V ol. 40 No. 5 >pJs=hM}3X2qO@J8;o Ma y 1999 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A ?9 K\ 7r ;J y >> K\ >0 y J? LZ 7I y K\ O@ J8 $O!$ JB Ns %a%C %;!< %8 %Q%C %7 %s %0 %i %$ %V %i %j MPI $N 6& M- %a %b %j %b %G %k $K 4p $E $/ 9b B. <B 8= MPI/MBCF $N <B Au J} <0 $H @- G= I> 2A 7k 2L $r =R $Y $k!% MPI/MBCF $G $O!$ 6& M- %a %b %j $N FC @- $r Mx MQ $7 $? write $* $h $S e ager $N 2 <o $N%W %m %H%3 %k $r:. 9g$7 $F MQ$$ $k!% write %W %m%H %3 %k$G $O 1s3V %a%b %j =q$- 9~ $_ $r MQ$$$F %a%C%;!< %8$N %P%C%U%!%j %s%0 $rI, MW$H$7 $J$$ DL?. $r<B8= $7!$ e ager %W%m %H%3 %k$G$O %a%b %j%Y!< %9 FIF O $r MQ $$ $F %i %$ %V %i %j $K 5a $a $i $l $k %a%C %;!< %8 $N %P%C %U%! %j %s %0 $r <B 8= $7 $?!% $3 $l $i 2 $D $N %W %m %H %3 %k $O Aw?. $* $h $S <u?. 4X ?t $N@h 9T 4X 78 $K$h $j <+ N’ E*$+ $D F0 E* $K@Z $j BX $($i $l $k!% MPI/MBCF $N @- G= $r %o!<%/ %9%F!<%7%g%s%/ %i%9%?>e$GI> 2A$7$?!%4pK\ @-G=$H$7$F round-trip time $*$h$S p eak bandwidth $r B,Dj $7!$<B %"%W %j%1!< %7%g%s $G $N@- G=$r D4$Y $k$? $a$K NAS P arallel Benc hmarks $r <B9T $7$?!% I>2A $N 7k 2L $+ $i!$ 6& M- %a %b %j DL?. 5! G= $G $" $k %a %b %j %Y!< %9 DL ?. $r MQ$$ $F %a%C %;!< %8 %Q%C %7 %s %0 %i %$ %V %i %j$r <B 8=$9$k$3$H$NM-8z@-$,<($5$l$?!% Implemen tation and Ev aluation of a High P erformance MPI Library with the Memory-Based Comm unication F acilities Kenji Morimoto, y T akashi Ma tsumoto y and Kei Hiraki y This pap er describ es an e�cien t implemen tation of the Message P assing In terface (MPI) library based on the shared memory mo del. Our implemen tation, called MPI/MBCF, com- bines t w o proto cols to utilize shared memory comm unication facilities; the write proto col and the r e ad proto col. In the write proto col, the remote write is used for comm unication with no bu�ering. In the e ager proto col, the Memory-Based FIF O is used for bu�ering b y the library . These t w o proto cols are switc hed autonomously according to the precedence of send and re- ceiv e functions. The p erformance of our library w as ev aluated on a cluster of w orkstations. W e measured the round-trip time and the p eak bandwidth, and executed the NAS P arallel Benc hmarks. The results sho w that it is e�cien t to construct a message passing library with the MBCF whic h is based on the shared memory mo del. 1. $O $8 $a $K J,;6%a%b%j7?JBNs7W;;5!4D6-$G $NDL?.%b%G%k$H$7$F!$ %a%C%;!<%8%Q%C%7%s%0%b%G%k$H6&M-%a%b %j%b%G%k$H$,9- $/MQ$$$i$l$F$$$k!%%a%C%;!<%8%Q%C%7%s %0%b%G%k$G$O%? %9%/$N4V$KDL?.O)$r@_$1!$$3$NDL?. O)$KBP$7$F%a%C%;!< %8$r send, receiv e $9$k $3$H$GDL?.$r9T$&!% $3$N%b%G%k $O%G!<%?$NE>AwG^BN$G$"$k%W%m%;%C %54VDL?.%M%C%H%o!< %/$KCeL\$7!$%W%m%;%C%54VDL?.%M%C%H %o!<%/$r%?%9%/4V $NDL?.O)$H$7$F2>A[2=$7$?$b$N$G$"$k!% 0l J}!$ 6& M- %a %b %j %b %G %k $G $O!$ %? %9 %/ 4V $G 6& M- $9 $k %" %I%l %96u 4V $r@_ $1!$$3 $N %"%I %l%9 6u 4V$K BP$9 $k read, write !y $K$h$jDL ?.$r9T $&!%$3 $N%b %G%k$O DL?. BP>]$G $"$k %a%b%j6u4V$KCeL\$7!$DL?.$r1s3V%W%m %;%C%5$X$N%a%b%j y El5~Bg3XBg3X1!M}3X7O8&5f2J>pJs2J3X@l96 Departmen t of Information Science, F acult y of Science, Univ ersit y of T oky o %"%/%;%9$H$7$F2>A[2=$7$?$b$N$G$"$k!% DL ?. %b %G %k $H $7 $F!$ $3 $l $i $N %b %G %k $O 0l J} $K $h $j B> J} $, %( %_%e %l!< %H 2D G= $G $" $j!$ Aj 8_ $K F1 Ey $N I= 8= NO $r ;} $D!% => Mh $O $3 $N 2 $D $N $& $A!$ DL ?. $N <B 8= J} K! $H $7 $F %a%C%;!<%8%Q%C%7%s%0%b%G%k$NJ}$,8zN(E*$G$"$k $H$$$& <gD%$,$J$5$l!$B?$/$NDL?.%i%$%V%i%j$,%a%C %;!<%8%Q%C %7%s%0%b%G%k$K4p$E$$$F@_7W!&<BAu$5$l$?!%$7$+ $7$J$, $i!$ latency $d bandwidth $KBeI= $5$l $k DL?. @- G=$N 8~ >e$K$O!$%W%m%;%C%5$K$*$1$kL?Na%*!<%P%X%C%I $N8:>/!$ MMU $d%-%c%C %7%e %a %b %j Ey %a %b %j $r BP >] $H $7 $? %"!< %- %F%/%A%cE*%5%]!<%H$NMxMQ$,IT2D7g$G$"$k!%6&M- %a%b%j %b%G%k$K4p$E$/DL?.$O$3$l$i$N%5%]!<%H$r$h$j D>@\E*$K 3hMQ$9$k$3$H$,2DG=$G$"$k!%$3$N$3$H$O6&M-%a %b%j%b%G %k$K4p$E$/DL?.$,%a%C%;!<%8%Q%C%7%s%0%b%G%k$K 4p$E$/ !y $3$l$i$NA‘:n$OI,$:$7$b%^%7%s8lL?Na$N load, store $K$h$k:YN3 EY%a%b%j%"%/%;%9$r0UL#$9$k$o$1$G$O$J$$!% 1

2 >pJs=hM}3X2qO@J8;o Ma y 1999 DL?.$KBP$7$F@-G=E*$KM%0L$G$"$k$3$H$r<(:6$9$k!% 0J>e$N9M;!$K$h$j2f!9$O!$9bB.$J6& M-%a%b%jDL?.5!G= $rMQ$$$?%a%C%;!<%8%Q%C%7%s%0DL?. $N<BAu$O!$%a%C%;!< %8%Q%C%7%s%0DL?.5!G=$rMQ$$$?<BAu$K Hf$Y$F$h$j9b$$@- G=$rF@$i$l$k$3$H$r?dO@$9$k!%K\ 8&5f$G$O!$%a%C%;!<%8 %Q%C%7%s%0%b%G%k$G$N%W%m%0%i%_%s%0 $NI8=‘E*$J%$%s%? %U%’ %$ %9 $G $" $k MPI !J Message P assing In terface !K V er. 1.2 8),9) $N A4 4X ?t!& A4 5! G= $r!$ Dc %3 %9 %H $G %j %b!< %H %? %9 %/ $N %a %b %j $K %" %/ %; %9 $9 $k $3 $H $N $G $- $k %= %U %H %&%’ %" %a %b %j %Y!< %9 DL ?. 5! G= !J MBCF: Memory-Based Comm unication F acilities !K 7) $r MQ $$ $F MPI/MBCF $H $7 $F HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS{ CORE >e $K <B Au $7 $?!% %a%C %;!< %8 %Q%C %7 %s %0 %b %G %k $K $O !V%j%b!< %H %"%I %l %9!W$N 35 G0 $,$J $$ $?$a!$ MPI $K6& M-%a%b%jDL?.A‘:n$rD>@\E*$KE,MQ$9 $k$3$H$O$G$-$J$$!% $3 $N $? $a 2f!9 $O!$ %j %b!< %H %" %I %l %9 $N DL CN $r Dc %*!< %P %X%C %I $G F3 F~ $9 $k $3 $H $K $h $j!$ 6& M- %a %b %j DL ?. A‘ :n $r %a%C%;!<%8%Q%C%7%s%0DL?.$KE,MQ2DG=$H$7$?!% K\ O@ J8 $G $O!$ $^ $: 2 >O $G MBCF $N35 MW $r <( $7!$ 3 >O $K $* $$ $F MPI/MBCF $K $* $1 $k 1 BP 1 DL ?. $N <B 8= J} <0$r=R$Y$k!% 4 >O$G$O MPI/MBCF $N4pK\@-G=$rI> 2A $9 $k!% 5 >O $G $O NAS P arallel Benc hmarks $r MQ $$ $? @- G= I> 2A 7k 2L $r <( $9!% 6 >O $K $* $$ $F 4X O" 8& 5f $K ?( $l!$ 7 >O$G$^$H$a$k!% 2. %=%U%H%&%’%"%a%b%j%Y!<%9DL?. MBCF 2.1 MBCF $NFCD’ MBCF $O 9b 5! G= J, ;6 6& M- %a %b %j %7 %9 %F %‘ Strategic Memory System 6) $KBP1~$9$k 5!G= $r%=%U %H%&%’ %"$G<B 8=$7$?1s3V%a%b%j%"%/%;%95!9=$G$"$k!% MBCF $NFCD’ $r0J2<$K5s$2$k!% ( 1 ) DL?.@h%a%b%j$X$ND>@\E*$JA‘:n$,2DG= DL?.@h $N8G Dj$5 $l$? DL?. MQ%P%C%U%! $X%a%C %;!<%8 $rAw$k $N$G$O $J$/!$ DL?. @h$N%f!< %6%l %Y%k2> A[%" %I %l %9 6u 4V $K BP $7 $F read, write $r <B 9T $7 $F DL ?.$r9T $&!%$3 $N$?$a!$ %7%9 %F%‘ $K$h $kM>J, $J%a%C %;!<%8%3%T!<$r8:$i$9$3$H$,$G$-$k!% ( 2 ) 9bB.$JJ]8n!&2>A[2= %W%m%;%C %5Fb It$N%Z!< %84I M}5! 9=!&%" %I%l%9 JQ49 5!9=$r MQ$$$F %a%b%j $NJ] 8n$*$h $S%"%/ %;%9 $N2>A[ 2=$r9T $&!%$3 $l$K $h$j!$ %W%m %;%C%5%/ %m%C%/ %l%Y %k$N%9%T!<%I$G$NJ]8n!&2>A[2=$r<B8=$9$k!% ( 3 ) HFMQ$NDL?.%O!<%I%&%’%"$r;HMQ MBCF $O B? $/ $N J, ;6 %a %b %j 7? JB Ns 7W ;; 5! !J MPP !K $, ;} $D $h $& $J @l MQ %M%C %H %o!< %/ %O!< %I %&%’ %" $r 2> Dj $; $:!$ HF MQ %M%C %H %o!< %/ %O!< %I %&%’%"$rMQ$$ $F%= %U%H%&%’ %"E* $K<B 8=$5 $l$k!%$? $@$7!$9bB.$J =hM} $r9T$& $?$a $K!$0J 2<$K <($9%O!< %I %&%’ %" 5! G= $r %W %m %;%C %5 $, ;} $D $3 $H $, 9% $^ $7 $$!% � Dc%*!<%P%X%C%I$N%"%I%l%96u4V@Z$jBX$( � J#?t%3%s%F%/%9%H$,:.:_$G$-$k TLB � %Z!<%8%(%$%j%"%95!G= � J* M} %" %I %l %9 %? %0 $r ;} $D 9b B. $J %W %m %;%C %5 %-%c%C%7%e $3$l$i$N5! G=$O:# F|$N9b @-G= %^%$%/ %m%W %m%;%C%5 $NB?$/$,<B8=$7$F$$$k!% ( 4 ) DL?.@h$G$NA‘:n$,9b5!G= DL?.BP>]$, %f!<%6%l %Y%k$N 2>A[ %"%I%l %96u 4V$G$" $j!$ %Q %1%C %H <u ?. B& $, 3d $j 9~ $_ %O %s %I %i Fb $G %= %U%H%&%’%"E* $K%Q %1%C%H$r =hM} $9$k $?$a!$ 1s3V%a %b%j$X $NC1 =c $J read, write $N$_ $J$i $:!$ sw ap, FIF O write, fetc h and add $H $$$C $? 9b 5! G= =h M}$r9T$&$3$H$,$G$-$k!% ( 5 ) DL?.$NE~Ce!&=g=x$rJ]>Z MBCF %7%9 %F%‘ $,DL ?.%Q %1%C%H $NE~ CeJ] >Z!&=g =x4IM}$r9T $&$?$a!$ %f!<%6 $,:F Aw@)8f Ey$r 9T$&I, MW$,$J$$!% 2.2 MBCF $N5!G= MBCF $N 5! G= $N $& $A!$ K\ O@ J8 $G =R $Y $k MPI $N <B Au MPI/MBCF $G $O 1s 3V %a %b %j =q $- 9~ $_ $* $h $S %a %b %j %Y!< %9 FIF O $rMQ$$$?!% 1s 3V %a %b %j =q $- 9~ $_ $O %G!< %? $r %j %b!< %H %? %9 %/ $N %" %I %l %9 6u 4V $K D> @\ =q $- 9~ $‘ 5! G= $G $" $k!% %G!< %? $N Aw ?. B&%f!<%6$,%7%9%F%‘%3!<%k$r8F$S=P$7%Q%1%C%H$r H/9T$9 $k!% %Q %1%C %H $K $O!$ <u ?. B& $N %[ %9 %H ID !& %? %9 %/ ID $H $H $b $K!$ <u ?. B& $G %G!< %? $r E8 3+ $9 $k %" %I %l %9 !y $, 5- $5 $l $k!% %Q %1%C %H $, <u ?. B& $N DL ?. %O!< %I %&%’ %" $K E~ Ce $7 $? 8e!$ MBCF $N3d$j9~$_%O%s%I%i$K$h$jDL?.%O!<%I%&%’ %"$N%P%C%U%!$+$i$3$N%"%I%l%9$,;X$9NN0h$X$H %G!<%?$, %3%T!<$5$l$k!%1s3V%a%b%j=q$-9~$_%7%9%F%‘%3!< %k$O%N %s%V%m%C%-%s%0$G$"$k$,!$%f!<%6$O=q$-9~$_$N =*N;!&@. H] $r I= $9 %U %i %0 $r F@ $k $? $a $K!$ L@ <( E* $J ac k $r MW 5a $9 $k$3$H$,$G$-$k!% %a %b %j %Y!< %9 FIF O $O%f!< %6 $, <+ J, $N %" %I %l %9 6u 4V $K 3NJ]$7$?NN 0h$r%j%b!< %H%?%9 %/$+$i =q$-9~$^ $l$k FIF O !J%j%s%0%P%C%U%!!K$H$9$k5!G=$G$"$k!%%f!<%6$, 3NJ]$7 $? NN 0h $r FIF O $H $7 $F EP O? $9 $k $? $a $N %7 %9 %F %‘ %3!< %k!$ Aw ?. B& $, %j %b!< %H %? %9 %/ $N FIF O $K %G!< %? $r =q $- 9~ $‘ $?$a$N%7%9%F%‘%3!<%k!$$*$h$S<u?.B&$,%m!<%+%k $K$"$k !y $3$N%"%I%l%9$O<u?.B&%?%9%/$N2>A[%"%I%l%96u4V$G$NCM$G$"$k!%

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 3 FIF O $+$i%G!<%?$r FI$_=P $9$?$a $N%7%9%F %‘%3!<%k $,Ds 6! $5 $l $k!% %j %b!< %H %? %9 %/ $N FIF O $X $N =q $- 9~ $_ $O A0 =R$N 1s 3V %a %b%j =q $- 9~ $_ $N 1 $D$N %b!< %I $H $J$C $F $* $j!$ <u ?. B& 3d $j 9~ $_ %O %s %I %i $, FIF O $N 6- 3& 4I M} $r 9T $&!% 1s3V %a %b %j =q $- 9~ $_ $H F1 MM!$ FIF O $X$N =q $- 9~ $_ %7 %9 %F %‘%3!<%k$O%N%s%V%m%C%-%s%0$G$"$j!$ %f!<%6$OL@<(E*$J ac k $r MW 5a $9 $k $3 $H $, $G $- $k!% %a %b %j %Y!< %9 FIF O $O %f!<%6$N%a%b%j;q8;$,5v$9HO0OFb$GJ# ?tMQ0U$9$k$3$H$, $G $- $k!% %a %b %j %Y!< %9 FIF O $O!$ %f!< %6 %l %Y %k $G D> @\ %"%/%;%9$9$k$3$H$N$G$-$k9b5!G=$J %a%C%;!<%8DL?.$HB* $($k$3$H$,$G$-$k!% 2.3 MBCF $N@-G= %o!< %/ %9 %F!< %7%g %s $r 100BASE-TX $N Hub $G @\ B3 $7 $? 4D 6- $G $N MBCF $N @- G= $r 0J 2< $K <( $9!% @- G= B, Dj $K ;H MQ $7 $? 5! 4o $O!$ %N!< %I %o!< %/ %9 %F!< %7%g %s $H $7 $F Axil 320 mo del 8.1.1 !J Sun SP AR Cstation20 8_ 49 5!!$ 85 MHz Sup erSP AR C CPU � 1 !K!$ %M%C %H %o!< %/ %$ %s %? %U%’ %$ %9 $H $7 $F Sun Microsystems F ast Ethernet SBus Adapter 2.0 !J3F %o!< %/ %9 %F!< %7%g %s $K Ek :\!K!$ $* $h $S %M%C %H %o!< %/ $H $7 $F SMC TigerStac k 100 5324TX !J%N %s %9 %$%C %A %s %0 Hub !K $* $h $S Ba y Net w orks Ba yStac k 350T !J%9%$%C %A %s %0 Hub !K$G $" $k!% OS $H $7 $F %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? HG SSS{ CORE V er. 1.1a $r ;H MQ $7!$ 2 %N!< %I 4V $G $N 1s 3V =q $- 9~$_ $N one-w a y latency $* $h $S p eak bandwidth $r B, Dj$7$?!% One-w a y latency $O!$ Aw ?. B& $K $* $1 $k =q $- 9~ $_ MW 5a %7 %9 %F %‘ %3!< %k $N D> A0 $+ $i <u ?. B& $K $* $1 $k =q $- 9~ $_ $N 40 N; $^ $G $N ;~ 4V $G $" $j!$ <B 83 $G $O Aw ?. B& $K ac k $, JV$C $F $/ $k $^ $G $N ;~ 4V $r B, Dj $7 ac k $N $? $a $N ;~ 4V $r :9 $7 0z $/ $3 $H $K $h $j ;; =P $7 $?!% I= 1 $O 1s 3V %a %b %j =q $- 9~ $_ !J MBCF WRITE !K $* $h $S %a %b %j %Y!< %9 FIF O =q$- 9~ $_!J MBCF FIF O !K $N one-w a y latency $r%G!< %? %5 %$ %:$rJQ$($FB,Dj$7$?$b$N$G$"$k!%B,Dj $K$O%N%s%9%$%C%A %s%0 Hub $r;HMQ$7$?!% P eak bandwidth $O!$ 1s 3V =q $- 9~ $_ $r O" B3 $7 $F 9T$C $? ;~ $N E> Aw @- G= $G $" $k!% I= 2 $O %N %s %9 %$%C %A %s %0 Hub !JH> Fs =E!K $* $h $S %9 %$%C %A %s %0 Hub !JA4 Fs =E!K $G $N MBCF WRITE $* $h $S MBCF FIF O $N p eak bandwidth $r %G!< %? %5 %$ %: $r JQ $( $F B, Dj $7 $? $b $N $G $" $k!% 1s 3V %a %b %j =q $- 9~ $_ $N one-w a y latency 24.5 � s, p eak bandwidth 11.48 MB/s !JH> Fs =E %M%C %H %o!< %/!K $*$h $S 11.93 MB/s !JA4Fs =E %M%C %H %o!< %/!K $H $$ $& CM $O 100BASE-TX $N %O!< %I %&%’ %" @- G= !J:G Bg bandwidth 12.5 MB/s !K$r8z N( NI $/0z $- =P $7$? CM $G $"$j!$ @l MQ $NFb ItAj8_7k9gLV$r;}$DJ,;6%a%b%j7?JBNs7W;;5!$H $[$\F1Ey $N@-G=$r;}$D$3$H$,<($5$l$? 5) !% 3. 1 BP 1 DL?.4X?t$N<BAu MPI V er. 1.2 $GDj$a$i$l$F$$$k4X?t72$N$&$A!$ 1 BP 1 DL ?. $N 4p K\ $H $J $k %N %s %V %m%C %- %s %0 I8 =‘ %b!< %I Aw ?. 4X ?t MPI_Isend() $* $h $S %N %s %V %m%C %- %s %0 <u ?. 4X ?t MPI_Irecv() $N MPI/MBCF $K $* $1 $k <B Au $K 4X $7 $F >\=R $9 $k!%$= $N B> $N DL ?.4X ?t $N B? $/ $O$3 $N 2 4X?t $r Mx MQ $7$F<BAu$5$l$k$+!$$b$7$/$ON‘;w$NJ}<0$K$h$j <BAu$5$l $k!% 3.1 MPI I8=‘$NMW@A $^$:!$ MPI I8 =‘$K $*$$ $FAw <u?.$, K~$? $9$Y $-MW 7o$, $I$N$h$&$KDj$a$i$l$F$$$k$+$r4JC1$K$^$H$a$k!% Aw<u?.$NAj<j$rFCDj$9$k$K$O!$ DL?.$r9T$&=8CD!J$*$h $S%3%s%F%/%9%H!K$r5,Dj$9$k%3%_%e%K%1!<%?$H$= $N=8CD $NCf$G$NDL$7HV9f$G$"$k%i%s%/$H$r;XDj$9$k!% F1$8Aw<u ?. $N AH $N Cf $G $N %a%C %;!< %8 $N <1 JL $K $O %? %0 $, MQ $$ $i $l $k!%$"$kAw?.$H<u?.$H$,BP1~$9$k$H$O!$ ( 1 ) %3%_%e%K%1!<%?$,0lCW$7!$$+$D ( 2 ) %3%_%e%K%1!<%?$NCf$G$N%i%s%/$,BP1~$7!$$+$D ( 3 ) %?%0$,0lCW$9$k $3$H$r0UL#$9$k!%$?$@$7!$<u?.B&$,;XDj$9$k%i%s %/$*$h $S %? %0 $K $O %o %$ %k %I %+!< %I ANY $N ;H MQ $, G’ $a $i $l $F $$ $k!% %i%$%V%i%j$O%a%C%;!<%8$NE~Ce$r J]>Z$7$J$1$l$P$J$i $J$$!%=g=x$K4X$7$F$O!$%3%_%e%K%1!<%?Ey$,0[$J $k>l9g $r =| $- %a%C %;!< %8 $N DI $$ 1[ $7 $r 6X ;_ $7 $J $1 $l $P $J $i $J $$!%$9$J$o$A!$ � $" $k Aw ?. 85 $+ $i F1 $8 Aw ?. @h $r ;X Dj $7 $? 2 $D $N %a%C %;!<%8$,H/9T $5$l!$$=$l $i$,F1$8 <u?.$KBP 1~$9$k>l 9g!$@h$KH/9T$5$l$?%a%C%;!<%8$,<u?.$5$l$k � $" $k <u ?. B& $G 2 $D $N <u ?. $, H/ 9T $5 $l!$ $= $l $i $, F1 $8%a%C%;!<%8$K BP1~$9 $k>l9g!$@h $KH/9T$5 $l$?<u?. $,K~$?$5$l$k $3$H$rJ]>Z$7$J$1$l$P$J$i$J$$!%$5$i$K!$>e5-$N >r7o$G 6X;_$5$l$J$$DI$$1[$7$K4X$7$F$O6X;_$7$F$O $J$i$:!$DL ?.$N?J9T$rJ]>Z$7$J$1$l$P$J$i$J$$!% Aw?.$,H/9T$5$l!$$+$DBP1~$9$k <u?.$,H/9T$5$l$F$$$J $$>l 9g $N 5sF0 $K $h $j!$ Aw ?. $O 4 $D$K J, N‘$5 $l $k!% $9 $J $o $A!$ � %i%$%V%i%j$,Ds 6!$9$k%P%C %U%!NN0h$r MQ$$$FAw ?.$r 40N;$5$; $k!J%f!<%6$N Aw?.MQ %P%C%U%!$r 2rJ|$9$k!K I8=‘%b!<%I � Aw?.B&%f!<%6$,MQ 0U$9$k%P%C %U%!NN0h$r MQ$$$F Aw?. $r40N;$5$;$k%P%C%U%!%b!<%I

4 >pJs=hM}3X2qO@J8;o Ma y 1999 I= 1 100BASE-TX $K$*$1$k MBCF $N one-wa y latency !JC10L!’ � s !K T able 1 One-w a y latency of MBCF with 100BASE-TX (in microseconds) data-size (bytes) 4 16 64 256 1024 MBCF WRITE 24.5 27.5 34.0 60.5 172.0 MBCF FIF O 32.0 32.0 40.5 73.0 210.5 I= 2 100BASE-TX $K$*$1$k MBCF $N p eak bandwidth !JC10L!’ Mbytes/s !K T able 2 P eak bandwidth of MBCF with 100BASE-TX (in Mb ytes/s) data-size (b ytes) 4 16 64 256 1024 1408 MBCF WRITE, H>Fs=E 0.31 1.15 4.31 8.56 11.13 11.48 MBCF FIF O, H>Fs=E 0.31 1.14 4.30 8.53 11.13 11.45 MBCF WRITE, A4Fs=E 0.34 1.27 4.82 9.63 11.64 11.93 MBCF FIF O, A4Fs=E 0.34 1.26 4.80 9.62 11.64 11.93 � BP1~$9$k<u?.$NH/9T$rBT$DF14|%b!<%I � <u?.$N@h9TH/9T$r M=4|$9$k $?$a%(%i!<$H $J$k$+$b $7 $l$J$$%l%G%#%b!<%I $G $" $k!% I8 =‘ %b!< %I $K $* $$ $F %i %$ %V %i %j $, Ds 6! $9 $Y $- %P%C%U%!NN0h$N%5%$%:$K$O2<8B$O$J $/!$%P%C%U%!$rDs6! $;$:$KI8=‘%b!<%I$rF14|%b!<%I$N$h$&$K 07$&$3$H$b5v$5 $l$k!%$?$@$7!$%i%$%V%i%j$,Ds6!$9 $k%P%C%U%!NN0h$,>. $5$$$"$k$$$OB8:_$7$J$$>l9g!$Aw?.$H <u?.$N=g=x$K$h$C $F $O %W %m %0 %i %‘ $, %G%C %I %m%C %/ >u BV $K 4Y $k 2D G= @- $, $" $k!% 3.2 <B Au J} <0 A0@a$G5-$7$? MPI I8=‘$G$NMW@A$K4p$E$-$J$,$i!$%N %s%V%m%C%-%s %0I8=‘ %b!<%IAw ?.4X?t MPI_Isend() $*$h $S %N %s %V %m%C %- %s %0 <u ?. 4X ?t MPI_Irecv() $r MBCF >e $G<B Au$9 $kJ} <0 $K$D $$$F =R $Y$k!% MPI $G $O DL?. 4X?t $N8F$S=P$77A<0$K%j%b!<%H%"%I%l%9$N ;XDj$,4^$^$l$J$$ $? $a!$ 6& M- %a %b %j DL ?. A‘ :n $r DL ?. $K E, MQ $9 $k $? $a $K $O Aw?.%P%C%U%!$N%"%I%l%9$r<u?.B&$KDL CN$9$k!J$J$$$7$O <u?.%P%C%U%!$N%"%I%l%9$rAw?.B&$KDL CN$9$k!KI,MW$,$" $k!% MPI/MBCF $G $O <u ?. MQ %P%C %U%! $N %" %I %l %9 $r Aw ?.B&$KDLCN$9$k$3$H$G1s3V%a%b%j=q$- 9~$_$rE,MQ2DG=$H $9$k!% 3.2.1 1s3V%a%b%j=q$-9~$_$K$h$kDL?. Aw ?. 4X ?t $G $O $^ $:!$ <u ?. B& $+ $i $N Aw ?. MW 5a $K $h $j <u ?. %P%C %U%! $N %" %I %l %9 $r DL CN $5 $l $F $$ $k $+ $I $& $+ $r D4 $Y$k!%Aw?.4X?t$,8F$P$l$?;~E@$GAw ?.B&$,<u?.%P%C%U%! $N %" %I %l %9 $r DL CN $5 $l $F $$ $k >l 9g!$ ?^ 1 $K <( $9 $h $& $K MBCF $N 1s 3V %a %b %j =q$- 9~ $_ $K $h $jDL ?. $r <B 8= $9$k!% <B@~$NLp0u$OAw?.4X?t$K$h$j6nF0$5 $l$k%G!<%?$N0\F0$r I= $9!%$3 $N >l9g!$ MPI %i %$%V %i %j$K $h $k%P%C %U%! %j%s %0$O9T$o$l$:!$8zN($NNI$$DL?.$,2DG=$H$J$k!% $3$NDL?.$r<B8=$9$k$?$a$K<u?. 4X?t$G$O!$<u?.4X?t$, 8F$P$l$?;~E@$GDL?.%G!<%?$,E~Ce$7$F $$$J$$>l9g$K!$Aw ?.B&$KAw?.MW5a$rAw$j<u?.%P%C%U%!$N%" %I%l%9$rDLCN$9 � � � � net w ork buf buf Aw?.B&%a%b%j <u?.B&%a%b%j HW HW DL?.%O!<%I%&%’%" � ? � ?^ 1 %P%C%U%!%j%s%0$rH<$o$J$$DL?. Fig. 1 Communication with no bu�ering $k!% DL CN $O Aw ?. B& $K MQ 0U $5 $l $? %a %b %j %Y!< %9 FIF O $K BP $7 $F 9T $&!% $3 $N %a %b %j %Y!< %9 FIF O $O 8e =R $9 $k DL ?. %G!<%? $N %P%C %U%! %j %s %0 $N $? $a $N FIF O $H $O JL $K @_ $1!$ $^ $?!$ Aw ?. MW 5a $N H/ 9T 85 %W %m %; %9 Kh $K JL $N FIF O $r MQ 0U $9 $k!% FIF O $r J# ?t @_ $1 $k $3 $H $G <o N‘ $N 0[ $J $k %a%C %;!< %8 $N :. :_ $r Hr $1 $k $3 $H $, $G $-!$ %i %$ %V %i %j $K $h $k FIF O $NA‘:n$,MF0W$K$J$k!% 3.2.2 %a%b%j%Y!<%9 FIF O $K$h$kDL?. Aw?.4X?t$N8F$S=P$7$,<u?.4X?t $N8F$S=P$7$K@h9T$9$k >l9g!$Aw?.B&$O<u?.B&$,;XDj$9$k<u?.%P%C%U%!$N %"%I%l %9$rCN$k$3$H$,$G$-$J$$!%$3$N>l9g$K$OI8=‘%b!< %I$NAw ?.$OF14|%b!<%I$NAw?.$N$h$&$K<u?.$NH/9T$rBT $A!$<u?. %P%C%U%!$N%"%I%l%9$NDLCN$rBT$C$FDL?.$r9T$&$H $$$&<B Au $b 2D G= $G $" $k !y !% $7 $+ $7 MPI I8 =‘ $G $O!$ Aw ?. $, @h 9T $7$?>l9g$K$b$"$i$+$8$a%i%$%V%i%j$,MQ0U$7$? NN0h$KDL ?.%G!<%?$r%P%C%U%!%j%s%0$9$k$3$H$G!$BP1~$9$k <u?.$N !y Aw ?.%P%C %U%! $N%" %I %l%9 $r <u?. B& $KDL CN $7!$<u ?. B&$, 1s 3V%a %b %j FI$_=P$7$K$h$jDL?.$r9T$&<BAu$b$3$l$HK\<AE*$KF1$8$G$"$k!%

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 5 � � � � net w ork buf buf HW HW FIFO � ? ? � ?^ 2 %P%C%U%!%j%s%0$rH<$&DL?. Fig. 2 Comm unication with single bu�ering H/9T$rBT$?$:$KAw?.$,40N;$9$k$h$&$J <BAu$r?d>)$7$F$$ $k!%DL?.8zN($N4QE@$+$i$b<u?.$NH/9T $rBT$?$:$KDL?.$r 3+;O$9$kJ}$,$h$$!% MPI/MBCF $G $O I8 =‘ %b!< %I $N Aw ?. $K BP $7!$ I, MW $K 1~$8$F<u?.B&$G$N%G!<%?$N%P%C%U%!%j %s%0$r9T$&!%%P%C %U%! %j %s %0 $O 8G Dj NN 0h $G 9T $& I, MW $, $" $k $? $a!$ %a %b %j %Y!< %9 FIF O $K $h $j DL ?. %G!< %? $N %P%C %U%! %j %s %0 $r <B 8= $9 $k!% <u ?. B& $O Aw ?. 85 %W %m %; %9 Kh $K JL $N FIF O $r MQ 0U$7!$Aw?.B& $,<+J, $NAw$k %a%C%;!<%8$N F~$k$Y $- FIF O $r ;X Dj $9 $k!% 0[ $J $k Aw ?. 85 $+ $i $N %a%C %;!< %8 $, 1 $D $N FIF O $K :. :_ $7 $J $$ $? $a!$ <u ?. B& %i %$ %V %i %j $K $h $k FIF O $NA‘:n $,MF0W$K $J$k!% MPI I8=‘$G $O!$0[$J$k Aw ?. 85 $+ $i $N J# ?t $N %a%C %;!< %8 $N 07 $$ $K 4X $7 $F $O!$ =h M} $N =g =x $* $h $S 8x J? @- $K $D $$ $F 2? $b MW 5a $7 $J $$!% $h$C $F FIF O $+ $i %a%C %;!< %8 $r <h $j =P $9 :] $K FIF O 4V $G D4 Dd $r 9T $& I, MW $O $J $/!$ FIF O $r J# ?t MQ 0U $9 $k $3 $H $O @- G= Dc 2< $N MW 0x $H $O $J $i $J $$!% ?^ 2 $O <u ?. B& $N %a %b %j %Y!< %9 FIF O $r MQ $$ $F %P%C %U%! %j %s %0 $r 9T $& >l 9g $N DL ?. $N MM;R$G$"$k!%?^Cf!$<B@~$NLp0u$OAw?. 4X?t$K$h$k%G!<%? $N0\F0$r!$GK@~$NLp0u$O<u?.4X?t$K$h $k%G!<%?$N0\F0$r I=$9!% 3.2.3 8r:9$9$kDL?.$N$?$a$N%P%C%U%!%j%s%0 Aw ?. B& $, %a%C %;!< %8 $r Aw $j =P $9 =g HV $H <u ?. B& $, %a%C %;!<%8$r <u$1<h$k=g HV$H$,0l CW$9$k>l9g $K$O!$>e5- $N 2 $D $N J} K! $G 1 BP 1 DL ?. $r =h M} $9 $k $3 $H $, 2D G= $G $" $k!% $7$+ $7!$ %? %0 $^ $? $O %3 %_%e%K %1!< %? $, 0[ $J $k 2 $D$N %a%C %;!< %8 $O 3.1 @a $K 5- $7 $? DL $j DI $$ 1[ $7 $, G’ $a $i $l $F $* $j!$Aw<u?.4X?t8F$S=P$7$NBP1~$,8r:9 $9$k$3$H$,$"$k!% <u ?. B& FIF O $K $3 $N $h $& $J %a%C %;!< %8 $, Aw $i $l $? >l 9g!$ <u ?. 4X ?t $, FIF O $+ $i %a%C %;!< %8 $N %X%C %@ $r FI $_ =P $7 $?8e$K!$$=$N%a%C%;!<%8$,8=:_07$C$F$$ $k<u?.$HBP1~$7 � � � � net w ork buf buf HW HW FIF O %j%9%H � ? ? ? � ?^ 3 2 CJ3,$N%P%C%U%!%j%s%0$rH<$&DL?. Fig. 3 Comm unication with double bu�ering $J$$Aw?.$N$b$N$G$"$k$3$H$,H=L@$9$k!%<u?.4X ?t$G$O$3 $N BP 1~ $7 $J $$ %a%C %;!< %8 $r 0l C6 FIF O $+ $i FI $_ =P $7 $F B‘ Hr $5 $;!$ 8e B3 $N %a%C %;!< %8 %X%C %@ $r FIF O $+ $i FI $_ =P$9!% FIF O $+$i<h$j=P $7$? $b$N $N$= $N;~E@ $G$O %f!<%6 $N<u ?.%P%C%U%!$KAw$k$3$H$N$G$-$J$$%a%C%;!<%8$r4I M}$9$k $?$a$K!$%j%9%H9=B$$r;}$?$;$?%P%C%U%!$rMQ0U $9$k!%%j %9 %H $O FIF O F1 MM $K Aw ?. 85 Kh $K @_ $1 $k!% $3 $N %j %9 %H $r 2p $7 $? <u ?. $N MM ;R $r ?^ 3 $K <( $9!% <B @~ $N Lp 0u $O Aw ?. 4X ?t$K$h$k%G!<%?$N0\F0$r!$E@@~$NLp0u$O%a%C%;!< %8$KBP 1~$7$J$$<u?.4X?t$K$h$k%G!<%?$N0\F0$r!$GK@~$N Lp0u$O BP1~$9$k<u?.4X?t$K$h$k%G!<%?$N0\F0$rI=$9!%$3 $NJ}<0 $,MQ$$$i$l$k>l9g!$<u?.B&$G$N%a%C%;!<%8$N%3 %T!<2s?t $,A}2C$7!$$5$i$K%j%9%H9=B$$r4IM}$9$k%*!<%P %X%C%I$, 2C$o$k$?$a!$DL?.@-G=$O?^ 1 !$?^ 2 $N>l9g $KHf$YDc2<$9 $k!%$7$+$7!$ B?$/$N MPI %" %W%j%1!<%7%g%s $G$OAw?.B& $H<u?.B&$H$GDL?.A‘:n$N=gHV$,BP1~$7$F$*$j!$ $3$NJ}<0 $,MQ$$$i$l$kIQEY$ODc$$!% 3.2.4 <BAuJ}<0$N$^$H$a 0J>e$K=R$Y$?<BAuJ}<0$r$^$H $a$k$H!$%N%s%V%m%C%-%s %0I8=‘%b!<%IAw?. MPI_Isend() $O MPI/MBCF $K$* $$$F0J2<$N$h$&$K<BAu$5$l$k!% ( 1 ) <u?.B&$+$i $NAw?. MW5a $rD4$Y $k!%Aw ?.$HBP 1~$9 $k $b$N$,$"$l $P1s3V %a%b%j =q$- 9~$_$K $h$j <u?.%P%C %U%!$X%G!<%?$r E>Aw $7!$=* N;!%BP 1~$9 $k$b$N $,$J $1$l$P ( 2 ) $X!% ( 2 ) <u ?. B& $N %a %b %j %Y!< %9 FIF O $K BP $7 %a%C %;!< %8 !J%X%C%@$*$h$S%G!<%?!K$rE>Aw$7!$=*N;!% %N%s%V %m%C%- %s%0 <u?. MPI_Irecv() $O0J2<$N $h$& $K <BAu$5$l$k!% ( 1 ) %a %b %j %Y!< %9 FIF O $+ $i 4{ $K <h $j 9~ $^ $l $? %a%C

6 >pJs=hM}3X2qO@J8;o Ma y 1999 %;!< %8 $N %j %9 %H !J$3 $N %j %9 %H $O @h 9T $9 $k <u ?. $N ( 2 ) $N%9 %F%C %W $K $* $$ $F 7A @. $5 $l $k!K $r D4 $Y $k!% <u?.$H BP1~$9 $k$b $N$,$" $l$P %j%9%H $+$i<u ?.%P%C %U%!$X%G!< %?$r %3%T!< $7!$=* N;!%BP 1~$9 $k$b $N$, $J$1$l$P ( 2 ) $X!% ( 2 ) %a %b %j %Y!< %9 FIF O $+ $i %a%C %;!< %8 $N %X%C %@ $r <h$j9~ $_!$<u ?.$H$N BP1~ $rD4 $Y$k!% %X%C%@$, BP1~ $9 $k $J $i $P %a%C %;!< %8 $N %G!< %? $r FIF O $+ $i <u ?. %P%C %U%! $X <h $j 9~ $_!$ =* N;!% BP 1~ $7 $J $$ $J $i $P %a%C %;!< %8 $N %G!< %? $r FIF O $+ $i =h M} BT $A $N %a%C %;!< %8 $N %j %9 %H $X <h $j 9~ $_!$ ( 2 ) $X!% FIF O $,6u$J$i$P ( 3 ) $X!% ( 3 ) Aw?.B&$KAw?.MW5a$rAw$j!$=*N;!% %a%C %;!< %8 $H Aw ?. MW 5a $K $O $= $l $> $l DL $7 HV 9f $r IU M? $7!$Aw?.MW5a$,:G?7$N%a%C%;!<%8E~Ce>u 67$rH?1G$7$F$$ $k$+$I$&$+$rAw?.B&$K$*$$$FD4$Y$k!% $3$l$K$h$j!$BP1~ $9$k%a%C%;!<%8$HAw?.MW5a$H$,F1;~$KH/ 9T$5$l$?>l9g$K $OAw?.B&$K$*$$$FAw?.MW5a$r4~5Q$7!$ Aw?.$H<u?.$H$r@5 $7$/BP1~$5$;$k$3$H$r2DG=$H$9$k!%Aw ?.MW5a$O4~5Q$5$l $k2DG=@-$,$"$k$?$a!$Aw?.MW5a$r=P$7 $?<u?.$NA4$F$,I, $: 1s 3V %a %b %j =q $- 9~ $_ $K $h $j %G!< %? $r <u $1 <h $k $H $O 8B $i $J $$!% $7 $? $,$C $F!$ <u ?. A‘ :n $N ( 2 ) $K $* $$ $F %a %b %j %Y!< %9 FIF O $+ $i <h $j 9~ $^ $l $? %X%C %@ $O $^ $:!$ 0J A0 $K H/9T$5$l$?%Z%s%G%#%s%0Cf$N<u?.$N%j %9%H$KBP$7$FHf3S $5$l$kI,MW$,$"$k!% <u ?. 4X ?t $K $* $$ $F Aw ?. 85 $K ANY $, ;X Dj $5 $l $F $$ $k >l 9g!$ $3 $N <u ?. $N $? $a $N Aw ?. MW 5a $O H/ 9T $5 $l $J $$!% $5 $i $K!$$3$N<u?.$,K~$?$5$l$k$^$G8eB3$N <u?.$K$h$kAw?.MW 5a$OJ]N1$5$l$k!% 3.3 1 BP 1 DL?.$N<B9T$NN.$l A0 @a $G $O %G!< %? $N 0\ F0 $r Cf ?4 $K MPI/MBCF $N 1 BP 1 DL ?. 4X ?t $N <B Au J} <0 $r @b L@ $7 $?!% 4{ $K =R $Y $i $l $F $$ $k DL $j!$ %a%C %;!< %8 $N Aw ?. $K 1s 3V %a %b %j =q $- 9~ $_ !J MBCF WRITE !K $r MQ $$ $k $+ %a %b %j %Y!< %9 FIF O =q $- 9~ $_ !J MBCF FIF O !K $r MQ $$ $k $+ $O!$ BP 1~ $9 $k Aw ?. 4X?t MPI_Isend() $H<u?. 4X ?t MPI_Irecv() $H$N@h 9T 4X78$K$h$C$F7hDj$5$l$k!%K\@a$G$O$3$N @h9T4X78$K$h$k >l9gJ,$1$r4p$K!$Aw?.B&$*$h$S<u?.B& $N<B9T$NN.$l$rCf ?4 $K MPI/MBCF $G$N 1 BP 1 DL ?. $N ?J 9T $r @b L@ $9 $k!% 3.3.1 Aw?.$,<u?.$K@h9T$9$k>l9g $3$N >l 9g!$ ?^ 4 $K<( $9 DL $j!$ Aw ?. 4X ?t $K $h $k %a%C%;!< %8 $N Aw ?. $K $O %a %b %j %Y!< %9 FIF O $, MQ $$ $i $l!$ CY $l $F H/ 9T $5 $l $? <u ?. 4X ?t $O $3 $N %a%C %;!< %8 $r FIF O $+ $i <h $j =P $7 <u ?. %P%C %U%! $K 3J G< $9 $k!% $3 $N DL ?. $N N. $l $O!$ MPI %i%$%V %i%j$NBe I=E*$J<B Au$G$"$k MPICH 4) $K $* $$$F e ager %W%m %H %3 %k$H 8F $P $l $k DL ?.%Q %?!< %s $K BP 1~ $9 $k!% 3.3.2 <u?.$,Aw?.$K@h9T$9$k>l9g $3 $N >l 9g!$ ?^ 5 $K <( $9 DL $j!$ <u ?. 4X ?t $, $^ $: %a %b %j %Y!< %9 FIF O $K $h $j Aw ?. MW 5a $r Aw ?. B& $K Aw $j!$ CY $l $F H/9T$5$l$?Aw?.4X?t$,$3$NAw?.MW5a$K1~$($F1s 3V%a%b%j =q$-9~$_$K$h$j<u?.%P%C%U%!$K%a%C%;!<%8$r=q $-9~$‘!% $3$NDL?.$NN.$l$r0J2<$G$O write %W%m%H%3%k$H8F$V!% 3.3.3 Aw?.$H<u?.$H$,F1;~$KH/9T$5$l$k>l9g $3$N >l 9g!$ ?^ 6 $K<($9 DL $j!$ Aw ?. B&!& <u ?. B& $H $b $K $^ $:<+J,$,@h9T$7$F$$$k$+$N$h$&$K?6$kIq$&!%$9 $J$o$A!$ Aw ?. B& $O %a %b %j %Y!< %9 FIF O =q $- 9~ $_ $K $h $j %a%C %;!< %8$rE>Aw$7!$<u?.B&$OAw?.MW5a$rH/9T$9$k!%$3$N ;~E@$G %a%C%;!< %8 $, <u ?. B& $K Aw $i $l $k$? $a!$ <B 9T $O e ager %W%m %H%3%k$K=>$&I,MW$,$"$k!%<u?.B&$G$O!$<u?.$r40 N;$5$; $h $& $H $9 $k MPI_Wait() $J $$ $7 $O 8e B3 $N <u ?. 4X ?t $K $h $j FIF O $+ $i %a%C %;!< %8 $, <h $j =P $5 $l <u ?. %P%C %U%! $K %3%T!<$5$l$k!%0lJ}!$Aw?.B&$G$O!$8eB3$NAw?.4X ?t$K$h $j FIF O $+ $i Aw ?. MW 5a $, <h $j =P $5 $l $k $3 $H $K $J $k $,!$ $3$NAw?.MW5a$KIUM?$5$l$?HV9f$O8E$$CM$G$"$k $?$aMW5a $O4~5Q$5$l$k!% 4. 4pK\@-G=$NI>2A 4.1 I> 2A 4D 6- 3 >O $G =R $Y $? J} <0 $K $h $j <B Au $5 $l $? MPI %i %$ %V %i %j MPI/MBCF $N Aw <u?. 4X ?t $N @- G= $r I> 2A $9 $k $?$a!$ 2.3 @a$HF1 $8 4D 6-$K $* $$$F Aw <u ?.$N round-trip time $* $h$S p eak bandwidth $rB,Dj$7$?!% MBCF $, Ds 6! $5 $l $F $$ $k OS $H $7 $F %o!< %/ %9 %F!< %7%g%s%/ %i%9%? HG SSS{CORE V er. 1.1a $rMQ$$$?!%Hf 3S $N $? $a!$ F1 0l $N 5! 4o $N >e $G OS $H $7 $F SunOS 4.1.4 $r!$ MPI $N<B Au $H $7 $F MPICH V er. 1.1 4) $rMQ $$ $? >l 9g$NCM$rB,Dj$7$?!%$?$@$7!$%G%P%$%9%I%i%$%P$N @)Ls$K $h $j SunOS 4.1.4 $rMQ $$ $?>l 9g $K$O %M%C %H%o!< %/ $OH> Fs =E $K 8G Dj $5 $l $F $$ $k!% MPICH $O Argonne National Lab oratory $*$h $S Mississippi State Univ ersit y $K $* $$$F3+H/ $5$l$? MPI $N <BAu$G$"$j!$ %o!<%/%9%F!<%7%g %s%/%i%9%?$KBP$9$k<BAu$G$O%a%C%;!<%8%Q%C%7%s %0DL?. $G$"$k TCP %=%1%C%H$K$h$kDL?.$r9T$&!% K\O@ J8$G =R $Y $?<B Au $K $*$$ $F F3 F~$5 $l $? write %W%m%H %3%k$NM-8z@-$r8!>Z$9$k$?$a$K!$<u?.$,Aw?.$K @h9T$7$F $bAw?.MW5a%a%C%;!<%8$rH/9T$;$:!$$h$C$F1s3V%a %b%j=q $-9~$_$r;HMQ$7$J$$<BAu$rJ;$;$FMQ0U$7$?!%0J 2<$G$OAw ?.MW5a $rMQ $$ $k<B Au$r SR $H!$Aw ?.MW 5a$r MQ$$ $J$$ <B Au $r NSR $HN,5-$9$k!% 4.2 Round-trip time $^ $:!$ %a%C %;!< %8 %5 %$ %: $r JQ $( $J $, $i %N %s %9 %$%C %A

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 7 ? Sender ? R e c eiver MPI Isend() - h h h h h h h h h h - message ( by MBCF FIF O ) ( ( ( ( ( ( ( ( ( ( � � ac kno wledgmen t ( by the MBCF system ) referred b y MPI Wait() ? enqueue MBCF FIF O queues ( for messages ) MPI Irecv() � 6 B B B B N dequeue copied to bu�er ?^ 4 Aw?.$,<u?.$K@h9T$9$k>l9g$N<B9T$NN.$l!J e ager %W%m%H%3%k!K Fig. 4 Execution sequence where send precedes receiv e ( e ager proto col) ? Sender ? R e c eiver MPI Irecv() � ( ( ( ( ( ( ( ( ( ( � request for sending ( by MBCF FIF O ) ? enqueue MBCF FIF O queues ( for r e quests ) 6 dequeue MPI Isend() - h h h h h h h h h h - - message ( by MBCF WRITE ) directly written to bu�er ?^ 5 <u?.$,Aw?.$K@h9T$9$k>l9g$N<B9T$NN.$l!J write %W%m%H%3%k!K Fig. 5 Execution sequence where receiv e precedes send ( write proto col) ? Sender ? R e c eiver MPI Isend() - h h h h h h h h h h - ( ( ( ( ( ( ( ( ( ( � ? enqueue MBCF FIF O queues ( for messages ) MPI Irecv() � 6 B B B B N dequeue copied to bu�er MPI Irecv() � ( ( ( ( ( ( ( ( ( ( � ? enqueue MBCF FIF O queues ( for r e quests ) 6 dequeue B B B N discarded next MPI Isend() - ?^ 6 Aw?.$H<u?.$H$,F1;~$KH/9T$5$l$k>l9g$N<B9T$NN.$l Fig. 6 Execution sequence where send con icts with receiv e %s %0 Hub >e $G round-trip time $r B, Dj $7 $?!% 2 $D $N MPI %W %m %; %9 $, 3F!9 A0 $b$C $F %N %s %V %m%C %- %s %0 <u ?. MPI_Irecv() $r5/F0$7!$0lJ}$O ( 1 ) MPI_Send() !J%V%m%C%-%s%0Aw?.!K ( 2 ) MPI_Wait() !J<u?.40N;BT$A!K $r!$B>J}$O ( 1 ) MPI_Wait() !J<u?.40N;BT$A!K ( 2 ) MPI_Send() !J%V%m%C%-%s%0Aw?.!K $r<B9T $9 $k!% I= 3 $KA0 <T$N %W %m%; %9 $K $*$1 $k Aw?. $N 3+;O $+ $i <u ?. $N 40 N; $^ $G $r round-trip time $H $7 $F B, Dj $7 $? 7k 2L $r <( $9!% $J $*!$ SSS{CORE >e $N MPI/MBCF $G $O @: EY 0.5 � s $N %7 %9 %F %‘ %/ %m%C %/ $, Mx MQ 2D G= $J $? $a 1 2s$N%a%C%;!< %8$N1}I|Kh $K;~4V$rB, Dj$7$=$N :G>.CM$r MQ $$ $?!% 0l J}!$ SunOS >e $N MPICH $G $O @: EY 10 � s $N$h$jAF$$B,Dj$@$1$,2DG=$J$?$a!$%a%C%;!<%8 1024 1} I|$KMW$7$?;~4V$NJ?6QCM$rMQ$$$?!% MPI/MBCF $G $N DL ?. CY 1d $,!$ >o $K TCP >e $N MPICH $N CY 1d $r 2< 2s$C $F $$ $k!% SR $H NSR $H $r Hf3S$7 $?>l9g!$ SR $G$O <u?.$, @h9T$7 $?>l9g $K$O write %W %m %H %3 %k $, E, MQ $5 $l $F %a %b %j %Y!< %9 FIF O =q $- 9~ $_

8 >pJs=hM}3X2qO@J8;o Ma y 1999 I= 3 100BASE-TX $K$*$1$k MPI Aw<u?.$N round-trip time !JC10L!’ � s !K T able 3 Round-trip time of MPI with 100BASE-TX (in microseconds) message size (bytes) 0 4 16 64 256 1024 4096 SR 71 85 85 106 168 438 1026 NSR 112 137 139 154 223 517 1109 MPICH 968 962 980 1020 1080 1255 2195 $h$j9bB.$J1s3V%a%b%j=q$-9~$_$rMQ $$$k$3$H$,$G$-!$$5 $i $K %a %b %j %3 %T!< $N 2s ?t $, 1 2s 8: $k $? $a!$ SR $N J} $, CY1d$,>.$5$/$J$C$F$$$k!% SR $G $N %a%C %;!< %8 %5 %$ %: 0 b yte ;~ $N round-trip time 71 � s $H $$ $& CM $r MBCF 1s 3V %a %b %j =q $- 9~ $_ $N one-w a y latency 24.5 � s !J%a%C %;!< %8 %5 %$ %: 4 b yte ;~!K $HHf $Y$k $H!$ MPI %i %$ %V%i %j$r <B 8=$9 $k $?$a $NIU 2CE*$J%*!<%P%X%C%I$,>.$5$$$3$H$,J,$+$k!% 4.3 P eak bandwidth <! $K!$ %a%C %;!< %8 %5 %$ %: $r JQ $( $J $, $i %N %s %9 %$%C %A %s %0 Hub >e $* $h $S %9 %$%C %A %s %0 Hub >e $G p eak bandwidth $rB, Dj $7 $?!% 2 $D $N MPI %W %m %; %9 $N $& $A 0l J} $N %W %m %; %9 $O Aw ?. $r 7+ $j JV $7!$ $b $& 0l J} $O <u ?. $r 7+ $j JV $9!% A0 <T $K $* $$ $F Aw ?. $r 3+ ;O $9 $k D> A0 $+ $i :G 8e $K 2 $D $N %W %m %; %9 $N 4V $G F1 4| $r $H $k $^ $G $r DL ?. ;~ 4V $H $7!$ Am %a%C %;!< %8 E> Aw NL $r $3 $l $G 3d$C $? $b $N $r p eak bandwidth $H $7 $F B, Dj $7 $?!% I= 4 $O %a%C %;!< %8 %5 %$ %: $r 4 b yte $+ $i 1 Mb yte $^ $G JQ 2= $5 $; $? ;~ $N 3F J} <0 $N p eak bandwidth $G $" $k!% $3 $N $& $A!$ %a%C %;!< %8 %5 %$ %: 4 Kb yte $^ $G $K 4X $7 $F B, Dj $7 $? CM $r %0 %i %U $K $7 $? $b $N $, ?^ 7 $G $" $k!% SRH, NSRH $O H> Fs =E %M%C %H %o!< %/ !J%N %s %9 %$%C %A %s %0 Hub !K >e $G $N SR, NSR $N p eak bandwidth $r!$ SRF, NSRF $OA4Fs =E%M%C %H %o!<%/ !J%9 %$%C%A %s %0 Hub !K>e $G $N SR, NSR $N p eak bandwidth $r$=$l$>$lI=$9!% 0lHL$K%a%C%;!<%8%5%$%:$,>.$5$$ $HAw<u?.A‘:n$N%*!< %P %X%C %I $N $? $a bandwidth $O Dc $$ $,!$ MPI/MBCF $O %a%C %;!< %8 %5 %$ %: $K BP $9 $k p eak bandwidth $N N) $A >e $, $j $, MPICH/TCP $H Hf 3S $7 $F Aa $/!$ %a%C %;!< %8 %5%$%:$,>.$5$/$F$b bandwidth $rF@$d$9$$$3$H$,<($5 $l $?!% $3 $l $O!$ MPI/MBCF $G $O :Y N3 EY DL ?. $, I, MW $J %"%W%j%1!<%7%g%s$dDL?.$NE}9g$,=<J,$K $J$5$l$F$$$J$$ %"%W%j%1!<%7%g%s$K$*$$$F$bDL?.8zN($r J]$D$3$H$r<($7 $F$$$k!% H>Fs=E%M%C%H%o!<%/$K$*$$$F$O NSR $N p eak band- width $NCM $O SR $NCM $r $o $: $+ $K >e 2s$C $F $$ $k!% $J $< $J $i!$ SR $G$O<u?.$,@h9T$7$?>l 9g$J$$$7$O<u ?.$HAw?.$H $,F1;~ $KH/ 9T $5$l $?>l 9g$K write %W%m%H%3 %k $K=> $*$& $H $7$FH/9T$5$l$kAw?.MW5a$N%a%C%;!< %8$,!$%G!<%?$r4^$‘ %a%C%;!<%8$NDL?.$NK8$2$H$J$k$?$a $G$"$k!%A4Fs=E%M%C %H%o!<%/$K$*$$$F$OAw?.MW5a%a%C%;!<%8$O%G!<%? DL?.$K 43>D$7 $J$$ $?$a!$ SR $H NSR $H$N4V$K bandwidth $N :9$O8+$i$l$J$$!% SR $N p eak bandwidth 10.15 MB/s !JH> Fs =E %M%C %H %o!< %/!K $* $h $S 11.86 MB/s !JA4 Fs =E %M%C %H %o!< %/!K $H $$ $& CM $O!$ 100BASE-TX $N %O!< %I %&%’ %" @- G= $N 8B 3& $G $" $k 12.50 MB/s $d $3 $l $r MQ $$ $? :] $N MBCF $N @-G= 11.48 MB/s, 11.93 MB/s $K6a$$CM$G$"$k!% 5. NAS P arallel Benc hmarks $K$h$k@-G= I>2A 5.1 NAS P arallel Benc hmarks NAS P arallel Benc hmarks !J NPB !K $O!$ NASA Ames Researc h Cen ter $K $* $$ $F 3+ H/ $5 $l $? 9R 6u NO 3X?tCM%7%_%e%l!<%7%g%s%W%m%0%i%‘$r4p$K$7$?!$ JBNs7W ;;5!8~$1$N%Y%s%A%^!<%/$G$"$k!%LdBj$H$=$l$r2r $/%"%k %4%j%:%‘!$LdBj%5%$%:$N%/%i%9!$%W%m%0%i%_%s%0 %b%G%k $r Dj $a $? NPB 1.0 1) $H!$ MPI $r MQ $$ $? <B :] $N %W %m %0 %i %‘$rDs 6!$9$k NPB 2.x 2) $H$, $"$k!%0J2< $N 5 $D$N%+!< %M %k %W %m %0 %i%‘ $* $h $S 3 $D$N 7W ;; N. BN NO 3X !J CFD !K %" %W%j%1!<%7%g%s$+$i$J$C$F$$$k!% � %+!<%M%k EP >h;;9gF1K!$K$h$k@55,Mp?t$N@8@. MG 4J N, 2= $5 $l $? %^ %k %A %0 %j%C %I K! $K $h $k 3 <! 85%]%"%=%sJ}Dx<0$N2rK! CG 6&Lr8{G[K!$K$h$k @5CMBP >NAB9TNs $N:G>.8G M- CMLdBj$N2rK! FT 9bB.%U!<%j %(JQ 49$K $h$k 3 <!85JP HyJ, J}Dx <0 $N2rK! IS Bg5,LO@0?t%=!<%H � CFD LU Symmetric SOR $K$h$k LU J,2r SP HsM%0LBP3Q$J%9%+%i8^=EBP3QJ}Dx<0$N2rK! BT HsM%0LBP 3Q$J 5 � 5 %V%m%C %/%5 %$%: $N;0 =EBP 3QJ}Dx<0$N2rK! NPB 2.x $G $O IS $N$_ C + MPI $G!$ IS 0J30 $O F or- tran90 + MPI $G 5- =R $5 $l $F $$ $k!% 8 $D $N Ld Bj $= $l $> $l$K 4X$7$F LdBj%5 %$%: $,>.$5 $$J}$+ $i=g $K class S !J%5 %s%W %k!K!$ class W !J>.5, LO %o!< %/ %9 %F!< %7%g %s %/ %i %9 %?8~$1!K!$ class A !JCf5,LO %o!<%/%9%F!<%7%g%s%/%i %9

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 9 I= 4 100BASE-TX $K$*$1$k MPI Aw<u?.$N p eak bandwidth !JC10L!’ Mbytes/s !K T able 4 P eak bandwidth of MPI with 100BASE-TX (in Mb ytes/s) message size (b ytes) 4 16 64 256 1024 4096 16384 65536 262144 1048576 SRH 0.14 0.53 1.82 4.72 8.08 9.72 10.15 9.78 9.96 10.00 NSRH 0.14 0.54 1.89 4.92 8.54 10.21 10.34 10.43 10.02 9.96 SRF 0.14 0.57 1.90 5.33 10.22 11.68 11.77 11.85 11.85 11.86 NSRF 0.15 0.59 1.98 5.51 10.58 11.70 11.78 11.81 11.82 11.82 MPICH 0.02 0.09 0.35 1.27 3.54 6.04 5.59 7.00 7.77 7.07 ?^ 7 100BASE-TX $K$*$1$k MPI Aw<u?.$N P eak bandwidth Fig. 7 P eak bandwidth of MPI with 100BASE-TX %? 8~ $1!K!$ class B !JCf 5, LO JB Ns 7W ;; 5! 8~ $1!K!$ class C !JBg5,LOJBNs7W;;5!8~$1!K$H$$$& %/%i%9J,$1$,$J $5$l $F$$$k!% 5.2 I> 2A 4D 6- 2.3 @a $* $h $S 4.1 @a $H F1 $8 %o!< %/ %9 %F!< %7%g %s %/ %i %9%? 4D 6- $G!$ SSS{CORE >e$N MPI/MBCF $rMQ $$ $F NPB Rev. 2.3 $r <B 9T $7!$ %o!< %/ %9 %F!< %7%g %s $N Bf ?t $rJQ2=$5$;$F<B9T;~4V$rB,Dj$7$?!%%M%C%H%o!<%/ $K$O%9 %$%C%A %s %0 Hub $r MQ$$!$ H>Fs =E %b!<%I $GB, Dj $7$?!% $3 $l$OA4Fs =E%b!< %I$G$N DL?. $r9T$( $J$$ SunOS $K9g$o$;

10 >pJs=hM}3X2qO@J8;o Ma y 1999 $F>r7o$rB7$($k$?$a$G$"$k!%Hf3S$N$? $a!$F10l$N5!4o$N >e $G SunOS 4.1.4 >e $N MPICH V er. 1.1 $r MQ $$ $? >l 9g$N<B9T;~4V$rB,Dj$7$?!% %3 %s %Q %$ %i $H $7 $F gcc-2.7.2.3 $* $h $S g77-0.5.21 $r MQ$$$?!% 8 $D$N LdBj$N$& $A FT $N %W%m%0%i %‘$O g77 $G $O%3%s%Q%$%k$G$-$J$$$?$aI>2A$NBP>]$+$i>J$$$?!% LdBj%5%$ %:$H$7 $F class W $rMQ$$$?!%$3 $l$O!$ class A $N %W %m %0 %i %‘ $,!$ SSS{CORE >e $G $O F0 :n $7 $? $b $N $N SunOS 4.1.4 >e $G $O %a %b %j IT B- $K $h $j <B 9T $G $- $J $+$C$?$?$a$G$"$k!% 4 >O $H F1 MM $K!$ MPI/MBCF $N $& $A Aw ?. MW 5a $r MQ $$ $k<BAu $r SR $H!$Aw?. MW 5a $rMQ $$ $J $$<B Au $r NSR $HN, 5-$9$k!% 5.3 I> 2A 7k 2L $^ $: I= 5 $K!$ 7 $D $N %Y %s %A %^!< %/ %W %m %0 %i %‘ $N FC @- $r<( $9!%$3 $l$i $O MPI/MBCF $N%=!<%9 Cf$K 7W?t %3!< %I$rA^F~$7!$ %N!<%I?t 8 !J SP , BT $O 9 !K!$Aw?.MW5a$" $j $N >r 7o $N 2< $G %W %m %0 %i %‘ $r <B 9T $7!$ B, Dj $7 $? $b $N $G $"$k!%I= $N9‘L\$N$&$A!$ DL?.%G!<%?%l!<%H $O MPI 4X?t $K$h$C$FAw?.$5$l$?%G!<%?$N%P%$%H ?t!J%X%C%@ItJ,$O=| $/!K$rA4%N!<%I$K4X$7$F9g7W$7!$<B9T ;~4V$G3d$C$?$b$N $G$"$k!%DL?.%a%C%;!<%8%l!<%H$OAw?. $5$l$?%a%C%;!<%8 $N8D?t$rA4%N!<%I$K4X$7$F9g7W$7!$<B 9T;~4V$G3d$C$?$b $N$G$"$k!%1s3V%a%b%j=q$-9~$_MxMQ N($O!$A4%N!<%I$+$i Aw?.$5$l$?%G!<%?$N$&$A!$BP1~$9$k<u?. $,@h9T$7$F$$$? $?$a$K MBCF $N1s3V%a %b%j=q $-9~ $_$K$h $jE>Aw $5$l $? $b$N$N%G!<%?NL!J%P%$%H?t!K$N3d9g$G$"$k!% I= 6 $K EP $N <B 9T 7k 2L $r <( $9!% 2 26 8D $N Mp ?t $r 5a $a $F$$$k!% EP $G$ODL ?.$O<B 9T7k 2L$N:G =*E* $J<} =8$K$* $$ $F$N$_H/@8$7!$<B9T;~4V$N$[$H$s$I$O IbF0>.?tE@?t$N1i ;;$G$"$k!%$3$N$?$a!$$3$N7k2L$ODL?. @-G=$G$O$J$/%o!< %/%9%F!<%7%g%s$NIbF0>.?tE@?t1i;;@-G= $rI=$7$F$$$k$H 8@$($k!% I= 7 $K MG $N <B 9T 7k 2L $r <( $9!% Ld Bj %5 %$ %: $O 64 � 64 � 64 !$ %$ %F %l!< %7%g %s ?t $O 40 $G $" $k!% J, 3d6- 3&$G $N%G!<%? $N$d $j$H $j$N$? $a!$?t I4 b yte $+$i ?t Kb yte DxEY$N%a%C%;!<%8$N 1 BP 1 DL?.$,Hs>o$KIQHK$K <B9T$5$l$k!%$3$N$?$a!$%a%C%;!<%8%5%$ %:$,>.$5$$>l9g $K$b 8zN(NI $/DL?. $r9T $&$3$H $N$G$- $k MPI/MBCF $, MPICH $KBg $- $/M%$C $F $$ $k!% $[$\ A4 $F $N <u?. 4X ?t $K $* $$ $F Aw ?. 85 $H $7 $F %o %$ %k %I %+!< %I MPI_ANY_SOURCE $, ;XDj$5$l$F$$$k$? $a!$ SR $K$*$$$FAw?.MW5a $rH/9T$9$k $3$H$,$G$-$:!$1s3V%a%b%j=q$-9~$_$N MxMQ$,K8$2$i$l$F $$$k!%Aw?.85$r@EE*$K;XDj$9$k$h$&$K %W%m%0%i%‘$r=q$- 49$($k $3$H $K$h $j SR $G$O$5$i $J $k@- G=8~ >e$, 8+9~ $^$l $k!% I= 8 $K CG $N<B 9T 7k 2L $r <( $9!% Ld Bj %5 %$ %: $O 7000 !$ %$%F %l!<%7%g %s?t $O 15 $G$" $k!%%j %@%/ %7%g%sA‘ :n$N $? $a $N =8 CD DL ?. $r 1 BP 1 DL ?. 4X ?t $G 5- =R $7 $? %a%C %;!< %8 %5 %$ %: ?t == Kb yte Dx EY$N DL ?.!$ $* $h $S F1 $8 $/ %a%C %;!< %8%5 %$ %: ?t == Kb yte DxEY $N DL >o $N 1 BP 1 DL?. $, <B 9T $5 $l $k!% DL ?. $N IQ EY $O MG $[ $I 9b $/ $O $J $/!$ $^ $?!$ %a%C %;!< %8 $N %5 %$ %: $, MG $h $j Bg $- $$ $? $a!$ A4 HL E* $K @- G= $O MG $G$N $b$N $h$j 8~>e $7$F$$ $k!%$5 $i$K SR $G $O!$ 1s3V%a%b%j=q$-9~$_$rA4%G!<%?$NH>J,0J>e$KBP $7$FE,MQ $9$k$3$H$GDL?.$N8zN($r>e$2$F$$$k$3$H$,J,$+$k!% I= 9 $K IS $N<B9T 7k2L $r <($9!% 2 20 8D$N@0 ?t$N %=!<%H $r 10 %$ %F%l!< %7%g%s 9T$C$F $$$k!% 3F%$ %F%l!< %7%g%s $G 1 Mb yte Dx EY $N %a%C %;!< %8 $r A4 BP A4 $N =8 CD DL ?. 4X ?t $K $h$j8r49$7$F$$$k!%3F%N!<%I$G$N7W;;;~4V$,C; $$$?$a!$ Bf?t$,A}$($k$K$D$l$3$N=8CDDL?.$N;~4V$,;YG[ E*$H$J$k $,!$ MPI/MBCF $G $O =8CD DL ?. 4X ?t $r <u ?. 5/ F0 $, @h9T $9$k$h $&$K <BAu $7$F $$ $k$? $a SR $K$*$$$F 8zN( E* $KDL ?. $r9T$C$F$$$k$3$H$,<($5$l$k!% I= 10 $K LU $N <B 9T 7k 2L $r <( $9!% Ld Bj %5 %$ %: $O 33 � 33 � 33 !$ %$ %F %l!< %7%g %s ?t $O 300 $G $" $k!% %a%C %;!< %8 %5 %$ %: ?t I4 b yte Dx EY $N 1 BP 1 DL ?. $G %G!< %? $r $d$j$H$j$7$F$$$k!%%a%C%;!<%8%5%$%:$O>.$5$$$b $N$NDL ?.IQ EY $,9b $/ $J $$ $?$a!$ MPI/MBCF, MPICH $H$b$K Bf?t 8z 2L$, =P$F $$$k!% LU $K$* $$$F $b MG F1 MM$K <u?. 4X ?t$N Aw ?. 85;X Dj $K MPI_ANY_SOURCE $, MQ$$ $i $l $F$* $j!$ SR $G$N1s3V%a%b%j=q$-9~ $_$NMxMQ$N 5!2q$r8:$i $7 $F$$$k!% I= 11 $K SP $N <B 9T 7k 2L $r <( $9!% Ld Bj %5 %$ %: $O 36 � 36 � 36 !$ %$ %F %l!< %7%g %s ?t $O 400 $G $" $k!% %a%C %;!< %8 %5 %$ %: ?t == Kb yte Dx EY $N 1 BP 1 DL ?. $, 8F $P $l $k!%DL?.$NIQEY$ODc$/!$DL?.%Q%?!<%s$,<u?.@h 9T$H$J$C $F$$$k$?$a!$FC$K SR $GBg$-$JBf?t8z2L$rF@$F$$$k!% I= 12 $K BT $N <B 9T 7k 2L $r <( $9!% Ld Bj %5 %$ %: $O 24 � 24 � 24 !$ %$ %F %l!< %7%g %s ?t $O 200 $G $" $k!% ?t Kb yte $+ $i ?t == Kb yte Dx EY $N %a%C %;!< %8 $r 1 BP 1 DL ?.$G$d$j$H$j$7 $F$$$k!% SR $G1s3V%a%b%j =q$-9~$_$, B? $/;H$o$l$F$$$k$,!$B?>/$NDL?.CY1d$NA}2C$O1# JC$5$l$k $h$&$J DL ?.!&7W ;;%Q %?!< %s$N $?$a SR, NSR $H$b$K Bg $- $JBf?t8z2L$rF@$F$$$k!% 5.4 I>2A$N$^$H$a $^ $: MPI/MBCF $H MPICH $H $r Hf 3S $9 $k $H!$ A4 %W %m %0 %i %‘ $r DL $8 $F MPI/MBCF $K $h $k <B 9T 8z N( $, MPICH $N<B 9T 8z N( $r >e 2s$C $F $$$k!% FC $K!$ >. $5 $J %a%C %;!< %8 $r IQ HK $K DL ?. $7 9g $& >l 9g !J MG !K $K MPICH $, %*!< %P %X%C %I $N Bg $- $5 $+ $i @- G= $r Bg $- $/ Mn $H $9 $? $a!$ MPI/MBCF $H MPICH $H$N :9$, Bg $-$/ $J$C $F$$ $k!%

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 11 I= 5 NPB %Y%s%A%^!<%/%W%m%0%i%‘$NFC@- T able 5 Characteristics of NPB programs %W%m%0%i%‘ EP MG CG IS LU SP BT DL?.%G!<%?%l!<%H (Mb ytes/s) 0.00 9.68 12.69 13.58 1.89 7.83 5.32 DL?.%a%C%;!<%8%l!<%H ( 8D /s) 4 4670 2138 466 1199 421 488 1s3V%a%b%j=q$-9~$_MxMQN( (%) 51.10 0.01 53.33 99.22 13.37 49.01 47.24 I= 6 NPB EP $N<B9T;~4V!JC10L!’IC!K T able 6 Execution time of NPB EP (in seconds) %N!<%I?t 1 2 4 8 SR [sp eed-up] 121.14 [1.00] 60.51 [2.00] 30.30 [4.00] 15.15 [8.00] NSR [sp eed-up] 121.15 [1.00] 60.59 [2.00] 30.30 [4.00] 15.15 [8.00] MPICH [sp eed-up] 125.56 [1.00] 60.61 [2.07] 32.13 [3.91] 16.25 [7.73] I= 7 NPB MG $N<B9T;~4V!JC10L!’IC!K T able 7 Execution time of NPB MG (in seconds) %N!<%I?t 1 2 4 8 SR [sp eed-up] 37.34 [1.00] 22.61 [1.65] 14.05 [2.66] 7.44 [5.02] NSR [sp eed-up] 37.32 [1.00] 22.62 [1.65] 14.05 [2.66] 8.01 [4.66] MPICH [sp eed-up] 38.81 [1.00] 31.30 [1.24] 21.01 [1.85] 13.72 [2.83] I= 8 NPB CG $N<B9T;~4V!JC10L!’IC!K T able 8 Execution time of NPB CG (in seconds) %N!<%I?t 1 2 4 8 SR [sp eed-up] 69.16 [1.00] 37.69 [1.83] 20.94 [3.30] 11.24 [6.15] NSR [sp eed-up] 69.13 [1.00] 38.54 [1.79] 21.44 [3.22] 11.81 [5.85] MPICH [sp eed-up] 68.75 [1.00] 40.01 [1.72] 27.79 [2.47] 14.59 [4.71] MPI/MBCF $N <B Au $N $& $A NSR $O %a %b %j %Y!< %9 FIF O $K$h$k e ager %W%m%H%3%k$N $_$rMQ$$$F$*$j!$ MPI $N<B Au J} <0 $H $7 $F MPICH $K 6a $$!% $h$C $F!$ F1 0l $N 5! 4o $N >e $G NSR $N <B 9T 8z N( $, MPICH $N <B 9T 8z N( $r >e 2s $k $3$H$+$i!$ MPI $N<BAu$K $*$$$F SunOS >e$N TCP $K BP$7$F SSS{CORE >e$N%a%b%j %Y!<%9 FIF O $,M% 0L$G $"$k$3$H$,<($5$l$k!% $5$i$K!$ MPI/MBCF $N<BAu$N$&$A SR $H NSR $H $r Hf 3S $9 $k $H!$ DL ?. %Q %?!< %s $, <u ?. @h 9T $H $J $k >l 9g !J CG, IS, LU, SP !K $K$O SR $,1s 3V%a%b%j=q$- 9~$_$r MQ$$$F8zN(NI$/DL?.$r9T$C$F$$$k!%<B83 $KMQ$$$?H>Fs=E %M%C%H%o!< %/$K $* $$$F $O SR $G$O %G!<%? $NDL ?. $,%W %m%H %3%k%a%C%;!<%8$K$h$jK832$5$l$k2DG=@- $,$"$k$K$b$+$+ $o $i$:!$ <B83 7k2L $+$i $OA4 $F$N %W %m%0 %i%‘ $K$* $$$F SR $O NSR $HF1Ey$J$$$7$O$=$l 0J>e$N<B9T8zN( $rF@$F$$$k $3$H $,J,$+$k!% $3$N$3 $H$+$i!$K\ O@J8$GDs 0F$7$? e ager %W%m%H%3%k$H write %W%m%H%3%k$H$NJ; MQ$,!$4pK\@- G=$K 4X$7$F$@$1$G$O$J$/<B%"%W%j%1!<%7%g%s $N<B9T$K$*$$$F $bM- 8z$G$" $k$3$H$, <($5$l $k!% NSR $O %a%C%;!<%8 DL?. $N$_$r MQ$$ $?<B Au $G$" $j!$$3 $l$K BP$7 $F SR $,M%0L $G$" $k$3$H$O!$%a%C%;!<%8%Q%C%7%s%0%i%$%V %i%j$N<B8=$K$* $$$F6&M-%a%b%j%b%G%k$,M-8z$G$"$k$3$H$r<($7$F$$$k!% 6. 4X O" 8& 5f MPI %i %$ %V %i %j $, Ds 6! $9 $k %P%C %U%! $r 2p $5 $J $$ MPI DL ?. $N <B Au $H $7 $F!$ IY ;N DL AP1000, AP1000+, AP3000 $N%j %b!<%H %3%T!< 5!G= $G$" $k put, get $r MxMQ $7$? MPIAP 10),11) $d Cra y T3D $N Shared Memory Access library $r Mx MQ $7 $? CRI/EPCC MPI 3) $, $" $k!%$3 $l $i $O $$ $: $l $b@l MQ $N DL ?. LV $r ;} $D MPP $G$N <B Au$G$"$k!%%]!< %?%V%k$J MPI $N<BAu$H$7$F 9-$/MQ$$$i $l $F $$ $k MPICH $G $O get %W %m %H %3 %k $, MQ 0U $5 $l $F $* $j!$1s3V%a%b%jFI$_=P$7$rMxMQ$9$k$3$H$,$G$- $k!%$$$: $l$N<BAu$K$*$$$F$b%P%C%U%!%j%s%0$rHr$1$kDL ?.$G$O!$ $^$:Aw?.B&$,FC<l$J%a%C%;!<%8$r<u?.B&$KAw$j!$ $=$l$r <u$1$F<u?.B&$,1s3V%a%b%jFI$_=P$7$r<B9T$9$k $H$$$&Aw ?.B&6nF0!&<u?.B&%^%C%A%s%0$N%W%m%H%3%k$r:NMQ $7$F$$ $k!%$3$NJ}<0$G$O%G!<%?$NE>Aw3+;O$^$G$KI,$: %Q%1%C%H $, 1 1}I|$9$k$3$H$K$J$j!$DL?.CY1d$,A}Bg$9$k!% K\8& 5f$H F1 ;~ 4|$K <B Au$, $J $5 $l$? MPI-EMX 12) $G$O EM-X $N %j %b!< %H %a %b %j =q $- 9~ $_ $r MQ $$ $F write %W %m %H %3 %k $r <B 8= $7 $F $* $j!$ MPI_Irecv() $, @h 9T $9 $k >l 9g $NDL ?.8z N($r >e$2 $F$$ $k!%$7 $+$7!$ EM-X $O AP3000 $d T3D $HF1MM $K @l MQ $N DL ?. LV $r ;} $D MPP $G$" $j!$ HF

12 >pJs=hM}3X2qO@J8;o Ma y 1999 I= 9 NPB IS $N<B9T;~4V!JC10L!’IC!K T able 9 Execution time of NPB IS (in seconds) %N!<%I?t 1 2 4 8 SR [sp eed-up] 10.16 [1.00] 6.35 [1.60] 4.51 [2.25] 2.90 [3.50] NSR [sp eed-up] 10.16 [1.00] 6.35 [1.60] 4.69 [2.17] 3.72 [2.73] MPICH [sp eed-up] 10.25 [1.00] 7.09 [1.45] 5.61 [1.83] 4.81 [2.13] I= 10 NPB LU $N<B9T;~4V!JC10L!’IC!K T able 10 Execution time of NPB LU (in seconds) %N!<%I?t 1 2 4 8 SR [sp eed-up] 1034.09 [1.00] 537.23 [1.92] 289.65 [3.57] 164.55 [6.28] NSR [sp eed-up] 1034.56 [1.00] 541.21 [1.91] 294.00 [3.52] 169.63 [6.10] MPICH [sp eed-up] 1081.51 [1.00] 611.92 [1.77] 320.70 [3.37] 185.04 [5.84] I= 11 NPB SP $N<B9T;~4V!JC10L!’IC!K T able 11 Execution time of NPB SP (in seconds) %N!<%I?t 1 4 9 SR [sp eed-up] 1277.42 [1.00] 352.34 [3.63] 153.96 [8.30] NSR [sp eed-up] 1276.39 [1.00] 352.77 [3.62] 165.01 [7.74] MPICH [sp eed-up] 1391.16 [1.00] 475.27 [2.93] 231.66 [6.01] I= 12 NPB BT $N<B9T;~4V!JC10L!’IC!K T able 12 Execution time of NPB BT (in seconds) %N!<%I?t 1 4 9 SR [sp eed-up] 617.67 [1.00] 155.19 [3.98] 67.13 [9.20] NSR [sp eed-up] 617.44 [1.00] 155.21 [3.98] 67.65 [9.13] MPICH [sp eed-up] 627.29 [1.00] 214.14 [2.93] 96.02 [6.53] MQ%O!<%I%&%’%"4D6-$G6&M-%a%b%jDL?.%a %+%K%:%‘$rMQ$$ $F MPI %i%$%V%i%j$r<B Au$9$kK\8&5f$N J}<0$H0[$J$C$F $$$k!% 7. $^ $H $a Dc %3 %9 %H!& 9b 5! G= $J 6& M- %a %b %j DL ?. %a %+ %K %: %‘ $G $" $k %a %b %j %Y!< %9 DL ?. $r MQ $$ $F MPI %i %$ %V %i %j MPI/MBCF $r<B Au $7$?!% %a %b %j %Y!< %9 DL ?.$N 5! G= $N 1 $D$G $" $k %a %b %j %Y!< %9 FIF O $r ;H MQ $9 $k $3 $H $G!$ MPI $K $* $$ $F %i %$%V%i%j$,Ds6!$9$Y$-%P%C%U%!A‘:n$r 9bB.$K<B8=$7$?!% $5$i$K!$1s3V%a%b%j=q$-9~$_5!G=$rE, MQ$9$k$3$H$G%P%C %U%!$r2p$5$J$$DL?.$r2DG=$H$7$?!% DL ?. $N 4p K\ @- G= $r 100BASE-TX $G @\ B3 $5 $l $? %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? $K $* $$ $F B, Dj $7!$ round-trip time 71 � s, p eak bandwidth 10.15 MB/s !JH> Fs =E %M%C %H %o!< %/!K $* $h $S 11.86 MB/s !JA4Fs =E %M%C %H %o!< %/!K $H $$ $& CM $r F@ $?!% $5 $i $K JB Ns %" %W %j %1!< %7%g %s NAS P arallel Benc hmarks $N <B 9T $G $O!$ DL ?. %a%C %;!< %8 %5 %$%:$,>.$5$J%"%W%j%1!<%7%g%s$d<u?.$N H/9T$,BP1~$9$k Aw?.$NH/9T$K@h9T$9$kDL?.%Q%?!<%s $N%"%W%j%1!<%7%g%s $K $* $$ $F!$ 1s 3V %a %b %j =q $- 9~ $_ 5! G= $r MQ $$ $J $$ <B Au $d SunOS >e$N MPICH/TCP $KHf$Y$F MPI/MBCF $, 8zN(NI$/DL?.$r9T$($k$3$H$,<B>Z$5$l$?!%0J>e $N7k2L$+ $i!$6&M-%a%b%jDL?.5!G=$G$"$k%a%b%j%Y!<%9DL ?.$r%a%C %;!<%8%Q%C%7%s%0DL?.%i%$%V%i%j$N%Y!<%9$H$7$F MQ$$$k $3$H$NM-8z@-$,<($5$l$?!% K\8&5f$N<B83$G$NHf3S$O!$HF MQ%O!<%I%&%’%"$rMQ$$$? A4 $/ F1 0l $N 5! 4o $N >e $G 9T $o $l $? $b $N $G $" $j!$ %* %Z %l!< %F%#%s%0%7%9%F%‘$*$h$SDL?.%i%$%V%i%j$r8zN( $NNI$$$b $N$H$9$k$3$H$G%"%W%j%1!<%7%g%s$KJQ99$r2C$($k $3$H$J $/ $= $N <B 9T 8z N( $r Bg $- $/ 2~ A1 $9 $k $3 $H $, 2D G= $G $" $k $3 $H$r<($7$F$$$k!%$3$N$3$H$O$5$i$K!$@lMQ$NDL ?.%O!<%I %&%’%"$rF3F~$9$k$3$H$J$/9b@-G=$J%o!<%/%9 %F!<%7%g%s %/%i%9%?$r9=C[$9$k$3$H$NM-8z@-$r<($9$b$N$G$"$k!% <U<- K\8&5f$N0lIt$O>pJs=hM}?66=;v6H2q!J IP A !K$, <B;\$7$F$$$kFHAOE*>pJs5;=Q0i@.;v6H$N;Y1g$r<u$1$?!% ;2 9M J8 8% 1) Bailey , D., Barszcz, E., Barton, J., Bro wn- ing, D., Carter, R., Dagum, L., F ato ohi, R., Fineb erg, S., F rederic kson, P ., Lasinski, T., Sc hreib er, R., Simon, H., V enk atakrishnan, V. and W eeratunga, S.: THE NAS P ARALLEL BENCHMARKS, T ec hnical Rep ort RNR-94- 007, NASA Ames Researc h Cen ter (1994).

V ol. 40 No. 5 %a%b%j%Y!<%9DL?.$rMQ$$$?9bB. MPI $N<BAu$HI>2A 13 http://www.nas.nasa.gov/NAS/NPB/ . 2) Bailey , D., Harris, T., Saphir, W., Wijngaart, R., W o o, A. and Y arro w, M.: The NAS P ar- allel Benc hmarks 2.0, T ec hnical Rep ort NAS- 95-020, NASA Ames Researc h Cen ter (1995). http://www.nas.nasa.gov/NAS/NPB/ . 3) Cameron, K., Clark e, L. and Smith, G.: CRI/EPCC MPI for CRA Y T3D (1995). http: //www.epcc.ed.ac.uk/t3dmpi/Product/ . 4) Gropp, W., Lusk, E., Doss, N. and Skjellum, A.: A High-Performance, Portable Implemen- tation of the MPI Message-Passing In terface Standard, Par al lel Computing , V ol. 22, No. 6, pp. 789{828 (1996). 5) Matsumoto, T. and Hiraki, K.: MBCF: A Protected and Virtualized High-Sp eed User- Lev el Memory-Based Comm unication F acilit y , Pr o c. of Int. Conf. Sup er c omputing , pp. 259{ 266 (1998). 6) >>K\>0 , J?LZ7I : %-%c%C%7%e%$%s%8%’%/%7%g %s$H%a %b %j %Y!< %9 F1 4| 5! 9= $N 9b B. 2= , >p Js =h M} 3X 2q 8& 5f Js9p 93-AR C-101, V ol. 93, No. 71, pp. 113{120 (1993). 7) >> K\ >0 , J? LZ 7I : HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS{CORE $N %a %b %j %Y!< %9 DL ?. 5! G= , Bh 53 2s >p Js =h M} 3X 2q A4 9q Bg 2q 9V 1i O@ J8 =8 !J 1 !K , pp. 37{38 (1996). 8) Message P assing In terface F orum: MPI: A Message-Passing In terface Standard (1995). http://www.mcs.anl.gov/mpi/ . 9) Message P assing In terface F orum: MPI-2: Extensions to the Message-P assing In terface (1997). http://www.mpi-forum.org/ . 10) Sitsky , D. and Ha y ashi, K.: Implemen ting MPI for the F ujitsu AP1000/AP1000+ using P olling, In terrupts and Remote Cop ying, JB Ns =hM}%7%s%]%8%&%‘ JSPP ’96 O@J8=8 , pp. 177{184 (1996). 11) Sitsky , D. and Mac k erras, P .: System Dev el- opmen ts on the F ujitsu AP3000, Pr o c. of 7th Par al lel Computing Workshop (1997). 12) 7zIt =$ 8+ , ;y6L M4 1Y , 4X8} CR ;L , ;38} 4n 65 : %j%b!< %H %a %b %j =q $- 9~$_ $r MQ $$ $? MPI $N 8z N(E* <B Au , JB Ns =hM}%7%s%]%8%&%‘ JSPP ’98 O@J8=8 , pp. 199{206 (1998). ( J?@. 10 G/ 9 7n 7 F|<uIU ) ( J?@. 11 G/ 3 7n 5 F|:NO? ) ?9K\ 7r;J 1997 G/El5~Bg3XM}3XIt>pJs2J3X2J B46H!% 1999 G/F1 Bg 3XBg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 =$ ;N 2] Dx =$ N;!% F1 G/ 4 7n $h $j F1 @l 96 Gn ;N 2] Dx $K :_ @R!% JB Ns J, ;6 7W ;; $K 4X $9 $k 8& 5f $K => ;v!% B> $KJBNs2=!?:GE,2=%3%s%Q%$%i!$JBNsJ,;6%*%Z %l!<%F%#%s %0%7%9%F%‘!$JBNs7W;;5!%"!<%-%F%/%A%c$K6=L#$r;}$D!% >>K\ >0 !J@52q0w!K 1962 G/ @8!% 1985 G/ El 5~ Bg 3X 9) 3X It7W?t9) 3X2JB4 6H!% 1987 G/Bg:e;TN) Bg 3X Bg 3X 1! M} 3X 8& 5f 2J J* M} 3X @l 96 =$ ;N 2] Dx =$ N;!% F| K\ %" %$!& %S!<!& %( %‘ !J3t!K El 5~ 4p AC 8& 5f =j 8& 5f 0w $r 7P $F!$ 1991 G/ 11 7n $h $j El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X@l96=u<j!%JBNs7W;;5!%"!<%-%F%/%A%c!$JBNsJ, ;6%*%Z %l!<%F%#%s%0%7%9%F%‘!$:GE,2=%3%s%Q%$%i$K4X$9 $k8&5f $K=>;v!%B>$K?tCM7W;;$K$h$k@)Ls2r>C7O!$%0 %i%U%#%C%/ %9!$%K%e!<%i%k%M%C%H%o!<%/Ey$K6=L#$r;}$D!%EE ;R>pJs DL?.3X2q!$F|K\%=%U%H%&%’%"2J3X2q!$ A CM 3F2q0w!% J?LZ 7I !J@52q0w!K 1976 G/El 5~ Bg3X M} 3X ItJ* M} 3X2J B4 6H!% 1982 G/ F1 Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J J* M} 3X @l 96 Gn ;N 2] Dx =$ N;!% M} 3X Gn;N!% 1982 G/DL>&;:6H>J 9)6H5; =Q1! EE;R5;=Q Am9g8& 5f=jF~ =j!% 1988 G/$h $j #2 G/ 4V IBM <R T !% J !% W atson 8&5f %; %s %? 5R 0w 8& 5f 0w!% 1990 G/ $h $j El 5~ Bg 3X M} 3X It >p Js2J 3X 2J !J8= :_ Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96!K $K 6P L3!% 8= :_!$ D6 JB Ns %"!<%-%F%/%A%c!$D6JBNsD6J,;67W;;!$JBNs%* %Z%l!<%F%# %s%0%7%9%F%‘!$%M%C%H%o!<%/%"!<%-%F%/%A%c$J$I $N9bB. 7W;;%7%9%F%‘$N8&5f$K=>;v!%F|K\%=%U%H%&%’%"2J 3X2q2q 0w!%