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Coarse Grain Task Parallel Processing
on a Shared Memory Multiprocessor System

HIRONORI KASAHARA," MOTOKI OBATA! and KAZUHISA ISHIZAKA t

This paper proposes an implementation method named “one-time single level thread gen-
eration” for a coarse grain task parallel processing scheme on an off the shelf shared memory
multiprocessor system. The coarse grain task parallel processing is important to improve the
effective performance of wide range of multiprocessor systems from a single chip multiproces-
sor to a high performance computer beyond the limit of the loop parallelism. The proposed
scheme decomposes a Fortran program into coarse grain tasks, analyzes parallelism among
tasks by “Earliest Executable Condition Analysis” considering control and data dependencies,
statically schedules the coarse grain tasks to processors or generates dynamic task schedul-
ing codes to assign the tasks to processors and generates OpenMP Fortran source code for
a shared memory multiprocessor system machine. The thread parallel code using OpenMP
generated by OSCAR compiler forks threads only once at the beginning of the program and
joins only once at the end even though the program is processed in parallel based on hierar-
chical coarse grain task parallel processing concept. The performance of the proposed scheme
is evaluated on a 8-processor shared memory multiprocessor system machine, IBM RS6000
SP 604e High Node, using a newly developed OpenMP backend of OSCAR multigrain com-
piler. The evaluation shows that OSCAR compiler with IBM XL Fortran compiler gives us
1.5 to 3 times larger speedup than native IBM XL Fortran compiler for SPEC 95fp SWIM,
TOMCATV, HYDRO2D, MGRID and Perfect Benchmarks ARC2D.

0000000 Y?0GCD O Banerjee O inexact O

1. 0000
0 exact test"”’0 OMEGA test”’ 0000 0000
Doalld Doacross 10 0000000000000 0Y0000000000000000000000
000000000000000000D000000 0»®000000000000000070000
000000000000000000000000
8),9
T 000000000®? 0000000000000

Waseda University 000000000000 DoOOOOOOODOODO



2 ooo0ooooooo

ooQ
000 OPolaris00 0002 0o0oon0on
000000000000 0000000000000
ooooooo™YWonooooooooot®onon
0000000000 O00OSUIFOOOOQg™®~»
00000000000 0000000000000
0oooooooo'™'Y0o00000000nnd
000000000000000000000000
000000000000000000000000
000000000000000000000000
0000000000000000000000
00D00000000000000000000
000000000000 000000 OBlockingd
TilingO PaddingO Localization 00 00 00000
000000000000 000000000000
0000000000 0O0O0O0O0O00ond®®~20g
00000000000000000000000
000000000000000000000000
0000000000000 00000000000
000000000000000000000000
0000000000 0D0000000000000
000000000000
Parafrase2 0000000 NANOS 0O OO
022000000 OpenMP API?Y29 0000
00000000D000000O000000000
00000000000000000000000
000 OpenMP APIDOOOOOOOOOOODO
O0000000000000O000 GROUPS O
00000000000D0000000000000
00000000000000 ONTODOOODOO
0O00O00Oooo?®gPROMISOODOOO???® O
OOHTGOODODOOOODOOY 0000 Parafrase2
0D000* 00000000000 EVEODOD
0000000000000 00000000000
000000000 000000000000000
O000000000000000SCAROOOOO
0000000000000 000000%9~on
000000000000000000000000
ooo3~¥) goo0Do0000O0SCARODDOOO
000000000000000000000000
000000000000000000000000
00000000 PEODODOOOOOOOOOOOO
0OPCO0OO0DOODOODOOOOODOOOOOOOO
000000000000000000000000
0000000000000000000000000
ooooo®*® ooooooooooooo® o

Apr. 2001

gooooooooobooobooooooDboo
goooooOooooOoooooooooopecOn
gooooboooobooooooobobboobooo
gooobooobooooooboobooboboooooon
goobooobooooobooooooooonoooon
000 PCOPEODOOODOOOOODOOOOO

gbobooooooboooooobocoooooon
goboboobooboobooobooooboooooboo
gooobooooooooooboobobooooobon
00000000 FortranOOOOOO OSCAROO
0000000000O0ooO00oOOpenMP API
000000000000 FortranODOOOOOOO
000000000000 UOOSCAR Fortran 00 O
go0000000 FortranOOODOODOODOO
gboooobooboboooobooooooooooo
gboboooooobooobobbouooooOoooonn
OO0000o0oOooooooooooOo OpenMP O
OO0 FortranOOOOOOOOOCOOODODOOODO
O0000o0o00oOooooooooooD forkkOO
gobooooooboooooobobooobooooo
000ooobboogjein0DO000O0O0O0O0O00OO0O0O
goooboooooooooooooooboDboo
goobobooooobooooboobooooooDboo
ooooooo

000 2000 OSCAROOOOOOOOOOO
gboboooooooo3oooooooooooon
oooooO0o0o00oo04000 80D0OO0OO0OODO
ooooooooooooooooo IBM RS6000
SP 604e High Node 00 000 O0O0OOOO0OOOODO

2. boOoooooooboo

0000000000000000000000

0000BBOOOOOODDOOOORBOOOOOOO

000000SBOO 30000000000 MTOO

000000 MTOOOOOOOO0OO0O0O0PEDO

00 PEODODOOOOOOOOOOOOOOOPCO

0000000000000000MTOOOO0O0O

0O000o00O0ooon

OSCAROODOODOODOOOOOODOODOO

000000000000000000000

(1) 00000000 MTOOOOO

(2) MTOOOOOOOOO0O0OO0OOOO0O0O0O0O0O
000000000 MFGOOOOO

(3) 000000000000 OO0O0OOOO0O00
OO0 MTGOOOO3»:3h:84),

(4) MTGOOOOOOOOOOOOOOOOOO



Vol. 42 No. 4

Data Dependency
—— DataDependency | | - Extended Contorol Dependency

O Conditional Branch
/N AND

™ OR

> Original Control Flow

---------- Control Flow

(O conditional Branch

(a) MFG (b) MTG
01 0000000000 MFGOO
goooooooooMTGOODOO
Fig.1 Sample macro-flow graph and macro-task graph

gooooooooooooOoobooooo MT
OpPCOO0O PECOOOOODOMTGOODO
gboooooobooboooooboboooo
goboboboobooooooooooooo
ooooooooooon
(5) OpenMPUOODOOOOODOODOOO
gboooooooooooboooo
2.1 ODOOOOOODOO
gbooooooooboooobooboobobOooo
0000000 BBMOOOOOOOORBMOOOO
O0o00ooooSBOO 30000000000 MTO
gooo0o0ooooobOo RBOOOODOOOOOO
oooOopCOO0O0O0OOCOOOOODODOODOOOO
goobooobooooobooobooooooooon
oooooooooooo
goooooooooooboooooono rRBO
gooooooOoooOooooooog sBOoOOO
gooobooooooooobOoboooooooon
gooocoooo
2.2 DOOOOODOOOOOO
goboooooooboboooboobooboooo
OoMTOOOODODODODODODOOOOO0ODOOO0O0O
000000 1ba000ooooobbobboon
oOoMrFGOOOOOOOOO
goooooo MTOOoOOoOOoODOOOODODOO
oboooobooooooooooooocooogan
gboboooooboooooboobobooooobooo
gboooobooooocoobooooboooooooon

g0oo00oo0o0o0oboooOOoboO0OO0O0OOO00O00o0oOoOoOD0OO0 3

23 000OO0OO0ODODOOOODO
MFGOOO MTOOOOOOOOOOOOOOOO
goooobooooooboooo MTOOOOODOO
gbobooooboooooboboooooono MTO
goboooobooooooooooooobooobon
oobooooooooooo
(1) MTiO MTj00000000000OMTIO

MTj0O0000000000000000
(2) OO MTjOO000OO0OOOOOOOMTjOO

gooobooooooMT;j0000000 MTi

gooooooD
oooobooobooDbOobOOoooooboobo
oood
OoMTIiOOOOOO0OO MTjOOMTIiOOOOO0OO0O0O0O

ooooooo
AND

OMTIiODOODODOOOO MTR 0<k<|N|DO0OOOO

ORMTkOOOOOOOOOOOOOOO
ooo NO MTioOOoOOOOOO0OO0O MTOOOOOO
go000 Dmaboboo MTeOOOODODODO
gobooooobobobobooobooon
OMTIO MT3000 ORMT20 MT400O0O0O

AND

OMT3O0OO ORMTIO MT20000
ooo0oMT3OO0OO0O0 MT1OOO MT3DOOOO
o0oooooooooMT20 MT40000000O
oooooo0o MTiO MT20000000000O
gooooboboooboboooooooboooboooo
goooad

OMT3O0OO ORMT20 MT40 00O O
OMTOOOOOOOOOOOO 10bOoooo
opopoooOoooOooooMTGOOOOODOOOO
MTGOOOOOOOOODO MTOOOOOOOO
goobooooooooooboooooooooooon
gboooooooooooOooOooobOOoboOoooon
gooooooouooboooobooobooboooo
ooooMTiOODDOOOOO MTOODOOODOO
ooboooooooo
O1wmnoboooOOOOOOOOOOOOCOOOOO
00000000000o00o0 ANDOODOODOOO
OO0o0oooooooorROOOOOOOOOOO
MTGOOOOOOOOOOOOOoOOoOoooooo
goboooobooooooboooooooboobbOon
gooocoooooooooobooooo
24 0O00O0O0DOOOO0OO0OOOOO
gobboooooooooooocboooboobo



4 ooo0ooooooo

gooobooooooooobobooooboobooo
oooOooooMTO PCOOOO PEOOODODO
goooboobbooooboooooobooooooon
oooooooooooobooboobbOOoboOoooMT
00000 pPCOOOO PEODOOODOODODOODO
0000000 0oooooooooooSoooo
gbooobooooboobooooboobouooooboooDo
goooooboooooooooboooooooon
gooooobobooooobooobooooboooon
ooo

goooooobooooobbooboobooooon
O000000O0OSCARODDOOUOOOODOOOO
goboboboooooooboooboobobooobooboooon
goooobooooooooobbOobbDbOOooDbo
gbooboobboodoobooobooooooooooaon
goooobooooooboobooooooooooo
gbooobooooobocbobooboooooboooaon
gobooboooooobooocobooooobooon
gobO0o200000000000000000O0A0
gooooboooooooooooboooooobo
oooooo

gooMTGOOOOOOOOOoOoOooooooOo
oo0ooooO0O0oooooooooooogogece
o000 PEOO MTODOOOOOODOOODOO
gbooboooooobbooooooooooOoooon
goobooboooooboobooooooOoOoOoboooon
gobooooooooooooboboboobooobooo
goboboooobogoo

3. jooouooobbbooboobobog
gboooooooooboo

goooobooooooboooobobooooooon
goooooooooooooooooooooDon

OSCAROOOOOOOODOOOOCODOOOOOO
goobooooObooOooooooMTODODOOOOO
o0oooopCOO0OOOOOOOODOODOOOPEO
goobooboooo200000000000000
O0O0O0O0O0ONANOSOOOOOOUOOODOO
OpenMPOO0OO0OO0OCOOOODOOOODOOOOOO
gboooboobOooobooobooooobooooon
oboboooo0ooooooobooooooobooo
0000000000 000000OpenMPODOODO
goooboooobooooooboooooobDbon
000000000 ooooooOd OpenMP APIO
gobooooobooooooonon

Apr. 2001

3.1 0O000O0D0DOD
0000000000000 00000000
OpenMPO 000000 “PARALLEL SECTIONS”
0000000000000000000000000
ooooooo
000000000000000000000000
O0ONANOSOOOOO?® gooooooood
000000000000000000000000
00000000000 “PARALLEL SECTIONS”
~ “END PARALLEL SECTIONS” 0 00 00 OO
00 “SECTION” 000 0000000O00000
OMTGOOODOOOODOODOOOOO0000O0O
0000000 MTGODOOOOODOO0OO0O0OO0O0O0O
000000000000000000000000
000000000000000000000000
0000000 fork/join 000000000000
00000000000 0000000000000
000000000000000000000000
0oooooooo
3.2 000000000 O0OO00OO
000000000 0000000000000 MT
0000000000000000000000
000O000000000000000000000
00000000000000MTOOOO0OO0O0O
00000000000 MTGOOOOODOODO
00000000000000000000000O0
000000000 MTGOOOOOOOOOOOO
0000000000000
OSCAROOODOODOOOOOOODODOOOO
000000000000000000000000
00000000000 MTGOOO 3000 MT
00000000000000000
0 200MT1~30 300 MTOOOO0OO0O0O0O0O
000000000000000000000000
0000000 1000000 MT1~3000000
0000000000000000000000000
0100 MT20000 2000000000000
0000000000100 MT30000 2000
000000000000000000000000
000000010000000040000000
0200000000000000000 0~300
000 4~70000 20000000000000
OMITOOOOOOOOOMT20000 20000
000000000 100000000 300000
000000000000000 700000000
00000O0O0OMT30000 2000000000



Vol. 42 No. 4 gooobOo00o0oOobOoooooboOoooooOooooooooD 5
Thread0 Threadl Thread2 Thread3 Thread4 Thread5 Thread6 Thread7
1SOMP SECTION  !$OMP SECTION !$OMP SECTION !$OMP SECTION  !$OMP SECTION !SOMP SECTION !$OMP SECTION !$OMP SECTION
MT1(parallelizable loop) MT2(SB)
MT1_1(RB) MT1_2(RB) MT1_3(RB) MT1_4(RB)
‘ (partial loop) (partial loop) (partial loop) (partial loop) BV:}';{ ‘ F‘:AL;:S{ ?/\l;:i)t, ‘
MT3(RB) ‘MT2_1 ‘ ‘MTZ_l ‘ ‘MTZ_l ‘
DO group0_0 DO group0_1
o
Dynamic Scheduler Dynamic Scheduler ‘ MT2_2 ‘ ‘ MT2_2 ‘ ‘ MT2_2 ‘ 3
MT3_1 MT3_1 %
[MT3_14) | [vTa_1b) || [ vT3_1a) | [(MT3_1b) | ‘MT2_3 ‘ ‘MT2_3 ‘ ‘MT2_3 ‘ g
]
Dynamic Scheduler Dynamic Scheduler S
o
MT3 2 MT3.2 ‘MT2_4 ‘ ‘MTZ_A ‘ ‘MT2_4 ‘ g
[v132a) | [v1aien) |fl W|[vTa2a)]  [vTa_2b) | : : : 2
x
! Dynamic Scheduler Dynamic Scheduler E E E
' ' '
EndMT EndMT EndMT ‘ EndMT ‘ EndMT ‘
END DO \ N END DO 1
\ 3rd. layer 2nd. layer \ 1st. layer /

thread thread group

thread group

2nd. layer: MT2_1, MT2_2...(centralized dynamic)

1st. layer: MT1, MT2, MT3 (static)
MT3_1, MT3_2...(distributed dynamic)

3rd. layer: MT3_1a, MT3_1b...(static) ‘

02 0000000000

Fig.2 Image of parallelized code

0000 200000000 20000000000
0000000000000 000D0000000n
ooo00Ooo00oO
3.2.1 000000O0DOOOO0OOOOOO
0000000000000 0000OooooOn
MTOOOOOOOOOO0OD0O00O00000 1000
000000000000000000
00000000000000000000000
ooooo
stepl O MTOOOOOOOOOOOOOOOOO
ooo
step2 0000000000000 OOOO MTO
0oooMTODOOOODOD
stepd 000000 CPOOODODOOOOOOO PC
0o00oO0O0oOoO0D0O0OO00ooooo®ho
step4 MTOOOODOOOOOOO MTOOOOO
000000000 MTO “EndMT’0 EMTO
0000000000000000000000
000000000 0O0Ooooog
stepb stepl 0000
000000000000000 MTGOOO00
00000000 O0OMTO MTOOODOODOOD
0000000000000 00OMTOOOO0O0O00
000000000000 000000000000
00oo00oo00oooon
00000000000000000000000
000000000000000000000000

gooMToOOOOOOOoODOOMTOOOOD
gooooMTOOOOOODOOOOOooog cpOO
goboooooooobooMTOOOOOOOODOOO
goooooooooobbooooooooooboooo
gooooooOoooooooooboooD MTOO
oooboMTOOOODOOOOOOOOOOO0O0O
goboooooooooooboboooobooboooo
goooooooooobooooooooboooooo
gbobobooboboooooouooboooooooooo
gobobOoooooobooboooboOoooooooboon
OoOoOooooooOoO0oooooof OpenMPOODO
OFlushOOOOOOOOOOOQOOOODODOOO
00000 OSCAROOOOUODOOOOO OpenMP
goooboooooboooobooobobobooDboo
0000 IBM XL Fortran Ver.5.1 000 00000
000000000000 OIBM RS6000 SP 604e
High Node 00 O0O0O0O0O0O0O0OOOOOCODO
gboooooobooooooo
gboboooooooooooooOooOoObobOooo
gbooobooooooboobooooooobooo MT
goooooobooboboooobo MTOOOODODO
gooobobooooobobooboboooooooon
ooooMTOOODDOOODOOOO0OO00O0O0O000
goboooooooooooooo MTOODOOOO
gooooooo
goboboooboooooooooOoooooon
ooobO0oo0Oo0oO000000 “End MT’0 EMTOO



6 ooo0ooooooo

gooooMTOOOOODOO 200000 100
OMT20000000000EMTOOOOOODO
ooooOooooOoooDOoOoOoOooooooOoOoo
oooooOoooooOoooooooooooood
ooooooo EMTODOOOOOOO0O0OOOOO
oooooMTOOOOOOOOOODOOOOOOD
oooooooooooo MTGUOOOOODOOO
gooooooOoooOoOOoobo0O0ob0oboOon
02000001000 MT2000000000
ooo0ooo0o 200000000 4~600000
gooooooobobo roboooooooooo
Oo0ooO0O00000 2000000000 MT2.10
MT2.200000000000000000000
goboooboooooono 4~6000000000
ooMT200000 MTOODOOODOOOOOO
ooooooo
3.2.2 O00O0OOOOOOOOODOODOOO
goooooooooooooboobooobooon
ooooo0oooooooooOOooooboOoOooo
goobooooooooooooooooooooo
goooooooooMTOOOOOOOOOOOO
ooooooo
gooooooooooooooooooooogo
gooooooOoOopooooooOoOooOoooooo
Oooo0ooooboooob0oooooooOoO0O0oon
goboooooooooOoooooOoO0ooODbbboOoon
O000o0000000D0D00
go0oo0ooooooooooooooooon
stepl 0000000000 OOOOOCPOOO
oooooo MTOOOOOOODO MTODO
O00o0oooooooo MTO EMTOOOOO
goooogoooooooo
step2 MTOOOOOO
step3d O MTOOOOOODOOOOOOOODODOO
oo MTOOOOOOOODOODODOOOD
ooooO0ooboooOoooOoDbDO0000oooon
ooooooooo MTOOOOOODOO MT
ooooMTOOOOOOOO
step4 stepl 0000
0200000 1000MT300000000
O020000000000000000000ODOO
oooOoOoooOooooooOo 2000000000
000 200000000 20000000000
group0_0 000 group0_10 00000000000
gooooboooooo MTOOOOOOOOOOOD
oooooooMTOOOODOOOOOODOOOOOD

Apr. 2001

MT2000000 MT3000000000 20
0OMTOOO MT3.10MT3.2000000000
group0_0 0 group0_1 00 000000000000
000000000000000000 200000
0000D0000000000000 20000 MT
oooooooooo

3.2.3 000000000O0000O0O

00000000 MTGOOOOOO0O000000
000000000000000000000000
000000000000000000000000
0000000000000

000D0000000000000000PCOO
000000000O00000O0O0 PEOOOOO
000000 MTOOOOOOOOO0OOO0O0O0O0O
0000000000 OpenMP“SECTION” 00 O
CP/DT/MISFODT/CPOETF/CP 0000000
000000000000000000000000
0000000000000000000 MTOOO
0000000000000000 2001000
MTIOMT2000000000000000000
0000000000000 0000000000
000000000000000000000000
OOMTOOOO0OO0O0O000000000000000
0000000000 D00000000000000
0000D00000000000000 Busy Wait
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000

4. 0 0 00O

0000000oO0ogood OSCAR Fortran O
0000000000 ORS6000 SP 604e High Node
U 00D000DDU0DODDOOOODOOoOoDg

4.1 OSCAR FortranOO 0O OO

OSCARUOOUO0OOOOOOOUOOOoOoooooOoO
000000 oooooooooooooooooo
OO00OpenMPO OO OOOOOOOODOO Fortran
00000000000pDogOg OpenMPODOOO
00000000000 OooOSCAROOIODODODOOO
Fortran 0 OpenMP Fortran 0 0000000000
goooooooo

4.2 IBM RS6000 SP 00000000

00oooooo RS6000 SP 604e High Node O O
200MHz O PowerPC 604e 0 8O OO OOOOOO
SMPOUOOOOOO100OOOOOOO32KBOO



Vol. 42 No. 4

[CJOSCAR
<L

ORNWAOON®
[e¥ofoRooXoXoReXo)

Speed Up Ratio

1 2 3 4 6 8
Processors

038 ARC2DO0IOOOODO
Fig.3 Speed up ratio of ARC2D

00000 L1o0ooooooiMBOOODOOOO L2
00dooo0oooooOooooOo 1GBOO0OOOO
00000000g0 IBM XL Fortran Compiler O
ooooooooooo

4.3 RS60000 0000

000000000000 OPerfect00 00000
ARC2DOSPEC 95fp 0 SWIMO TOMCATVOHY-
DRO2DOMGRIDOOOOARC2DOOOOOOO
O0oOoooooooooooooooooooooo
0000000000SWIMO shallow water equa-
tion0 000 0000O0TOMCATVOOOOOOOO
000000000 0OHYDRO2DO OOOO Navie
Stokes 00 ODO00O0OO0OOODOOOO MGRIDO
300000 Multi-grid solver 0O OO

0000oooooogoSCAROUODOUOOOOOO
O000O00oDooUooO0oOoooIBM XL Fortran
Compiler Version5.1°” 000 0000 ORS6000 SP
604e High Nodel~80 0O O0OOOOODOOOOO
000o0O0oU0oOoo0oUooUoUOooooooooo
000000000000 000000IBM XL For-
tran 0000000000000 O0OOOCOOOO0O
0000000000000 00oooooooog
O0OXL Fortran 00000000000 OOO0O
000000 0o0o0oo0oooDoooooono “03
-gmaxmem=-1 -ghot” O 0000000 0OOOOO
OO0O0O0oOoOoOSCARODOUOIOOOXL Fortran O
O0o0ooo0ooooooooooooooooo
O0O00OSCARODODUIDOUODOOOOOooOooOd
000000000000 0000000o0o0oon
OpenMP Fortran 0 000000000000 OXL
Fortran 000000000000 000OOOOO
00000000000 0O0oooooooooooo
go0o0o00dgdO “gsmp=auto -O3 -gqmaxmem=-1
-ghot” OO0 0O0OOOODOOOODOOODOOOOODO
oooooooo

0 300ARC2DO OSCARODODOOOOOOCODO

g0oo00oo0o0o0oboooOOoboO0OO0O0OOO00O00o0oOoOoOD0OO0 7

000000000 XLFortranOOOOOOOODO
000000 RSeo00000000000DOODODDO
0000000doooooooooogoo 30010
Jo0ooo 8soooooOonooopooodooonog
00000000 0oOoo0oooOoooOoOOARC2D
oooo0oOoDD 775 00000XL Fortran Ver-
sion5.1 00 0000000000C0OO 800O00OO
0000oooO0oono 60.1000000000O0OSCAR
Fortran 0000000000000 O0O0OOO0OO
00008000000 23.300000000000
OSCAROOOO0OO0OOO8ODOOOOOOoOooonO
000000 3300XL Fortran 0O O OOOOO
d0d2600000000000000D0ODO0OO
ARC2DO0OMain 00000000000 OOOO
00000000 INTEGRODOOOO 9%%000
000000000000 0O0O00 40 MainOO
O0O0C0ooOO0o0oOo INTEGROOOOOODOOOUOO
OMTGOOOOOOOOO 400000MainO0O0O
goooooOoobDOooOoooOOooMTOeoD DO
O0D0O0O0O0OARC2DO0IOO0OODOODO INTEGR
000000000000 000000Main 000
00000000000 0ooooooooooooo
000000000000 0ooooo 400000
00000 INTEGRO MTGOOOOOOOOOO
000ooooooooouoooooooooooo
00o0oOU0oooooooooooooooooog
O00ooUoooooo INTEGROOOOOOOOO
oooOooU0ooooUoOoooUoooooooooo
jooooboDb 40000000000 0OCDOOOOO
0000000 0000000000000 goon
0000000000000000000OSCAROO
0000000000000oo0o0o0oooon 4000
00000000 ooooooooooooooon
000000000000000000000o00o
goooboOdooooOoboobooooboobo 500380
JjoodooooooUoDooooooooooo
O0000O0OMainODODOODOOOOOO 100
0000o0oooooooOo INTEGROOODOOO
Jo0o00o000dog s0000 MTOODOO 400
00000 INTEGRO MTODDOOOOOOODO
Jooo MTOOOOOOODOOOOOoooooo
O0oOooMTOOOOODOOOOOOOOOO0OO
000 s0000000000D0000O0000OO00
gooooooooooooooooooooooo
goooooooDbOoboOoDooO MTio0O1090118
o3fdooooooooOobOoooboboOoooooo



ooo0ooooooo

Apr. 2001

i

N
L

=

1]
Main

Subroutine INTEGR

Ale
35 ]
o

B

=
£

a9

20

(o]
TS

3]E

o] Cac] [

04 O000O0O0OOOOCOOO

INTEGR 0 MTG

Fig.4 Optimized Macro-Task Graph of subroutine INTEGR in ARC2D

gobooboobbooobooooooOoooooon

O60 SWIMOOOOOOODOOODODOOOOO
goooboboi1000o000ocooooboooooo
551000000XL Fortran O OO 80000000
goobooboooooooooobooob 1127000
O0OSCARUOUIUOOODOODOODOO0DOOOOOo
ubooooooooooooooobooOoooo
61.1000000000000SCAROOOOOOO
000000000 9.00000000XL Fortran
obooob 18obo0ouoooboobooobooonoa
O0O0OSCAROUOOUUOODO XL Fortran OO O OO
oooboooooooooooboooobooboon
oooooosoooooooobooooooDooon
obooobooo0oooooooooooboooo
obooooooOoooOobOoOooobbooboboooo
oboooooooooobooonon

070 TOMCATVOOOOOOOOOOTOM-
CATVOOOOOOODO 691 0000000000

XLFortranOOO 8000000 OCOOOCOCODODO
00 484 000000000000O0CSCAROOOO
obO0o0os8sboooooooooooooboobDon
000 154000000000000 45000000
goboobDoOOooooooDboO0obDb XL Fortran
oooooooobboooooooobooD 3100
goboboooboobooboooboooooooooooo
oboboodoooooboooboOoboobooboooOooo
gobooooooooboooooboobooobooobooobo
gbbooooooooobooooobobooooo
O0000O0OXL FortranOOOOOO OSCARODO
gboooobooobooooobooooooooo
oooobooooooboobobooooooobooo
oobooobooooobooooooobooobbOoon
000000000 0OSCARUODODOOOUOOOO
obooboboooboooboooobobooooooooobo
goboboooobooocbooooobooooooooo
goooboooboobooocbooooooboo



Vol. 42 No. 4

oo < W<

Thread 0 Hi38 SEe vT11sl iy & :‘.
Il ElE o) £ JEF

1l s[5 5 s |5

3 19N alablall & |3 IS B ol & HSL

Thread 11 £ [S|SAMTSIC BElR £ | £ M2 (2| MT200 | & ik
2 |2j= PR s | s s PP 5 s |5

1O ol Nfeol | = o) ] ~ < |o N O o
Thread 2 g2 o £ MENNEEE 2 (2 B e 2 IMT1000 [ = [
FISEESER S BISHSEE] £ |2 Hl s |s H F |E

5|5 5 5

L L L L L 1

05 3PEOOOOOOODOOO INTEGROODOOODODO
Fig.5 Execution trace data of INTEGR in ARC2D

ooobooooooo
080 HYDRO2DO OO OOOOOOODOOO

O0O0OHYDRO2DOOOOOOODO 1036 00000

XL Fortran OO 0000 800000000000
221000000 4700221000000000O0
O0000O000OOSCARODOOODODO 12800

goooooooooosioboooooooood

0000 OSCAROOODUODOOOOO 8oOoOoQd
00000 XLFortranOOOODOOODOO 1.70
oboooooooboooo

goooo 90 MGRIDOOOOOOOOOOO
OOMGRIDOOOOOOOO 6800000 OOO
ooboooooboooobooboobooosooon
go000 XL FortranOOOOOOOOODOOO

0420000000000 157000000000
OSCARUODOOODOOO 680000000 OOODO

00000 974000000000000OSCAROO
oo00oooD0O0O0O00D0O0D0OO00O0D00O XL Fortran
goooboooboboono leobooboOooooon
oogd

HYDRO2DOMGRID O OO OODOOOOOODO
goooboboooooboooooooboobooooon
0000000000000 00OSCARODODOONO
gobooooooboooboooooobobobooo
gobooooooobooboboooooboobooboooo
gooooooooboooboooooooboboooooon
oood

OO0O0OXLFortranOOOOO0OO0OO0O0O0O0O0OODO
038)00000000000000000000O0
gooooo

5. 0 0O O

gobooooooooobooooobooobooooo
gboooobooooooooboooooboooon
gobooooooooobocooooboboOobooDbOoo
OO0 OSCAROUOOO0OOOOOOoOooOoooOoo

g0oo00oo0o0o0oboooOOoboO0OO0O0OOO00O00o0oOoOoOD0OO0 9

[JOSCAR
WXL

Ps

Speed Up Ratio

1 2 3 4 5 6 7 8
Processors

06 SWIMOOOOOO
Fig.6 Speed up ratio of SWIM

8.0 [JOSCAR
7.0 XL

Speed Up Ratio
w
o

1 2 3 4 5 6 7 8
Processors

07 TOMCATVOODOOOOO
Fig.7 Speed up ratio of TOMCATV

5s | [IJOSCAR
| HXL

s

Speed Up Ratio
w
o

1 2 3 4 5 6 7 8
Processors

08 HYDRO2DOOOOOO
Fig.8 Speed up ratio of HYDRO2D

[JOSCAR
o7.4s | XL

o N®
oooo

4.0
3.0
2.0
1.0
0.0

Speed Up Ratio

1 2 3 4 5 6 7 8
Processors

09 MGRIDOOOOOO
Fig.9 Speed up ratio of MGRID

ooooooooo
0000oooo0oooooUoooooooooo
00o0ooooooooDooDooo forkOOOODO
00000 joinO0OO0O0O FortranOOOODODOO
OO0 OpenMPOOOODO APIDOOOOODOOOO
0000oo0o0oooooo0ooooooooooo



10 ooo0ooooooo

000000oo0oDooooooooooooon
000 0000000000000 oooooooo
000000000 OP-thread O0DOO0O0OOO
00000000000 00ooooooooooo
0000000000000 OpenMP APIODOOOO
000000000000 0OIBM RS6000 SP 604e
High Node OO 8000 0O00O0DODOCOOCOOO
00 0IBM XL Fortran Version 5.1 0000000
OO0O0OOSPEC 9%fp 0000000 SWIMOO
9.0 0 0 TomcatV OO 4.5 0 OHydro2d 00O 8100
Mgrid 00 6.8 00Perfect 00 OO0 OO ARC2D
00330000000 00000000000ODOO0
000000000 00000D0O00000D 800
000000000 O0IBM XL Fortran OO O OO0
000000000000 0000SPEC 9fp 00
ooooO SWIMOO 1.800TomcatvVOO 3.100
Hydro2d O O 1.7 0 0Mgrid O 0O 1.6 O O Perfect O
000000 ARC2DO0O 26000000000
ooo
000000000000000000000000
00000 000000000D000000ooooon
00000o0o00ooooooooooooooog
000000000000 0oooooooogoong
0000000000 000o0o0oooooooooon
00ooo0ooU0oooooooooooooo

g o 0 0O

1) Wolfe, M.: High Performance Compilers for
Parallel Computing, Addison-Wesley (1996).
2) Banerjee, U.: Loop Parallelization, Kluwer

Academic Pub. (1994).

3) Pugh, W.: The OMEGA Test: A Fast and
Practical Integer Programming Algorithm for
Dependence Alysis, Proc. Supercomputing’91
(1991).

4) Haghighat, M.R. and Polychronopoulos, C.D.:
Symbolic Analysis for Parallelizing Compliers,
Kluwer Academic Publishers (1995).

5) Barnerjee, U.: Dependence Analysis for Su-
percomputing, Kluwer Pub. (1989).

6) Petersen, P. and Padua, D.: Static and Dy-
namic Evaluation of Data Dependence Analy-
sis, Proc. Int’l conf. on supemputing (1993).

7) Tu, P. and Padua, D.: Automatic Array Priva-
tization, Proc. 6th Annual Workshop on Lan-
guages and Compilers for Parallel Computing
(1993).

8) Wolfe, M.: Optimizing Supercompilers for Su-
percomputers, MIT Press (1989).

Apr. 2001

9) Padua, D. and Wolfe, M.: Advanced Compiler
Optimizations for Supercomputers, C.ACM,
Vol. 29, No. 12, pp. 1184-1201 (1986).

10) Polaris:
http://polaris.cs.uiuc.edu/polaris/.

11) Eigenmann, R., Hoeflinger, J. and Padua, D.:
On the Automatic Parallelization of the Per-
fect Benchmarks, IEEE Trans. on parallel and
distributed systems, Vol. 9, No. 1 (1998).

12) Rauchwerger, L., Amato, N. M. and Padua,
D.A.: Run-Time Methods for Parallelizing Par-
tially Parallel Loops, Proceedings of the 9th
ACM International Conference on Supercom-
puting, Barcelona, Spain, pp. 137-146 (1995).

13) Hall, M. W., Murphy, B. R., Amarasinghe,
S. P., Liao, S., and Lam, M. S.: Interproce-
dural Parallelization Analysis: A Case Study,
Proceedings of the 8th International Workshop
on Languages and Compilers for Parallel Com-
puting (LCPC95) (1995).

14) Hall, M. W., Anderson, J. M., Amarasinghe,
S. P., Murphy, B. R., Liao, S.-W., Bugnion, E.
and Lam, M. S.: Maximizing Multiprocessor
Performance with the SUIF Compiler, IEEE
Computer (1996).

15) Amarasinghe, S., Anderson, J., Lam, M. and
Tseng, C.: The SUIF Compiler for Scalable
Parallel Machines, Proc. of the Tth SIAM con-
ference on parallel processing for scientific com-
puting (1995).

16) Lam, M.S.: Locallity Optimizations for Paral-
lel Machines, Third Joint International Confer-
ence on Vector and Parallel Processing (1994).

17) Anderson, J. M., Amarasinghe, S.P. and Lam,
M. S.: Data and Computation Transformations
for Multiprocessors, Proceedings of the Fifth
ACM SIGPLAN Symposium on Principles and
Practice of Parallel Processing (1995).

18) Han, H., Rivera, G. and Tseng, C.-W.: Soft-
ware Support for Improving Locality in Sci-
entific Codes, 8th Workshop on Compilers for
Parallel Computers (CPC’2000) (2000).

19) Rivera, G. and Tseng, C.-W.: Locality Opti-
mizations for Multi-Level Caches, Super Com-
puting ’99 (1999).

20) Kasahara, H. and Yoshida, A.: A Data-
Localization Compilation Scheme Using Par-
tial Static Task Assignment for Fortran Coarse
Grain Parallel Processing, Journal Of Paral-
lel Computing Special Issue On Languages And
Compilers For Parallel Computers (1998).

21) OOO0O,0000,0000,0000:000
gbooboooooboobobooboboboooo
gooboooooooob,0bobobooo



Vol. 42 No. 4

0, Vol. 40, No. 5 (1999).

22) Martorell, X., Ayguade, E., Navarro, N.,
Corbalan, J., Gozalez, M. and Labarta, J.:
Thread Fork/Join Techniques for Multi-level
Parllelism Exploitation in NUMA Multiproces-
sors, ICS’99 Rhodes Greece (1999).

23) Ayguade, E., Martorell, X., Labarta, J., Gon-
zalez, M. and Navarro, N.: Exploiting Multi-
ple Levels of Parallelism in OpenMP: A Case
Study, ICPP’99 (1999).

24) : OpenMP: Simple, Portable, Scalable SMP
Programming
http://www.openmp.org/.

25) Dagum, L. and Menon, R.: OpenMP: An
Industry Standard API for Shared Memory
Programming, IEEE Computational Science &
Engineering (1998).

26) Ayguade, E., Gonzalez, M., Labarta, J.,
Martorell, X., Navarro, N. and Oliver, J.:
NanosCompiler: A Research Platform for
OpenMP Extensions, Proc. of the 1st Europian
Workshop on OpenMP (1999).

27) PROMIS: http://www.csrd.uiuc.edu/
promis/.

28) Brownhill, C. J., Nicolau, A., Novack, S. and
Polychronopoulos, C.D.: Achieving Multi-level
Parallelization, Proc. of ISHPC’97 (1997).

29) Parafrase2:
http: //www.csrd.uiuc.edu/parafrase2.

30) Kasahara, H., Honda, H., Iwata, M. and
Hirota, M.: A Macro-dataflow Compilation
Scheme for Hierarchical Multiprocessor Sys-
tems, Proc. Int’l. Conf. on Parallel Processing
(1990).

31) Kasahara, H. et al.: A Multi-grain Paralleliz-
ing Compilation Scheme on OSCAR, Proc.
4th Workshop on Languages and Compilers for
Parallel Computing (1991).

32) 0000,0000,000,0000,000
O:0SCAROUO0OCODOOODODOODOODUOOO
goooooooobooboboo,bobon
0000, Vol. 35, No. 4, pp. 513-521 (1994).

33) Kasahara, H., Okamoto, M., Yoshida, A.,
Ogata, W., Kimura, K., Matsui, G., Matsuzaki,
H. and H.Honda: OSCAR Multi-grain Archi-
tecture and Its Evaluation, Proc. International
Workshop on Innovative Architecture for Fu-
ture Generation High-Performance Processors
and Systems (1997).

34) 0000,0000,0000: FortranO OO O
gboooooooobobooo,bobooo

g0oo00oo0o0o0oboooOOoboO0OO0O0OOO00O00o0oOoOoOD0OO0 11

000000, Vol. J73-D-1, No. 12, pp. 951-960
(1990).

35) D00UD:000000,0000 (1991).

36) Moreira, J. E. and Polychronopoulos, C. D.:
Autoscheduling in a Shared Memory Multipro-
cessor, CSRD Report No.1337 (1994).

37) IBM: XL Fortran for AIX Language Refer-
ence.

38) Kulkarni, D. H., Tandri, S., Martin, L., Copty,
N, Silvera, R., Tian, X.-M., Xue, X. and Wang,
J.: XL Fortran Compiler for IBM SMP Sys-
tems, AIXpert Magazine (1997).

(0012090 14000)
(0013030 9000)

o0 ooooooo

o0 320000050000
oooooooocoooooboooon
60000O0O00000000000
ooboogossuoooooon

obobooe0O00O0OO0OD0OOOODO

0000 6100000000000 O0DODOOOOO
0000 6300000000 90OOO0OOOOODO
00000o0o00ooo0oooooo2000000
O Center for Supercomputing Research & Develop-
ment 00000000 620 IFAC World Congress
000 Young Author Prize0 00 90000000
00o0oO0o0oooooooooUoooooo@o
00)D0UO00OO0O0OUOUO0OUUOOUOOUOIEEEOD
oooo

o0 ooboooooo

o0400000800000
goooooooobooboobooDbOo 10
gooooooooooooboooon
120000000000000000

o0 ooboooooo

ods1o0goo11oo0ooo0
oobDoO0o0oooooobboO0oooo
00 3000000000000
oboo0011B30o00o0o0o0o0ooon

ooooooooboo




