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ABSTRACT 
 

A cause-effect graph considers only the desired external behavior of a system by identifying input-output parameter relationships in 
the specification. When testing a software system with cause-effect graphs, it is important to derive a moderate number of tests while 
avoiding loss in fault detection ability. Pairwise testing is known to be effective in determining errors while considering only a small 
portion of the input space. In this paper, we present a new testing technique that generates pairwise tests from a cause-effect graph. 
We use a Boolean Satisbiability (SAT) solver to generate pairwise tests from a cause-effect graph. The Alloy language is used for 
encoding the cause-effect graphs and its SAT solver is applied to generate the pairwise tests. Using a SAT solver allows us to 
effectively manage constraints over the input parameters and facilitates the generation of pairwise tests, even in the situations where 
other techniques fail to satisfy full pairwise coverage.  
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1. INTRODUCTION 
 

 The focus of requirements-based testing is to design a 
necessary and sufficient set of tests from the requirement 
specifications to ensure that the design and code fully meet the 
requirements. The cause-effect graph technique formulates the 
requirements specification in terms of logical between inputs 
and outputs of a software system by using Boolean operators 
like AND, OR, and NOT for system modeling and test design 
[1]. One of the major challenges in testing a software system 
with cause-effect graphs is to reduce the total number of tests 
while still achieving the desired quality.  

Pairwise testing is a combinatorial technique used to 
reduce the number of tests in situations where exhaustive 
testing is not feasible [2]. Given a set of input parameters, a 
pairwise test set consists of tests which capture all possible 
combinations of pairs of input parameter values. For example, 
consider a system of 30 input parameters where each parameter 
can be assigned one of 10 values. Exhaustive testing would 
require the execution of 1030 input combinations. On the other 
hand, there are a total of 100 pairwise tests which capture all 
possible pairs of input values. Pairwise testing is based on the 
premise that most software faults can be captured by either 
single-value inputs or by an interaction between pairs of input 
values. Studies have shown pairwise testing to be a very 
practical and effective software testing criterion even though 
the size of test sets is dramatically reduced.  
                                            
*  Corresponding author, Email: golsung@naver.com 
Manuscript received May. 21, 2014; revised Jul. 01, 2014; 
accepted Jul. 08, 2014  

Traditional pairwise testing does not consider any 
relationships among input and outputs. It just requires input 
parameters and values which each input parameter can take on 
in order to generate pairwise test sets. The black-box nature of 
pairwise testing may miss some important tests [3]. For 
example, consider the following Boolean expressions with 
three Boolean input parameters (x, y, and z): F0=x or y; F1=F0 
or z. Then, the following test set of 4  tests captures all 
possible pairs of Boolean values for each pair of the Boolean 
variables x, y, and z: (x:T, y:T, z:T), (x:T, y:F, z:F), (x:F, y:T, 
z:F), and (x:F, y:F, z:T). Even when the operator ‘or’ is 
changed to ‘and’, the test set can also be a pairwise test set for 
the modified Boolean expressions because pairwise testing 
does not consider how inputs and outputs are related and what 
operators are used to connect them. Such ignorance in pairwise 
test generation can miss tests which would reveal certain faults 
such as ORF (Operator Reference Fault). 

We formulate the problem of generating pairwise tests 
from a cause-effect graph as a SAT (SATisfiability) problem 
and make advantage of a SAT solver for test generation. The 
idea of using a SAT solver was introduced in [4]. However, it 
is developed for test generation from feature diagrams used in 
the context of software product lines. We adapt the strategy to 
generate pairwise tests from cause-effect graphs. Specifically, 
we transform cause effect graphs into Alloy models and then 
produce pairwise tests via the Alloy analyzer [5]. Furthermore, 
we enhance traditional pairwise testing to consider how inputs 
and outputs are related and what operators are used to connect 
them.  

The rest of the paper is organized as follows. In Section 2, 
we present a brief overview of the cause-effect graph and give 
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Furthermore, the constraints among the nodes are 
transformed to Alloy facts because they must hold for all 
configurations. Table 1 shows the transformation rules for 
Alloy facts. 

 
Table 1. Transformation rules for Alloy facts 

Constraints Alloy facts 
Ident(N1, N2) all c: Config | #c.f1=#c.f2 

AND(N1, {N2,…,Nm}) all c: Config | #c.f2=1 and #c.f3=1  
and … and #c.fm=1<=>c.f1=1 

OR(N1, {N2,…,Nm}) All c:Config| #(c.f2+...+c.fm)>=1<=> 
c.f1=1  

NOT(N1, N2) all c: Config | #c.f1=0<=>#c.f2=1 
E(N1, …, Nm) all c: Config |#(c.f2+...+c.fm)<=1 
I(N1, …, Nm) all c: Config |#(c.f2+...+c.fm)>=1 
O(N1, …, Nm) all c: Config |#(c.f2+...+c.fm)=1 
R(N1, N2) all c: Config |#c.f1=1=>c.f2=1 
M(N1, N2) all c: Config |#c.f1=1=>c.f2=0 
 

Fig. 6 shows the Alloy facts which represent the relations 
and constraints in the cause-effect graph of Fig. 3. 

 

Fig. 6. Alloy facts for the cause-effect graph in Fig. 3 
 

3.3 Pairwise Test Generation 
Once a cause-effect graph has transformed to the Alloy 

model, we generate all possible combinations of pairs of nodes 
of the graph. If there are N nodes, there are a total of 2NC2. Of 
course, we need to remove the pairs with repetitions of the 
same node. For example, the cause-effect graph in Fig. 1 
generates 180 pairwise tests with 10 repetitions of the same 
node removed. 

In the next step, we need to eliminate the pairs which are 
not valid with respect to the Alloy model. A combination of 
nodes is said to be valid if it satisfies the semantics of the 
cause-effect graph. In order to determine if a pair satisfies the 
semantics of a cause-effect graph, we just check if there exists 
a configuration where the pair holds true. For example, 
consider the situation which both of the causes C2 and C4 in 
Fig. 1 are true. We know that C2 and C4 can never hold 
simultaneously because an Exclusive-or constraint between 
them exists. In the first place, we formulate the pair as the 
following Alloy predicate:  

 
pred t68 { 
 some c: Config |  #c.f6=1 and #c.f8=1 
} 
 

 

We perform the semantic check by giving a bound of 
exactly one on the Configuration signature. Then, the Alloy 
analyzer looks for an instance of the predicate, which would 
fail in the present case. In the example cause-effect graph, 36 
invalid pairs are captured, leading to 144 valid pairs which 
should be covered by tests. 

Finally, we generate pairwise tests from the Alloy model 
with valid pairs. Observe that we are concerned with tests 
consisting of only causes. Thus, nodes except causes need to be 
projected out from valid configurations.  In the case of the 
example Alloy model, this can be done with the following 
predicate: 

 
pred construct_test[c: Config, t: Test] { 

#t.t1=#c.f5 and 
#t.t2=#c.f6 and 
#t.t3=#c.f7 and  
#t.t4=#c.f8 

} 
 
sig Test { 

t1: lone C1, 
t2: lone C2, 
t3: lone C3, 
t4: lone C4 

} 
 

For example, in order to determine if it is possible to 
derive a test which cover two pairs, (C1:1, C2:0) and (C4:1, 
I1:0), the following predicate is employed:  

 
pred testGen { 

some t: Test|some c: Config |  #c.f5=1 and #c.f6=0 and 
construct_test[c, t] 
some t: Test|some c: Config |  #c.f8=1 and #c.f1=0 and 
construct_test[c, t] 

} 
 

We can generate pairwise tests by including all the Alloy 
representations of valid pairs in the above ‘testGen’ predicate 
and solve the resulting Alloy model at once. However this 
approach may fail if the number of pairs to be covered is huge.  

In this paper, incremental test generation is performed. In 
the incremental approach, we continue to add a new pair until 
solutions can be found within the specified scope. If the Alloy 
analyzer fails to find any solutions to the Alloy model, the 
current scope value is incremented by one and tries to solve the 
model in that incremented scope. This process continues until 
no more pairs to be considered exist or the specified scope is 
reached. If the specified scope is reached and there still remain 
pairs to be considered, we reset the scope and the process is 
repeated for the remaining pairs. We then delete all the 
redundant tests in the final test suite. 

 
Table 2. A test set generated using our approach 

C1 1 1 0 1 1 0 
C2 0 1 1 1 0 0 
C3 0 0 0 1 1 0 

fact { 
 all c: Config | (#c.f5=1 and #c.f6=1) <=> #c.f1 = 1 
 all c: Config | (#c.f2 = 1 <=> #c.f1=0) 
 all c: Config | #(c.f2+c.f7)>=1 <=> #c.f3=1 
 all c: Config | #c.f3= 1 <=> #c.f9=1 
 all c: Config | (#c.f3=1 and #c.f8=1) <=> #c.f4=1 
 all c: Config | #c.f4=1 <=> #c.f10=1 
 all c: Config | #(c.f8+c.f6)<=1 
 all c: Config | #c.f7=1=>#c.f5=1 
} 



 Insa
 

C4 0 
I1 0 
I2 1 
I3 1 
I4 0 
E1 1 
E2 0 
 

In the exa
follows: (1,0,0
(0,0,0,1). Her
corresponds t
carried out for
[13], the foll
(0,0,0,0), (1,0
(0,1,1,1) is no
between C1 an
using our appr

Note that
interactions of
the pair (C2:
indicates that t
The proposed
(0,1,0,0) whic
where every c
set. However, 
C2 and C4 ar
leading to E2=

The mo
WBPairwise 
mentioned in 
internal operat
deal with the c
For certain ca
not guarantee
which test sets

 

Fig. 7. The c

 
For exam

which cause o
the node I2 in 
every pairwise

 
 
 

ang Chung : Mo

0 
1 
0 
0 
0 
0 
0 

ample cause-ef
0,0), (1,1,0,0), 
re the value i
to Ci. If tradit
r the example u
lowing 5 tests

0,1,0), (1,1,0,0)
ot valid because
nd C3. Table 2 
roach. 
t the traditional
f nodes of the 
1, E1:1) is no
the situation wh
d approach ge
ch cover the pa
ause can affect 
the case where

re related with 
=0.  
ost relevant w

algorithm [3
the above, th

tions which com
constraints amo
ses, furthermor

e full pairwise 
s are firstly gen

ause-effect grap
satisfy full p

mple, if the WBP
only one Boole
Fig. 7, then it d

e combination o

odeling Pairwis

Interna

0 0 
0 1 
1 0 
1 1 
0 0 
1 1 
0 0 

ffect graph, 6 te
(0,1,0,0), (1,1

in the i-th po
tional pairwise
using PICT dev
s would be g
, and (1,0,0,1)
e there exists t
shows the resu

l approach does
cause-effect gr
ot covered by
here C2 affects
enerates the t
air. We also en
every effect ar

e E2=1 when C2
Exclusive-Or, 

work to our 
]. Unlike tra
he WBPairwise
mbine inputs. H
ong the causes s
re, the WBPairw

coverage beca
nerated on each 

 
ph where the W
pairwise covera

Pairwise algori
ean value (eithe
does not genera
of the two node

se Test Generat

ational Journal

1 
0 
1 
1 
1 
1 
1 

ests are generat
,1,0), (1,0,1,1),
sition of each

e test generatio
veloped at Micr
generated: (0,1
. However, the
the Require rel
ulting test sets w

s not include ce
raphs. For exam
 the test set. 

s E1 can be ign
tests (1,1,1,0) 
nsure that all c

re covered in the
2=1 is absent. S
C4=0 when C

technique is 
aditional strat
e further cons

However, it doe
such as Exclusiv
wise algorithm 
ause it depend
node. 

 

WBPairwise fail
age 

ithm generates 
er True or Fals
ate tests which c
s D and I2.  

tion from Cause

l of Contents, V

1 
0 
1 
1 
1 
1 
1 

ed as 
, and 

h test 
on is 
rosoft 
,1,1), 
e test 
lation 
when 

ertain 
mple, 
This 

nored.  
and 

cases 
e test 
Since 

C2=1, 

the 
egies 

siders 
es not 
ve-or. 
does 

ds on 

ls to 

tests 
se) in 
cover 

Tab
caus

A
B
C
D

gene
take
can 
As f
SAT
tests
WBP
gene
perf
Tab
base

 

from
the 
from
and 
pairw
effe
our 
beca
cont
unce
num
optim
pairw
are r

eval
grap
 
 

Uni
 

[1]

[2]

[3]

e-Effect Graphs

Vol.10, No.3, Sep

le 3. Pairwise 
se-effect graph 

A 1 
B 0 
C 1 
D 0 

The work in th
eration problem
e advantage of a
readily cope w
far as Alloy mo
T solvers, our S
s even in situ
Pairwise algor
erate all possi
forms exhaustiv
le 3 shows one
ed technique for

4. C

We presented
m a cause-effec
observation th

m a cause-effect
we can take 

wise test gene
ctively handle 
approach can 

ause Alloy perf
trast, previous 
ertain if the g

mber of tests an
mal pairwise 
wise tests, our 
related and wha

As future wo
luation of our 
phs to investiga

A

This research
iversity.  

G. J. Meyers, 
Sons, 1979.
C. Nie and H.
ACM Comput
J. Kim, K. Ch
pairwise test 
Conference on

s as a Boolean S

p. 2014 

test set genera
in Fig. 7 

1 0 
1 1 
0 1 
0 0 

his paper is bas
m can be formu
a SAT solver fo

with any constra
odels for test ge
SAT-based tec
ations where o

rithm fails. Fu
ible optimal p
ve search for 
e of optimal tes
r the cause-effe

 
CONCLUDING

d a technique w
ct graph. The w
at the problem
t graph can be 
advantage of 

eration. Using 
any constraint
generate all po

forms exhaustiv
pairwise test g
enerated tests 

nd also are not a
tests. In order
technique cons

at operators are 
ork, we plan 
approach using
te scalability is

ACKNOWLEG
 

h was financia

REFEREN
 

The Art of Sof

 Leung, “A sur
ting Surveys, v

hoi, D. M. Hoffm
case generati

n Quality Softw

Satisfiability Pr

ated by our ap

1 
0 
1 
1 

sed on the obser
ulated as a SAT
or solutions. Co
ints among inpu
eneration can b
hnique can gen
other methods 

urthermore our 
pairwise tests 

given bounds.
st sets generate
ect graph in Fig

G REMARKS 

which generates
work in this pap
m of generating

formulated as a
a SAT solver
a SAT solver

ts among input
ossible optimal
ve search for gi
generation appr
are optimal in

able to enumer
r to produce m
siders how inpu
used to connec
to conduct m

g more comple
sues.  

GEMENTS 

ally supported

NCES 

ftware Testing, 

rvey of combina
ol. 43, no. 2, 20
man, and G. Jun
ion,” Proc. 7th

ware, 2007, pp. 2

roblem 45

pproach for the

0 0 
0 0 
1 0 
1 0 

rvation that test
T problem and

onsequently, we
uts and outputs

be solved by its
nerate pairwise

including the
approach can

because Alloy
 For example,

ed by our SAT-
g. 7. 

s pairwise tests
per is based on

g pairwise tests
a SAT problem
r for effective
r allows us to
ts. In addition,
l pairwise tests
iven bounds. In
roaches remain
n terms of the
rate all possible
more effective
uts and outputs
ct them.  
more extensive
ex cause-effect

d by Hansung

John Wiley &

atorial testing,”
011. 
ng, “White box
h International
289-291. 

e 

t 
d 
e 
s. 
s 
e 
e 
n 
y 
, 
-

s 
n 
s 

m 
e 
o 
, 
s 
n 
n 
e 
e 
e 
s 

e 
t 

g 

& 

” 

x 
l 



46 Insang Chung : Modeling Pairwise Test Generation from Cause-Effect Graphs as a Boolean Satisfiability Problem 
 

International Journal of Contents, Vol.10, No.3, Sep. 2014 

[4] G. Perrouin, S. Sen, J. Klein, J. B. Baudry, and Y. le 
Traon, “Automated and scalable t-wise test case 
generation strategies for software product lines,” Proc. 
ICST2010, pp. 459-468. 

[5] D. Jackson, Software Abstractions, The MIT Press, 2006. 
[6] K. C. Tai and Yu Lei, “A test generation strategy for 

pairwise testing,” IEEE Trans. on Software Engineering, 
vol. 28, no. 1, 2002, pp.109-111. 

[7] D. M. Cohen, S. R. Dalal, M. L. Fredman, and G. C. 
Patton, “The AETG system: an approach to testing based 
on combinatorial design,” IEEE Trans. on Software 
Engineering, vol. 23, no. 7, 1997, pp. 437-444. 

[8] Pedro Flores and Y. Cheon, “PWiseGen: generating test 
Cases for pairwise testing,” Proc. the 2011 IEEE 
International Conference on Computer Science and 
Automation Engineering (CSAE 2011), 2011, pp. 747-752. 

[9] C. Lott, A. Jain, and S. Dalal, “Modeling requirements for 
combinatorial software testing,” Proc. the 1st International 
Workshop on Advances in Model-based Testing, 2005, pp. 
1-7. 

[10] M. Patil and P. J. Nikumbh, “Pair-wise testing using 
simulated annealing,” Proc. 2nd International Conference 
on Computer, Communication, Control and Information 
Technology (C3IT-2012), Feb. 2012, pp. 25-26. 

[11] M. B. Cohen, M. B. Dwyer, and J. Shi. “Constructing 
interaction test suites for highly-configurable systems in 
the presence of constraints: a greedy approach,” IEEE 
Transactions on Software Engineering, vol. 34, no. 5, 
2008, pp. 633-650. 

[12] Julien Brunel, David Chemouil, Vincent Ibanez, and 
Nicolas Meledo, “Formal Modelling and Safety Analysis 
of an Avionic Functional Architecture with Alloy,” Proc. 
ERTS2 (Embedded Real Time Software and Systems), 
2014.  

[13] J. Czerwonka, “PICT-Pairwise testing in the real world: 
practical extensions to test-case scenarios,” Proc. the 24th 
Pacific Northwest Software Quality Conference, Oct. 
2006, pp. 419-430. 
 

 
Insang Chung 
Dr. Insang Chung is a Professor in 
Department of  Computer Engineering, 
Hansung University, Seoul, S. Korea. He 
received his Bachelor of Engineering 
degree at Seoul University, S. Korea in 
1987. He also received MS and PhD in 
Computer Science from KAIST(Korea 

Advanced Institute of Science and Technology), S. Korea in 
1989 and 1993, respectively. His research interests are in 
automated test data generation, formal techniques including 
model checking and testing process for automotive software. 
He has authored many refereed journals and conference papers 
about software testing.  


