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Abstract. All software systems are built with basic components which interact 
with each other through predefined combination rules. As the number of com-
ponents increases, the interactions between the components also increases ex-
ponentially which cause the combinatorial explosion problem. This mean com-
plete (exhaustive) testing becomes unreasonable due to the huge number of pos-
sible combinations. Although 2-way interaction testing (i.e. pairwise testing) 
can relief and detect 50-97 percent of errors, empirical evidence has proved that 
2-way interaction testing is a poor strategy for testing highly interactive systems 
and it has been showed that most of the errors are triggered by the interaction of 
2-6 input parameters. In this paper we enhanced our previous strategy, “A Tree 
Based Strategy for Test Data Generation and Cost Calculation” by applying 
parallel algorithms to go beyond pairwise testing. The proposed strategy can 
support higher interaction testing. The designed algorithms are described in de-
tails with efficient empirical results.  

Keywords: parallel algorithms, combinatorial interaction testing, software test-
ing, T-way testing. 

1   Introduction 

Testing [1] is an activity that aims to evaluate the attributes or capabilities of software 
or hardware products, and determines if the products have met their requirements. 
Testing in general is a very important phase of the development cycle for both soft-
ware and hardware products [2], [3]. Testing helps to reveal the hidden problems in 
the product, which otherwise goes unnoticed providing a false sense of well being. It 
is said to cover 40 to 50 percent of the development cost and resources [7]. Although 
important to quality and widely deployed by programmers and testers, testing still 
remains an art. A good set of test data is one that has a high chance of uncovering 
previously unknown errors at a faster pace. For a successful test run of a system, we 
need to construct a good set of test data covering all interactions among system com-
ponents.   
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Failures of hardware and software systems are often caused due to unexpected in-
teractions among system components [24]. The failure of any system may be catas-
trophic that we may lose very important data or fortunes or sometimes even lives. The 
main reason for failure is the lack of proper testing. A complete test requires testing 
all possible combinations of interactions, which can be exorbitant even for medium 
sized projects due to the huge number of combinations (Combinatorial explosion 
problem).  

Testing all pairwise (2-way) interactions between input components helps to reveal 
the Combinatorial explosion problem and can ensure the detection of 50 – 97 percent 
of faults [10], [11], [12], [13], [14], [15], [16], [23]. Although using pairwise testing 
gives a good percentage of reduction in fault coverage, empirical studies show that 
pairwise testing is not sufficient enough for highly interactive systems [9], [17], [4] 
and constructing a minimum test set for combinatorial interaction is still a NP com-
plete problem [14], [7] and there is no strategy can claim that it has the best generated 
test suite size for all cases and systems. Therefore, based on the above argument, this 
work comes to extend our previous strategy “A Tree Based Strategy for Test Data 
Generation and Cost Calculation” by applying parallel algorithms to go beyond pair-
wise testing (2-way interactions). The proposed strategy can support higher interac-
tion testing. 

The remainder of this paper is organized as follows. Section 2 presents the related 
work. In Section 3, the proposed tree generation and the iterative T-way cost calcula-
tion strategy is illustrated and its correctness has been proved with an example. Sec-
tion 4 proves the performance of the proposed strategy with efficient empirical re-
sults. Section 5 provides the conclusion and lists the main advantages of the proposed 
strategy. 

2   Related Work 

Most of existing strategies support pairwise combinatorial interaction testing and a 
few have been extended to work for T-way testing. 

AETG [10,][15] and its variant mAETG [21] employ the computational approach 
based on the criteria that every test case covers as many uncovered combinations as 
possible. The AETG uses a random search algorithm and hence the test cases are 
generated in a highly non-deterministic fashion [22]. 

In Genetic algorithm [14] an initial population of individuals (test cases) are cre-
ated and then the fitness of the created individuals is calculated. This approach fol-
lows a non deterministic methodology similar to the Ant Colony Algorithm [14] in 
which each path from start to end point is associated with a candidate solution. 

IPO [16] Strategy for pairwise testing starts constructing the test cases by consider-
ing the first two parameters, then uses a horizontal and vertical growth until all the 
pairs in the covering array are covered in a deterministic fashion. IPOG [9], [17] strat-
egy extends IPO to support T-way interactions. 

The IRPS Strategy [23] linked lists to search best test cases in a deterministic fash-
ion. G2Way [8], [7] uses backtracking strategy to generate the test cases. TConfig  
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[18] uses recursive algorithm for T-way testing by applying the theory of orthogonal 
Latin squares. Jenny [19] first covers one way interaction, then pairs of features, then 
triples, and so forth up to the n-tuples requested by the user. WHITCH is IBM’s Intel-
ligent Test Case Handler [5], [6]. With the given coverage properties it uses combina-
torial algorithms to construct test suites over large parameter spaces. TVG [20] com-
bines both behaviour and data modelling techniques. 

Although the importance work that have been done in the past by researchers, test 
suite generation for combinatorial interaction testing still remains a research area and 
NP complete problem that needs more exploration. 

3   The Proposed Strategy 

The proposed strategy constructs in parallel the testing tree based on the number of 
parameters and values. Number of base branches depends on the number of values of 
the first parameter. i.e. if the first parameter has 3 values then the tree also would have 
3 base branches. Therefore every branch construction starts by getting one value of 
the first parameter i.e. branch T1 gets the first value, T2 gets the second value and so 
on. After the base branches are constructed one child thread is assigned to every 
branch and the further construction takes place in a parallel manner. Each of the 
branches considers all values of all the other parameters two, three…T where T is the 
total number of parameters. All the branches consider the values of the parameters in 
the same order. Suppose the following simple system with four parameters to illus-
trate the concept of the algorithm: 

• Parameter A has two values A1 and A2. 
• Parameter B has one value B1.  
• Parameter C has three values C1, C2 and C3. 
• Parameter D has two values D1 and D2. 

Here the illustration will be for a 3-way combinatorial interactions testing. The al-
gorithm starts constructing the test-tree by considering the first parameter. As the first 
parameter has two values the tree is said to have two base branches with the first 
branch using A1 and the second branch using A2. Then each of the branches is con-
structed in parallel by considering all the values of the second parameter, then the 
third and fourth and so on. When the branches are fully constructed the leaf nodes 
gives all the test cases that has to be considered for cost calculation. Since all of the 
branches are constructed in parallel there is a significant reduction in time. Figure 1 
shows the test tree for the system above. 

Figure 1 below shows how the test-tree would be constructed. The initial test cases 
are T1 (A1, B1, C1, D1), T2 (A1, B1, C1, D2), T3 (A1, B1, C2, D1), T4 (A1, B1, C2, 
D2), T5 (A1, B1, C3, D1), T6 (A1, B1, C3, D2), T7 (A2, B1, C1, D1), T8 (A2, B1, 
C1, D2), T9 (A2, B1, C2, D1), T10 (A2, B1, C2, D2), T11 (A2, B1, C3, D1) and T12 
(A2, B1, C3, D2).  
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Fig. 1. Test-tree construction 

Once the parallel tree construction is over we are ready with all the test cases to 
start the parallel iterative cost calculation. In this strategy the cost of the leaf nodes in 
each of the lists are calculated in parallel in order to reduce the execution time.  

Table 1. 3-way interaction covering array 

A, B, C A, B, D A, C, D B, C, D 

A1,B1, C1 A1,B1, D1 A1, C1, D1 B1,C1, D1 

A1, B1,C2 A1, B1,D2 A1, C1, D2 B1,C1, D2 

A1, B1,C3 A2, B1,D1 A1, C2, D1 B1,C2, D1 

A2, B1,C1 A2, B1,D2 A1, C2, D2 B1,C2, D2 

A2, B1,C2  A1, C3, D1 B1,C3, D1 

A2, B1,C3  A1, C3, D2 B1,C3, D2 

  A2, C1, D1  

  A2, C1, D2  

  A2, C2, D1  

  A2, C2, D2  

  A2, C3, D1  

  A2, C3, D2  
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The cost of a particular test case is the maximum number of T-way combinations 
that it can cover from the covering array. Table 1 shows the covering array for 3-way 
combination i.e. [A, B, C], [A, B, D], [A, C, D] and [B, C, D], for the example in 
Figure 1. The covering array for the above example has 28 3-way interactions which 
have to be covered by any test suite generated to enable a complete 3-way interaction 
testing of the system. Table 2 shows how the cost calculation works iteratively to 
generate the test suite. Table 2 also shows the order in which the various test cases are 
actually included in the test suite. 

Table 2. Generated test suite for 3-way combinatorial interaction 

Test 
Case 
No. 

Test Case 

Iteration/ 
Child 

Thread 
No. 

Max 

Weight
Covered pairs 

T1 A1,B1,C1,D1 1/1 4 [A1,B1,C1][A1,B1,D1][A1,C1,D1][B1,C1,D1] 

T4 A1,B1,C2,D2 1/1 4 [A1,B1,C2][A1,B1,D2][A1,C2,D2][B1,C2,D2] 

T8 A2,B1,C1,D2 ½ 4 [A2,B1,C1][A2,B1,D2][A2,C1,D2][B1,C1,D2] 

T9 A2,B1,C2,D1 ½ 4 [A2,B1,C2][A2,B1,D1][A2,C2,D1][B1,C2,D1] 

T5 A1,B1,C3,D1 2/1 3 [A1,B1,C3][A1,C3,D1][B1,C3,D1] 

T12 A2,B1,C3,D2 2/1 3 [A2,B1,C3][A2,C3,D2][B1,C3,D2] 

T2 A1,B1,C1,D2 3/1 1 [A1,C1,D2] 

T3 A1,B1,C2,D1 3/1 1 [A1,C2,D1] 

T6 A1,B1,C3,D2 3/1 1 [A1,C3,D2] 

T7 A2,B1,C1,D1 3/2 1 [A2,C1,D1] 

T10 A2,B1,C2,D2 3/2 1 [A2,C2,D2] 

T11 A2,B1,C3,D1 3/2 1 [A2,C3,D1] 

The tree example shown in Fig. 2 explains how the test cases are constructed. In 
reality we may need only the leaf nodes and all the intermediate nodes are not used 
this increase the efficiency by minimising the number of nodes and giving importance 
only to the leaf nodes at every stage. 

4   Empirical Results 

With an example shown in Figure 1 at Section 4, the generated test suit (Table 2) has 
covered all the 3-way combinations (28) in Table 1, thus proving the correctness of 
the proposed strategy.  

To evaluate the efficiency of the strategy for T -way test data generation, we con-
sider six different configurations. The first three configurations have non-uniform 
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parametric values. The other three configurations have a uniform number of values 
for all parameters. The six system configurations used are summarized as follows: 

• S1: 3 parameters with 3, 2 and 3 values respectively. 
• S2: 4 parameters with 2,1,2 and 1 values respectively 
• S3: 5 parameters with 3, 2, 1, 2 and 2 values respectively. 
• S4: 3 3-valued parameters 
• S5: 4 3-valued parameters. 
• S6: 5 2-valued parameters. 

Table 3. 2-way results 

System 
Exhaustive 
number  of 
test cases 

2-way 
Test 
suite 
size 

2-way 
Reduction 

% 

S1 18 9 50% 

S2 4 4 0% 

S3 24 7 70.83% 

S4 27 9 66.67% 

S5 81 9 88.89% 

S6 32 7 78.13% 

Table 4. 3-way results 

System 
Exhaustive 
number  of 
test cases 

3-way 
Test 
suite 
size 

3-way 
Reduction 

% 

S2 4 4 0% 

S3 24 16 33.33% 

S5 81 31 61.73% 

S6 32 12 62.5% 

In Tables 3 and 4, column 2 shows the exhaustive number of test cases for each 
system. The last column shows the percentage of reduction achieved by using our 
strategy. 

Results in Tables 3 and 4 demonstrate that our strategy is an efficient strategy in 
test size reduction. In Table 3 with pairwise test suite size reduction, in some cases a 
high reduction is achieved, as in systems S5 and S6 (more than 75%). In case of  
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system S2, there is no reduction achieved because this is the minimum test suite size. 
In Table 4, which shows the 3-way test suite results there is reduction achieved in 
case of systems S3, S5 and S6, but in case of S2 no reduction is achieved as this is the 
minimum test suite size. The other systems such as S1 and S4 have 3 parameters only 
and therefore cannot be considered for 3-way test suite reductions. Thus, the tables 3 
and 4 reveal that the proposed strategy works well for T-way test suite size reduction, 
for both parameters with uniform as well as non-uniform values. 

5   Conclusion 

In this paper a tree test generation strategy has been designed to support a parallel 
higher strength test interactions. The correctness of the proposed strategy has been 
proved in section 4 (Tables 2). Empirical results in Section 5 shows that our strategy 
is an efficient strategy in test size reduction and can generate highly reduced test 
suites. Our strategy includes only the minimum number of test cases which have cov-
ered the maximum number of T-way combinations into the generated test suite in 
each iteration, thus making it different from other strategies. Tables 3 and 4 reveal 
that the proposed strategy works well for different test strength (T) values, and can 
produce an efficient and reduced test suite size, for both uniform as well as non-
uniform parametric values. Even though a good result in reduction achieved; there is a 
drawback in the first step of this strategy (i.e. generating the tree of test cases before 
reduction starts) which produce a huge number of test cases especially when the soft-
ware under test has a large number of parameters.  Improving will be in a future work.  
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