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Example: Bounded-Stack

public class BoundedStack {
private int[] elems;
private int numberOfElements;
private int max;

public BoundedStack() {...}

public void push(int k) {...}
public void pop() {...}

public int top() {...}3

public boolean isEmpty() {...}

}
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VbCabuIary

Q A test suite
> Set of test cases
» Size: number of test cases
Qd A test case
» Sequence of method calls
» Size: number method calls
Q Example:
» T1: BoundedStack(); pop(); top();
» T2: BoundedStack(); IsEmpty(); push(6);

B



] To test the class,

> Init the object

» Apply different instantiated calls

. Scenario: C; M33
» C ={"“intres; stack s = new stack(); inti=-1;"}
» M = {“s.push(i++);”;
“s.push(-1);”;
“s.pop();”;
“s.top();” }
1 Complete unfolding => Test suite of 43 test cases




public class Testsulte_BS1 extends TestCase {
public void testSequence_1() {

public void testSequence_7() {

public void testSequence_15() {
int res; stack s = new stack(); int 1 =
res = s.top(); s.pop(); s.push(-1); res =

int res; stack s = new stack(); int 1 = -1;
s.push(i++); s.push(i++); s.push(i++); s.push(i++);

int res: stack s = mnew stack(); int 1 = =1;
s.push(=1): s.pep(); res = s.topQ): s.push{i++); }

== i

;.tnp(); }

¥

Oracle is not the subject of the article.
It can be implemented with assertions embedded in the code




Jd C M33 ->C; M19-10 (for instance)

» Combinatorial explosion!

» S0 many test cases might not be relevant (execution cost)

] Need to select a subset of test cases

] Different strategies for selection

» Randomly: But how many ?

» W.r.t some coverage criteria: why not pairwise ?

o Simple to apply

o A priori relevant in the sense that the order of calls has an importance
push(1); pop(); different from pop(); push(1);
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Is this coverage relevant?

L Experimentation
1 Hypothesis: Random better than pairwise

] Subjects: 15 classes under tests

» Containers and other types of classes with internal classes

] Test suites generated from scenarios: C; M/
» 252 test configurations = { SUT, C, M, I }

» Pairwise selection with ACT => 100 test suites by configurations

» Random selection => 100 test suites by configurations, same size




Test sulte size

Number of method calls

IC| | M| 3 & 5 6 7 8 9 10 11 12 13 14 15 16
7] 8 65 70 75 8 8 88 90 91 96 96 102 102 105
8|1 64 96 96 101 101 107 109 116 118 123 123 124 128 133
91 95 102 112 120 125 129 135 137 144 151 154 160 162 167
11| 154 162 169 178 185 193 205 215 223 251 251 251 251 251
14 | 232 252 254 254 254 254 254 254 254 254 254 254 254 254
16 [ 256 256 256 256 256 256 256 256 256 256 256 256 256 256
10 ] 124 142 142 150 155 160 168 176 183 183 190 195 201 201

fad — o = — — —

Fig. 6. Size of the test suites for each test configuration (i.e., number of test cases in a test suite)
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Mutation aalysis

] Mutant = Program under test + a single fault

» Fault introduced w.r.t. mutation operator (e.g. + is transformed into -)
» Mutant killed if Mutant and Original programs give different results

» Mutation score: number of mutant killed by a test suite

J Trivial mutants are removed

» Mutants killed by a test case composed of a single method call

» Not relevant w.r.t. Pairwise hypothesis

] 1720 Non trivial mutants for the 15 classes under test

] Experimentation: comparing mutation score
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[ 3 [ 4 [ 5 [ & [ 7 | 8 | El [ 10 [ 11 | 12 | 13 [ 14 [ 15 | 16
Array Stuck
R 15.12 {2.10) 17.35 (0.93) 17.91 (0.32) 18,12 (043} 18.00 (0.00} 18.01 (0.10) 18.05 (0.22) 18.04 (0.20) 18.02 (0.14) 1804 (0.20) 18.05 (0.22) 15,00 (0,001 18,05 (0.22) 18,45 (296)
P ‘ 1609 (1.35) ‘ 17.77 (0.53) ‘ 17.95 (0.26) ‘ 18,00 (0.00) ‘ 18.00 (0,00} | 18.00 (0.00) ‘ 18.06 (0.24) ‘ 18,03 (217} ‘ 18.27 (2:10) ‘ 18.22.{2.09) | 18.46 (2.94) ‘ 18.26 12100 ‘ 18.26 {2.10) | 18,68 (3.58)
AVLTre
R T7.03 (5.62) 35.90 (5.99) 41.48 (4.32) 4340 (272) 478 (110} 45.40 (0.92) 45,66 (0.76) 45.82 {0.58) 45.04 (0.34) 45.96 (0.28) 46.34 (0.61) 46.00 (0,000 46.00 {0.00) 46,00 (0.00)
P ‘ 28.61 (4.66) ‘ 36,79 (5.49) ‘ 42.36 (3.63) ‘ 4440 (163} ‘ A48T (1.34) | 45.31 (0.96) ‘ 4574 (0.67) ‘ 45,90 (0.44) ‘ 45.94 (0.34) ‘ 46.00 {0.00) | 45.98 (0.20) ‘ 4598 (0,209 ‘ 4600 {0.00) | 46,00 {0.00)
BankCardKemel
R 73529 (18.10) 268 47 (24.96) 2REO1 (25.52) 306,76 (15.36) 3612 (14.25) 7456 (10.29) 370.68 (10,36} 33231 (1Z,15) 336,71 (9.61) 3074 (9.12) AT (1L95) 336,43 (1031) 35163 (1231} 353,83 (11.32)
P | 247 .61 (17.68) | 275.20 {23.81) | 20534 (18.96) | 30476 (12.75) | 316.69 (10.65) | 323,79 (11.27) | 328.31 (11.73) | 331.20 {10,29) | 337.40 (9.58) | 341.01 (9.13} | 345,79 {9.79) | 348.89 (10.10) | 35176 {10.93) | 354.92 (11.78)
Binary SearchTee
R ‘ T1.9% (8.23) ‘ 8376 (4.79) ‘ §7.63 (3.33) ‘ 9LTE (4.09) ‘ 94,43 (4.3T) | 96,10 (4.62) ‘ 97,80 (4.53) ‘ 100,25 (4.70) ‘ 100.77 {4.84) ‘ 102.54 (4.37) | 103,13 {4.39) ‘ 103.15 (4.00) ‘ 104.52 (3.47) | 10476 (3.41)
P 75.57 (6.78) B4.68 (3.24) §9.73 (3.36) 9162 (3.49) 03,84 (4.32) 95.67 (4.20) 97.76 (4.69) 99.76 {4.88) 101,13 (4.63) 102.34 (4.52) 103.19 (4.30) 10336 (4.06) 104.44 (3.72) 105.00 (3.23)
Binary SearchTree 8
R 38.59 (14.03) 66,66 {10.72) 78.54 (6.60) B4.41 (4.34) BT.68 (475} 91.32 (3.49) 92,74 (3.18) 93.50 {1.89) 04,29 (2.32) 95.01 {282) D348 (2.40) 96,35 (3.29) 96,50 {3.24) 6,46 (3.18)
P ‘ 4037 (11.99) ‘ 69.31 (8.97) ‘ T2.60 (6.07) ‘ B5.65 (4.51) ‘ BE.81 (3.86) | 9142 (2.99) ‘ 93.13 (246) 93,88 (23%) ‘ 0477 (229) ‘ 94.94 (1.98) | 93,54 (2.65) ‘ 96,29 (3.12) ‘ 96,60 (3:41) | 97.06 (3.35)
HincmialHeap
3 41.25 (R.76) S1.10 (3.44) 5330 (2.12) 5824 (3.22) 60,83 (280} BZAT (1.39) GLED [0.70) G299 [044) 63.07 (0.36) B3.13 {L37) 63.13 (0.37) 63,15 (0.36) 63.20 {0.40) 63.29 (0.46)
P ‘ 43,38 (6.12) ‘ 51.31 (3.02) ‘ 54.53 (2.18) ‘ 57.80 (3.17) ‘ 6113 (283) | 62.30 (1.87) ‘ 6296 (0.56) 62,98 (1L33) ‘ 63.05 (0.22) ‘ 63,07 {0.35) | 63,11 (0.31) ‘ 63,12 (0.33) ‘ 63.20 (0.40) | 63,25 (0.43)
BinomialQueue
R 5164 (5.91) 6161 (6.07) 68.58 (4.49) 73.05 (2.89) 75.32 (1.69) T6.31 (1.56) T7.27 (0.98) T7.75 {0.98) T8.03 (1.06) TH.A3 (0LET) TR.73 (0.81) TEO0 (0.64) 7903 {0.52) 79,06 (0.58)
P ‘ 5376 (4.51) ‘ 63,52 (5.66) ‘ T0.12 (3.82) ‘ 73.35 (2.57) ‘ 75.57 (L51) | 76.39 (1.25) ‘ TTAG (1.04) ‘ 7791 (091} ‘ 78.36 (074) ‘ TE.66 (0.62) | 78,94 (0.58) ‘ 79.05 (0.52) ‘ 70,10 (0.44) | 79,20 {0.43)
BinTmee
R T6.67 (9.38) 92.22 {5.25) 98.86 (2.59) 101.56 (196} 102.09 {0.57) 102.31 {0.49) 101.45 (050} 101.65 (0.50% 10178 {0.42) 101.97 (0.22) 101.95 (0.22) 101.97 (0.22) 10199 (110} 102.00 (0.00)
P ‘ 76.85 {1001} ‘ 93.16 (5.18) ‘ 99.40 (2.38) ‘ 10164 (0.56) ‘ 102.09 {0.45) | 102.41 (0,49 ‘ 102.60 (0.49) ‘ 101.78 (041} ‘ 10184 {0.37) ‘ 101.92 (0.27) | 10197 {(0.17) ‘ 101.99 (0,10} ‘ 102.00 (0.00) | 102,00 {0.00)
BoundedStack
R BOSF (B T05.17 (5.08) T1Z66 (3.70) TI6.82 (3.12) TI9.0F (3.76) TZ3.17 {3.96) 12450 (3.11) 12540 (2.25) T25.96 (0.83) T26.02 (10,14} T26.04 (0.20) T26.02 (0. 13} T26.09 (032) 126.05 (0.22)
P ‘ 90.14 (5.30) ‘ 106.39 14.45) ‘ 11277 (3.52) ‘ 116.26 (4.06) ‘ 12037 {4.67) | 122,69 {4.31) ‘ 124.65 (31.13) ‘ 125.54 (LT9) ‘ 125.94 {0.91) ‘ 126.01 (.10} | 126,00 {0.00) ‘ 126,02 (0.14) ‘ 126.03 (0.17) | 126,07 (0.26)
Hufter
R 131.42 (0.84) 132.00 (0.00) 132.00 (0.00) 132,03 (17 132.00 {0.00) 132.03 {0.17) 132.07 (0.26) 132,01 (0. 10) 132.05 (0.22) 132.02 (0.14) 132,03 (0.17) 132.03 (0.17) 132.00 (0.00) 132.02 (0.14)
P ‘ 131.72 (0:55) ‘ 132,00 (0.00) ‘ 132,00 (0.00) ‘ 132.04 {0:20) ‘ 13203 {17} | 132.00 {0.08) ‘ 132,05 (0.22) ‘ 132.02 (0 14) ‘ 132.00 {0.00) ‘ 132.03 (017} | 132:03 (0.17) ‘ 132,04 (0:20) ‘ 132.06 (0.24) | 132,08 (LIT)
loventory - Data Set |
[ 100:13 (1.29) 10091 (0.40) 101,00 (0.00) 101.03 (.17} 10100 (0.00) 101.00 {0.00) 101.00 (0.00) 101.04 (0:20) 101.00 {0.00) 101.00) (0.00) 101.00 {0.00) 101.00 {0.00) 101.00 (0.00) 101.00 (0.00)
P ‘ 101.00 (0.00) ‘ 10100 {0.00) ‘ 10100 (0.00) ‘ 10100 (0.00) ‘ 101,00 {00) | 10100 {0.08) ‘ 10101 (0.10) ‘ 101,00 (0:00) ‘ 10104 §0.20) ‘ 101.01 (010} | 10100 {0.00) ‘ 10101 {010 ‘ 101040 (0.00) | 100 (0.00)
Inventory - Data Set 2
R B6.21 (1.33) B7.99 (L.OT) BO.T5 (0.67) BO.BZ (073} D047 (081} 0110 (0.87) 9175 (0.74) [N 0257 (0.56) TLEF (0.39) UZ83 (0.43) 9295 (0.36) 9L (028) 9302 (0.25)
P ‘ 86.51 (0L58) ‘ B&.16 (0LET) ‘ §9.10 (0.76) ‘ BO.91 (0.69) ‘ 90.50 (0.81} | 91,17 (0.92) ‘ 9184 (0.85) ‘ 92:31 (0.76) ‘ 92.53 (0.69) ‘ 9283 {0.49) | 92,94 (0.34) ‘ 92.99 (0.26) ‘ 93.04 (0.37) | 93.07 {0.35)
Node
R 6.31 (0.88) 7.20 {0.84) 7.73 {0.51) 7.93 (0.41) 7.96 (0.20) 7.99 (0.10) 8.00 (0.00) B.04 (0.20) 7.99 (0.10) 8.00 (0.00) 5.00 (0.00) 8.02 (0.14) 2.00 (0.00) 8.00 (0.00)
P ‘ 6.60 {(0.81) ‘ 7.28 (L78) ‘ 7.58 {0.62) ‘ TET (34) ‘ 794 (0.24) | 7.99 (0.10) ‘ 8.02 (0.14) ‘ R.00 (0.00) ‘ B.02 (0L14) ‘ 500 (0,00} | 8,00 (0.00) ‘ .00 (0.00) ‘ 800 (0.00) | .00 (0.00}
Creus
R 42.21 (3.98) 50.46 (5.79) 57 48 (4.68) 60034 (1.83) 60,96 (0.0} 6100 (0.00) G100 (0.00) 61.00 {0.00) 61.00 (0.00) 61.00 (0.00) G101 (0.10) 61.00 (0.00) 61.00 {0.00) 6100 (0.00)
P ‘ 4153 (384 ‘ S0.86 (5.44) ‘ ST.86 (4.18) ‘ BOGL (L11) ‘ 61.00 {0.00) | 6100 (0.00) ‘ 6100 (0.00) ‘ 6100 {0.00) ‘ 61.00 (000} ‘ 6100 {0.00) | AL00 (0.00) ‘ 6100 (0,000 ‘ 6100 {0.00) | 61.00 (0.00)
RedBlackTiee
R T8.15 (0.82) TO.00 (0. 70) 2062 (0.60) ZOEY (D31} 2100 (0,00} 2100 (0.00) TLA0 (0.00) ZL.O0 {00 ZL15 (0.36) 2100 {0.00) Z1.00 (0.00) 2107 [0 ILIT{033) ZL08 (03]
P ‘ 13.41 (174) ‘ 19.91 {071} ‘ 20.67 (0.47) ‘ 095 (0.22) ‘ 21,00 (0.00) | 21,00 (0.00) ‘ 2100 (0.00) ‘ 2100 {00} ‘ 21,00 (0.00) ‘ 2101 {0.10) | 2100 (0.00) ‘ 2101 [0.100 ‘ 21.04 (0.20) | 21,10 (0.30)
VendingMachine 2
R 40,35 (1.34) 40.99 (0.10) 41.00 (0.00) £1.00 (0.00) 41.00 (0.00) 41.06 (0.24) 41.00 (0.00) 41.00 {0.00) 41.00 (0.00) 41.00 {0.00) 41.00 (0.00) 41.00 (0,000 41.00 {0.00) 41,00 (0.00)
P ‘ 4067 (0.57) ‘ 40.98 (0.14) ‘ 41.00 (0.00) ‘ 41,00 (0.00) ‘ 41.00 (0.00) | 41,00 (0.00) ‘ 4101 (0.10) ‘ 41.00 {(0.00) ‘ 41,00 (0.00) ‘ 4101 (0.10) | 41,00 (0.00) ‘ 41.00 (0,000 ‘ 4100 (0.00) | 41.00 {L00)
VendingMachine - Datn Set |
R T6.97 (6.70) B4.19 (4.65) BE.56 (2.17) B6.BY (110} B7.00 (0.00) E7.00 (0.00) £7.05 (0.22) 87.11 (B.31) §7.14 (0.38) B7.37 {0.51) £7.51 (0.63) B7.66 (0.67) B7.85 {0.69) B8.0Z (L74)
P ‘ T8.18 (5.19) ‘ §4.56 (4.55) ‘ B6.89 (1.09) ‘ §7.00 (0.00) ‘ B7.02 (0.14) | E7.04 (0.20) ‘ ET.10 (1.30) ‘ BT.09 {0.29) ‘ §71.25 [048) ‘ §7.32 (053) | B7.56 (0.59) ‘ K7.83 (0.69) ‘ K7.99 {0.66) | BE.12 (071
VendingMachine - Data Set 2
3 7459 (207) T7.73 (L.54) TO78 (L42) R E] BL77 10.68] BLI5 [0.64) 233 (0.57) BZ35 (0500 B2A49 (0.50) [FXIRTEIN] B2.83 (038) EZ93 (0.33) B204 (0.28) B2.95 (0.26)
P ‘ F5T9 (L21) ‘ 78.28 (1.36) ‘ BOAT (L31) ‘ BL62 (0.96) ‘ B1.94 (0.53) | £2.20 (0.53) ‘ 8235 (0.52) ‘ 8244 (0.52) ‘ 82.58 (0.52) ‘ K271 {0145) | 8275 (0.43) ‘ B2ES (0.38) ‘ B30T (0.45) | £2.99 (0.22)




] Contingency table

»  Pairwise test suites: PT
» Random test suites: RT

31456 [ 7|89 | 101l 12] 13|14 15| 16 || Total
PIT>RT || I8 |16 13 11 11 |7 139 |1l 9 |89 |90 1l 155
PT <RT || O 1 216 | 3 (8|3 6|5 |7, 6,74 1 59
Pr =RT || 0 1 3 1 (4 (323 |22 |4]|2 ) 5|6 38

Fig. 8. Contingency table of the average mutation score

. Wilcoxon signed-rank test
» p-value of 8:22810
» Hypothesis can be rejected with more than 95% confidence

» (even with more than 99%)




] Program under test (number and type)
1 Choice of data

- Type of faults (mutation)
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Conclusion & perspectiv

] Pairwise coverage better than random selection
] Longer is better (see Arcuri)

] Size of pairwise test suite relevant

1 New experiments with more complex scenarios




