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Instruction Scheduling Based on Partial Redundancy Elimination

TATSUYA KATSUHARA and MUNEHIRO TAKIMOTO't

Instruction scheduling is one of the effective techniques to increase Instruction-level paral-
lelism. Especially, the instruction scheduling which allows speculative execution is known as
a technique which exposes more parallelism in a program. Since the speculative execution can
introduce new redundant expressions as a second order effect, eliminating the redundant ex-
pressions using common sub-expression elimination (CSE) opens a way for scheduling other
operations. We propose an instruction scheduling approach based on partial redundancy
elimination (PRE) which eliminates more redundant expressions than CSE does. PRE can
eliminate not only totally redundant expressions which CSE can eliminate but also partially
redundant expressions, therefore leads to more opportunities to schedule. In addition to that,
we focus on a property such that PRE eliminates redundant expressions based on code motion.
This property enables determining whether scheduling to a specific idol resource is effective or
not, and automatically inserting any compensation code to optimal points after scheduling.
Hence, our scheduling approach guarantees that any execution paths are not lengthened. Our
approach can also be applied to any program structures, and achieve a loop scheduling, i.e.
loop shifting, without identifying loop structure.
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Fig.1 Speculative code motion.
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Fig.2 Speculative code motion across join node.

gooooooooboobooooooooooobooo
rOo000oogbboooooooobobooooooo
gobooooobooooosgoooooooooo
gboooooboooobooooooooo

2. 0D0OobOoobooaoboaao

00000000000000000000000
100000000000 speculative executiondV:®)
0000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000 00000000000000
000000000000 000000000000
000000000000000000000
01000000000000000000000
000000000000000000000000
00000D00000000000O000dControl
Flow GraphD 0O CFGOOODOOOOO0DOOOO
000000CFGOOOOODODODOOOO0 10
CFGOO0O00OO00D0000D0OO0DOD0OODOOnOnon
01(d)00 100000 000000000000
000000000000000000000000
000 1()000000000000000000
0000000000000000000000000
0000000 20000000 x00000000
000000000 TOOOODOODOO expO TO
00000000000 0020000000000
x000000000000000 TOD 10000
000000000000000000000000
000000000000000000000000
0000000 0backwardd0 00000000
0000 2()0020000000000000



54 gooo0oooooooooooooo

0000O0o0oOoooOoOooOoooooooooog
0000O00o0o0oooooooooooooood
0000000000O0o0OO00o0oooooooog
102000000000000000000000
000000000000000 2(bb)0000O0ODO
0100000000 DO0O00DOO0DOOoDOOoDOOooDoOoo
dooddooboboobooooooooooooono
0 conditional speculation[lls) gooooo

oooooooUoooooooooooooooo
oo0oooo0o0ooOooooooooooooog
0000O000ooooOOoooooooooooog
O0o0oOO0o0ooDoOoO0o0ooOo0ooooooooog
00000000000 00oooooooooog
0000000000000 00O0oooooooog
0000000000000 000Oooooooog
gooooo

goooooooobobboooooboobooood
O00O0O0o0o0o0ooooOoooogoooooood
gOo0oboOo0oOoO0DboOoOidleresourcel 000000
O00oO0oU0ooOo0ooOoOoooooooog 1(b)
goooobooooooDi1oooboooc200D00O
oUooU0ooOooooo2(b)000DoUoUoOoUO oo
2000000000000000 10200000
0000000000000O000oooooooog
0000000000000 00O0ooooooog
goooooeo

0300000000000 00000O0Ooooa
od0ooUd0ooUoooUoooUooooooooodg
ooooOoUoooooooooooooooooog
00000000 3(x)D0o00O00OUDUOOO
g0oo0ooO0bD 2000000 obCOCObOOOO
gOoooooocO0ooOooUdooooboooooo oo
103000000000000000DO0O000OO
Joooooooooool1ggoooooooon
0o0oo0O0oooooooo 3 ooooooo
dooddoobooooooooooooooooo
oodo 1goooooooooobooooooono
00030000000 3(c)0b00oon 10200
ooooogoogo

3. 00O CSE

3.1 0OO0OO0O0000
ooooooob pdb0 e0Oob0oOooOooOoOooOO

Y 0000000000 000000000000000000
gooobo0oooooooooooo

Aug. 2007

()
03 0000ODOoOOo0oooooo
Fig.3 Speculation.

T =exp T =exp
x=T 1 y=T

0| X=exp | 4| y=exp 0

[ 270w o[ 25T

(a) (b)
04 00000000

Fig.4 Common sub-expression elimination.
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Fig.6 Partial redundancy elimination.
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Fig.7 Loop-invariant code motion.
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Fig.9 Global instruction scheduling based on PRE.
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Fig.10 Cancel temporary scheduling.
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Fig.12 Different insertion points of compensation code.

6. DOOOOOOOO

000000000000 10000000000
000 loop shiftingd” 0000000000000
00000000000000000000000back
edge00 0000000000 DOO0ODOOOOOOO0O
00000000000 0000DO0DOoOoooog
0000000000000 0000ooooooog
00OCFGOOODODOO0O0O0DODDOOOOOOD
0000000000000 000000000

00000000000 000000000000
000000000000 00000000000

01300000000000000000000
000 13(a)000000000000000000
00000000000 0000000o0g 100
00000000000 000o0DoOonoooooog
ROOODOODOO EOOCOROECOOOODO 100
U000000D00000 x=x+1 000 x+1000
ooQ

00000 13(b)000000000000000
0000000000000 00D00D0000000
000000000000000000000000
OO0O00Opre-header0 0000000000000
ooooo

0000000000000 oo0oooooooon
0000000 000000ooooooooooog
000000000000 00000ooooooog
0000000000000 000000o0oooog
0000000000000 0000000oogog
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000

013 00000O00oooooooo
Fig.13 Example of proposal technique applied into loop.

ooobooooooboobooooooooooooo
00000000000 14() 0000000 ROO
gooOoOD EQCODOROEOOOOOO 2000000
ooOoO0oDoDO 2000 x=x+1 000 x+1000000O0
O0000oU00ooU0ooo0ooUOooUon 14w oo
goooboooooooooooooooooooo
ooool1gooooobooooooooooooon
gooooboooooooooocooooooooo
oobOoooOoooOoooOopPREOOOOOOOO
0000000000 4(c)000D00O0ODO

oobooooooobobooooooooooboo
ooooooooooobobbobbObobbobbooooo
ooboooobooooooboooooo

7. O O

gooboooooooooooooooooooo
O0O0000OPREOCOOOOOOODOOCOODOO
O0000000O00000000 COINSOOO
0000000000000000 COINSDY OO
ooooooooooboooooobooboooooo
ooo

coiNSOOoOoooOooooooooooooooo



60 gooo0oooooooooooooo Aug. 2007

. e

i

=5
e

Fortran
B REARAT

a0

Ll

‘ =ER

== ;
'F,,.@
PowerPX
I #HCPU

BRAT V-2
A— B&R
015 COINSOOOOOODOOOOOooOoooo
Fig.15 COINS compiler infra structure.

71 00000000000

ggboobobooboboboobooboo
000000000 00oooooO coINsOoood
goooboobooooobooboobobooboo
gooobooboooooboooboooboboo
goooboooboobooboooooboooboo
gboooboooboobooobuooboobooobg
() goodbooobooboooboooooboooboog
014 DODODOOODODOOOODODO goooboobooobooboooboobooog

Fig.14 Example of proposal technique applied into 72 0OOOOOOOOOOOO0

oooboooooooboooooPREODOODDOO

nested loop.

0oodoooooooobooooooooooooono doodooobooooooooboboooooono
0 0 0O 0O O High-level Intermediate Representation] goobooboooobooobooooooobooag
00 HIROOOOOOOOOoOoOoooooooooo O00000oooooooooooooooood
0 00 Low-level Intermediate Representation O O goooboooboobooboobooboboooobooo
LIROOOOOHIRO LIROOODOOOOODOO 0000000000000 0o0o0o0oUgooCcCrEGOd
ooooooooood 00000000000007 0000000000
(1) DOODDODOOHIRODODOODO 0000o0O0ooOoOoooOoooooooooo
(2) HIROOODOOOODODOOOO 73 000O0O0OO0ODOO

(3) HIROO LIROODOOOO 0oooodooogoocoINSODOoonoooon
(4) LIROOODOOOOOOOOO do0oboobooboooooooboobooobooono
(5) LIROOODODOOOO 00000 SPARC®2 000000000000

0150 COINSODOODOOOODODOOO00 O0oo0Ooooogi®:819:2) 0gnoSPARC O
O0000O00HIROOOOOOOOOODOOOO RISCOOOO0O0OODOOOOOOOODOOOOOO
OOOLIROOOOODOODOO0OO0OOOOODOO 0OO0O00O000O0000000000O0000000
coINSOOOOOO'"WOooooooooooooo 00000000000000000000000O0
0000000 Target Machine Descriptiond TMDO 00000000000000000000000O0
00000 LIROOOOD0DO0OO0O0O0O0O0OD0O000O0O0 0OO000000O00000000000000000
LIROOOOO0O00O00O0O00O000COINSOOO 0oooo
0000000000C0LIROO0OO000O00000 000000CcoINSOO0O0DOoOoooo®oooo
00000000000000000000000 000000000000000000000000



Vol. 48 No. SIG 12(PRO 34)
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Fig.16 Detect idle resource.
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ooooo UltraSPARC-IIe 550 MHz X 1
2000000 512 KB
ooo 1152MB
ooooooo 30GB
oS Solaris 10
Java 00000 Ver. 1.5.0_.06-b05
COINS Ver. 1.4.1.1.070120

02 0D000o0oooooo
Table 2 List of optimize options.
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Table 3 Detailed execution time (sec).

heap komachi matmult queen  soukan gzip mcf  bzip2 art  equake
coins 25.00 172.02 11.88 11.79 79.36 1235 1428 1299 2377 1397
coins O2 23.55 144.74 7.75 9.19 51.77 1101 1540 1106 2296 1209
coins O2+sched | 23.42 141.71 7.30 12.08 47.46 978 1502 993 2225 1071
coins O2+4new 23.44 132.45 7.16 8.54 45.22 955 1395 992 2204 1071
speed-up (%) -0.09 +6.54 +2.01  +29.35 +4.72 | 4+2.35 +7.12 +0.1  +0.94 0

08 M — —

06 —

1

heap komachi matmult gueen soukan

Ocoins Mcoins 02  Ocoins 02 + sched  Ocoins 02 + new
017 ODOO0OO0OO0OODOOoOOOOO
Fig. 17 Execution time (small programs).
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Fig. 18 Execution time (large programs).
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a = bxc;
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a =T;
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04 0O0O0OO00OO0O0ODOODOOODOODOOOOOOOOOOO
Table 4 Classification of scheduling and compilation time (small programs).

heap  komachi  matmult queen soukan
gopoooooooo 422 196 234 300 372
ooooooooo 37 9 54 28 10
ooooo 7(19%) 4(44%) 9(17%)  5(18%)  10(100%)
oooooo 30 5 45 16 0
ooooooooo 28 0 41 16 0
ooooo 0 2 0 7 0
gooooooooo 111% 108% 113.3%  109.7% 109.9%

05 O0O00O000O00O0OOOOO0O0O0DOOOOOO0OOOOOO0O0

Table 5 Classification of scheduling and compilation time (large programs).

gzip mcf bzip2 art equake
pooooooooo 11689 2381 6461 3096 4137
ooooooooo 954 341 625 124 626
ooooo 297(31%)  56(16%) 159(25%)  13(11%)  16(3%)
pooooa 486 251 361 103 592
poooooooo 359 221 190 82 525
ooooo 211 54 142 17 105
pooooooooo 148% 169% 422% 491% 763%
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