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Abstract Mutation analysis (or software mutation analysis) generates variants of a target
program by injecting systematic code changes to the target program, and utilizes the variants to
analyze the target program behaviors. Effective mutation analyses require adequate mutation operators
that generate diverse variants for use in the analysis. However, the current mutation analysis tools
for Java programs have limitations, since they support only limited types of mutation operators and
do not support recent language features such as Java8. In this study, we present Mutagen4], a new
mutant generation tool for Java programs. Mutagen4] additionally supports mutation operators recently
shown to generate various mutants and fully supports recent Java language features. The experimental
results show that Mutagen4] generates useful mutants for analyses 2.3 times more than the existing
Java mutation tools used for the study.
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Mutagend]: &322 Java
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949 <, o] W HXE Ao|xr} F2
ggdr) HAE AolAy ZEafe Iy 3 ==
a9 A8 AFRES AF(pass) FS A (fai)2 s}
o Y3t H2E 8F2 FAET HolE FoR
HZE JHEZE Ao]=o] H3hol oJs] dalst= 4
5, 3h o8] HEE Aolxrt wolo] dia] diFe
| HZAE JFES HEE Aolx)rt 11 WolE 49
thkill)'2tar gtk hef ofd Wolg oW HXZE A
o2k FolX EYuH, 11 wWolE AP It

X ]

a¥ 12 98 ZROHy
AbE/mian S A dehs AXAE 2G5}l
A3F A 7HA] Wole] & RojFEth A Z2aYe
T AFE Y wol, 1 Fo] 57 okd ARJAAE

X208 FE oA

rEriz
ol rﬁ f

gt s Wkele Fgolth o] o) wWHol39] A
H A7 WAool 98 Z2 a3y FLX(syntax)
= gz Eeta, 229 ojv|(semantics)7t
2 Z2a9y %?‘:_]6\}% & & ok Wol3y e ZF
a3 E"‘iO]% & Wol(equivalent)gt F-Er} ® 12
AR Z2a Al 7HA ®Wolg 5719 HZE Aolx

2 HrEd wolu} wollel A% 14, 59 HlAE
Aol 48 Ane AR @ W, UelA) s
Aolzol X e Ay FE ATk Wel2s) B,
€ HE ASled de) A Zzadl de

Wz gom

HRltk Wol39] A5, 9EF =23 9
2 HE HXAE Ao|xdA JEJ/} 7o =9 s 7}
Edl=1

boolean isEven(int x, int y){
o

int z = (x+y) %2 ;

return z < 1 ; }

(a) Original program

boolean isEven(int x, int y){
o

int z = (x *y) %2 ;

return z < 1 ; }

(b) Mutant 1

boolean isEven(int x, int y){
int z = (x +y ) % 2

return z >= 1 ; }

(c) Mutant 2

boolean isEven(int x, int y){

int z = (x+y ) % 2 ;

return z !'=1 ; }

(d) Mutant 3
Oy 1 Z2a3 Wl o

Fig. 1 Examples of mutations

1 3% 19 983 do] Z2aE HEE 23
Table 1 Test Results of Program and Mutants in Fig 1

No | Input | Original | Mutantl | Mutant2 | Mutant3

1 0,2 True True False True

2 0,1 False True True False

3 1,1 True False False True

4 1,0 False True True False

5 2,0 True True False True
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BASE JMoR, ENNY ZEIYORVEY T
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= BAZL BT 5 ot
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o=z EFE 4 Aok A7, o] & F SDLolY F#-©9 ¥3 diAE &
« 232" Wol(invalid mutants): ¥& At =21 #HFow AHste =7} glon Hud 7tdd A-t
A F= 9o FEZH(syntactic) AleF AFGS 9Htste] & 9 WY AMATES AFdt {8 wo] A A
k2 2ol APEA X Aotk A o 7F A&E AT & ATk Javalanche, Jumble, PIT
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Aol BrestRE, Wol E40] {8314 th EFet FE-THY HY AMAE AFSA e
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A FE Wole EE HXZE Ao]xe Ayt A = HIS 3te] Javaparser[13]E 7|Wtoz s
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. (redundant) Wel: BE gl vistd, Z=7} o A AR ZEL Javaparser’} A3 FE FE E
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& AR A, AR We] o] Bedel deld & gE wAYel A4 WMy A0S Hgde] wo] zz
Atk webA, Wl A4 E:IIE &8k e wWolg A AAFE J)ES SaeT)
7hed A #e 5 A ah 2 7 ok MutagendJ& HlO|ERE7} ohd 22FES gigo
2.3 7|1& Java Z23 0 I é“ =79 sy 2 MyYe FPstozy, SDLE ¥ TE-T9] wy
a7l W] WS H Wy L@x}oﬂ ek 8 aaxe agge 2 sttt
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3 Ho] A ARE
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th oY Wy Axxs A¥xo= ?ﬂ:h Ao w2 % E(AST) B4 Zg9 4301 Javaparser[ 1312 7]
WoRH g ZRageld FE S MRS wow wol =78 WStk olsh 2ol Mutagend]
SDL(Statement DeLetion) ¢I4FAl= #-83F WolE &
HAow Ashs dEA WE Az LHch
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AT Ao w2, SDL7} A3 WHolo] Hg =2 sou‘l;acregi;de Mum::tnagenM. Mutants
I AL 436 ®slele] F& wlole] Wajo] Ao ] site x):tr:tt';’r';
H, T2 F= Ayt FH§ Jleslez goket #ol Mcf,t:ftii;n eteJctuon operators |
= gz 2= 9ok : avaparser |

A, WAl =TRA AN Jte® We] 44 TME 729 2 Mutagend]©) 58
(Javalanche[5], Jester[6], Jumble[7], PIT[8])S ZA}3t Fig. 2 Workflow of Mutagen4]
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Java TE T2 EE A3 BA/ANES AL
o] &% 2L Java &9 W] axpHoz o3
S

A== ok whH MuJava$t Majore] 7%,
7gke 2 SIARE Java T tigk w3 Z(macro)
IYE(script) & AXHA BAS FEE Java
Hele] gk Aol doke AV Aok 53]
Mutagen4]J& ©/E8 78 25 H8 713 Olu}
Aol SDL ¥ RS AFsle] 438 o2 57
Aoz A3 A .ﬂii sl9dth. SDLol datdd,
Mutagend]& o] AT+ 7&»} 23 Aoz U4y
A 4FFE] WY A Rom, 7}zte]
el Ane o

T %ﬁ 4y o
W i

2oH15]:
* OAAN(Operator, arithmetic to arithmetic, non-assign—-
WA, -, %, [, %) SANAE

ment): AtEA 2 ke
HA g
* ORRN(Operator, relational to relational, non-assign-
ment): Bl ALK, <=, == )& TE vl ALt
A= A7 g
» OLLN(Operator, logical to logical, non-assignment):
=AM &, INE T8 =iz WA
eg. X && y—xlly
« OLNG(Operator, logical negation): ¥=g]Q3AE *
et 1384 a && b, a || bE t o] WATIT
- 522K Boolean) ¥d2] a, bE F%(negate)
(f:. a && bE (la) && b T a && (Ib)E ¥7A)
- A #£¥(a && b &2 a ll bS 73
(of: a && bE Y(a && bH)E WA)
+ SDL(Statement deletion): 7% 4= 2hA| 3t}
3.2 g AR} M
Agrawalo] Celojo] gtAl AAg Wy Azl F 3
7HOAAN, OLLN, ORRN)E= Java oAM= Itz

AMEE 4= Jg YA 27091 SDL# ORRNL Java

ddojol A F£AHNUY. SDLL Javarlt zta e T
FE52 2 4 A3l ORRNL JavaollA 71¥ )z}

HH 2 BFY] Atole] HlwrE dojue AS UEE A
Al = A

321 SDL W3 bz}

Mutagen4Je] SDL <ikale o] AFoA] wASH
SDL JAHHIBIAE B3 2% A1 4 vt ©] SDL
A= C dojol 9Al AAES =, Mutagend] 2]
SDL& Java #¥Hol| A #AEAJY. Mutagend]2]
SDL2 C dojell= A, Javazlt AlF3h= o <A
F(try—-catch), ¥7]%(synchronized block) SE= 2}
A 4 It} Mutagend]-E Javaparser[13]S *]'9“5117“]
FEO gete AST =58 WAse] & A2
Rii=g

HlelERES sk WHOE SDL WY s
TEe 44 gk ¥ SDLE 7] flsiA
as AEE FAS] HolE BESTE Java WOl A
A4 ETES WolE &2 IEE WASNAL wolEx
=5 Wgst] AT ax I2E FAHshs e
Hl|ERE S sk WHEG =o)a EshA, vl
SEZEE nAE WHoRE T £ gl WIS 3
& 5 ek

a8 3& Java &2 FZENAMY switch®F switch

B9 29 o) 243 dol=asg g, 22
FE FFAE switch 7% AF(04~11)Z 2HAs] H
ol A & At} AT H}OIEE’—E |41 default

case¢toll = WHE(24~26)7} switch ©]%F2] PHE
(2973 FEEY F Utk " &2 I=EE £
Wol= 2] 29~31 9HET 71 wHols AT
flt} ol A2FE=d " BFHEO] AFEQ] HpolE

[ —1> m‘*

I A9 FGEA Algm ] wEold wakd sy
A FEE F£ASIY WHo|E wE1 SDL Wy Azt
£ AlFste M2 =7 Mutagend]S F33oh

//Java source code //bytecode of m()

01 public 0: iload 1
class test{ 14 lookupsw:.tch

02 int a, b;

03 void m(int x) { 20: ::'-1°ad_1
04 switch (x) { 21: iconst 1
22: iadd
05 case O0: .
_ 1; 23: istore 1
06 x =xi 1; 24: aload 0
07 default: 25: iload 1
08 b = x; 26: putfield#2
09 } 29: aload 0
10 a = x; 30: iload_ 1
11 } 31: putfield#3

12 ) 34: return

a9 3 switch 9] Java &2 FE9} Hlo|]ERE
Fig. 3 Java source code and bytecodes of a switch

statement example

T2 Feo] we SDL94 4L 5% 2ok
g FE: 9d &S W FEG )OE EHX%]?SH’%
< AY WF A FE: A

oM HEA e A HFE

d st B webs, B AAE A9

o} 2713l sjFste AR AASEE A4 AT
«if, for, for-each, while, do-while, synchronized

£ FEE: 1A ?Pr% AAg olgh, B3l T

Wy zZtzte] R BEE(E)E AAZE WHolE AT

O 4= if FEOA then*bodyg 2k A8 o)l

else-body S AA|g Wol2, 181l ifE AAS AHA 3

Ho|3& HoFEY for TEoIA body blockS 2HA]%
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Original Mutant1 Mutant2 Mutant3
if (cond) if (cond) if (cond)

{ .} {1 { .}
else else else

{ ) { w } {}

2% 4 SDLo| if 7ol A3 Al el
Fig. 4 Examples of mutants by SDL
WHolo} & HAE A Holvhs THET
s try-catch F+%: try-catch %<& ZAS 2143 ¥
ol E AT & At wieke] AE =z o fmally
JoHA finally 29 2HA3F WHolx A
4 Ut} try-catch FFo+ o8 catch &
T A= °)ES s AAZ Hels At
322 ORRN ¥3 Aikx}
Java fojolX= vlal AAE F FHE UE F
ot A HA= 712 B9 fES vludte >, >= <
<=ola F WA= 7|E E}dy} FZE(reference) EFYL

£ vashe < ot 3 WA FRe) BUAE

fud

B2l

rUlo ruQL

%01

4

Original Mutantl Mutant2 Mutant3
int a; int a; int a; int a;
if(a > 40) [if(a >= 40) |if(a < 40) | if (a==40)

a9 5 718 Ebd Hla A4kxle] ORRNE 288 4
Fig. 5 Examples of mutants by ORRN

a3 55 AFE el AREE vl AXAC)7} o
£ 5719 Hla ?i"‘} A2 WFE ol ool Fx B
4 W49l A9, Mutagend]S T3t Zo] H¥S 4
Pt
cHlE AR 1= 2 WAg.
< HlaL xRl 9Jr =7k o™, < <= >, >=, ==

= F 927 o SN2 "Ik F 5749 1

Ay d gt

4. N

Mutagen4Jo] #8&3 WolE& Aoz PYAsh= A
Br1el7] 9ste], Mutagend]S & 4# 3 4709 Java
zza% WHol A =F(Major, MuJava, Jumble, PIT)
o} vlusle APS S8k

4.1 AFEE

Mutagen4Jo] AAste HolE9|

&l
fru
u
iy
&
o
M
d

A = 979
B7rstrl sk 3hel A7 AR A%

1 A9 ZAE FE geksih A4z A7 A2 A

* 4 71Ee o3 2o

« AT AEL Mutagend]& Erit B2 WHolE AT

i

oHAt Tkt A A
a7} 9tk oq:rr.;au o
0}71 Hsﬁ Mutagenzuur = T3} RAEE
Holo] 5 =43, WA XIH LrFE

AL OH“ it

]l 8 ZAste] vtk
* A7AR2 Mutagend] & dvht B #83 Wl
=7
AFAF2] 317 Y, Mutagenél]@r 71&E =37
A

o MFE st %%é ‘?i H & A5
T ®o] FollA, oA o3t
(224) A3g Wo| AAK Wo], AKR ®olZ AA
stk o] Wl AAK o]t AKR WHole F HX2E
Aol2e] 70%9 B HZAE FAo]29 70% o]
Al &5 HolZ 717 APt olo] Yy, £ Aol
A AHgSHE HZE AolAE *P‘l‘é}cﬁ e 37
9] zolE HolA e wolo A9 F&E wWolE b
F3ld, ol5 F7IE A A °]-€r£—°4 TFE F83 Hol
o 2 2733t
ATAE3: Mutagend] 2] SDL ¥HE 227} Mutagend]
o] T2 Wy AMAERT dvpg o 3F5R17)1?
Z2 O o] BAS Ao FYsty] e
gk HolE wriE aRAR WY ANAE AN
el Fasity, A7AE 3 1 #3l71 913l SDL
EN-E8

D g R oD
o o o o
2
2
_>‘i
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~
Z
s
)
e}
@
=]
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[amn
o
_>.:
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R
ps)
5L
o°

Mutagen4]°] e = =
3, @A /A7 Ha e
53 Java ®WHo] AA =721 Major[12], MuJavalll],
Jumble[7], PITI8]S Bl thd =72 st LFst
St} Jumble, PITE Hlo|EZEE A3 HolE A3t
I Major, MuJavas &2 ZEE $33)] Wo|E A

o] 9= Java T2 W¥ TFZ Javalanchel5]
7} Qo) o]= o]gd Wol A Wm A olHL

holA AL, Javalanche «1 35, WMol T st

HZE Aoj2gts Al 49, vUrA 8HZE #A<]
=S Agsr] gornzg mE ‘ﬂ
259 ARE & F AW
A

]
a}
Ea
o]
2, JavalancheE &3 o]&3l=
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4.3 A8 A

2 AfdAe AZE] H2E Hu #4 A7

g AREEA = SIR WX|wkA[16] F Jtopas TE
a#(Java tokenizer and parser tools)S EA A =
Z2aPo g AMEEYI SIRANA AFshes HEE HE
S Ao AFREIAT) Jtopast F 1,924 g0l F=
2, 21789 Java HYZ o]FolA] vk 1297§€] JUnit
HZ2E AolxZ o]Foizl HZE S AMEsIA
2O Wo] A& FYsidth 7 "=E ﬂ]ol’\i
Y Aol 3 FFE Bdstd dF(pass) &
W (fail) 2 Z23E w33y Ao AL&3h Jtopas z=
gl A 1297) HAE Aol A3 BE Y
< 23 oz 7RI, Jtopasd] HIAE Fo] AR
AA ZE 2 = 792k

4.4 =79 78
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Table 2 Overview of mutant generations by 5 tools

Mutagen4] | Jumble | PIT

Major | MuJava

#. total
generated 1,675 862 1,610 | 1,621 948
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# code lines
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Table 3 Mutants generated by 5 mutation tools

Mutagen4] | Jumble PIT Major |MujJava
Useful 710 282 554 541 174
mutants | (42.4%) | (32.7%) | (34.4%) | (33.4%) | (18.4%)
Invalid 74 0 0 20 207
- mutants| (44%) | (0.0%) | (0.0%) | (1.2%) | (21.8%)
£ | AAK 105 117 91 93 22
2 |mutants| (6.3%) | (136%) | 6:7%) | 6:7%) | 23%)
2 | Akr 390 287 528 348 218
g mutants| (23.3%) | (33.3%) | (32.8%) | (21.5%) | (23.0%)
* | Bquiv. 396 176 437 619 327
mutants| (23.6%) | (20.4%) | (27.1%) | (38.2%) | (34.5%)
Total 1675 862 1610 | 1621 948
generated |10 006) |(100.0%)|(100.0%)[(100.0%)] (100.09)
mutants

T4 WY A d ERAQ Mol

Table 4 Useful mutants per mutation operator

SDL | OAAN | OLLN | OLNG | ORRN
Useful 289 129 21 75 19
mutants | (40.7%) | (18.2%) | (3.0%) | (10.6%) | (27.6%)

g3k wlgolty. Mutagend]S o E =7 RET ¢ ©@e
&3t HolE A3, & ) EFERY Hi 23
e 83 WHolg AAES 1T & Jdoh 1y
At A el Aol g HiEs AFsiis W
Mutagend]Jo] 92 =FHT HH 158 o =& W
2 K& Hol ¥

i
1=
fn

AEE Wy A =
Mutagen4], Major, MuJava2] 7
= AA A Hel T 21.8%0l a8l Wolrp &
® ®lolddl WA Mutagend]$} Majore 2} 4.1%9}
12%2 o AL F9o ZEE WHolg AAATHD nHio

34 Wolg WEE Jumble, PITE 2%
A F5s ¢ F AT
AAK Hole EE =AM Az FARE HE= A
Holo A9, Jumble# PIT7}F %
k! < AN F A=A
33.3%, 32.8%). Majore] 7%, & AFPdqAMe 8o
2 FF Wols go] vt=v d4do] #AFHATH3B2%).

46.3 AFZE3] st A=

¥ 4% Mutagend]9] HE AzkxlEo] YA {83k
Wole] 9} 1 H&(E%)E YERATE Mutagend]ol Al

x &

1) ©] wl, MutagendJ& Eg3ste] =7F AT AkE W
ol AT GAleA o] rbsstnRE Ha' T840l HlE Hel

A F71AQ1 BA|7} A= ket

Ahaze WY

W, Ea4
we} B30

armco) JRE Y BEHe] FRUN ANAE
S5 FAY 5 9dE WY vlelERE (o) 7]
WY =7E TE-wd $S s T

o tEjME wlolEZE Jd £3E HE3E Ao
43 Ao maY

ololl T3te], MutagendJoll Al T-E-v9 W3 Axkx}
o] AACNN XYY F=o] tF F71H9 BHL F
P& A9, 2 84S o T AE F Us RAe=
Holth og Fol, TR WP A4 SDLE A
Yol A & 74709 ZEE WHo] Fol| 73I4E AAEAE
b, °]= return TE& EFT 53 7E, HE 2718
g 3= TR U At BEEG7) Wil
F5 Aoj/vlele 5% A4 ARE FEie FE-O

=] g Reg Jydct

6.4 E

2 =RAAE Java ZE2IAS UFSE F8&3 W
o] Z2IYE AT T WY Mutagend] =TS
203tk Jtopass Y SRE 71€ Java T2 W
o] 44 =79} Mutagend]7} 43 WHolg AAH L
2 B3 4% A3 Mutagend]S ©E =FEHUT
B 234 o 2o FaF zzay wWolE wELh
£-3], MutagendJo] A3 Fa3 WHo| T 40.7%= T
2k WY AAE B3 32 Z, Mutagend]o] A

SHR2ISE 7|29 | IP: 143.248.137 %% * | Accessed 2016/11/18 22:13(KST)



982 AR A =8A A4378 A9Z(2016. 9)

e FE A A8 ) £89
At
QuAE sk U g o
aul, AgAZRE 2anE WY A9E A
A AR Qe e e Beeke T1ME 371
o] Mutagend]Je] 2448 N A Fo|ch

T
oft
-lo[t [
o
rr
=
=
Qo
Q
@
=)
T~
L
=2
A
N
)
-
re

Jht o2t ¥O ol

References

[1]1 J. H. Andrews, L. C. Briand, Y. Labiche, A. S. Namin,
"Using Mutation Analysis for Assessing and
Comparing Test Coverage Criteria,” IEEE Trans—
actions on Software Engineering, 32(8), pp. 608-624,
2006.

[2] R. A. DeMillo, R. J. Lipton, F. G. Sayward, "Program
mutation: a new approach to program testing,” Info—
tech State of the Art Report on Software Testing 2,
pp. 107-126, 1979.

[3] G. Fraser, A. Zeller, "Mutation-Driven Generation
of Unit Tests and Oracles,” IEEE Transactions on
Software Engineering, Vol. 38, No. 2, pp. 278-292, 2012.

[4] S. Moon, Y. Kim, M. Kim, S. Yoo, "Ask the mutants:
Mutating faulty programs for fault localization,”
Proc. of the International Conference on Software
Testing, Verification and Validation, 2014.

[5]1 D. Schuler, A. Zeller, "Javalanche: efficient mutation
testing for Java,” Proc. of the Joint Meeting of the
FEuropean Software Engineering Conference and the
ACM SIGSOFT Symposium on the Foundations of
Software Engineering, 2009.

[6] L Moore, "Jester-a JUnit test tester,” Proc. of the
International Conference on Extreme Programming
and Flexible Processes (XP), 2001.

[71 S. A. Trvine, T. Pavlinic, L. Trigg, J. G. Cleary, S.
Inglis, M. Utting, "Jumble Java byte code to mea-
sure the effectiveness of unit tests,” Proc. of Tes-
ting: Academic and Industrial Conference Practice
and Research Techniques (TAICPART) -MUTA-
TION, 2007.

[8] PIT Mutation Testing, [Online]. Available: http://
pitest.org

[9] R. H. Untch, "On reduced neighborhood mutation
analysis using a single mutagenic operator,” Proc.
of the Annual Southeast Regional Conference Article,
20009.

[10] L. Deng, J. Offutt, N. Li, "Empirical Evaluation of
the Statement Deletion Mutation Operator,” Proc. of
the International Conference on Software Testing,
Verification and Validation, 2013.

[11] MuJava, [Online]. Available: https://cs.gmu.edu/ offutt/
mujava

[12] R. Just, "The Major mutation framework: Efficient
and scalable mutation analysis for Java,” Proc. of
the International Symposium on Software Testing
and Analysis (ISSTA), 2014.

[13] Javaparser, [Online]. Available: https://github.com/
javaparser/javaparser

[14] J. Offutt, A. Lee, G. Rothermel, R. Untch, C. Zapf,
"An experimental determination of sufficient muta—
tion operators,” ACM Transactions on Software
Engineering Methodology, Vol. 5, No. 2, pp. 99-118,
1996.

[15] H. Agrawal et al., "Design of mutant operators for
the C programming language,” Technical Report
SERC-TR-120-P, Software Engineering Research
Center, Purdue University, 1989.

[16] SIR Benchmark, [Online]. Available: http://sir.unl.edu/
portal/usage.php

A o] 7

2015 KAIST ket skah 2015
~&A KAIST #ikeR Aa14 )
WlRoke Z2a9 Wo] 24, A
z2a3) Ag 9% F4

offt 1% i

1¢ %
EEELE R
A4 AA6E HE

z 2
2007 KAIST Aakehi skal 20109
KAIST Z2bshs Ax) 20159 KAIST
AbskR uk)l 20163~ A g5oist

L3 AuEAEes zas pARoR
‘ . smEdo] HaR/OHg AED, o
24 Edo] wol #4, FA4 tmES,

AHtIE AZEY S

2 EF
EEELEIER
A43AA6 S BE

SHa S| &9l | IP: 143.248.137 % * | Accessed 2016/11/18 22:13(KST)



	Mutagen4J : 효과적인 Java 프로그램 변이 생성 도구
	요약
	Abstract
	1. 서론
	2. 변이 분석과 기존 Java 프로그램 변이 생성 도구
	3. Mutagen4J 도구
	4. 실험
	5. 논의
	6. 결론
	References




