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Abstract This article presents a method of testing optimization capability of LLVM back-ends by generating
functionally equivalent test mutants from existing test programs. Since the LLVM back-ends perform various tar-
get dependent and peephole optimization as well as transformations for code generation, it is necessary to test if
optimization is properly done as designed to enhance performance, not to mention if generated codes are correct.
Test programs for the performance test are usually developed manually by compiler designers, which do not always
provide enough variation to cover corner cases. The method in this article attempts to augment test cases by gener-
ating mutants from existing test programs. The mutation in our method is designed not to change the functionality
of the original test programs, so that insufficient optimization is detected by mechanical comparison of assembly
codes. In a preliminary experiment on the LLVM 6.0.0 back-end for x86_64, a tool based on the proposed method
has found two interesting cases which might contribute toward performance improvement of the back-end.
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01: ; ModuleID = ’prog.c’

02: source_filename = "prog.c"

03: target datalayout = "e-m:0-i64:64-f80:128-n8:16:32:64-5128"
04: target triple = "x86_64-apple-macosx10.11.0"

06: ; Function Attrs: noinline nounwind ssp uwtable
07: define i32 @main() #0 {

08: entry:

09: %retval = alloca i32, align 4

10: %a = alloca i32, align 4

11: %b = alloca i32, align 4

12:  Yc = alloca i32, align 4

13: store i32 0, i32# Y%retval, align 4
14: store i32 -1, i32* %a, align 4

15: store i32 110, i32* %b, align 4
16: store i32 0, i32% %c, align 4

17: %0 = load i32, i32% %a, align 4
18: %1 = load i32, i32* b, align 4
19: %hadd = add i32 %0, %1

20: store i32 %add, i32* %c, align 4
21: ret i32 0
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01: ; RUN: 1llc < %s -mtriple=x86_64-apple-macosx | FileCheck s

02:

03: ; Cmp lowering should not look past the truncate unless the
high bits are known

04: ; zero.

05: ; rdar://12027825

06:

07: define void @foo(i8 %arg4, i32 %argb, i32* Jjargl4) nounwind {

08: bb:

09: ; CHECK-LABEL: foo:

10: ; CHECK-NOT: testl

11: ; CHECK: testb

12:  %tmp48 = zext i8 Yargd to i32
13:  %tmp49 = and i32 Y%tmp48, 32
14:  %tmp50
16:  %tmp55
16:  %tmp56
17:  %tmp57
18:  %tmp58
19:  %tmp59
20:  %tmp60
21:  %tmp67
22:  %tmp103
23:  %tmpl04
24:  %tmpl05
26:  %tmp106
26:  %tmpl13
27:  %tmplld
28:  %tmpl4l
29:  %tmpld2
30:  %tmpl43
31:  %tmpl44

add i32 %tmp49, 1593371643
sub 132 %tmp50, O
add i32 Y%tmp55, 7787538
xor i32 %tmp56, 1601159181
xor i32 Jargb, 1601159181
and i32 %tmp57, %tmp58
add i32 %tmp59, -1263900958
sub 132 %tmp60, O
xor i32 %tmpb6, 13
trunc i32 %tmp103 to i8
sub i8 0, %tmp104
add i8 %tmp105, -103
sub i8 %tmp106, O
add i8 %tmp113, -72
icmp ne i32 %tmp67, -1263900958
select il %tmp141, i8 %tmpl14, i8 undef
xor i8 %tmpl42, 81
zext i8 %tmp143 to i32
32: %tmp145 add i32 %tmpl44, 2062143348
33:  %tmpl52 = sub i32 %tmp145, 0
34: store i32 Ytmpl52, i32* jargl4
35: ret void

36: }
3: 2012-08-07-CmplSelBug.11
01: .section __TEXT,__text,regular,pure_instructions
02: .macosx_version_min 10,
03: .globl _foo
04: .p2align 4, 0x90
05: _foo: ## Q@foo
06: ## BB#0: ## bb
07: andl $32, Yedi
08: orl $1601159181, %edi ## imm = Ox5F6FCOOD
09: andl Y%edi, %esi
10: shrl $5, %esi
11: testb Y%sil, %sil
12: jne LBBO_1
13: ## BB#2: ## bb
14: ## implicit-def: AL
15: Jmp LBBO_3
16: LBBO_1:
17: xorl $13, %edi
18: movb $81, %hal
19: subb %dil, %al
20: LBBO_3: ## Jbb
21: xorb $81, Y%al
22: movzbl Yal, %eax
23: addl $2062143348, jeax ## imm = Ox7AE9CF74
24: movl Yeax, (%rdx)
25: retq
26:
27: .subsections_via_symbols

4: 2012-08-07-CmplSelBug.s
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10: Yretval = alloca i32, align 4

11: JF = alloca %struct.anon, align 16
12: Y%K = alloca %0, align 4

13: store i32 0, i32% Y%retval

14: %0 = bitcast %0* JK to i32%

16: %1 = load i32, i32% %0, align 4

16: %ml = load i32, i32* Yretval align 4

17: %2 = and i32 %1, -121

18: %m2 = add i32 -120, -1

19: %3 = or i32 %2, 32

20: %s1 = alloca i32, align 4

21: store i32 10, i32% %sl, align 4
22: %s2 = load i32, i32* %s1, align 4

23: store i32 3, i32* 70, align 4
24: %4 = bitcast %0* %K to i32%

Y load 132, i32* %4, align 4
1shr i32 %5, 3

26: iﬁ
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13: ...

14: %16 = load i32, i32% jretval

16: Ycmp = icmp eq i32 1, 1

16: br il %cmp, label %true, label Ytrash

17: dead: ; preds = Jentry
18: %m0 = add i32 %2, %3
19: Yml = sub 132 %12, %11
20: Y%m2 = mul i32 %14, %15
21 rev 132 w2

22: true: ; preds
23: ret i32 16

= Y%entry
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08: ... 08: ...
09: %shl = shl i32 %A, 2 —5 | 09: %shl = mul i32 %A, 4
10: ... 10: ...
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3.2.4 T o ¥ s

L7077 LANOBBEIIOWEORAIRRL, X H RKE L
TERMEZIT) X ICEHT 2. K9 DfflickswTid, jm7 e s
7 L0 ig # (8bit DIEHF) DK % i16 A (16bit DIELAL)
DERAZHL, A7V FEFEBGROMZ &b 3 B
WMEDHAZITHOTVE, Ny 7TV FICi3ZnkHika—F
R L, TR Z 17 9 Rolifl R A RFELEI N TW» 5.

AFID 2 2 —F—> a VT, 70 7T AND 128bit F
OB OFR %, Tu L D bR E RBEEA & 71378/ N A
(float & double) TOFIHICERRT 5.

23: ...
24: Ytmp114 = add i8 %tmp113, -72
25: ...

1

22: ...

23: %tmpl13 = sub i8 %tmpl06, O

24: Jcvt = sext i8 %tmpl13 to il16

25: jcvt0 = add i16 jcvt, -72

26: Jtmpll4 = trunc i16 %cvtO to i8

27: %tmpl4l = icmp ne i32 %tmp67, -1263900958
28: ...
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; RUN: 1lc < %s -mtriple=x86_64-apple-macosx | FileCheck ¥%s

; Cmp lowering should not look past the truncate unless the
high bits are known

03: ; zero.

04: ; rdar://12027825

05: define void @foo(i8 ‘Yhargd, 132 Y%argh, i32x Yjargl4) nounwind {

o
o

06: bb:

07: ; CHECK-LABEL: foo:
08: ; CHECK-NOT: testl
09: ; CHECK: testb

10:  %tmp48
11:  %tmp49
12:  %tmp50
13:  %tmp55
14:  %tmp56
15:  %tmp57
16:  %tmp58
17:  %tmp59

zext i8 Y%arg4 to i32

and i32 %tmp48, 32

add i32 %tmp49, 1593371643
sub i32 %tmp50, O

add i32 %tmpb5, 7787538
xor i32 %tmp56, 1601159181
xor 132 %argh, 1601159181
and 132 %tmp57, %tmp58

18: %tmp60 add i32 %tmp59, -1263900958
19:  %tmp67 = sub i32 %tmp60, O

20:  %tmpl03 = xor i32 %tmp56, 13

21:  %tmpl04 = trunc i32 %tmp103 to i8
22:  %tmpl05 = sub i8 0, %tmp104

23:  Y%cvt = sitofp i8 %tmpl05 to float
24: %ecvt0 = fadd float %cvt, -103.000000
25:  %tmpl06 = fptosi float %cvtO to i8
26:  %tmpll3 = sub i8 %tmpl06, O

27:  %tmpl14 = add i8 %tmpl13, -72

28:  br label Ytrue

29: dead:

30: Ym_al = alloca i64, align 8

31: Jm = srem i128 -1263900958, -1917640
32: Ym_al0 = alloca i8, align 1

33: %m0 = or i16 -72, 32

34: Ym_1 = load 132, i32% %argléd

35: Ym_all = alloca i32, align 4

36: store i32 0, i32% %m_all, align 4
37: m_10 = load i32, i32* jargléd

38:  %ml = shl i8 %tmpl06, %tmp104

39: Ym_11 = load i32, i32* jargléd

40: %m2 = ashr i64 1601159181, 32

41: Ym3 = add i8 %argé, %tmpl06
42:  Y%m4 = mul i32 %tmp67, %tmp50
43: Ym5 = 1lshr i16 0, 0

44: Jm6 = shl i16 -72, 32

45:  %m7 = add i8 %tmpii3, %tmpl14
46: Ym8 = srem i8 %tmpl42, %tmpl04

47: Ym_al2 = alloca i8, align 1

48: store i8 -1263900958, i8+* %m_al2, align 1
49: %m9 = mul i128 0, -7818917

50: Ym_al3 = alloca i32, align 4

51: store i32 81, i32* Ym_al3, align 4

52: %m_12 = load i32, i32* %m_al3

53: Jm_al4 = alloca i64, align 8

54: store i64 0, i64* %m_al4, align 8

55: %m_13 = load i64, i64* Jm_ald

56: %ml0 = ashr i32 Y%argb, %tmp49

57: Ym_alb = alloca i8, align 1

58: store i8 -1263900958, i8+* %m_alb, align 1
59: Ym_14 = load i8, i8* %m_alb

60: Ym1l = sdiv i16 -103, 13

61: Ym12 = udiv i16 0, 0

62: Ym_al6é = alloca il6, align 2

63: 7m13 = and 1128 2062143348, -7818917

64: m14 = add 1128 81, -1263900958

65: Jm_al7 = alloca i8, align 1

66: store i8 81, i8* /m_al7, align 1

67: %m15 = ashr i16 0, O

68: ret void

69: true:

70:  %tmpl4l = icmp ne i32 %tmp67, -1263900958
71:  %tmpl42 = select il %tmpl41l, i8 %tmpl14, i8 undef
72:  %tmpl43 = xor i8 %tmpl42, 81

73: %tmpl44 = zext i8 %tmp143 to i32

74:  Ycvtl = uitofp i32 %tmpl44 to double

75: ‘hevt2 = fadd double %cvtl, 2062143348.000000
76:  %tmpl45 = fptosi double %cvt2 to i32

77:  %tmpl52 = sub i32 %tmp145, O

78:  store i32 Ytmpl52, i32% jargld

79: ret void

11: 2012-08-07-CmplSelBug.ll 2254 K L 7% S 2 —% ~ b

HH 5 RD, SHRORELO B RE L S 2 DR D T

W&o TE, SOEI BT A T —AWEHERLZEDBEZ
505,
K131, S 2 —F Y F 7Ry 7 DEANDHFIVNE

Kol chsd. CDIa—% v b (K13 (a) TiE, 19-22
THIRC a - FOfAZIT>TV%. L7077 LD7 kY
7Y a—F (originals) EZDIa—F Y FDOT7RY 7Y a—
F (mutant.s) ZHIET 5 & (K13 (b)), S2—F Y FOHH
a3y AR

ZDa— FOLIE, R0 T a— FORAIC X - THA
78y I REDEMC k> THEL b DTHLH, T 6 Y
7 LV FOGELICBT 2 B ORMZIBHTE 5.

%9, mutant.s IZE VT, 16 THDEMFU S (jne) &
RETHD, ZOHIREPTE TRV EVERMTES. Th
ZHIBR 9 % &, mutant.s DA ATIER %D, JLD LLVM
I—FH5 ﬁlﬂiﬁfz‘A’EAi BT Xy 7)) RERARER LD
bh5H original.s IZE W TI D aADY 2 2EBI N T
% (12-1517H).

ZD9 b, 154THD jmp .LBBO3 I, 12 fTH®D “jne
.LBBO_1” % “je .LBB0.3" & TIUIHIFRTIEETH 5.
CINSDEEEBIRLAET Y 7Y a—F (K13 (c) D%

12, LLVM IR 2 — F® 24 fTH®D select i DAREFAE A R
7 ¥ F (undef) 127 23— FOERICERT 25D TH 3.
EB 50— FOEENICOWTIFERORMAH 253, 67
Q77 LLEI 2=V FO0TIDE bEREHWINESHTD
Ty 7V a—FRERINDZIEDPLEELVEEZSNS.

£ 1: TAFOFETHER
(a) & TDZ a—7—va VA

RN, #diff
IV RN #test S pp—
2011-03-02-DAGCombiner.1l 1,000 347 0
2012-05-17-TwoAddressBug.ll | 1,000 348 0
2012-08-07-CmplSelBug.11 1,000 641 7
2012-10-03-DAGCycle.ll 1,000 376 0
imul.ll 1,000 632 0

(b) SELSFAEDIEL 3 — 1A OTIZS D) 2

FETRT T #test #iff
>=+45| <= -2
2011-03-02-DAGCombiner.1l 1,000 0 0
2012-05-17-TwoAddressBug.1l | 1,000 0 0
2012-08-07-CmplISelBug.1l 1,000 1 58
2012-10-03-DAGCycle.ll 1,000 0 0
imul.ll 1,000 3 0

CO2HDT AP —ADPHBLT0EDIE, 4T LHITD
%xh&—x#MIwat§@fi&w L2, 20k
Ny 7Ly FiREEOUGEERE RIBT 20D T A M r— Rk
ﬁﬁu%ﬁ®7k/7U:—b%ﬁ%%#ﬁﬁﬁﬁtf@mt
T30, ZOFELHZEEHBILTE S LI HT, AF
BIIETHBEEZS.

5. 9 O

AfETld, LLVM Ny 7 v FoR#Elkittez 5 2 357
2, DT AN 7005 A ORISR -y Ut
HEIERL, 7y 7)) 2 KT 2 P2 RE L 2. HBRofs
B, LLVM 6.0.0 IZB W THREGAEDOREDNDSEIC RS LB
bNBTA N —2% 2T 2 2 e TEL
SHOFEE LT, BEO Ty 7)) a— PR FEET
X, HEOMOEAR E, 7R v 7Y a— Fob T2 HR
HTER 0, WIRAKOWUREZIT) ZerbiFonsd. &
Wil a =Ty a VEMERIEET B Lic k), AR
BT AR Y =V EHMMSEEILBHITFoNS.



01: define void @foo(i8 %arg4, i32 jargb, i32* jargl4) nounwind {

02: bb:

03: %tmp48 = zext i8 Jarg4 to i32

04:  %tmp49 = and i32 %tmp48, 32

05: %tmp50 = add i32 %tmp49, 1593371643

06: %tmp55 = sub i32 %tmp50, O

07:  %cvt9 = sext i32 %tmp55 to 1128

08: %cvt10 = add i128 Ycvt9, 7787538

09:  br label %true

10: dead:

11 ret void

12: true:

13:  Ytmp56 = trunc i128 %cvt10 to i32

14: %tmp57 = xor i32 %tmp56, 1601159181

15: %tmp58 = xor i32 %argb, 1601159181

16:  %tmp59 = and i32 Ytmp57, %tmp58

17: %tmp60 = add i32 %tmp59, -1263900958

18: tmp67 = sub i32 %tmp60, O

19: %tmp103 = xor i32 Ytmp56, 13

20: %tmp104 = trunc i32 %tmp103 to i8

21: %tmp105 = sub i8 0, %tmpl04

22: %tmpl106 = add i8 %tmp105, -103

23:  %tmpl13 = sub i8 %tmp106, O

24:  Ycvt = sext i8 %tmpll3 to i16

25: %cvt0 = add i16 Y%cvt, -72

26: %tmpl14 = trunc i16 %cvtO to i8

27:  %tmpl4l = icmp ne i32 ¥%tmp67, -1263900958

28: %tmpl42 = select il %tmpl41, i8 %tmpl14, i8 undef

29:  %tmpl43 = xor i8 %tmpl42, 81

30: %tmpl44 = zext i8 Ytmp143 to i32

31: %tmp145 = add 132 Y%tmp144, 2062143348

32:  %tmpl52 = sub i32 %tmpl45, 0

33:  store i32 Ytmp152, i32% jargld

34: ret void

35: }

(a) 7 A} 7025 L (FEEHHRA A4

| | original.s | | mutant.s |
| 5|_foo: | 5l_foo: |
| 6|#:# BB#0: | 6|#:# BB#0: |
I 71 andl $32, %edi I 71 andl $32, %edi |
* 8| orl $1601159181, %edi * 8| addl $1593371643, %edi *
* 9] andl %hedi, Y%esi * 9] movslq ‘edi, %rax *
* 10] shrl $5, %esi * 10| addq $7787538, Y%rax *
* 11] testb %hsil, %sil * 11| movl Yheax, %hecx *
| | * 12| xorl $1601159181, Y%ecx *
[ * 13| xorl $1601159181, Yesi *
| | * 14| testl Yesi, Y%ecx *
| 12| jne LBBO_1 | 15| jne LBBO_1 |
* 13|## BB#2: * 16 |## BB#2: *
| 14| | 171 |
| 15] jmp LBBO_3 | 18] jmp LBBO_3 |
| 16|LBBO_1: | 19|LBBO_1: |
* 17| xorl $13, %edi * 20| xorl $13, Y%eax *
* 18| movb $81, %al * 21| movb $-103, %cl *
* 19| subb %dil, %al * 22] subb %hal, %cl *
* 20|LBBO_3: * 23] movzbl Ycl, %eax *
| | * 24| addl $-72, Y%eax *
[ * 25|LBB0_3: *
| 21| xorb $81, %al | 261 xorb $81, %al |
| 22] movzbl %al, %eax | 271 movzbl %al, %eax |
| 23| addl $2062143348, %eax | 28| addl $2062143348, Yeax

(b) 7 7Y a— FoHhEHER

12: Fol{bA R OB

i3
ARWFFEICBE L CHIBLE % TH > 7 TR U A BER 7 D B RHER

(BNTT a3 2= —va v ARAath) ICEE3L £3.
7o, KR ZATI 2 H 70, BIBLS LMl 2 TH 7, BIVEERE
KRBT I AR 2 O GE I R L £ 7.

(1]
2]

[6]

X ik

GCC, the GNU Compiler Collection (online), https://gcc.
gnu.org/ (accessed 2017-11-14).

Clang: A C language family frontend for LLVM (online),
http://clang.1llvm.org/ (accessed 2017-11-14).

Swift (online), https://developer.apple.com/swift/ (ac-
cessed 2017-11-14).

LegUp (online), http://legup.eecg.utoronto.ca (accessed
2017-11-14).

A. Hashimoto and N. Ishiura: “Detecting Arithmetic Opti-
mization Opportunities for C Compilers by Randomly Gen-
erated Equivalent Programs,” IPSJ Transactions on Sys-
tem LSI Design Methodology, vol. 9, pp. 21—29 (Feb. 2016).
M. Iwatsuji, A. Hashimoto, and N. Ishiura: “Detecting
Missed Arithmetic Optimization in C Compilers by Differ-
ential Random Testing,” in Proceedings of the Workshop

01: define void @foo(i8 %arg4, i32 jargb, i32* %argl4) nounwind {
02: bb:
03:  %tmp48 = zext i8 Jargd to i32
04:  %tmp49 = and i32 %tmp48, 32
05:  %tmp50 = add i32 %tmp49, 1593371643
06: %tmp55 = sub i32 %tmp50, O
07: %tmp56 = add i32 Y%tmp55, 7787538
08:  %tmp57 = xor i32 %tmp56, 1601159181
09: %tmp58 = xor i32 Y%argb, 1601159181
10:  %tmp59 = and i32 Ytmp57, %tmp58
11: %tmp60 = add i32 %tmp59, -1263900958
12: %tmp67 = sub i32 %tmp60, O
13:  %tmp103 = xor i32 Ytmp56, 13
14:  Ytmp104 = trunc i32 %tmp103 to i8
15: %tmp105 = sub i8 0, %tmp104
16:  %tmpl06 = add i8 %tmp105, -103
17:  Jtmp113 = sub i8 %tmp106, O
18: %tmpl14 = add i8 J%tmpl113, -72
19:  br label jtrue
20: dead:
21: ret void
22: true:
23:  tmpl4l = icmp ne i32 %tmp67, -1263900958
24:  %tmpl42 = select il %tmpl41, i8 %tmpl14, i8 undef
25:  %tmpl43 = xor i8 %tmpl42, 81
26: %tmpl44 = zext i8 Jtmpl43 to i32
27: %tmp145 = add i32 Ytmpl44, 2062143348
28:  %tmpl52 = sub i32 %tmp145, 0
29: store i32 %tmp152, 132 jargld
30: ret void
31: }
(a) 7¥ 7 DEAMPHA L7 2—F Vb
| | original.s | | mutant.s |
| 5|_foo: | 5|_foo:
| 6l## BB#O: | 6l## BB#0: |
I 71 andl $32, Y%edi |71 andl $32, Yedi |
| 8l orl $1601159181, %edi | 8| orl $1601159181, %edi
| 9l andl hedi, %hesi | 9l andl hedi, t%hesi |
* 10] shrl $5, %esi * 10| andl $32, Yesi *
* 11| testb  Y%sil, %sil * 11| addl $-1263900958, %esi *
* 12| jne .LBBO_1 * |
* 13|# BB#2: * | |
* 14| * |
* 15| jmp .LBBO_3 * | |
* 16| .LBBO_1: * |
| 171 xorl $13, Y%edi | 12] xorl $13, %edi |
| 18] movb $81, %al | 13| movb $81, %al |
| 19] subb %dil, %al | 14| subb %hdil, %al |
* 20| .LBBO_3: * 15| cmpl $-1263900958, %esi *
| | * 16| jne .LBBO_2 *
[ * 17|# BB#1: *
[ * 18| *
[ * 19| .LBBO_2: *
| 21] xorb $81, %al | 20| xorb $81, %al |
| 221 movzbl %al, %eax | 21 movzbl %al, %eax |
| 23] addl $2062143348, %eax | 22| addl $2062143348, %eax
(b) 7 ¥ 7 a— FOHEHER
| | original.s | | mutant.s |
| 5l_foo: | 5l_foo:
| 6|## BB#0: | 6|#:# BB#0: |
| 71 andl $32, Jedi | 7l andl $32, Jedi |
| 8l orl $1601159181, Y%edi | 8| orl $1601159181, %edi
| 9l andl %hedi, Y%esi | 9l andl %hedi, Y%esi |
* 10| shrl $5, %esi * 10] andl $32, %esi *
* 11 testb  Y%sil, %sil * 11 addl $-1263900958, Yesi *
* 12| je .LBBO_3 * |
* 13|# BB#2: * | |
* 14| * |
* 15| * |
* 16| .LBBO_1: * |
| 171 xorl $13, %edi | 12] xorl $13, %edi |
| 18] movb $81, %al | 131 movb $81, %al |
| 19| subb %dil, %al | 14| subb %dil, %al |
* 20| .LBBO_3: * 15] cmpl $-1263900958, %esi *
[ * 16| *
[ * 17|# BB#1: *
| | * 18| *
[ * 19| .LBBO_2: *
| 21] xorb $81, %al | 201 xorb $81, ‘%al |
| 22| movzbl %al, %eax | 21| movzbl %al, %eax |
| 23] addl $2062143348, Yeax | 22| addl $2062143348, %eax
(c) iz 2t /MIRED 72 Y 7Y 3 — K
13: FoB LI ED B
on Synthesis And System Integration of Mized Information
Technologies (SASIMI 2016), pp. 2—3 (Oct. 2016).
5 NN s S 1o S s e .
(7] AGHsER, AW <72y 7Y a— FE X OEFR-E O
BICHADC C av 3, SORGELD 7 ¥ 5 AT A L7 fEHALE
4 DA ¥ VRPN 2017, pp. 39—44 (Aug. 2017).
[8] The LLVM Compiler Infrastructure (online), http://11lvm.
org/ (accessed 2017-11-14).
[9] GloballSel (online), https://llvm.org/docs/GloballSel.

html (accessed 2017-11-14).
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