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Increasing Test Variation for C Compilers by Equivalent Mutant Generation

Hiroki MAEDA" and Nagisa ISHIURAT
1 Kwansei Gakuin University, Gakuen 2—1, Sanda, Hyogo, 669-1337, Japan

Abstract This article proposes a method of increasing variation of test programs in automatic testing of C compilers by
means of equivalent mutant generation. A mutation-based method, where test programs are generated by mutating existing
test programs, has different merits from a grammar-based generation method, especially when seed test programs are properly
chosen. One of the challenges for the mutation-based method is that applicable mutations have been limited because the muta-
tions must not induce undefined behavior in test programs. This article introduces new types of mutations by bookkeeping the
values of all the variables in seed test programs. Our new mutations generate equivalent test programs from a seed program in
a sense that all the variable updates are done with the same values both in the seed and mutated programs. The mutations are
based on 1) replacement of types and modifiers of variables, 2) interchange among scalar variables, array elements, and struct
members, and 3) nesting statements with conditional and loop constructs. A test system based on the proposed method has
detected bugs in GCC-5.5.0 and LLVM/Clang-3.5.2 by test programs which can not be generated by existing methods.
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BAR=ZDFANFIETH Y, BED GCCAREE T T T LM
ENINZTANALI = XTI ILETEHILIZEST
6 v HT216 FOABAEZRHTL T WS,
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2.2.1 Equivalence Modulo Inputs (EMI)
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EWVWHEIRTD TR T LADOEMETHS. EMIIZHE D AR
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LEERTS.

Orion 370 275 AFOEFINZNI—RE2 T VX L
IZHIBR, Athena IZEFE 7025 A OERF S AR WEIZ T —
REFHATEZEIZL S THERTAN T O T L E2EKT .
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DOEHRED GCC, LLVM/Clang 3 >34 5T 6 » AT 217 D
REGZBRH U, ZOFE» S, BEOREEFILITIHEIEL
ENTVWEREVWAEENEBELTEY, BEo -0 s 74
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UL, ZROBPREE TP KREL R L EHELEDM
AEDEDVBROIIKREL L0 T, BEITU LEOKRE R T 0
T UTIREHATE R, F72, ZROEEOERIZ L -
TEHP AR OMENPE L, REBIFEET SR T v s
TLEERTDEENDD.

01l: int a = 1; 01: int 00 = 1;
02: int b = 2; 02: int [ = 2;
03: int main(void) { 03: int main(void) {
04: int ¢ = 3; 04: int O = 3;
05: int d = 4; 05: int 0 = 4;
06: ifCa<b) { 06: if( O < 0O) {
07: c=b+d; N 07: O =0+ O
08: } 08: }
09: while(c < d) { 09: while(D < ) {
10: Cc++; 10: O ++;
11: 3 11: 3
12: return 0; 12: return 0;
13: } 13: }

(O BVA=E AN (b) 70T LEK
01: int b = 1; 01: int b = 1;
02: int a = 2; 02: int a = 2;
03: int main(void) { 03: int main(void) {
04: int d = 3; 04: int d = 3;
05: int ¢ = 4; 05: int ¢ = 4;
06: if(d<a) { 06: if(b <a) {
07: d=a+ b; 07: d=c+c;
08: } 08: }
09: while(c < d) { 09: while(d < ) {
10: C++; 10: d++;
11 11
12: return 0; 12: return 0;
13: } 13: }

© TANTBIT I LI dTANTBT T L2
X2 SPEDOTANTHITTLHER

2.3 ZEHEAOEEBELALTOT S LERK
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Orange4 BWERKT AT AN 70T T LDHI %K 3 IZRT. 6-26
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AFRTRETZ2 7077 L0ERIT T2 TOEROFEHICE
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01: #include <stdio.h>

02: #include <stdarg.h>

03: #define OK() printf("@OK@\n")

04: #define NG(test,fmt,val) printf("@NG@ (test = " fmt ")\n",val)

06: static volatile unsigned short x86 = 3U;
07: const signed short x88 = 386;

08: static volatile unsigned short tO® = 2428U;
09: volatile unsigned long long t1 2LLU;

10: static volatile signed char t3 9;

11: volatile signed char x92 = 115;

12:

13: int main (void)

14: {

15: static const unsigned char x33 = 1U;

16: static const volatile signed long long x41 = -1LL;
17: volatile unsigned char x52 = 5U;

18: const volatile unsigned char x65 = 38U;

19: static signed long long x77 = OLL;

20: volatile signed int x87 = 511

21: const volatile signed long x89 = 2029215198009L;

22: const volatile unsigned int x90 = 140U;

23: volatile unsigned short t2 = 6570U;

24: const unsigned long long x91 = 1255744988028LLU;

25: static volatile unsigned long t4 = 1404136965112782LU;
26: static volatile signed char t5 = 17;

28: t® = ((unsigned short) (((signed int)x87)&((signed short)x88)));
29: tl = ((unsigned long) (((signed long)x89)*((signed long long)x33));
30: t2 = ((unsigned short) (((unsigned int)x90)<<(((signed char)x77))));
31: if(((signed char)(((unsigned short)x86)*((signed int)x41)))) {

32: t3 = ((signed char) (((unsigned long)x77)<<((signed long)x52)));
33: t4 = ((unsigned long) (((signed char)t3)|((unsigned long)x91)));
34:

}
35: t5 = ((signed char) (((signed char)x92)%((signed char)x65)));

37:  if (t0 == 386U) { OK(Q); } else { NG("t0", "%hu", t0); }

38: if (tl == 2029215198009LLU) { OK(Q); } else { NG("tl1", "%llu", tl1); }
39:  if (t2 == 140U0) { OK(); } else { NG("t2", "%hu", t2); }

40: if (t3 = 0) { OKQ; } else { NG("t3", "%hhd", t3); }

41: if (t4 == 1255744988028LU) { OK(); } else { NG("t4", "%lu", t4); }
42: if (t5 == 1) { OKQ; } else { NG("tS5", "%hhd", t5); }

44: return 0;
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42T —XBIOEROFI%RT. 1 {7HTIE x1 OEL%E long
M5 int 12, 2 f7H TIX x2 D% int 5 short 12, 4 ITH TlE
mO0 D%l% int 7* 5 unsigend char 12, ZNETNERIETT V5.

EROEGEIEROMEE, B & &R - XK & X%
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VELI DR ERUTCEREZTD. K407 0TI L0
2 17 H DR x2 DIEHS 50000 72D T, short BUZ BRI B 5 L1
SNEBBEOA—N—T70—=DEL, RKEZHENEL LD T,
int £ KEVWEIAZRINT S,

P XN WEADERL, FEM EBBOGAITIEERE
HEMEZ, FEELUEBROEAICET Yy 757 NIZX 5D
ZAEBER T2, BROMEETIEL THIOTHEEIZ RS,

(D) 78T T A
Tong x1 = 50000;
int x2[2] = {1, 25000};
struct sO {

int m@;

Q) ERBETUT I A
int xI = 50000;
short x2[2] = {1, 25000};
struct s {
unsigned char m@;

VT W N
YU W

I
s® x3 = {100}
M4 F—REDZE

b
sO x3 = {100}
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3.2.2 ZBROEMT - RS 7 ABEFOLR

LAY T LT OEBICH U T &g 7 AHERET (static), &
fifi (volatile, const) D A - Hlkk%E 7 > X L1217 5.

5% 7R, 147H x0 Tl x1 DERiT% volatile 7 S
const 12, 2 7 H x1 Tl static % HlBR, 3 17 H x2 Tl static volatile
EHALTWS.

const DFEAIZ—E LR APITONRWELIZ L TDA
HHATHET, ABFAOHREMAL TIXLOTHEEIZRS.

[OEZAEEEEA ) ZHBETOT T L
I: volatile int x0 = 1; I: const int x0 = 1;
2: static int x1 = 2; 2: int x1 = 2;
3: int x2 = 0; 3: static volatile int x2 = 0;
5 Effiy - diES T ABETOER
3.2.3 2R WA - REER - JLRRD R

T TS LR OB - B - #ERE S VX LTS S
A9 5.

R WA - s - LREKOEROHIEX 6 1IZRT. T
027 F 51 F7HD x0 132 SEERERUIZ, 2 TH DA x1
WEECHNZ, 3 47 H OFCH x2 IZEHUIC, TN FNEEIE TV 5.

BREBIIOBRIZT 2551%, £ ITHSI ORI L BRI
I URLNERUZOEREFEL T — R MOES] % £ KL,
M DEDEEZEEMHAT 202 BRL, TN E2LMEESHRZ
5. BRECCES 2GR - AR T 2581, BRT 5L,
FiFl e MU T — R BELDOEE, B & A VN e U TRD#ER %
PERR U, fERC L 72 R - LR 2Bl 952 12 k> THEE
5. ALF - MEEREH - HAREREZBRITT2561E2T
DEFZ, A VNEREZTNTNERICEEHRZ 5.

BERETD 1-DI2IE, BRTOEECEINZEDT — XD
BB BEL 25720, HERFIETIFITOOT WAL o7,

(D 7B T I ) ERBETuT 7 A
1: struct sO {
2: int mo;
3:
1: int x0 = 0; 4: s0O x0 ={ 0 };
2: int x1 = 1; 5: int x1[1] ={ 1 };
3: int x2[1] = 2 ; 6: int x2 = 2;
4: int t® = x0 + x1; 7: int t0 = x0.m0 + x1[0];

6 2R - WA - RS - RO R

3.2.4 fEIzLBZXDTO Y 24k

a5 hhORELEERE UTHHATEZ 2L, K
XizksaxXnTay 2{tx475.

iz 70y 7bofl 22X 712R7T. BRBETO S
FLDO-11fFHTI, T 7u 7L 9FHORAX t1 = x2
* x1; DABATHDORx0 * x1 2R THIF L IT&k->TT
Oy Z{EnNTWa. BRETO ST LD 13-1847HTIE, T 7
077 L1 THOMRAX t3 = t0 | x0; B 107HDOA t1 /
x1 Z&ER T3 while Xizk>T7av 2dnhTna.

HilfH D 7\ v 76T if 3, for 3¢, while 3, switch 3C% i
35, £9, Tuvod3 705 A0 EEINT 5. Ik
12, IR U 72 XARTIC E T I N B R0 Hh & HARHED 0 LAt
RETVRLTERL, TN EEM4RNE UTGER L 72308 il
T7Hy 749 5. BIRU BRI ET I N RO FHh 65—
DREERT 2. V=T XOHBEEN T OERZE T O T T LD
16 ITH® & 512 break X ZEM U HEE )L — T & BT 5. )L —
TXDT Ay ZHIZEIZ break XA3H B &, TN T1F V—
TEEN 1 ETH S HEL T, BEIZ & > TILV— 7 &H

[OEZEFERS ) BRETOT T M
1: int main (void){ 1: int main (void){
2: int x0 = 1; 2: int x0 = 1;
3: int x1 = 1; 3: int x1 = 1;
4: int t0 = 1; 4: int t® = 1;
5: int tl = 1; 5: int tl = 1;
6: int t2 = 1; 6: int t2 = 1;
7: int t3 = 1; 7: int t3 = 1;
8: t0 = x0 * x1; 8: t0 = x0 * x1;
9: tl = x2 + x0; 9: if(x® * x1) {
10: t2 = tl / x1; 10: tl = x2 + x0;
11: t3 = t0 | x0; 11: }
12: return 0; 12: t2 = tl / x1;
13: } 13: while(tl / x1) {
14: t3 = t0 | x0;
15: if(x2 * x0) {
16: break;
17: }
18:
19: return 0;
20: |}

M7 HEsc ka0 Ta Yy 21k

RUTUE 570, break XX if ik 7oy 24{3 5.
4, RECERER

4.1 = ®

BETFEIIESICTIVALISDTF ANV AT L% Perl 5.202
THEELU . KRV A5 A% Ubuntu Linux & CEMET 5.

EBRTIX, Orange4 TR LZZ#EDa v 4 D5 -7
0o h%5757 027558 UT, Oranged AT 52 TOE
BOMXDMELR E OBWERE AW TERBER2IT- 72

M3D7ar I L%l ERLEZIa—XY bo—HilzX8
IR, 14-1917H & 2435 fTEH CIREM TR B L T2 7 A
BETOER, TR BMOEREIT>TW5. 6-12, 15,20, 26-27
TEHTRT—XBOEREZIT>TWA, HAXIZE37Tay o
bz k> T417ETIE 39TEBDRAXDALREFM4A e
LTCif Xic&kd7my 74k, 46 ITHTIX 37 I7HORAX DA
WREZMRE UT while X2 LB 70y 2 E2FoTW0W5,

4.2 = ®

4.2.1 GCC-5.5.0 DF A b

Oranged 78 GCC-4.4 THHE LTI —-T0 754055
GCC-5.50 TIEZ DT I — %5 ERZTREAAMEEINTL
27075028 TTOS S5 HE LT, GCC-55.0%F A b
U7z, 7 A MERZ R 11ZRT. “#time [h]” 1$7 A b DFELFHF
[H, “#test” IZEFH LT A T2 5 LD, “Herror” 1ZMH L
72T —DPTH 5.

GCC-5.5.0 TR L5 — 159 D55, BEELE-T S —
ERAT S =32 TH o7z GCC-5.5.0 TR LT
T=2ZORTOT T LD T —EH &R L TRELRD % HIkR
UE/MEL =3 D% X9, X 10 1IZRT.

F1 ERKRE1
3234 F | #time [h] #test | #error
GCC-5.5.0 100 | 377,415 159

(CPU Intel(R) Xeon(R) E3-1276 v3 3.60GHz, RAM 16GB)

9 () IXZHRTTa s T A, K9 (Db) 1k GCC-5.5.0 THH L
o= s I LR ENTNR/MELZEDTH S, B d
OMFHEIE 8 D8, -03 ATy arvTcav 1)L - EFT5k
_builtin.abort(); NEIFTINTIZI—, k5. 707 L
(a) DTEAE GCC-5.5.0 TIHEEINT WS A, 4 THTEH
b iZ const BT &ML 7= (b) D70 2S5 A% GCC-5.5.0 TT
T—%BEHIT.
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01: #include <stdio.h>

02: #include <stdarg.h>

03: #define OK() printf("@OK@\n")

04: #define NG(test,fmt,val) printf("@NG@ (test = " fmt ")\n",val)
06: struct s® {

07: volatile signed long m@;

08: };

10: union u® {
11: const signed long long m@;

14: const volatile signed long long x85 = -270876425514473LL;
15: static const signed short x86[3] = { 0, 0, H

16: static const volatile signed long long x88 = 386LL

17: static volatile signed short t0® = 0;

18: signed long tl = OL;

19: static signed short t3 = 0;

20: struct sO® x92 = { 115L };

21:

22: int main (void)

23:

24: const volatile unsigned char x33 = 1U;

25: static volatile signed long long x41 = -1LL;

26: union u® x52 = { SLL };

27: volatile unsigned short x65[1] = { 38U };

28: unsigned short x77 = 0U;

29: const volatile signed long long x87 = 511LL

30: static const volatile signed long long x89 = 2029215198009LL;
31: static const volatile signed short x90 = 140;

32: static unsigned int t2 = OU;

33: static const volatile signed long long x91 = 1255744988028LL;
34: unsigned long long t4 = OLLU;

35:  volatile signed long t5 = OL;

37:  t0 = ((unsigned short)(((signed int)x87)&((signed short)x88)));

38: tl = ((unsigned long) (((signed long)x89)*((signed long long)x33)));
39: t2 = ((unsigned short) (((unsigned int)x90)<<(((signed char)x77))));
40: if(((signed char) (((unsigned short)x86[2])*((signed int)x41)))) {

41: if((unsigned short) (((unsigned int)x90)<<(((signed char)x77)))) {

42: t3 = ((signed char) (((unsigned long)x77)<<((signed long)x52.m0)
DN

43: t4 = ((unsigned long) (((signed char)t3)|((unsigned long)x91)));

44: }

45: 3

46: while(((unsigned short) (((signed int)x87)&((signed short)x88)))) {

47: t5 = ((signed char) (((signed char)x92.m0)%((signed char)x65[01)));

48: if(((unsigned long) (((signed char)t3)|((unsigned long)x91)))) {

49: break;

50: }

51: 3

52:

53: if (t0 == 386) { OK(); } else { NG("t0", "%hd" t@) }

54: if (t1 == 2029215198009L) { OK(Q); } else { NG( t1", "%ld", t1); }
55: if (t2 == 140U) { OKQ); } else { NG 2', "%u", tZ)
56: if (t3 == 0) { OKQ; } else { NG(" t3 "%hd", t3); }
57: if (t4 == 1255744988028LLU) { OKQ); } else { NG(”t4", "%llu", t4); }
58: if (t5 == 1L) { OKQ; } else { NG("t5", "%ld", t5); }

60: return 0;

B8 H225HEMUREMIa—%

01: int main (void)

02: {

03: int a = 0x2000;

04: int b = 1;

05: long c = 0x1000000000000000L;

06: int d = (-0x4000000000000L*a*b) / (c/-1);
07: if (d != 8) __builtin_abort(Q);

08: return 0;

@IT7es T A

01: int main (void)

02: {

03: int a = 0x2000;

04: const int b = 1;

05: long c = 0x1000000000000000L ;

06: int d = (-0x4000000000000L*a*b) / (c/-1);

07: if (d != 8) __builtin_abort(Q);
08: return 0;
09: }

bGYRH LTS =70 r 5 A
B9 GCC-550 THELAZTI—7asJ 4 (1)

10 (a) IXE T T 07 F A, K 10 (b) I GCC-5.5.0 THH
Lizxo—Tnrsr2zxhTnmMeLzeDTH5. &7
D7 7 L (a) DAEAIL GCC-5.5.0 TIHEBIEINTWEA, 447

DER b DIEHiF% const 7> 5 volatile IZEFE U, 5 {7 HE
cKcmm@%%ﬁHMLta»@fuﬁiAMGaﬁjofl
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01: int main (void)

02: {
03: volatile int a = -1;
04: const int b = 2;

05: long c = -0x4000000000000000L ;

06: long d = (Ox7FFFFFFFFFFFFFFFL/a) - (c*(2&b));
07: if (d !'= 1) __builtin_abortQ;

08: return 0;

09: }

() T7OT T A

01: int main (void)

02: {
03: volatile int a = -1;
04: volatile int b = 2;

05: const long c = -0x4000000000000000L;

06: long d = (Ox7FFFFFFFFFFFFFFFL/a) - (c*(2&b));
07: if (d != 1) __builtin_abort(Q);

08: return 0;

09: }

bR LT —=Tu s F A
10 GCC-550 THMELZT I —TurJ 4 (2)

4.2.2 LLVM/Clang-3.52 ®F A k

Orange4 »* LLVM/Clang-3.0 THMH L 725 -0 5 LT
D LLVM/Clang-3.52 Tl Z DT 7 — %5 ER I TAEE
MMEEINTWSTa o5 12825707680 C,
LLVM/Clang-3.52 # 57 A b U7z, R &2 K 2 ITRT.

2 EERFSR 2

=T #time[h] #test | #error
LLVM/Clang-3.5.2 100 | 399,309 8
(CPU Intel(R) Xeon(R) E3-1276 v3 3.60GHz, RAM 16GB)

LLVM/Clang-3.5.2 THRHL7ZT5— 8 D> bHEEL T
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01: volatile int a = -1;

02: long b = 1L;

03: volatile long c = 1L;

04: long d = -Ox7FFFFFFFFFFFFFFFL;

05: int main (void)

06: {

07: volatile int e = 1;

08: long f = -Ox3FFFFFFFFFFFFFFFL;

09: short g = (-1/(-(short) (-1/b)))*2;

10: int h = ((c+f+(short) (g/e))+(d%(a+£)))%
((Ox7FFFFFFFFFFFFFFFL* (g<0))/a);

11: if (h != 0) __builtin_abort(Q);

12: return 0;

13: }

[OErA=A N

01: const int a = -1;

02: int b = 1;

03: static int c 1;

04: const long d = -Ox7FFFFFFFFFFFFFFFL;

05: int main (void)

06: {

07: volatile int e = 1;

08: volatile long f = -Ox3FFFFFFFFFFFFFFFL;

09: short g = (-1/(-(short) (-1/b)))*2;

10: int h = ((c+£f+(short) (g/e))+(d%(a+£)))%
((Ox7FFFFFFFFFFFFFFFL* (g<0))/a);

11: if (h != 0) __builtin_abort();

12: return 0;
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