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Verification of SSA Compiler Optimizer Generated Code
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Optimization is a very important phase of compilation. It can improve the
performance of a program by a large factor. However, many recent optimiz-
ers are complex, which may compromise program correctness. It is essential
that the compiler optimizer is implemented without changing the semantics of
a program. Guaranteeing the correctness of optimization for realistic programs
is still an open problem. In this paper, we propose a technique for validating
the optimization transformation of the program by checking if the optimization
transformations are equivalent transformations. First, we define the seman-
tic equivalence of every kind of transformation and formalize them using CTL
formulas. Then, we compare the intermediate programs in Static Single As-
signment (SSA) form before and after optimization and extract the differences.
After analysis and modelling, every transformation is checked against the corre-

sponding CTL formula via model checking. We do not need to know the details
of the optimization algorithms and execution of the test program. We applied
this technique to the optimizer in the COmpiler INfraStructure (COINS) com-
piler. It worked with great efficiency, and found several bugs and ambiguous
transformations.
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Fig.2 SSA form of the programs of figure 1.
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Fig.4 Kripke structure (a) and its CTL tree (b) for Sp.
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Fig.5 Outline of the verifier.
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Table 1 The abstract syntax of the intermediate language LIR.
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Fig.6 Model M.
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Table 3 Definition of primitive proposition Y.

T =

U{use(X): 00 (0)xO0NDDOOOOO }
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U {trans(X) : 00 (0)X0 NOOODDOOO (XOODOO NODODOOO)}

U {rm.def(X): 00 X0 NOOOOOOOOOOOOOOOOOOOO }

U {rm_use(X): 00 (0)X0 NOOOOOOOOOOOOOOOOOOOO }
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Table 4 Definition of transition w.
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Fig.7 Transition relation of M.
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Fig.8 CTL tree of program in figure 2 (a).
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00000 2000000000002 00000*000 21)00000000
gooo0ooO0o0ooOdoooOoooOoooUobrL400b0b0U0bOU0 20000000000
000000000 mark(unreach(L4)) O mark(rpl,i2,0) 0000000000000
0000000000000000000O0OD?0

mark(unreach(L4)) :

A trans(i2) W (mark(rm_e, L4) V mark(rpl, i2, 0))

mark(mark(rpl,i2,0)) :

(A trans(il) W eval(il,0)) A (A trans(id) W mark(unreach(L4)))
00000000000000 mark(unreach(L4)) O mark(rpl,i2,0) 00000000
goo0ooO0ob0o0ooooooborL400b00Db0DbO02=000000D000O00D0ODOO
gogobooobboonboo

00008000000 DD0O0M2==00 trued00MM0O0O0O0O ¢2==00 false
gobooooooooboooooboo@m3—-s000bobo0oobbooooooOoooo
gbobooobobooboboobobooboboboboobobboobOobOoD 8O
00000M3—-50000000000300000000000000000000O0
gboboboboobooo 3b2==00 trued 0000000 DOODO0ODODOODOOO
gboobooobooboooooboobooooboooboobobooboobobboobobo
0000000000000 *0

x1 0000000000000000000 21) 00000000 CTLOOOOOOOOOOO

x2 00000 WOOOoooooooooooo00000000 21)00000000eval(z,c) 000 200
goooobo cO0OOCODOOO

x3 000000000000000
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05 0DO000OO0OO0OO0O0OO0O CcTLOoOO
Table 5 CTL Check formulas of optimization tranformations.

ooooo ooooo

0ooo0oo00o0000o

rm_def(X)
rm_jump(L0, L1, L2)
rplovar(X1—X2)
rpl_cons(C — X)
ins_def(X1, X2)
ins_jump(LO, L1, L2)
rm_branch(X, E)
rpl_edge(X, E)

000 X=...00000

L0 — L1 —L20000 jumpO L1:jump L200000
00 (0)X10 X2000000

00 CcooD (0)Xoooooo

000 X1=X200000

LO0— L2000 jumpO Ll:jump L200000

00 condition(X) 0OOOO0O0DDDDODODOOD EFOOOOO

—(E trans(X) U ((use(X) A ~rm_use(X)) V ins_use(X)))

—(E true U (use(L1) A =rplovar(L1 — L2))) A —~(E true U (use(L1) A =rplovar(L1—L0)))
A (trans(X1) A trans(X2)) U equal(X1, X2)

A trans(X) U equal(C, X)

~((E trans(X1) U def(X1)) A (E trans(X1) U use(X1)))

~(E true U (use(L2) A ~rpl_var(L2 — L1))) A =(E true U (use(L0) A =rpl_var(L0 — L1)))
~(A true U condition(X))

0 X0000000000000 x00000 false

4.2 JO00OO0OO0O0OOCOOOOOOOOOOOOOOOODOOOODOOOnOO
2100000000000000 SSAOO0OOOO0OOOOO0OOOOOOOOOO
0000000000000 0000000O000O0O0O COINSO SSAOOOoooOoo
O0O0OCOINSO SSAOO00O0O0OO0O0000OO0OO000oooooooooooooo
gooooooooooooobooooobooOooooobooboobooooooboooooObo
OooO0O00O0pooo coINSOoooooooooooooooooooooooooo
gooooooooooooobooooooboobooooooobobooooobobooDbo
ooooooon
goooooobooooobooooooooboooboooboboboboobOobobODOo
goooboooooboooooobooooboboo
goboooooobooooboooooooboooobbo0ooooobooobD guuDOoO
gboooobooboooob 2000000000000 000000000000DOO0
2000000000000O0C0000O0CO0OO0O0OOOOOOOOOOOOOOOOO0
gboodobobooodoobooboooooooobo 20000000000 0O0GCODO
goooob 20000000000000O0O0O00000O0O0O00O0O0OOO0O00 jump
goooboooobocoboooocooOjmpdobobOOoOoOoOobOOoOOOOOObOOOn
uob20000000000000
gbobooboobooooobooboboobOooOooU0 1ooo0oLooboOoboboOobooboOoDo
goboobooooooboooooooooooooooboobooobooboobooooobooboo
gboooboboobOoooooboooobooobOOoobooobOoOoboOobOoOoocoboOoooDo
goooooooooooooooooboooooooooboooboocoooooboDooboo
gooooooooooooooooooboooooooooooooooooooooboo
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09 OOooood
Fig.9 Definition statement deletion.

gdoboooobooobOooobDbOoo0ooDboooobOoooboDboo
Jod0oo0bOo0000bObOO0000oDDbD 30000boboooooDbbooooooon
0 CITLOO0OD0O0D00O0D000D 50000800000 000D000DOO
00o00oo0oo CTLOOODOD0000oD0DoooDooooooooooooDooon
AlDODOoOoogd
00000000000 rm_def(X)0
g xgbboooobobooooboooobobbuooobbboobbboooo
goboboobboobbooobooboboobooo ob9bx=...0 20000000
goobooboooon
Jump 000000000 rm_jump(LO,L1,L2)0
go0ooobooobbooobooobobobooob jwmpOd0oOoODOO0bOOOobDOObODO
goooogooooooobododogt jympoooogb 1000 OO
O0U0000jump0 0000000000000 OO0OOOO0OOOrm-_jump(L0,L1,L2)
0dooooLo— L1l - [20000000000000 L1O00D00O LoopooooOoo

x1 000000000000000000O0O00000O0C0O0O0O0O0O00O000O0
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010 Jump OQOQOO
Fig.10 Jump statement deletion.

011 ODODOODOOoDOO
Fig.11 Veriable (expression) replacement.

0000000 L20000 ¢0000000000000000jump 0 L1 : jump L2
00000000000000000000000000 L10000000000000
000 LO: jump L20 L2: ¢(z0: L0,#1: L3) 0000000000000
00000000000000rplvar(Xt — X2)0

000 s000000X10X2000000000000Xx10Xx200000000
00000000000000000000000000000000000000000
0000000000D0000000000000000000000000 equal(X1,X2)
00X 0Xx0000000000000000000000000000000 4300
000001100 x=100000000 {z,1}000000y=20y=10000
00000D0000000000 :0000000000000000
00000000000000000rpl_cons(C — X)O

00000 rplver(X1,X2) 00000000CO X 0000000000 000000
000X0000000000000000000000000000000000000
00000000000000000000000000000000000000000
00001200 2=1—-2z=temp0000000000000000000000
000000000 éins_def(X1,X2)0

0130000 temp=a+b00000000000000 temp=a+b0000000
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012 0000000
Fig.12 Constant replacement.

013 000000
Fig. 13 Definition statement insertion.

LO[ x1=0 x2=1 |L3
ju

mPC(LZ---‘ ‘Jump L2 mPC(Uv---‘ ‘ jump L2

LO x1=0 x2=1 L3
ju
T

T F
=
x3=@(x1:L0,x2:L3)

014 Jump O0DO
Fig. 14 Jump statement insertion.

00 temp000-0000 000000000000000000000 temp=a+b
U0 temp O O0O00O0OO0D00ODOOODOO tempU 00000000 tempUdOOOOOO
goobooboboooooooo
Jump 0000000 4ns_jump(LO,L1,L2)0

0140 Ll1:jump L200000000000O0O0ODO0C0O0O0OLOO L2000 L100O
goooodLodnD L20000000 L200 LODODOOOO L1000OD0OL1O00ODO
jump L20000
000000000 ooUodrmobranch(X,E)0

0150 LoO0O L1000000O000CO00DOO00DOoOOoOooOoooboooOooo
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Lo x0=1 LO|  x0=1
if(x0==1)jump L2 else jump L1 jump L2
E
jump L2 jump L2

k.

L2} x2=(x0:L0)

L2[ y0=p(x0:L0,x1:L1)

015 00000
Fig. 15 Branch deletion.

016 00O0O0OO0OOOOOOOOOO
Fig.16 Edge movement.

000000 5000000000000000000000000000000000
00000000000000000

0000000000000 0rpl_edge(X,E)D

016 00000000000000 2/y000000000000 %000 0000
00000000000000000000000000000000
0000000000000000000000000000000000000000
00000000 CTLOOO0O0O00000000000000000000000000
00000000000 200041=00000000000000000000000
00000000000000000000000000000

—(E trans(il) U (use(il) A =rm_use(il) V ins_use(il)))

43 0000000
0000000000000000000000000000000000000000
0000000000000000000000000000000000000000O0
0000 congruence set0 000 0000000000000000000O0O0O0O00OO
00000 Kildall®OAlpern 0% 000 Riithing D' 00000000000 OKildall
D000 SSA0DD0O0OOOOOOOOOODOO0O0DOO0O0O00ONONOOOONDOOOnonoO
00000000 O@MO00000000000Alpern000000000 O(nlog(n))
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L2
a2=¢(a0:L1,a1:L5)
b2=¢(b0:L1,b1:L5)

al=@(a3:L3,a4:L4
b1=¢(b3:L3,b4:L4)

017 OOoOOOoooo
Fig.17 Congruence set.

0=1 |L1
0=1

@(a0:L1,a1:L5)
@(b0:L1,b1:L5)

2
b2

a3=a2+1 a4=a2+2
b3=b2+1 b4=b2+2
L5 M ~. L5
al=@(a3:L3,a4:L4) | | a1=¢(a3:L3,a4:L4)
b1=@(b3:L3,b4:L4) | | b1=¢(b3:L3,b4:L4)

& 'Y e

Ta
018 0O 170 CTLOOO
Fig. 18 CTL extended by figure 17.

0000000000000 000000D000000D00000D0000Rithing 00
00000000000000000 O(n*log(n)) 0000
00D000000000D0000000000 Alpern 00 RithingDO0OO0OOO0O0D
O0SSAODDDOODOODOOONOOONOODOONOONONOODOONONOd O®?) 00
OD0SSA Graph 0000000000000 D0OO0DO0OO0O0DOOO0OO0DODO0O0
000® 0000000000000000000000002% 00000000000
000000000D00000000000000
000000000000000MO000D00000D00o00noooonoon
0000000170 «20020000000 1800 17000000000000 CTL
00000000000000000000000000000000000000000
0D00000O0o00Oo0o

000000000000 0000000000000000000000000000
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019 SSAOO0OOOOOOO
Fig.19 SSA graph and transformation.

0000000000000
e 00IDDDDDODDOODODOOODOODDOODDODONDOONOOODODDOON
000000000000000000000000000000000000000
a0=100000 {a0,1}0b0=100000 {$0,1} 0000000
e 00DD0D0DODO0D e202000000000000000
- 019()0000S8SA0DD?'M 000000600000 ¢0000000
0000000000000000000000000000000000000
O namel dataOvalue OO0 000000 neme 00 0000000ODODO 190
0000000000000 0deta 0000000000000000000O0
0000000000000 00000000000000000000 1900
000000000000 Owave 000000000000000000O00OC
ooo
- 019(b)00000000000000000000000000000000
0000 e«200000000000000000000 dataO ref:a2000
0000000000000000000000 «20000000000000
000000000000 O0000000
- 000000000000000000000000000000000000
00000000000000000¢00000000000000 Riithing
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0¥ OOO0000000¢000000000000000000000000
0000000000000000000000000000 190 (b)0000
00000000 190 (¢) 0000
- 00000000000000000000000000000000000 data
000000000000 18(c)0000 «200200000000000000
oooo
d2(1, +(ref : a2, ¢5(1,2)))az
d2(1,+(ref : b2, ¢5(1,2)))p2
0000620 ref:a2000 020 ref : 020 SSAODOOOODODOOOOOOO
000000000000000000 a,as,...0000000 ¢20 200
000000 ¢ao(1, +(a1, ¢5(1,2)))e, 0000000000620 »200000
0000000000000 000000000000 000000000
0000000000000 0000 00000000000 100000
0ooooooOo
e 0000OODDNDDOOOOOOOOOOOONONDNONOOOOOONONONONOONONONODO
00000000000 O0CTLOOO0O0000000000000000Onn
000000000000000 ADDODOOOOOOOD BOOOOOOOOOO
O00AOOOOOBOOOOOOOOOOOOOOOOOO ADDOOOOOOOO
0000000000000000BOOOOOOOOOOOOOOO0O0BOOOOO
BOOOOOOOOOOOOO0OOOO0O0O0BOOOOOOO00O0O0O0O0O0O000000
0000200 a0=1000 {a0,1}0000060=1000 10 {a0,1} 0000
00000{a0,1} 0 {b0,1} 000 {a0,00,1} 00000 2000000000000
00000000000000100000000000
02(Mb)00000000000210 p30 Alpern0? 0000000000 00O0O
00000000000000000000000000000000000p30 2100
OoooooooooO0
44 00000D0D0OOOOOO
0000000000000 000000000000000000000000000
000000000000 00000000000000000000000000000
00000000000000000000000000000000
0000000000000 000000000000000000000000000

(© 2009 Information Processing Society of Japan



45 0000000OO0DO0OOO SSsAO00OO0O0O0D0OO0O0DOO0OO0OO0O00000O0

‘

L1

{a0,1}
{a0,b0,1}

L2

a2=¢p(a0:L1,a1:L5) | {a2,¢2(1,95(a+1,0+2))a}
b2=@(b0:L1,b1:L5) | {a2,b2,¢2(1,¢s(a+1,a+2))a}
L4
{a4,..}
{a4,b4...}

L5

L3
{a3,b3...}|b3=b2+1
L5
a1=(p(a3:L3,a4:L4)‘ al=g(a3:L3,a4:L4)
b1=¢(b3:L3,b1:L4) | | b1=g(b3:L3,b1:L4)

& Y & A

{at,..}
{a1,b1..}

{at,..}
{a1,b1..}

020 0O 180 CTLOOOODODODODOOOOOO
Fig. 20 Example of congruence set of figure 18.

00000oDO0o0Doodbob0z+0—-20002zx1 —-2000000000000000
J00o0ooOoO0o000ooooo0oobOoOoO00oooooooooOooooooOoooo
J0o0d0o0o0O0d0oo0ooDO00oo0bOo0ooOdooooDoooOOoooooOooooDo
O000z/8 —2>3000000000000000Mx =1 — temp = 1;z = tempO
00000000000 ooO00oo0bO0o0o0ooooDoooOoooooDoooooo
000000DO0o00oo030000000001000000000D00DOO0O00O
D00 FaultD0O0OO000O0O00200000000000000000000000
0000000000 Possible semantic error0 00000000030 000000000
0000000000 oooooooDdoooDoooooooDooooooooooo
0 Redundancy alertC 000000000

5. O g

00000000000 COINSOOOODOOOO0DO00000000o00oonoonn
O000000000O00COINSOOO0D0O0® 00000000000000000n
LIR® 0000000000000 00D0O00000000 SSADODODODO?® 0o
oDoooDoo

0000 COINS 1.4.420000000000SPEC2000 benchmarks 1000000
000000000000000000000 6,5000000000000000000 (0
00000 CPUD1.98 GHz SPARC64 VO OSO SunOS 5.100 JavaVMO 1.5.0 150 Heap
SizeO 512 Mbyteld MemoryO 10 GByte D O 0O O
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5.1 00000000
O00O0OLIROOOO0O0D0O000000000000000000000000

e 00D0OODODCED

e 0000O0DOODOOONDOODOODDOCSTPO

e 00DOODCPYPO

e 00O0ODDDOCSED

e 00D0ODOODHLID

e 00D0ODDOODOOODOCSTPO

e 0000O0DO0ODOOEBED

e 0000DO00ESPLTO

e 00000D0ODOODNOOONDOOODOODDOPREQPO

COINS SSAOOODDOODOO0ODNOO0DNOO0DNOO0DNNO0ONNO® 000000onon
0000000000000000% 00000000000000000000000
00000000000000000000000000000000000000000
ooo
0000000000000000000000000000000000000000
000000000000000

00000000000000CSTPOOOOODN

0000000000000% 0SSA00D00000000000000000000
00000000000000000022000 2()000000000000000
0000000000000 3(a) 000000000symbolic executiond? 00000
02()00000000000000000k 0000000000000 L40D00OD0
0000000000000D0000D0420 440k 0000000000000000
00000000000000000000000000000000000000L4D0
000000000000000000000000000
000000000000000000000000000000000000000
00p00% 00000000000000000OLacey 00000 0000000
000 CTLOOOODOO0O0D0O0000000000002Y 0000000000000
000000000000000000000
000000000000 000000000000PREQPOODOOD

21 000000000SSADDOOOOONONODNOONONONDNOONNO0DNOONN0NOn
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) 2 +
divexI32_23 = &perm + divexI32_22 L13] d19=0
. jump L29
divexI32_23 = &perm + preqpl32_35
@ v v L29 [jump L14
\ \ \ temp=x/y
L14|dg = ¢(d19:L.29,d21:L.
=5 (s -weim s
F T T
[exception|
4 y=x/8 =) y=x>>3
5 v ¥
® ] [eme=1]

@1‘ = [x = temp] L14 d9=<p(d19:L29,d21:L9)‘
T 1F T F v

0 21 SPEC2000000
Fig.21 Bug about SPEC2000.

0000000000000000000022000 1(b)0000000 SSAODOO
00000 2(Mb)000021=23+y10 pl=22+yl0p2=21+yl 0000000
00000000000000000SSAD0DOOOONDODODONDONDODO0o
0000000000000000000000000000000000000000
O0OO0PREQP(P 00000 2(b)0000000 PREQPUOODOOODODO 3(b)0D
O0OPREQPOOD0O00O0DDDO0OONODODODODDDDOODODOOODOODDO
0000400000000000210 p30000000210 p30000000000
0oooooooooo

52 0000000000000O
000000000000000000000000000 210 (1)0(2)0&)0((5)0
000000000000000000000(3)000002Y 00000000000
00000000000000000000000000000000000
0000000000000000000000000000000000000000
00000000000000000000000000000004400000000
3000000000000000000000000O0n

5.2.1 000000000
0000000000000000000000000000000@M FautDOO0ODO
00000000000 PREQPO EBEOOOOOD 20000000
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=y Py
S » k]
< preqpl32_44
'S 4

022 00000000O00O0ODO
Fig.22 Definition loss of variable.

PREQP 0000
021(1)0000 CSED PREQP O 18l.mef 0000000000000 DO0OO0
000000000000000000000000 rplver(Xt —»X2)00000000
00000000000000000000

Fault : in sort_basket.c

transform : rpl_var(divexI32_22 — preqpl32_35)

at node 63 : divexI32_23 = &perm + divex132_22

CTL formula: A (trans(divezI32.22) A trans(preqpl32_35)) U
equal (divexI32_22, preqpl32_35)

000000000 diverI32.220 pregpl32.3500000000000000000
0000022000000 diverI32-220 preqpl32.35000000000000000
preqpI32.44 0 preqpI32.35 00 0000000000000000000000000
oooooo

000 188.ammp O 255.wortex 0 PREQP 000000000 OOOOOOOOOO
000000O00O0000O0PREQPOOOONONONODONOOOOOOODDD OSRY OO
O00O0CFGOOOO SSADDDODONONONONOOOOOOOOOOOODNO000000
000000000 nl 00000000000000000
EBEOOOO

0 21(2)0000 253.perlbmk 0 PREQP O CSTPOO0OOOOOO EBEDOOD
00000000000000000000000000 rm_jump(L0,L1,L2) 00000
000000000000000
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Fault : in md5.c

transform : rm_jump(L13, L29, L14)

at node 191 : L29 : jump L14

CTL formula: —E (true U (use(L29) A —rpl_var(L29 — L14)))
A-E (true U (use(L29) A —rplvar(L29 — L13)))

oo0ooooooooooooL2o000000000O0O0O000O0OO0OO0O00000

0000000000000 0O000L29: jump L14000000000d9 = ¢(d19 :

L29,d21:L19)0000000000000000nwlO000O0OO0OOODOUODOUOOO
goooooon
5.2.2 O0O0OO0OOOODOO

oooooOO0O0O000000O0O000000000000000000000000 Pos-

sible semantics error0 00000000000 OCCOCOOODOOOOOODODOOOOODOO
oobooo20000000
HLIOOOD

021(3)00000000000x/y00000000D00O0O000O0OO0ODODOOOOY
goboboooooooooooboooodyb oobbooooooboobooboobooo
00000000000 rpleedge(X,E) 00000000000 Possible semantics errord
gobooooooooobooooo0ooboobooooOoooOoDbo0O0DbOOOn 179.art

gooodod

Possible semantics error : in sim_other_objects.c
transform : rpl_edge(i.106_1 / low.103_1)

at node 115 : hliI32_0 = 4.106_1 / low.103_1

CTL formula : false

cSTPODODODO
44000000000000O0OCOODOOOOOOOOOOOCOODOOOOOOCOOO
goooboooobooooooooobooooooooooooooooocoooooobooo

000000214 0000000000000Dx/800000O0O00z>»>3000
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002000000 COOOO0OO0O>»00000D000000D000D000DODODOODOO
000000000000 00o0o0Do00o0ooUoUn rplwaer(X1,X2)0000
OO00O0OO0O0OC0COOOO0C0O0DOOO0OC00ODO0OUUO0OO falsed0O0O0O0O0OOOOOOO
O00o0ooooDO0O0O000oOooobobODbOOOO0O0O0O0On Possible semantics errord O
O0000O00O0OOoOg 255wvortex 10O OO0

Possible semantics error :in BitVec_Create.c

transform : rpl_var(divexI32_1 / 8 — divexI32_1 > 3)

at node 5 : divexI32_2 = divexI32.1 / 8

CTL formula : A (trans(divexI321) U equal(divexI32_1 / 8,divexI32_.1 > 3)

5.2.3 O00O0O0OOOOOO
HLIODOODO

021()00000000000O00000O00UO0O0UO0ODOODOOOOOOOOO
O00Mz=1—-temp=1lLx=tempU0 00 0000O00OOO0OOODOOODOODOOO
00000o0o0o0oDo0oo0oOoooo0oo0oo0oDoooooDoooDOnD z=1
Oz=temp000000temp=10000000000000000000000000
0000000000000 0D000O00o00o00oOn rpleeons(C—X) 000000
000000000 0o0Doo000oooo0o00oooOdOooonoodddRedundancy
alert0 00000000

00000 COINSO SsSAO00OO0OoO0OooooOoooOo HLIOoooooooo
164.gzipO000O0O0ODO

Redundancy alert : in main.c

transform : rpl_cons(1 — hliI32_6)

at node 280 : divexI3287 =1

CTL formula : A trans(hlilI32-6) U equal(hliI326,1)

53 0O 0O0OAO

O000o0ooo0o0ooooOoU0oooU0ellODADDODODOOOOODOOOOCODO
Oo0O0Bp0O —020000000CO0000DOOOCOOO0OODOOOOOODODOODBOCO
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06 O0OD0OO0O0O0O0OO0OODO0O0OOOOOO0OOOOOCOOOOOOOOOOOOOOOOO
Table 6 Comparison of times with and without verification (unit: second) and the number of
transformations verified.

A B ¢ B < D E £

171.swim 15 65 25 4.33 1.68 2208 0 0
172.mgrid 13 128 39 9.85 3.05 3029 2 0.0007
179.art 17 159 43 9.35 2.54 1389 2 0.0014
188.ammp 254 4185 1345 16.48 5.30 3890 7 0.0007
175.vpr 191 5127 1190 26.84 6.23 12019 16 0.0021
181.mcf 53 162 98 3.06 1.86 1244 2 0.0016
197.parser 151 1786 696 11.83 4.61 9416 24 0.0028
255.vortex 636 5732 1768 9.01 2.78 40724 35 0.0009
256.bzip2 29 626 102 21.59 3.52 2997 9 0.0030
300.twolf 568 4847 3050 8.53 5.37 40306 55 0.0013
sum(A)  sum(B) sum(C) zz:gi; :E:EE; sum(D)  sum(E) :Ezég;

sum 1927 22817 6965 12.09 3.69 117170 152 0.0013

—020000000000000000000000000O0O0O0O0O0DOOOODOO0
0000D0D0D00ECOOODODOOOOOODODOONONONODDOONONONOooonoog
oooo

00000000 COINSOODOODOO —02*' 00 OSRY 000000000 O0OD
0000000000000 D0000000000000000000000000000
000 12.09000000000000%2Y 0000000000000 60 DOOO
000000000000000000000PREQPO CSTPOOOODOODOOOOO
000000000000 000D00D000000000000000000000000
0000000-020000000000000000000000000000000
03690000000000000000000000000000O0O0O000OOO0
oooooog

6. 0 OO0

0000000000000 0000000O0OO0O000D1.200000000000
300000000Necula0 000 OOOO0O0OO0O0ODODDOOOOOOOOOOOOO%Y
00000000D00000D00000DD0O000D COINSO SSAOODOOO

*1 —02: —coins : hirOpt = cf, ssa — opt = prun/divex/cse/cstp/hli/osr/hli/cstp/cpyp/preqp/
cstp/rpe/dce/srd3, loopinversion
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000bO000D0ObOo0oDoDbOoOOo0bobOOo0O 200000000000 0000
NeculaOOOOOOODODOOODDOODDODOOODODOODODDOOOODODOOOODOO
00000000000000YO000o00000000000000000000000
0000000000000 0DO0o0o0ooUOoDOo {PC,,PC,E}YODOODOOODOO
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Fig.25 Formula for replacement of variable X1 — X2.
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Fig.27 Formula for insertion of definition statement X1 = X2.
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Fig.28 Formula for insertion of jump statement L1 : jump L2 to LO — L2.
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