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Reinforcing Generation of Control Flow Statements in Random Test

System of C Compilers Based on Equivalence Transformation

Mitsuyoshi IWATSUJIT and Nagisa ISHIURAT
1 Kwansei Gakuin University, Gakuen 2-1, Sanda, Hyogo, 669-1337, Japan

Abstract This article proposes a method of reinforcing generation of control statements in random testing of
compilers based on equivalence transformation on test programs. Existing methods for compiler random testing are
divided into two classes, differential testing and oracle-based testing. The former approach can generate programs
with wider syntax constructs but has difficulty in avoiding undefined behavior. The latter, on the other hand, can
generate programs without undefined behavior but the programs are with less syntax variety, because it must con-
struct data structures to hold semantic information while generating abstract syntax trees. This article attempts to
strengthen the latter method so that it can generate a wider variety of control statements. A test generation method
based on equivalence transformation on test programs is extended to generate while statements, switch statements,
and function calls, in addition to if and for statements. An enhanced version of the test system Oranged based on
the proposed method has generated error programs to detect bugs in GCC-4.4 and GCC-4.8, which could not be
generated by the existing methods.

Key words compiler, random testing, equivalence transformation

FARZA =+ [1]~[3] BHWTITbNED, 7 X P EDEIR

L. BUsIC THHY b, FEAGORELIBET SN, 7R kAL —

AVRA @Y7 2 THBEOREREY —LTHY, BE
fHERD 5ND. av L SORELIEZY 7 b7 27 OWYE
BRI ER 5.2 270, 2V 84 7 IR 27 R+
BROSNB.

AVRATDTAMRIEREEDT AT L0685

WKEBTAMEM) FEELT, 7V FLICERLEZTR ST
LEHOTHRDAV L TR TAMT LTV LT A [4)
BirbiLs.

AV TDIVI LT AT, 7V LICER LT v
TI 0%V AN BT L TRONLHERPIEL VWS &%

This article is a technical report without peer review, and its polished and/or extended version may be published elsewhere.

goobooboboooooooobooboobobobooboooobobobooooooon

Copyright ©2018 by IEICE



WL THET 22, BXO, ¥ ulBEEORERIEL S
7’07 LDERE OGO TEIT B0 2 HASHEIC R
3. INFEFCRBEINTVDE TV T LT A NDOFERIL, ZS
7 (differential testing) [5] ICHED < b D &, WIfFEFIRLICIED

(b [6][7] kKT EN D

BRI K BFETIE, TV LICERLEZ 1 DODT AT
U7 AREBO AV RA T (HDVIER—a v 1 5 OB
DN=Yav)carv 4L, 2OETHERZLEKT L
WEoTav L VoY BT 5. &5k < C 2
VRATDTVE LT A MY AT A Csmith [8] 1%, C EED
IL#ie X% A N—=LTE D, 2010 FEE TP 3 4RI GCC
B XU LIVM/Clang DRFIRKICE LT, HLWAESGE Z N
Fi 79 fRE 202 R L TWw 5. Proteus [9], Athena [10],
Helmes [11] &, BEED T A+ 70 77 nicxt L 226
HhWLE ) BERE TS THELRT A N — A2 48R T 5Tk
TH 208, I3 Y EFBIHED W THEITHE RO IEMAE 2T
T3,

FEWTIE, SR> TRIA VRS D 70 75 W& BT
& 2T, REXREEDOMEELHEIC 42 2. Csmith TIESE
7077 LOEMHANCHIRZMA 2 2 L2 X b RE R
ZEELTWVLED, ZNICk>TERTESZTFA N0 L
FEH LTHRERBEICE L THEENZ b DIcHIRE L
3

iUkt L, MRHER I IS R, vy L Tu s
LR EFBFICZ D70 75 ADIE L WEITEER (L) 2
FHELL, S O TETHROIEMELRIT). ZOHFIET
&, 70 77 LA BT CARERBIED ATREMEZ B L 7285
HIL, ZNENT 2 X170 77 L2 BETE L0, Hl
EoEw7n 77 L&24 K TE S, Oranged [6] Tk C 7’1
7 L OEMRDERRFICRERTER H UL Z N2 S 2 K
IR EBIET 2 HEICLD, Csmith TRERETELd o7
GCC, LLVM OAEAZMINL T3, £72, Oranged [7] T
&, 7’075 AOSAEBIC D T, RERIEDEL v
v 7o AR T EERL WD

L2 L, WIfHEEI I D S FETIR, v 77 LR OB
FECRIZV T K BRI T 2 7 — s G bR T 2 B H
0, ZEICHART 7 75 L3R TR 22 Sk 0 #iH 23S IR E
INTLEI. Oranged Tl for X% [12], Oranged Tl for
XE A LEEETT ST LTMA TV 308, 2 bl EoHl#HC
F A Cwev, IIFRMEF TS kBT, filfseE
Wi, BIRESRZ AL L CEMETRERTE RV T A
FFu I ARERTELEEZOND.

Z ZCARTIE, Oranged O 70 275 MMERITEZIET 5
ZEickh, MFEHFICESS Cav St ID T v LT
AP RATHITE T, AR R G oA B Tk
ERET . BRI, if 3L, for XSS while X, switch
X, BABIEOH L #3BI0T 5. while 3¢, switch 3Ci& Csmith
TRERTE TR bDTH S, £, HREHRZFH
LT, RV — 7 PHEFHFEH LR S Rnwk 7T a s
TLERERT LI EDTESL. RFHRIHEIS T VI LT AL
Y AT L% Oranged \ZBINT 2IBTHEL HR, GCC-44,
GCC-48 ITBWVWT, TNFEFTHOTETIEIHHTELLAEa—
FAERZ 2 il $ 25 2 L3 CE .

2. AVIN1ZDTVH LTRAN

2.1 ZVYLTFANDRN

AVARALIDIVILTFAME, K1IKRT X)L, 5%
DMERLETFAN 05 0%F A MNROa V84 5 T2
URNANLETT S E W)U E K OF TR #7953 &
WILDTHS. bL,av 4 I3 Fv>allh, Fus
T LDFEIFERPELL BEOL 7 —BRH I L, 20
TRIIL (=T 0 ST L ERR) ZRELTOWT 3.
TAMTO T T LB REZEDRH 270, Z0
I BBEO LI —7Tu 7 L0526 NTH LT —DFEED
HERHLY, 220, 25—70 /7020, =7 —Did
CHBTELREINE T 0T Lk R ZNUEPI TONS.
O, =7 =70 77 LDORMELEMEN, a4 TD T
VLT AMIBOWTEERMER HD 5.

TOUSLERK

R R/ME

1 9% L7 AN

2.2 Csmith

Csmith [8] 137k 5] IKHDK Cav L 5DF Vv F LT
AP ATLTHD. BBIFOH L, for SXEDHIFISIMNZ,
FoyloMsE R, R4 v ¥ %280 C SHEORILSHCEE 2 S
TR ADERIEETH B.

Csmith @57 2 b 70275 20H%X 2 (2R 7 . Hlf#EsCcE
LT, if 3, for X, BISEOHE LaER S S, Tu s o o4k
BRI IZFEITRDOERDEIZ b5 \nizd, 7’u sy T Mk
EEREBELZGERIIZVEIICTRINTS. HlzZIF, 25
fTH® safe_mul func_uint8_t_uu I FHZTIHI~raTh 3
W, ART VY FEREL A== 0 =7 ¥ —7u0—»
EROEAICEERREREL, Z2) g 1 A7
EEETBEIICHoT VS, 72, 21 fTHTIZ, for SCHMMERR
N—=TIE WX, NV FREBDAE LTS,

Csmith Tl&, X 2 IZIFHN TV goto XA I NS
3, while 305 switch XUIAER I v, ik, EITREOR
DIED DD 5 72\ & | while CHMERL — 712> 72 D | switch
ORI DEDS case Hid EdL e d—3 L WLHERIE L &
Z0O%EEECELRVWIEDPHEEBEEZSNS.

Csmith T L7225 — 70 75 AomMiici, HHE
MEY =T % C-Reduce [13] MEAINS. C 70l 7 4
DY —Aa—Fetx7—%HETLa~v N4 v 2525,
IR Tur 6275 C Turssn%
T A A DR % FE L TV B0, ZOWHIC & > TRE
BEENHI S ING 2 E0H B0, HERY — L% [
WTZD L) RO Z PR L T 5. fific & 2 RKEER
DM T 2 610k, RAMBICER R 2 3 L, seMbic gl
THILENH 5.

2.3 Orange4

Oranged [7] 1&, HIRHEEIICHEDC Cav 4 D7 v 5 A



01: static uint32_t * func_65(uint32_t * p_66, uint8_t p_67,
02: uint32_t * p_68, uintl6_t p_69)

03: { /* block id: 17 */

04: int32_t *x1_93[8] =

05: {&g_84, &g_84, &g_84, &g_84, &g 84, &g _84, &g_84, &g_84};
06: uint16_t 1_98[3];

07: uint8_t 1_127 = 3UL;

08: int i;

09: for (i = 0; i < 3; i++)

10: 1_98[i] = OxB5CEL;

11:  if (func_2(g_31[31))

12:  { /* block id: 18 */

13: int32_t *+1_88 = &g_84;
14: uint16_t *1_96[1];

15: int8_t *1_99 = (void*)0;

16: int8_t *1_100 = &g_101;

17: int32_t 1_102 = O0x4F7977D3L;

18: int32_t *1_103 = &g_85;

19: int32_t *1_107 = &g_108;

20: int i;

21: for (i = 0; i < 1; i++)

22: 1_96[i] = &g_97;

23: (¥1_88) = p_68;

24: 1.102 = ((((safe_lshift_func_uint16_t_u_u((

25: safe_mul_func_uint8_t_u_u(((x*1_88) & (((*p_68) , p_67) &&
26: ((((((func_2((**1_88)), (void*)0) == (void*)0) > (1_93[7] !=
27: (((*¥1_100) = func_2((safe_rshift_func_uint16_t_u_u((g_97 "=
28: 65535UL), 1_98[11)))), &g_84))) < g_29) != p_67) > g_77))),
29: p_67)), p_67)) , Ox479FL) , p_67) || 0x6366C4368EC64CT6LL);
30: 1 103 = func_70(p.69, (+g_84), p_67, p_68, (xL.88));

31: g_85 "= (((OxDEA6L != (((2UL = (safe_add func_uint32_t_u_u(
32: 4294967288UL (p_69 | p_67)))), ((g_106, ((¥1_107) = (&1_103
33: !=&1_103))) , (safe_mul_func u1nt8_t_u_u(p_69, 0x7CL)))) ,
34: p_67)) > g_21[31[4]) ~ (*p_66));

35:  }

36: return &g_21[7]1[5];
}
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01: #include <stdio.h>

02: #define 0K() printf("@0Ke\n")

03: #define NG(test,fmt,val) printf("ONGe ("test" = " fmt ")\n",val)
05: const volatile signed char x13 = 127;

06: const volatile signed char x14 = -128;

07: signed long long x17 = 4132859LL;

08: const signed char x18 = -98;

09: const volatile signed long x22 = 3432268666822104507L;
10: static signed char t0 = 0;

11: const volatile signed int x23 = 165236596;

12: unsigned long t1 = 726320268520LU;

14: int main (void)

16: volatile signed char x0 = 50;

17: signed short x5 = 0;

18: volatile signed short x6 = 98;

19: const signed long long x8 = -7320LL;

20: signed long x11 = -1L;

21: const signed int x12 = 185091;

22: unsigned long long x16 = 27973123LLU;

23: static const signed long long x21 = -6864537333670614482LL;
24: const volatile signed int x24 = 40393715;

25: signed int i;

27:  for( i = ((signed int)((x12-((signed int)x8))/((signed long)
(x13+x14)))); i > ((signed int) (((signed long long) (x167x17))
*((signed long long) ((signed long) (x18/x6))))); i +=
((signed int) (((signed long) (((signed char)x11)+x21))/
(x22/((signed short)x11))))) {

28: t0 = ((signed char) (((signed int) ((signed char) (((signed int)
x0)<<((signed long long)x5))))>>((signed long) ((signed short)
(((unsigned short)x5)&&((unsigned long)x22))))));

29: t1 = ((unsigned long) (((signed long) ((signed short) ((

(signed long)x5)/((signed long)x21))))|((signed long)
((unsigned long) (x23%x24)))));

30:  }

31: if (t0 == 50) { OK(); } else { NG("tO", "%d", t0); }

32: if (t1 == 3661736LU) { OK(O); } else { NG("t1", "%lu",

33: return O;

t1); }
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01: int f1 ( unsigned short al, long a2 ){
02: t1l = -235;

03: t2 = 0;

04: Ce

05: t99 = 234;

06: if( al == 5 ){0KQ);} else{NG();}
07: if( a2 == 9 ){0K(Q);} else{NG();}
08: return 5;

09: }

10:

11: int main(void){
12: int x1 = 34;
13: .

14: int t3
15: int t4
16: .

17: }

((x2 £1(5,9)) & x8) % t2;
(t3 < x7) > £1(5,9) / x5;

|

01: int f1 ( unsigned short al, long a2 ){
02: t1 = ((x23 * al) >> x2 & x8);

03: t2 = (t1 | x5) % (a2 && t1);

04: -

05: t99 = (x15 * x2) - (x10 - al);

06: if( al == 5 ){0K();} else{NG(O;}

07: if( a2 == 9 ){0K(O;} else{NGO;}

08: return (al-x3);

09: }

10:

11: int main(void){

12: int x1 = 34;

13: .
14: int t3
15: int t4
16: R
17: }

((x2 f1((x2*x7), (x1-x5))) & x8) % t2;
(£3 < x7) > £1((t3/x9), (x8-x7)) / x5;
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while( 0 ){
XY A b
}
l
while( ((x3<<t7)&(a8%x5)) ){
XY A b

}

(a) W—7HED 0 O while X

while( 1 ){

XY AT

if (1) { break; }
}

|

while( (t2#%x4)!'=(x1>>x10) ){

YA+

if ( (al<<x11)-(x2/t5) ) { break; }
}

(b) V—7T¥s 1 @ while X
6 while DZERH]

switch ( 4 ) {

case 3:
XY A b
break;

case 4:
XY A b
break;

default:
XY A b
break;

}
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o FIFINR\ case HiZHIKRT 2
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while 3
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GCC-4.8, GCC-4.4, LLVM/Clang-3.0, LLVM/Clang-3.9
XL THRB 2T MR 2£ 2 1CRY. 1 70r 76
72 ) OHIELZ 800 205 1,000 fTRETH Y, ZnZFhda v )
A 7C 24 K7 A 2T L7z, “Htest” FAEK LT A b
705 LD, “Herror” FMHLZZ I —DETH .

GCC-4.4.7 THIN L7225 — 14 fFDH B, SREEM L 72l

% 2 REFECTOEBHIRL

avA 7 #test | #error
GCC-4.4.7 32,229 14
GCC-4.8.5 36,744 11
LLVM/Clang-3.0 | 37,124 17
LLVM/Clang-3.9 | 31,252 0

24 IKl#] (CPU Intel(R) Xeon(R) E3-1276 v3 3.60GHz, RAM 15GB)

k227 —13 10 thTh D, BABIFOH L & switch XXAHY
R D5 =5 4 £, BIBOF O L O ADBEE O L5 —2% 6 1
2ot £7, GCC-4.8.5 T L 77— 11 D) &, S
B ZHIfESClic k525 —13 1 4 TH b, while XHBFERT
Hot-.

& 8 1F GCC-4.4 THIN L5 —7 075 AxiMbL 7=
HDOTH5. B L & switch XX3GENTED, s
ZHIRT 3 2o —I3HET B

X 9 1 GCC-4.8 ZXRIT, AT BHIHIX % switch XD A
WK TT A LB L 29— 7 v 7 oz m/MEL
72bDTH . switch XZHIFRL, case BIND X 25T &
7 —3HET 3.

WINDIL T =71 77 AbHEKD Oranged B & T Csmith
TRHRETZLREITERVLDTH S.

O1l:#include <stdio.h>
02:#include <stdarg.h>
03:#define 0K() printf("@0K@\n")
04:#define NG(test,fmt,val)
printf ("@NG@ ("test" = " fmt ")\n",val)
05:void funcO(signed int args_num, ... ) {
06: va_list args;
07: signed long al;
08: signed int a2;
09: signed long a3;
10: va_start( args, args_num s
11: al = va_arg( args, signed long );
12: a2 = va_arg( args, signed int );
13: a3 = va_arg( args, signed long );
14: va_end( args );
15:}
16:int main (void) {
17: volatile signed long x0 = 1;
18: volatile unsigned short x1 = 1U;
19: volatile signed char x2 = 1;
20: volatile signed char x3 = 0;
21: volatile static unsigned long x4 = 1;
22: signed long t0 = 1;
23: unsigned long t1 = 1L;
24: if( x4l1x3 ) { ; }
25: else { t0 = x1; }
26: if (t1 == 1LU) { OKQO); } else { NG("t1", "%lu", t1); }
27: if (t0 == 1L) { OK(O); } else { NG("tO", "%1d", t0); }
28: func0(3, 1, 1, 2);
29: unsigned long t2 = 1/x2;
30: switch( x2&&x0 ) { ; }
31: if (t2 == 1LU) { OK(Q); } else { NG("t2", "%lu", t2); }
32: return O;
33:}

8 GCC-4.4 THWiLZL7—7 04

# 3 1%, GCC-4.8.5 IR L TIREFHETT A F 2{To 7RI
BHLZ 11 foxF5—7" v/ 5 L% Oranged & C-Reduce
ThHAMET 2 DICE L 72K ¢H %. Oranged TiE, 1 2D 7
0 77 A0 RMEIER 300 TR T 5 DICH L, C-Reduce
TIE 1,800 B THTLAEVWDDBIEEAETH-7. T,
Oranged WAERIEZF S Z I 2 WIFHNIDOAZBEH L T
2rbLtEZONS.



01:int main (void) {

02: static unsigned int t1 = 1;
03: volatile int x1 = 1;

04: switch( x1 ){

05: case 1:

06: tl1 = 1U;
07: break;
08: }

09: 1long long t3 =

(-1LL / t1) - (-Ox7FFFFFFFFFFFFFFFLL - t1);
10: if (t3 != Ox7FFFFFFFFFFFFFFFLL) { __builtin_abort(); }
11: return O;

12:}
9 GCC-48 TR 7z 7—7mrJ 4
# 3 ML OEITIRE D FHH
CPU time (sec)
Orange4 | C-Reduce
#01 34.8 > 1,800
#02 291.4 > 1,800
#03 48.5 > 1,800
#04 64.1 > 1,800
#05 57.1 > 1,800
#06 307.8 302.4
#07 79.0 > 1,800
#08 112.5| > 1,800
#09 124.6 > 1,800
#10 71.7 > 1,800
#11 12.8 > 1,800
5. & 9 U

ARTIR, Cav A 5DF VY LFARY AT L Oranged
IR W, T ARz RT3 FlziREL 2. ZROfFR,
GCC-4.8, GCC-4.4 IZBWTHHKD Oranged TIEHMIHTE %
WABAZBHTE ., SHOFELELTE, £11Kbs L9
BARIIGD C DREXA~DXIGR, BIEIFOH L D518 2 7 5
BREUNDIEETE L LIICTE I L% TFoNn5.

a o w

AWHEICBE L CHEIBIE 2 TH 72, BRE R (B NTT 232
== a v ARASH) BBl £9. 7, AUFSICEIL
T W, RHERIEL e BRSO 0
IRICEGEE L £ 9.
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