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A Compiler-directed Software DSM for OpenMP

SHIGEHISA SATOH," KAZUHIRO KUSANOt and MITSUHISA SATOf

We present an OpenMP implementation which is based on a compiler-directed software
distributed shared memory system. The system enables the transparent execution of shared-
memory parallel programs on top of a cluster of SMP nodes. A part of virtual address space
in each process running on an SMP cluster is virtually shared across nodes and the coherency
of the shared region is maintained by software at a fine granurality. The OpenMP compiler
inserts coherence control codes into the program and optimize them by using source-level
information. The compiler removes coherence control codes and/or inserts explicit remote
copies without runtime checks if the sharing pattern of the shared data is known at compile-
time. We evaluated the performance of our approach using a prototype system on a PC-based
SMP cluster connected via Myrinet. With eight 4-way SMP nodes, we obtained speedups of
6.15 to 9.90 over serial execution for programs that have regular memory access patterns. It is
also found that the compiler optimization using sharing-pattern information is quite effective
for shared-write intensive programs.

Apr. 2001

1. 0 Oo0Oao

O0o00oo0O0o0ooooOooooooooooog
00o00oooOoOO0oOO0ooooooooooooog
0000000000000 uooooooogooo
0000000000D00D0D0 00000 Symmetric
Multi-Processors; SMPOO OO OOOSMP OOO
oo0d0oooOooooooooooooooooo

gooooO0oooo0oUooOoUooooooooo
OOoooooooopoSIXOOOOOODOOOOOO
OoooOoOMPIO PVYMOOODOOOOOOOOO
Oo0ooUoooooOoooooooooooDoOoo
O000oO0opDooooooooOooOooooon

t0000000000000ooooo
Tsukuba Research Center, Real World Computing
Partnership

goooobocooboboooboobooobooobooo
goboooobooboboooooooooooboooo
gbooooooboobooooobooooobooboboon
obobOooooooboboooooooboooooo
goooboooboooooobooooooDboDo

O Distributed Shared Memory; DSMOO OO0 OO0 O

788

0Do0O000oooY?YOoDSMOOONOODOO0OD
000000000000000000000000
0000000000000000000000000
000000000000000000000000
0000000000 000000000000
00000000000000000000000
O0O0OoOoPOSIXOOOODOOOOOOOOOOD
0000000000000000000JavalO
0000000000000 00000000000
00000000000 0000000000000



Vol. 42 No. 4

0000000000000 00000000000
000000000000000000000000
00000000000 000000000000
0000000000000 00000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000000000000000
0 00OpenMP API® 0 199700000000

OpenMP 0000000 OO0ODOOOSMP OO

CC-NUMAO Cache-Coherent Non-Uniform Mem-
ory Access00 0 00000 OODO DSMOOOO
go0o0o000o0oooo0oooooooooooag

gooooooooboooooooooooboooood

goooooooooobooooooooooan
gooooobooooooooboboooboooa
gooooooooooooooooooboooboooo
00000000000000000HPFY 0000
gbooooooooooooooobooobooon
gbooooOoooooobooboooooooooobon
gooooobooboooboobooobooooooboo
gooobooooooooooboboooboobooo
goooobooooboooobobbobbooo
gbobooodooooboooboooobobooooo
DSMOOOOOOOODOOODOOOOOOOOOO
goooodobooboooodoooboboboobooobooo
gbobooboboobooooooooooooboOoboooon
goboooboooooobobooobobooobo
obooboooobooooboooooooooboo
ooooooooOoooooooo0oo bsMOoO
goooooo bsMOOoOooOOoOoOoosSMpPOO
OoQ0O00 OpenMPOOODOOOOOO
oooOooCocooOooogoo bsMoOoooogo
goboooooooooooooooooooooo
goooooodobooooooooooooooboo
gobooooooooobooooOoooooooon
gooooooooooboobooooooooooo
gooobooooooooooocooooobooo
goOooOooooboooooooooooooooo
gooboooooooooooooooooobooobo
ooooooooooo bSMOOOO0OO0OO0O0O
goooooo bSMOOOOOOOOQOOOOoDOO

OpenMP 0000000 O0O0O000DOOO DSM 789

gooobooooooooocooobooboobooooo
gooboobooooooocoooboooboooooo
goobooooooboooobooboooooboobobo
goboooboooooooooooooboOooboooo
ooboooooooooobooocooboooooonoo
gooooooooooobooooooobooo
goooooOooooooooooooooDbonDOo
gooobooooooo

O000000O0penMPOOOODOOOOOOO
ooooooooooooo SsMpOOOOOOOO
000000000 OpenMPOOOOOOOSMPO
goboooboboooooooboboooooooooo
ooooboooooooboooobooooboooooo
gooooooooooooboobooooooboo
gobooooooooboooooooobobbooon
goooobooooobOoboooooobooooDo
goooboboooobooooobobooooooDooo
goboboooboooooobooooobooboooano
gbobobooooooooboooooboooobooon
gooooboooooooobooooooooooo
gobooobooooboooooooooooooao
goooad

OooOooOOoo0O0000 SMP PCO Myrinet 00O
oO000ooO000ooO0oDoboo0 SsMPOOODODO
gooboooooooooooooobbobooboon
goobooooooboobooobooooboooo
gooooooooooboooooooooobooboo
oooooo bSMOOOO0OO00O0O0O0O0O0O0O00OO0
goboooboooboooooooboboooooon
goboboooooooooooboooobooooon
goobooooooooobooocooboobooonn
gbooooooooobooooooooooboboooo
oboooooooooooboooo

Ooooo0O0 200 OpenMPOOODOOOODO
goooooobooo 3b0oboooooboooboobooo
goboooooboooboooooboboobooo
gb400 500000000000D0ODDDOOO
oooooooooboebOOOb0OOOODOBRDO 7O
gooooobooooooooobooooon

2. OpenMPO0O0O

OpenMP API® 00D0O0D0O0O0OOOOOOOO
000000000000 D00O0000O00000O0
APIODODODOODOOO0OOOFortran0 C/C++000
O0O0000oDO0oooooog®9n

00000000000000000 DSMOOO



790 goooooooo

O000000ooooo0OdOpenMPOOOOO
oooooo

2.1 00O00OO

OpenMP O OO00O00O0O0O0O0O0O0O0DOCDODOO
0000000 0000000000000000O0
gooooOoooCocoOooOoooOooooooooo
000000000 parallel JO0O0OOOOOOO
goooooooooboboboooooooooooboo
ocoooooooboooooboooooooooon
gooboooooobooooboooobooobooo10
ooobooo0o0ooOOooooooOooOoOobocooOOoooon
ooobooooooooooooooooboooooo
ooooooO0ooO0ooOooO0O000O0o000onoo
ooooooooobooo

2.2 0J0O0OO0OO
OpenMPOOO0OO00O0OO0OCOOOCOOOOO
000000000007 00000000000
OO0Oflush000000000O0OC0COODOO0OO
00 flushO0OO00OO0OO0OOCCODOOOOOODOO
ooooooooooooooooboboooooon
o00o0oo0ooooooocooooooooooo
O flush 0000000000 0O00O0O0COO0O0
O Lazy Release Consistency 0 000000000
O0flwshO000O000O0OC0DOOCOOODOOOOOO
0000000000 O0D0DO OEntry Consistency O
000000000000 0O00000000 f£lush
OoooooooooooOooooooooooog
flush 00000000000 COO0OOO0O00DOOO0
ooobooooooooooooooooon
oooooooooooOooooOOooDObDbDOoO00o
O00ooooobooooooooooobobooooooo
oooooooooooooooooooooooo
oo0o0ooOO0oooooooooooooooooooo
00000000000 000000000000O0
oooooOoooOoooOoocOooooooooood
OO00oooooooo0ooooooooooooo
0o0oooooooooo0oooooooooooo
ooooooboooo

23 0000

0000000000 000D00000 barrierd
O0000000000 critical 0000 atomicU
000000 DOACROSSOO OO OOODO ordered
0ooo0oo0ooooOooooooooooooo o
0000000000 D00D0 orderea000DOODO
Post/Wait 00 000000000000 OOODOO
oooooOooOoooooOooOogooooooooo

Apr. 2001

goooobooboOoooOoooboboooo

24 0OO0ODOOO

OpenMPOOOOOOOODODOOOCCOOOODO
goodooooOoooOooOoooobooboooog
forJ0O0O0OOOOODOOOOODOOODOOO
00000o0oo00o00oodoooooooooDon
O000ordered000 critical OO OODODOO
gooooobooooobobooooooobooboboonbo
000 DOALLOOOO0ODOOODOODOOOOOO
000000 oO0OO0DDO00 OscheduledO OO0
goooobobooOOoOoOoooboOoobOobDooDo
gooooboobUoOoOoooOoooooboboooDo
0000 staticOOOODOO

3. oOooogno

00000o0o0ooO0o00dDodooDoooono bSM
00000 SsMPOODODOOOO OpenMPOOO0O
OO0OCOOOpenMPOOOOOOODOOOOODOOO
ooooooooooopooooUooOooUooooDo
OO000O 20000 OpenMPOODOOOODOOOO
ooooooooooooooo

O1000penMPOOOOOOOOODOOOOO
000000ooooooooooobo coooooo
J0ooogoooo OpenMPOOOOOO OpenMP
00000o0o0oo00o0ooooOoooooooon
000000000000 Oooooooooooog
oo00o0oOooOooOooOOocCcoDoDoDoDoOoooOoOoon
oo0o0ooOoo coooooooooooooooo
0Ooo00oo0O0oOo0ooOo0ooooooooooo
000oDoU0o0ooooooDooooooospMDbOO
OO0oooooooooosMPOOOOOOOOO
0100000000000 ooooooooooo
000000000 oO0oDoo0oooooooooo

—1
OpenMP Compiler
SMP node SMP node

Backend Compiler /' // /' //
S v
Runtime ) s Native Threads
Library I "
_7/ Processes
( Executable }—-—

Compilation

Execution

01 OpenMPOOOOOOOOODOODO SMPOOOOOO
0ood
Fig.1 Compilation and execution of OpenMP programs
on an SMP cluster.
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Fig.4 Memory layout of the distributed shared memory.
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_check before read(&allb], (ub-1b) *sizeof (double));
for (i=lb; i<ub; i++)
bli]l = alil;
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Fig.5 Coherence control based on the DSM lines.
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Fig.6 Behaviour of the coherence operations.
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double a, x[N], yIN];

int i;
#ipragma omp parallel for
for (i = 0; i < N; i++)

y[il += a * x[il;

07 daxpyOOOOOO OpenMPOOOOOO
Fig.7 Parallelization of daxpy code with OpenMP.

int dompc thread(void **args) {

double *a, *x, *y;

a (double *)args[0];

x (double *)argsl[1];

Y (double *)argsl[2];

_barrier();

_static_schedule init(0,N,1);

_get_chunk(&lb, &ub);

for (i = 1b; i < ub; i++) {
_check before_read(a, sizeof (double));
_check before_read(x+i, sizeof(double));
_check_before_read(y+i, sizeof(double));
_check before write(y+i, sizeof(double));
y[il += (*a) * x[i];
_check after write(y+i, sizeof(double));

_barrier();

08 daxpyUOOOOOOODOOOOODOOODOOOOOO
Fig.8 Thread body of the translated daxpy code without

optimization.
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_check before read(a,sizeof (double));
_check before read(x+lb, (ub-1b) *sizeof (double)) ;
_check before_read(y+lb, (ub-1b) *sizeof (double)) ;
_check before_write(y+lb, (ub-1b) *sizeof (double)) ;
for (i = 1b; i < ub; i++) {

y[il += (*a) + x[il;
_check _after write(y+lb, (ub-1b)*sizeof (double)) ;

09 0D0O0O0O0O0O0O0O0DOO0OO0OO000
Fig.9 Optimized parallel loop within synchronization
interval.
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double ul[N+2] [N+2], uulN+2] [N+2];
double err;

int n;

#pragma omp parallel

int i,3,k;
double err local, tmp;
do {

#pragma omp for nowait
for (i=1; i<=n; i++)
for (j=1; j<=n; j++)
uulil [§]1 = ulil [31;
err local = 0.0;
#pragma omp single
err = 0.0;
#pragma omp for nowait
for (i=1; i<=n; i++)
for (j=1; j<=n; j++) {
uli] [§] = (uuli-1] [j]+uuli+1] []+
uulil [§-11+uulil [§+1]1)/4.0;
tmp = fabs(uli] [j]-uulil [§1);
if (tmp>err local) err_local = tmp;

#pragma omp critical
if (err_local>err) err=err local;
#pragma omp barrier
} while (err>1.0e-5)

}
010 00000000 D0O OpenMP O O00ODO0O LaplaceO

Fig. 10 Laplace equation solver.

for (i=1lb; i<=ub; i++)
for (j=1; j<=n; j++)
uulil [§]1 = ulil [j1;
/* update copy on the previous node */
if (_is_first_thread_on_node()
&& my node no > 0) {
_update (&uu[1lb] [1],sizeof (double) *n,
_my node_no-1);

/* update copy on the next node */
if (_is_last_thread_on_node()
&& _my node no < _n nodes-1) {
_update (&uu [ub] [1],sizeof (double) *n,
_my node_no+1) ;
}

_barrier();

011 000000OO0O0O0OOOOO0O0DOODODOOoO
Fig.11 Translated code with optimizations using sharing-
pattern information.
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