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Abstract Mutation testing is a fault-based software testing technique, which is widely used to evaluate the
adequacy of a given test suite or the fault detection effectiveness of a given software testing technique. Although
mutation testing has a strong fault detection capability, the high computation cost incurred by a huge number of
mutants and a long testing period prevents mutation testing from being widely adopted in practice. Existing
research work on reducing the cost of mutation testing is mainly divided into two categories: (1) mutant
reduction, which reduces the number of mutants through various strategies, and thus affects the fault detection
capability of mutation testing; (2) acceleration of mutation execution, which shortens the time of mutation
execution through optimizing the process of mutation testing. It can be observed that the bulk of codes in
multiple mutants are repeatedly executed through an analysis of the mutation testing process. In this paper, we
explore the improvement of mutation testing in terms of reducing its execution time and accordingly propose a
concurrent weak mutation testing approach, which provides an optimal mechanism to removal of redundant
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executions by using the combination of concurrent controls and program synthesis techniques, aiming at
shortening the execution time of mutation testing. The proposed approach incorporates two mechanisms for
accelerating mutation execution, namely the concurrent mechanism which reduces the execution time before the
mutation point by sharing the program states of a set of mutants whose mutation points belong to the same
program block, and the weak mutation mechanism which reduces the execution time after the mutation point by
immediately comparing the program states of a mutant and the original program to decide whether a test passes
or not. An empirical study has been conducted in which 12 C programs are used as subject program were used to
evaluate the effectiveness and efficiency of the proposed approach and analyze the impact factors of performance
optimization, and compare its performance with three baseline techniques, namely traditional mutation testing,
weak mutation testing, and concurrent mutation testing. Experimental results show that compared with the
baseline techniques, the proposed approach can significantly improve the efficiency of mutation testing, with an

average reduction rate of more than 90% of compilation time and 70% of execution time, respectively.
Key words software testing; mutation testing; weak mutation; mutation optimization
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if (x >
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X+=1
saveState (& X);
else
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saveState (& y);
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intx=1;
for (int i=1; i<=100; i++) {
[*for (inti =1; i<100; i++) { */
X *=1;
saveState (&X);
}
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Algorithm 1. Algorithm of concurrent weak mutation testing

INPUT: P, M={m1, my, ...,mL}, Bz{bl, bz, ey b\/}, TS:{tl, t ...,
tr}
OUTPUT: MSS={<my,5;>, <mg, $;>, ..., <M, $,>}
PROCEDURE:
1. INITIALIZE: MSS to an empty set, G to an empty set, BK to an
empty set

2
3. FORbjinB DO

4, IF notEqual(statementy;y; , Statement,y) DO
5 m; belongs to g;

6 END IF

7 G=G U{g;}

Original Block

program Mutant program

o

[ ]
brs b ]

O

m
Ke ARikdnel

23. IF notEqual(rt,,rt;) DO

24, MSS=MSS U{<m; isKilled>}

25. END IF

26. END FOR

27. ENDFOR

28. END FOR
29. RETURN MSS

saveState(stateVVector); |

{78550
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AT, MR PAT e

HEE RS R RAEEN L, BT
WREEN S, BRFYEE Y v, MR R
BAT. £, S TE BRI, HE
A FARAR A S, HERIE AEN0(S),
TG R E R NO(S « L) £ BT
e, xR R, R RARREE N
ni, AR NOCS * ny) + 0(1), AR
ZPEAYY_(0(S * 1) +0(1)) = 0(S * L) + 0(V).
MR, X T A PR s AT e A
foil, T2 TR AR R AR R SR IE AT 4
HI R 24 N0 (T, SRR 2 NOV * T,
gi b, R IFAR SRR A R B AN ik
JURIAL, BlO(S) +0(S*L) +0(V)+0(V +T) =
0 *L)+0(V *T),
3.6 FHiERGI

KH minmax B2 F7 451 9 % 5548 e 0 ) 82
Mo B9 RE T Bl 7 B AR R 73 A8 R fdk . J7
e puR /N

int main(int argc, char* argv[]){
int data[5], min, max, i, j, t, size;
for(t=0;t<5; t++){

char *A = argv[t+1];

data[t] = atoi(A); b, b,

}
min = data[0];
/I min = data[1]; mutant_0
max = data[0];
/I max = data[1]; mutant_1
size = 5;
i=1;
while (i <size) {
if (data[i] < min) {

[ min = data[i]; |—>b9 —b,
1

—)bz

if (data[i] > max) { —>bs
}| max = data[i]; |—>bm —b.

e b,

printf(*%d %d\n”,min,max);
return 0;

}

4

Ko AR F AR

(LD ARBSEAEA: wE AR RS, 5 AR
PARES BB AL B AR —5, 5 T A a5 1F
DUFE 7 2 (a1 X )

(2) P ade: RAEF P E AN R
BEATEREGER 34, 158 10 MREF L. Hodr, by bas
bs bgv bov big ZMUFH, b by ZEIAHE, b
b, Rk

(3) BFASH: FHREFANERAE, o
Prizhr B s R P B, 1R P U AL ik 7 A
FRIH. I, 28F4E mutant_0 A1 mutant_1 J&
T lH—H.

(4 FFHIF: MFEAPrBRE, #HRE
¥ 6 R S R 7 & o — MR, T
R EPAT R R IR R, KRR RS 15
H, HERERPIT. B 10 mE 7T EHNS
R, _ fpid X4 AR A 4K, count X 73 AN A

int__ fpid =-1;
int__count=-1;
int main(int argc, char *argv[]){
int data[5], min, max, i, j, t, size;
for (t=0;t<5; t++) {
char *A =argv[t + 1];
data[t] = atoi(A);

while (__fpid =0 && ++__count<2) {
_fpid = fork();
if (__fpid == 0) break;
wait(NULL);

}
if (__fpid==0) {
switch (__count) {
case 0:
if (lisKilled(mutant_0){
min = data[1];
max = data[0];
size = 5;
i=1;
saveState(&min,&max,&size,&i);
} else
exit(0);
break;
case 1:
if (lisKilled(mutant_1)) {
min = data[0];
max = data[1];
size=5;
i=1;
saveState(&min,&max,&size,&i);
} else
exit(0);
break;
default:
exit(0);

}
}else {
min = data[0];
max = data[0];
size = 5;
i=1;
saveState(&min,&max,&size,&i);

Iy
exit(0);
return O;

K10 FEradtntl
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bubble 4.221 0.287  93.20 4.612 -9.26 0.292 93.08
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print_tokens 108.106 52.779 51.18 32517  69.92 22.079  79.58
print_tokens2 131.014 58.182  55.59 105.562 19.43 47513  63.73
tot_info 39.256 19.996  49.06 20.044 4894 12.877 67.20
replace 210.941 147908 29.88 111.167 47.30 72320 65.72
space 7419.321 1152.435 84.47 1571.678 78.82 713.032  90.39
BIE.
EEXBFTCIARR 4, $% LA AP RREEAT SIS VAL
(1) GitFEF p PREFREBE AL RS
I, TR PP A R A R S
IR §5748 S MR A A R (KA S
45 SEWEERS5HH
(D FREEFMRAKAZEST: £ 2 M
K3 MBLE TG F IR IR R, 55
AR S AR 5 I % 5873 S 0 D A Uk B R B2 T
12 ANSEIG TR 7 A G E IR 1] S5 AT I 8], BLR S = Fil
TR F AR T AL A AR MR BA R . I -
i, JFRAR I 5748 S ORI I A 55 48 St %
[y ~F 35 % PE N L 43 5 R 92.38% . -9.30% Fil &
92.22%, “FHJHATIE LS54 50.53%. 48.79% =60
R g , . =50
1 71.22%. SEIRAEREW]: 5978 S R 2 5 In g o %40
I 6, L I A A SR R 5548 S I ) 2 1 o
I ()8 BN T G A, IR 9578 57 il ik 10
FERAT I A HNIE BT IR AR, 55722 70 o U ey
PR SELE RO, B A 9578 Sk T LA R TH% 20
\IN\Q& }i@:\o‘\z{\:\&\\%ic%&écf\@b&z\‘\z‘b&é/ N \&@\’:O\éé\;&s{\o@%&e
g‘;z\%x\f%ﬁx -
CMT OWMT CWMT

11 gmiE st



12 it Bl R

4878 M R L

(2) HERFRFAPAPWAKRIHT: 5%
I 1) 5 15 g PR R e B IR P I8 R AR G . R AR
S, S9N IR 55738 S I = A S
BRI LE & 11 s, fE55% 7
Mkrb, 9 7 IRBURE P I R IRDIRES, X RE AR i
1T 7O, G I 1) A% A e I ) i
IR, DRk eI LE oy Tl . “CMT” RonJf
KARFN:; “WMT” FoR§gZ7Mik; “CWMT”
TR R TRAREY: A JFRE
S D ons A2 R g P B R R, B
JR A R I R R e 5 il 1 K B B T AR A GRS 1) 2
PBEISIA]; B 592857 Mg N 1 g i 1], 32 2R
PARRSRAAES SN T AN 9 I8 C) JF
5978 A AL B 25 SR T B RCR RN, A 2%
100

90
80

S

=70

X
=90

4§50
!
S40
I‘_‘/\

30

20

10

0 M

& A NS x& N Y S ] S & K
) (\\\,{b §Q ) §5 .&_\% g&) b&@ K& *c\ \g)\’\; \. & Q\Q\U ~Qr“\\l
O <
S W ¢ ¥ ¥ ) *\'} &S
N N :\i“\ 7’
EXTIE SN
ECMT OWMT CWMT

K12 ATt

i T 557 S AR 1) G 12 T R AR

DA AT B 1] 55 00 P AT AR IR ORI B ) ek
PAT IS T AR G o I8 S A ] DAY kA T
BIREL, AR Tk B O AT R IR, R
FE—IRPATI T EPAT L AR T G R 55748
S AT AR D B AT B[R] s 9k 5578 7
DU AT LA 5] B i 20 0 P A T B0 IR B B IR AT
T P o Vo = o 7 W5 = o 7 W 5 e
AR A AR BB AT It B 12 fir
Ne “CMT” RRFIFRZFIMA; “WMT” £IRG
BN “CWMT” RoRIF R §58 TR, H,
IR AR S MR AN 55748 7 PR 2 T 7E 4 AN SEBEXT S F
K F] 60% L ERIBATINE L, I & 55A A LE 6

ANSEEEXT R FIAF] 70% L AT gL . = FAR
SR ARLE KR T space FIHATILARCR
1, CMT 7£ bubble. WMT fE triangle. CWMT
7t schedule L HATIA R 22 . H R AE F A
FNGG AR 5 AR AE A [F] S50 6 G b R B H AN —Fm)
PAT IR L IR 5578 S AR TE BT A s gaxt % b5
T R AT I b, L s B AR R I 50%.

SEREERK: A =R R AR
I IR 5578 S MR AE AL S AT I B 5 38 (A0
PR, T 9 A e AN 5578 S A A AH S BD
B A R P AR I, 9 55788 S DI PRI A T i
FEA BTt B IR 55748 5 A B T KRR 7
AR IR A BAT I s ©) H R AR S RN 5542
SR BORERLF, W) I 5578 S M ) AT
T B

I I 5578 W B PRAT I EE B T 528 S
WEARA, 5L R TR Bk
Yiok, triangle %l AR FIWT AN 4 G AR, &
DI B ZE R, FEP N D B2 S BE B30, DRI 55
A MR RAC SR G IR, I 5578 5 M i) AT
I = Z IR MLEI RS bubble F2 7 EARAURER

N BRI 2N EE R RIEME AR, AN
x4 BENBRES
g;gﬁxﬂ‘% TSALL 7>JS\‘ &ﬁiﬁ TSCWMT *ﬁxﬂ‘%
BERE 4G KRR RES
s A %)
minmax 115 100.00 111.8 97.22
bubble 149 100.00  148.7 99.80
triangle 175 100.00  175.0 100.00
nextdate 405 100.00  385.7 95.23
schedule 740 100.00  733.7 99.15
schedule2 1027 99.90 934.2 90.88
tcas 1291 100.00 12359  95.73
print_tokens 1377 100.00 13679  99.34
print_tokens2 1945 100.00 1943.1 99.90
tot_info 1882 100.00 18393  97.73
replace 3889 96.48 37451 9291
space 13835 89.45 13560.7 87.68

P SB35 N A AL ML X I A
5978 MR PAT N ELER TR

(3) HRFEF AN F N AE BRI
M orAr: 59935 —HE, IR ARSI AN A2
FRRIEHAT TS AC B, SRR RS 2
AR R 1A B0 22 57 0 A8 S8 75 R SR EAT I
A EERIRES L. B TR P AR
RN E R T I At , RERE RIS R



NE RS CWMT:— T 5 AL H] H 55728 S i H AR 13

A4 (R F A — 58 Be AR BEAH L 5 AR S fd . IR
55738 5B R 78 2 MRV R A RAPE AT RS2 5

T ARG T IH R T IR A R A5 o
fhgE 8, e IR 5578 AR T4 G078 Sk
(B ARGRE 77, P TSa R Bl 448,
TScwmr 227~ A6 55728 A4 il i 91+ 46
TScwmr A% FE 2R S A2 BORAH B2 (1) FH G2 5745 4 B
RN FME . BTk A) 12 NSRG4
H, 1L ASSEER ORI S0 A I N, TR
T 2.52%, FRIAFERAR FIALE I AR AT I [
I, S 78 A A A — e s B M T
AN SR G, R 5578 S I R A 0 A8 e 15
IR . BN, schedule2 1 space FAF 715
SRR T 9.03%F1 1.77%, FWIH K& 5548
TR W 78 25 P PEAl B 52 72 AN R AR 7 B3R ILA
]

TR 12, 5978 S DU T I P ik 78 20 1
PPAR A R ek 55 r) @, FH T I 55728 el 4 K
T 5L MAR A IEA R, Ik 557 S Mt R R
TELE, PRI AR AR 345 0 PRI 59— TJ71H, IF
5578 S WU S fr ) B 56 55 4 S U R AT ok

FARECR AT SR I R 554 R AR
PRGN FHAT AL RCR 2 —. R 5 L T Fr
A ST R R HUE B UL IE LS B

T 507 b AR S R B 1 T 2 X AR Ak
R . B 13 7R 1 AR S A P A 4 1E
LSRR, SRR, LREBHERT, BTN
B S A BRI, D & 55748 S AR 1) g 12
USRI . B 14 R T R AR 54T
IR R R BT HRIGERGINT H AR
i, IR AR A ARG S AR AR AR R
GEARHD () PAT I 8] — RE A BR T A s IR 7 30T
I 1E] . AN[RIRE P AL BB 4 I B A R R, R R Ab
H A SARRD 51N AT 18] 5 B e, AR S
A BE PR T 038 EL 2 M AR B

5 XTI {E
745 5 R, — o JEL 7 e A 9 7

AR, E & A R ] 1 eI sk
FERTZ R o O T PR AR S I A, (AT

R5 FLHENREFRER

LR R B FAH R PEIRIR Bz R #E%&ﬁ@ﬁ
' BE (%) HE OHH(9) BE O SH) BFE iR (%) BAT I H (%)
minmax 18 14 77.78 2 1111 2 1111 6.39 89.45 66.02
bubble 13 8 6154 1 7.69 4 3077 11.46 93.08 75.25
triangle 19 16 84.21 3 1579 0 0.00 9.21 94.17 56.71
nextdate 50 45 90.00 5 10.00 0 000 8.10 91.96 79.32
schedule 151 126 83.44 19 1258 6 3.97 4.90 88.28 53.04
schedule2 163 132 80.98 23 1411 8 4091 6.31 91.28 75.47
tcas 54 49 90.74 5 926 0 000 23.91 96.46 82.28
print_tokens 285 253 88.77 25 8.77 7 246 4.83 91.08 79.58
print_tokens2 228 160 70.18 61 26.75 7 307 8.53 90.27 63.73
tot_info 128 95 74.22 19 14.84 14 10.94 14.70 95.18 67.20
replace 257 213 82.88 31 12.06 13 506 15.68 94.52 65.72
space 1697 1167 68.77 478 28.17 52 3.06 9.11 90.89 90.39
0 5 10 15 20 25 30 N HF RIEFEF, AT AR 7 A B A 4 5 AR

PeAs ARE T
K13 g Nk bb 5 A S i ok &R
(4) KRR F AN RYHE R 247
I 5978 S Dtk AR S o B T A R R e B ) i
ARREERN NPT . AR, J&TFH—
REFFHU AR AR RO 2 (R 57 1A T
KD, P& A 2R BN i . A,
FAVE RGP I PRAR AR (BN Ag

FERPATIS R AL, $2H T 2 A e
AP,

MBI AR S AR B A 24 A D (]I, A
] R I e B R AARME R A T8 AfT3R
H 1 2R AR IE PRI . BEALIL FE SRR AR 71
LA REHLER T8, SKRETRERY], ML
100073 5 PRI, 28 7 ik (A7 2k AR AN I 30%;
Fiife 50%AE FAd, FA AR R AN L 10067,



14 DA 1=

AR IR RN E A R A R
TP A E 2R B AR A, AR s N AR S AR
4, Siami 25 NP — DN BUNMOAE T TEAT
i 7% RS 7= AR AR AR AR A AR R A5 4 Rt
L, SEEG 2 R TR AR AR AR IR 93% 1B TE T
AEREFAE 155 . Alvarez-Garc i 25 NP3+
TUAR FE AN 58 B AN FE AR e X CH+FE P 128 S 55
+, TR AR AR R 1 R I RAIE AR S I 1A R
.,

B T2 7 45 R 1) 738 S A 3 3 SR M A A A R 11
FE 7 45 K P FE PR IE 50 428 e AR b AT 28 S At
Sun 25 NP T — iR TR 1 A8 SR L AT
AR, A1 AR 77 B AT AE [ FE P B8 A% B R 178
&, BefE B HL R IR B A 2« Mirshokraie 45
NPT 3o 4 5 A S T 1A PR S TR Sk gk 2 A A
e, FIHEFSNBE ST EORTHEAR P H R Eor
Gy SR EREEVE, PR B R BE S AT AR
11 . Patrick 2 AP T-75 5447 S BRI 5 A% 1
SUCRHIE AR S, SIS 25 SR 3R IR IR A8 S A xfE LU
— R IR FE R BE . Anthony 25 A POIR tH — Fifi 344
AT, AR e L B VG PR A AR
S RACRS B, AT R B D AR AR A R

TUAR AL S A R ) 5 I o S e 3 0 43 A AN R AR
SR Z BAFAE IR ZE & R &R, HNTCAR AR AR I
o H AR AR LR A TR B, AT 9k 2D A8 S Ak 1) 2
. Sun 26 NPURAERE Frh A B e (-1 R R
SUT —HIURAE AR, K #2267
FARVN FEMIBR TURAS R AR, el A8 T I AT
WA . A T i — P m IR AR R &R, Sun
i NS 7 — B e T4 5 BT I TR AR
W7, AFHIERRT S PATH AR M A FAE FAR A
PAT R 7RG IR IR AL, ARIERE IR A
AP TR B TUARAS A, S 25 BRI 7 VAR L i
B ITEFONH T EZ IR Rk

v B 8 S R R G e A U R R AT 2 R

100.00
95.00
90.00 °
= 85.00
33 80.00 o o
) 75.00 ° °
ﬁ% 70.00 r
<2 65.00 LA °
* 60.00
55.00 L
50.00

10 15 20 25 30
PeAs e fAas i

K 14 FRATINGE b 5 Hes AR o8 i 5 &

SR AR AR, FE B ERk L A s > AR AR
. Polo &5 N\ 5et = Ffr A= pl M 0 — i A8 S
ITHMAAR B A Ak, A28 F i e e —
e, BEHEAEAS PRI X 9] o BEAR 00 T 325 PRI
WM. Jia ZAPET R AR R AERRO S E
AR S, I AR ST Ll I B AL B AT A — P AR
A 5 e 2 B . Abuljadayel 2 A P8 1 52 3
AR R I AR SR A, I E R R B T R R
SERY AR S AA, [ I ORAIE 77 AR A 1) S AN AR
NS

R AR e R 4 1 SR e R AR I8 ok gl 2 AR S AR
A ML T2 F WA, (HIEPER AR Fk
F AN 78 40 P VA 7 T A s, 4 a2
AR SIS HERME 0 T P, AR IR R S A
MR FHEA YDA AR P E R, T A X AR e A it
1T 7B SEMAE & & LA R R 2, I
R 557 A A S 26 A8 AR P AT @ 8, BT
DL g N A8 e A B R AR . FRARAR e K
FFES 10 58 2R 07 S8 A2 4 F 7% S R 1) s R B (1] T
AT [A]

FE T G 1 1100 A8 S U0 4 o g vl e R FH g
MEACFE A AR T A 1) G VRIS, BAER AR S DA
B, Ma 25 \PE T 5 R B R FF R T Java &%
ST H Mulava, &2 Java AR 7 715545
AR Ak, R T AR RAARYRACAD B AT RS Y g e
. Android 78 7 T H MutAPKEIx) APK 347
fEALIREN Android 2P Smali F 1569, X795
B E HETA, BT R, 2R
FEAE E AR 5 It TR MullBY xR R Rl i
LLVM 4 HESE A sl B AT A 5, R
AR Fr B 7 4 1 . Mart B30 LLVM
[EACHG A — B H 20 Bitcode #EATAR R, [AIIN i@
T ER TR T 0 A BOR SRk S — Le SE A AR AR AR
B, 20D T Ym T 1a] . I 5578 Il
TGP RED T REER AN gmE, SER
= TP

25 T W0 4K FH 48] 149 A S 4 e g vk K
AT HE R B O, T 545 28 S A I (]
Just 25 ATV 2 47 I 22 S5 0k 48 36 47 HEFE
PLACIEFRAE AR T B AT E B ]. Zhang
2t \ LS 3o 40 5l 326 45 7T A 25 028 S 4% O I 4 P 491
SRMPRAR SR R B, 8 S 7R S W R AR i



PNEESE: CWMT.— Rk T IF AL 1 55728 7l sl 50 A 15

B BIE SR AR T E BT 1 Gkt 7 2 2 IR
7 B B 7 5 A AR S 6 R R A
BT RS g, ARG AEMR I FE A i e ik R AT
W2 RFAT AR SR AR L A S AR R 5] . AR
SR AL 06 TS A DU B ik e AR S, 36
T-i% B8, Papadakis il MalevrisP0 g s i 454
DR GE R LT iEARE S G R, R
A SRR T, DOR RS T 25 A B A HR )
MBI 55— 5T, I A5 5 2 2 S R
AT AT TR R 2R o A SO EL Sz 36 Hh 4% R Bt AL
(I3 BP0 4T 22 Yk B L S, T AR AR
FO VP 25 S A2

TR S R T K R A AT E B
SRy AT TN AL AR BE T BRI, EAPATAE 7
REIE S T2 74535 . Zhang 25 N\ ML TA7 7
PRI JR R0 7 SR AT (S BARIURRAE, A
SRBENLARMR T IRAY, %71 AT R 60%H A%
SURBET AT, T 45 A2 S AR ) I 1)

5545 S I 08 3o 92 AR S A S B BRAT I R
S T Howden 1 #5578 A,
T Ik BT AR S A (AR IR A ok A B A S A 2
PiRBE, W T AR S S ARAD A BT . Offutt
55 LelH 415 1ty 75 P R 2 £ B LA B O AS [ 3
JB 7§ R MAREA, I 5NN AR AR
AR E A IR AL . Just 25 A PR R Ay
MR, S5 X PP IR AL 75 1) 4 M sk A Ak 4% 731
WIAT, AT LAGEHE 40%0H038 SR AT E] o X T
FEAN D] BIHRAT A8 S A R R R 2 S A
. W = H R RSN G EZRZER N
S JRERAFAE, SR AR B SPAT; LR
RGN, WS AR AR 5 05 5 R RS A
A, R Hdh 2 —FHEgke T,

e DU FE e R0 AR S (AR AR S5 BT A7 8 L R BT
(OB 43, T LAY D 5 40 AN 0 T (R R AT SR s AR S
Wt FETAZEAR, Sun 258 AWM T IR AR S
WEAR, RARTF S ERE AR T 5T
BRI ZAD BTG, AR SRR > T A
SN Z AT EE AT, B IR gk R
A7, AT I 2 SR AT FE . Wang 25 A1
A AL AR S AT S A A BEAT, FEAS R AR S
AR S 05 AR R TR R A AT 3L, ARJE &
PATAE S R AR 5, AR 5 AR AR PR A

A2 AN AR A F — A0, Rz —
BEEPAT o RT3 T2 SR AT I AT RE
FERS ARSI AS AL, FF R 59728 A E AR 4
PATRTRAT A SR AR AR AL

AT 2 5008 1o AT 5 A8 7 A 1 2
#, Mathur Fll Krauser™ 45 Sl 5 HAT AR ALAH
ghts, W hr B B AR AR BAT F o ) B A B A
FRFEAT U, BOAE T RAT AR SR AT AT M
Mateo 25 NYHR T —F AT A8 R MR A, 724>
MRARG FIHATHATAE A, R A TAE f gk 4y
B SvEN 28 AR AT SRR AT Bh S AT AL -
AT AR S AR A B AR R 008 I 5 2 o A0 S MR Ak
2, BRGHTRRE BT IS, 5 EIREARML,
IR 55728 MRS B AT IR B A 5 I B R

A SCHEH IR 5 AR R IR B R R R &
JEEAR 5 I R AL 78 AN FE P e — AR
WA i, YD AR S S 2 BTARRD H W AR AT, @
Eb A2 P A TR S SR B AR S A e AR A, 4ok
A S i B 5 R ARG R AT, 2D i
BRPAT . ARTIER IR SRS 558 5 10E
Ry, AT T AR SR A B AT s, i ELAR
BT IR R T 5548 SR &5k )

6 ZE5ip

A2 S M2 F R AR DR 45 5 e 23 R A
BAFMABAA RN B EITE SRR, 22
S e CLAE AR s b 2 A . ASO N
AR S MAPAT R R, IR A S A AL 1
Ao FESSAR M AFEA B, $RH T —FhIfF k553
SR, S ETEF & S I AL > — A2
MR TR A7 AE B AR R AR B i) 2 52 AT DL R AR
St e A BT, AN T AL A 1 4
PRSI, a1 AR RIS ATIN A R T 2
NI PG T ASCONERA R, SLIaEs K
s (1) FFR 92 TN Rtk D> 1 A% 58728 57t
WU g B[R] S PAT I 8] (2) If 5 55788 5 Ik 72
TR T AP FR, B — @R 1A R
MR TS PEPEAE RE T : (3D REMAIJF A 59738 7l ik
AR TR R L — R AR AR L

I e 55728 S SR AL T — o (072 5 0 A
WITid . AR TAREEE: (1) ASCHE Gk I



16 it Bl R

RIS FAMAN T C RPN S R AL, A
[FISRAURE 3 1 Y (0 R B S RE 7 & AR AN A,
WRERGASTT R 2L e SRR AR (W1 Java £%
FPos (20 $ 9 5548 I B s ) 2 3 s
PPEAR SRS S, R R N i R A8 57 0k
PACTIAR, 2P AR AL ST M AT T4

2 & Xk

[1] Papadakis M, Kintis M, Zhang J, et al. Mutation testing advances: an
analysis and survey. Advances in Computers. Elsevier, 2019, 112(1):
275-378.

[2] Offutt AJ, Lee S D. An empirical evaluation of weak mutation. IEEE
Transactions on Software Engineering, 1994, 20(5): 337-344.

[3] Jia Y, and Harman M. An Analysis and Survey of the Development of
Mutation Testing. IEEE Transactions on Software Engineering, 2010,
37(5): 649-678.

[4] Offutt J, Untch R H. Mutation 2000: Uniting the

orthogonal//Proceedings of the Mutation 2000: Mutation Testing in the

Twentieth and the Twenty First Centuries. California, USA, 2000:

45-55.

[5] Ferrari F C, Pizzoleto A V, Offutt J. A Systematic Review of Cost

—_—

Reduction Techniques for Mutation Testing: Preliminary Results//
Proceedings of the 11th IEEE International Conference on Software
Testing, Verification and Validation Workshops (ICSTW). Véaterds,
Sweden, 2018: 1-10.

[6] Bluemke I, Kulesza K. Reduction of Computational Cost in Mutation
Testing by Sampling Mutants//Proceedings of the 8th International
Conference on Dependability and

DepCoS-RELCOMEX. Brunow, Poland, 2013: 41-51.

Complex Systems

[7

—_—

Bluemke 1, Kulesza K. Reduction in Mutation Testing of Java
Classes//Proceedings of the 9th International Conference on Software
Engineering and Application (ICSOFT-EA). Vienna, Austria, 2014:
297-304.

[8] Harman M, Jia Y, Mateo P R, et al. Angels and monsters: an empirical
investigation of potential test effectiveness and efficiency improvement
from strongly subsuming higher order mutation//Proceedings of the
29th IEEE international conference on Automated software engineering
(ASE 2014). Vasteras, Sweden, 2014: 297-408.

[9] Gopinath R, Ahmed I, Alipour M A, et al. Mutation Reduction Strategies
Considered Harmful. IEEE Transactions on Reliability, 2017,
66(3):854-874.

[10] Tuya J, Su&ez Cabal MJ, Riva Alvarez C. Mutating database queries.
Information and Software Technology, 2007, 49(4): 398-417.

[11] Delgado-Pé&ez P, Medina-Bulo I, Merayo M G. Using Evolutionary

Computation to Improve Mutation Testing//Proceedings of the 14th
International Work-Conference on Artificial Neural Networks(IWANN).
Springer, Cham, 2017: 381-391.

[12] Howden W E. Weak mutation testing and completeness of test sets.
IEEE Transactions on Software Engineering, 1982, 8(4): 371-379.

[13] Li N, West M, Escalona A and Durelli S. Mutation testing in practice
using Ruby//Proceedings of the 8th International Conference on
Software Testing, Verification and Validation Workshops (ICSTW).
Graz, Austria, 2015: 1-6.

[14] Zhang J, Wang Z, Zhang L, et al. Predictive Mutation Testing. IEEE
Transactions on Software Engineering, 2019, 45(9): 898-918.

[15] Sun C, Jia J, Liu H, et al. A Lightweight Program Dependence Based
Approach to Concurrent Mutation Analysis//Proceedings of the 42nd
Annual Conference on Computer Software and Applications
(COMPSAC 2018). Tokyo, Japan, 2018: 116-125.

[16] Sun C, Xue F, Liu H, Zhang X. A path-aware approach to mutant
reduction in mutation testing. Information & Software Technology,
2017, 81(C): 65-81.

[17] Sun C, Jin M, Liu C, Jin R. An approach to static prediction and visual
analysis of program execution time. Journal of Software, 2003, 14(1):
68-75(in Chinese)

(PNEE, &8, XUk, BB, FEFr AT I TR A E S JU4h 5 m A0
AT, AR5, 2003, 14(1): 68-75)

[18] Sun C, Liu C, Jin M. Effective wove algorithm for software structure
graph. Journal of Beijing University of Aeronautics and Astronautics,
2000, 26(2): 705-709(in Chinese)

(FNEE, X, %8, — a5 R R 5. Jest
WS LR K 22244, 2000, 26(2): 705-709)

[19] Yu M, Ma Y S. Possibility of cost reduction by mutant clustering
according to the clustering scope. Software Testing, Verification and
Reliability, 2019, 29(1-2): 1-24.

[20] Delamaro M E, Maldonado J C, Vincenzi A M R. Proteum/IM 2.0: An
Integrated Mutation Testing Environment//Wong W E eds. Mutation
Testing for the New Century. Boston, MA: Springer, 2001: 91-101.

[21] Papadakis M, Malevris N. An empirical evaluation of the first and
second order mutation testing strategies//Proceedings of the 3th
International Conference on Software Testing, Verification, and
Validation Workshops (ICST 2010). Paris, France, 2010: 90-99.

[22] Siami NA, Andrews J H, Murdoch D J. Sufficient mutation operators
for measuring test effectiveness//Proceedings of the 30th International
Conference on Software Engineering(ICSE 2008). New York, USA,
2008: 351-360.

[23] Alvarez-Garc & M A. Automation and Evaluation of Mutation Testing
for the New C++ Standards//Proceedings of the 43rd International
Conference on Software Engineering: Companion Proceedings
(ICSE-Companion). Madrid, Espana, 2021: 150-152.



PNEESE: CWMT.— Rk T IF AL 1 55728 7l sl 50 A 17

[24] Mirshokraie S, Meshah A, Pattabiraman K. Guided Mutation Testing
for JavaScript Web Applications. IEEE Transactions on Software
Engineering, 2015, 41(5): 429-444.

[25] Patrick M, Oriol M, Clark J A. MESSI: Mutant evaluation by static
semantic interpretation//Proceedings of the 6th International Conference
on Software Testing, Verification and Validation (ICST 2012). Montreal,
Quebec Canada, 2012: 711-719.

[26] Anthony Cachia M, Micallef M, Colombo C. Towards Incremental
Mutation Testing. Electronic Notes in Theoretical Computer Science,
2013, 294(1): 2-11.

[27] Sun C, Guo X, Zhang X, Chen Z. A Data Flow Analysis Based
Redundant Mutants Identification Technique. Computer Journal of
Computers, 2019, 42(1): 44-60.

(MNEE, FH, T, BRsE. —METEIRR D ITRIT R
FARATTE. THRBLEER, 2019, 42(1): 44-60)

[28] Sun C, Fu X, Guo X, Chen T. ReMuSSE: A Redundant Mutant
Identification Technique Based on Selective Symbolic Execution. IEEE
Transactions on Reliability, 2022, 71(1): 415-428.

[29] Polo M, Piattini M, Garc® Rodrguez I. Decreasing the cost of
mutation testing with second-order mutants. Software Testing,
Verification and Reliability, 2009, 19(2): 111-131.

[30] Jia Y, Harman M. Higher Order Mutation Testing. Information and
Software Technology, 2009, 51(10): 1379-1393.

[31] Abuljadayel A, Wedyan F. An approach for the generation of higher
order mutants using genetic algorithms. International Journal of
Intelligent Systems and Applications, 2018, 11(1): 34-45.

[32] Ma Y S, Offutt J, Kwon Y R. MuJava: an automated class mutation
system. Software Testing, Verification and Reliability, 2005, 15(2):
97-133.

[33] Escobar-Vel&quez C, Osorio-Riafd M, Linares-V&quez M. MutAPK:
Source-codeless mutant generation for android apps//Proceedings of the
34th IEEE/ACM International Conference on Automated Software
Engineering (ASE 2019). California, USA, 2019: 1090-1093.

[34] Denisov A, Pankevich S. Mull It Over: Mutation Testing Based on
LLVM//Proceedings of the 11st IEEE International Conference on
Software Testing, Verification and Validation Workshops (ICSTW).
V&ter&, Sweden, 2018: 25-31.

[35] Chekam T T, Papadakis M, Le Traon Y. Mart: A mutant generation tool

SUN Chang-Ai, Ph.D.,

Professor. His research interests
include software testing, program

analysis, software architecture, and

Service-Oriented Computing.
ZENG Guofeng, Ph.D. student. His research interests

for LLVM//Proceedings of the 27th ACM Joint Meeting on European
Software Engineering Conference and Symposium on the Foundations
of Software Engineering (FSE 2019). New York, USA, 2019:
1080-1084.

[36] Shen W, Li Y, Han Y, et al. Boundary sampling to boost mutation
testing for deep learning models. Information and Software Technology,
2020, 130(1): 1-16.

[37] Just R, Kapfhammer G M, Schweiggert F. Using non-redundant
mutation operators and test suite prioritization to achieve efficient and
scalable mutation analysis//Proceedings of the 23rd International
Symposium on Software Reliability Engineering(ISSRE 2012). Dallas,
USA, 2012: 11-20.

[38] Zhang L, Marinov D, Khurshid S. Faster mutation testing inspired by
test prioritization and reduction//Proceedings of the 7th International
Symposium on Software Testing and Analysis (ISSTA 2013). Roma,
Italy, 2013: 235-245.

[39] Papadakis M, Malevris N, Kallia M. Towards automating the
generation of mutation tests//Proceedings of the 5th Workshop on
Automation of Software Test (AST). Cape Town, South Africa, 2010:
111-118.

[40] Papadakis M, Malevris N. Automatically performing weak mutation
with the aid of symbolic execution, concolic testing and search-based
testing. Software Quality Journal, 2011, 19(4): 691-723.

[41] Just R, Ernst M D, Fraser G. Efficient mutation analysis by propagating
and partitioning infected execution states//Proceedings of the 8th
International Symposium on Software Testing and Analysis (ISSTA
2014). California, USA, 2014: 315-326.

[42] Wang B, Xiong Y, Shi Y, et al. Faster mutation analysis via equivalence
modulo states//Proceedings of the 26th ACM SIGSOFT International
Symposium on Software Testing and Analysis (ISSTA 2017).
California, USA, 2017: 295-306.

[43] Mathur A P, Krauser E W. Modeling mutation on a vector processor
/IProceedings of the 10th International Conference on Software
Engineering (ICSE 1988), Singapore, 1988: 154-161.

[44] Mateo P R, Usaola M P. Parallel mutation testing. Software Testing,
Verification and Reliability, 2013, 23(4): 315-350.

include software testing and program analysis.

ZHANG Shoufeng, master student. His research
interests include software testing and debugging.

TANG Jin, master student. His research interest is
software testing.

L1 Ning, master ,Senior Engineer. His research interest



18 it Bl R

is software testing.
ZHANG Shiyong, bachelor,Engineer. His research
interest is software testing.

Background

Mutation testing is a fault-based software testing
technique, which is widely used to evaluate the adequacy of a
given test suite or the fault detection effectiveness of a given
software testing technique. Although mutation testing has a
strong fault detection capability, the high computation cost
incurred by a huge number of mutants and a long testing
period prevents mutation testing from being widely adopted
in practice. We observe that the bulk of codes in multiple
mutants are repeatedly executed through an analysis of the
mutation testing process. In this paper, we explore the
improvement of mutation testing in terms of reducing its
execution time and accordingly propose a concurrent weak
mutation testing approach, which provides an optimal
mechanism to removal of redundant executions by using the
combination of concurrent controls and program synthesis
techniques, aiming at shortening the execution time of
mutation testing. An empirical study has been conducted in

which 12 C programs were used as subject program to

CHEN Yan, master, Senior Engineer. Her research
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evaluate the effectiveness and efficiency of the proposed
approach and analyze the impact factors of performance
optimization. Experimental results show that the proposed
approach can significantly improve the efficiency of mutation
testing, with an average reduction rate of more than 50% for
all subject programs and up to 99% for those large-scale
programs. The proposed technique provide a new solution to
accelerate mutation testing without the need of special
infrastructure. It is also very promising to explore the
integration with existing optimized techniques to deliver an
even faster mutation testing technique.
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