V ol. 38 No. 9 >pJs=hM}3X2qO@J8;o Sep. 1997 %9 %l %C %I %Y !< %9 <B9T $K$* $1 $k@Q6KE* %G !< %? E>Aw $N$?$a$N Plan-Do 7? %3 %s %Q %$ %k 5;K! $H $=$N I>2A H, ?y >; 9( y >> 2, Ao yy JF _7 L@ 7{ yyy J,;6 %a %b%j 7? JB Ns 7W;; 5! $K$*$$ $F@Q6K E* %G !<%?E> Aw $r9T $& $? $a $N?7 $7 $$%3 %s%Q %$ %k$NOHAH $_ $H $7 $F !$ Plan-do %3 %s %Q %$ %k 5;K! $r3+H/ $7 $? !% $3$N5;K! $O 6aG/ $N:YN3EY %"!< %-%F %/ %A %c $K$F !$ 9b%9 %k !< %W %C %H DcCY1d $NDL?.<jK! | %Q %$ %W %i %$ %s Aw?. | $r <B8=$9$k $H$- $K FC $K M-8z $G$"$k !% JQ49 4X?t $r@hF, $+$i E, MQ$9 $k $3$H$G !$9b %l %Y%k$N Plan-Do 7? %3 !< %I $+$i !$ $h$j Dc %l %Y%k $N @Q6KE* %G !< %? E>Aw $r 9T $& %3!< %I $X JQ49 $G$-$k !% $^ $? !$ 3+ H/ $7 $? ABCL/ST %3 %s %Q %$ %i $rMQ$$ $FJBNs7W;;5! EM-4 $K $* $1 $k<B83 $r 9T $$ !$ $h$$@-G= $, F@ $i $l $k $3$H$r 3NG’ $7 $? !% The Plan-Do St yle Compilation T ec hnique for Eager Data T ransfer in Thread-Based Execution and its Ev aluation Masahir o Y asugi, y Sa toshi Ma tsuoka yy and Akinori Yoneza w a yyy Plan-do compilation tec hnique is a new, adv anced compilation framew ork for e ager data tr ansfer on distributed-memory parallel architectures. The tec hnique is esp ecially e�ectiv e for a recen t breed of �ne-grain arc hitectures b y realizing a high-throughput lo w-latency com- m unication sc heme, pip eline d sends . The compilation of high-lev el, plan-do st yle co de in to lo w-lev el, eager data transfer co de is ac hiev ed via straigh tforw ard application of the transla- tion function. Benc hmark results on a real parallel arc hitecture, EM-4, with the dev elop ed ABCL/ST compiler exhibit go o d p erformance. 1. $O $8 $a $K J,;6 %a %b%j 7?D6 JB Ns 7W ;; 5! $O !$ %9 %1 !< %i %S %j %F %# $N LL $G L%NO E* $G$"$k!% MM!9 $J%? %$ %W $NJ,;6 %a %b %j 7? D6 JB Ns7W ;; 5! $, 9M $( $i $l $k $, !$ $= $N4pK\ E* $JCj>] <B 9T %b %G %k$O !$ Hs F1 4| $K D>@\ 8r ?. $9 $k%9 %l %C %I $H$$ $& %b %G%k$H $$ $($k!% $= $N$h$& $JCj>]%^ %7 %s$O !$ %9 %l %C %I %Y!< %9 $N Cj>] %^ %7 %s$K %a %C %;!< %8 %Q%C %7 %s %0 $N$? $a $N %k!< %A %s $r 2C $( $F $d$k $3 $H $G $H$j $" $( $: $O <B8= $G$-$k!% $= $N $h $& $J %k !< %A %s =8 $O %a %C %;!< %8%Q%C %7 %s %0 %i %$ %V %i %j $H 8F $P $l $F $$ $k!% y ?@8MBg3X9)3XIt>pJsCNG=9)3X2J Departmen t of Computer and Systems Engineering, F acult y of Engineering, Kob e Univ ersit y yy El5~9)6HBg3XBg3X1!>pJsM}9)3X8&5f2J?tM}!&7W;;2J3X@l96 Departmen t of Mathematical and Computing Sciences, Graduate Sc ho ol of Information Science and Engineer- ing, T oky o Institute of T ec hnology yyy El5~Bg3XBg3X1!M}3X7O8&5f2J>pJs2J3X@l96 Departmen t of Information Science, F acult y of Science, The Universit y of T oky o $7 $+ $7 $J $,$i !$ $= $N $h $& $J%i %$ %V %i %j $K 4p $E $/ %" %W %m!< %A $G $O !$ DL ?. $N $? $a $N !$ $h$j?J $s $@ <BAu5; =Q $r<h $j F~ $l $k $3 $H$, $G $- $J $$ !% %3%s %Q %$ %k $K 4p$E $/%" %W %m!< %A $K$h$C $F $N$_2D G= $H $J$k5;=Q $, $= $l$G$"$k!% Nc $( $P !$ %a %C %; !< %8 2r <a $r %3%s %Q %$ %k $9 $k 5; =Q $, $" $j !$ %" %/ %F %# %V %a %C %;!< %8 7) $H $7 $F CN $i $l $F$$ $k!% $= $3 $G $O !$%a %C %;!< %8 $K$O%U%) !<%^ %C %H$K 4X $9$k <B 9T;~ %? %0 $r IU $1$:!$ %3 %s %Q %$ %k$5 $l$? %a %C %;!< %8 %O %s %I %i$N %" %I %l %9 $N $_ $rIU $1 $F $d$k !% $5 $i $K ?J $s $@<B Au 5; =Q $K $O!$ DL?. $r$b %3 %s %Q %$ %k$9$k $3 $H $G $O $8 $a $F2DG= $H $J$k $b $N $, $" $k!% K\ 9F $G $O !$ @Q 6K E* !J eager !K %G !< %? E> Aw $H $$$& <B Au 5; =Q $K Ce L\ $7 !$ $=$N%3%s %Q %$ %k $N OH AH $K $D $$$F =R$Y $k !% @Q6K E* %G !<%?E> Aw $H$$ $& 9M $( J} $O !$ %G !<%? %U%m !<<B 9T %b %G%k$K M3Mh $7 $F$$$k $, !$ 2f!9 $O$= $l$r %9 %l %C %I %Y!< %9 <B 9T %b %G%k $K$* $$ $FMQ $$ $k !% @Q 6K E* %G !< %? E> Aw $H $O!$ !V%G !< %? $, ;H $o $l $k >l =j $K %G !< %? $r@Q 6K E* $KAw $k !W $H $$ $$D>$9 $3 $H $,$G $- !$ Aw $j<j!$ <u $1 <jAPJ} $K $* $1 $k %a %C %; !< %8 $N %m !< %+%k$J %P %C%U %! %j %s%0 $r 8: $i $9$3 $H $G !$ %9 %k!< %W%C %H !$ CY 1d $H $b 2~ NI $G $- $k !% $b $A $m $s !$ @Q 6K E* 1

2 >pJs=hM}3X2qO@J8;o Sep. 1997 %G !<%?E>Aw $N2aEY $N;HMQ $K $O %H %l !< %I %*%U $,$"$j !$ BP >] $H $7 $? J,;6 %a %b%j 7? JB Ns 7W ;; 5! $, :YN3 EY DL ?. $rF@0U $H $7 $J$$>l 9g $K $O !$ 5U $K%* !< %P!< %X %C %I $, Bg $- $/ $J$k !% DL ?. $HBT $A 9g $o $; $N2s ?t $N A} 2C $r0U L# $9 $k $+ $i $G $"$k !% $7 $+ $7 !$ :Y N3 EYDL ?. $r F@0U $H$9$kJBNs %"!< %-%F %/ %A %c $G$O !$ O@ M} E* $K 0l2s $N %a %C %;!< %8 Aw?. $K BP $7 $F$b@Q6K E* %G !< %? E> Aw $r M- 8z $H $9 $k$3$H$, $G $- $k !%K\ 9F $G$O !$ :Y N3 EY %O %$ %V %j%C %I JB Ns%" !<%- %F %/%A%c EM-4 3),5) >e $G$N @-G= B, Dj $rDL $8 $F !$ %3 %s%Q %$ %k $7 $? %Q %$ %W %i %$ %s Aw?. $K $* $1 $k$= $N M-8z@- $r <($9 !% 0l8} $K !V D>@\8r ?. $9$k%9 %l %C %I !W $H$$$C $F$b !$ MM!9 $J %l %Y %k$NCj >] 2= $, 2D G= $G$" $k !% Nc $( $P !$ ABCL 11) $N $h $& $JJBNs %* %V %8 %’%/ %H ;X8~ 8@ 8l $O !$ 9b $$ %l %Y %k$NCj >]2= $r Ds6! $7 $F $*$j !$ 0lJ}!$ J, ;6 %a %b%j%^ %7 %s $= $l <+ ?H $O !$ :G $bDc $$ %l %Y %k$NCj>] 2= $r Ds6! $7 $F$$$k!% K\ 9F $G$O !$ %3 %s %Q %$ %k 2aDx $r !$ D>@\ 8r ?.%9 %l %C %I %b %G%k$K $* $1 $kCj >] EY $NCJ 3, E*0z $-2< $2 $H B* $( !$ %3 %s %Q %$ %i $H $7 $F 2? $, I,MW $+$r 5DO@$9$k!% @Q6K E* %G !<%?E> Aw $r<B8= $9 $k $K $O !$ %G !<%? %U%m !<>p Js $, IT2D7g $H$J$k!% $3 $N $? $a86M}E* $K $O !$ $9 $Y $F$NCj >] 2= %l %Y %k $G %G !< %? %U %m !< >p Js $, I, MW$H $J $k !%$D $^ $j !$ %3 %s %Q %$ %i $N3F %l %$ %d $N%b %8%e %i %j %F %# $r J] $D $K $O !$ 3F CJ 3, $NCf 4V %3!< %I $,%G !<%? %U%m !<>p Js $r;} $DI, MW $, $"$j !$ %G !<%? %U%m !<>p Js $K 4p $E $/:G E,2= $r 9T $o $J $$ %l %Y %k $G$9 $i %G !<%? %U%m !<>p Js $, I,MW $K$J$C $F $7 $^ $& !% $3$N $?$a!$ $$$/ $D $+$N %3 %s %Q %$ %k$N %U %’!< %:$r$^ $H$a $F!$ 1 %Q %9 $K $9$k $3 $H $, Fq $7 $/ $J$k!% $3 $NLdBj $O !$ @)8f %U%m !< $H %G !<%? %U %m !< $r %9 %H %j !<%‘ $N7A $K I= $7 $? Plan-Do 7? Cf 4V %3 !< %I 10),14) $r;H$& $3 $H $G2r 7h $G $- $k !% $5 $i $K$$ $( $P !$ %3 %s %Q %$ %k$N %U %’ !< %: 4V $N %Q %$ %W %i %$ %s JBNs2= $, K>$^ $l $k $H$-$b JXMx $J Cf4V %3!< %I $H$J $k!% 2. @Q6KE* %G !< %? E>Aw 2f!9 $NF0 5! IU $1 $r $O$C $- $j $5 $;$k $? $a $K !$ $3 $3 $G $O !$ @Q6K E* %G !<%?E> Aw $N $$$/ $D $+$NNc $r MQ $$ $F !$ $$ $m $$$m $J Cj>]2= %l %Y%k$G $= $l $r 3h $+$; $k $3$H$r$_ $k!% 2.1 :YN3EY $N Nc | %Q %$ %W %i %$ %s Aw?. DL ?. $H 7W ;; $r %* !< %P !< %i%C %W $5 $; $k !J 1s 3V !K %a %C %; !<%8 %Q %C %7%s %0 <B Au J} <0$H$7 $F !$ %Q %$ %W %i %$ %s Aw ?. $O !$ EM-4 >e $N JB Ns %*%V %8 %’ %/ %H ;X 8~ 8@ 8l =h M} 7O ABCL/EM-4 8),9),12),13) $K $* $$ $FDs 0F $5 $l$F $- $?!% $3 $N J}<0 $O %a %C %; !< %8 0z?t $NI> 2A $H$= $NAw ?. $r%Q %$ %W %i %$ %s E* $K 9T $& !% $3 $l$K$h$j !$ Aw $j<j<u $1 <jAPJ} $K $* $1 $k %m!< %+ %k $J %P %C %U %!%j %s %0$r 8: $i $7 !$ %9 %k!< %W %C %H !$ CY1d $H$b2~NI $G$-$k!% $3$NJ}<0 $O !$ EM-4 $G 8zN( NI$/ %5%] !< %H $5 $l $F $$ $k (1) 1s3V%3!< %I $N 5/F0 !$ (2) 1s 3V ?^ 1 MW5a %a %C %;!< %8 Aw?.$N$?$a$N%Q%1%C %H 8r49 Fig. 1 P ac k et Exc hange for a Pip elined Request Message Send =q $-9~ $_ !$ (3) %M%C %H %o!< %/ $N FIF O @-!$ $K $h$j<B8= $5 $l $k!% %Q %$ %W %i %$ %s Aw?. $N $? $a $N%Q %1 %C %H 8r49 <j =g $O <! $N $h $& $K?J$‘ !J ?^ 1 !K : (1) Aw $j <j $O !$ <u $1 <j%N !< %I $G 3d $jEv $F $i $l$? %a %C %;!< %8 %\ %C%/%9 %" %I %l %9 $r JV $9 %3!< %I $r 5/F0 $9$k $3 $H $G !$ <u $1 <j%N !< %I $K %a %C %;!< %8 %\ %C %/ %9 $rM= Ls $9 $k !% (2) Aw $j <j $O!$ %a %C %; !< %80z ?t $rI> 2A $7 !$ $= $l $>$l $N 0z?t Kh $K !$ $= $N %Q%1 %C %H $r <u $1 <j%N !< %I >e $N %a %C %;!< %8 %\ %C%/%9 $NE, @Z $J 0LCV $K 8~ $1$FAw?. $9 $k !%I> 2A $H Aw?. $O :Y N3 EY $K %Q %$ %W %i %$ %s 2=$5 $l $k !% (3) Aw$j<j $O !$<u $1 <j $K $=$N %a %C %;!< %8 %\ %C %/%9 %" %I %l %9 $rAw?. $9$k!% <u $1 <j $O !$ $= $N %a %C %;!< %8$r =hM} $G $- $k$^ $G$O%-%e !< $K F~ $l $k $+ $b $7 $l $J $$ !% %a %C %;!< %8 %\ %C%/%9 $r M=Ls $9$k $? $a $N%Q %1 %C %H $N EA C# $K $O !$ 1} I| $NCY 1d $r MW $9$k $, !$ Aw $j<j%N !< %I $K $* $1 $k %^ %k %A %9 %l %C %G %# %s%0 $K $h $j 8z N( E* $K 1# JC$G $- $k !% $5 $i $K $O!$ M= Ls $K $h $j <! $N Mx E@ $, F@ $i $l$k : (1) <u $1<j %N !< %I $K $* $1 $k %a %C %;!< %8%-%e !< $N4IM} $, !$%a %C %;!< %8$r $^$k $4 $H%3 %T !< $9$k $N $G $O$J$/ %] %$ %s %?A‘ :n $N $_ $G 8zN(E* $K$G $-$k !% (2) Aw?.@h $N %a %C %;!< %8 %\ %C %/ %9 %" %I %l %9 $,$o $+ $C $F$$$k $N $G !$ %Q %$ %W %i %$ %s Aw?. $, 2D G= $K$J $j !$ (a) %a %C %;!< %8 $N I>2A40N; A0$N@Q 6KE*Aw ?. $K $h$k CY1d $N :o8:!$ (b) Aw$j<j %N !< %I $K $* $1 $k%m!< %+ %k $J %P %C%U%! %j %s%0 $K MW $9 $k %a %b %j %" %/%; %9$N :o 8: !$ $, C# @.$5 $l $k !%$5 $i$K !$ %Q %$ %W %i %$ %s Aw?. $O Cf CG / :F 3+2DG= $G$" $j !$ B> $NAw?. $H %$ %s %? !< %j!< %V $G $- $k !% 2.2 $h $j AFN3EY $N Nc @Q6K E* %G !<%? E> Aw $O$h$jAF N3 EY $N %l %Y %k $K $* $$ $F$b MxMQ $G $- $k : [Obj1 <= [:Msg1 [:cons 1 [:cons 2 [:nil]]]]]

V ol. 38 No. 9 @Q6KE* %G !<%?E>Aw$N$?$a$N Plan-Do 7? %3 %s %Q %$ %k 5;K! $H$=$N I>2A 3 JBNs%* %V %8 %’ %/ %H ;X 8~8@ 8l ABCL $K $h $k $3$N %W %m %0 %i %‘ CG JR $O !$ Obj1 $X $N %a %C %; !<%8 Aw ?.$r I= $9 !% %a %C %; !<%8 $O !$ %a %C%; !<%8 %? %0 :Msg1 $H @0 ?t$N %j %9 %H 1 !$ 2 $G $" $k!% $3 $l$, 1s3V %a %C %;!< %8 Aw?. $G$" $j !$ %3 %s %9 %; %k$rMQ $$ $F %j%9 %H $r <BAu $9 $k $H 2>Dj $9$k $H !$ %m !<%+ %k$K%3 %s %9 $7 $F $+ $i 1s3V %3 %T !<$9$k $N $G $O$J$/ !$ D> @\ Obj1 $, $$ $k %N!< %I $K 1s 3V %3 %s %9$9$k%3 !< %I $r @8@. $7 $? $$ !% $3$N<o $N@Q6K E* %G !<%?E> Aw $O 2? $bJB Ns %* %V%8 %’%/ %H ;X8~ 8@ 8l $K 8B $C $?OC $G $O$J$/ !$ Nc $( $P !$ !J %9 %l %C %I %Y!< %9 $N !K 4X?t7?8@8l $G$O <! $N$h $& $K$J $k $G$" $m $& : (Fun1 [:cons 1 [:cons 2 [:nil]]]) $3$3$G !$D>@\ Fun1 $N 6nF0 %U %l !<%‘ $, $" $k %N!< %I $K 1s 3V %3 %s %9 $9$k %3!< %I $r @8@. $7 $? $$ !% 3. @Q 6K E* %G !< %? E> Aw $N $? $a $N %3%s %Q %$%k $N OHAH $h $j Dc %l%Y %k $G $N @Q 6K E* %G !< %? E> Aw $r<B 8= $9 $k $K $O!$ 9b %l %Y %k%3!< %I $O $= $l$J$j$N %G !<%? %U%m!<>p Js $r ;} $C $F$$ $J $/ $F $O$J $i$J$$!% %G !<%? %U %m!<>p Js $O !J F10l %l %Y %k Fb $G$N !K %3!< %I :GE, 2= $K I,MW $J$N $G $O$J $/ !$ %3!< %I JQ49 !J 9b %l %Y %k %3!< %I $+$i$N !$ $h $jDc %l %Y %k%3!< %I $N @8@. !K $K I,MW $H $J$k!% $= $N>p Js $K $O !J $"$kCM v $r 9M $( $k $H !K !$ (1) v $, $=$N $& $A ;H $o $l $k $+ $I $& $+ !$ (2) $I $N %9 %l %C %I !J %N!< %I !K $, v $r ;H $& $3$H $K$J $k $+ !$ (3) $I $N %a %b %j0L CV $K v $O :G =* E* $K =q$- 9~ $^ $l $k$+ !$ $J $I $, $" $k !% (2) $H (3) $, FC $K !$ 2.1 @a $G =R $Y $?%Q %$ %W %i %$ %s Aw?. $r <B8=$9$k $N $K$O IT2D7g $G$" $k!% 3.1 Plan-Do %9 %? %$%k $K%G !< %?%U %m !< >p Js$r Kd $a 9~ $‘ Plan-Do 7? Cf 4V%3 !< %I 10),14) $O >e 5-$N MW 7o$r K~$? $9 $H $H$b $K !$ %3 %s %Q %$ %k$N2aDx $= $N$b $N $K BP $9$k Mx E@ $b M-$9 $k !% $3$N @a $G$O 4J C1 $K Plan-Do 7? %3 !< %I $K $D $$ $F =R $Y$k $, !$ $= $N=EMW $J 8z2L !J $D$^ $j !$ @Q 6KE* %G !< %?E>Aw %3!< %I $N@8@. !K $O !$ Plan-Do 7? %3!< %I $+$i !$ $h $jDc %l %Y %k$N %3!< %I $r @8@. $9 $k $H$- $K 8= $l $k!% $3 $l$O 8e $N 3.2 @a $G <($9 !% Plan-Do %9 %? %$ %k$N4pK\ E* $J %" %$ %G %" $O !$ (1) Plan It !J%W %i %s @k8@ It !K $, %G !< %? %U %m !< >p Js $rDs6! $7 !$ (2) Do It !J%W %i %s <B9T It !K $, @)8f%U%m!< >pJs $r Ds 6!$9$k $3 $H $G $" $k !% Plan-Do %9 %? %$ %k $rMQ $$ $k $3 $H $NMx E@ $O : (1) G$0U$N %0 %i%U 9=B$ $G$J $/%9 %H %j !<%‘$N7A $r$H $k $3 $H !$ (2) %W %i %s @k8@ $H %W %i %s <B9T $r %$ %s %? !< %j!< %V $9 $k $3 $H $,$G$-$k $3 $H !$ $G$"$k!% $3 $& $7 $F !$ Plan-Do %9 %? %$ %k $K$h$j !$ Plan-Do 7? %3!< %I $r =PNO $H$9$k %U %’ !< %: $H !$ $=$N Plan-Do 7?%3 !< %I $r F~ NO$H $9 $k%U%’ !<%: $r !$ F1 $8 %Q %9 $K$9$k !J $^ $? $O !$ %Q %$ %W %i %$ %s E*JBNs 2= $9 $k !K $3$H $,$G $- $k!% Plan-Do 7? %3!< %I $K E, $7 $? %3 %s%Q %$ %k$NBP >] $H $7 $F $O !$ <+ A3 $J %G !< %? %U %m !< $rI= $7 $F$$ $k <0 !J expression !K $, $"$k!% Plan-Do 7? %3!< %I $r MQ $$ $k $3 $H $G !$ ;~ 4V $N $+ $+ $k %U%m !<2r @O $r9T $o $: $K !$ $= $N>pJs $r I=8= $9$k $3 $H $, 2D G= $K$J$k!% Plan-Do 7? %3!< %I $O !$ %=!<%9 %W %m %0 %i %‘ $N0UL# $r @)8f%9 %l %C %I !J $N C‘<! <B 9T !K $NE@ $+$i I= $9 $H$H$b $K !$ 9b %l %Y %k%3!< %I $N %^ %7 %s FHN) @- $r<: $& $3 $H $J $/ !$ %G !<%? %U%m !<>pJs $r$b Ds6!$9$k !% 4JC1 $J %a %C %;!< %8 Aw?. $N Nc $r MQ $$$k : [obj1 <= [(+ i 1) (+ j 2)]] ABCL 8@ 8l$G %f !< %6 $, 5- =R $7 $? $3 $N %W %m %0 %i %‘ CG JR $O !$ obj1 $X $N MW 5a %a %C %; !< %8 Aw ?.$r I= $7 $F $*$j!$ $= $N %a %C %;!< %8$O @0?t i +1 $H j +2 $N%? %W %k$G $" $k!% $3 $N%=!<%9 %W %m %0 %i%‘ $O 9b %l %Y %k 9=J8 LZ $r DL $7 $F !$ <! $N Plan-Do 7? %3!< %I $K JQ49$5 $l $k : (newplan (p1 d1 d2) (request-send)) (throw obj1 d1) (newplan (p2 d3 d4) (make-tuple d2)) (newplan (p3 d5 d6) (arith3-+ d3)) (throw i d5) (throw 1 d6) (do p3) (newplan (p4 d7 d8) (arith3-+ d4)) (throw j d7) (throw 2 d8) (do p4 p2 p1) (newplan (p1 d1 d2) (request-send)) $K $h$j !$ %W %i %s p1 $r %G %# %9 %F%# %M !< %7 %g %s d1 !$ d2 $H $H$b $K@k 8@ $9$k!% $3 $3 $G %G %# %9 %F %# %M!< %7%g %s$H$O !$ %W %i %s $N 0z ?t $G $" $j!$ %G !<%?%U %m !<%b %G %k $K $* $1 $k !J %W %i %s !K %N!< %I $X $N%G !< %? %U %m !< ;^$K Aj Ev $9 $k !% $3 $3 $G $N %W %i %s$O !$ MW5a %a %C %;!< %8$r%?!< %2 %C %H %* %V %8 %’%/ %H $X Aw?. $9$k $3 $H $G$"$k!% %? !< %2 %C %H %* %V %8 %’%/ %H $N L>A0 $O !$ $=$NL>A0 $r d1 $K ‘thro w’ $9$k $3 $H $G M? $( $i $l $k!% ‘thro w’ $H$O !$ $" $kCM $r %W %i %s $N 0z?t $H $7 $F EO$9$3$H $H $9$k !% (throw obj1 d1) $K $h$j obj1 $N CM $r d1 $K ‘thro w’ $9$k !% (do p1) $K $h$j %W %i %s p1 $r <B9T$9$k !% F1MM $K !$ MW 5a %a %C %;!< %8 $N<B0z?t $O !$ B> $N %W %i %s$N <B 9T $K $h$j F@ $i $l $? CM !J $D $^$j !$ i +1 $H j +2 $+$i $J $k %? %W %k !K $r d2 $K ‘thro w’ $9$k $3$H $K$h$j M? $( $i $l $k!% (newplan (p2 d3 d4) (make-tuple d2)) $K $h $j !$ !V (1) d3 $H d4 $K ‘thro w’ $5 $l$? CM $+ $i%? %W%k$r9= @. $7 !$ (2) d2 $K $= $N %? %W %k $r ‘thro w’ $9 $k !W $H $$ $& %W %i%s p2 $r @k 8@ $9 $k !% (newplan (p3 d5 d6) (arith3-+

4 >pJs=hM}3X2qO@J8;o Sep. 1997 d3)) $K$h $j !$ !V (1) d5 $H d6 $K ‘thro w’ $5 $l$?CM $rB- $7 !$ (2) $=$N OB $r d3 $K ‘thro w’ $9 $k !W $H$$ $& %W %i %s p3 $r @k8@$9$k!% Plan-Do 7? %3!< %I $N I8 =‘ E* $J !J Ev $? $jA0 $N !$ @Q 6K E* %G !<%? E> Aw $r $7 $J $$ !K 2r<a $O <!$N$h $& $K $J $k : (1) %W %i %s $N@k8@ $O C1 $K @k8@ $H $7 $F 2r<a $5 $l !$ 2? $N<B9T $b $7 $J$$ !% %G %# %9 %F %# %M!< %7%g %s$O 0l;~JQ ?t $H $7 $F 2r<a $5 $l $k !% (2) ‘thro w’ $O BP 1~$9 $k 0l ;~ JQ ?t$X $N Be F~$H 2r <a$5 $l $k !% (3) %W %i %s $N <B9T $O %W %i %s $N <B:] $N<B9T $H $7 $F 2r <a$5 $l $k !% 3.2 @a $G$O !$JL$N 2r <a$H $7 $F @Q 6K E* %G !<%? E>Aw $N$?$a$N 2r<a $r <($9 !% 9= J8 LZ $+ $i !$ Plan-Do 7? %3!< %I $X $NJQ 49 $O Hs >o $K4J C1 $G $" $k : !J :F 5" E* !K JQ49 4X ?t $, !$ $" $k !J 9= J8 LZ$N !K %N !< %I $K E~C# $7 $? $H $-!$ $= $NIt J, LZ $NJQ 49 $r$9 $k A0 $K !$ $= $N %N !< %I $K 4X$9 $k %W %i %s$r @k8@ $7 !$ $= $NItJ, LZ $NJQ 498e $K %W %i %s$r <B9T $9 $l $P $h$$!% $3$N$h $& $K !$ 9= J8 LZ $+$i $N Plan-Do 7? %3!< %I $N @8@. $H !$ $=$N Plan-Do 7? %3 !< %I $+ $i $N @Q 6K E* ( $^$?$O !$@Q6K E*$G$O $J $$ ) %G !< %?E>Aw %3!< %I $N @8@. $N !$ Fs $D $N %U %’ !< %: $K J, $1 $k $3 $H $G !$ Plan-Do 7? %3!< %I $r @8@. $9 $k %3 %s%Q %$ %k%U %’ !< %: $O%" !< %-%F%/ %A %c $K Hs0MB8 !J @Q6K E* %G !<%?E> Aw $NM-L5 $K 0M $i$J $$ !K $H$9 $k $3$H $,$G $- $k!% 3.2 Plan-Do 7? %3 !< %I $NJL 2r <a $K $h $k @Q 6K E* %G!< %? E>Aw %3!< %I $N @8@. $3 $N @a $G$O !$9b %l %Y%k Plan-Do 7?%3 !< %I $r 2r <a $7 $F !$ @Q 6K E* %G !<%? E> Aw $r <B8= $9 $k $? $a $N %3 %s %Q %$ %k$N 2a Dx$r =R$Y $k !% 2.1 @a $G =R$Y $? %Q %$ %W %i %$ %s Aw ?. <B 8= $N 2aDx $r !$ A0 @a $N4JC1 $J %a %C %;!< %8 Aw?. $NNc $rMQ $$ $F Nc<($9$k!% ?^ 2 $K !$9b %l %Y%k %3 !< %I $+ $i $h $j Dc %l %Y%k $N %3 !< %I $X $N JQ 49 4X ?t T r $r <( $9 !% T r [ [ hc o de ] ] ( p env ; denv ) $O !$ hc o de $r9b %l%Y %k Plan-Do 7? Cf 4V %3 !< %I $H$9 $k $H!$ $h$jDc %l %Y %k$N%3!< %I $r !$ %W %i %s 4D6- p env $H %G %# %9 %F %# %M !< %7%g %s 4D6- denv $N%3 %s %F %- %9 %H $N$b $H $G JV $9 !% p env $O !$ %W %i %s <1JL ;R !J p $G I=$9 !K $+ $i !$ %W %i %s $X$N <LA| $G$"$j !J p $O !$ %G !<%?%U%m!< %b %G %k$K $* $1 $k %G !< %?%U %m !< %N!< %I $K Aj Ev !K !$ denv $O !$ %G %#%9 %F %# %M!< %7 %g %s <1JL ;R !J d $G I= $9 !K $+ $i !$ p $H i ( 2 N ) $N %Z %"$X$N <LA| $G$" $k !J d $O !$ %G !<%? %U%m!<%b %G %k$K $* $1 $k p $X$N i HVL\ $N %G !<%?%U%m!< ;^ $K AjEv !K !% Jd=u4X?t T rnsfr [ [ v l ; ; d ] ] ( p env ; denv ) $O !$Dc %l %Y%k $N %3 !< %I $NCG JR $rJV $9 !% $= $N CG JR $O CM v l $r %G %# %9 %F%# %M !< %7 %g %s d $N %U %# !< %k %I $K E> Aw$9 $k !% T rnsfr $N 7k 2L $O !$ $"$k >r 7o 2< $G $O@Q 6K E* %G !< %? E> Aw L? Na $rA* Br $9 $k $? $a!$ %G !< %?%U %m !<%3%s %F %- %9 %H ( p env ; denv ) $K 1F 6A$5$l $k!% $^ $??^Cf !$ 4X ?t f $K BP $7 $F !$ \ f f x 7! y g " $K $h$j !$ Dom ( f 0 ) = Dom ( f ) [ f x g $+ $D f 0 ( x ) = y $+ $D $9$Y $F$N x 0 2 Dom ( f ) � f x g $K $D$$$F f 0 ( x 0 ) = f ( x 0 ) $H $J $k$h $& $J 4X?t f 0 $r I=$9 !% \::" $O !$ \ h :: r " $H $7 $?$H $- %X%C %I h $H %j%9 %H r $N %3 %s %9 $r I= $9 !% \[ a; b; c ]" $O !$ a , b , c $+$i$J$k %j%9 %H $r I=$9 !% \@" $O !$ \ l 1 @ l 2 " $H $7 $?$H $- Fs$D $N %j%9 %H l 1 , l 2 $N O"7k $r I=$9 !% $3$NJQ49 4X ?t $O !$ 4p K\ E* $K $O 9b %l %Y %k%3!< %I $r <! $N $h $& $K $7 $F JQ49$9$k : P1,P2,P3 %W %i %s @k8@ $K$D$$ $F $O !$ %W %i %s$H %G %# %9 %F %# %M!< %7 %g %s$r 4D6- p env !$ denv $N Cf $K 5-21$9 $k !% I, MW $K 1~ $8 $F !$ ?7 $7 $$ (fresh $J ) Dc %l %Y%k JQ ?t<1JL;R $r F3F~$9$k!% D1,D2,D3 %W %i%s <B 9T $K $D $$ $F$O !$ %W %i%s $r <B 9T 40N; $9 $k $? $a $N %3!< %I $r @8@. $7 !$ $^ $@ 7k2L $NCM $, @Q6K E* $K Aw $i $l $F $$$J $$ >l 9g $O !$4X?t T rnsfr $r 8F $S =P $7 $F !$ %G !<%? E>AwL?Na $r @8@.$9$k!% TH CM $N %G %# %9 %F %# %M!< %7 %g %s $X$N ‘thro w’ $K $D$$ $F $O !$ De c omp $r 8F $S =P $7 $F9b %l %Y %k$NCM $r $h $j Dc %l %Y %k$NJQ?t $H%U %# !< %k %I ?t%j%9 %H $N%Z %" $N=8 9g $K J, 2r $7 $? 8e !$ T rnsfr $r 8F $S =P $7 $F %G !< %? E> AwL?Na $r @8@.$9$k!% T r 5Z $S Jd=u4X?t T rnsfr $K $h$j !$ @Q6K E* %G !<%?E>Aw %3!< %I $X$NJQ49!$ $D$^ $j %Q %$ %W %i %$ %s Aw?. $, <B8= $5 $l $k!% $3$N$?$a T r $O 9b %l %Y%k%3 !< %I $r <!$N$h $& $K JQ49 $9 $k : P1,T1,T1’,D1 MW 5a%a %C %; !< %8Aw ?. $K$D $$ $F $O!$ %Q %$ %W %i %$ %s Aw?. $r<B8= $9 $k %a %C %;!< %8 %\ %C%/%9 $N $?$a $N %] %$ %s %? $r=‘Hw $7 !$ %] %$ %s %?A‘:n $K 4X $9$k L?Na $@$1$r @8@.$9$k!% P2,T2,D2 %? %W%k 9=@. $K$D $$ $F $O !$ %? %W%k$NMW AG $, $9 $Y $F7W;; $5 $l $k$^ $G %P%C %U %!%j %s %0 $9$k $3 $H$J $/ !$ %? %W %k $N 8D !9 $N MWAG $r @Q6KE* $K E>Aw$9$k!% P3,T3,D3 ;; =Q 1i ;; $K$D $$ $F $O !$ C1 $K;0 $D $N0l ;~ JQ ?t $r MQ 0U $7 $F !$1i;; 7k 2L $r T rnsfr $r MQ$$$F E> Aw $9$k !% T rnsfr $O%G %# %9 %F %# %M !<%7 %g %s d $X $N %G !< %? E> Aw$r <! $N$h $& $K $7 $F <B8=$9$k : T1 d $, MW 5a %a %C %;!< %8 Aw ?. $N %? !< %2%C %H$r;XDj $9 $k $?$a $N $b $N $J $i $P !$ C1 $K CM $r$= $N $? $a $N0l;~ JQ ?t $K BeF~ $9 $k!% $? $@ $7 !$ $= $ND>8e $K !$ %Q %$ %W %i %$ %s Aw?. $N$?$a$N %a %C %;!< %8 %\ %C %/%9 $r M=Ls$9$k!% T1’ d $, MW5a %a %C %; !< %8 Aw?.$N %a %C %;!< %8 $r ;XDj$9 $k $? $a $N$b $N $J $i $P !$ %Q %$ %W %i %$ %s Aw?. $N $? $a $N !V 1s3V=q$-9~$_ !W L?Na $r @8@.$9$k !% T2 d $, %? %W%k 9= @. $N $? $a $N $b $N $J $i $P !$ T rnsfr $r:F 5"E* $K 8F $V $3 $H$G !$ d $N%? %W %k Fb $NFCDj $N %U %# !<

V ol. 38 No. 9 @Q6KE* %G !<%?E>Aw$N$?$a$N Plan-Do 7? %3 %s %Q %$ %k 5;K! $H$=$N I>2A 5 (P1) T r [ [ (newplan ( p 1 d 1 d 2 ) (request-send)) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! request-send ( t 1 ; t 2 ; t 3 ) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) ( t 1 , t 2 , t 3 fresh) (P2) T r [ [ (newplan ( p 1 d 1 d 2 ) (make-tuple d 3 )) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! mak e-tuple ( d 3 ) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) (P3) T r [ [ (newplan ( p 1 d 1 d 2 ) (arith3-+ d 3 )) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env f p 1 7! arith3-+ ( d 3 ; ( t 1 ; t 2 ; t 3 )) g ; denv f d 1 7! ( p 1 ; 1) ; d 2 7! ( p 1 ; 2) g ) ( t 1 , t 2 , t 3 fresh) (D1) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = (get-read-pointer t 2 t 3 ) :: (request-send t 3 t 1 ) :: T r [ [ r ] ] ( p env ; denv ) if p env ( p 1 ) = request-send ( t 1 ; t 2 ; t 3 ) (D2) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = T r [ [ r ] ] ( p env ; denv ) if p env ( p 1 ) = mak e-tuple ( d 1 ) (D3) T r [ [ (do p 1 ) :: r ] ] ( p env ; denv ) = (arith3-+ t 1 t 2 t 3 ) :: ( T rnsfr [ [ t 3 ; nil ; d 1 ] ] ( p env ; denv )@ T r [ [ r ] ] ( p env ; denv )) if p env ( p 1 ) = arith3-+ ( d 1 ; ( t 1 ; t 2 ; t 3 )) (TH) T r [ [ (throw v h d 1 ) :: r ] ] ( p env ; denv ) = ( T rnsfr [ [ v l 1 ; 1 ; d 1 ] ] ( p env ; denv )@ � � � @ T rnsfr [ [ v ln ; n ; d 1 ] ] ( p env ; denv ))@ T r [ [ r ] ] ( p env ; denv ) where De c omp ( v h ) = f ( v l 1 ; 1 ) ; . . . ; ( v ln ; n ) g (T1) T rnsfr [ [ v l ; nil ; d 1 ] ] ( p env ; denv ) = [ (assign v l t 1 ) ; (get-rqst-mbox-on t 1 t 2 ) ] if denv ( d 1 ) = ( p 1 ; 1) and p env ( p 1 ) = request-send ( t 1 ; t 2 ; t 3 ) (T1’) T rnsfr [ [ v l ; ; d 1 ] ] ( p env ; denv ) = [ (setarg-remote v l t 2 ) ] if denv ( d 1 ) = ( p 1 ; 2) and p env ( p 1 ) = request-send ( t 1 ; t 2 ; t 3 ) (T2) T rnsfr [ [ v l ; ; d 1 ] ] ( p env ; denv ) = T rnsfr [ [ v l ; ( i � 1) :: ; d 2 ] ] ( p env ; denv ) if denv ( d 1 ) = ( p 1 ; i ) and p env ( p 1 ) = mak e-tuple ( d 2 ) (T3) T rnsfr [ [ v l ; nil ; d 1 ] ] ( p env ; denv ) = [ (assign v l t i ) ] if denv ( d 1 ) = ( p 1 ; i ) and p env ( p 1 ) = arith3-+ ( d 3 ; ( t 1 ; t 2 ; t 3 )) (for 1 � i � 2) ?^ 2 Plan-Do 7? %3 !< %I $+$i !$ $h$jDc %l %Y%k$N%3 !< %I $X$N JQ494X?t Fig. 2 T ranslation F unction from Plan-Do St yle Co de into Lo w er-Lev el Co de for Pip elined Sends. %k %I $K !$@Q6KE* $K CM $r E>Aw$9$k!% T3 d $, ;; =Q 1i ;; $N $? $a $N $b $N $J $i $P !$ C1 $K !$ BP 1~ $9 $k 0l;~JQ?t $K CM $r BeF~$9$k!% ?^ 3 $O !$ [obj1 <= [(+ i 1) (+ j 2)]] $K 4X $7 $F !$ 9b %l %Y %k%3!< %I $+$i !$ $h$jDc %l %Y %k$N %3!< %I $X$N JQ49 7k 2L $r <( $9 !% :8 B& $N %3!< %I $, 9b %l %Y %k %3!< %I $G $" $j !$ F1 $8 %Q %9 Fb $G !$9=J8 LZ $+$i !$9b %l %Y%k %3 !< %I $b !$ $h$jDc %l %Y %k$N %3!< %I $b @8@. $5 $l $k!% @Q 6K E* %G !<%?E> Aw $O !$ (do p3) $H (do p4) $N $H $3$m $K8= $l$F$* $j !$ %? %W %k $N MWAG $, @Q6K E* $K 1s3V%N !< %I >e $NM=Ls $5 $l $? %a %C %;!< %8 %\ %C %/%9 $K Aw ?. $5 $l $k!% (do p2) $, 2? $b $7 $J$$ $N $O !$ %? %W %k $NMWAG $O$9 $G $K @Q6K E* $K Aw $i $l$F$$$k $? $a$G$" $k!% 4. @- G= B, Dj $3 $N @a$G $O !$@Q 6K E* %G !< %? E> Aw$N 8z 2L$r JB Ns %* %V %8 %’ %/ %H ;X 8~ 8@ 8l =h M} 7O ABCL/EM-4 9),12),13) $K $* $1 $k@-G=B,Dj $K $h $C $F <($9 !% ABCL/EM-4 $N %= !< %9 8@ 8l $O @E E* $K 7? IU $1 $5 $l $? ABCL !$ ABCL/ST $G$" $k!% 2f!9 $O ABCL/ST $N EM-4 MQ %3 %s %Q %$ %i $r 3+H/ $7 $F$-$? 4),8) !% %3 %s %Q %$ %i $G$O !V D>@\ 8r?.%9 %l %C %I !W $N3FCj >]2= %l %Y %k$H $7 $F <! $N 8@ 8l 3, AX$r :N MQ $7 $? : (1) %= !< %98@ 8l !$ (2) 9b %l %Y %k 8@8l !J %= !<%98@ 8l $N0UL# $r@)8f%9 %l %C %I !J $N C‘<! <B 9T !K $NE@ $+ $iI= $9 !K !$ (3) Cf %l %Y %k8@ 8l !J <B Au $N $? $a $N %] %$ %s %?$N F3 F~ !K !$ (4) Dc %l %Y%k 8@8l !J %G !< %?%5 %$ %: $H %a %b %j %" %I %l %9 $N35G0 $NF3 F~ !K !$ (5) I 8@8l !J %U%m!<

6 >pJs=hM}3X2qO@J8;o Sep. 1997 Plan-Do St yle Co de Lo w er-Lev el Co de Applied T ranslation (newplan (p1 d1 d2) (request-send)) P1 (throw obj1 d1) (assign obj1-0 t1) TH - T1 (get-rqst-mbox-on t1 t2) [*1] (newplan (p2 d3 d4) (make-tuple d2)) P2 (newplan (p3 d5 d6) (arith3-+ d3)) P3 (throw i d5) (assign i-0 t4) TH - T3 (throw 1 d6) (assign 1 t5) TH - T3 (do p3) (arith3-+ t4 t5 t6) D3 (setarg-remote t6 t2 (0)) [*2] - T2 - T1’ (newplan (p4 d7 d8) (arith3-+ d4)) P3 (throw j d7) (assign j-0 t7) TH - T3 (throw 2 d8) (assign 2 t8) TH - T3 (do p4) (arith3-+ t7 t8 t9) D3 (setarg-remote t9 t2 (1)) [*3] - T2 - T1’ (do p2) D2 (do p1) (get-read-pointer t2 t3) [*4] D1 (request-send t3 t1) [*5] [*1] allo cate a message b o x t2 on the no de of t1, [*2] pip elined remote write of i+1, [*3] pip elined remote write of j+2, [*4] complete the initialization of the message b o x, [*5] send the message b o x address. ?^ 3 [ob j1 < = [(+ i 1) (+ j 2)]] $N @8@.$5 $l$? Dc %l %Y%k%3 !< %I Fig. 3 Generated Lo w er Lev el Co de for [ob j1 < = [(+ i 1) (+ j 2)]] 2r @O $K 4p $E $/ :GE, 2= MQ !K !$ (6) %" %; %s %V %j8@8l !$ $G $" $k!% Plan-Do %9 %? %$ %k $O 9b %l %Y %k %3!< %I $K %^ %7 %s FH N) @- $r<:$& $3 $H $J $/ %G !< %? %U%m !<>p Js $r IU2C $9 $k $N $K MQ $$$F$$ $k!% %3 %s %Q %$ %i $O !$ EE Am8& $G 3+H/ $5 $l !$ 2T F/ Cf $N:YN3 EY %O %$ %V %j %C %I JBNs %"!< %-%F %/ %A %c EM-4 3),5) $N%"%; %s %V %j %3!< %I $r @8@. $9$k!% EM-4 !J%W %m %H %? %$ %W !K $O 80 8D $NMW AG %W %m %; %C %5 $+ $i $J$j 12.5 MHz $N%/ %m %C %/ B. EY $G F0:n $7 !$ :Y N3EY $NDL?. %a %+ %K %: %‘ $rDs6! $9 $k!% Nc $( $P !$ %l%8 %9 %? >e $+$i 9bB. $J%* %a %, LV $K %G !<%? $rD>@\ Aw =P $9 $k 2 %o !< %I %Q %1 %C %H =P NO L? Na $J $I$,$"$k !% EM-4 $N%O !< %I %& %’ %" $O$^ $? $= $N %G !< %? 6n F0 !J %Q %1 %C %H 6n F0 !K $N FCD’ $H AH $_9g $o$;$k $3 $H $K$h$j !$ J# ?t8D $N %9 %l %C %I $N 4pK\ E*%9 %1 %8%e!<%j %s %0 %a %+ %K %:%‘ $bDs6! $9 $k!% %O %$ %V %j %C %I $H$$ $& $N $O !$ @) 8f %U%m!< %"!< %- %F %/ %A %c $H %G !<%? 6nF0 %"!<%-%F %/ %A%c$N M;9g $r 0UL#$9$k!% 0l $DL\ $NB,Dj $G $O !$ 1s 3V %a %C %;!< %8%Q%C %7 %s %0 $N Fs $D$N<BAuJ} <0 $r Hf3S $9$k : (1) %Q %$ %W %i %$ %s Aw?. !J 2.1 @a ;2 >H !K $H (2) Hs%Q %$ %W %i %$ %s Aw ?. !J $9 $Y $F $N %a %C %; !< %8 0z ?t$r I> 2A $7 $*$o $k $^$G DL ?.$r 3+ ;O $7 $J $$ !K !$ $G $" $k!% 1s3V %a %C %;!< %8 Aw?. $NCY1d $r B,Dj $9$k $? $a $K !$ B, Dj MQ %W %m %0 %i %‘ $O%* %V %8 %’%/ %H $N%A %’ %$ %s$r @8@. $7 !$ $= $N%A%’ %$ %s$K 1h$C $F %a %C %;!< %8$r Aw$k : %* %V %8 %’ %/ %H O i � 1 $+$i $N %a %C %;!< %8 M i $K $h$C $F 3h@-2= $7 $? O i $O !$ EM-4 $N NY %N !< %I >e $N O i +1 $K M i +1 $r Aw$k !% NY$j9g $& %* %V %8 %’ %/ %H O i !$ O i +1 4V $N J?6Q $N 3h@-2= 4V3V $r !$%a %C %;!< %8$H $7 $F Aw?. $9$k %? %W %k$N%5 %$ %: $r JQ$( $F B, Dj $7 $? 7k 2L$r ?^ 4 $K <( $9 !% ?^ $+ $i J, $+ $k $h ?^ 4 %a %C %;!< %8 Aw?. $K $* $1 $k@Q6KE* %G !<%?E>Aw$N8z2L Fig. 4 The e�ect of eager data transfer in message passing $& $K !$ %Q %$ %W %i %$ %s Aw ?. !J ?^ Cf Pip elined Send $H I= <( !K $O Hs%Q %$ %W %i %$ %s Aw?. !J ?^Cf Bu�erd Send $H I= <( !K $h$j>o $K NI $$7k2L $, F@ $i $l $? !% <g $J860x $O Hs %Q %$ %W %i %$ %s Aw?. $G $O !$ %a %C %;!< %8 0z?t $NAw $j<j%N !< %I $G $N M>J, $J %a %b%j %" %/ %;%9 $, I,MW $H $J$k $+ $i $G$"$k!% $3 $N %P %C%U%! %j %s%0 $O %Q %$ %W %i %$ %s Aw ?.$G$O I, MW$J $/ !$ %l %8 %9 %?>e $NI>2A $5 $l$? CM $O$= $N$^$^ %M %C %H %o!<%/ $X $H Aw $i $l $k!% ?^ 4 $K $_ $i$l $k CY 1d$K $O !$DL ?. CY 1d$N $_ $J $i $: %* %V %8 %’ %/ %H $, 7W ;; $K MW$9 $k <B 9T ;~ 4V$b 4^$^ $l $F $$ $k !% $K $b$+ $+ $o $:!$:G >. CY 1d$O 0 %o !< %I %a %C %; !<%8 $N $H $-$N Ls 5.0 � s !J 62 clo c k cycles !K $G $" $j !$ 12 %o !< %I %a %C %;!< %8$N$H$- $NHs %Q %$ %W %i %$ %s Aw?. $H%Q %$ %W %i %$ %s Aw?. $H$NCY1d $N:9 $O Ls 7.4 � s !J 92 clo c k cycles !K $G $" $C $?!% $3 $l $i$NCM $+ $i%Q %$ %W %i %$ %s Aw ?. $N=E MW EY $O !$

V ol. 38 No. 9 @Q6KE* %G !<%?E>Aw$N$?$a$N Plan-Do 7? %3 %s %Q %$ %k 5;K! $H$=$N I>2A 7 ?^ 5 %j%9 %H Aw?. $K $* $1 $k@Q6KE* %G !<%?E>Aw$N8z2L Fig. 5 The e�ect of eager data transfer in list passing EM-4 $N$h $& $K DL?. $, 9bB. $J %"!< %- %F %/ %A %c $G $O $+$J $j 9b$^$k $3$H $, J, $+ $k!% 0lJ}!$ Fs HV L\ $NB,Dj $H $7 $F !$ %j%9 %H $N 7A $N %a %C %;!< %8 $r Aw?. $7 $?>l9g $N7k 2L $r ?^ 5 $K <( $9 !% @Q 6K E* %G !<%? E>Aw $r 9T $o$J$$ >l9g !J ?^Cf List cop y after construc- tion $H I= <( !K !$ 2.2 @a $G =R$Y $? $h $& $K !$0lC6 !$Aw$j <j %N !< %I $K %j%9 %H $r 9=@. $7 $F $+ $i %j%9 %H$r 1s3V %3 %T !<$9 $k $3 $H $GAw?. $r 9T$& $? $a !$ @Q 6K E* %G !<%?E> Aw $r 9T $C $F D>@\ EM-4 $NNY $N %N !< %I $K %j%9 %H $r 9=@. $9 $k >l 9g !J ?^ Cf Remote list construction $H I= <( !K $h$j !$ 12 MW AG $N %j%9 %H $G 30 � s !J 60% !K $bCY1d $, A}2C $7 $F $$ $k!% 5. 5D O@ 5.1 %3 %s %Q %$ %k$K 4p$E$/ %a %C%;!< %8 %Q %C %7%s%0 %a %C %;!< %8 %Q%C %7 %s %0$K !$ $= $N $? $a $N %k !< %A %s 8F $S =P $7 $r ;H$C $?>l9g!$ 8F $S =P $7 $N%*!< %P!< %X%C %I $r L5;k $7 $F$b !$ 8F $S =P $5 $l $k %k!< %A %s $, BP>] $H$9$k %a %C %;!< %8 A4 BN$r I> 2A $7 =*$( $F $$ $k I, MW $, $" $k$H $$ $& Ld Bj $, ;D $k !% !J B? ?t$N %a %C %; !< %8 %Q %C %7%s%0 %i %$ %V %i %j $H F1 MM $K !K %a %C %;!< %8$r %a %b %j $K CV $$ $F $+$i 8F $S =P $5 $l $k %k !< %A %s$r MQ $$ $?>l 9g!$ %a %b%j $K =q $-=P $9 $? $a$N %*!< %P!< %X %C %I $, @8 $:$k!% $3 $N %* !< %P!< %X %C %I $O !$ 4 @a $NB, Dj7k2L $+$i$o $+ $k$h $& $K !$ EM-4 $N$h $& $J:YN3EY %"!< %-%F %/ %A %c $G $O L5;k $G$- $J$$!% $^ $? !$%a %C %;!< %8$r %l %8 %9%? $K >h$;$F%k !<%A%s $r 8F $S =P$9$H $7 $? >l 9g $G $b !$ %a %C %;!< %8$r I>2A Cf $K !J FC $K B> $N %a %C %;!< %8 %Q%C %7 %s %0 $, I, MW $K $J$k $J $I $7 $F !K !$ I> 2A :Q $_ $N %a %C %; !< %8 %G !< %? $r !$ 0l C6!$ %l%8 %9 %? $+ $i B‘Hr $7 $J $1 $l $P $J$i$J$$ $3 $H $, B? $$!% 0J >e $NE@ $+ $i !$ 2f!9 $O !$%a %C %;!< %8%Q%C %7 %s %0 $N$? $a $N %k!< %A %s$G$O$J$/ !$ %3 %s %Q %$ %k $K 4p $E$$ $F !$ %Q %$ %W %i %$ %s Aw?. $N $h $& $J %P%C %U %! %j %s %0 $r >J $$ $? %a %C %;!< %8 Aw?. $r <B8= $7 $F $$ $k!% K\ 9F $G $O@Q 6K E* %G !< %? E> Aw $r<B 8= $9 $k $? $a $K !$ Plan- Do %9%? %$ %k$N 9b %l %Y%k%3 !< %I $r MQ $$ $k $3$H$r Ds 0F $7 $F$$$k $, !$ $3 $l$O !$ %3 %s %Q %$ %k $K 4p $E$$ $F %a %C %;!< %8 %Q%C %7 %s %0 $r 9T $& $N $G$" $l $P !$ B> $NJ}K! $K$h$C $F$b<B 8= $O$G $- $k !%Nc $( $P !$0lC6!$9b %l %Y%k%3 !< %I $+$i 3.1 @a $N:G8e $G=R $Y $? $h $& $JI8=‘ E* $J2r<a $K 4p $E$$ $FDc %l %Y %k$N %3!< %I $r @8@. $7 $?8e!$ $= $N %3!< %I $r :GE, 2= $9$k $3 $H $G<B8= $9 $k $3 $H $,$G$-$k!% $7 $+ $7 !$ Plan-Do %9 %? %$ %k$rMQ $$$k $3 $H $G !$ $3$N:GE, 2= $N<j4V $r>J$/ $3 $H $, $G $- $k!% 5.2 @aEY $"$k @Q6K@- @Q6K E* %G !<%?E> Aw $N9M $(J} $O !$ %G !<%? %U%m !<<B 9T %b %G %k$K M3Mh $9$k !% %G !<%? %U%m !<<B9T %b %G%k !J $D$^ $j@Q 6KE* I> 2A %b %G%k !K $G $O !$ Hs >o $K$? $/ $5 $s$N:YN3EY $NJB Ns@- $, 0z $-=P $; !$ M}A[ E* $K $O !$ <B 9T $N40‘z $J 9bB. 2= $, F@ $i $l $k!% $7 $+ $7 !$ 8= <BLd Bj $H $7 $F $O !$ JB Ns EY $NGzH/ $, $7 $P $7 $P !$ ;q 8; $N8O3i $d%M %C %H %o!<%/ $G$N>WFM $J $I $N LdBj $r 0z$-5/ $3$9 !% 0lJ} !" 2f!9 $, BP>] $H $7 $F$$$k %9 %l %C %I %Y !<%9<B 9T %b %G %k$G $O !$ JB Ns EY $O %9 %l %C %I ?t $r@)8f $9 $k $@$1 $G 4JC1 $K M^ $($k $3 $H $,$G$-$k!% $5 $i $K$$ $( $P !$ $= $l $>$l $N %9 %l%C %I $O!$ %Q%$ %W %i %$ %s $d %l %8%9 %? $r ;H $C $F 8z N( E* $K<B 9T $G$-$k!% :Y N3 EY $N $f$k $d $+$J !J lenien t !K %;%^ %s %F %# %/%9 $r;} $D8@8l $G$"$C $F$b!$ :G 6a $N T AM 2) $N$h $& $J %" %W %m!< %A $G $O !$ %3 %s %Q %$ %iJd=u $N9b8z N( $N%9 %l %C %I %Y!<%9<B 9T %b %G%k$K Mj$k $3 $H $G$3 $NMxE@ $rMxMQ $7 $h $& $H $7 $F $$ $k!% 2f!9 $N %" %W %m!< %A $G $O !$ :G 6a $N %"!< %-%F%/ %A %c $N:Y N3EY $NG= NO $r 3h $+$9 $? $a $K !$ D> @\ 8r ?.%9 %l %C %I %b %G%k $G DL?. $r %3 %s %Q %$ %k $9$k $N $K @Q6K @- $r F3F~ $7 $? !% $7 $+ $7 $J $,$i !$ $3 $l$O I, $: $7 $b@Q6K E*I> 2A $H F1 $8 LdBj !J JB NsEY $NGzH/ !K $r 0z $-5/ $3$5 $J$$!% 2f!9 $N %" %W %m!< %A $G $O !$ @Q 6K @- $O@Q 6K E* %G !< %? E> Aw $N7A $G $N $_ 8= $l$F $$ $F!$ %G !< %?%U%m!< <B 9T %b %G %k $N $h $& $K \ H/2P " $r 4^ $s$G $$ $J $$ !% !J %G !< %? %U %m !< <B 9T%b %G %k $O !$@Q 6K E* %G !< %? E> Aw + BT$A 9g $o$; + H/ 2P $+$i $J $k !K !% 2f !9 $N%" %W %m !<%A $K $* $1 $k@Q 6K @- $O$d $O$j%9 %l %C %I <B9T %b %G%k$K$h$C $F @aEY $" $k$b $N$H$J $C $F$$ $k!% 5.3 :GE,2=5;K! $H$N 7k9g $b $7 :G =i $+ $i %G !<%? %U%m !<>p Js $K 4p $E $/ :G E, 2= $, 9b %l %Y%k$K $*$$$F I,MW $J$i $P !$ 3.1 @a $G =R $Y$? Plan-Do 7? %3!< %I $N @8@. $O I,MW $J $/ !$ @Q 6K E* %G !<%?E>Aw $r <B8= $9 $k $K$O !$ 3.2 @a $G =R$Y$? $h $j Dc %l %Y%k $N%3 !< %I $X $N JQ49 $N$_ E,MQ $7 $F$d $l $P $h$$ !% Nc $( $P G[Ns 7W ;; $G$O !$J88% 1) $O !$ %G !< %?%U %m !< >p Js $K 4p $E $/:G E,2= $K$h$j !$ :G E, 2= $5 $l$? !V D>@\8r ?.%9

8 >pJs=hM}3X2qO@J8;o Sep. 1997 %l %C %I !W %3!< %I $r@8@. $9 $k !% %N %s %9 %H %j %/ %H 7W;; $G $O !$ J8 8% 6) $O !$ %G !<%?%U %m !< %0 %i%U $N J,3d $K $h $j :GE, 2= $5 $l $? !V D>@\ 8r?.%9 %l %C %I !W %3!< %I $r @8@. $9 $k!% $$ $: $l $N >l9g $b!$ EM-4 $N$h $& $J %"!< %-%F %/ %A %c $G$N :YN3 EY $NDL ?. $X $N %3 %s %Q %$ %k $, K>$^ $l $k $H$- $O !$ %9 %l %C %I $K%G !< %?%U %m !< >p Js$r ;D $7 $F $* $/$3$H $K $h $j !$ 3.2 @a $G =R $Y $?2f!9 $N %3 %s %Q %$ %k <jK! $O !$ DL?. $NItJ, $K @Q6K @- $r F3F~$9$k $N $K MxMQ$9$k $3$H $,$G $- $k!% 6. $^ $H $a 2f !9 $O !$ !V D> @\ 8r ?. %9 %l%C %I !W $K 4p $E$/ <B 9T %b %G%k $G !$ 9b%9 %k !< %W %C %H DcCY 1d $NDL?. $r<B8= $9$k $? $a $N!$ %3 %s %Q %$ %k $K 4p $E $/ ?7 $7 $$%" %W %m!< %A $r <( $7 $? !% DL ?. $K 4X $9$k $h $j?J $s $@ <BAu 5;=Q $r 3h $+$9 $? $a $K !$ %i %$ %V %i %j %Y!< %9 $N %" %W %m!< %A $G $O$J$/ !$ %3 %s %Q %$ %k $K 4p $E $/ %" %W %m!< %A $rMQ $$ $?!% FC $K !$ @Q 6K E* %G !< %? E> Aw $KCe L\ $7 !$ $=$N %3 %s %Q %$ %k$NOHAH $_ $r =R $Y $? !% $^ $? !$ :Y N3 EY %O %$ %V %j %C %I JB Ns %" !< %- %F%/ %A %c EM-4 $K $* $1$k @- G= B, Dj $r DL $8 $F !$ %3 %s %Q %$ %k$5 $l $? %Q %$ %W %i %$ %s Aw?. $r;H$C $?$H $-$N @Q6KE* %G !<%? E>Aw $N 8z2L $r <( $7 $? !% @Q6K E* %G !<%?E> Aw $r<B8= $9 $k $K $O !$ %G !<%? %U%m !<>p Js $,%3!< %I JQ49 $K IT2D7g $H $J$k!% %3 %s %Q %$ %i $O %G !<%? %U%m!<>p Js $K 4p $E $/ :G E, 2= $r9T $o $J$$ %l %Y %k $G$b %G !< %? %U%m!<>p Js $rDs6! $7 $J $/ $F $O$J $i$J$$!% $= $3 $G !$ $$ $/ $D $+$N %3 %s %Q %$ %k$N %U %’ !< %: $r 1 %Q %9 $K$9$k $3 $H $, Fq $7 $/$J $k !%2f !9 $N Plan-Do 7? Cf 4V%3 !< %I $O @) 8f%U %m!< $H %G !<%? %U %m!< $r %9 %H %j !<%‘ $N7A $K$^ $H$a $FI=8= $9 $k $3$H $K $h$j$3$N LdBj $r 2r7h $7 $? !% <U<- EEAm 8& $N;3 8} 4n 65!$ :d 0f =$ 0l !J 8=C^ GH Bg 3X !K !$ :4F#;05W !J 8= R W CP !K !$ ;y6LM4 1Y $N3F;a $K$O !$ EM-4 $N ;HMQ $K :] $7 $F 5;=Q E* $JE@ $r4^$‘ 5. =E $J8f=u 8@ $r$$ $? $@ $$$?!% $^ $? !$ El Bg $NJ? LZ7I 65 <x $K $O M-MQ $J%3 %a %s %H $r $$$? $@ $$$? !% $3$3 $K ?<<U$9$k!% ;2 9M J8 8% 1) Amarasinghe, S. P . and Lam, M. S.: Com- m unication Optimization and Co de Generation for Distributed Memory Mac hines, Pr o c. of the SIGPLAN’93 Confer enc e on Pr o gr amming L anguage Design and Implementation , pp. 126{ 138 (1993). 2) Culler, D. E., Sah, A., Sc hauser, K. E., v on Eic k en, T. and W a wrzynek, J.: Fine-Grain P ar- allelism with Minimal Hardw are Supp ort: A Compiler-Con trolled Threaded Abstract Ma- c hine, Pr o c e e dings of the F ourth International Confer enc e on A r chite ctur al Supp ort for Pr o- gr amming L anguages and Op er ating Systems , pp. 166{175 (1991). 3) Ko dama, Y., Sak ai, S. and Y amaguc hi, Y.: A Protot yp e of a Highly P arallel Data o w Ma- c hine EM-4 and its Preliminary Ev aluation, Pr o c. of InfoJap an ’90 , pp. 291{298 (1990). 4) Matsuok a, S., Y asugi, M., T aura, K., Kamada, T. and Y oneza w a, A.: Compiling and Manag- ing Concurren t Ob jects for E�cien t Execution on High-P erformance MPPs, Par al lel L anguage and Compiler R ese ar ch in Jap an (Bic, L. F., Nicolau, A. and Sato, M.(eds.)), Klu w er Aca- demic Publishers, pp. 91{125 (1995). 5) Sak ai, S., Y amaguc hi, Y., Hiraki, K., Ko dama, Y. and Y uba, T.: An Arc hitecture of a Data o w Single Chip Pro cessor, Pr o c. of the 16th A nnual International Symp osium on Computer A r chi- te ctur e , pp. 46{53 (1989). 6) T raub, K. R., Culler, D. E. and Sc hauser, K. E.: Global Analysis for P artitioning Non- Strict Programs in to Sequen tial Threads, Pr o- c e e dings of the A CM Confer enc e on Lisp and F unctional Pr o gr amming , pp. 324{334 (1992). 7) v on Eic k en, T., Culler, D. E., Goldstein, S. C. and Sc hauser, K. E.: Activ e Messages: a Mec ha- nism for In tegrated Comm unication and Com- putation, The 19th A nnual International Sym- p osium on Computer A r chite ctur e , pp. 256{266 (1992). 8) Y asugi, M.: A Concurr ent Obje ct-Oriente d Pr o gr amming L anguage System for Highly Par- al lel Data-Driven Computers and its Applic a- tions , PhD Thesis, Departmen t of Information Science, The Univ ersit y of T oky o (1994). 9) Y asugi, M., Matsuok a, S. and Y oneza w a, A.: ABCL/onEM-4: A New Soft w are/Hardw are Arc hitecture for Ob ject-Orien ted Concurren t Computing on an Extended Data o w Sup er- computer, Pr o c. of 6th A CM International Confer enc e on Sup er c omputing , pp. 93{103 (1992). 10) Y asugi, M., Matsuok a, S. and Y oneza w a, A.: The Plan-Do St yle Compilation T ec hnique for Eager Data T ransfer in Thread-Based Execu- tion, Pr o c. of the IFIP WG10.3 International Confer enc e on Par al lel A r chite ctur es and Com- pilation T e chniques , pp. 57{66 (1994). 11) Y oneza w a, A.(ed.): ABCL: A n Obje ct-Oriente d Concurr ent System , The MIT Press (1990). 12) Y oneza w a, A., Matsuok a, S., Y asugi, M. and T aura, K.: Implemen ting Concurren t Ob ject- Orien ted Languages on Multicomputers, IEEE Par al lel & Distribute d T e chnolo gy , V ol. 1, No. 2, pp. 49{61 (1993). 13) H, ?y >; 9( , >> 2, Ao , JF _7 L@ 7{ : ABCL/onEM-4:

V ol. 38 No. 9 @Q6KE* %G !<%?E>Aw$N$?$a$N Plan-Do 7? %3 %s %Q %$ %k 5;K! $H$=$N I>2A 9 %G !< %? 6n F0 7W ;; 5! >e $N JB Ns %* %V %8 %’ %/ %H ;X 8~ 7W ;; %7 %9 %F %‘$N9b@-G= <BAu , JBNs=hM} %7 %s%]%8 %& %‘ (JSPP’92) O@J8=8 , pp. 171{178 (1992). 14) H, ?y >; 9( , >> 2, Ao , JF _7 L@ 7{ : %9 %l%C %I %Y !<%9 <B 9T $K $*$1 $k @Q 6K E* %G !< %? E> Aw$N$? $a $N Plan-Do 7? %3 %s %Q %$ %k 5; K! , >pJs =h M} 3X 2q 8& 5f Js 9p 94-PR G- 18(SW oPP’94), V ol. 94, No. 65, pp. 9{16 (1994). ( J?@. 8 G/ 9 7n 16 F|<uIU ) ( J?@. 9 G/ 7 7n 4 F|:NO? ) H,?y >;9( !J @52q0w !K 1967 G/@8 !% 1989 G/El5~Bg3X 9)3X It EE ;R 9) 3X 2J B4 !% 1991 G/ F1 Bg 3X Bg 3X1! 9) 3X 7O 8& 5f 2J EE 5$ 9) 3X @l 96 =$ ;N 2] Dx =$ N; !% 1994 G/ F1 Bg 3X Bg 3X 1! M} 3X7O 8& 5f 2J >p Js 2J 3X @l 96 Gn ;N 2] Dx =$ N; !% 1993 !A 1995 G/ F|K\ 3X=Q ?66= 2qFC JL8& 5f0w !J El 5~ Bg 3X !$%^ %s %A %’ %9%? !< Bg 3X !K !% 1995 G/$h $j ?@ 8M Bg 3X 9)3XIt>pJsCNG= 9)3X2J=u<j!% Gn ;N !J M}3X !K !% JBNs =hM} !J JBNs %7 %9 %F %‘ !$JBNs8@8l !K !$ %* %V %8 %’ %/ %H ;X8~8@8l !$ 8@8l =hM}7O !J %3%s %Q %$ %i !$ %i %s %? %$ %‘ ) $J $I $K 6=L# $r ;}$D!%F|K\ %=%U %H %&%’%" 2J3X2q !$ A CM 2q0w!% >>2, Ao !J @52q0w !K 1963 G/@8!% 1986 G/El5~Bg3XM}3X It >p Js 2J 3X 2J B4 !% 1989 G/ F1 Bg 3X Bg 3X1! Gn ;N 2] Dx Cf B‘!% F1 G/ >p Js 2J 3X 2J =u<j!$ F1 Bg 3X >pJs 9) 3X @l 96 9V ;U $r7P $F !$ 1996 G/ 10 7n $h$jEl 5~9) 6H Bg 3X >pJs M} 9)3X 8& 5f 2J =u65 <x!% M} 3X Gn ;N!% %* %V %8 %’%/ %H ;X 8~ 8@ 8l !$8@8l =h M} 7O !$JBNs %7 %9%F %‘ !$<+8J H? 1G 8@ 8l !$ %f!<%6 !&%$ %s %?!< %U %’!<%9 %=%U %H %& %’ %" $J $I $N8&5f $K =>;v !% ECOOP’97 $N %W %m %0 %i %‘ 0Q0w D9 $r$O $8 $a !$3F <o3X 2q $N %W %m %0 %i%‘0Q 0w $rNrG$ !% A CM !$ IEEE-CS 3F 2q0w!% JF_7 L@7{ !J @52q0w !K 1947 G/ @8 !% 1977 G/ Ph.D. in Computer Science !J MIT !K !% 1989 G/ $h $j El 5~ Bg 3X M} 3X It >p Js 2J 3X 2J 65 <x!% D6 JBNs !& J,;6 %= %U %H %&%’ %"%"!< %- %F %/ %A %c !$ $J $I $K 6=L# $r ;} $D!% 6& Cx=q !V ;;K! I= 8= O@ !W !$ !V %b %G%k$H I=8= !W !J 4dGH =q E9 !K !$ JT Cx=q !V ABCL: An Ob ject-Orien ted Concurren t Sys- tem !W !J MIT Press !K $J $I $, $" $k!% 4 G/4V %I %$ %D9q N) >p Js=h M} 8& 5f =j !J GMD !K 2J 3X 8\ Ld!$ A CM T ransaction on Programming Languages and Systems I{ JT =8 D9 !$ IEEE P arallel & Distributed T ec hnology JT =8 0Q 0w $J $I $r NrG$ !$8=:_F|K\ %=%U %H %&%(%" 2J3X2qM};vD9!%