Y. Jia and M. Harman, “An analysis and survey of the development of
mutation testing,” IEEE Trans. Softw. Eng., vol. 37, no. 5, pp. 649-678,
Sep./Oct. 2011.

J.H. Andrews, L. C. Briand, Y. Labiche, and A. S. Namin, “Using mutation
analysis for assessing and comparing testing coverage criteria,” /[EEE
Trans. Softw. Eng., vol. 32, no. 8, pp. 608-624, Aug. 2006.

H. Do and G. Rothermel, “On the use of mutation faults in empirical
assessments of test case prioritization techniques,” IEEE Trans. Softw.
Eng., vol. 32, no. 9, pp. 733-752, Sep. 2006.

M. Papadakis, D. Shin, S. Yoo, and D.-H. Bae, “Are mutation scores
correlated with real fault detection?: A large scale empirical study on the
relationship between mutants and real faults,” in Proc. 40th Int. Conf.
Softw. Eng. (ICSE’18), 2018, pp. 537-548.

M. Papadakis, C. Henard, M. Harman, Y. Jia, and Y. Le Traon, “Threats to
the validity of mutation-based test assessment,” in Proc. 25th Int. Symp.
Softw. Testing Anal. (ISSTA’16), 2016, pp. 354-365.

M. Papadakis, Y. Jia, M. Harman, and Y. Le Traon, “Trivial compiler
equivalence: A large scale empirical study of a simple, fast and effective
equivalent mutant detection technique,” in Proc. 37th Int. IEEE/ACM
Conf. Softw. Eng. (ICSE’15), Florence, Italy, May 2015.

M. Papadakis, M. Kintis, J. Zhang, Y. Jia, Y. L. Traon, and M.
Harman, “Mutation testing advances: An analysis and survey,” Adv. Com-
put., vol. 112, pp. 275-378, 2019.

Y. Jiaand M. Harman, “Higher order mutation testing,” Inf. Softw. Technol.,
vol. 51, no. 10, pp. 1379-1393, 2009.

M. Kintis, M. Papadakis, and N. Malevris, “Evaluating mutation testing
alternatives: A collateral experiment,” in Proc. Asia-Pacific Softw. Eng.
Conf. (APSEC’10), Sydney, NSW, Australia, Nov.-Dec. 2010.

D. R. Kuhn and M. J. Reilly, “An investigation of the applicability of
design of experiments to software testing,” in Proc. 27th Annu. NASA
Goddard/IEEE Softw. Eng. Workshop (SEW-27°02), Greenbelt, MD, USA,
USA, Dec. 2002.

A. Arcuri and L. Briand, “A hitchhiker’s guide to statistical tests for
assessing randomized algorithms in software engineering,” Softw. Testing,
Verification Rel., vol. 24, no. 3, pp. 219-250, 2014.

M. Harman, P. McMinn, J. Souza, and S. Yoo, “Search based soft-
ware engineering: Techniques, taxonomy, tutorial,” Empirical Softw. Eng.
Verification, pp. 1-59, 2012.

A. Vargha and H. D. Delaney, “A critique and improvement of the CL
common language effect size statistics of McGraw and Wong,” J. Educ.
Behavioral Statist., vol. 25, no. 2, pp. 101-132, 2000.

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.



372

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

D. Hao, L. Zhang, L. Zang, Y. Wang, X. Wu, and T. Xie, “To be optimal
or not in test-case prioritization,” /[EEE Trans. Softw. Eng., vol. 42, no. 5,
pp. 490-505, May 2016.

M. B. Cohen, P. B. Gibbons, W. B. Mugridge, and C. J. Colbourn, “Con-
structing test suites for interaction testing,” in Proc. 25th Int. Conf. Softw.
Eng. (ICSE’03), Portland, OR, USA, May 2003.

R. C. Bryce and C. J. Colbourn, “Test prioritization for pairwise inter-
action coverage,” in Proc. Ist Int. Workshop Adv. Model-Based Testing
(A-MOST’05), 2005, pp. 1-7.

R. C. Bryce and C. J. Colbourn, “Prioritized interaction testing for pair-
wise coverage with seeding and constraints,” Inf. Softw. Technol., vol. 48,
no. 10, pp. 960-970, 2006.

X. Quand M. B. Cohen, “A study in prioritization for higher strength com-
binatorial testing,” in Proc. 6th Int. IEEE Conf. Softw. Testing, Verification
Validation Workshops, Luxembourg, Luxembourg, Mar. 2013.

X. Qu, M. B. Cohen, and G. Rothermel, “Configuration-aware regression
testing: An empirical study of sampling and prioritization,” in Proc. Int.
Symp. Softw. Testing Anal. (ISSTA’08), 2008, pp. 75-86.

H. Srikanth, M. B. Cohen, and X. Qu, “Reducing field failures in system
configurable software: Cost-based prioritization,” in Proc. 20th Int. Symp.
Softw. Rel. Eng. (ISSRE’09), Mysuru, Karnataka, India, Nov. 2009.

X. Chen, Q. Gu, X. Zhang, and D. Chen, “Building prioritized pairwise
interaction test suites with ant colony optimization,” in Proc. 9th Int. Conf.
Quality Softw. (0SIC’09), Jeju, South Korea, Aug. 2009.

R.E. Lopez-Herrejon, J. Ferrer, F. Chicano, E. N. Haslinger, A. Egyed, and
E. Alba, “A parallel evolutionary algorithm for prioritized pairwise testing
of software product lines,” in Proc. Int. Conf. Genetic Evol. Comput.
(GECCO’14),2014, pp. 1255-1262.

S. Sampath, R. C. Bryce, G. Viswanath, V. Kandimalla, and A. G. Koru,
“Prioritizing user-session-based test cases for web applications testing,”
in Proc. Ist Int. Conf. Softw. Testing, Verification Validation (ICST’08),
Lillehammer, Norway, Apr. 2008.

R. C. Bryce, C. J. Colbourn, and D. R. Kuhn, “Finding interaction
faults adaptively using distance-based strategies,” in Proc. 18th Int. Conf.
Workshops Eng. Comput.-Based Syst. (ECBS’11), Las Vegas, NV, USA,
Apr. 2011.

R. C. Bryce, S. Sampath, J. B. Pedersen, and S. Manchester, “Test suite
prioritization by cost-based combinatorial interaction coverage,” Int. J.
Syst. Assurance Eng. Manage., vol. 2, no. 2, pp. 126—134, 2011.

M. B. Cohen, P. B. Gibbons, W. B. Mugridge, C. J. Colbourn, and J. S.
Collofello, “Variable strength interaction testing of components,” in Proc.
27th Annu. Int. Comput. Softw. Appl. Conf. (COMPSAC’03), Dallas, TX,
USA, Nov. 2003.

H. Wu, C. Nie, and F.-C. Kuo, “Test suite prioritization by switching
cost,” in Proc. 7th Int. IEEE Conf. Softw. Testing, Verification Validation
Workshops, Cleveland, OH, USA, Mar./Apr. 2014.

H. Wu, C. Nie, and F.-C. Kuo, “The optimal testing order in the presence
of switching cost,” Inf. Softw. Technol., vol. 80, pp. 57-72, 2016.

Rubing Huang (M’12) received the Ph.D. degree in
computer science and technology from the Huazhong
University of Science and Technology, China, in
2013.

He is an Associate Professor in the Department of
Software Engineering, School of Computer Science
and Communication Engineering, Jiangsu University,
China. He has more than 40 publications in jour-

‘ nals and proceedings, including in ICSE, IEEE-TR,

JSS, IST, IET Software, IISEKE, SCN, COMPSAC,
SEKE, and SAC. He has served as the program com-

mittee member of SEKE14-19, SAC17-19, CTA17-19, and Al Testing 2019. His
current research interests include software testing and software maintenance,
especially adaptive random testing, random testing, combinatorial testing, and
regression testing.

Weifeng Sun received the B.Eng. degree in computer
science and technology in 2018 from Jiangsu Univer-
sity, Zhenjiang, China, where he is currently working
toward the M.Eng. degree with the School of Com-
puter Science and Communication Engineering.

His current research interests include software
testing.

,/[(

IEEE TRANSACTIONS ON RELIABILITY, VOL. 69, NO. 1, MARCH 2020

Tsong Yueh Chen (SM’03) received the B.Sc. and
M.Phil. degrees from the University of Hong Kong,
China, the M.Sc. and D.I.C. degrees from the Im-
perial College of Science and Technology, London,
U.K., and the Ph.D. degree from the University of
Melbourne, Australia.

He is currently a Professor of software engineering
in the Department of Computer Science and Software
Engineering, Swinburne University of Technology,
Australia. He is the inventor of metamorphic testing
and adaptive random testing. His main research in-

terest is in software testing.

Dave Towey (M’03) received the B.A. and M.A. de-
grees in computer science, linguistics, and languages
from the University of Dublin, Trinity College, Ire-
land, the M.Ed. degree in education leadership from
the University of Bristol, U.K., and the Ph.D. degree
in computer science from the University of Hong
Kong, Hong Kong.

He is an Associate Professor at the University
of Nottingham Ningbo China (UNNC), in Zhejiang,
China, where he serves as the Director of teaching and
learning, and Deputy Head of the School of Computer

Science. He is also the Deputy Director of the International Doctoral Innovation
Centre at UNNC. He is a member of the UNNC Artificial Intelligence and Op-
timization research group. He cofounded the ICSE International Workshop on
Metamorphic Testing in 2016. His current research interests include software
testing and technology enhanced teaching and learning.

security.

Jinfu Chen (M’13) received the B.Eng. degree
from Nanchang Hangkong University, Nanchang,
China, in 2004, and the Ph.D. degree from the
Huazhong University of Science and Technology,
Wuhan, China, in 2009, both in computer science
and technology.

He is a Full Professor in computer science
and technology in the School of Computer Science
and Communication Engineering, Jiangsu Univer-
sity, China. His research interests include software
engineering, services computing, and information

Weiwen Zong received the B.Eng. degree in com-
puter science and technology in 2016 from Jiangsu
University, Zhenjiang, China, where she is currently
pursuing M.Eng. degree with the School of Computer
Science and Communication Engineering.

Her current research interests include software
testing.

Yunan Zhou received the B.Eng. degree in com-
puter science and technology in 2016 from Jiangsu
University, Zhenjiang, China, where she is currently
pursuing M.Eng. degree with the School of Computer
Science and Communication Engineering.

Her current research interests include software
testing.

Authorized licensed use limited to: CHONGQING UNIVERSITY. Downloaded on July 17,2023 at 06:36:50 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


