1 9-BS0h%M%C%H%o!<%/$rMQ$$$?%=%U%H%&%’%"J,;66&M-%a%b%j$N<B8=$H@-G=I>2A @> ED 98 y ; yy %3 %b %G%# %F%# %O!< %I %&%’ %" 5; =Q $N ?J E8 $K H< $$ , 9b B. $J %M%C %H %o!< %/ $G 7k 9g $5 $l $? %= %U %H %&%’ %" J, ;6 6& M- %a%b%j5;=Q$N <B8=@-$,9b$^$C$F$$$k . K\8&5f$G$O , Bg5,LOAB9TNs$rBP>]$H$7 $?H?I|2rK!$N%9%1!<%i%V%k$JJB Ns<BAu $r<B8=$9$k$?$a , In�niBand $H PCI Express $rAH$_9g$o$; $?9-BS0h%/%i%9%?4D 6-$r9=C[$7 , %3 %b %G%# %F%# %O!< %I %&%’ %" 5; =Q $N @- G= $H <B Au >e $N Ld Bj E@ $K $D $$ $F 8! F$ $9 $k $H $H $b $K , 7W ;; %N!< %I Fb $N %a %b %j BS 0h I} $H %N!< %I 4V $N DL ?. BS 0h I} $N 3N J] $K =E E@ $r CV $$ $? @_ 7W $r 9T $& $3 $H $K $h $j , AB 9T Ns @~ 7A 1i ;; $K E, $7 $? %= %U %H%&%’%"J,;66&M-%a%b%j$N<B8=2DG=@-$K$D$$$F8!F$$7$? . Soft w are Distributed Shared Memory with High Bandwidth Net w ork: Pro duction and Ev aluation Akira Nishid a y ; yy The recen t dev elopmen t of commo dit y hardw are tec hnologies mak es building a soft w are distributed shared memory computing en vironmen t a more practical approac h for scien ti�c computing that requires the rep etitiv e solutions of large linear systems. In this study , w e build a tigh tly connected PC cluster with PCI Express and In�niBand tec hnology for the scalable implemen tation of parallel iterativ e linear solv ers, ev aluate the p erformance and b ottlenec ks of commo dit y hardw are tec hnologies. The scalabilit y of the implemen tation of parallel sparse matrix computations considering b oth the lo cal memory bandwidth of the compute no des and their in terno de comm unication bandwidth is ev aluated. 1. $O $8 $a $K %3 %b %G%# %F%# %O!< %I %&%’ %" 5; =Q $N ?J E8 $K H< $$ , 9b B. $N PC $r %M%C %H %o!< %/ $G 7k 9g $7 , 2> A[ E* $J 6& M- %a %b %j 7W ;; 5!$H$7$FMQ$$$k%=%U%H%&%’%"J,;66&M- %a%b%j5;=Q$N<B8= @- $, 9b $^$C $F $$ $k 2),6) . $7 $+ $7 $J $, $i , 9b B. $J @l MQ %M%C %H%o!<%/$r;HMQ$7$?6&M-%a%b%j7?JBNs 7W;;5!Ey$HHf3S$7 $F , PC %/%i %9 %? >e $G $N %N!< %I 4V DL ?. $G $O , DL?. BS 0h I} $d %l %$ %F %s %7 $K 4X $9 $k %O!< %I %&%’ %" >e $N @) Ls $+ $i , == J, $J %9%1!<%i%S%j%F%#$,F@$i$l$J$$>l9g$,B?$$ . FC $K , Bg 5, LO AB 9T Ns $r 07 $& H? I| 2r K! $K $* $$ $F $O , 4V @\ ;2>H$rH<$&%Y%/%H%k4V1i;;$O7W;;NL$N BgItJ,$r@j$a$k=E MW$J =h M} $G $" $k $, , AB9T Ns H? I| 2r K! $K $* $$ $F $O , $3$N $h $& $K Bg H> $N =h M} $, Fb @Q $r 4^ $‘ %Y %/ %H %k 4V 1i ;; , AB 9T Ns - %Y %/ %H %k 4V 1i ;; $+ $i 9= @. $5 $l $F $$ $k . $7 $? $,$C $F , JB Ns 2= $K :] $7 $F $O , $3 $l$i $N %Y %/ %H %k 1i ;; $, 8z N( E* $K J, ;6$5 $l $J$/ $F $O $J $i $: , %a%b %j BS 0h I} $H 6& $K , Bg0h E* $J DL ?. $r =h M} $9$k $?$a $N9b @-G= $JAj 8_7k 9gLV $,I, MW$H $J$k . K\ 8&5f $G$O , $3 $N Ld Bj $K $D $$ $F D4 $Y $k $? $a , In�niBand $H PCI y El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o yy 2J3X5;=Q?66=5!9= CREST CREST, JST Express $rAH$_ 9g $o$; $?9- BS 0h%M%C %H %o!<%/ >e $K%= %U %H %&%’ %" J, ;6 6& M- %a %b %j 4D 6- $r 9= C[ $7 , Bg 5, LO AB 9T Ns $r BP >]$H$9$kH?I|2rK!$r%3%b%G%#%F%#%O!<%I%&%’%">e $K<BAu $9$k>e$G>c32$H$J$k%\%H%k%M%C%/$K$D$$$F9M;!$7$? . 2. GX 7J PCI Express $O=> Mh $N PCI %P %9 5; =Q $H 8_ 49 @- $r ;} $D <!@$ Be $N%7 %j %" %k E> Aw%$ %s %? %U%’!< %9 5,3J $G $" $j , In tel, NEC Ey $K $h $j 2004 G/ $h $j <B MQ2= $5 $l $F $$ $k . PCI %P %9$, 1GB/s $NBS0hI}$r>e8B$H$9$k6&M-%P%9J}<0$G$"$C $?$N $K BP$7 $F , PCI Express $G$O%G %P %$ %94V $r D> @\ @\B3 $9 $k $3 $H $, $G $- , $^ $? 0l J} 8~ 2.5Gb/s $N BS 0h I} $r ;} $D %l!<%s $r :GBg 32 K\$^ $G B+ $M $k$3 $H $3 $H $K $h$j , APJ} 8~ $G :GBg 16GB/s $N<B8zBS0hI}$r<B8=$9$k . PCI Express $K 8= ;~ E@ $G BP 1~ $7 $F $$ $k 9b B. %M%C %H %o!< %/ 5; =Q $H $7 $F , In�niBand $r 5s $2 $k $3 $H $, $G $- $k . Mellano x T ec hnologies <R$N3+ H/$9$k In�niHost %[%9 %H%A%c%M %k%" %@%W %? (HCA) $O , 1 %l!<%sEv $?$j 5Gbps $NBS0hI} $r;}$D DDR In�niBand $r 4 K\B+ $M$?%]!<%H $r ;} $A ( ?^ 1 ;2 >H ), 8 %l!< %s $N PCI Express %9 %m%C %H $rMxMQ$9 $k$3 $H$K $h$j , APJ}8~ $G 40Gbps $NBS0h I}$r<B 8=$7$F$$$k . %/ %i %9 %? %N!< %I $K MQ $$ $k Opteron %W %m %;%C %5 $O

2 ?^ 1 Mellano x T ec hnologies <R$N PCI Express BP1~ DDR In�niHost HCA MHGS18-XT DDR Fig. 1 In�niHCA HCA MHGS18-XT DDR for PCI Express bus from Mellano x T ec hnologies, Inc. AMD <R$N3+H/$9$k%^%k%A%W%m%;%C%7%s%0BP1~$N 64bit %W %m%;%C %5$G $" $k . %A%C%W Fb$K %a %b%j %3%s %H %m!<%i $rFb B" $7 $F $$ $k $? $a , %a %b %j %l %$ %F %s %7 $, >. $5 $/ , %a %b %j BS 0hI} $, %W %m%;%C %5 ?t $K Hf Nc $7 $F A} Bg$9 $k E@ $K FC D’ $, $" $k . $^ $? , <B 83 $K MQ $$ $? $9 $Y $F $N %N!< %I $K $D $$ $F , %+!< %M %k 2.6.11 $r:NMQ $7$? SuSE Lin ux 9.3 $rMQ$$ $? . 2.6 0J9_ $N Lin ux %+!< %M %k $O %a %b %j %" %U%# %K %F%# $r <B Au $7 $F $* $j , J# ?t $N Opteron %W %m %;%C %5 $N %a %b %j BS 0h I} $r 0z $- =P$9$3$H$,$G$-$k . 0J >e $N5; =Q E* GX 7J $+$i , K\ 8& 5f $G $O4I M} %3 %9 %H $r 9MN8 $7 $F , 4-w a y 9= @. $N Opteron %5!< %P $r 7W ;; %N!< %I $H $7 $F 4 Bf$r @\ B3 $7 $? %/ %i %9 %? IBQ $r 9= C[ $9 $k $H $H $b $K , Aj 8_ 7k 9g LV $H $7 $F Mellano x T ec hnologies <R $N 8x PCI Express BP1~ single p ort DDR In�niHost HCA $rMQ $$$F %/%i %9 %? 4D 6-$r 9= C[ $9$k $3 $H $H $7 , PCI Express %P %9$N9bB.@-$rMxMQ$7$F%m!<%+%k%a%b%j $r>JN,$9$k$3$H$K $h$j Dc %3%9 %H 2= $r <B 8=$7 $? MHGS18-XT DDR $rF3F~ $7$F I> 2A $r 9T$C $? . $J$* %9 %$%C %A $K $O 24 %]!<%H $N DDR In�niBand %9%$%C%A$G$"$k MTS2400 DDR $r;HMQ$7 $? . 2-w a y %5!< %P $r %N!< %I $H $7 $? 8 Bf 9= @. $N %/ %i %9 %? IBD $G $N I> 2A 7k 2L 9) $+ $i , AB 9T Ns =h M} $K 4X $7 $F == J, $J %9 %1!< %i %S %j %F%# $r F@ $k $? $a $K $O , >/ $J $/ $H $b 1CPU $K $D $- 1.5GB/s 0J >e $N AP J} 8~ BS 0h I} $, I, MW $G $" $k $3 $H $, J, $+$C $F $$ $k . 8= >u $G $O PCI Express x8 $K BP 1~ $7 $? DDR In�niBand HCA $7 $+ $J $$ $? $a , 4-w a y %5!< %P$r%N!<%I$H$7$FMQ$$$?>l9g$K==J, $J%9%1!<%i%S%j%F%# $r F@ $k$? $a $K $O , PCI Express x8 0J>e $N BS 0hI} $r ;} $D %9%m%C%H$r 2 8D0J>e%5%]!<%H$9$k%^%6!<%\!<%I$rMQ $$$k I, MW$, $"$k . $3 $N>r 7o $rK~ $?$9 %^%6!< %\!< %I$O 8=>u $G$O >/ $J $$ $, , NVIDIA <R $N nF orce Professional %A%C %W %;%C%H$rMQ$$$? Uniwide (Appro), Iwill <R$N%Y%"%\!< %s %5!< %P Uniserv er 3346 $O , 2< $N %7 %9 %F %‘ 9= @. $K <( $9 $h$& $K 2 4p $N PCI Express x16 %9%m%C%H $r;}$D . $=$3 $G , K\ 8& 5f $G $O $3 $l $K 2.2GHz, 1MB %-%c%C %7%e Ek :\ $N Opteron 848 $rEk:\$7$F , 4 %N!<%I 16 %W%m%;%C%5$+ $i $J $k %/ %i %9 %? $r :n @. $7 , <B 83 $K ;H MQ $7 $? . ?^ 2 $K %/ %i %9 %? %N!< %I $N %7 %9 %F %‘ 9= @. $r <( $9 . $J $* %a %b %j $K $O %N!< %I $" $? $j 512MB PC3200 DDR SDRAM (ECC Registered) 8 Kg$r;HMQ$7$? . ?^ 2 quad Opteron %/%i%9%?%N!<%I$N%7%9%F%‘9=@. Fig. 2 System Diagram of dual Opteron Cluster No de. ?^ 3 In�niBand %9%$%C%A MTS2400 DDR $G@\B3$5$l$? Opteron %/%i%9%? IBQ Fig. 3 Opteron Cluster IBQ, connected with In�niBand switc h MTS2400 DDR. K\8&5f$G$O , J?@. 17 G/ 10 7n$h$j C^GHBg3X7W;;2J 3X8& 5f%; %s %?!<$N 6( NO $r F@$F , MPI $rDL ?. %l%$ %d $K MQ$$ $? %= %U%H%&%’%"J,;6 6&M-%a%b %j4D6- 8~$1 Op enMP %3%s%Q%$ %i SCASH-MPI $N I> 2A $r 9T$C $F $$ $k . $3 $3 $G $O , :# 2s 9=C[ $7 $? 9- BS 0h %/ %i %9 %? 4D 6- $r MQ $$ $F , In�niBand %M%C

3 %H%o!<%/>e$G$N%=%U%H%&%’%"J,;66&M-%a %b%j4D6-$N@-G= $rB,Dj$7$? . 3. @- G= I> 2A SCASH-MPI $O , 4{ B8 $N MPI %i %$ %V %i %j $r MQ $$ $F %= %U %H %&%’ %" J, ;6 6& M- %a %b %j 4D 6- $r 9= C[ $9 $k $3 $H $, $G $- , 0\ ?" @- $K M% $l $F $$ $k . $3 $3 $G $O , BS 0h I} $H %9 %1!< %i %S %j %F%# $H $N 4X 78 $r D4 $Y $k $? $a , In�niBand $K BP 1~ $7 $? MPI %i %$%V %i%j $G$" $k MV APICH 4) $H AH$_ 9g$o $; $F @- G= $r I> 2A $9 $k $3 $H $H $7 $? . MV APICH $K $O DL ?. $r %b %K %? $7 $F I, MW $K 1~ $8 $F J, 3d $7 , J# ?t $N %+!<%I $K J, G[ $9 $k %9 %H %i %$ %T %s %0 5! G= $, <B Au $5 $l $F $$ $k 5) . K\ 8& 5f $G $O MV APICH $N :G ?7 HG $G $" $k 0.9.6 $r ;H MQ $7 $? . $? $@ $7 , 8= :_ $N $H $3 $m MHGS-18XT $O , 2< $K <( $9 $h $& $K Uniserv er 3346 $H $N AH 9g $; $G 2GB/s <e $N @- G= $7 $+ =P $F $$ $J $$ !y . $^ $? , DDR In�niBand %I %i %$ %P $O 8= >u $G $O Opteron %W%m %;%C%5 >e $G$N %9 %H%i %$%T %s %05! G= $KBP 1~ $7 $F $$ $J $$ $? $a , $3 $3 $G $O %N!< %I $" $? $j 1 Kg $N HCA $N$_$rMQ$$$FI>2A$r9T$C$? . ?^ 4-5 $K MV APICH 0.9.6 $N Opteron/MHGS- 18XT %/ %i %9 %? >e $G $N MPI %l %$ %F %s %7 $H BS 0h I} $r <($9 . $J $* , %N!<%I Fb $G $N MPI %l %$ %F %s %7 $O %N!< %I 4V $K Hf$Y $FDc $/ $J$C $F $$$k $, , $3$l $O6& M- %a %b %j>e $G $N MPI DL?.$N<BAu$K$h$k$b$N$G$"$k !y!y 3) . ?^ 4 MV APICH 0.9.6 $N MPI %l %$ %F %s %7 ( %N!< %I 4V $O DDR In�niBand HCA (Mellano x MHGS18-XT) $G @\B3 ) Fig. 4 MPI Latency of MV APICH 0.9.6 (no des con- nected with DDR In�niHost HCA (Mellanox MHGS18-XT)). 3.1 STREAM b enc hmark <! $K , %Y %/ %H %k 1i ;; $G =E MW $H $J $k 6I =j E* $J %a %b %j BS 0h I} $K $D $$ $F , STREAM b enc hmark 1) $r MQ $$ $F B, Dj !y $3$N860x$O Uniwide <R$K$FD4::Cf$G$"$k . !y!y $J $* , LAM, MPICH $b %N!< %IFb $NBS 0hI} $K $D$$ $F$O F1Dx EY $G $"$C $? . 8= >u$K 4X $7 $F$b , %N!<%I 4V $NBS 0h I}$, %N!< %IFb $K Hf$Y $F AjBPE*$KBg$-$$4D6-$G$"$k$H$$$($k . ?^ 5 MV APICH 0.9.6 $NAPJ}8~BS0hI} ( %N!<%I4V$O DDR In�niBand HCA (Mellano x MHGS18-XT) $G@\B3 ) Fig. 5 MPI Bidirectional Bandwidth of MV APICH 0.9.6 (no des connected with DDR In�niHost HCA (Mellano x MHGS18-XT)). $7 $? . $3 $N %Y %s %A %^!< %/ %W %m %0 %i %‘ $G $O , G\ @: EY Ib F0 >. ?t %Y %/ %H %k 4V $G 4J C1 $J 1i ;; $r 9T $$ , <B B, CM $r $b $H $K 7W ;; 5! $N <B 8z BS 0h I} $r I> 2A $9 $k . I= 1, ?^ 6 $K STREAM b enc hmark $N7W;;FbMF$H<gMW%k!<%WItJ,$r<($9 . /* - MAIN LOOP - repeat NTIMES times - */ scalar = 3.0; for (k=0; k<NTIMES; k++) f times[0][k] = second(); #pragma omp parallel for for (j=0; j<N; j++) c[j] = a[j]; times[0][k] = second() - times[0][k]; times[1][k] = second(); #pragma omp parallel for for (j=0; j<N; j++) b[j] = scalar*c[j]; times[1][k] = second() - times[1][k]; times[2][k] = second(); #pragma omp parallel for for (j=0; j<N; j++) c[j] = a[j]+b[j]; times[2][k] = second() - times[2][k]; times[3][k] = second(); #pragma omp parallel for for (j=0; j<N; j++) a[j] = b[j]+scalar*c[j]; times[3][k] = second() - times[3][k]; g ?^ 6 STREAM b enc hmark $N<gMW%k!<%W Fig. 6 Main lo ops of STREAM b enc hmark. $J $* , $3 $l $i $N 1i ;; $O 86 B’ $H $7 $F DL ?. $, IT MW $G $" $k $? $a , @h$K =R$Y $? %N!<%I 4VDL ?.@- G=$O $3 $3$G $O1F 6A$7 $J$$ . $3 $3 $G $O Op enMP HG$N JB Ns %W %m %0 %i %‘ stream d omp.c $r MQ $$ , J# ?t $N %M%C %H %o!< %/ 9= @. $G I> 2A $7 $? . $^ $: , ?^ 7 $K%N!< %I Ev$? $j :GBg 4MPI %W %m %;%9 $G <B9T $7 $?>l 9g$N

4 I= 1 STREAM b enc hmark $N7W;;FbMF T able 1 STREAM b enc hmark t yp es. Benc hmark Op eration Bytes p er iteration Cop y a[i] = b[i] 16 Scale a[i] = q * b[i] 16 Add a[i] = b[i] + c[i] 24 T riad a[i] = b[i] + q * c[i] 24 STREAM b enc hmark $NBf ?t8z2L $r<( $9 . LdBj %5%$%: $O%W %m%; %9 Ev $? $j 4,000,000, $9$J $o $ALs 91.6MB $G$" $k . ?^$+$i J, $+ $k $h $& $K , 1 %N!<%I $" $? $j 3 %W%m %; %9 $r D6 $( $k %N!< %I $, $" $k >l 9g $K $O , %9 %1!< %i %S %j %F%# $, $^$C $? $/ F@$i $l$J $$ . %W%m %;%C%5 $"$? $j$N %a %b%j BS0h I}$O ==J, $G $" $k $3 $H $+ $i , $3 $l $O SCASH-MPI $G $O MPI %W %m %;%9 $4$H$K 1 %9%l%C%I $rDL?. =hM}MQ $K3d$j Ev$F$F$$ $k 8) $? $a $G $" $k $3 $H $, J, $+ $k . $7 $? $,$C $F , <B :] $K $O 1 %W %m %;%9$"$?$j 2 %W%m%;%C%5$r3d$jEv$F$FI>2A$r9T$&I, MW$, $"$k . $^$? , $3$N >l 9g ?^ 8 $N@- G= $r F@ $k $b $N $N , $3$l $O ?^ 9 $K<($9 GbE >e$G$N7k2L$H$[$H $s$I:9$,$J $$ . GbE >e $G $N MPI %l %$ %F %s %7 $O :G >. $G 24.27us, AP J} 8~ BS 0h I} $O :G Bg $G 226MB/s $G $" $j , In�niBand $H Hf 3S $9 $k $H $+ $J$j Dc $$@- G= $G $"$k . $7$? $,$C $F , STREAM $G$N @- G= Dc 2< $N 86 0x $O , BS 0h I} $d DL ?. %l %$ %F %s %7 $G $O $J $/ , %P %j%"F14|Ey$NA0=hM}$K$h$k%*!<%P%X%C%I $G$"$k$3$H$r<( $7 $F $$ $k . $3 $l $O , ?^ 6 $K <( $9 $h $& $K %" %k %4 %j %: %‘ Cf $N 3F for %k!< %W$K0EL[$N%P%j%"F1 4|$,4^$^$l$F$$$k $3$H$K $h$C $F $* $j , $3 $l $r =| 5n $9$k $3 $H $G , ?^ 10 $N @- G= $rF@ $k $3$H$,$G$-$F$$$k . ?^ 7 %N!<%IEv$?$j:GBg 4MPI %W%m%;%9$G<B9T$7$?>l9g$N STREAM b enc hmark $NBf?t8z2L Fig. 7 Sp eedup of STREAM b enc kmark results with up to four pro cesses p er no de. 4. NAS P arallel Benc hmark $5 $i $K , AB 9T Ns =h M} $H%/ %i %9 %? $N DL?. @- G= $H $N 4X 78$r D4 $Y $k $? $a , NAS P arallel Benc hmark 7) 3.2 $N $& $A , ?^ 8 %N!<%IEv$?$j:GBg 2MPI %W%m%;%9$G<B9T$7$?>l9g$N STREAM b enc hmark $NBf?t8z2L Fig. 8 Sp eedup of STREAM b enc kmark results with up to t w o pro cesses p er no de. ?^ 9 %N!<%IEv$?$j:GBg 2MPI %W%m%;%9$G<B9T$7$?>l9g$N STREAM b enc hmark $NBf?t8z2L (GbE >e ) Fig. 9 Sp eedup of STREAM b enc kmark results with up to t w o pro cesses p er no de on GbE. ?^ 10 G[ Ns$N%^%C%T%s%0 $r;XDj$9$k $H$H$b$K3F%k!< %W$N%P%j%" F14|$r=|5n$7 , %N!<%IEv$?$j 4MPI %W%m%;%9$G<B9T$7$? >l9g$N STREAM b enc hmark $NBf?t8z2L Fig. 10 Sp eedup of STREAM b enc kmark results with up to four pro cesses p er no de (Mapping sp eci- �ed and barrier synchronization remo v ed).

5 K\%/%i%9%?>e$G<B 9T2DG=$J CG k ernel $N Class S $+$i B $^$G$rMQ$$$FI>2A$r9T$C$? . v ector r,p,q,z; /* w orking v ector */ /* solv e A*x */ real CGSOL VE(matrix A,v ector x, real zeta) f in t it; real alpha, b eta, rho, rho0; r = x; p = x; z = 0.0; rho = x * x; for(it=0; it < NITCG; it++) f q = A*p; alpha = rho/(p * q); z += alpha * p; rho0 = rho; r += -alpha * q; rho = r*r; b eta = rho / rho0; p += b eta*r; g r = A*z - x; zeta = 1.0/x*z; x = (1.0/sqrt(z*z))*z; return sqrt(r*r); g ?^ 11 NPB CG <gMW%k!<%W$N%"%k%4%j%:%‘ Fig. 11 Algorithm of NPB CG main lo op. CG k ernel $G$O , BP>N@5Dj CMAB 9TNs$N :G>. 8GM-CM $r5U H?I|K! $H6& Lr8{ G[K! $K $h$j 7W;; $9$k . ?^ 11 $K<gMW %k!<%W $N%" %k %4 %j %: %‘ $r <( $9 . $3$3 $G $O , 9TNs $O 9T J} 8~ $K J, 3d $5 $l , DL ?. $O %Y %/ %H %k %G!< %? $K $D $$ $F 9T $o $l $k . %Y %/ %H %k %G!< %? $N =h M} $, <g $G $" $k $? $a , %a %b %j BS 0h I}$r MW $9 $k E@ $, FC D’ $G $" $k . $= $l $> $l $N %/ %i %9 $G $N 85 ?t $O S=1,400, W=7,000, A=14,000, B=75,000, C=150,000, $^ $? 9TKh $N Hs Nm MW AG ?t $O S=7, W=8, A=11, B=13, C=15 $G $" $k . $J $* , $3 $N %5 %$ %: $G $O Aw <u ?. $5 $l $k It J, %Y %/ %H %k $N Bg $- $5 $O 16 %W %m %; %9 ;~ $G:G Bg 75KB $G $" $k . BS 0h I}$N @- G= $K M? $( $k 1F 6A $r D4 $Y $k $? $a , $^$: MPI HG NPB CG k ernel $N7W ;; @-G= $r DDR In�niHost HCA $r;H MQ$7$?>l9g$K$D$$$FD4$Y$k . CG k ernel $K4X$7$F$O , ==J,$J BS0hI} $N$" $k4D6- $G$O $[$\40A4$J%9%1!<%i%S%j%F%#$,F@$i$l $k$3$H$,J,$+$C$F $$$k 9) . ?^ 12 $K MPI HG CG k ernel $N IBD >e$G$N<B 9T7k2L$r<($9 . 4-w a y %/ %i %9 %? >e $G $N 7k 2L $r ?^ 13 $K <( $9 $, , DDR In�niBand >e $G $O , 2 %]!< %H $N SDR In�niBand %]!< %H $r MQ $$ $? >l 9g $K Class C $K $* $$ $F $[ $\ 40 A4 $J %9 %1!< %i %S %j %F%# $, F@ $i $l $F $$ $k $N $K BP $7 $F , <c 43 %9 %1!< %i %S %j%F%#$KNt$C$F$$$k$3$H$,J,$+$k . <! $K , H? I| %Y %/ %H %k $K 4X $7 $F MPI HG $H F1 MM $N %^%C %T %s %0 $r ;XDj $7 , 1 %N!< %I 2MPI %W%m %; %9 $^ $G 3d $j Ev$F $? >l 9g$N Op enMP HG NPB CG $N1i ;; @- G=$r ?^ 14 $K <( $9 . NPB BT, SP $K $* $$ $F $O %9 %1!< %k $9 $k $9 $k $3 $H $, J, $+$C $F $$ $k 8) $, , ?^ $+ $i J, $+ $k $h $& $K , CG $K $* $$ $F $O == J, $J 8z 2L $, F@ $i $l $F $$ $J $$ . MPI HG $N 7k 2L $+ $i , ?^ 12 SDR In�niHost HCA >e$N 2 %]!<%H$r;HMQ$7$?>l9g $N NPB CG $N1i;;@-G= Fig. 12 Sp eedup of NPB CG with t w o p orts of SDR In�niHost HCA. ?^ 13 DDR In�niHost HCA $G@\B3$7$?%/%i%9%?>e$G$N NPB CG (MPI HG ) $N1i;;@-G= Fig. 13 Sp eedup of NPB CG (MPI v ersion) with DDR In�niHost HCA. %M%C %H %o!< %/ BS 0h I} , 6I =j %a %b %j BS 0h I} $K 4X $7 $F $O == J, $J G= NO $, %/ %i %9 %? $K $" $k $3 $H $, J, $+$C $F $$ $k $N $G , CG $G @- G= $, Dc 2<$9 $k 86 0x $O , %P %j %" F1 4| Ey $N A0 =hM} $K I, MW $J%3%9%H$,B>$N%+!<%M%k$KHf$Y$FBg$-$$$3$H$K $"$k$H9M $($i$l$k . 5. $^ $H $a K\ 9F $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h $k 7W ;; 4D 6- $H $7 $F PCI Express BP 1~ $N In�niBand 5; =Q $r MQ $$ $? 9- BS 0h %/ %i %9%? 4D 6- $r 9= C[ $7 , $= $N @- G= $r I> 2A$9 $k $H $H $b $K , %= %U %H %&%’ %" J, ;6 6& M- %a %b%j 5; =Q $N 2D G= @- $H Ld Bj E@ $K $D $$ $F 8! F$ $7 $? . $= $N 7k 2L , %N!< %I 4V $N DL ?. BS 0h I} 5Z$S%N!<%IFb$N%a%b%jBS0hI}$N3NJ]$K=EE@$rCV $$$?7W;; 4D6-$r 9=C[$9 $k$3$H $K$h$j , 4-w a y %5!<%P$r MxMQ$7 $?%/ %i %9 %? 4D 6- $K$* $$ $F $b , AB 9T Ns $r BP >] $H $7 $? H?I| 2r K! $K 4X $7 $F %9 %1!< %i %V %k $J 7W ;; @- G= $r <B 8= $G $- $k $3 $H $, J,

6 ?^ 14 DDR In�niHost HCA $G @\ B3 $7 $? %/ %i %9 %? >e $G $N NPB CG (Op enMP HG ) $N1i;;@-G= . 1 %N!<%I 2MPI %W%m%;%9$^$G3d$jEv$F$?>l9g Fig. 14 Sp eedup of NPB CG (Op enMP v ersion) with DDR In�niHost HCA, up to t w o pro cesses p er no de. $+$C$?$, , 0lJ}%=%U%H%&%’%"J,;66&M-%a%b%j$K$*$$$F$O , %N!<%IFb$G$N=hM}%*!<%P%X%C%I$r0lAXDc 8:$9$kI,MW$,$" $k$3$H$,I>2A7k2L$+$iL@$i$+$H$J$C$? . <U <- K\ 8& 5f $r ?J $a $k $K Ev $? $j , $4 5D O@ $r D: $$ $? >. Lx 5A IW 65 <x , >. Lx 8& 5f << =t ;a $K 46 <U $N 0U $r I= $7 $^ $9 . In�niBand $N@- G= I> 2A $K $" $?$C$F $O , Mellano x T ec h- nologies, Inc., 3t <0 2q<R %" %k %F%#%^ $h $j , $^ $? %/%i %9 %? %N!< %I $K 4X $7 $F $O %" %m %7 %9 %F %‘ 3t <0 2q <R , 3t<0 2q <R %j %* %o!< %/ %9 $h $j B? $/ $N %5 %]!< %H $r D: $- $^ $7 $? . $J $* , K\ 8& 5f $N 0l It $O , 2J 3X 8& 5f Hq Jd =u 6b FC Dj NN 0h 8& 5f 16016225 !VJ,;66&M-%a%b%j%/%i%9%?$rMQ$$$?AB 9TNs@~7ABe?t1i;; %i %$ %V %i %j $N 8z N( E* $J <B Au 5; =Q!W , 5Z $S 2J 3X5; =Q ?6 6= ;v 6HCD@oN,E*AOB$8&5f?d?J;v6H!VBg 5,LO%7%_%e%l!<%7%g%s 8~$14pHW%=%U%H%&%’%"$N3+H/!W%W%m%8%’ %/%H$N;Y1g$K$h $k$b$N$G$"$k . ;2 9M J8 8% 1) STREAM: Sustainable Memory Bandwidth in High Performanc e Computers , h ttp://www.cs.virginia.edu/stream/. 2) Hennessy , J. I. and P atterson, D. A.: Com- puter A r chite ctur e: A Quantitative Appr o ach, Thir d Edition , Morgan Kaufmann (2003). 3) Jin, H. W., Sur, S., Chai, L. and P anda, D. K.: LiMIC: Supp ort for High-P erformance MPI In tra-No de Comm unication on Lin ux Cluster, Pr o c e e dings of the International Confer enc e on Par al lel Pr o c essing (2005). 4) Liu, J., Chandrasek aran, B., J. W u, W. J., Kini, S. P ., Y u, W., Bun tinas, D., Wyc k o�, P . and P anda, D. K.: P erformance Comparison of MPI implemen tations o v er In�niband, Myrinet and Quadrics, Pr o c e e dings of the International Confer enc e on Sup er c omputing ’03 (2003). 5) Liu, J., Vishn u, A. and P anda, D. K.: Building Multirail In�niBand Clusters: MPI-Lev el De- sign and P erformance Ev aluation, Pr o c e e dings of the International Confer enc e on Sup er c om- puting ’04 (2004). 6) P�ster, G. F.: In Se ar ch of Clusters , Pren tice- Hall, second edition (1998). 7) v an der Wijngaart, R.: The NAS P arallel Benc hmarks 2.4, T ec hnical Rep ort NAS-02-007, NASA (2002). 8) >.Eg9%5* , :4F# ;05W , KQBYM4 , 9b66 Bg2p : MPI $r DL ?.%l%$%d$K MQ$$$k%= %U%H%&%’%" J,;66&M-%a %b%j%7%9 %F %‘ , >p Js =h M} 3X 2q O@ J8 ;o : %3 %s %T%e!< %F%# %s %0 %7 %9%F%‘ , V ol. 46, No. SIG 7, pp. 63{73 (2005). 9) @>ED 98 : In�niBand %/%i %9%? $rMQ $$$? AB9T Ns@~ 7A Be ?t 1i ;; %i %$ %V %i %j $N 8z N( E* $J <B Au 5; =Q , >p Js =h M} 3X 2q 8& 5f Js 9p , V ol. 2005, No. 81, pp. 97{102 (2005).