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Hybrid Parallelization for SPAM particle code

Shigehiro YOSHIKAWA,y Taisuke BOKU,y

William G. Hoover,yy Carol G. Hooveryyy

and Mitsuhisa SATOy

We apply the SPAM (Smooth Particle Applied Mechanics) method for 2-dimensional shock-
wave analysis and develop a parallelized SPAM code for SMP cluster. To exploit the paral-
lelism in an SMP node, We implement the program with Hybrid method combining MPI and
OpenMP. We evaluated the performance of palallelized SPAM code on an SMP-PC cluster
named COSMO, and the results show MPI-Only method has higher performance than Hybrid
one. We show a performance analysis based on the cache utilization on SMP processors, and
also discuss issues of OpenMP on such a problem.
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¿��è���èÛ�Ã¼¿¥Ø���ÆðÀÇ�=
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!$OMP parallel do private(i,j,xij,yij,rr,rij,w,wp)

do ij=0,npair-1

i = ipairs(1,ij)

j = ipairs(2,ij)

xij = x(i) - x(j)

yij = y(i) - y(j)

if(yij.gt.+0.5*ny) yij = yij - ny

if(yij.lt.-0.5*ny) yij = yij + ny

rr = xij*xij + yij*yij

if(rr.lt.rlucy*rlucy)then

rij = sqrt(rr)

call pot(rij,w,wp)

!$OMP critical (FX)

fx(i) = fx(i) - wp*xij/rij

fx(j) = fx(j) + wp*xij/rij

!$OMP end critical (FX)

!$OMP critical (FY)

fy(i) = fy(i) - wp*yij/rij

fy(j) = fy(j) + wp*yij/rij

!$OMP end critical (FY)

endif

enddo
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å�öî�)Û 4 
*�²¹ DELL PowerEdge6300

À�4 ý¢úÀ�ä±ÙØ�·K'Ç 4-way Þ�

ô¢�¢�À�ä±Ù��¥ð�¢�öùª3ÖÙ
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800Mbps Myrinet Àî�±Ù¿¥Ø�Ã¨��6Æ
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OS ÄÇ SMP �&Æ Linux 2.2.16 Û¦�²¿¥

Ø�OpenMPë��Þ�ÄÇ PGI Fortran 3.1�MPI

�Þ���ÄÇ MPICH-1.2.0 Û�¥Ø�
COSMO ÖÀÆã>T*Ä¨¥¿�´�Ä¦�±

ÙØZ�%Ã��òöìáÇ�SMP ý¢úáÁ SMP

ý¢ú6Æ��òöìáÁÆìÀ¤Ø���Æã>T
*ÀÇ�MPI-Only�HybirdÁÒÄ�SMP ý¢úá

Û 1, 2, 4�±ÖÄ= SMP ý¢ú6À¦�´Ø��
òöìáÛ 1, 2, 3, 4 Áa)±¶¿f 12 !×Æ×�
Ä½¥¿´�´Ø�

4.2 .;715=+%'(M?NE

3¡ªô¢êöùÁ²¿¥Øx�Ç�x ¯qi�Ä
E²¿QØÄ�¢úÿ��ðª�­Ã¼¿¥Ø�²¹
ª¼¿��ÄÄ x ¯qi�Û MPI ��òðáÀ�

�öç[@²���òðÄò�Û@×,¿Ø (�( 
at

mapping)ÁV0[£ª¦Ï­�ÃÚÙÃ¥�·°À�
x ¯qi�ÄE²¿ MPI��òðáÆåáBÀÕ×
�©­��öç[@²�ò�Û��òðÄìÞç�ö
çÄ
ö��è´Ø (�( cyclic mapping)�V0[
£ÀÇ cyclic mappingª{�À¤Øª���öçÆ
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W8ªÿ+´Ø¹Ñ���òðDÀÆø¢ô!Üªÿ
+´ØÁ¥¦h(ª¤Ø�
�µÆ mapping ijÛ´þ²�V0[£ÆÛXÛ
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¤ (à 3 Æ if \6Æf¤)Û�Ã¼¹6áÄ½¥¿�
#²¹�4��òðÀ´�²¹×�Æj.ÛS 1Ä°

´�cyclic mapping ÀÇf¤V0ª=��òðÄ\
-Ä[£±Ù¿¥Ø°Áª[©Ø�

! 1 cyclic mapping XZ[|�Y�w��

lted ID 
at mapping cyclic mapping

0 366,719 972,417

1 387,360 974,227

2 1562,349 962,881

3 1535,350 954,058
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 3 ermgku_Y~v

à 3Çò�Æ
ö��èÄ 
at mapping Û�¥¹
×�Á cyclic mapping Û�¥¹×�Æ 1 ôÞ�ð

÷ö�,¹×´�®DÀ¤Ø�cyclic mapping Û�
¥Ø°ÁÄÕ×���Àz 30 % Æã>�Öª3ÖÙ
¹�²©²�¦�´Ø��òöìáªÿ+´ØÄ½Ù
¿��µÆã>�ÇÌ±­Ã¼¿¥Ø�°ÙÇ�cyclic
mapping ÄÕ×��òðDÆø¢ô!Üªÿ§¹¹
ÑÁ�§ÖÙØ�

��Æã>T*ÀÇ MPI��òðÌÆò�
ö�

�èÄÇ cyclic mapping Û�¥Ø�
4.3 OpenMP %'(M?NE

¯Ä�Æf¤Û�Ã¦�¢�Æ=Þô�¢î��Æ
f¤V0Æ[£Æ¹ÑÄ�OpenMP Æð�öúðé

ï�¢��èÛ�¥¹×�Æ�.Ä½¥¿�ÍØ�°
ÆV0[£Áò�
ö��èÄÕØV0[£ÁÆ ¥
Ç�ò�
ö��èÄÕØV0[£Ç (i, j) �ðùÆ

�± (npair) Û\-Ä��òðÄ@×,¿Ø°ÁÀ
¤×�°°ÀÆV0[£Ç (i, j) �ðù6À´�Ä�
ÃÚÙØ�Æf¤Æ[£Ûv%Á²¿¥Ø�
ð�öúðéï�¢��èÇà 3Æ parallel doøÝ

�ç÷Ý�Ä schedule(SCHEDULE,chunk)Ûª#´
Ø°ÁÄÕ×â|´Ø�°Æ�.ÛnÔ´Ø¹ÑÄ�

COSMO Æ 1 
Æ SMP ý¢úÖÀ 4 ð�öú�¥

¿´�´Ø�S 2Ä OpenMPÄ¨®Øð�öúðé

ï�¢��èÛ static, cyclic, dynamicÁa§¹×�
Æ 1 ôÞ�ð÷ö�,¹×Æ´�®DÛ°´�static

ÀÇð�öúáÀ�¢��Û�ÄÄ��öç[@²�
ê%Äð�öúÄ@×,¿Ø�cyclic Ç chunk Ä�

�öçìÞñÛª#²�Õ×�©¥�)À[@²ìÞ
ç�öçÄð�öúÌ@×,¿Ø�dynamicÇ cyclic

Á2�Ä�©­��öç[@²1%Äð�öúÄ@×
,¿Ø�cyclic Á dynamic Ä½¥¿Ç·Ù¸Ù�Ò

�¥ã>ªÁØÕ¦Ä��öçìÞñÛª#²¹�

! 2 dsgid`cpSqu_Y~v

d`cpSr�� ���y (sec)

static 6.80

cyclic 6.78

dynamic 6.77

! 3 dsgid`cpSqu_XZ[|�Y�w��

dsgi ID static cyclic dynamic

0 924,895 942,257 960,329

1 970,685 955,141 960,285

2 972,495 970,682 956,265

3 972,915 972,910 964,111

S©Ö[©ØÕ¦Äð�öúðéï�¢��èÛa
§¿Ò´�®DÄ¤Ï×�ÇpÖÙÃ¥�°ÙÇ�äö

ùã�ÆGc6Ä��²�´�Ä�Æf¤ª�ÃÚÙ
Ø�© (i, j) ÆøÐ�Ú¶ª�(i, j) �ðù6À`×
r­��²¿¥Ø¹ÑÁ�§ÖÙØ�=ðéï�¢�
�èÄ½¥¿�1 ôÞ�ð÷ö�ÆDÄ´�Ä�Æf
¤ (à 3Æ if\6Æf¤)Û�Ã¼¹6áÄ½¥¿S 3

Ä°´�°ÆÕ¦Ä�ÄÃ��öç[@À¤Ø static

ðéï�¢��èÀÒ 4 ½Æð�öúDÀÆf¤V0
Ä·ÙÎÂ`×ªÃ¥°Áª[©Ø�²¹ª¼¿�°
°ÀÇð�öúðéï�¢��èÛ�U´Ø°ÁÄÕ
Ø�.Ç¤Ï×tÙÃ¥�

4.4 4)6:13OQ SPAM ,"3&JK

¯Ä SPAM ë¢úÛ Hybrid À´�²¹×�Á

MPI-Only À´�²¹×�Æ 1 ôÞ�ð÷ö�,¹
×Æ´�®DÛà 4 Ä°´�Ã¨�MPI-Only Ä¨

®Ø��òðÆý¢úÌÆ
ö��èÇ�!ÜÛ�&
)´Ø¹ÑÄ�î´Ø��òð (�î´Øò�Û�,
´Ø��òð)ª2³ý¢úÄÃØÕ¦Ä²¹�à 4

©Ö MPI-Only Ç Hybrid Õ×ØÄã>ª�¥°Á
ª[©Ø�
°Æ�µÆã>�Ær"Û�ÍØ¹Ñ���òðD

Æ!Ü®DÛË¥¹6WÆ�®D�´ÃÚ»�©Ä0
­�Æf¤Ä©©Ø®DÛ�#²¹��#j.Ûà 5

Ä°´�°Æj.©Ö�!Ü®DÀÇÃ­��Æf¤
Ä©©Ø®Dªã>�Æ·Ãr"À¤Ø°Áª[©Ø�
SMP ç�ðôÀÇV{ÿðª�ù�üöçÁÃØ

¹Ñ�å�öî�Æ����Æ�#ÄG¾­ã>5ë
ª{�À¤Ø5)��(ÀÇV{
��ÿðÌÆÜçò
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ðÛEÃ¦ L2å�öî�Æ�ð�Û�§Ø�
�Æf¤W[Ä½¥¿�L2å�öî��ð�Û�
#²¹j.ÛS 4 Ä°´�Ã¨�Intel Æ Pentium-

II Xeon ÄÇ���òöìÆ��â¢
�ðÛ�#´
Ø¹ÑÆäß�ôª��±Ù¿¨×�°Æäß�ô
Û¦�²���òöìÆø¢ôdÆ
��¢Ï6á
(DATA MEM REFS) Áö¿Æÿðù��íçî�

�6á (BUS TRAN ANY)Û�#´Ø°ÁÄÕ×�
L2å�öî��ð�Û¤Á²¿¥Ø�
SÆj.©Ö HybridÀÇ SMP ý¢ú6ÀYáÆ

��òöìÛ�¥¹×��L2å�öî��ð�ª�«
­ÃØ°Áª[©Ø��(�HybridÀ L2å�öî�

�ð�ª�­ÃØr"Ä½¥¿��´Ø�
Hybrid ÀÇ�sorting Æð÷ö�À�ä±ÙØ (i,

j) �ðùÄ�²ð�öúÛ�¥¿]�)²¿¥Ø�°
Æ (i, j) �ðùªÂÆÕ¦Ã��ÄÃ¼¿¥Ø©Ûñ

s´Ø¹ÑÄ��ðùÆ�ä¹ÅÛ�(Ä°´�

( 1 ) ¤Øò�6Æ�© iÄ½¥¿�2!ò�6Æ�
© j ÁÆøÛ¿Yªr¥Õ¦Ä�ä´Ø�

( 2 ) �© iÁ�î²¹ 8½Æò�6Æ�© j ÁÆø

Û�ä´Ø�ò�ªW8ÖÄ¤Ø×��;Ç�

¿YÛP®Ø¹Ñ�+�lé�l�l+Æ 4 ½

Æò�6Æ�©ÁÆøÛ�ä´Ø�
( 3 ) ò�6Æö¿Æ�©Ä½¥¿�1 Á 2 Û`×

c´�

! 4 �Y|���Y L2 ]ogbpnd� (%)

#node #processor MPI-Only Hybrid

1 1 0.118 0.119

2 0.119 0.552

3 0.121 0.723

4 0.130 0.854

2 1 0.124 0.120

2 0.122 0.555

3 0.125 0.726

4 0.132 0.861

4 1 0.122 0.123

2 0.128 0.563

3 0.138 0.747

4 0.142 0.899

( 4 ) ·Æ��òðª�,´Øö¿Æò�Ä½¥¿ 1

£ 3 Û`×c´�

°ÆÕ¦Ä�(i, j) �ðùÇò�ÛÆ���Á²¿
�ä±ÙØ�Ã¨�ð÷ö� 4ÀÇ���òðª±[
Æ�,²¿¥Øò�Û¢Ï´Ø×��y ¯qi�Û(
©ÖÖÄ��ÄÜçòð´Ø�
°ÆÕ¦Ã¹ÅÀ�ä±Ù¹ (i, j)�ðùÛ�¥¿�
�©Ä0­�Æf¤Û�Ã¦Á�à 6 ÆÕ¦Ä�5½

Æò�6Æø¢ôÆÐ`×c²Üçòð´Ø°ÁÄÃ
Ø��Æf¤À·Ä¦ÚÙØBè)´áø¢ôÇ��
©Æ��Ùg (à 2 Æx,y)Á� (à 2 Æfx,fy)Æ 4

½À¤Ø�Ï¹�°Æx�ÀÇ 1½Æò�6Æ�©Ç
100 Û�§¿¨Öµ�5 ½Æò�6ÀÜçòð±ÙØ
ø¢ô�Æ���ÛpìÒØÁ

5� 100� 4� 8byte = 16000byte

ÁÃ×�z 16 KB ÀQØÄÌ±¥�Ï¹�°Æx�
ÀÇ�y ¯qi�Æò�Ç 6 ½ÁÍÃ­�6� 3 = 18

vÆò�ÛÜçòð²¿Òø¢ô�Çz 56 KBÀ L2

å�öî�©Ö ¥Á±ÙØ°ÁÇÃ¥�²¹ª¼¿�
�Æ�Æò� (x ¯qi�À$�Æ�Æò�)Æ�Ûf
¤´ØÁ«ÄÇ�+Ál+�;Æò�Ç´ÀÄå�ö
î�Ä:¼¿¥ØÁ�§ÖÙØ�²¹ª¼¿�x¯qi
�Æò�Ò��ÄÜçòð´Ø°ÁÄÕ×å�öî�
Û{�%Ä��À«Ø�

X

Y

粒子 i の範囲

粒子 j の範囲

セル
内の全ての粒子について
力の計算が終了したら
次のセルに移動する

 6 �Y|�XTV[hSf\^edjfSu
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6

¯ÄYáÆ��òöìÖÀ´�´Ø×�Ä½¥¿�
§Ø�MPI-OnlyÀÇ¦�´Ø��òðáÛÿÓ²¿
Ò�=��òðª·Ù¸Ù (i, j) �ðùÛ�ä²�(i,

j) �ðùÆò/©ÖÆ�²¿¥­¹Ñ�å�öî�Û
{�Ä��À«Ø�!i�Hybrid Ç°Æò�Æ_D

%Ã��ÁÇö­EaÃ­ (i, j) �ðùÆ�÷Û@×
,¿ØÆÀ�MPI-OnlyÎÂå�öî�Ä,¹ÖÃ¥
Á�§ÖÙØ�½Ï×�(i, j) �ðùÇò/©Ö�¤
Ø¥Çò���ÆÆ�ÆaÚ×v©Ö�f¤Û¨ÑØ
Æªå�öî�Û��´ØÖÀ�Ò��ª�¥Á�§
ÖÙØª HybridÀÇ (i, j) �ðùÆ;�Æ(©ÖÆ
�Ûð�öúÄ@×,¿¿²Ï¦ÆÀ���ª�­Ã
ØÁ�§ÖÙØ�

HybridÀ MPI-OnlyÁ2³Õ¦Ã@×,¿Û�Ã
¦ÆÇ�8À¤×�~[ÃÆ�ªR�ÄÃØ�(i, j)�
ðùÀò���ÀÆÆ�ÆaÚ×vÛð�öúÄ@×
,¿Ø¹ÑÄÇ�ð�öú ID Û�¥¹Õ�Ãð�ö
ú��è���èªR�ÄÃØÁ�§ÖÙØ�
4.5 OpenMP %#$(2"0<"*9)/"

-8=

�ÖÛÏÁÑØÁ�Hybrid�´ÃÚ» OpenMPÛ

�¥Ø��è���èÄ¨¥¿���òð6Æø¢ô
ÆçäÁ·ÆÆ�Á¥¦Õ¦ÃEaÛ�§Ø×��·
ÙÖª2!Æð�öúÀ´�±ÙØ°Áª¿�À¤Ø�
´ÃÚ»�ø¢ôÆ�¢ä�Þó¢î��ª¿�À¤
×��§È�ÇÆ�¢�Àø¢ôÛçä²�¯Æ�¢
�À·ÙÛ¢Ï´ØÕ¦Ã×��=�¢�ÆÞô�¢

î��ª2!ð�öúÄ@×,¿ÖÙÃ¥Á�å�ö
î�Æ�öù�ª�XÄ"(²�ã>Û�)±¶Ø�
«Ã�"ÄÃØ�
°ÙÛP®Ø{�ÃijÇ�ôGÆ�¢�Á{GÆ

�¢�Æ=K�ªÊ¼¹×!�´Ø��öç@×,¿
Û�Ã¦°ÁÀ¤Øª�°°À¸×S¯¹x�ÆÕ
¦Ä�õÞû�öçÃV0[£Û�Ã¦R�ªç³Ø
Á�°Ùª¦Ï­&�À«Ã¥�Ò¦!½ÆijÇ�
�Ç©ÖYáÆ�¢�ÄyØÆ�Ûð�öúÄ�«­
[®¿²Ï¥�ð�öú6À=f¤�à¢ñÛ^³�
Ñ¿�Ã¦Õ¦Ã��è���èÛ�Ã¦°ÁÀ¤

Ø�²©²�°ÆijÇ¥ÚÔØ naiveÃ]�)À¤
×�OpenMPÆ­½��¯��è��©ÖÆÞ�ç

�
�ô�Ã]�)Á¥¦���è��ÆCd±Û�
«­�Ã¦°ÁÄÃ×lÅÃ¥�Ï¹�1%V0[£
ÌÆ�&Ä½¥¿Ç�ÇÄÃÍ¹ijÁ2���&²
¾Ö¥�

OpenMP Û�¥¹ Hybrid ]���è��ÀÇ�
ý¢ú6!ÜÆã¢ÿ�öúÛsÖ²�Ï¹ý¢úD
!ÜÆ�)Û�«­²�2�Ä!Üã¢ÿ�öúÛs
Ö´Á¥¦
�öùª¤Ø�²©²�6Æ�ÆÕ¦Ä�
OpenMP W[ÀÆø¢ô[ÈãÄG¾­ã¢ÿ�ö
úª!Üã¢ÿ�öúÛÖ6Ø×��ý�%Ãã>À
MPIÆÐÆ×�ÛÖ6ØÆÇ8²¥�°Æ×��naive

Ã]�)Ç¤Ï×�pªÃ­ (·Ù­Ö¥ÃÖMPIº

®À��è���è²¹iªC�À¤Ø)�Hybrid ]
�)ÄÕ¼¿�ã>ª3ÖÙØ�ÇáÍÃ¥�

5. � � �

n�ÀÇ���
Æ5ëÄ{�Ã¹jÀ¤Ø SPAM

Û 2 ¯qÆÓg?5ëÄ&�²�SMP ç�ðôÛ

ô¢êöù��öù�â¢�Á²¿]�)Û�Ã¼¹�
SMP ý¢úÀÕ×�¥ã>�ÖÛ3Ø¹ÑÄ�MPI

º®ÀÃ­�MPIÁ OpenMPÛøÐ�Ú¶ØþÞ�

�öú]�)Û�Ã¼¹ª�́ �ã>ÀÇ MPIº®�
¥¹×�Æiª�¥j.ÁÃ¼¹�MPIÁ OpenMP

ÄÕØþÞ��öú]�)À�¥ã>Û3Ø°ÁÇ8
²­��]ÆoRÀÒg�±Ù¿¥Ø3),4)�å�öî�

�ð�ÄG¾­5ë©Ö�þÞ��öúÇ MPI ÆÐ

�¥Ø×�ÄNÍ¿�ø¢ôÆ[ÈãÛ���­��
À«Ã¥°Áª�«Ãr"Á�§ÖÙØ�

�6�Ã¼¹þÞ��öú]�)ÀÇ�ã>Û7õ
´Ø¹ÑÆ~�ª¥±Ù¿¥Ø�3¡Æë¢úÀÇ�
©Ä0­�Û�ß´Ø�Ä�ð�öú2§ªU�²Ã
¥Õ¦Ä criticaløÝ�ç÷Ý�Û�¥¿¥Ø�°Æ
@�â|Æã¢ÿ�öúÇ��¯qA�Û_Ä��²�
ð�öúoÄ5�Ä�Æ�ßÛ�ÃÚ¶Ø°ÁÄÕ×
�Ë,>ºª��¢�Æ�{Ä~[Ã+¤Æ�ªR�
ÁÃØ�·Ù¸ÙÆ¹jÆã¢ÿ�öúÆù�¢úã
�Û�ÍØ¹ÑÄ�{µÆ¹jÄ½¥¿Ò´þOÉT
*ªR�À¤Ø�Ï¹�ø¢ôÆA�ÁÜçòðÅÊ
â|ÄE²¿Ò�±ÖÄ��Û¿ÅØR�ª¤Ø�
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