1 %j%b!<%H%a%b%j=q$-9~$_$rMQ$$$? MPI $N8zN(E*<BAu 7z It =$ 8+ y ;y 6L M4 1Y y 4X 8} CR ;L y ;3 8} 4n 65 y MPI $O p oint-to-point DL ?.$K$* $$$F , BP1~ $9$kAw ?.$H<u?. $N%^%C%A %s%0$K$* $1$k%3 %9%H$,Bg $-$/ , DL ?.CY1d$,Bg$-$/$J$k860x$H$J$C$F$$$k . K\8&5f$G$O , %N %s%V%m%C%-%s%0<u?.$,@h9TH/9T$5$l$kDL?.%Q%?!<%s $K$* $$$F , Aw?. ;~$K <u?. B&$K Ld$$ 9g $o$; $k$3 $H$J $/%j %b!<%H %a%b %j=q $-9~ $_ $K$h $jAw ?.$r 9T$& J}<0 $rDs 0F $7 , 9bJBNs7W;;5! EM-X $K<BAu$7$=$NI>2A$r9T$C$? . $=$N7k2L , DL?.CY1d 15.3 � sec., %9%k!<%W%C%H 31.4 MB/s $rC#@.$7 , B> MPP $K<BAu$5 $l$F$$$k MPI $K Hf$YM%0L$J@- G=$r<($7$? . K\<jK! $O , B>%7%9 %F%‘$K $*$$$F$bE,1~2DG=$G $"$j , %O!<%I %&%’%"%9%Z%C%/DL$j$NDc CY1d , 9b%9 %k!<%W%C%H$rF@$k0Y$K$O =EMW$JJ}<0$H 9M$($i$l$k . E�cient implementation of MPI using remote memory write Osamu T a tebe, y Yuetsu Kod ama, y Sa toshi Sekiguchi y and Yoshinori Y ama guchi y MPI p oint-to-point communication is a basic op eration, how ev er it requires runtime- matching of send and receive that causes to reduce p erformance. This pap er prop oses a new approach to send messages by remote memory write without inquiring of the receiver under a communication pattern such that nonblocking receive is issued in adv ance. Basically , this approach makes it p ossible to gain low latency and high bandwidth as the hardware sp ec- i�cation. MPI-EMX, our implementation of the MPI on the EM-X multiprocessor, achiev es a zero-byte latency of 15.3 � sec. and a maximum bandwidth of 31.4 MB/s, which can comp ete with commercial MPPs. This approach to reduce communication latency is widely applica- ble to other systems and is quite a promising technique for achieving low latency and high bandwidth. 1. $O $8 $a $K MPI $O %]!< %? %V %k $+ $D <B MQ @- $r L\ ;X $7 $? %a%C %;!< %8 %Q%C %7 %s %0 %$ %s %?!< %U%’!< %9 $N I8 =‘ $H $7 $F ’94 $K MPI-1 9) , ’97 $K MPI-2 5) $N ;E MM $, @) Dj $5 $l , 8= :_ ?t B? $/ $N %Y %s %@ , Bg 3X , 9q 8& $K $h $j Bg B? ?t $N MPP , KX $I $N WS %/%i%9%? >e$K<BAu $5$l , 8=<BE* $K%]!<%?%V %k$J$b$N $H$J$C$F$$$k . MPI $O %]!< %? %S %j %F%# $r J] $A $D $D <B 9T @- G= $r 6K NO Mn $5 $J $$ $? $a $K , <B Au J} <0 $r 5, Dj $; $: , $^ $? M> J, $J =h M} $r 9T $o$J$$ $h$&$K%G %6%$%s$5 $l$F$$$k . $^ $?DL?.$H 7W;;$N %*!< %P %i%C%W $r9T $$ , DL ?.CY 1d$r 1#$9 $3$H $,$G $-$k $h$& $K%G%6%$%s$5$l$F$$$k . Poin t-to-point DL ?. $O %a%C %;!< %8 %Q%C %7 %s %0 %i %$ %V %i%j$K$H$C $F4p K\E* $JA‘ :n$H $$ $&$@ $1$G $O$J $/ , Aw?. , <u ?. $r 9T $& $3 $H $G 6I =j E* $J F1 4| $r $H $k $3 $H $, =P Mh $k $? $a , y EE;R5;=QAm9g8&5f=j Electrotechnical Lab oratory , AIST, MITI E-mail: f tatebe,kodama,sekiguchi,yamaguti g @etl.go.jp JB Ns%W%m%0 %i%_%s %0$r9T$& >e$GM-MQ $JA‘:n$G $"$k . $7$+ $7$J$,$i , 8=:_$N MPI $N p oint-to-point DL?.$N<BAu$G $O , Aw?. 85%W %m%;%C %5$K %o %$%k %I%+!< %I$r MQ$$ $k<u ?.$, 2D G=$G $"$k $?$a , BP1~ $9$k Aw<u ?.$N %^%C%A %s%0 =hM} $O0l HL $K <u ?.B& $G 9T$o $l $F$$ $k . $, , $3 $N >l9g Aw ?.;~ $K 0lEY <u ?.B& $KLd $$9g $o $;$k I,MW $,$" $j , %O!< %I%&%’ %"$N @-G= $K Hf$Y DL ?.CY 1d , DL ?.%*!< %P%X%C %I$, Bg$- $/ $J$C$F $7$^ $&860x$H$J$k . K\8& 5f$G $O$=$N =hM} $rAw ?.B& , <u ?.B& $NAPJ} $G9T $&$3 $H $K$h $j , %N %s%V %m%C%- %s%0 <u?. $,@h 9TH/ 9T$5 $l$k DL?. %Q %?!<%s $K$* $$$F , Aw?. ;~$K <u?. B&$K Ld$$ 9g$o $;$k $3$H $J $/ , %f!< %6 6u4V $+$i %f!<%6 6u4V $X%j %b!<%H %a %b%j =q$- 9~ $_ $K $h $j Aw ?. $r 9T $& J} <0 $K $D $$ $F Ds 0F $H 8! F$ $r 9T $& . $=$7$F , 9bJB Ns7W ;; 5! EM-X >e$K%j %b!< %H%a %b %j=q $- 9~ $_ , %j%b!<%H%9%l%C%I5/F0 , I-structure Ey$NDL?.5!9=$r MQ $$ MPI $N<BAu$r 9T$$ , MPI %i%$ %V%i%j$, 8zN(E*$K=h M} $r$9$k M>CO $N$"$k MPI %W%m%0 %i%‘$K $D$$ $F$N2r @b$r 9T$&$H6&$K , 2f!9$,<BAu$7$? MPI-EMX $NI>2A$r9T$& .

2 2. MPI $N p oin t-to-p oin t DL?. MPI $K$*$$$F7W;;$HDL?. $N%*!<%P%i%C%W $r9T$$ , DL?. CY 1d$r 1#JC $9$k $?$a $K$O , %N%s %V%m%C %-%s %0DL ?.$" $k$$ $O %^%k %A%9 %l%C%I =hM} $rMQ $$$k I,MW $,$" $k$, , %^%k %A%9 %l%C%I=h M}$K 4X $7$F $O MPI $G$O 5,Dj $5 $l$J $$ $?$a , %]!< %? %V%k$K<BAu$r9T$&$?$a$K$O0J2<$N%N%s%V%m%C%-%s%0DL ?.$rMQ$$$k$3$H$K$J$k . int MPI_Isend(buf, count, datatype, dest, tag, comm, req) void *buf; int count, dest, tag; MPI_Datatype datatype; MPI_Comm comm; MPI_Request *req; int MPI_Irecv(buf, count, datatype, source, tag, comm, req) void *buf; int count, source, tag; MPI_Datatype datatype; MPI_Comm comm; MPI_Request *req; $3 $3 $G , buf $O Aw , <u ?. %P%C %U%! , count , datatype $O Aw , <u?.%G!< %?$N%G!< %??t$H %G!<%? 7? , dest , source $O $= $l $> $l Aw ?. @h , Aw ?.85 , comm $O%3 %_%e %K %1!< %? , req $O $= $l $>$l Aw , <u ?.%j %/ %( %9%H $G $"$k . %N %s%V %m%C %- %s %0 Aw <u?. $O<B :]$N DL?. =hM} $H$O L54X 78$K %m!<%+ %k$K ( <+ %W %m %; %9 $N =h M} $@ $1 $G ) =* N; $7 , $= $l $> $l $N DL ?. %j %/ %( %9%H$rJV$9 . DL ?. $N 40 N; $N $? $a $K $O , MPI_Wait() Ey $r MQ $$ $k . MPI_Wait() $O Aw ?. $^ $? $O <u ?.%P%C %U%! $, Mx MQ 2D G= !y $H $J $k$^ $G%V %m%C%/ $7 , <u ?.>p Js$r 0z?t $H$7 $FEO $5$l $k%9 %F %$%?%9 $KF~$l$k . %V %m%C%-%s%0 DL?.$O $3$NDL?. 40N;$^ $G%V%m%C%/$5$l$k . %N %s %V %m%C %- %s %0 DL ?. $r MQ $$ , DL ?. $H 7W ;; $N %*!< %P %i%C%W$r9T$&$?$a$K$O , 0J2<$N$h$&$K5-=R$9$k . /* DL?.%j%/%(%9%HH/9T */ MPI_Irecv(recv_buf, n, datatype, source, tag, comm, &recv_req); 7W;; 1 MPI_Isend(send_buf, n, datatype, dest, tag, comm, &send_req); 7W;; 2 // $3$3$G%*!<%P%i%C%W // Aw?.%j%/%(%9%HBT$A MPI_Wait(&send_req, &send_status); 7W;; 3 // $3$3$G$b%*!<%P%i%C%W // <u?.%j%/%(%9%HBT$A MPI_Wait(&recv_req, &recv_status); %N %s%V %m%C%-%s %0Aw<u ?.$,H/ 9T$5$l , MPI_Wait() Ey$K $h $j40N;$rBT$D4V$,DL?.$H7W;;$N%*!<%P%i%C%W$,9T$o$l $k M>CO$N$" $kItJ,$H$J $j , >e$N%3!<%I$G $O7W;; 2 $H7W;; 3 $, $=$NItJ,$K$"$?$k . 7W;; 1 $O%*!<%P%i%C%W$N $?$a$K $O I,MW $J$$ $, , $3 $NO@ J8$K $*$1 $kDs0F $G$" $kJR B&Aw ?.$r 9T$&$?$a$KI,MW$JItJ,$H$J$k . !y Aw?.$N >l9g $O , Aw ?.%P%C %U%!$N %G!<%? $O4{ $K%3 %T!<$" $k$$ $OE>Aw $5$l$F =q$- 9~$_ 2DG= , <u?. $N>l9g $O<u ?.%P%C %U%!$K %G!<%? $r<u?. $7$?$H$$$&0UL#$G$"$k . 3. Poin t-to-point DL?. $N %j %b!< %H%a %b %j A‘ :n$K$h$k<BAu 3.1 %j%b!<%H%a%b%jA‘:n %j %b!< %H %a %b %j A‘ :n $O B> %W %m %;%C %5 $N %m!< %+ %k %a %b %j $N A‘ :n $r 9T $& $3 $H $G $" $j , IY ;N DL AP1000+ $N PUT/GET, F| N) SR-2201 $N %j %b!< %H DMA Ey $N $h $&$K%O!<%I%&%’%" $K$h $k<BAu $H , Berk eley Active Mes- sages $r MQ $$ $k Ey $N %= %U %H %&%’ %" $K $h $k <B Au $, $" $k . %O!< %I%&%’ %" $K$h $k<B Au$G $O , %m!< %+%k %a%b %j $r;} $D%W %m%;%C%5$N<B 9T$rK8$2$k$3$HL5$/%j%b!<%H%a%b%jA‘:n$r 9T $&$3 $H$, $G$- $k $, , %= %U%H %&%’%" $K$h $k<B Au$G $O%m!< %+ %k %a %b %j $r ;} $D %W %m %;%C %5 $, %a%C %;!< %8 %O %s %I %i $N 5/ F0Ey $N=h M}$r I,MW $H$9 $k$?$a , <B:] $NDL ?.CY 1d0J 30$N %*!<%P%X%C%I$,Bg$-$$ . 6& M- %a %b %j 7W ;; 5! , J, ;6 6& M- %a %b %j 7W ;; 5! $K $* $1 $k %m!<%I , %9%H%"L?Na$b , %m!<%+%k%a%b%j , %j%b!<%H%a%b%j $H $$$& 35G0 $OGv $l$k $, , %j %b!<%H %a%b %jA‘ :n$H 9M$( $k$3 $H$,$G$-$k . 3.2 JR B& Aw ?. BP 1~ $9 $k Aw ?. $H <u ?. $N %^%C %A %s %0 $O Aw <u ?. @h , %a%C %;!< %8 %? %0 , %3 %_%e %K %1!< %? $K $h $j 9T $o $l $k $, , <u ?. B& $G Aw?. 85 , %a%C%;!< %8%? %0$K %o%$ %k%I %+!<%I $r ;XDj $7$F $$ $k >l 9g , $^ $? MPI $N %W%m %; %9 $, %^ %k %A %9 %l%C%I <B 9T $7 $F$$ $k>l 9g , $^ $?J# ?t<u ?.40N; L?Na $r<B 9T$7 $F$$ $k>l 9g Ey $G $O , $= $N BP1~ 4X 78$K Hs 7h Dj@- $, $"$k . $=$N Hs 7hDj @- $r G$ 0U $N @E E* =g HV $G 2r >C $7 $? >l 9g , %G%C %I %m%C %/ , %9 %?!< %Y%$ %7%g%s $N2D G= @-$, $"$j , $=$l $i$N @EE* 2r@O $,I, MW $H$J$k . MPI-2 $G$O F0E*%W%m %;%9@8@. , $^$?JL!9$K N) $A >e$,$C $? MPI %W%m %;%9 F1;N$N DL?. $r%5%]!< %H$7 $F$* $j , BP1~ $9$k Aw<u ?.$N @EE* 2r@O$r $^$9 $^$9 :$Fq $J$b $N$H $7 $F $$ $F$$ $k . $$ $: $l$K $7 $F$b F0 E* , %i%s %? %$%‘ $N 8zN( E*$JAw<u?.$N%^%C%A%s%05!9=$,=EMW$H$J$C$F$$$k . %o%$ %k%I %+!<%I ;XDj$N <u?. $N>l 9g , 4pK\ E*$K $O<u ?.$7 $? =gHV $KAw <u?. $N %^%C%A %s%0 $,9T $o$l $k$? $a , %^%C %A%s %0 $ODL>o<u ?.B&$G 9T$o$l$k . $7 $+$7$J$, $i$3$N<u ?.B&$G %^%C %A%s %0$r 9T$& J}K! $G$O , Aw?. ;~$K <u?. B&$X I,$: Ld$$ 9g $o$; $r9T $&I, MW$, $"$j , $=$NLd $$9g $o$; $ODL ?.%3 %9%H $,$+$+$k$@ $1$G$O$J$/<u?.B&$N%W%m%;%9$K1F6A$r5Z$\$9 $?$a , DL?.CY1d$,A}Bg$9$k860x$H$J$k . 2f!9$N %"%W %m!<%A $G$O , Aw<u ?.$N %^%C%A %s%0 $rAw ?.B& $G9T$$ , � ( MPI_Irecv() $r@h9TH/9T$7 , ) MPI_Irecv() $GAw ?. B&$NO" A[%a %b%j$K <u?.%" %I%l %9 , <u?. %j%/%( %9%H %" %I %l %9 , %a%C %;!< %8 %? %0 , %3 %_%e %K %1!< %? $r =q $- 9~$‘ ( 0J8e$3$N=hM}$r<u?.MW5a$H$$$& ). � MPI_Isend() $"$k$$ $O MPI_Send() $G$O %m!<%+ %k $K $"$kO" A[%a %b%j$r D4$Y , BP 1~$9$k <u?. MW5a$, $"$l $P%j%b!<%H%a%b%j=q$-9~$_$r9T$& . $H $$$& <BAu J}<0 ( ?^ 1) $r $H$k . $3$N J}<0 $K$h $j , Aw ?.B&

3 ?^ 1 Aw?.B&$G%a%C%;!<%8%^%C%A%s%0$r9T$&JRB&Aw?. $O Aw?. ;~$K <u?. B&$K Ld$$ 9g$o $;$k $3$H $J$/ , %j%b!< %H%a %b %j=q$- 9~$_$K$h $kAw?.$r 9T$&$3$H $,$G$-$k . 0J 8e$3$N Aw ?.$rJR B&Aw?.$H 8F$V . $3$3$G $NO"A[ %a%b%j$N %-!<$OAw ?. @h , %a%C%;!<%8%? %0 , %3%_%e%K%1!< %?$G$"$k . $^$? , F1 0l%-!<$r;}$D<u?.MW5a$,J#?t5/$k2DG=@- $,$"$j , MPI $N ;E MM $K $h $j $= $l $i $N =g HV $r <i $i $J $1 $l $P $J $i $J $$ $? $a , O" A[%a%b%j$N$=$l$>$l$N%(%s%H%j$O%-%e!<$K$J$C$F$$$k I,MW$,$"$k . $7$+ $7$J $,$i , <u?.$N Aw?. 85$H $7$F %o%$%k %I%+!< %I$r ;X Dj$7 $?>l 9g , Aw ?.B& $K<u ?.MW 5a$rAw $k$3 $H$, $G$- $J$$ $?$a !y , $3$NAw?. B&$N %^%C%A %s%0 $@$1 $GA4$F $N%^%C %A%s %0 $r 9T$& $3$H $O8z N($, 0-$/ , <u?. B&$K $*$1 $k%^%C %A%s %0$, I, MW $H$J $k . 0l J} $G , p oin t-to-p oin t DL ?. $rJR B& Aw?. $G <B Au$9$k$?$a$K$OAw?.B&$GBP1~$9$kAw<u?.$N%^%C%A%s%0 $r 9T $& I, MW $, $" $k $? $a , Aw ?. B& , <u ?. B& AP J} $K $* $1 $k Aw <u ?.%^%C%A %s%0$,I, MW$K$J$k . <! @a$G$O L7=b$N$J $$Aw?. B& , <u?. B&AP J}$K $*$1 $kAw <u?. $N%^%C %A%s %0$N %G%6 %$%s $K$D$$$F=R$Y$k . 4. Aw<u?.$N%^%C%A%s%0$N0l4S@-@)8f Aw ?. B& , <u ?. B& AP J} $K $h $k %^%C %A %s %0 $r 9T$& >l 9g , M} A[ E*$K$O<u?.B&$,%o%$%k%I%+!<%I;XDj$N<u?.$G$"$k$+$I $& $+ , $^ $?Aw ?.$K BP$7 $=$N BP1~ $9$k<u ?.$N H/9T $,CY $/$J $$$+$I$& $+$G , Aw?.B& $G%^%C %A %s%0 $r9T $&$+ , <u?.B& $G9T $& $+ $NH= CG$r 9T$( $PNI $$$, , $=$l $i$O %^%C%A %s%0 $r9T$C $F $O$8 $a$F H=CG =PMh $k$b $N$G $"$j , $$ $:$l $K$7 $F$b Aw?. B& $@$1 $G$O Aw?. B& , <u ?.B& $N$I $A$i $G%^%C %A%s %0$r 9T$& $N $+ H= CG$9 $k $3$H $, $G$- $J $$ . $= $N $?$a , 0l 4S@- $r J] $D $?$a$N@)8f$,I,MW$H$J$k . 4.1 <u?.B&$K$h$k%a%C%;!<%8%^%C%A%s%0 <u?. B&$G BP1~ $9$kAw <u?. $N%^%C %A%s %0$r9T $&>l 9g , $$ $D %^%C %A%s %0$r 9T$& $N $+ , $^ $?%a%C %;!<%8 $N %3%T!< $r9T $& $+ $K $h $j 4v $D $+ %W %m %H %3 %k $, $" $k . %a%C %;!< %8 $N %3 %T!< $r 9T$o $J$$ Nm%3 %T!<DL ?.$N >l9g , Aw ?.B& $OAw ?.%P%C %U%! , %j%/%( %9%H %*%V %8%’ %/%H $N %"%I %l%9 , %a%C%;!<%8%? %0 , %3%_%e %K%1!< %? ( 0J 8eAw ?.MW 5a ) $r <u?. B&$K Aw$j , BP 1~ $9$k<u?.$,4{$KH/9T$5$l$F$$$k$+D4$Y$k$?$a$K%^%C%A %s%0$r 9T $& . $3$N%^%C %A %s %0$, @. 8y $7 $?>l 9g , <u?. B& $O%j !y <u?.MW 5a$r %V%m!< %I%-%c %9%H$7 $?$H $7$F $b , BP1~ $9$k Aw?. $r0l$D $@$17h Dj$9 $k$? $a$N=h M}$, I,MW $H$J$j , Aw?.B& $@$1 $G%j %b!<%H=q $-9~$_$K$h $kAw?.$r 9T$&$3$H $O$G$-$J $$ . %o%$%k%I %+!<%I;XDj$, Aw?.85 $G$O$J$/ %a%C%;!<%8 %?%0$N >l9g$O LdBj$J $/<u?. MW5a$r Aw$k $3$H$,$G$-$k . ?^ 2 %N%s%V%m%C%-%s%0<u?.$,4{$KH/9T$5$l$F$$$k>l9g$NF14|%W%m%H %3%k$H get %W%m%H%3%k ?^ 3 %N%s%V%m%C%-%s%0<u?.$,H/9T$5$l$F$$$J$$>l9g$NF14|%W%m%H%3 %k %b!<%H%a%b%j;2 >H$K$h $j%a%C %;!<%8$N <u?.$r 9T$& ( ?^ 2). <:GT$7$?>l9g , <u?.B&$OAw?.MW5a$rO"A[%a%b%j$K3JG<$7 , BP1~$9$k<u ?.$,H/9T$5$l$?$H$-$K%j%b!<%H%a%b%j;2>H$K $h $j%a%C %;!<%8$N <u?. $r9T $& ( ?^ 3). 0J 8e$3$N J}K! $rF1 4|%W%m%H%3%k$H 8F$V . F14|%W%m%H %3%k$O MPIAP 7),8) $N proto col metho d $H$[$\ F1$8J} K!$G , 0lHL$KNm %3%T!<DL ?. $r9T$&$? $a$K$O $3$N%W%m %H%3%k$H $J$k . F14|%W %m%H%3 %k $O%a%C %;!< %8$N M>7W $J%3 %T!<$r I,MW $H$7 $J $$$, , I,$: MPI $N F1 4| %b!< %I $N Aw ?. $H $J$C $F $7 $^ $& $3 $H $K Cm 0U $, I,MW$G$"$k . F1 4| %W %m %H %3 %k $G $O , BP 1~ $9 $k <u ?. $, H/ 9T $5 $l , %j %b!< %H %a %b %j ;2 >H $, =* N; $9 $k $^ $G %V %m%C %- %s %0 Aw ?. MPI_Send() ( $" $k $$ $O %N%s %V %m%C %- %s %0Aw ?. $N Aw ?. 40 N; L?Na ) $O%V %m%C%/$7$F$7$^ $& . MPI $NI8 =‘%b!<%I$NAw ?. $r$3 $NF1 4|%W %m%H %3%k $G<B Au$9 $k>l 9g , $3 $N%V %m%C%/ $O @- G= Dc 2< $N 86 0x $H $J$C $F $7 $^ $& . I, MW 0J >e $N %V %m%C %/ $r KI $0 $?$a $K $O , ( %7 %9 %F%‘ , %i %$ %V %i %jNN 0h $N ) 0l <! %P%C %U%! $rMQ $$ , 0lEY Aw?. %P%C %U%!$+ $i JL$N %P%C %U%!$X %3 %T!<$r9T $& . $3$N0l <!%P%C%U%! $O%j%b!< %H%a%b %jA‘:n $, ;H$( $k>l 9gAw ?.B& , <u?. B&$I $A$i $K$b$C $F$b 9=$o $J$$ $, , <u?. ;~$N CY1d $r>/ $7$G $b>.$5 $/$9 $k$? $a$K <u?. B&$K ;} $D ;v $K$9 $k . $3 $N;~ , Aw ?. B&$O <u ?. B&$N 0l <! %P%C%U%! $N %"%I %l%9 $rCN $i$J $$$N $G , 0lEY <u?. B&$K $=$N %"%I %l%9 $r Ld $$ 9g$o $; $kI, MW $,$" $k . $3 $3 $G , $=$N Ld $$9g $o $;$K BP$7BP1~$9 $k<u?.$,H/9T$5$l$F$$$k$+$N%^%C%A%s%0$r9T $& $+ 9T $o$J $$ $+$G , Fs $D$N J} K! $,$" $k . Ld $$ 9g$o $; ;~$K %^%C %A%s %0$r 9T$o $J $$>l 9g , Aw ?.B& $O<u ?.B& $K0l <!%P%C %U%! $N3N J]$r MW5a $7 , $= $N %"%I %l%9 $K%j %b!<%H %a%b %j=q $- 9~ $_ $r 9T $$ , Aw?. MW 5a $r <u ?. B&$K Aw $k ( ?^ 4). F1 MM$N A‘ :n$O 0l <!%P%C %U%!3N J]$N 8e , <u ?.B& $,%j %b!< %H%a %b%j ;2 >H$rMQ $$$F$b9T $&$3$H$, $G$-$k . 0J8e $3$NJ} K!$r%P%C %U%! %W%m%H %3%k$H8F $V . Ld$$9g $o$;;~$K %^%C%A%s %0$r9T $& >l 9g , 4{ $K BP 1~ $9 $k <u ?. $, H/ 9T $5 $l $F $$ $?$i , F1 4|%W %m %H %3 %k F1 MM %j %b!< %H %a %b %j ;2 >H $K $h $j M> 7W $J %3 %T!<

4 ?^ 4 %P%C%U%!%W%m%H%3%k ?^ 5 %N%s%V%m%C%-%s%0<u?.$,H/9T$5$l$F$$$J$$>l9g$N get %W%m%H%3 %k $J $7$K DL?.$, 9T$o $l$k ( ?^ 2). BP 1~$9$k <u?. $,H/9T $5$l $F $$ $J$1 $l$P , %P%C%U%! %W%m %H%3 %kF1 MM$K <u?. B&$, 0l<! %P%C %U%! $r3N J]$7 , Aw?. B&$, %j%b!< %H%a %b %j=q $-9~ $_$r 9T $& $+ , <u ?. B& $, %j %b!< %H%a %b %j ;2 >H $r 9T $& ( ?^ 5). 0J 8e , $3$NJ} K!$r get %W%m%H %3%k$H 8F$V . $3 $N%W%m %H%3%k $O MPICH $N get %W%m%H%3%k$H$[$\F1$8$G$"$k . 4.2 APJ}$K$h$k%a%C%;!<%8%^%C%A%s%0$N0l4S@-@)8f Aw?. B&$G %a%C %;!<%8 %^%C%A %s%0 $r9T $$ , %j %b!<%H %a%b %j=q$-9~$_$K$h$jAw?.$r9T$&JRB&Aw?.$O , MPI_Irecv() $, @h9TH/9T$5$l$F$$$k%3!<%I$r8zN(E*$K<B9T$9$k$?$a$N %G %6%$ %s$G $"$k $?$a , 4pK\ E*$J %]%j%7 $H$7 $FAw ?.H/ 9T;~ $K BP1~ $9$k <u?. MW5a $,$J $$>l 9g$O , JR B&Aw ?.$r $"$- $i$a $k;v$K$9$k . $3$N;~ , � Aw?.B&$OBP1~$9$k<u?.MW5a$,$" $l$P%j%b!<%H%a%b%j =q $-9~ $_$G%a%C %;!<%8 $rAw ?.$7 , $J $1$l $PAw?. MW5a $rAw$k . � <u ?. B& $O BP 1~ $9 $k Aw ?. MW 5a $, $" $l $P %j %b!< %H %a %b %j;2>H , $"$k$$$O%m!<%+%k%a%b %j%3%T!<$G<u?.$9$k . Aw ?.MW 5a$,$J $$>l 9g , Aw?. 85$,%o %$%k %I%+!<%I ;XDj $G$J$1$l$P<u?.MW5a$rAw$k . $7 $+$7 $J$, $i , $3 $N%G %6%$ %s$G $OAw?. $H<u ?.$, $[$\ F1$8 %? %$%_ %s%0 $GH/ 9T$5 $l , Aw ?.B& $OBP1~ $9$k <u?. MW5a $,$J $$ $+$i Aw?. MW5a $rAw $j , <u ?.B& $bF1MM $KBP 1~$9 $kAw ?.MW 5a $,$J $$$N $G<u ?.MW 5a$r Aw$C$? >l9g , $*8_ $$$, $*8_ $$$K %^%C %A %s%0 $r0M Mj$9 $k$3 $H$K $J$j , @5$7 $/%^%C %A%s %0$r <h$k$3$H$,$G$-$J$$ . 4pK\E*$J2r7h:v$O$I$A$i$+$NMW5a$rL5;k$9$k$3$H$G$" $k . %P%C %U%! %W%m %H %3 %k$N >l 9g $O , Aw ?. MW 5a $K$h $j <u ?. B& $X%a%C%;!<%8$r%3%T!<$7$F$7$^$&$?$a<u?.MW5a$rL5;k $9$k$N$,E,Ev$G$"$j ( ?^ 6), F14|%W%m%H%3%k , get %W%m%H %3 %k$N>l9g$O , %j%b!<%H%a%b%j=q$-9~$_$NJ}$, B.$$$?$a , Aw ?.MW 5a$rL5 ;k$9 $k$N$, BEEv$G $"$k ( ?^ 7). $3$N2r 7h:v $r <B Au $9 $k $? $a $K , Aw ?. B& , <u ?. B& $H $b $K Aw ?. MW 5a , <u ?. MW 5a $r =P $7 $? ;~ $K , MW 5a $r =P $7 $? ( Aj <j $K %^%C %A %s %0 ?^ 6 %P%C%U%!%W%m%H%3%k$N>l9g ?^ 7 F14|%W%m%H%3%k$^$?$O get %W%m%H%3%k$N>l9g $r 0MMj$7 $? ) $3$H $r<($9 %-%e!< !y ( Aw?. , <u?. MW5a%-%e!< ) $K $= $l $i $N MW 5a $r F~ $l $k . L5 ;k $9 $Y $- MW 5a $, Mh $? >l 9g , $= $NMW5a $rL5;k$7 MW5a%-%e!< $+$i<h$j =|$/ . $?$@ $7$3$N ;~ , 0l4S @-$K LdBj $,$J $/L5 ;k$9$Y $-MW 5a$, Mh$J $$>l 9g$K $b , <!$N L5;k $9$Y $-$G $J$$ MW5a$, L5;k $5$l $J$$ $h$& $KMW 5a %-%e!<$+ $i<h $j=| $/ =hM} $,I, MW$H $J$k $?$a , Cm0U $,I, MW$G$"$k . $^$? , O"A[ %a%b %j$K $h$k %a%C%;!< %8%^%C %A%s %0$, @.8y $7 , %( %s %H %j $r >C 5n , $" $k $$ $O <: GT $7 MW 5a %-%e!< $K %( %s %H%jF~$l$k $H$$$&A‘:n$O%/%j%F%#%+%k%;%/%7%g%s$H$J$k $? $a , %^ %k%A %9%l%C %I$G <B 9T$7 $F$$ $k4D 6-$G $OGS B>%m%C %/$,I,MW$H$J$k$?$aCm0U$,I,MW$G$"$k . 4.3 DL?.$N=g=x MPI $G$O DL?. $N=g=x 4X78 $K$D$$ $F 2 %W %m%; %94V$G $O J] >Z $7 $F$$ $k . 2f!9$N Ds 0F$7 $F $$ $kJ} K! $O , Aw?. 85 $K%o %$ %k%I%+!< %I;X Dj$r9T $o$J$$ 8B$j , O" A[%a%b %j$, FIFO $G $" $j , %M%C %H %o!< %/ $, FIFO $r J] >Z $7 $F $$ $l $P DL ?. $N =g =x 4X78 $O J] >Z$5 $l $k . O"A[ %a %b %j , %M%C %H %o!< %/$, FIFO $G$"$l$PAw?. , <u?.MW5a$r=P$7$?=g HV$r 2 %W%m%; %9 4V$G J]>Z $9$k $3$H $,$G $-$k $?$a , H/9T $7$? =g$K %^%C%A %s%0$r9T$&$3$H$,$G$-$k$+$i$G$"$k . LdBj $K$J $k$N $, , Aw?. 85$K %o%$ %k%I%+!< %I$N ;XDj $r$9 $k <u ?. $r 4^ $‘ >l 9g $G $" $k . Aw ?. 85 $K %o %$ %k %I %+!< %I $r ;X Dj $7 $? >l 9g , <u ?. MW 5a $r =P $5 $J $$ $? $a , 8e B3 $N <u ?.$K $h $j <u ?. MW 5a $r =P $7 $F $7 $^ $& $H , Aw ?. B& $G $= $N MW 5a $H %^%C %A %s %0 $r 9T$C $F $7 $^ $& . =>$C $F , MPI $N MW 5a $9 $k FIFOness $r<i$k $?$a$K $O , Aw?. 85$K%o %$%k %I%+!<%I $N ;X Dj$r $9$k <u?. $rH/ 9T$7 $?8e$O , $=$N <u?. $KBP 1~$9 $kAw ?.$,H/9T$5 $l$k $^$G<u ?.MW 5a$r H/9T$9 $k$3 $H$, $G$-$J $$ . 5. MPI-EMX Aw?. B& , <u ?.B&AP J}$K $h$k BP1~ $9$kAw <u?. $N%^%C %A%s %0 $r 9T $& MPI $r 9b JB Ns 7W ;; 5! EM-X 3) $K <B Au $r 9T$C !y %-%e!< $H=q$$ $F$$$k $, , Aw ?.MW5a , <u?. MW5a$H F1MM$KO" A[%a%b %j , %O%C%7%eI=$rMQ$$$k .

5 $? . 5.1 EM-X EM-X $O EE Am 8& $G 3+ H/$5 $l $? J, ;6 %a %b %j 7? JB Ns 7W ;; 5!$G$"$j , MWAG%W%m%;%C%5 EMC-Y 2) $O%G!<%?6nF05!9= $K 4p $E$/ %Q%1%C %HAw =P5! 9= , %Q %1%C%H %^%C %A%s %05! 9=$r Hw $( , $^ $?4p K\E* $J<B 9TC1 0L$H $J$k 6/O" 7k%V %m%C%/ Fb$G $O%N%$%^%s 7?7W ;;5!$K 4p$E $/C‘ <!<B9T 5!9= $rHw $($F$$ $k . EM-X $O 8= :_ 80 PE $N %7 %9 %F %‘ $, 16MHz $G F0 :n $7 $F$*$j , %M%C%H%o!<%/$O%5!<%-%e%i%*%a%,LV$G$"$k . 6/O" 7k%V %m%C%/ $O%" %H%_%C %/$K <B9T$5 $l , 3d $j9~ $_Ey $K$h$jESCf$G CfCG$9 $k$3$H $N$J$$ L?Na%V %m%C%/ $G$"$j , 1 F~NO%Q%1%C%H$"$k$$$O 2 F~NO%Q%1%C%H$G5/F0 $5$l$k . %Q %1%C%H$O%"%I%l%9It , %"%I%l%9%?%0It , %G!<%?It , %G!<%? %? %0It $N 2 %o!< %I !y $G9= @.$5 $l$F$$ $k . %Q %1%C%H$, E~Ce $9 $k $H , F~ NO %P%C %U%! $K3J G< $5 $l $k . 2 F~ NO BT $A 9g$o $; %Q %1%C %H$N >l9g $O$3 $3$G %^%C%A %s%0 $,$H $i$l , $b$& 0lJ} $, $^$@E~ Ce$7$F$$ $J$1$l$P %a%b%j$K BTHr$5$; $i$l$k . F~ NO %P%C%U%!Cf$N%Q%1%C%H$O6/O"7k%V%m%C%/$r<B9T2DG=$J %Q %1%C %H $G $" $j , $= $l $i $O FIFO $G <B 9T $5 $l $k . $^ $? , 6/ O"7k%V%m%C%/$O%*%Z%i%s%I%;%0%a%s%H$H8F$P$l$k4X?t %U %l!<%‘$rMQ$$$k$3$H$K$h$j%3%s%F%-%9%H$rJ]B8$9$k;v $, $G $- $k . 0J 8e , 6/ O"7k %V %m%C %/$N 5/ F0 $N $3$H $r %9 %l%C %I 5/ F0 , B> %W%m %;%C%5 $N%9 %l%C%I 5/F0 $r FC$K %j%b!< %H%9 %l%C%I5/F0$H8F$V . I-structure $O 4X ?t 7? 8@ 8l $K F3 F~ $5 $l $? 1 read, 1 write $N%G!<%?9=B$ $G$" $j , EM-X $G$O 2 F~NOBT$A 9g$o $; %Q %1%C%H $rMQ $$ <BAu $5$l $F$$ $k . $^ $? I-structure $r FIFO %-%e!< $r MQ $$ J# ?t read, J# ?t write $K3H D% $7 $? Q-structure $bF1 MM$K <BAu $5$l , %-%e!< $K4X $7$F $O%= %U %H%&%’%"$G<BAu$5$l$F$$$k . %j %b!< %H %a %b %j A‘ :n $O %j %b!< %H %9 %l%C %I 5/ F0 $G <B Au $5 $l $F $$ $k$, , SYSWR, SYSRD %Q %1%C%H $H 8F $P $l$k FC <l %Q%1%C %H$K 4X$7 $F$O %O!<%I %&%’%" $G <BAu $5$l , F~NO %P%C %U%! $K$= $l$i $N%Q %1%C %H$, F~$k $H , <B 9T %f%K%C %H$r DL $i $J$$ $G$= $l$> $l%j %b!<%H %a%b %j=q $-9~ $_ , %j %b!<%H %a%b%j;2>H$r9T$& . %W %m %0 %i %_ %s %0 8@ 8l $H $7 $F $O %^ %k %A %9 %l%C %I =h M} , Bg 0h %] %$%s %? , I-structure, Q-structure $J $I$N 3H D%$r 9T$C$? C 8@8l EM-C 6) $,3+H/$5$l$F$$$k . 5.2 MPI-EMX $N<BAu 2f!9 $N Ds 0F $7 $F $$ $k JR B& Aw ?. $N <B Au $N $? $a $K $O , %j %b!< %H%a %b%j A‘:n $NB> $KAw ?.MW 5a , <u ?.MW 5a$N H/9T $,I, MW $G$"$k . $3 $l$i$NA‘ :n$OB>%W %m%;%C%5 $NO"A[%a %b%j$X $N =q $-9~ $_$G $"$k $, , O" A[%a %b%j $N3F MWAG $O%-%e!< $G$" $j , $^$? =q$- 9~$‘ A0$K BP1~ $9$k MW5a$, 4{$K Aw$i $l$? $+$I $& $+D4$Y$k$?$a$KB>%W%m%;%C%5$NMW5aH/9T%-%e!<$rD4$Y $k I, MW$, $"$k $?$a , $3$l $i$N =hM} $O%j %b!<%H %9%l%C %I5/ F0 $K $h $j <BAu $7 $? . $3 $N ;~ , %/%j %F%# %+ %k %;%/ %7%g %s $G $OGSB>%m%C%/ $r3] $1$k I,MW$, $"$k $?$a Cm0U $,I,MW $G$" $k . !y 1 %o!<%I$O%G!<%? 32 %S%C%H , %?%0 6 %S%C%H$N 38 %S%C%H$G$"$k . 2f!9$N<BAu$G$OO"A[%a%b%j$N%-%e!<$NA‘:n$,<g$JDL?. CY 1d $H $J$k $? $a , %"%; %s %V%i $r MQ $$9b B. 2= $r?^$C $? . $^ $? , %"%; %s%V %i$K $h$j 6/O" 7k%V %m%C%/ $H$7 $F5- =R$7 $?$3 $H $K$h $j , $3 $NGS B>%m%C %/$r L@<( E*$K 9T$& $3$H $J$/ <BAu $7$F$$$k . %a%C%;!<%8$NDL?.$K$O%j%b!<%H%a%b%jA‘:n$rMQ$$$F$$ $k $, , %a%C %;!< %8 $N DL ?. $@ $1 $G $O $J $/ MPI $N<u ?. %j %/ %( %9 %H %* %V %8%’ %/ %H $X $N Aw ?. 85 , %a%C %;!< %8 %? %0 , %5 %$ %:$N=q$-9~$_$b%j%b!<%H%a%b%jA‘:n$rMQ$$$F$$$k . $^$? <u?. 40N; $rD4$Y $k$? $a$K $O%]!< %j%s%0 , 3d$j 9~$_ $H $$ $&J} K!$, NI $/$H $i$l $k $, , EM-X $G$O I-structure $r %5 %]!< %H $7 $F $$ $k $?$a , <u ?. BT $A $K $O I-structure $N 6I =jF14| 5!9=$rMQ $$$? . $3$N5! 9=$K$h$j %W%m%;%C %5$KIi 2Y $rM? $($k $3$H $J$/ , M}A[ E*$J<u ?.3N G’$r 9T$& $3$H $,$G $- $k . $3$3$GLdBj$K$J$k $N$O MPI_Test() $G$O<u?.40N; $+$I$&$+ $N%A%’%C %/$r 9T $&I, MW$, $"$k $, , I-structure $r MQ $$$k>l9g read $, %V%m%C%/$7$F $7$^$&$? $a$=$N%A%’%C %/ $, =P Mh $J $$ $3 $H $G $" $k . $3 $N Ld Bj $K BP $7 $F 2f!9 $O I-structure $K%V%m%C %/$7 $J$$Hs F14| read A‘ :n$r 2C$( , EM-X $K<BAu$r 9T$C$? . $3$NHsF1 4| read A‘:n$O , write $, H/ 9T$5 $l $F $$$l $P DL>o $N read $H F1$8 $G $"$j , H/ 9T $5 $l$F$$$J$$ >l9g$O%V%m%C%/$7$J$$$G$9$0$KLa$k$H$$$&$b $N$G , EM-X $G$O I-structure $N%?%0$NItJ,$rD4$Y$k$3 $H$G<BAu$r9T$C$F$$$k . BP1~$9$kAw<u?.$N%^%C%A%s%0$KMQ$$$kO"A[%a%b%j$H$7 $F Q-structure $N5!9=$rMQ$$ $k;v$b9M $($i$l$k $, , 4v$D $+$NLdBjE@ $,$"$j$4$/8B$i$l$?>u67$G$7$+;HMQ$9$k$3$H $,$G$-$J$$ . 0l$D$NLd Bj$O Q-structure $N%"%I%l%9 6u4V $G , MPI $G $O Aw <u ?. %W %m %; %9 , %a%C %;!< %8 %? %0 , %3 %_%e %K %1!< %? $N 3 %o!< %I (12 %P %$ %H , $" $k $$ $O 96 %S%C %H ) $, I,MW$H$J $k$3$H $G$"$k . $b$& 0l$D$NLd Bj$O<u?. $G%o%$ %k %I%+!< %I;X Dj$r$7 $?>l 9g , Q-structure $N %"%I %l%9 $r Dj$a$k$3$H$,$G$-$J$$$H$$$&$3$H$G$"$k . EM-X $NDL>o$N%j%b!<%H%9 %l%C%I@8@.$O , %*%Z%i%s%I %; %0 %a %s %H $N MW 5a , 0z ?t $N %j %b!< %H %a %b %j =q $- 9~ $_ , %j %b!<%H%9%l%C%I5/F0$H$$$&=hM}$H$J $k$, , 0z?t$, 2 %o!< %I 0J 2< $G $+ $D %* %Z %i %s %I %; %0 %a %s %H $, I, MW $J $$ >l 9g $O , FC<l%Q%1%C%H %O%s%I%i$rMQ$$$k$3$H$K$h$jFC<l%Q%1%C%H $@ $1$G%9 %l%C%I5/F0 $r9T$& $3$H$,$G $-$k . 2f!9$N <BAu$G $O Aw ?. MW 5a , <u ?. MW 5a , MW 5a %-%e!< $+ $i $N <h $j =| $- $r %j %b!< %H %9%l%C %I5/ F0$G <BAu $7 $F$$ $k$, , MW5a %-%e!< $+$i $N <h$j =|$- $K4X $7$F $O0z ?t$, >/$J $$$? $a , FC <l%Q %1%C%H %O%s%I%i$K$h$j<BAu$r9T$C$? . $=$N B> , Aw?. / <u ?.%j%/ %(%9%H NN0h$O 8GDj D9NN0h $H$J $k$?$a , $=$NNN0h$N3NJ] , GQ4~$r , %U%j!<%j%9%H$rMQ$$%" %;%s%V%i 5-=R $r9T $$:G E,2= $r9T$C $? . $^$? , MPI_Wait() $b%"%;%s%V%i5-=R$r9T$$9bB.2=$r?^$C$F$$$k . 6. @-G=I>2A$H%W%m%0%i%_%s%0Nc $3$N@a$G$O MPI-EMX $N@-G=I>2A$H , MPI %i%$%V%i

6 MPI_Comm_rank(MPI_COMM_WORLD, &rank); MPI_Barrier(MPI_COMM_WORLD); if (rank == 1) { time = MPI_Wtime(); for (i = 0; i < NUM_ITER; ++i) { MPI_Irecv(rbuf, 1, MPI_INT, 2, 100, MPI_COMM_WORLD, &req); MPI_Wait(&req, &st); MPI_Isend(sbuf, 1, MPI_INT, 2, 100, MPI_COMM_WORLD, &req); MPI_Wait(&req, &st); /* or MPI_Request_free(&req); */ } time = MPI_Wtime() - time; } else if (rank == 2) { time = MPI_Wtime(); for (i = 0; i < NUM_ITER; ++i) { MPI_Isend(sbuf, 1, MPI_INT, 1, 100, MPI_COMM_WORLD, &req); MPI_Wait(&req, &st); /* or MPI_Request_free(&req); */ MPI_Irecv(rbuf, 1, MPI_INT, 1, 100, MPI_COMM_WORLD, &req); MPI_Wait(&req, &st); } time = MPI_Wtime() - time; } ?^ 8 IaDL$N pingpong $N%3!<%I %j $,8zN(E*$K<B9T$G$-$kM>CO$N$"$k%W%m%0%i%_%s%0$K$D $$$F$N2r@b$r9T$& . 6.1 Pingp ong MPI $rMQ$$ pingp ong $N%W%m%0%i %‘$r=q $/$H , ?^ 8 $N MM$K0lJ}$,Aw?.$7 , <u?.$r9T$$ , $b$&0lJ}$,<u?.$7 , Aw?. $r 9T $& $H $$$& %W %m %0 %i%‘ $K $J $j , ?^ 8 $G $O $= $l $i$r 7+ $j JV$7$F;~4V$r7WB,$7$F$$$k . $7$+$7$J$,$i , $3$N%W%m%0%i%‘ $G$O , MPI_Irecv() $r @h 9TH/ 9T$7 $F$$ $kLu $G$O $J$$ $?$a , JR B&Aw ?.$, 9T$o $l$k $H $O 8B $i $J $$ . $= $3 $G , $3 $N %W %m %0 %i %‘ $r ?^ 9 $N MM $K M= $a A4 $F $N MPI_Irecv() $r H/ 9T $7 $F $+ $i pingp ong $r ;O$a$k$h$&$K =q$-49 $($k !y . $3$N%W%m %0%i%‘ $G$O?^ 8 $H0[ $J $j@h9T H/9T$7$? J,$N<u?. %j%/%(%9 %H$,I,MW $K$J$k . $3 $N >l9g , Aw?.$r9T$&;~$K$O4{$K<u?.MW5a$,=P$F $$$k$?$a , >o $K<u?.B&$KLd$$9g$o$;$k$3$H$J$/%j%b!<%H%a%b%j=q$- 9~$_$K$h$kJRB&Aw?.$H$J$k . ?^ 8 5Z$S?^ 9 $N%W%m%0%i%‘$rMQ$$ , APJ}$K$h$k%^%C%A %s %0 , $" $k $$ $O <u ?. B& $K $h $k%^%C %A %s %0 $r 9T $$ , $= $l $> $l$N%W%m %H%3%k $K$* $1$k MPI-EMX $N pingp ong E>Aw $N JRF;$N;~4V$rI= 1 $K<($9 . <u?.$r@h9TH/9T$9$k%W%m%0 %i %‘ $G $O , AP J} $G %a%C %;!< %8 %^%C %A %s %0 $r 9T $& >l 9g , >o $K Aw?. B&$G %^%C%A %s%0 $,@. 8y$9 $k$? $a , %W %m%H %3%k 4V$N :9$O$J$/ , $3$N;~DL?.CY1d$O 15.4 � sec. $G$"$C$? . ?^ 8 $NIaDL$N pingp ong $N%W%m%0%i%‘ $G$O , F14|%W%m %H %3 %k , get %W %m %H%3 %k $OAw ?. B&$N %^%C %A %s%0 $O A4$F <: GT $9 $k$? $a , $= $NJ, <u?. B&$@ $1$G %^%C%A %s%0 $r9T$C $?J} !y %Y%s%A %^!<%/ $H$7 $F$N0U L#$O $3$N %W%m%0 %i%‘ $G@5 $7$$$, , 0lHLE* $K$OEy$7 $$<u?. %"%I%l %9$N%N %s%V%m%C%- %s%0<u ?.$r@h 9TH/9T $9$k $H race >uBV$H $J$k$? $a , JL!9$N<u ?.%"%I %l%9$r 3d$jEv$F $kI,MW $,$"$k . MPI_Comm_rank(MPI_COMM_WORLD, &rank); if (rank == 1) { for (i = 0; i < NUM_ITER; ++i) { MPI_Irecv(rbuf, 1, MPI_INT, 2, 100, MPI_COMM_WORLD, &req[i]); } MPI_Barrier(MPI_COMM_WORLD); time = MPI_Wtime(); for (i = 0; i < NUM_ITER; ++i) { MPI_Isend(sbuf, 1, MPI_INT, 2, 100, MPI_COMM_WORLD, &r); MPI_Wait(&r, &s); MPI_Wait(&req[i], &st[i]); } time = MPI_Wtime() - time; } else if (rank == 2) { for (i = 0; i < NUM_ITER; ++i) { MPI_Irecv(rbuf, 1, MPI_INT, 1, 100, MPI_COMM_WORLD, &req[i]); } MPI_Barrier(MPI_COMM_WORLD); time = MPI_Wtime(); for (i = 0; i < NUM_ITER; ++i) { MPI_Wait(&req[i], &st[i]); MPI_Isend(sbuf, 1, MPI_INT, 1, 100, MPI_COMM_WORLD, &r); MPI_Wait(&r, &s); } time = MPI_Wtime() - time; } else { MPI_Barrier(MPI_COMM_WORLD); } ?^ 9 %N%s%V%m%C%-%s%0<u?.$r@h9TH/9T$9$k pingp ong $N%3!<%I I= 1 MPI-EMX $N pingp ong DL?.$NJRF;;~4V ( � sec.) b oth sides only receiver side buf. get sync buf. get sync DL>o 36.1 25.4 27.9 42.8 21.4 22.1 @h9TH/9T 15.4 42.9 20.6 21.4 $, B. $/$J$C $F$$ $k$, , %P%C %U%!%W %m%H %3%k $O=i $a $K%a%C %;!<%8$r<u?. $9$k%W%m%;%9$NAw?.B&$N%^%C%A%s%0$,A4$F @. 8y$9 $k$? $a , AP J}$G %^%C %A%s %0$r $9$k J}$, B.$/ $J$C$F $$$k . F14|%W%m %H%3 %k , get %W%m%H%3%k $N$$ $:$l $b , <u?.$r @h 9T H/9T $7$F APJ} $G%^%C %A%s %0$r 9T$& >l9g 0J30 $G$O , <u?. B& $G$N =i$a $N%^%C %A%s %0$, @.8y $7 , K\ <AE* $K$3 $l$i $N%W %m %H%3 %k4V $N:9$O $J$$ . get %W %m%H%3 %k$N $[$& $,>/$7 B. $/$J$C$F$$$k$N$O<BAu>e$NLdBj$G$"$k . Nm%P%$%H$N DL?.$r9T$&>l9g , ?^ 9 $N%W%m%0%i %‘$G 15.3 � sec. $G $"$C$? . $3 $N CY1d $NBg It J,$O %W %m%;%C %5%m!< %+ %k$N=hM}$G$"$j , %W%m%;%C%5$,$b$& 10 G\B.$1$l$P 2 - 3 � sec. DxEY$K$J$k$O$:$G$"$k . <! $K F1 %W %m %0 %i %‘ $r AP1000, AP1000+, Cenju-3, SR-2201, Wiz $G <B 9T$5 $;$? >l 9g$N , pingp ong $N JRF; $N;~4V$r I= 2 $K<($9 . Wiz 11) $O DEC Alpha 333 MHz $N WS $r 100Base/TX Ether switch $G $D $J $$ $@ %/ %i %9 %? $G $" $k . AP1000, AP1000+ $G $O MPIAP 7),8) $r MQ $$ , Cenju-3 $G $O mini- MPI $r MQ $$ $? . SR-2201, Wiz $K4X$7$F$O MPICH $rMQ$$$F$$$k .

7 I= 2 Pingp ong ( � sec.) AP AP+ Cenju-3 SR2201 Wiz DL>o 72.8 26.1 48.9 32.6 199 @h9TH/9T 80.3 27.0 50.2 79.9 197 ?^ 10 EM-X $NDL?.%9%k!<%W%C%H $= $N B> $N %7 %9 %F %‘ $G $O Aw ?. B& $G Aw <u ?. $N %^%C %A %s %0 $r 9T$C $F$$ $J $$$? $a ?^ 8 5Z $S ?^ 9 $N%W %m %0%i %‘ $K$h $k:9 $, M> $j$J $$ . $= $l $I$3 $m$+ , SR2201 $NMM $K G\0J >e CY$/ $J$C $F$7$^$C $?$j , Cenju-3 $N mini- MPI $N MM$K 1000 DxEY$N MPI_Irecv() $N@h9TH/9T$G$b<B9T$G$-$J $$%7%9 %F %‘$b$"$j !y , 8=:_;HMQ2DG=$J MPI $G$O<u?.$r@h9TH/9T $7$F$b8y$rAU$5$J$$%7%9%F%‘$,B?$$$N$b8=>u$G$"$k . $7 $+ $7 $J $, $i =E MW $J $N $O ?^ 9 $N MM $K MPI_Irecv() $r @h 9TH/ 9T$9$k %W%m%0 %i%‘$O MPI %i%$ %V%i%j $N<BAu $H$7 $F 8zN(E*$K<B9T$9$k$3$H$,=PMh$kM>CO$,$"$k$H$$$&$3$H $G $" $j , %O!< %I%&%’ %"$N 5!G= $r== FsJ, $K;H $&$3 $H$N =PMh $k2DG=@-$,$"$k$H$$$&$3$H$G$"$k . 6.2 %9%k!<%W%C%H MPI_Irecv() $r@h9TH/9T$9$k pingp ong %W%m%0%i%‘ ( ?^ 9) $r MQ $$ , DL ?.%9 %k!< %W%C %H $N B, Dj $r 9T$C $? . 4p K\ E* $K$3 $NDL ?.%Q %?!<%s $G$O Aw?. B&$O <u?. MW5a $N3N G’ , %j %b!< %H %a%b %jE> Aw$r 9T$& $@$1 $G$" $j , %9%k!< %W%C%H $K4X $7 $F$O$[$\%j%b!<%H%a%b%jE>Aw$N@-G=$,=P$k$3$H$,4|BT $5$l$k . ?^ 10 $K MPI-EMX $N$= $l $>$l $N %W%m %H %3 %k$N %9 %k!< %W%C%H$H%j %b!<%H %a%b %j=q $-9~ $_$N %9%k!< %W%C%H $r<( $9 . remote write $H =q $$$F $" $k0l HV>e $N @~$O MQ $$$F $$ $k%j %b!< %H %a %b %j =q $- 9~ $_ $N @- G=$G , $3$N 4X ?t $O 64 %P %$ %H C10L$G%k!<%W%"%s %m!<%j%s%0 $r9T$C$F $$$k$?$a , 64 %P%$ %H$"$?$j$GCJ:9$,$G$-$F$$$k . APJ} $G%^%C %A%s %0$r 9T$& >l9g $, , %9 %k!<%W%C %H$N N)$A >e$,$j $, 0l HV NI $/ , 512 %P%$ %H $G%T!< %/ $N H> J, $N @- G= $r1[ $( , ?^$K$O$J $$$, 1.6 MB $N %G!<%?$G$O 31.4 MB/sec. $N @- G= $G $"$C $? . $3 $N %9 %k!< %W%C %H $O %j %b!< %H %a %b %j =q $- 9~ $_ $N %9 %k!< %W%C %H $H $[ $\ Ey $7 $$ @- G= $G $" $k . $, , pingp ong $N@a$G$_$?$h$& $KNm%P%$%H$NDL ?.$G$bCY1d$, !y I= 2 $N Cenju-3 $N%G!<%?$O 100 2s@h9TH/9T$7$?$b$N$G$"$k . 15.3 � sec. $b $"$k$?$a , N) $A>e$,$j$, >/$7F_$/$J$C $F$$ $k . EM-X $ODL?.CY1d$,6K$a$F >.$5$$$3$H$H , $3$N%W%m%0 %i%‘$G$O<u ?.B&$OB>$K7W;;$r$9$k$3$H$J$/<u?.$N$?$a$K $?$@BT$C$F $$$k $@$1 $G$" $k $?$a , <u?.B& $N=h M}$, B.$/ , F1 4| %W %m %H%3 %k , get %W %m %H%3 %k $rMQ $$ <u?. B& $@ $1$N %^%C %A%s%0$K$h $k%9%k!<%W%C%H$H$N:9$O6O$+$J$b$N$K$J$C$F $$ $k . %P%C%U%!%W %m%H%3 %k$OI, $:0l<! %P%C%U%!$r 3d$jEv $F , %3 %T!<$r 9T$& $?$a %9 %k!<%W%C %H$O %G!<%? %5%$ %: $rA} $d$7$F$bBg$-$/$J$i$J$$ . 6.3 8e B‘ Be F~ 8e B‘ Be F~ $O %, %& %9 $N >C 5n K! $N 5a 2r It $K $" $i $o $l , >e ;0 3Q 9T Ns $N 2r K! $G $" $k . >e ;0 3Q 9T Ns $r 9T %V %m%C %/ %5 %$ %/ %j%C%/ $KJ, 3d$7 , %Q%$ %W%i %$%s =hM} $K$h $jJB Ns<B Au$r 9T$C$F$$$k . I= 3 $K 5 Bf$N %W%m%;%C %5$rMQ $$ , 9T Ns$NBg $-$5 2000, %V %m%C%/ %5%$ %: 25 $N >l9g $N7k 2L$r <($9 . C1BN %W%m %;%C %5 $K $* $1 $k @- G= $O 3.66 MFlops $G $" $j , @h 9T H/ 9T $N >l 9g , AP J} $G %^%C %A%s %0 $r 9T $& $H$- $O 85% $NJB Ns 8z N( $, =P$F$$$k . 8eB‘BeF~$N%W%m%0%i %‘$N>l9g , EM-C $N@8@.$9$k%3!< %I$G$O%V%m%C %/Cf$N%G!<%?$N7W;;$NFs=E%k!<%W$,6/O"7k %V %m%C %/ $H $J $j , <B 9T Cf $O B> $N 6/ O" 7k %V %m%C %/ ( %9 %l%C %I ) $O 5/ F0 $G $- $J $$ . I=Cf w. yield() $O yield() $r %k!<%WCf$GL@ <(E*$K8F$s$G6/O"7k%V%m%C%/$rCfCG$5$;$F $$$k%W%m%0%i%‘$G$"$k . <u?. B&$@ $1$G %a%C%;!< %8%^%C %A%s %0$r 9T$& >l9g , F14| %W %m %H %3 %k , get %W %m %H %3 %k $O %k!< %W Cf $G yield() $r 8F $P$J $$$H , <u?. B&$G Aw?. B&$, @8@. $7$? %9%l%C %I$N 5/F0 $,CY$l , 6K$a$F@-G=$,Dc2<$7$F$7$^$C$F$$$k . $7$+$7$J$,$i , yield() $O7W;;$K$H$C$F$O=c ?h$J%*!< %P %X%C%I$G $"$k . <u?. $N@h9TH/ 9T$HAP J}$K$h $k%a%C%;!< %8 %^%C%A %s%0 $r9T $&>l 9g , JR B&Aw ?.$H $J$j <u?. B&$N %W%m %;%9$K1F6A$r5Z$\$5$J$$$?$a , yield() $r8F$VI,MW$,$J $$ . JRB& Aw ?. $O , C1 $K DL?. CY 1d $r8: >/ $5$; $k $@$1 $G $O$J $/ , A4BN $H $7 $F $N @- G= $r >e $2 $k $3 $H $, $G $- , =E MW $J <BAu J}<0$H$$$($k . 7. 4X O" 8& 5f MPI $N<BAu$O8=:_$^$G$K?t B?$/$"$k$, , $b$C$H$bB?$/ ;H $o $l $F $$ $k $N $, MPICH 1) $G $" $k . MPICH $O %a%C %;!<%8DL?.$N%W%m%H%3%k $H$7$F eager, rendezvous, get $N 3 $D$r;}$C$F $$$k . $, , $$$: $l$N%W%m %H%3%k$b Aw?.B& $O $^$: %3 %s%H %m!<%k %a%C%;!< %8$r Aw$j , <u?. B& $NJV ;v$r BT $A , Aw <u?. $N %^%C %A%s %0 $O<u ?. B& $G9T $o $l $k . $3 $N>l 9g , $$ $/ $i MPI_Irecv() $r @h 9T H/ 9T $7 $F $b , Aw ?. ;~ $K 0l EY <u?. B&$K %3%s %H%m!< %k %a%C%;!< %8$r Aw$k $? $a , 2f!9 $,Ds0F$7$F $$$k<jK!$KHf$YDL?.CY1d$,Bg$-$/$J$C$F$7$^ $& . $^$? , MPI-FM 4) , MPI-AM 10) Ey$N MPICH $rMQ $$$F$$$k<B Au$G$OAw?.B&$GAw<u?.$N%^%C%A%s%0$O9T$o$l

8 I= 3 MPI-EMX $N8eB‘BeF~$N@-G= (MFlops/#PE) b oth sides only receiver side buf. get sync buf. get sync w/o yield() DL>o 2.55 2.33 2.17 2.55 0.71 0.71 @h9TH/9T 3.10 2.55 0.71 0.71 w. yield() DL>o 2.73 2.78 2.84 2.73 2.78 2.84 @h9TH/9T 2.84 2.74 2.85 2.85 (#PE = 5, N = 2000, n of blo ck = 25) $F$$$J$$ . MPIAP 7),8) $OIY ;N DL AP1000, AP1000+, AP3000 $K$*$1$k MPI $N native $J<BAu$G$" $j , Aw?.J}<0$H $7$F in-place metho d, proto col metho d $H$$$&Fs$D $NJ}<0 $r <B Au $7$F $$ $k . $5 $i $K<u ?. J} K!$b %]!< %j %s%0 , %7 %0 %J %k ( 3d $j 9~ $_ ), $=$l $i $r 9g $o $;$? J} K! $r <BAu $7 , Hf 3S 8! F$ $r 9T$C $F$$ $k . $, , $d $O $j $=$l $i $OA4 $F <u ?.B& $G Aw <u ?.$N%^%C%A%s%0$r9T$C$F$$$k . 8. =* $o $j $K MPI $N p oint-to-point DL ?. $K $* $$ $F , BP 1~ $9 $k MPI_Irecv() $, @h 9T H/ 9T $5 $l $k %Q %?!< %s $G Aw ?. $, <u ?.B&$KLd$$9g$o$;$k$3$H$J$/%j%b!<%H%a%b%j=q$-9~$_ $K $h$jAw?.$r9T$&JRB&Aw?.$N<BAu$K$D$$$F$NDs0F$H8!F$ $r 9T$C $? . EM-X $K $* $1 $k <B Au $G $O , DL ?. CY 1d $, 15.3 � sec. $G$"$C $? . $3$NCY1d$OB> MPP %7%9%F%‘$KHf $Y$F $b >/ $J$$ $, , $3 $NCY 1d$N BgIt J,$O %W%m %;%C%5 %m!<%+ %k$N =h M} $G$" $j EM-X $N %W%m %;%C %5%9 %T!< %I$, :# $N 10 G\ $H $J $l$P 2 - 3 � sec. Dx$K C;=L $5$l $k 8+9~ $_$, $"$k . $^ $? , %9 %k!< %W%C %H $K 4X $7 $F $O $[ $\ %T!< %/ @- G= $G $"$C $? . $, , JR B& Aw ?. $O C1 $K CY 1d $r 8: >/ $5 $; , %9 %k!< %W%C %H $r 8~ >e $5$; $k$@ $1$G $O$J $/ , <u ?.%W %m%;%9 $N<B 9T$K 1F6A $r5Z $\$5$J$$$? $a%W %m%0%i %‘A4 BN$N @-G=$r >e$2 $k$3 $H$,$G $- , %O!< %I%&%’%"$N@-G=$r==FsJ,$K=P$9$?$a$K$OJRB&Aw?.$, IT2D7g$H$$$($k . $3 $3 $G BP 1~ $9 $k MPI_Irecv() $, @h 9T H/ 9T $5 $l $k %Q %?!< %s$O8=:_$N=hM}7O$G$OI,$:$7$b8y$rAU$9$k$H$O8B$i $J $$ $, , =E MW $J $N $O MPI $N <B 9T ;~ $N =h M} $H $7 $F%O!< %I %&%’ %"$N 5!G= $rMQ $$$k M>CO $rM? $( , 8z N(E* $K<B 9T$9 $kM> CO$N$"$k%W%m%0%i%_%s%0$r9T$&$H$$$&$3$H$G$"$k . 8= :_ , p oint-to-point DL ?. , %P %j %" F1 4| , 0l It $N %j %@ %/%7%g%s1i;; , Cartesian %H%]%m%8Ey$,<BAu$5$l$F $*$j , :#8e%U%k%9 %Z%C%/ $N;E MM$r %5%]!< %H$7 $F$$$/ M=Dj $G$" $k . 9. <U <- K\8& 5f$r ?k9T$9 $k$K $"$? $j5.=E $J$4 =u8@ , $4F$O@ $$$? $@$$$?Bg<,OB?NItD9 , :4F#;05W;a , :d:,9-;K;a , ;3L>Aa?M ;a , >. CSHF J? ;a $[ $+ , $4 6( NO $$ $? $@ $$ $? =t ;a $K 46 <U CW $7 $^$9 . ;2 9M J8 8% 1) Gropp, W., Lusk, E., Doss, N. and Skjellum, A.: A high-p erformance, p ortable implementa- tion of the MPI message passing interface stan- dard, Par al lel Computing , V ol. 22, pp. 789{828 (1996). 2) Ko dama, Y., Koumura, Y., Sato, M., Sak ane, H., Sak ai, S. and Y amaguc hi, Y.: EMC-Y: Parallel Pro cessing Element Optimizing Com- munication and Computation, Pr o c e e dings of ICS’93 , pp. 167{174 (1993). 3) Ko dama, Y., Sak ane, H., Sato, M., Y amana, H., Sak ai, S. and Y amaguc hi, Y.: The EM- X Parallel Computer: Architecture and Basic Performance, Pr o c e e dings of ISCA’95 , pp. 14{ 23 (1995). 4) Lauria, M. and Chien, A.: MPI-FM: High Performance MPI on W orkstation Clusters, Journal of Par al lel and Distribute d Computing , V ol. 40, No. 1, pp. 4{18 (1997). 5) Message Passing In terface F orum: MPI-2: Extensions to the Message-Passing Interfac e (1997). http://www.mpi-forum.org/docs/ mpi-20-html/mpi2-report.html . 6) Sato, M., Ko dama, Y., Sak ai, S., Y amaguc hi, Y. and Koumura, Y.: Thread-based Program- ming for the EM-4 Hybrid Data ow Machine, Pr o c e e dings of ISCA’92 , pp. 146{155 (1992). 7) Sitsky , D. and Hay ashi, K.: Implementing MPI for the F ujitsu AP1000/AP1000+ using Polling, Interrupts and Remote Copying, Pr o- c e e dings of JSPP’96 , pp. 177{184 (1996). 8) Sitsky , D. and Hay ashi, K.: An MPI library which uses p olling, in terrupts and remote copy- ing for the F ujitsu AP1000+, Pr o c e e dings of IS- P AN’96 , IEEE (1996). 9) Snir, M., Otto, S., Huss-Lederman, S., W alk er, D. and Dongarra, J.: MPI: The Complete R ef- er enc e , The MIT Press (1996). 10) W ong, F. C. and Culler, D. E.: Message Pass- ing Interfac e Implementation on A ctive Mes- sages . http://now.CS.Berkeley.EDU/ Fastcomm/MPI/ . 11) 1W 8} K‘ 5* , 7z It =$8+ , 4X8} CR;L , D9Eg 1@ J< , :4 F# ;0 5W : %"%k%U%!%o!<%/%9%F!<%7%g%s$N%/%i%9%? etlwiz $N @- G= I> 2A , >p Js =h M} 3X 2q 8& 5f Js 9p , 98-HPC-70, pp. 61{66 (1998). HOKKE’98.