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This research concerns improving the efficiency of mutation analysis technique,
which is an effective software unit testing. The main disadvantage of mutation analysis
is to use high computation because of a large number of mutant programs to be tested.
The aims of this research are not only to reduce the number of mutants and the amount

of testing mutant programs, but also to maintain the effective level of the testing.

Multiple-Fault mutation is a technique to reduce the number of mutants by using
a mutant that can represent several mutants. This research proposes an algorithm for
creating multiple-fault mutants and an algorithm for killing such mutants. We also prove
theorems and carry out experiments to assure that the number of mutants is reduced

and the effectiveness of test cases is preserved.

In additional to the mentioned problem, in a classical approach, many test
cases have to run against the mutants which cannot be killed by these test cases. This
research proposes an algorithm for grouping mutants with respect to the reachability
constraint. We prove that grouping mutants helps reduce the number of testing

mutants.

This_research also considers ‘factors of improving multiple-fault mutation using

the grouping technique.
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001 Program FindMax;
002 var n, m, max : integer;

003 begin

004 readin(n);

005 readin(m);

006 max := m;

007 if (n>m) then max := n;
008 writeln(max);

009 end.

finatinsraslisunsuiauwnuyialasunislddananana lidullsunsunsinunagay

TUsunINRLNWN 1

001 Program FindMax;
002 varn, m, max : integer;

003 begin

004 readin(n);

005 readin(m);

006 max = m;

007 if (n<m) then max :=n;
008 writeln(max);

009 end.

Tulisunsufiouniin 1 1w leanislddeianannlinanislasuannada if (n>m) then
max :=n; Geag Tuldsunsumiinmaaan WiAAS if (n<m) then max=n;
TUaunINRILN WA 2

001 Program FindMax;
002 var n, m, max : integer;

003 begin

004 readin(n);

005 readin(m);

006 max := m;

007 if (n>=m) then max :=n;
008 writeln(max);

009 end.

1 v 1 1
Tuldsunsndounwin 2 1T leinnslddetinnanalnanisilasuannands if (n>m) then
max :=n; Batjlulsunsuntiumeasy HuAdS if (n>=m) then max:=n;
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Mutation Operator Description
AAR array reference for array reference replacement
ABS absolute value insertion
ACR array reference for constant replacement
AOR arithmetic operator replacement
ASR array reference for scalar variable replacement
CAR constant for array reference replacement
CNR comparable array name replacement
CRP constant replacement
CSR constant for scalar variable replacement
DER DO statement and replacement
DSA DATA statement alterations
GLR GOTO label replacement
LCR logical connector replacement
ROR relational operator replacement
RSR RETURN statement replacement
SAN statement analysis
SAR scalar variable for array reference replacement
SCR scalar for constant replacement
SDL statement deletion
SRC source constant replacement
SVR scalar variable replacement
uQl unary operator insertion
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2.1.2 manadaulaadedeiivAL (Constraint-Based Testing)

Tunrsiniamedatmansuafiu danasldlgAanstinagas T9n9uas 1UN194519

nsanageLdui lFiaenMunnuigminAnuNnzanesan un1sl nmmadeuinada

v o

¥ ?:/ | % = dl o [ a " o
RLNAY [7, 8] tudunigairensinaaauuinan1anldsunsulaunuy Tﬂﬂ‘ﬂ’?ﬂﬂﬂg

¥ v o 1

dorfsAuluntsnndallsunsuiiounusidsatlugilasslinatinieatiaaansuniiasziion
d = o G 1 =2 o o a rzl/ ¥ ¥ v o
nstunegeumIsiAuaNFduguliAneaisitdnldsunsuiownuitie 14 npdetedy

Tunnenndallsunsniauniitsaanidly 3 de Feaalds
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ARENNN 2.3 andasvaevitfrunsuninumaaa s lusaasi Wi 2.1 da1dasasalili

001. Program FindMax;
002 var n, m, max :integer;

003" begin

004 readin(n);

005 readin(m);

006 max = m;

007 if (n>=m) then max :=n;
008 writeln(max);

009 end.
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Tneansmliadsluunan 007 Tauntsulasundaadu if (n>m) then max := -n;
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2.1.3 n93:Ran1afndanlilsunsn (Program Slicing)

nesuasnnsdndaulilaunsulagniaualag Weiser  [20] dslaiszansldlunng
Anzfineniaaudilalusunsslidiaau (Program  Comprehension) iagialuizasaas
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IR9AAAU (V, n) Toe vV ﬁmﬂwgmmﬁmﬂ?ﬁmu% 491 n dwduRriseaAdalu

a

T1sunsu Ottenstein [18] lduasanasanlunidndonlilsunsuinaandanisviasllniuain

(node) 61N Tunannsausaiy (Program Dependence Graph) Imatinaesnsinuans
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1 1 v
AaeaN 2.4 n1vua Iidauaaelt/sunsy Prod_Sum.dAndasssialalil

001 Procedure Prod_Sum(n: Integer);
002 vari,n, sum, product : Integer;
003 begin

004 i=1;
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005 sum := 0;

006 product := 1;

007 while (i<=n) do

008 begin

009 sum :=sum + i;
010 product := product * i
011 =i+ 1;

012 end;

013 writeln(sum);

014 writeln(product);

015 end;

nannsauseiuaedllaunsudadungnuantldlugi 2.2 Tnadudduriuuaneda

¥

5 ] o ?:/ =2 né{ ' o o ] alldd
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HuwansieAndsndanansenusiasioulsuussingunisingelunilhe ((sum),013)

product=product™i
e S
-~ b

S e -
(witeln(product)

317 2.2 uapansnistusieiuaasllsunsy Prod_Sum(int n)

1 1 1 v
douaasllsunsunlasunisindquinldinaatdasaanluiflusail

001 Procedure Prod_Sum(n: Integer);
002 vari,n, sum, product : Integer;
003 begin

004 i=1;

005 sum := 0;

007 while (i<=n) do
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008 begin

009 sum :=sum + i;
011 i=i+1;

012 end;

013 writeln(sum):

014 end;

Tnemne Adsnwaesludauaeslisunsuniandsainnisindauazdenansenusie

ussvingulunissinfisiautls sum luAndan 13
22 uRENNeItal
2.2.1 9U248 An Experimental Determination of Sufficient Mutant Operators [15]
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2.2.2 9117_8 Automatically Detecting Equivalent Mutants and Infeasible Paths

[16]
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2.2.3 911348 Using Program Slicing to Assist in the Detection of Equivalent

Mutants [9]
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2.2.4 911738 The Relationship between Program Dependence and Mutation

Analysis [10]
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2.2.5 91U748 A Technique for Mutation of Java Objects [1]
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2.2.9 3471U348 Mutation of Model Checker Specifications for Test Generation
and Evaluation [3]
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for i=1 to max(|SM,|,ISM,},..,,|ISM_}) do
M=P
for j=1 to n do
if |SM|<> 0 then
M’ = insert u at statement s;to M //Select and insert fault from SM,
SM=SM\{u}

endif;
endfor;
C=M

endfor;

output Mutant, = {C,,C,,..., C }
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AReN9N 3.1 910820890 2.4 1uiFagragnsandaulit/sunsy Taan1vua 35T/sunsu

Prod_Sum(int n) Qnﬁm’omﬁmmfﬂﬂmimmm?ﬁwgmm?ﬁmﬁ@ S.=({sum},012) (1u

A9 N7 2.4) uaz S,=({product,013)Tuanldmsie (1l

001 Procedure Prod_Sum(n: Integer);
002 vari,n, sum, product : Integer;

003 begin

004 i=1;

006 product := 1;

007 while (i<=n) do

008 begin

010 product := product * i
011 =i+ 1;

012 end;

014 writeln(product);

015 end;

1 1
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faufuRaAd9luLnnn 003, 006 WAz 010 danananan a1
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Tsunsudounuyi M, TnalaaunAndsi 8 aan sum = sum + i W sum = sum * ;

001 Procedure Prod_Sum(n: Integer);
002 vari,n, sum, product : Integer;
003 begin



004
005
006
007
008
009
010
011
012
013
014
015 end;
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i=1;

sum := 0;
product := 1;
while (i<=n) do
begin

sum := sum *i; // Arithmetic Operator Replacement
product := product * i
=it

end;

writeln(sum);

writeln(product);

Tsunsudaunui M, TaanaulaeunAvdsd 9 aan product = product * i; 1w product =

product + i;

001 Procedure Prod_Sum(n: Integer);
002 vari,n, sum, product : Integer;

003 begin
004
005
006
007
008
009
010
011
012
013
014

015 end;

i=1;

sum := 0;

product ;= 1;

while (i<=n) do

begin
sum..=.sum.+.i;
product := product + i; / Arithmetic Operator Replacement
=i+

end;

writeln(sum);

writeln(product);

Tdsunsuiinunuiluuvanadaianain C Iﬂﬁlﬂ’ﬁ‘l,ﬂaﬂuﬁﬁﬁ'&/\‘iﬁ 8 A1N sum = sum + i;

W sum = sum * i; wazAsuiA1§aN 9 an product = product * i; L1 product =

product + i;

001 Procedure Prod_Sum(n: Integer);

002 vari,n, sum, product : Integer;

003 begin
004
005
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006 product := 1;

007 while (i<=n) do

008 begin

009 sum := sum *i; // Arithmetic Operator Replacement

010 product := product + i; / Arithmetic Operator Replacement
011 =i+

012 end;

013 writeln(sum);

014 writeln(product);

015 end;
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000 Procedure Test (a, b: Integer);
001 var i : Integer;

002 begin

003 fori:==1to 5 do
004 begin

005 if a>=b then
006 begin

007 a=a+1,
008 end

009 else

010 begin

011 b:=b+1;
012 end;

013 end;

014 end;
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Program TriAngle;
var sumSide,side1,side2,side3 : integer;
begin
write('Please input side 1 ranging [1,200] of triangle =');
readin(side);
write('Please input side 2 ranging [1,200] of triangle =');
readIn(side2);
write('Please input side 3 ranging [1,200] of triangle =');
readin(sided);
if ((side1>=1)and(side1<=200))and((side2>=1)and(side2<=200))
and((side3>=1)and(side3<=200)) then
begin
if (side1 < (side2 + side3)) and (side2 < (side1 + side3)) and
(side3 < (side1 + side?2)) then
begin
if (side1 = side2) and (side2 = side3) then
begin
sumSide := side1*3;
writeln('The summation of Equilateral triangle''s sides is',sumSide);
end
else if ((side1=side2)and(side1<>side3))or((side1=side3)and(side1<>side2))
or ((side2=side3)and(side1<>side3))then
begin
sumSide := side1 + side2 + side3;
writeln('The summation of Isoscales triangle''s sides is',sumSide);
end
else
begin
sumSide := side1 + side2 + side3;

writeIn('The summation of Scales triangle"s sides is',sumSide);

7117 4.3 Tlsunsw Triangle
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end;
end
else
begin
sumSide := side1 + side2 + side3;
writeln('This is not Triangle, but summation of sides is',sumSide);
end;
end
else
begin
sumSide := sidel1+side2+sideS;
writeln('Over range, but summation = ',sumSide);
end,;

end.
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Program IncWithCond,;
var v1,v2,a : integer;
begin
readin(a);
if a <=0 then
begin
vli=a+1,;
end;
if a> 10 then
begin
v2i=a+1,
end
else
begin
v2:=a+5;
end;
writeln(v1);
writeln(v2);

end.
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1. Tsunsu SinCos TH5unnsuanaldlugiy n.1

Program SinCos;

var i,x :integer;

begin
readIn(x);
i=1
sin ;= x;

term := x;

begin

=i+

cos = 1;

term = 1;

begin

end;
writeln(sin);
writeln(cos)

end.

cos,sin,term : real;

while i <= 21 do

2;

while | <= 20 do

=i+ 2;

term := term*(x*x*(-1))/((i+2)*(i+1));

sin ;= sin + term;

term = term*(x*x* (- 1))/((i+1)*(i)):;

COS .= cos + term;

51/7 n.1 Tsunsw SinCos
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2. lsunsu MulSumMatrix 16unsuanslilugii n.2

61

Program MulSumMatrix;
var a,b,mul,sum : array [1..2,1..2] of integer;
i, |, K :integer;

begin
write('input Matrix A[1,1]="); readIn(a[1,1]);
write('input Matrix A[1,2]="); readin(a[1,2]);
write('input Matrix A[2,1]="); readin(a[2,1]);
write('input Matrix A[2,2]="); readIn(a[2,2]);
write('input Matrix B[1,1]="); readin(b[1,1]);
write('input Matrix B[1,2]="); readIn(b[1,2]);
write('input Matrix B[2,1]="); readin(b[2,1]);
write('input Matrix B[2,2]="); readin(b[2,2]);
fori:=1to 2 do
begin

forj;=1to2do

begin
sum(i,j] := ali,jJ+bf,jl;
for k:=1to 2 do
begin
mulli,jl := mulfi,j]+ ali,k]*blk,j];
end;
end;
end;
fori:=1to2do
begin

forj:=1to 2 do
begin

writeln(‘output SUM[YE,',j =" sum(i,j]);
end,;

end;

U7 n.2 Tswnsn MulSumMatrix
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fori:=1to 2 do
begin
forj:=1to 2 do
begin

writeln(‘output MUL[',i,",",j, =", muli,j]);
end;
end;

end.

317 n.2 Tilsunsu MulSumMatrix (sia)

3. sunsn MulSumFraction liatnsuanaldlugiln n.3

Program MulSumFraction;
uses InttoStr;
var firstRe,firstDe,secondRe,secondDe : integer;
MulpRe,MulpDe,sumRe,sumDe,maxDe,minsum : integer;
gcd,lcm,i @ integer;
resultSum,resultMul first,second,tmp : String;
begin
write('Please input a first remainder :');
readIn(firstRe);
write('Please input a first devider :');
readIn(firstDe);
write('Please input a second remainder :');
readin(secondRe);
write('Please input a 'second devider 1');
readIn(secondDe);
MulpRe := firstRe*secondRe;

MulpDe := firstDe*secondDe;

gﬂﬁ n.3 T1lgungu MulSumFraction
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if abs(MulpRe) > abs(MulpDe) then

begin

minsum := MulpDe;
end
else
begin

minsum := MulpRe;
end;

for i:=abs(minsum) downto 1 do

begin
if (MulpRe mod i = 0) and (MulpDe mod i = 0) then
begin
gcd = i;
break;
end;
end;

MulpRe := MulpRe div ged;
MulpDe := MulpDe div gcd;

if abs(firstDe) > abs(secondDe) then

begin

maxDe = abs(firstDe);
end
else
begin

maxDe := abs(secondDe);
end;

while (maxDe <> 0) do
begin
if (maxDe mod firstDe = 0) and (maxDe mod secondDe = 0) then
begin
lcm := maxDe;
break;

end;

317 n.3 Tlsunss MulSumFraction (sia)
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maxDe := maxDe + 1;
end;
sumRe := (firstRe*(Ilcm div firstDe)) + (secondRe*(Icm div secondDe));
sumDe :=lcm;
first := IntStr(MulpRe);
second := IntStr(MulpDe);
resultMul := first+'/'+second;
first := IntStr(sumRe);
second := IntStr(sumDe);
resultSum := first+'/'+second;
writeIn(‘The result of multiplication fraction is ',resultMul);
writeln('The result of summation fraction is ',resultSum);

end.

717 0.3 T1lsun98 MulSumFraction (sia)

4. Waunan Mean #5unisuandldlugii n.4

Program Mean;
var HmMean, sqrOfSqSum, Avg : Real;
multiple, sum, sumSq,i : integer;
Temp : array [1..5] of integer;
begin
fori:=1to5do
begin
write('Please input number ')i,' = ');
readIin(Templi]);
end;
sum := 0;
multiple := 1;
sumSq := 0;

7U7 n.4 Tlsunsu Mean
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fori:=1to 5 do
begin
sum := sum + Templi];
multiple := multiple * Templi];
sumSq := sumSq + Templi]*Templi];
end;
HmMean := sum/(multiple*5);
sqrOfSqSum := sqgrt(sumSq);
Avg = sum/5;
writeln(HmMean);
writeln(sqrOfSqSum);
writeln(Avg);

end.

91/7 n.4 Tilsunsu Mean (sia)

5. Tsunsn MaxMinAvg lugilil n.5

Program MaxMin;
var i, max, min : integer;
avg : real;

Temp : array[1..5] of integer;

begin

fori:=1to5do

begin
write('Please input number',i,' =");
readIn(Templi]);

end;

max := Temp[1];
min := Temp[1];
avg := Temp[1];

517 n.5 Tilsunsu MaxMinAvg
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fori:=2to 5 do
begin
if Temp[i] >= max then
begin
max := Templi];
end
else if Temp[i] <= min then
begin
min := Templi];
end;
avg := avg+Templil;
end;
avg :=avg/5;
writeln(max);
writeln(min);
writeln(avg);

end.

5119 1.5 Tilsunsn MaxMinAvg (sia)

6. Tlsunsa IncDec w3l n.6

Program IncDecVal;
var max,min,v1,v2 :integer,;
begin
readin(v1);
readin(v2);
if v >=v2 then
begin
v2 :=v2 + 10;
vl:=v1-5;

end

7U7 n.6 Tsunsu IncDec
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else
begin
vl :=v1+10;
v2:=v2-5;
end;
writeln(v1);
writeln(v2);
end.

317 n.6 1lsunesi IncDec (sie)

7. Wsunsw Triangle Tugil#n 4.3

8. lsunsw ProdSum lugilin n.7

Program ProductSum;
var product,sum,n,i : integer;
begin
readin(n);
i=1;
sum :=0;
product := 1;
while (i <=n) do
begin
if n > 5 then
begin
sum = sum + 1;
product := product * 2;
end
else
begin
sum :=sum + 2;

product := product * 3;

717 n.7 Tswnsw ProdSum
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end,

=i+ 1;
end;
writeln(product);

writeln(sum);

end.

9. Tlsunsn IncWithCond g1

= 4
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Abstract

This research concerns software testing using mutation analysis, a powerful technique
for unit testing. The number of generated mutants can have a profound influence on the
execution time. Our aim is to reduce the number of mutants without an effect on the
effectiveness of testing. We propose an algorithm for generating composite mutants
from independent mutants identified by program slicing technique. All of mutants are
grouped with respect to slicing criterion into composite mutants. The experiments
demonstrate that our method can save the number of mutants. Accordingly, the
execution time to kill mutants can be reduced with this approach. We also prove that the
number of test cases to kill composite mutants is not greater than the one to Kill classic

mutants.

Key Words

Software testing, Mutation testing, Constraint-based testing, Program slicing

1. Introduction

Software testing, one of the most important activities to guarantee the correctness of
software, has an objective to demonstrate the presence of errors. Unfortunately,
software testing is very labour-intensive and requires high computation. There are
literally hundreds of techniques for reducing the cost of testing. The performance of

testing depends on the quality of test data. The test data is a subset of input domain
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satisfying testing criterion and composes of several test cases. The phrase “Fault-based
testing” has been applied to the techniques, such as mutation, in generating test data to

indicate the presence of specific faults during testing process.

Mutation analysis has been first proposed in [5]. This method is designed to
substantiate the correctness of a program unit. It is realized by introducing a syntactical
change into the original program, thereby creating a set of mutant programs. Each
mutant represents a fault in program, and the goal of tester is to construct a set of test
cases that distinguishes the output of the original program from that of all mutants.
Mutation analysis was applied in [1, 2, 3, 13]. Regrettably, the problem of conventional
method is the waste of time for interpreting many slightly different mutants. The focus of
this paper is not only to reduce the number of mutants but also to preserve the

effectiveness of testing.

This paper is organized as follows. In Section 2, some definitions, notations, and basic
techniques are clarified. A novel approach to form composite mutants using a slicing
technique is established in Section 3. Section 4 provides empirical results from

implementation. Finally, Section 5 concludes with the direction for future work.

2. Background

We start with the notions of mutation analysis and test data generation. Then, the

technique of program slicing is explained.

2.1 Mutation Analysis

Mutation analysis is a fault-based testing technique that measures the effectiveness of
test data [15]. A tester will determine the adequacy and enhance the quality of test data
set. To produce mutants, specific types of faults are introduced as the syntactical

changes to the original program.
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Example 1, given program FindMax(m,n)

001 int FindMax(int m, int n)

002 {

003 max = m;

004 if (n>m) max =n; [Imax=m:
005 return(max)

006 }

In Example 1, we insert a fault by changing the statement max = n to max = m and then
generate a test case which can propagate this fault to the output of program. First, the
test case is run against the original program, and the tester examines the output. If the
test case discovers the fault, the program must be corrected. On the contrary, save its
output as Expected output. Next, the test case is run on each mutant and the output of

each mutant is compared with the expected output.

Definition 1
Let P be the original program. A program M is said to be a mutant of P if M is
obtained by modifying P with a small syntactical change. Such a change is modelled

in mutation operations.

These mutation operators are the operators used for generating the mutants. Some
mutation operators are described in [15]. To perform mutation testing, a set of test cases
is constructed in order to distinguish the output of -all mutant programs from that of the

original program.

Definition 2

A mutant program M is said to be killed by a test case t if M, executed with the test
case t, denoted by M(t), gives the output which differs from the output of the original
program P, executed with the test case t, P(1).

In Example 1, the expected output (max = 2) is obtained from the original program with

a test case (n=2, m=1). The mutant with (max = m) gives the output (max = 1) by the
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same test case. Since the output of mutant differs from expected output, this test case is

said to kill the mutant.

Each mutant is executed on every test case until it is killed or passed all test cases in
the test data set. The test data that kills all mutants is adequate for that set of mutants. A
program which is successfully tested with an adequate test data is correct; otherwise, it
may contain faults that have not been represented by the mutants. Unfortunately, the

number of all mutants is very large, so an execution of all mutants is time-consuming.

Definition 3
A mutant M is functionally equivalent to its original program P if M cannot be killed by

any test data.

Usually, equivalent mutants are detected by hand, which makes it very expensive and
time-consuming. Some researches propose the techniques that automatically detect

equivalent mutants [10, 17].

E-selective mutation, originated by Offutt et al [16], is an approximation technique that
selects only mutants which are created by expression modification. The basic idea
stems from two observations: (1) the classical mutation is too inefficient in term of
performance, and (2) this inefficiency happens as a result of redundancy in the used
mutants. The operatorsin E-Selective method are shown-as the following:

1. UOI : Unary Operator Insertion
ROR: Relational Operator-Replacement

AOR: Arithmetic Operator Replacement

oW N

LCR: Logical Connection Replacement
5. ABS: Absolute Value Insertion
In their experiments, E-Selective provides almost the same coverage as the classical

mutation, with high reduction in cost.
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2.2 Constraint-Based Technique

A mutant will be killed by an effective test case represented in killing constraint [7]
described by the three conditions. The first is Reachability Constraint. A mutated
statement is represented as an executable syntactic change but the other statements
are equivalent to the original program. The minimum requirement for a test case to kill a
mutant is that the mutated statement must be executed. The next condition is

Necessity Constraint. This condition means that a state of a mutant must differ
from the state of its original program after the mutated statement has been executed.
The last condition is Sufficient Constraint. It is the strongest condition that the final state

of the mutant differs from that of the original program.

The constraints of mutants are able to detect equivalent mutants shown by Offutt and
Pan in [17]. Constraint-based testing (CBT) [7, 8] uses the first two conditions as simple
algebraic constraints to produce the test cases. If a test case Kills the mutants of the
original program, the result of a substituted constraint will be true. This technique was
fully implemented in a tool called Godzilla Test Data Generator, integrated within the
Mothra software testing system [4, 6]. CBT has been extended to Dynamic Domain

Reduction (DDR) [18] that is capable in handling loop and array.

2.3 Program Slicing

Program slicing, introduced by Mark Weiser [20], has been found to be useful in
program-analysis, debugging and reengineering. In order to analyze an interesting point
in a program, other parts which do not have an influence on the point are eliminated. A
slicing criterion, denoted by (V, n), is composed of a set of variables V, and a program
point n. More precisely, all statements of the program that do not affect any variables in
V at point n are removed to form slicing programs. Ottenstein [19] was the first to define
slicing as the reachable problem in a dependence graph representation of a program.

They used a program dependence graph (PDG) [9] for static slicing of a procedure of a
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program. Statements and expressions of a program are represented by vertices of a
PDG, and edges correspond to data dependence and control dependence. Data
dependence represents data flow relationship of a program, while control dependence
is introduced to represent only the essential control flow relationship of a program. In
this paper, we are interested in slicing programs that are executable. The slicing
technique in Example 2 is said to be a static backward slicing which does not really

execute program and use backward traversal on PDG.

Example 2, given program Prod_Sum(int n) .

001 void Prod_Sum(int n)

002 {

003 i=1;

004 sum = 0;

005 product = 1;

006 while (i<=n)

007 {

008 sum = sum + i;
009 product = product * i;
010 i=i+1;

011 }

012 printf(“%d”, sum);

013 printf(“%d”, product);
014 }

The program dependence graph is shown in Figure 1. The thick edges represent control
dependencies and dashtlines represent data dependencies. Shading is used for

indicating the statements that affect the slicing criterion, ({sum},12).
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(product:=product’i

rintf{product) ™
Crnprotue)

Figure 1: The program dependence graph of program Prod_Sum

The slicing program ({sum},012) is shown as follow:

001 void Prod_Sum(int n)

002 {

003 i=1;

004 sum = 0;

006 while (i<=n)

007 {

008 sum = sum + i;
010 i=i+1;

011 }

012 printf(“%d”, sum);

014 }

Line 005, 009 and 013 are eliminated because they do not have any effect on variable

“sum” at line 012. O

3. Composite Mutation

Since mutation testing uses high computation to execute the entire mutants, Demillo
proposed the coupling effect theorem [5] states that the test data which can detect a
single fault are effective in the detection of multiple faults. From this theorem, the
mutation aims to inject only one fault into the original program and to ignore the multiple

faults, for details refer to [14]. Even though the using Coupling Effect Theorem can
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ignore multiple-faults mutants, the amount of them is still large. The majority of the
previous dissertations about the reduction of execution time have to decrease the
effectiveness of the testing. This problem is solved by our approach.

To improve the performance of the mutation technique, program slicing is applied to the
detection of equivalent mutant in [10] and the reduction of test cases in [11]. This
section focuses on the composite mutation, an efficient technique in reducing the

number of mutants, and the advantage of program slicing.

3.1 Definition of Composite Mutant

By inserting several faults into a program, we obtain a composite mutant which

represents a group of mutants.

Definition 5
Let P be the original program containing Statements s,, s,, S,,...,S, . Program C is said

fo be a composite mutant if there exists a positive integer k such that

U, u

Uy 3 Uk
P=>M =>M,=>M,.=>M, =C,
S S S3 Sk

where p;M is an insertion of fault u, at statement s,.

Sj

3.2 Generating Algorithm

Because a composite mutant is generated by injection of multiple faults, it is possible
that an injected fault obstructs the propagation of the other faults to the output. Slicing is
the way that we choose to solve this:problem. In addition, this work also proposes the
generating algorithm for creating the .composite mutant. Program- slicing is used to
analyze statements which affect the variable in the slicing criterion. We set the slicing
criterion for each output of the original program. From the results of program slicing, we
can separate the mutants into independent groups with respect to the outputs of
program. Afterward, a mutant from each group must be selected and combined

together. The generating algorithm is shown as the following.
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Given a program P with n outputs, o,, 0,, 0, ..., 0

Step1. The program P is sliced into n sliced programs, P,, P,, P,, ..., P for each 1Sj£n,
P, contains all statements that affect the output o..

Step2. For each P, form the set SM, which is the set of all mutants generated from P,.

Step3. For any P, and P, i7j, remove all mutants generated from common statements
that appear in both slicing programs, from P, and P,.

Step4. Remove all equivalent mutants from SM..

Step5. Generate the composite mutants from the following algorithm:

for i=1 to max(|SM,|,ISM,...,,|SM, ) do
begin // |SM| means the number of elements of SM.
M= P
forj=1tondo
begin
if SM|<> 0 then
begin
M’ = insert fault uat statement s to M
SM=SM\{u}
end,;
end;
C=M
end;
output Mutant, = {C,,Cy,; S
Step6. Form the set of all mutants generated from the common statement, Mutant, = {M,,
M,, ..., M, }. The mutants used in our approach are from both of Mutant, and Mutant,.
The result of generating algorithm
This algorithm produces the set of composite mutants that can represent several

independent mutants.

In fact, there are two reasons for which the composed mutant, a part of a composite
mutant, is independent of the other. The first is slicing technique used for classifying the
mutants, according to the outputs, into the independent groups. The other one is the
types of faults, seeded into the independent statement. These faults are modelled by the
E-Selective operators creating anomalies that affect only the output defined in the slicing

criterion.
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Example 3, program Prod_Sum(int n) is sliced into two programs, S.=({sum},012)(see
in Example 2.) and S =({product,013) as follow:
001 void Prod_Sum(int n)

002 {

003 i=1;

005 product = 1;

006 while (i<=n) do

007 {

009 product = product®i;
010 i=i+1;

011 }

013 printf(“%d”,product);
014 }

Both S, and S, have three common statements, 003, 006 and 010. The mutants from S
and S, can be combined together unless they are mutated at the common statements.
For instance, the composite mutant C, is obtained by combining both faults from M, and

M,, shown in Table 1.

Table 1: Fault insertion in S_ and S

Mutant Line No. Original Mutate
M, 004 sum =0 sum =5
M, 005 product = 1 product =5
C,(Composite) 004 sum =0 sum=5
005 product = 1 product =5

Proposition 1

Let C be a composite mutant obtained from the algorithm:

Uz

Uy U3 Uk
P=>M,=>M,=>M,.=>M, =C,
S S2 S3 Sk

where u, is the fault, inserted at statement s, which affects the output o, If a test case t

can distinguish the output o, of P(t) from N,(t) which

Yj
P=N,, 1 <j <k,
Sj
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then C(t) differs from P(t) at the output o,.

Proof: Suppose that a test case t can distinguish the output o, of P(t) from that of Nj(t),
inserted the fault at line s We assume that C(t) does not differ from P(t) at the output o,
Since N, is differed from P by u;, and u; is also inserted into C, we conclude that C has
another fault statement s, that affects o, and prevents the propagation of the fault u. That
is s, and s, are in the same slicing program with respect to o. This contradicts the

generating algorithm choosing a mutant from each slicing program. [

3.3 Killing the Composite Mutant

A mutant in the classical approach is killed if it has at least one output that is not equal
to the expected output. Killing in the composite mutation, however, requires all outputs
that depend on fault statements must differ from the same outputs of the original

program.

Several mutants can be killed with one test case if they do not have the contradiction
between their constraints [7]. In the same way, composite mutant will be killed with one
time of execution if all mutants composed in a composite mutant do not have any

contradictions in the constraints of the others.

Definition 6

Let P be a program with n._outputs and C be a composite mutant such that

Uz

Y Us Uk
P=M,=M,=M,. =M, =C,
S1 Sz S3 Sk
where ', is the fault, inserted at statement s, which affects the output o. C is said to

t

21 weey

be killed by the set of test cases T = {t t yif for all 1 <j <k, there exists t, that

17

C(t) differs from P(t) at the output o,.
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Algorithm for killing composite mutant
Given a set of composite mutants C, = {C,,..., C.}, we will describe the algorithm in
killing it as follow.
Step1. A test case ¢ will be generated to kill mutants. The techniques of generation can
be Constraint-base testing, Dynamic-Domain Reduction or Random generation etc.
Step2. For any C, generated from the mutants M, to M,, if t kills the mutants M, to M,
where j <k, keep the test case t, and label that M, to M, of C, are killed.

Step3. If t can kill the mutants M, to M, where j = k, remove C,; from the composite
mutants set C..

Step4. Test case t is used to execute the other composite mutants C,,, (Go to step 2, 3).
If C, = @, exit this algorithm; otherwise, go to step 1 for generating other test cases.

The result of killing algorithm

This killing algorithm produces the set of test cases that has enough effectiveness in the

detection of the faults in mutant programs.

Proposition 2

The set of test data T that kills all- mutants in the classical approach is effective enough
to kill all composite mutants.

Proof: Let F={u,, u,, U, ..,u.} be the set of faults inserted into the program P.

Let C be the composite mutant obtained by introducing some faults in F to P by
generating algorithm. Given a set of test data T={t,, t,, t,, ..,t.} that can detect all faults in
F.

We prove the proposition by assuming that for any t, there exist out, such that
out, of C(t) = out of P(t).

Let a fault u; affecting out;is introduced to C, and all t;in T cannot detect u, this
contradicts that T can detect all faults in F. We infer that none of the faults affecting out
is introduced to C.

Any faults introduced to C can be detected by some t in T, so a composite

mutant C can be killed by T. []

From the previous example, given the test case t (n=5), the results are shown in Table 2:
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Table 2: The result of execution

Program with n=5 | Sum | product

Program P 15 120
Mutant M, 20 120
Mutant M, 15 600

Composite mutant C | 20 600

It is clear that mutant M, and M, can be represented by a composite mutant C that uses
only one time of execution to be killed. From this concept, the execution time of the

mutants is reduced.

4. Experimentation

We evaluated the composite mutation empirically. Pascal program units were chosen for
the experiment. These programs have more than one output and are described in Table

3.

Table 3: The experimental programs

Program Description

SinCos Calculate Sin and Cos function in Taylor Theorem

MulSumMatrix Calculate multiple;and summation. of Matrix

MulSumFraction | Calculate multiple and summation of fraction

Mean Find Harmonic, Geometric and Statistic Mean

MaxMinAvg Find the max, min and average of 5 values

Our experiment began by observing with selective mutation. For each program, we first
created E-Selective mutants, and then compared them with the number of composite
mutants. For the experiment, we have developed a tool for seeding faults and creating

the composite mutants, from the generating algorithm.
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Table 4 illustrates the number of mutants obtained by the composite mutation. To
compute the “percentage saved” column, we defined the saved mutant to be the
number of mutants that is a part of composite mutant having at least two faults.
Percentage saved was computed by subtracting the saved mutants from the number of
the selective mutants and dividing the difference by the number of the selective

mutants.

Table 4: The result of experimentation

Program Selective = Composite Percentage Saved
Mutants mutants
SinCos 192 101 47.40
MulSumMatrix 151 1\ 22.52
MulSumFraction 295 162 45.08
Mean 86 65 24.42
MaxMinAvg 89 53 40.45
Average 35.97

The result shows that the number of mutants is decreased 47.40% in SinCos program
with an average over five.programs of 35.97%. The percentage saved of composite
mutants depends on the independence of each output, which'is the proportion of non-
common statement to all statements. If outputs of a program: have a great
independence, the percentage saved will increase as shown in Figure 2. For example,
Mean program which computes harmonic, geometric and statistic means has only one
independent statement for each output. The saved mutant of this program is 34 from the

total 65 mutants (24.42%).
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Figure 2: The relation between Percentage Saved and Independence Percentage

Note that MulSumMatrix has the lowest percentage saved because there are a few
mutants generated from its independent statements. The amount of slicing program (P,)
is also a factor in reducing the number of mutants. If the original program can be sliced
into numerous slicing programs, an occasion for composing several mutants will

increase.

5. Conclusion

This paper introduces a novel approach to mutation testing which suffered from a
serious problem that is the computational cost in execution of all mutants. Composite
mutation, combining several mutants to form a composite mutant, is an economical way
to perform mutation technigue. The mutants could be composed if each of them does
not prevent the propagation of the other faults. Program slicing is used for making an

analysis of the dependency of the program statement.

This work is unusual for the previous researches that preserve the single-fault
assumption. The most obvious advantage over the several techniques is that composite
mutation could maintain the effectiveness of mutation testing. The test cases, therefore,
that kill all composite mutants are effective enough for the classical approach. Moreover,

our approach could also be applied in the other techniques.
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The time used for slicing program is not greater than the execution time of all mutants
because of two reasons:
1. Program can have a loop that uses n iterations in execution but excludes from
analysing the dependence of variables.
2. The number of mutant programs is large; accordingly, the used time, in the
execution of all mutants, is significantly more than slicing time.
Further research will focus on generating composite mutants which can be killed by one

test case. Constraint of mutants should be considered.
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Abstract

This research concerns software testing using mutation analysis, a powerful
technique of unit testing, but use high computation. The number of generated mutants
can have a profound  influence ~on-the execution time and on the size of
implementation. We focus on how the number of mutants can be reduced without
effect to the effectiveness of the testing. We propose an algorithm for generating a
multiple-fault mutant, made up from independent mutants described by the program
slicing technique. A multiple-faults mutant is described by insertion faults that do not
effect to the same output. An empirical study shows that our approach can save

number of mutants.
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Abstract

This research proposes an approach of testing software improvement using
mutation analysis. We focus on how to reduce the execution time of the analysis. The
used time reducing. technique is separation. mutants into.several groups classified by
killing constraints. We prove that our approach-does not effect on the effectiveness of
the testing.

Key-Word: Software Engineering, Software Testing, Mutation-analysis, Constraint-based
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