V ol. 39 No. 6 >pJs=hM}3X2qO@J8;o June 1998 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k :GE,2=%3%s%Q%$%k5;K!$NI>2A C0 1) =c J? y 0p 3@ C# ;a y ; !y >> K\ >0 y J? LZ 7I y 2f!9$OJ]8n$5 $l$?9bB.$J%f!<%6!<DL?.!?%f!<%6!<F1 4|$r<B8=$9$k \ HsBP>NJ,;66&M-%a %b%j :ADSM" $rDs 0F $7$F $- $?!% ADSM $O FI$_ =P$7 $H =q$- 9~ $_$N <B 8=%b %G %k$, JL!9 $G!$FI $_=P $7 $ODL >o $N2> A[ 6&M- %a %b%j J} <0 $H F1 MM $G $" $k$,!$ =q $- 9~ $_ $K 4X $7 $F$O %3 %s %7 %9 %F %s %7 0];} %3!< %I $, Kd $a 9~ $^ $l$k!% =q $- 9~ $_ $N <+ M3 EY$, 9b $$ $+ $i!$ MM!9 $J :G E, 2= $, 2DG= $K $J $k!% 2f!9 $O %3 %s %7 %9 %F %s %7 0] ;}%3!< %I $N ?t $r @E E* !? F0 E* $K :o 8: $9$k $3 $H $G!$ =q $- 9~ $_ $N %*!< %P!< %X%C %I $r :o 8: $9 $k :G E, 2= 5; K! $r Ds 0F $9 $k!% HF MQ JB Ns %* %Z %l!< %F%# %s%0 %7 %9 %F %‘ SSS{CORE $H AP1000+ >e $K :n @. $7 $? %3 %s %Q %$ %i JB $S $K %i %s %? %$ %‘ %7 %9 %F %‘ $K $* $$ $F SPLASH-2 $N LU-Con tig $r ;H$C$F I>2A $r9T $J$C$?!% <B 9T;~ 4V$O @EE* $J:G E,2= $K$h $j 80% 8~>e $7!$ 99$K F0E* $J:G E,2= $r $*$3$J$&$3$H$G 30% 8~>e$7$?!% P erformance Ev aluation of Compiling T ec hniques on Asymmetric Distributed Shared Memory Junpei NIW A, y T a tsushi Ina gaki, y ; !y T akashi Ma tsumoto y and Kei Hiraki y W e ha v e prop osed an \Asymmetric Distributed Shared Memory: ADSM", that realizes user- lev el protected high-sp eed comm unications/sync hronizations. In the ADSM, the shared-read is based on a cac he-based shared virtual memory system. As for the shared-write, instructions for consistency managemen t are inserted after the corresp onding store instruction. There- fore, v arious optimizations can b e p erformed. W e prop ose an optimizing metho d of reducing o v erheads for consistency managemen t. The algorithm coalesces a sequence of consistency managemen t instructions statically/dynamically . W e ha v e implemen ted the protot yp e of the compiler and the run time system for the ADSM on a m ulticomputer F ujitsu AP1000+ and the general-purp ose massiv ely-parallel op erating system: SSS{CORE. The p erformance ev al- uation using LU-Con tig of SPLASH-2 sho ws that the execution time is reduced by 80% using static optimization and it is further reduced b y 30% using dynamic optimization. 1. $O $8 $a $K 6a G/!$ J, ;6 %a %b %j 7? 7W ;; 5! $, =E MW $J 7W ;; ;q 8; $K $J $j $D$D$"$k!%$7$+$7$J$,$i!$J,;64D6- $K$*$1$k%a%C%;!<%8 %Q%C%7%s%0$r;HMQ$7$?%W%m%0%i%_%s%0 $K$OB?Bg$JO+NO$, I, MW $G $" $k!% 6& M- %G!< %? 0L CV $N @E E* $J M= B, $, :$ Fq $G $" $j!$DL?.$r$*$3$J$&:]$KL@<(E*$K %a%C%;!<%8%Q%C%7%s%0 %i%$%V%i%j$r;HMQ$9$kI,MW$,$"$k!% $^$?!$6&M-%G!<%?$N %3%s%7%9%F%s%7$N0];}$K$b>o$KCm0U$r J’$o$J$1$l$P$$$1 y El5~Bg3XBg3X1!M}3X7O8&5f2J>pJs2J3X@l96 Departmen t of Information Science, F acult y of Science, Univ ersit y of T oky o !y 8=:_!$F|K\%"%$!&%S!<!&%(%‘!J3t!KEl5~4pAC8&5f=j Presen tly with IBM Researc h, T oky o Resesrc h Lab oratory $J$$!% >e5-$NO+NO$r7Z8:$9$k$?$a$K!$ J,;6%a%b%j7?%a%b%j7W ;;5!>e$G6&M-%a%b%j5!9=$rDs6!$9$kI,MW$,@8 $8$k!%6&M- %a%b%j5!9=$G$O6&M-%G!<%?$OC10l$N%"%I%l%96u 4V$G%"%/ %;%9$5$l$k$+$i!$%G!<%?$N0LCV$d%3%s%7%9%F%s%7 $N0];} $K4X$7$F%f!<%6$,5$$rG[$kI,MW$,$J$$!%99$K@-G= $N4QE@ $+$i$b%a%C%;!<%8%Q%C%7%s%0$h$j9-5A6&M-%a%b %j!J1s3V %a%b%jA‘:n$r2DJQN3EY9b5!G=%a%b%jA‘:n$H$7 $F%f!<%6$K 8+$;$k!K$NJ}$,Dj@-E*$KM%$l$F$$$k 13) !% %f!<%6!?%3%s%Q%$%i$K$H$C$F$O 6&M-%a%b%j5!9=$,%O!< %I%&%’%"$G<B8=$5$l$h$&$,%*%Z%l!<%F%#%s%0%7%9 %F%‘$G <B8=$5$l$h$&$,!$4pK\@-G=$,F1$8$J$i$PLdBj$O $J$$!%6& M-%a%b%j5!9=$r%O!<%I%&%’%"$G<B8=$9$k$K$O$I$& $7$F$b <BAu%3%9%H$,LdBj$K$J$k!%6aG/!$<BAu%3%9%H$NDc $$%=%U %H%&%’%"$G6&M-%a%b%j5!9=$r<B8=$9$kJ}<0!J%= %U%H%&%’ 1

2 >pJs=hM}3X2qO@J8;o June 1998 %" DSM !K 3),4),6) $, CmL\$r=8$a$F$$$k!%$3$l$i$O 695A6& M-%a%b%j!J1s3V%a%b%jA‘:n$r%W%m%;%C%5 %l%Y%k$N%a%b%j A‘:n$H$7$F%f!<%6$K8+$;$k!K$G$"$j!$ %f!<%6%l%Y%k$N%" %W%j%1!<%7%g%s$,MxMQ2DG=$J:GE,2=$N2D G=@-$,@)8B$5$l $F$-$?!% 2f!9$O!$FC<l$JDL?.F14|%O!<%I%&%’%" $r2>Dj$7$J$$J, ;6 %a %b %j 4D 6- $G 8z N( $N NI $$ 6& M- %a %b %j 5! 9= $r Ds 6! $9 $k $? $a $K!$J]8n$5$l2>A[2=$5$l$?9bB.$J %f!<%6DL?.!?%f!<%6!< F14| $r<B8= $9$k Hs BP>NJ, ;66&M- %a%b%j !J Asymmetric Distributed Shared Memory:ADSM !K $r Ds 0F $7$F$- $? 11) !% ADSM >e$G$O 6&M- %a%b %j$N FI $_=P $7$K 4X $7$F$O=>Mh$N2>A[6&M-%a%b%jJ}<0$K =>$$!$6&M-%a%b%j$N =q$-9~$_$HF14|$O%f!<%6%3!<%I$K0lO" $NL?Na%7!<%1%s%9 $r@EE*$KA^F~$9$k!%$=$3$G6&M-%a%b%j $N=q$-9~$_$dF14| $r0lO"$NL?Na%7!<%1%s%9$KJQ49$9$k:G E,2=%3%s%Q%$%i$H $=$l$r%5%]!<%H$9$k%i%s%?%$%‘$,I,MW $K$J$k!%$=$l$i$K $h$C$F695A6&M-%a%b%j$G$O<B9T$G$- $J$+$C$?<o!9$N:GE, 2=$X$NF;$,3+$+$l$k!% K\O@ $G$O!$ ADSM >e $G=q $-9~ $_$N %*!<%P!<%X%C %I$r @EE*!?F0E*$K:o8:$9$k$?$a$N%3%s%Q%$ %k5;K!!?%i%s%?%$ %‘%5%]!<%H$rDs0F$9$k!%$^$?!$Ds0F$7$? 5;K!$NM-8z@-$r AP1000+ $H%o!<%/%9%F!<%7%g%s%/%i%9%?>e$NHFMQ JBNs %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS{CORE 11) $K $* $1 $k <B 83$K$h$C$FI>2A$9$k!% 2. HsBP>NJ,;66&M-%a%b%j ADSM $G $O FI $_ =P $7 $H =q $- 9~ $_ $N <B 8= %b %G %k $, 0[ $J$C$F$$$k !y � 6&M-NN0h$X$NFI$_$@$7 => Mh $N %= %U %H %&%’ %" DSM $H F1 MM $K %W %m %;%C %5 $N %Z!<%84IM}5! 9=$rMx MQ$7$? %Z!<%8C10L $N%-%c%C%7%C %s %0 $r 9T $J$C $F!$ %W %m %;%C %5 $N load L? Na $G <B 9T $9 $k!%=>$C$F%-%c%C %7%e%R%C %H;~$O %*!<%P!< %X%C%I$, $J $$!% 6& M- $5 $l $F $$ $k %Z!< %8 $N %-%c%C %7%e %_ %9 $O %Z!<%8%H%i%C%W$G8!CN$7$FBP=h$9$k!% � 6&M-NN0h$X$N=q$-9~$_ =q $- 9~ $^ $l $k %G!< %? $N => $& $Y $- %W %m %H %3 %k $K =>$C $F!$ 1s 3V %a %b %j %" %/ %; %9 $d IU 2C E* $J %a %b %j A‘ :n $H $$$C$?%3%s%7 %9%F%s%7 0];}$N$? $a$N%3!<%I Ns!J%3%s %7%9%F%s%7 0];}%3!<%I!K $r<B9T%3!< %I$H$7$F Kd$a9~ $‘!%Kd$a9~$^ $l$?%3%s %7%9%F%s %70];}%3!< %I$K$h$j L@<(E*$J%Q%1%C%HDL?.$r$*$3$J$&!% 6&M-NN0h$X$N=q$-9~$_$r%9%H%"0lL? Na$+$i0lO"$N%3!<%I Ns$KJQ49$7$F$7$^$&$?$a$K=>Mh$N695A 6&M-%a%b%j$G9T$J !y $3$l$,L>A0$NM3Mh$G$"$k!% $o$l$F$-$?:GE,2=$K2C$($F0J2<$N:GE,2=$,2DG=$K$J$k!% � %3%s%7%9%F%s%70];}%3!<%INs$N%3%"%l%7%s%0 !y!y $"$kF14|6h 4V$K$*$$$F O"B3$7$? 6&M-%"%I%l %9$X$N=q $-9~$_Ns$, $"$k>l9g!$ %3%s%7%9 %F%s%70] ;}%3!<%I$N Ns $r O" B3 NN 0h $K BP $9 $k 0l $D $N 0] ;} %3!< %I $K JQ 49 $9 $k$3$H$K $h$C$F!$<B9T ;~$N%*!< %P!<%X%C%I $r:o8:$9 $k!% � DL?.%Q%1%C%H$N%3%s%P%$%K%s%0 Aw $j @h $, F1 $8 %Q %1%C %H $r %3 %s %P %$ %K %s %0 $7 $F %a%C %;!< %8 ?t $r 8: $i $7!$ 99 ?7 7? %a %b %j %" %/ %; %9 $N %*!< %P!<%X%C%I$r:o8:$9$k!% 3. %W%m%H%3%k!J SA UR C !K$N<B8= 2f!9 $O ADSM >e $K ;0 <o N‘ $N %W %m %H %3 %k $N <B Au $r 9T $J $$ I> 2A $7 $? 15) !% %= %U %H %&%’ %" $G Automatic up date release consistency !J A UR C !K 3) $r %( %_%e %l!< %H $9 $k %W %m %H %3 %k \SA UR C" $, AP1000+ >e $N <B 83 $K $* $$ $F $O :G $b NI $$ 7k 2L $r <( $7 $?!% $^ $?!$ SA UR C $O ;0 <T $N Cf $G<BAu$,:G$bMF0W$G$"$j!$<B83$N7k2L%a%b%j;H MQNL$b:G $b>/$J$$%W%m%H%3%k$G$"$k$3$H$,H=L@$7$?!%$3 $NI>2AK! $K 4p $E $-!$ K\ O@ $G $O SA UR C %W %m %H %3 %k $K $D $$ $F >\ $7 $/07$&!% SA UR C $G $O 3F %Z!< %8 $K home %N!< %I $, B8 :_ $9 $k!% home %N!<%I 0J30 $K%3 %T!<%Z!< %8$r M-$9 $k%W %m%;%C %5$, 0l Bf $N ;~ $O!$ 8_ $$ $K 99 ?7 $7 $" $& !J Cop ySet-2 %W %m %H %3 %k!K$,!$$=$l 0J30$N ;~$O %3%T!<$+ $i home %N!<%I$X$N 99 ?7 $N $_ $, EA $( $i $l $k !J Cop ySet-N %W %m %H %3 %k!K!% $3 $l $K$h$j home %N!<%I$O>o$K:G?7$NCM$KJ]$? $l$k!% home %N!< %I 0J 30 $N %3 %T!< %Z!< %8 $O W riteNotice 5) $r ;H MQ $7 $? Lazy Release Consistency !J LR C !K 4) $H F1 MM $J L5 8z7?%W%m%H%3%k$G4IM}$5$l$k!% 3.1 =q$-9~$_$N%3%s%7%9%F%s%70];}%3!<%I %P%C%U%!$r%N!<%IBf?t8DMQ0U$9$k!% � %"%I%l%9$+$i %Z!<%8 HV9f!J P !K $r5a$a $k!% P $X$N=i $a $F $N =q $- 9~ $_ $N >l 9g $K $O W riteNotice $r :n @. $9 $k!% � <+ J, $, P $N home %N!< %I $G $J $$ >l 9g!$ !V%" %I %l %9 $H %5 %$ %: $H Cf ?H!W $r P $N home %N!< %I $K BP 1~ $9 $k %P%C%U%!$K%3 %T!<$9 $k!J$?$@ $7!$%*!<%P!< %X%C%I:o 8:$N$?$a!$2a 5n$KF1$8 %"%I%l%9 $X$N=q$- 9~$_$,$"$C $?$+$I$&$+$OD4$Y$J$$!K!% � <+ J, $, P $N home %N!< %I $G $" $j!$ $+ $D Cop ySet-2 $G$"$k>l9g!$ %"%I%l %9$H%5%$ %:$HCf?H $r!$%3%T!<$r !y!y lo op transformation $N0l$D$G$"$k!$ lo op coalescing !J lo op tiling $N5UA‘:n!K$,L>A0$NM3Mh$G$"$k!%

V ol. 39 No. 6 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k:GE,2=%3%s%Q%$%k5;K!$NI>2A 3 ;}$D%N!<%I$K BP1~$9 $k%P%C%U%! $K%3%T!<$9 $k!J$?$@ $7!$%*!<%P!<%X%C%I :o8:$N $?$a!$2a 5n$KF1$8 %"%I%l %9$X$N=q$-9~$_$,$"$C$?$+$I$&$+$OD4$Y$J$$!K!% =q $- 9~ $_ $N ET EY %P%C %U%! $N Cf ?H $r E> Aw $7 $J $$ $G!$ %P%C %U%!$,0lGU$K$J$C$?;~E@!?F14|E@$KE~ C#$7$?;~E@$G%P%C %U%!$NCf?H$r$=$N$^$^BP1~$9$k%N!<%I $KE>Aw$9$k!%$D$^ $j%i%s%?%$%‘%l%Y%k$G%a%C%;!<%8$N%3%s %P%$%K%s%0$r$* $3$J$&!%F14|E@$KE~C#$7$?>l9g$O%3%s %7%9%F%s%70];}40 N; $N 3N G’ $N $? $a $K %a %b %j %P %j %" $r D% $k!% BP 1~ $9 $k %N!< %I $O E> Aw $5 $l $? %G!< %? $r 85 $K <+ J, $N %Z!< %8 $r 99 ?7 $7!$ TimeStamp $r99?7$9$k!%99?78e$KE>Aw$5$l$?%G!<%?$O 4~5Q$9$k!% 3.2 %"%/%;%9%_%9 %Z!< %8 %U%)!< %k %H $, H/ @8 $7 $? >l 9g!$ 3: Ev %Z!< %8 $N home %N!<%I $K%Z!< %8MW 5a$N %j%/ %(%9 %H$r H/9T $9$k!% 3: Ev%Z!<%8$N home %N!<%I$O $=$NMW 5a$r <u$1<h $k$H!$%Z!< %8$N Cf ?H $H TimeStamp $r%Z!< %8 %U%)!< %k %H $r 5/ $3 $7 $? %N!<%I$KE>Aw$9$k!% 3.3 F1 4| 3F %m%C %/ $K $O round-robin $G 3d $j ?6 $i $l $? %m%C %/ 4I M} <T $, B8 :_ $9 $k!% <+ J, $, %m%C %/ $r ;}$C $F $$ $J $$ 8B $j!$ A4$F$N%m%C%/ acquire $N%a%C%;!<%8$O%m%C%/4IM}<T$KE> Aw $7!$ 4I M} <T $N 85 $G C‘ <! 2= $5 $l $F 4I M} $5 $l $k!% %m%C %/ 4IM}<T$O%m%C%/ acquire $N%a%C%;!<%8$r<u$1<h$k$H!$$= $N %a%C %;!<%8 $r \ :G 8e $K %m%C %/ acquire $N %a%C%;!< %8 $r H/ 9T $7 $? %N!< %I " $K %U%) %o!< %I $9 $k!% %m%C %/ $r aquire $7 $? ;~ $K $O!$ %m%C %/ $r release $7 $? %N!< %I $, @8 @. $7 $? W riteNotice $N>pJs $,EA $( $i$l $k!%$= $l $r85 $KBP 1~$9 $k %Z!<%8 $r L5 8z 2= $9 $k!% $? $@$7!$ TimeStamp $NHf 3S $r 9T $J$C$F TimeStamp $,8E$$%Z!<%8$N$_L58z2=$9$k 3) !% 3F%N!<%I$O%P%j%"$KF~$C$?$i!$%P%j %"4IM}<T$K7g$1$F $$ $k W riteNotice $N >p Js $r %P %j %" 4I M} <T $K E> Aw $9 $k!% %P%j%"4IM}<T$OA4$F$N%N!<%I$+$i>pJs $r=8$a$FBP1~$9$k %Z!<%8$NL58z2=$r$*$3$J$&!%A3$k8e $K!$3F%N!<%I$K7g$1 $F $$ $k W riteNotice $N >p Js $r 3F %N!< %I $K E> Aw $9 $k!% 3F %N!< %I $O E> Aw $5 $l $? W riteNotice $N >p Js $r 85 $K 3: Ev $9 $k%Z!< %8 $N L5 8z 2= $r $* $3$J $&!% $? $@ $7!$ TimeStamp $N Hf 3S $r 9T $J $$ TimeStamp $, 8E $$ %Z!< %8 $N $_ L5 8z 2= $9 $k 3) !% 4. %3%s%Q%$%i%"%k%4%j%:%‘ 2f!9$N%3%s%Q%$%i$,07$&$N$O!$4KOB $5$l$?%3%s%7%9%F %s%b%G%k$K4p$E$/6&M-%a%b%j$K$*$1$k L@<(E*$JJBNs%W%m %0%i%‘$G$"$k!%6&M-%a%b%j>e$NL@<(E* $JJBNs%W%m%0%i%‘ $G$O!$%W%m%0%i%^$,%"%W%j%1!<%7%g%s 0MB8$N>pJs$r;H$C $FF0E*$JIi2YJ,;6$r$*$3$J$&$H$$$C$? MxE@$,$"$k!%6qBN E*$J:GE,2=$N>pJs$O%W%m%0%i%‘Cf$NF14|L?Na!$ %3%s%7%9 %F%s%70];}$N%W%m%H%3%k!$5Z$S6&M-%"%I%l%9$N ;HMQJ}K! $=$l$>$l$K!$J,;6$7$F4^$^$l$F$$$k$3$H$K$J$k!% $I$N$/ $i$$%3%s%Q%$%i$KJ,$+$j0W$$7A$G%W%m%0%i%‘$, =q$+$l$F $$$k$+$K$h$C$F!$2DG=$J:GE,2=$NHO0O$d%3%s%Q%$ %k$K$+ $+$k;~4V$,1F6A$r<u$1$k!% 2f!9 $N %3 %s %Q %$ %i $O SPLASH-2 9) $G ;H MQ $5 $l $F $$ $k!$ C 8@ 8l $K P ARMA CS $H $$ $& %^ %/ %m $r 2C $( $? %W %m %0%i%_%s%0%b%G%k$r%5%]!<%H$7$F$$$k!%$3$N%W%m %0%i%_ %s%0%b%G%k$G$O6&M-NN0h$NF0E*$J3NJ]$d%9%l%C %I$N@8@. $dL@<(E*$JF14|$r<B9T$G$-$k!% 4.1 6&M-NN0h$X$N=q$-9~$_$N8!=P %3%s%Q%$%i$,6&M-NN0h$X$N=q$- 9~$_$r%3%s%7%9%F%s%7 0];}%3!<%I$r4^$s$@%3!<%INs$KJQ49$9$k!%%3%s%Q %$%i$, 6&M-NN0h$X$N=q$-9~$_$r8!=P$9$k$?$a$K!$<jB3 $-4V%]%$ %s%?2r @O 2),8) $N5;K! $rMQ $$$k!% <jB3 $-4V %]%$ %s%?2r @O$O 2r@O;~4V$,D9$/$J$k$b$N$N<!$N$h$&$J%a%j%C%H$,$"$k!% � <j B3 $- 4V $N alias >p Js $r 85 $K<j B3 $- 4V $G %3!< %I 0\F0 $r$*$3$J$&$3$H$,$G$-$k!% � 6& M- =q $- 9~ $_ $N 8u Jd <T $N @5 3N $J >p Js $, F@ $i $l $k $+ $i!$8e$N%G!<%?%U%m!<2r@O$N%3%9%H$,8:>/$9$k!% <jB3 $-4V %] %$%s %? 2r@O $O lo cation set $H8F$P $l $k%G!< %?9=B$$rMQ$$$?A0?J7?%G!<%?%U%m!<LdBj$r2r$/!% %]%$%s %?$N BeF~ $,$" $l$P p oin ts-to >p Js!J%] %$%s %?$N ;X$9!$ ;X $5 $l $k 4X 78 !y !K $, @8 @. $5 $l $k!% %] %$ %s %? $, dereference $5 $l $? ;~ E@ $G!$ %3 %s %H %m!< %k %U %m!< %0 %i %U $r AL$C $F p oin ts-to >p Js $, =i $a $F 7W ;; $5 $l $k!% <j B3 $- 8F $S =P $7 $N ETEY!$F1$87W;;$r$9$k$N$rKI$0$?$a$K!$%Q%i%a!< %?4V$N JLL>4X78$,0[$J$k;~$N$_!$:F7W;;$r$*$3$J$&!% %Q%i%a!< %?4V$N JLL> 4X78 $,F1 $8$J $i$P !y!y !$4{B8 $N7k 2L$r E,MQ $9$k $@$1$G$$$$!% <j B3 $- 4V%] %$ %s %? 2r @O $r 9T $J$C $F!$ G MALLOC %* %Z%l!<%7%g%s!J6&M-NN0h$NF0E*$J3NJ]!K$,@8@.$9 $k%]%$ %s%?$NCM$rJ];}$7$&$kJQ?t8!=P$7!$3:Ev$9$k=q $-9~$_$N 8e$K%3%s%7%9%F%s%70];}%3!<%I$rA^F~$9$k!% 5. 6& M- NN 0h $X $N =q $- 9~ $_ $N %*!< %Y!< %X%C %I $N :o8: O"B3$7$?6&M-NN0h$KBP$9$k=q$- 9~$_$r$G$-$k$@$1$^$H $a$F=hM}$7$F!$>iD9$J%3%s%7%9%F%s%70];}%3!<%I $r=|5n $9$k$3$H$,$G$-$l$P!$6&M-NN0h$X$N=q$-9~$_ $N%*!<%P!< %X%C%I$,:o8:$G$-$k!%@h9T$9$k%]%$%s%?2r@O$K $h$j!$A4 $F$N6&M-=q$-9~$_$O8!CN$5$l$F$$$k$b$N$H$9$k!% !y lo cation set $GI=8=$5$l$k !y!y CM$,F1$8$G$"$kI,MW$O$J$$

4 >pJs=hM}3X2qO@J8;o June 1998 5.1 %3 %s %7 %9 %F%s %7 0] ;} %3!< %I $N @E E* $J %3 %" %l %7 %s %0 0lO"$N6&M-NN0h$X$N=q$-9~$_$,O" B3$7$?%"%I%l%9$KBP $7$F9T$J$o$l$F$$$FF14|%3!<%I$r4V$K 4^$^$J$$>l9g!$%3 %s%7%9%F%s%70];}%3!<%I$N>pJs$H$7$F $OO"B3$7$?Bg$-$J NN0hA4BN$KBP$9$k0l$D$N%3%s%7%9%F %s%70];}%3!<%I$HEy 2A$G$"$k!% 0J2<$KM6F3JQ?t$N>pJs$rMxMQ$7 $F%"%U%#%s$J%a%b%j%" %/%;%9$N8!CN$r9T$J$$!$%k!<%W%l%Y%k$N %3%s%7%9%F%s%7 0];}%3!<%I$N%3%"%l%7%s%0$r$*$3$J$& %"%k%4%j%:%‘$r<( $9!% %k!< %W $K $O depth $, $" $j!$ n =E %k!< %W %M %9 %H $N :G 30 %k!< %W $N depth $O 1 $G :G Fb %k!< %W $N depth $O n $H $9 $k!%%3%s%7%9%F%s%70];}%3!<%I$O%"%I%l %9$H%5%$%:$NAH I ( A; S ) $G I= $9!%$^ $:!$ I, $:<B 9T $5 $l$k 6& M- =q$- 9~ $_ $r 4^$‘ n =E%k!<%W %M%9%H $rNs 5s$7 $F!$3F %k!<%W %M%9 %H$K BP $7$F0J2<$r<B9T$9$k!% !J 0 !K 3F 6& M-=q $- 9~$_ Kh $K%3 %s %7%9 %F%s %7 0];} %3!< %I$r @8@. !J 1 !K D epth := n !J 2 !K D epth = 0 $J$i$P=*N; !J 3 !K depth = D epth $r K~ $? $9 3F %k!< %W ( L ) $K BP $7 $F 0J2<$r<B9T$9$k !J 3.1 !K %k!<%W L $NCf$K%3%s%7%9%F%s%70];}%3!<%I $,J# ?tB8 :_ $7 $F!$ $= $N%" %I %l %9 It J, $,O" B3 $G $" $j!$ %3!<%I 4V $K F1 4| %3!< %I !? %j %?!< %s %3!< %I $, $J $1 $l$P!$ %3 %s %7 %9 %F%s %7 0] ;} %3!< %I $r%3 %" %l %7 %s %0$9$k !J 3.2 !K F14|%3!<%I!?%j%?!<%s%3!<%I$,$"$l$P!J 3 !K$X !J 3.3 !K I ( A; S ) $G I= $5 $l $k 3F %3 %s %7 %9 %F %s %7 0] ;} %3!< %I$KBP$7$F !& A !J%"%I %l %9 It J,!K $, %k!< %W IT JQ $G $" $k >l 9g : %k!<%W L $+$i%3%s %7%9 %F%s %70] ;}%3!< %I$r :o =|$7$F!$%k!< %W L $N30B& $K%3 %s%7 %9%F %s%7 0] ;}%3!<%I$rA^F~$9$k !& A $,%k!<%W L $NM6F3JQ?t$G$"$k>l9g : $b $7 A $N %9 %H %i %$ %I !J A str ide !K $, S 0J 2< $G $" $l$P!$ %3%" %l%7 %s%0 2DG= $G$" $j!$%k!< %W L $+ $i%3 %s%7 %9%F %s%7 0];} %3!<%I $r:o =|$7 $F!$ %k!<%W L $N30B&$K %3%s %7%9 %F%s %70] ;}%3!< %I $r A^F~ $9$k!% A^F~ $5$l $k%3%s %7%9 %F%s %70] ;} %3!< %I $O I ( A low ; ( c � 1) � A str ide + S ) $H I= 8= $5 $l $k !J$? $@ $7 c $O %k!< %W L $N 2s ?t $G A low $O A $N:G>.CM!K !J 4 !K D epth := D epth � 1 $H$7$F!J 2 !K$X 0J2<$K%3%"%l%7%s%0$N%"%k%4%j%:%‘$r E,MQ$7$?Nc$r5s$2 $k!% for (i = 0; i < n; i = i + 1) { a[i] = a[i] + alpha * b[i]; I (&a[i], sizeof (double)); } + Static Coalescing Optimization for (i = 0; i < n; i = i + 1) { a[i] = a[i] + alpha * b[i]; } I (&a[0], n * sizeof (double)); 5.2 %3 %s%7 %9 %F %s %7 0] ;} %3!< %I $N F0 E* $J %3 %" %l %7 %s %0 0lO"$N6&M-NN0h$X$N=q$-9~$_$, 0JA0$K=q$-$3$s$@NN0h $r>e=q$-$7$F$7$^$&$,!$@EE*$K$O8!CN$G$-$J$$ >l9g$,B8 :_$9$k!%$^$?!$@EE*$K$OO"B3NN0h$K=q$-9~$_$r 9T$J$C$F $$$k$H2r@O$G$-$J$$$,!$O"B3NN0h$K=q$-9~$_$r 9T$J$C$F $$$k>l9g$bB8:_$9$k!%$3$NN><T$N>l9g!$F0E*$J%3 %s%7%9 %F%s%70];}%3!<%I$N%3%"%l%7%s%0$K$h$j%*!< %P!<%X%C%I :o8:$,2DG=$G$"$k!% 3.1 $G =R $Y $? J} K! $K$h $k %3 %s %7 %9 %F %s %7 0] ;} %3!< %IFb $NA‘:n$G$O!$%*!<%P!<%X%C%I$r9MN8$7$F0JA0$KF1 $8%"%I %l %9 $K =q $$ $? $+ $I $& $+ $r D4 $Y $: $K!$ %" %I %l %9 $H %5 %$ %: $HCf?H$r%P%C%U%!$K=q$-9~$s$G$$$?!%$3$NJ}<0$O @EE*$K A4 $F $N O" B3 NN 0h $X $N =q $- 9~ $_ $r 2r @O $G $- $k $h $& $J >l 9g $K%*!<%P!<%X%C%I$,0lHV>/$J$$!%$7$+$7!$@EE*$J 2r@O$G $O 8! =P $G $- $J $$ $h $& $J O" B3 NN 0h $X $N =q $- 9~ $_ $, B? $$ >l 9g$O$3$NJ}<0$O%*!<%P!<%X%C%I$,Bg$-$/$J$k!%@E E*$J2r @O $G $O 8! =P $G $- $J $$ O" B3 NN 0h $X $N =q $- 9~ $_ $, B? $$ >l 9g $G $b Soft w areDirt yBit J} <0 10) $r Mx MQ $9 $k $3 $H $G %*!< %P!<%X%C%I$r:o8:$G$-$k!% Soft w areDirt yBit J} <0 $G $O!$ 3F 6& M- %" %I %l %9 $, $= $N %" %I %l %9 $X $N =q $- 9~ $_ $, 9T $J $o $l $? $+ $I $& $+ $r H? 1G $9 $k bit !J Soft w areDirt yBit !K $r ;}$C $F $$ $k!% %3 %s %7 %9 %F %s %7 0] ;} %3!< %I Fb $G 3: Ev %" %I %l %9 $H %5 %$ %: $H Cf ?H $r %P%C %U%! $K =q $- 9~ $‘ $+ $o $j $K!$ 3: Ev %" %I %l %9 $K BP 1~ $9 $k Soft w areDirt yBit $N NN 0h $r ;; =P $7 $F %5 %$ %: J, $N Soft w areDirt yBit $r%;%C%H$9$k!J ?^ 1 !K!% 3.1 $G =R $Y $? J} K! $G $O BP 1~ $9 $k %P%C %U%! $K 3: Ev %"%I %l %9$H%5%$%:$HCf?H$r=q$-9~$s$G$7$^$&$?$a!$ %P%C%U%!$, 0l GU $K $J $k $H BP 1~ $9 $k %N!< %I $X $N DL ?. $, H/ @8 $9 $k!$ $D $^$j up date $,@8 $8$k!% 6&M-NN 0h$X$N =q$-9~ $_$,0J A0$K =q $- $3 $s $@ NN 0h $r >e =q $- $7 $F $7 $^ $& $h $& $J >l 9g $, 2? EY $b 7+ $j JV $5 $l $k $H!$ L5 BL $J %a%C %;!< %8 $, Ht $S!$ L5 BL $J up date $, H/ @8 $9 $k 4m 81 $, $" $k!% Soft w areDirt yBit J} <0$G $O!$ Soft w areDirt yBit $r%;%C %H $9$k %m!<%+ %k $J7W ;;$N%*!<%P!<%X%C%I$,2]$;$i$l$k$@$1$G:Q$‘!% F14|E@ $KE~C# $7$?;~ $K!$ Soft w areDirt yBit $NNN 0h$r

V ol. 39 No. 6 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k:GE,2=%3%s%Q%$%k5;K!$NI>2A 5 ?^ 1 %=%U%H%&%’%"!&%@!<%F%#!<!&%S%C%H Fig. 1 Soft w are Dirt y Bit C5 :w $9 $k $3 $H $G <+ J, $, =$ @5 $7 $? It J, $r 8! =P $9 $k!% $? $@ $7!$ $3 $N It J, $O 3.1 $G =R $Y $? <B Au $K $O B8 :_ $7 $J $$ %*!< %P!<%X%C %I$G$" $k!%$D$^$j 3.1 $N<B Au$G$O %P%C%U%!$N Cf ?H $, $= $N $^ $^ %a%C %;!< %8 $N %Q %1%C %H $K $J$C $F $$ $? $,!$ Soft w areDirt yBit J} <0 $G $O %a%C %;!< %8 $N %Q %1%C %H $r :n @.$7$J$1$l$P$$$1$J$$!%$7$+$7$J$,$i!$ $3$N;~E@$G$O<+ J,$,=q$-9~$s$@6&M-NN0h$,:GBg8B$K%3 %"%l%7%s%0$5$l$F 8!=P$5$l$k!%%Q%1%C%H$r@8@.$7$?$iBP 1~$9$k%N!<%I$KE> Aw $r$* $3$J $&!%$9 $J$o $A!$ Soft w areDirt yBit J}<0 $G$O up date $O2DG=$J8B$j lazy $K9T$J$o$l$k!% 6. <B83$HI>2A 2f!9 $O ADSM $N %3 %s %Q %$ %i $H %i %s %? %$ %‘ %7 %9 %F %‘ $N %W %m %H %? %$ %W $r AP1000+ $H NO W HG $N SSS{CORE 16) $K <B Au $7 $F $- $?!% K\ <B 83 $G $O %W %m %H %3 %k $O SA UR C $r ;H MQ $7!$ %" %W %j %1!< %7%g %s $H $7 $F SPLASH-2 9) $N Cf $N Kernel $N LU-Con tig $r :N MQ $7!$ %G!< %? $N home %N!<%I $NG[CV$N:GE,2=$r9T$J$C$?!%%P%C%/%(%s %I%3%s%Q%$%i$H $7$F gcc-2.7.2 $r;HMQ$7 :G E,2= $N%* %W %7%g%s $O \-O2" $H $7$?!% 6.1 %3%s%Q%$%k;~4V 2f!9 $N %3 %s %Q %$ %i $O!$ P ARMA CS $N %^ %/ %m $r 2C $( $? C 8@ 8l $K $h$C $F =q $+ $l $?!$ L@ <( E* $J JB Ns %W %m %0 %i %‘ $r F~ NO $H $9 $k!% $^ $: 7? %A%’%C %/ !J7? 8! ::!K $r 9T $J $$!$ %3 %s %H %m!< %k %U %m!< %0 %i %U $r @8 @. $7 $F !J CF G !K!$ <j B3 $- 4V %] %$ %s %? 2r @O $r 9T $J $$ ( JL L> 2r @O ) !$ <j B3 $- Fb %3 %" %l %7 %s %0 !J%3 %" %l %7 %s %0!K $r $* $3 $J $&!% %3 %s %Q %$ %k ;~ 4V $N 7k 2L $r I= I= 1 $K <( $9!% F~ NO %W %m %0 %i %‘ $O $$ $: $l $b SPLASH-2 $N k ernel %Y%s%A%^!<%/$G$"$k!%%3%s %Q%$%k $O Sun SparcStation20 $G$* $3 $J$C$?!% <B :] $N %W%m %0 %i %‘$KBP$7$F$b!$<jB3$-4V%]%$%s%?2r@O $N;~4V$,<BMQ$KBQ $(F@$k;~4VFb$K$*$5$^$C$F$$$k$3$H$,$o$+$k!% I= 1 %3%s%Q%$%k;~4V!JC10L IC!K T able 1 Results of compilation time (in seconds) %W%m%0 %3%"%l %i%‘ 9T?t 7?8!:: CFG JLL>2r@O %7%s%0 LU 983 0.78 0.31 4.24 0.19 Radix 788 0.53 0.19 2.62 0.13 FFT 1,007 0.48 0.19 0.94 0.13 6.2 AP1000+ 3F%N!<%I$O 50MHz Sup erSP AR C !JFs<!%-%c%C%7%e $J$7 , 16MBytes %a%b%j%5%$%:!K$G%M%C%H %o!<%/$O 2 <! 85 %H!< %i %9 $G %P %s %I I} $O 3F %j %s %/ Kh $K 25MBytes/sec $G$" $k!% AP1000+ $N OS $O%f!<%6 %l %Y %k$N 3d $j 9~$_ %O %s%I%i$r%5%]!<%H$7$F$$$J$$$?$a!$2>A[5-215!9= $rMxMQ $G $- $J $$!% :# 2s $N <B Au $G $O 6& M- %Z!< %8 $X $N %" %/ %; %9 $N A0$K%Z!<%8$NM-8z@-$r%A%’%C%/$9$k%3!<%I$rA^ F~$7$?!% $b$7M-8z$G$J$$%Z!<%8$K%"%/%;%9$7$?$i!$%f!< %6!<%l%Y %k$N%Z!<%8%U%)!<%k%H%O%s%I%i$r8F$V!%30It$+ $i$N%a%C %;!< %8 $K 3d $j 9~ $_ $G H? 1~ $9 $k $3 $H $, $G $- $J $$ $+ $i!$ %j %b!< %H%N!< %I $+ $i$N %a%C %;!<%8 $O p olling $G=h M} $9$k!% %3%s%Q%$%i$,%k!<%W$N%P%C%/%(%C%8$H4X?t8F$S$@ $7$N=j $K p olling $N%3!<%I$rA^F~$7$?!% ?^ 2 $O @E E* $J %3 %" %l %7 %s %0 $N 8z 2L $r D4 $Y $? $b $N $G $" $k!% S $O %3 %" %l %7 %s %0 $7 $? $b $N!$ N $O $7 $J $$ $b $N $r <( $9!% Ld Bj $N %5 %$ %: $O 256 � 256 9T Ns $G %V %m%C %/ %5 %$ %: $, 16 $G $" $k!% %0 %i %U $N =D <4 $O <B 9T ;~ 4V !JIC!K!$ 2# <4 $O %W%m%;%C%5Bf?t$G$"$k!%@EE*$J%3%"%l%7%s%0$K $h$j!$%\ %H%k%M%C%/ItJ,$N%*!<%P!<%X%C%I7Z8:$K@.8y$7 $F$$$k!% %3%"%l%7%s%0$K$h$C$F%G!<%?;2>H$N6I=j@-$,JQ2= $9$k$3 $H!$$^$?%3%s%7%9%F%s%7%s0];}%3!<%I$X$N<jB3$- 8F$S=P $7$O task $K%+%&%s%H$5$l$F$$$k$3$H $+$i task $b8:>/$7 $F$$$k!% 6.3 SSS{CORE %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? >e $N HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS{CORE $G <B 83 $r 9T $J$C $?!% 3F %/ %i %9 %? %N!< %I $O Axil 320 mo del8.1.1 !J Sun SS20 8_ 49 5! , 85MHz Sup erSP AR C !_ 1 !K $+ $i $J $j!$ F ast Ethernet SBus Adapter2.0 $r DI 2C $7 $F 100BASE-TX $N %9 %$%C %A $G F ast Ethernet @\ B3 $5 $l $F $$ $k!% %f!< %6!< %l %Y %k $N J] 8n $5 $l $? 9b B. $J %a %b %j %Y!< %9 DL ?. !J MBCF :Memory Based Comm unica- tion F acilities !K 11),12),14) $r <B 9T $7!$ %T!< %/ %P %s %I I} $O 11.2MBytes/sec $G$"$k!%%a%b %j%Y!<%9 %7%0%J %k$r;H MQ $7$F%j%b!<%H$+$i$N%a%C%;!<%8$KBP=h$9$k!%8=;~ E@$G$O %Z!< %8 %U%)!< %k %H $O AP1000+ $N <B Au $H F1 MM $K %= %U %H %&%’%"$G8!=P$7$F$$$k!% ?^ 6.3 $O AP1000+ $H $N Hf 3S $r 9T $J$C $? 7k 2L $G $"

6 >pJs=hM}3X2qO@J8;o June 1998 sync %P%j%"$J$IF14|=hM}$K$+$+$k;~4V CM %3%s%7%9%F%s%70];}%3!<%I$N;~4V PF %Z!<%8%U%)!<%k%H=hM}$K$+$+$k;~4V msg task <B9TCf$K%a%C%;!<%8$r=hM}$7$?;~4V task %"%W%j%1!<%7%g%sK\Mh$N7W;;;~4V N %3%"%l%7%s%0$7$J$$ S <jB3$-Fb$G@EE*$J%3%"%l%7%s%0 ?^ 2 @EE*$J%3%"%l%7%s%0$N8z2L!J AP1000+ !K Fig. 2 E�ects of static coalescing !J AP1000+ !K $k!%%W %m %;%C %5 Bf ?t $O 4 Bf $G 9T Ns $N 0l JU $N %5 %$ %: $r 256 !$ 512 !$ 1024 $H JQ 2= $5 $; $?!% =D <4 $O <B 9T ;~ 4V $G AP1000+ $N ;~ 4V $G @5 5, 2= $7 $F $$ $k!% SA UR C $O DL ?. NL $N B? $$ %W %m %H %3 %k $G $" $k $+ $i %M%C %H %o!< %/ $, 9b B. $J AP1000+ $KM- Mx $G $" $k $,!$ SSS{CORE $N%a %b %j %Y!< %9DL?.5!G=$,==J,@-G=$rH/4x$7$F$$ $k$3$H$+$i%W%m%;%C %5$N%/%m%C%/Hf$K6a$$7k2L$,F@$i$l$k!% LdBj%5%$%:$rBg $-$/ $9$k $H Fs <! %-%c%C %7%e$N $D $$ $F $$ $k SSS{CORE $N J}$,%G!<%?$N6I=j@-$+$i99$K9bB.$K$J$k!% ?^ 4 $O F0 E* $J %3 %" %l %7 %s %0 $N 8z 2L $r D4 $Y $? $b $N $G $" $k!% :G E, 2= $N Fb MF $O F1 0l %Z!< %8 $N I= $r ;2 >H $5 $l $? $$ !y !%%W %m %;%C %5 Bf ?t $O #4 Bf $G!$ 9T Ns $N 0l JU $N %5 %$ %: $r 256 !$ 512 !$ 1024 $H JQ 2= $5 $; $?!% =D <4 $O <B 9T ;~ 4V $G @E E* $K %3 %"%l%7%s%0$7$?$b$N$G@55,2=$7$F$$ $k!%F0E*$K%3%"%l%7 %s%0$r<B9T$9$k$3$H$G<B9T;~4V$N:o 8:$K@.8y$7$F$$$k!% F0E*$K%3%"%l%7%s%0$r<B9T$9$k$3$H$G %3%s%7%9%F%s%70] !y IS $N$_?M<j$G%3!<%I@8@.$r9T$J$C$? sync %m%C%/$J$IF14|=hM}$K$+$+$k;~4V CM %3%s%7%9%F%s%70];}%3!<%I$N;~4V PF %Z!<%8%U%)!<%k%H=hM}$K$+$+$k;~4V msg task <B9TCf$K%a%C%;!<%8$r=hM}$7$?;~4V task %"%W%j%1!<%7%g%sK\Mh$N7W;;;~4V AP+ AP1000+ $G$N<B83%G!<%? SSS SSS-CORE $G$N<B83%G!<%? ?^ 3 SSS{CORE $H AP1000+ $NHf3S!J #PE=4 !K Fig. 3 Comparison b et w een results of SSS{CORE and those of AP1000+(#PE=4) ;}%3!< %I $N;~ 4V!J CM !K $O 8:>/ $9 $k!%$? $@$7!$ %P %j%" $K E~ Ce $7 $? ;~ $K <+ J, $, =$ @5 $7 $? It J, $r 8! =P $9 $k %*!< %P!< %X%C%I$, 2C;; $5$l $FF1 4| =hM} $N;~ 4V!J sync !K $OA} Bg$7 $F $$ $k!% SSS{CORE $G $O %a %b %j %Y!< %9 DL ?. $G k ernel $, up date $r$7$F$/ $l$k!% $= $N;~ 4V$O task $K$b 4^$^ $l$F $$ $k $? $a!$ up date $N NL $, 8: >/ $7 $? $3 $H $K $h $j task $N ;~ 4V$b8:>/$9$k!%8=<BAu$G$N@EE*$J%3%"%l%7%s%0 $O<jB3$- Fb$N%k!<%W$K8B$i$l$F$$$k!% LU $O<jB3$-$N8F$S=P$7$, %M%9%H$7$F$$$F!$<jB3$-4V$G99$K%3%"%l%7%s%0 2DG=$J>l 9g$,Hs>o$KB?$$$?$a!$F0E*$J%3%"%l%7%s%0$,8z 2LE*$K:n MQ $9$k!% I= 2 $O 3F %N!<%I $, E> Aw$9 $k %a%C %;!<%8 $N ?tNL $H %3%s%7%9%F%s%70];}%3!<%I$N<B9T2s?t$NJ?6Q $G$"$k!%@E E*$J%3%"%l%7%s%0$r$*$3$J$&$3$H$G%3%s%7%9%F %s%70];} %3!<%I$N<B9T2s?t$OBgI}$K8:>/$9$k!%99$KF0E*$J %3%"%l %7%s%0$r$*$3$J$&$3$H$K$h$j!$<jB3$-4V$G@EE* $K%3%"%l %7%s%0$r$*$3$J$&$N$HF1DxEY$K%G!<%?E>AwNL$r :o8:$G$- $k!%

V ol. 39 No. 6 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k:GE,2=%3%s%Q%$%k5;K!$NI>2A 7 sync %P%j%"$J$IF14|=hM}$K$+$+$k;~4V CM %3%s%7%9%F%s%70];}%3!<%I$N;~4V PF %Z!<%8%U%)!<%k%H=hM}$K$+$+$k;~4V msg task <B9TCf$K%a%C%;!<%8$r=hM}$7$?;~4V task %"%W%j%1!<%7%g%sK\Mh$N7W;;;~4V S <jB3$-Fb$G@EE*$J%3%"%l%7%s%0 D F0E*$J%3%"%l%7%s%0 IS <jB3$-4V$G@EE*$J%3%"%l%7%s%0 ?^ 4 F0E*$J%3%"%l%7%s%0$N8z2L!J SSS{CORE !K Fig. 4 E�ects of dynamic coalescing (SSS{CORE) I= 2 LU J,2r!J n=512,b=16 !K$K$*$1$k:GE,2=$N8z2L T able 2 E�ects of optimization metho ds on LU-Contig (n=512,b=16) :GE,2= %a%C%;!<%8?t E>AwNL!J Mbytes !K #CM N 189035 212.07 11184770 S 88694 99.0 744928 S&D 2350 6.45 744928 IS 3550 6.38 2830 #CM: %3%s%7%9%F%s%70];}%3!<%I<B9T2s?t 7. 4X O" 8& 5f 7.1 OS %Y!<%9$N%=%U%H%&%’%" DSM =>Mh $N%=%U %H%&%’%" DSM 6) $G $O!$6& M-NN0h $X$N=q $- 9~ $_ $K BP $7 $F %3 %s %Q %$ %i $, C1 $J $k %9 %H %" L? Na $r MQ 0U $7 $F!$%Z!<%8$N=q$-9~$_%H%i%C%W%k!<%A%s $G%3%s%7%9%F%s %7 0];} %3!<%I $r<B 9T$7 $?!% $3$3 $, ADSM $H$O Bg$- $/0[ $J $kE@ $G $"$k!% LR C $G $O 6&M- NN 0h$X $N =q$- 9~ $_$N ET EY %H%i%C%W$r5/$3$9%*!<%P!<%X%C%I$r:o8:$9$k$? $a$K!$F1 4|6h 4VFb $N %Z!<%8 $N:9 J,$r 7W;; $9 $k di� J}<0 $,Ds 0F$5 $l $? 4) !% %Z!<%8 $N=q $-9~ $_%H %i%C %W$O F14| 6h4V Fb$G 0l2s $K 2!$($i$l$k!%$7 $+$7!$ di� $r:n@.$9$k$?$a$K $O!$%Z!<%8 $N%3%T!<$r@8@.$7$?$j!$%Z!<%8$N=$@5$5$l$?ItJ, $H$OL5 4X 78 $K %Z!< %8 A4 It $r D4 $Y $J $1 $l $P $$ $1 $J $$!% $3 $N %*!< %P!< %X%C %I $O L5 ;k $G $- $J $$!% A UR C 3) $G $O %G!< %? E> Aw $N7Z$$%O!<%I%&%’%"$r;HMQ$7$F!$6&M-NN0h$X$N=q $-9~$_ $N7k 2L$r A4 $F home %N!<%I$K E> Aw $7!$ home %N!<%I$r >o $K:G?7$N>uBV$K J]$D$3$H $G!$ di� J}<0$,Jz$($k LdBj$r2r 7h$7$F$$$k!% 7.2 %3%s%Q%$%i%Y!<%9$N DSM %* %V %8%’ %/ %H %Y!< %9 $N %= %U %H %&%’ %" DSM $G $" $k Mid- w a y 1) $G$O3F6&M-%G!<%?$OF14|JQ?t$KB+G{$5$l$F$$$k!% lo c k $N acquire $N ;~ E@ $G!$ $= $N lo c k $K B+ G{ $5 $l $? %G!< %? $N JQ 99 $N $_ $, EA $( $i $l $k !J En try Consistency !K!% Midw a y $G$O%3%s%Q%$ %i$, 6&M-NN 0h$X $N=q$- 9~$_$r %9%H %"L?Na $HDj$^$C $?%3!<%I Ns !y $KJQ49 $9$k$@ $1$G$" $k 10) !% %W%m%H%3%k$N@ZBX$($d%3%s%7%9%F%s%7%3!<%INs $N%3%"%l %7%s%0$H$$$C$?:GE,2=$O<B9T$7$F$$$J$$!% Eager R C $r %= %U %H %&%’ %" $G <B Au $7 $? Shasta 7) $G $O!$ %" %; %s %V %i %l %Y %k $N instrumen tation $K $h$C $F 6I =j NN 0h 0J 30 $N %" %/ %; %9 $K %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $,A^F~$5$l$k!% Batc hing Miss Chec k $d In v alid Flag T ec hnique $H $$$C $? <o!9 $N :G E, 2= $r 9T $J$C $F $$ $k $,!$ %k!<%W%l%Y%k$N%3%s%7%9%F%s%70];}%3!<%I$N%3%" %l%7%s %0$O9T$J$C$F$$$J$$!% 8. $^ $H $a 2f!9$O ADSM >e $G6& M-=q$- 9~$_ $N:] $N%*!< %P!<%X%C %I $r :o 8: $9 $k %3 %s %Q %$ %k 5; K! $r Ds 0F $7 $? : 1) M6 F3 JQ ?t $N >p Js $r Mx MQ $7 $F %" %U%# %s $J %a %b %j %" %/ %; %9 $N 8! CN $r 9T $J$C $F %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r @E E* $K %3 %" %l %7 %s %0 $9 $k!$ 2) @E E* $K %3 %" %l %7 %s %0 $G $- $J $$ >l 9g $G $b Soft w areDirt yBit J} <0 $r ;H MQ $7 $F %i %s %? %$ %‘ $G F0 E* $K %3%"%l%7%s%0$9$k!% 2f!9 $O AP1000+ $H SSS{CORE >e $K %3 %s %Q %$ %i $H %i %s %? %$ %‘ %7 %9 %F %‘ $N %W %m %H %? %$ %W $r :n @. $7 $?!% %W %m %H %3 %k $H $7 $F SA UR C $r A* Br $7!$ %W %m %H %? %$ %W >e $G SPLASH-2 $N LU J, 2r $r Av $i $; $F!$ $3 $N 5; K! $, M- 8z $G $"$k$3$H$r3NG’$7$?!% $?$@ $7 AP1000+ $N$h $& $J!$ %M%C %H %o!< %/ $, %W %m %;%C %5$KBP$7$FHf3SE*9bB.$G=q$-9~$_$N%3%9%H$,9b $$4D6-$G $OF0E*$J%3%"%l%7%s%0$,I,$:$7$b8z2L$rH/4x$9 $k$H$$$& !y 3:Ev%"%I%l%9$N Softw are Dirt y Bit $r%;%C%H$9$k

8 >pJs=hM}3X2qO@J8;o June 1998 J]>Z$O$J$$!%$I$N$h$&$J4D6-$K$*$$$F $b0lHV8z2LE*$J:G E,2=$O@EE*$J%3%"%l%7%s%0$r<jB3$-4V $G$*$3$J$&$3$H$G $"$k!%<jB3$-4V%]%$%s%?2r@O$N?w7?$r ;HMQ$9$l$PDc%3%9 %H$G<BAu$9$k$3$H$,2DG=$G$"$j!$8=:_<BAuCf$G$"$k!% 99$K2>A[5-215!9=$rMxMQ$7$F 3d$j9~$_$G%Z!<%8%U%)!< %k%H$r8!=P$9$kItJ,$r:n@.$7$F!$$h$j B?$/$N%"%W%j%1!< %7%g%s$rAv$i$;$k$3$H$G99$J$k@-G=I> 2A$r$*$3$J$&M=Dj $G$"$k!% ;2 9M J8 8% 1) Bershad, B. N., Zekauskas, M. J. and Sa w- don, W. A. The Midw a y Distributed Shared Memory System, Pro c. of the 38th IEEE In t’l Computer Conf. (COMPCON Spring’93) (F eb. 1993). 2) Emami, M., Ghiy a, R. and Hendern, L. J. Con text-Sensitiv e In terpro cedural P oin ts-T o Analysis in the Presence of F unction P oin ters, Pro c. of ’94 Conf. on PLDI (June 1994). 3) Iftode, L., Dubnicki, C., Fel ten, E. W. and Li, K. Impro ving Release-Consisten t Shared Virtual Memory using Automatic Up date, Pro c. of the 2nd In ter. Symp. on HPCA (F eb. 1996). 4) Keleher, P., Co x,A. L. and Zw aenepoel,W. Lazy Release Consistency for Soft w are Dis- tributed Shared Memory , Pro c. of the 19th ISCA (Ma y 1992). 5) Keleher, P., D w arkad as, S., Co x, A. L. and Zw aenepoel, W. T readMarks: Distributed Shared Memory on Standard W orkstations and Op erating Systems, Pro c. of the Win ter 1994 USENIX Conference (Jan. 1994). 6) Li, K. IVY: A Shared Virtual Memory Sys- tem for P arallel Computing, Pro c. of the 1988 ICPP (Aug. 1988). 7) Scales, D. J., Gharachorloo, K. and Thekka th, C. A. Shasta: A Lo w Ov erhead, Soft w are-Only Approac h for Supp orting Fine- Grain Shared Memory , Pro c. of 7th In t. Conf. on ASPLOS (Oct. 1996). 8) Wilson, R. P. and Lam, M. S. E�cien t Con text-Sensitiv e P oin ter Analysis for C Pro- grams, Pro c. of ’95 Conf. on PLDI (June 1995). 9) W oo, S. C., Ohara, M., Torrie, E., Singh, J. P. and Gupt a, A. The SPLASH-2 Programs: Characterization and Metho dolog- ical Considerations, Pro c. of the 22nd ISCA (June 1995). 10) Zekauskas, M. J., Sa wdon, W. A. and Ber- shad, B. N. Soft w are W rite Detection for a Distributed Shared Memory , Pro c. of the 1st Symp. on OSDI (No v. 1994). 11) >> K\ >0 , 6p Mr >f ?M , 12 86 LP , C] 2, >0 ;0 , J? LZ 7I HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS-CORE{ %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? $K $* $1 $k <B 8= {, >p Js =hM}3X2q8&5fJs9p , Bh 96-OS-73 4, (Aug. 1996). 12) >> K\ >0 , 6pMr >f?M , 12 86 LP , J?LZ 7I %a %b%j%Y!< %9DL ?. $K $h $k HsBP >N J, ;6 6& M- %a%b %j , %3 %s%T%e!< %? %7%9%F%‘%7%s%]%8%&%‘O@J8=8 (No v. 1996). 13) >> K\ >0 , J? LZ 7I 6& M- %a %b %j vs. %a%C %;!< %8 %Q%C %7%s%0 , >p Js=hM}3X2q8&5fJs9p , Bh 97-AR C-126 4, (Oct. 1997). 14) >> K\ >0 , J? LZ 7I HF MQ JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F%‘ $K $* $1$k ;q 8; J]8n $H 2> A[2= , >p Js=h M} 3X 2q 8&5f Js9p , Bh 97-OS-75 4, (June 1997). 15) C0 1) =cJ? , 0p3@ C#;a , >>K\ >0 , J?LZ 7I HsBP>NJ, ;66& M- %a %b%j >e $K $*$1 $k %3 %s%Q %$ %k 5; K! , >p Js =hM} 3X2q8&5fJs9p , Bh 97-HPC-67 4, (Aug. 1997). 16) J?LZ 7I , B> HFMQD6 JBNs %*%Z %l!<%F%# %s%0%7 %9%F %‘ %+!< %M %k SSS-CORE $N 8& 5f : @. 2L Js 9p =q , J? @. #6 G/EY>pJs=h M}?.6D;v 6H6(2q!"FH AOE*>pJs5; =Q0i@.;v 6HJs9p=q (1995). <U<- K\8&5f$O>pJs=hM}?66=;v6H2q!J IP A !K$,<B;\$7 $F$$$kFHAOE*>pJs5;=Q0i@.;v6H$N0l4D$H$7$F9T$J$C$?!% ( J?@. 9 G/ 11 7n 7 F|<uIU ) ( J?@. 10 G/ 4 7n 7 F|:NO? ) C01) =cJ? 1972 G/@8 . 1997 G/El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 =$ ;N 2] Dx =*N; . F1G/ #47n $+ $iF1 Bg3X 3X 1!M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 Gn ;N 2] Dx $K :_ @R . JB Ns 2= !? :G E, 2= %3 %s %Q %$ %i $K 4X $9 $k 8&5f$K=>;v!%B>$KJBNs7W;;5!%"!<%-%F%/%A%c!$JB NsJ,;6 %*%Z%l!<%F%#%s%0%7%9%F%‘$K6=L#$r;}$D!% 0p3@ C#;a 1970 G/@8 . 1995 G/El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 =$ ;N 2] Dx =* N; . 1998 G/ F1 Gn ;N 2] Dx =* N; . F1 G/ 4 7n$+ $iF| K\ %" %$!& %S!<!&%( %‘ !J3t!K El 5~ 4p AC 8& 5f =j $K F~ <R!% JB Ns 2= !? :G E, 2= %3 %s %Q %$ %i $K 4X $9 $k 8& 5f $K => ;v . B> $K JB Ns 7W ;; 5! %"!< %-%F%/%A%c!$JBNsJ,;6%*%Z%l!<%F%#%s%0%7%9%F%‘ $K6=L# $r;}$D!%

V ol. 39 No. 6 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k:GE,2=%3%s%Q%$%k5;K!$NI>2A 9 >>K\ >0 !J@52q0w!K 1962 G/ @8!% 1985 G/ El 5~ Bg 3X 9) 3X It7W?t9)3X 2JB46H!% 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$k@)Ls 2r>C7O!$%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