1 HsBP>NJ,;66&M-%a%b%j>e$K$*$1$k%3%s%Q%$%k5;K! C0 1) =c J? y 0p 3@ C# ;a y >> K\ >0 y J? LZ 7I y 2f!9 $O 99 ?7 7? 6& M- %a %b %j %" %/ %; %9 $r 4^ $‘ 9b B. $J %f!< %6!< DL ?. !? %f!< %6!< F1 4| $r <B 8= $9 $k ” Hs BP >N J, ;6 6& M- %a %b %j :ADSM” $r Ds 0F $7 $F $- $?!# ADSM $O FI $_ =P $7 $K 4X $7 $F $O => Mh $N 6& M- 2> A[ %a %b %j J} <0 $H F1 $8 $@ $,!"=q$-9~$_$K4X$7$F$O%3%s%7%9%F%s%70];}%3!<%I$rKd$a9~$‘!# =>$C $F!" MM!9 $J:G E, 2= $, 2D G=$K $J $k!# %3 %s %Q%$ %i $, %W %m %H%3 %k $K 1~ $8 $F%3 %s %7 %9 %F %s%7 0] ;} %3!< %I $r@8 @. $9 $k $3 $H $G!" %W%m %H %3 %k @Z BX $( $r 9T$J $& $3 $H $, $G $- $k!# %3%s %7 %9 %F %s %7 0] ;} %3!<%I $N ?t $r :o 8: $9 $k $3$H $K$h$j!"=q$-9~$_$N%*!<%P!<%X%C%I$r:o8:$G$-$k!# 2f!9 $O ADSM MQ $N %3 %s %Q %$ %i $H %i %s %? %$ %‘ %7 %9 %F %‘ $r AP1000+ >e $K :n @. $7!" <B 83 $K $h $j %3 %s %Q %$ %i $N:GE,2=$NM-8z@-$rI>2A$9$k!# Compiling T echniques on Asymmetric Distributed Shared Memory J UNPEI NIW A, y T A TSUSHI I NAGAKI , y T AKASHI M A TSUMOT O y and K EI H IRAKI y W e have proposed an “Asymmetric Distributed Shared Memory: ADSM”, that provides high- speed-update distributed memory access by software. As for the read, the ADSM prepar es the page-size cache and exploits the virtual shared memory mechanism. As for the write, the ADSM executes a sequence of instructions for managing consistency after the corresponding store instruc- tion. On the ADSM, various optimizations can be performed. The compiler can generate the instruc- tions for managing consistency according to the consistency protocol we want to implement. The compiler reduces the overhead of the shared write by reducing the number of instructions for managing consistency . W e have implemented prototypes of the compiler and the runtime system for the ADSM on a multicomputer Fujitsu AP1000+. W e evaluate the effectiveness of the ADSM scheme by experi- ments. 1. $O $8 $a $K 6aG/!"J,;6%a%b%j7?7W;;5!$,=EMW $J7W;;;q8;$K$J$j$D $D$"$k!#$7$+$7!"J,;64D6-$G%a%C%;!<%8 %Q%C%7%s%0$r;H MQ$7$F%W%m%0%i%_%s%0$r9T$J$&$N$OB? Bg$JO+NO$rI,MW$H $9$k!# $=$3$G>e5-$NO+NO$r7Z8:$9$k$? $a$K!"6&M-%a%b%j%b%G %k$rDs6!$9$kI,MW$,@8$8$k!#6&M-%a%b %j%b%G%k$G$O6&M- %G!< %? $O C1 0l $N %" %I %l %9 6u 4V $G %" %/ %; %9 $5 $l $k $+ $i!" %G!<%?$N0LCV$d%3%s%7%9%F%s%7$N0];} $K4X$7$F%W%m%0%i %^$,5$$rG[$kI,MW$O$J$$!# 2f!9 $O!" FC <l $J DL ?. F1 4| %O!< %I %&%’ %" $r 2> Dj $7 $J $$ J, ;6 %a %b %j 4D 6- $G!" 8z N( $N NI $$ 6& M- %a %b %j %b %G %k $r Ds 6! $9 $k $? $a $K!" 9b B. $J %f!< %6!< DL ?. !? %f!< %6!< y El5~Bg3XBg3X1!M}3X7O8&5f2J>pJs2J3X@l96 Department of Information Science, Faculty of Science, Uni- versity of T okyo F1 4| $r <B 8= $9 $k Hs BP >N J, ;6 6& M- %a %b %j (Asymmetric Distributed Shared Memory:ADSM) $r Ds 0F $7 $F $- $? [12] !# ADSM $G$O6& M-%a%b %j$NFI $_=P$7 $K4X $7$F$O =>Mh$N6&M-2>A[%a%b%jJ}<0$K=>$$!"6&M-%a%b%j $N=q$-9~ $_$HF14|$O%f!<%6%3!<%I$K0lO"$NL?Na%7!<%1%s%9 $r@EE* $KA^F~$9$k!#=>$C$F6&M-%a%b%j$N=q$-9~$_$dF14| $r0lO" $NL?Na%7!<%1%s%9$KJQ49$9$k:GE,2=%3%s%Q%$%i $,I,?\$K $J$k!# K\9F $G$O!" ADSM MQ $N :GE, 2=%3 %s %Q%$ %i$K $* $$$F =q $-9~$_$N%*!<%P!<%X%C%I$r:o8:$9$k$?$a$N<jK!$r Ds0F$9 $k!# AP1000+ >e$G %3%s %Q%$ %i$H %i%s %? %$%‘ $N%W %m%H %? %$%W$N<BAu$r9T$J$$!"<B83$K$h$jK\<jK!$NM-8z @-$rI>2A $9$k!# 2. HsBP>NJ,;66&M-%a%b%j => Mh $N %= %U %H %&%’ %" J, ;6 6& M- %a %b %j (DSM) [6] $G $O!"6&M-NN0h$X$N=q$-9~$_$KBP$7$F%3%s%Q%$%i $,C1$J$k

2 %9%H%"L?Na$rMQ0U$7$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 $F $$ $?!# 6& M- NN 0h $X $N =q $- 9~ $_ $N ET EY %H %i%C %W $r 5/ $3 $9 %*!< %P!< %X%C %I $r :o 8: $9 $k $? $a $K!" F1 4| 6h 4V Fb $N %Z!< %8 $N :9 J, $r 7W ;; $9 $k diff J} <0 $, Ds 0F $5 $l $F $- $? [4] !# %Z!< %8 $N =q $- 9~ $_ %H %i%C %W $O F1 4| 6h 4V Fb $G 0l 2s $K 2! $( $i $l $k!# $7 $+ $7!" diff $r :n @. $9 $k $? $a $K $O!" %Z!< %8 $N %3 %T!< $r @8 @. $7 $? $j!" %Z!< %8 $N =$ @5 $5 $l $? It J, $H $O L5 4X 78 $K %Z!< %8 A4 It $r D4 $Y $J $1 $l $P $$ $1 $J $$!# $3 $N %*!< %P!< %X%C %I $O L5 ;k $G $- $J $$!# %G!< %? E> Aw $N 7Z $$ %O!< %I %&%’ %" $r ;H MQ $7 $F!" 6& M- NN 0h $X $N =q $- 9~ $_ $N 7k 2L $r A4 $F home $K E> Aw $7!" home $r >o $K :G ?7 $N >u BV $K J] $D (Automatic update release consistency(AURC) [3]) $3$H$G!" diff J}<0$,Jz$($kLdBj$O2r7h$G$-$k!# 2f!9$O!"FC<l$JDL?.F14|%O!<%I%&%’%" $r2>Dj$7$J$$4D 6- $G!" diff J} <0 $N Ld Bj $r 2r 7h $9 $k $? $a $K!" %a %b %j %Y!< %9DL?.5! G=$r;H$C$??7$7 $$%=%U%H%&%’%" DSM $G $"$kHs BP>NJ, ;66& M-%a %b%j (ADSM) $rDs 0F$7 $F$- $?!# ADSM $G$OFI$_=P$7$H=q$-9~$_$N<B8=%b%G %k$,0[$J$C$F$$$F!" $3$l$,L>A0$NM3Mh$G$"$k!# !& 6&M-NN0h$X$NFI$_$@$7 => Mh $N %= %U %H %&%’ %" DSM $H F1 MM $K %Z!< %8 C1 0L $N %-%c%C%7%e$rMQ 0U$7$F!" %W%m%;%C %5$N%m!< %IL? Na$G9T $J$&!#%Z!<%8 %H%i%C%W $G%-%c%C%7%e %_%9$r 8!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!" %3 %s %7 %9 %F %s %7 0] ;} $N $? $a $N %3!< %I Ns ( 1s 3V %a %b %j %" %/ %; %9 $d IU 2C E* $J %a %b %j A‘ :n ) $r <B 9T %3!< %I $H $7 $F Kd $a9~$‘!# 6&M-NN0h$X$N=q$-9~$_$r%9%H%" 0lL?Na$+$i0lO"$N%3!< %I Ns $K JQ 49 $7 $F $7 $^ $& $? $a $K <o!9 $N :G E, 2= $, 2D G= $K $J $k!# !& %Z!<%8C10L$N%W%m%H%3%k@ZBX$( %3%s%Q%$%i $,%9%H%" $N8e$KA^ F~$9$k%3 %s%7%9%F %s%70] ;}%3!<%I$r@Z BX$($k $3$H$K $h$C$F!"MM!9 $J%W%m %H%3%k $r<B 8=$G$- $k!#=>$C $F ADSM $G$O%Z!< %8C1 0L$N%W %m %H%3%k@ZBX$( [11] $r%5%]!<%H$9$k!# !& %3%s%7%9%F%s%70];}%3!<%INs$N%3%s%P%$%K%s%0 %3%s%7%9%F %s%70];} %3!<%I$K I,MW$J$N $O%9%H%" %"%I%l %9$H%5%$%: $@$1$G $"$k!#=>$C$F A4$F$N 6&M-=q$- 9~$_$r 0lO"$N%3!<%I Ns$KJQ 49$9$k I,MW$O$J $$!#Nc$( $P!"$"$k F14|6h4V$K $*$$$FO" B3$7$?6& M-%"%I%l %9$X$N0l O"$N=q $-9~$_$,$" $k$H$9 $k!#0lO"$N =q$-9~ $_$O!"%3%s %7%9%F %s%70];}%3!< %I$N>pJs $H$7$F $O0l8D$N Bg$-$J=q $-9~$_ $,$"$k>l9g$HEy2A$G$"$k!# =>$C$F3F=q$- 9~$_$O $?$@$N%9 %H%"L? Na$KJQ49 $7$F!":G 8e$N=q$-9~ $_$N$_!"%9 %H%"L? Na$N8e$K 0lO"$N=q $-9~$_ $N7k2L$rH? 1G$9$k%3 %s%7%9 %F%s%70] ;}%3!<%I$r Kd$a9~ $‘$H$$$C$?:GE,2=$r9T$J$&$3$H$,2DG=$K$J$k!# 3. %W%m%H%3%k$N<B8= 2f!9 $O ADSM >e $G 3 <o N‘ $N %W %m %H %3 %k $N <B Au $r 9T $J$C$?!#=q$-9~$_$N8!CN$H=q$-9~$_$N7k2L$N2s<} $r8zN( NI$/9T $J$&$? $a$K!"=q $-9~$_$N MzNr ( write history ) $r4I M} $9 $k!# write history $O =q $- 9~ $_ $N %" %I %l %9 $H =q $- 9~ $_$N%5%$%:$NAH$GI=8=$5$l$k!# (1) LRC %W%m%H%3%k T r eadMarks [5] $N Lazy Release Consistency (LRC) [4] %W %m %H %3 %k $H 4p K\ E* $K F1 $8 $G $" $k!# %3 %T!< %Z!< %8 $X $N =q $- 9~ $_ $N H? 1G $r <B :] $K %G!< %? $, I, MW $K $J $k (acquire) ;~ E@ $^ $G CY 1d $7 $F!" %Z!< %8 %U%)!< %k %H ;~ $K $O I, MW $J :9 J, $N $_ $r <h $j 4s $; $k!# T r eadMarks $H $O 0J 2< $K <( $9 $h $& $K <B 8= J} K! $, 0[ $J $k!# !& =q$-9~$_$N8!CN T r eadMarks $G $O <B 9T ;~ $K OS $, 8! CN $9 $k!# :G =i $N =q $- 9~ $_ $r %H %i%C %W $7 $F!" %H %i%C %W %k!< %A %s $G %Z!<%8A4BN$N%3%T!< (twin) $r:n@.$9$k!# ADSM $G $O %3 %s %Q %$ %i $, 6& M- =q $- 9~ $_ $r %9 %H %" L? Na $H write history $r EP O? $9 $k %3!< %I Ns $K JQ 49 $9 $k!# !& =q$-9~$_$N7k2L$N2s<} T r eadMarks $G $O :9 J, $, I, MW $H $J$C $? ;~ E@ $G 8= :_ $N %Z!< %8 $H twin $r Hf 3S $7 $F diff $K :9 J, $N >p Js $r 3J G< $9 $k!# DL ?. NL $r :G >. $K $9 $k $? $a $K diff $O L@ <( E*$KF14|$r$H$C$F GC $7$J$$8B$j=|5n$7$J$$!# 2f!9 $O EP O? $5 $l $? write history $N >p Js $r 85 $K %W %m %;%C %5 $, I, MW $H $9 $k :9 J, $r 7W ;; $9 $k!# $3 $N 7W ;; $O :n @. $5 $l $? write history $N NL $K Hf Nc $9 $k!# :n @. $5 $l $? %m %0 $O L@ <( E* $K F1 4| $r <h $i $J $$ $H =| 5n $G $- $J $$!# =>$C $F Bg NL $N %a %b %j $, >C Hq $5 $l $k $N $G GC $, I,MW$K$J$k!# (2) SAURC %W%m%H%3%k %= %U %H %&%’ %" $G Automatic update release con- sistency(AURC) [3] $r %( %_%e %l!< %H $9 $k!# Home- Based LRC(HLRC) [9] $H $$ $& diff $r ;H MQ $7 $? <B 8= %b%G%k$,4{$KB8:_$9$k!# !&=q$-9~$_$N8!CN HLRC $G $O <B 9T ;~ $K OS $, 8! CN $9 $k!# :G =i $N =q $- 9~ $_ $r %H %i%C %W $7 $F!" %H %i%C %W %k!< %A %s $G %Z!< %8 A4BN$N%3%T!< (twin) $r:n@.$9$k!# ADSM $G $O %3 %s %Q %$ %i $, 6& M- =q $- 9~ $_ $r %9 %H %" L? Na $H write history $r EP O? $9 $k %3!< %I Ns $K JQ 49 $9 $k!# !&=q$-9~$_$N7k2L$N2s<} HLRC $G $O r elease $N ;~ E@ $G diff $r :n @. $7 home $K E> Aw $9 $k!# home $O :9 J, $r %Z!< %8 $K E, MQ $7 $? 8e diff $r<N$F$k!# ADSM $G $O release $N ;~ E@ $G EP O? $5 $l $? write

3 history $N >p Js $r 85 $K!" %W %m %;%C %5 $, I, MW $H $9 $k :9J,$r7W;;$7 home $K E>Aw$9$k!# home $O:9J, $r %Z!<%8$KE,MQ$7$?8e$K write history $r<N$F$k!# 3 HYBRID %W%m%H%3%k %Z!<%8%U%)!<%k %H$N:]!" LRC $G$O:9 J,$r<h $j4s$; $k $? $a $K Fs 8D 0J >e $N %W %m %;%C %5 $H DL ?. $7 $J $1 $l $P $J $i $J$$ >l9g$, =P$F$/ $k!# SAURC $G$O home $H DL?.$9 $k $@ $1 $G $$ $$ $,!" %Z!< %8 A4 BN $r <h $j 4s $; $M $P $J $i $J $$ $? $a!" :9 J, $N $_ $r E> Aw $9 $k $h $j 9b $$ %P %s %I I} $, I, MW$H$5$l$k!# 2f!9 $O LRC $H SAURC $N Jz $( $k Ld Bj $r 9n I~ $9 $k ?7 $7$$ HYBRID %W %m%H%3 %k$rDs 0F$9 $k!# HYBRID %W %m %H %3 %k $O %Z!< %8 %U%)!< %k %H ;~ $K home $H DL ?. $9 $k $@ $1 $G NI $/ $F!" $J $* $+ $D :9 J, $N $_ $r <h $j 4s $; $k J} <0 $G$"$k!# !&=q$-9~$_$N8!CN %3 %s %Q %$ %i $, 6& M- =q $- 9~ $_ $r %9 %H %" L? Na $H write history $rEPO?$9$k%3!<%INs$KJQ49$9$k!# !&=q$-9~$_$N7k2L$N2s<} r elease $N ;~ E@ $G EP O? $5 $l $? write history $N >p Js $r 85 $K!" %W %m %;%C %5 $, I, MW $H $9 $k :9 J, $r 7W ;; $7 home $K E> Aw $9 $k!# home $O :9 J, $r %Z!< %8 $K E, MQ $7$?8e$K write history $N>pJs$rJ];}$7$F$*$/!# %Z!< %8 %U%)!< %k %H $N :]!" home $O %Z!< %8 %U%)!< %k %H $r 5/ $3 $7 $? %W %m %;%C %5 $N ;~ 7W $r <u $1 <h $j!" J] ;} $7 $F $* $$ $? write history $N >p Js $r ;H MQ $7 $F!" %Z!< %8 %U%)!< %k %H $r 5/ $3 $7 $? %W %m %;%C %5 $K 7g $1 $F $$ $k ItJ,$r7W;;$9$k!# 4. 6& M- NN 0h $X $N =q $- 9~ $_ $N %*!< %Y!< %X%C %I $N :o 8: %3%s%Q%$%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 $k!#6&M-NN0h$X$N =q$-9~$_$N%*!<%Y!<%X%C%I$r:o8:$9$k $?$a$K!"%3%s%7%9 %F%s%70];}%3!<%I$N?t$r8:$i$9:GE,2=$r9T$J$&!# 4.1 possibly-shared $J=q$-9~$_$N?t$N:o8: %]%$%s%?$r2p$7$F$N=q$-9~$_$, $"$k$H!"$=$l$O6&M-NN 0h$KBP$7$F$J$5$l$k2DG=@-$,$"$k!#=>$C $F%]%$%s%?$r2p $7 $F$N =q $-9~ $_ $KBP $7 $F $O!" ” F0E* $K %"%I %l %9$r D4 $Y$F $=$3$,6&M-NN0h$N;~$K$N$_%3%s%7%9 %F%s%90];}%3!<%I$r <B 9T$9 $k %3!< %I ” $rKd $a 9~$‘ I, MW $,$" $k!# A4$F $N %] %$%s %?$r2p$7$F$N=q$-9~$_$K$3$N%3!<%I$r Kd$a9~$‘$3$H$O9b %*!<%P!<%X%C%I$K$D$J$,$k!# 2f!9 $O >e 5- $N %*!< %P!< %X%C %I $r :o 8: $9 $k $? $a $K!" location set $H 8F $P $l $k %G!< %? 9= B$ $r MQ $$ $? A0 ?J 7? %G!< %?%U%m!<LdBj$r2r$/$3$H$K$h$j!"%]%$%s %?$,;X$7F@$kCM $r 7W ;; $9 $k [2], [7]( %] %$ %s %? 2r @O ) !# %3 %s %Q %$ %i $O %] %$ %s%?2r@O$N>pJs$r;HMQ$7$F0J2<$N%3!<%I@8@.$r9T$J$&!# (1) must-shar ed %]%$%s%?$,>o$K6&M-NN0h !y $r;X$7$F$$$k;~$N=q$-9~$_ $r must-shar ed $H 8F $V!# I, $: %9 %H %" $N 8e $K %3 %s %7 %9 %F%s%70];}%3!<%I$rKd$a9~$‘!# (2) local %] %$ %s %? $, >o $K 6I =j NN 0h !y!y $r ;X $7 $F $$ $k ;~ $N =q $- 9~ $_$r local $H8F$V!#%3%s%Q%$%i$O2?$b$7$J$$!# (3) possibly-shar ed %] %$ %s %? $, 6I =j NN 0h $b 6& M- NN 0h $b ;X $7 $F $$ $k ;~ $N =q $- 9~ $_ $r possibly-shared $H 8F $V!# ” F0 E* $K %" %I %l %9 $r D4 $Y $F $= $3 $, 6& M- NN 0h $N ;~ $K $N $_ %3 %s %7 %9 %F %s %9 0];}%3!<%I$r<B9T$9$k%3!<%I ” $rKd$a9~$‘!# 4.2 %3%s%7%9%F%s%70];}%3!<%I$N%3%s%P%$%K%s%0 B?$/$N%"%W%j%1!<%7%g%s$G$O%k!< %WEy$K$*$$$FO"B3$7 $?6&M-%"%I%l%9$X$N%9%H%"$r9T$J$&>l9g$,$" $j!"99$J$k :GE,2=$,2DG=$G$"$k!# RC %b%G %k $G $O6& M- NN0h $X $N=q $- 9~ $_$O!" %W %m%0 %i %‘ $, F1 4| E@ $K E~ C# $9 $k $^ $G B> $N %W %m %;%C %5 $K EA C# $9 $k I, MW$,$J$$!#=>$C$F!"I,$:$7$b6&M-NN0h$X$N=q$-9~ $_$NET EY!"%3%s%7%9%F%s%70];}%3!<%I$rKd$a9~$‘I,MW $O$J$$!# 0lO"$N must-shared $J=q$-9~$_ $,O"B3$7$?%"%I %l%9$KBP $7$F9T$J$o$l$F$$$F!"0lO"$N=q$-9~$_$N4V$KF1 4|%3!<%I !?%j%?!<%s%3!<%I$,F~$C$F$$$J$$>l9g$K$O!"0lO" $N=q$- 9~$_$O%3%s%7%9%F%s%70];}%3!<%I$N>pJs$H$7$F!" 0l8D$N Bg$-$J=q$-9~$_$,$"$k>l9g$HEy2A$K$J$k!#=>$C $F!"%3%s %7%9%F%s%70];}%3!<%I$r%3%s%P%$%K%s%0$7$F0l 8D$N%3%s %7%9%F%s%70];}%3!<%I$K$^$H$a$k$3$H$,$G$-$k!# %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N %3 %s %P %$ %K %s %0 $r 9T $J $&%" %k %4%j %:%‘ $r =R$Y $k!#%k!< %W$K $O depth $, $"$j!" n =E%k!<%W%M%9%H$N:G 30%k!<%W$N depth $O 1 $G:GFb%k!<%W $N depth $O n $H $9 $k!# %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $O %" %I%l%9$H%5%$%:$NAH ( A; S ) $GI=$9!# $^$:!"I,$:<B9T$5$l$k must-shar ed $J=q$-9~$_$r4^$‘ n =E%k!<%W %M%9%H$r Ns5s$7 $F!"3F%k!<%W %M%9%H$K BP$7$F 0J2<$r<B9T$9$k (0) %3%s%P%$%K%s%0$r9T$J$o$:$K%3!<%I$r@8@.$9$k!# (1) D epth : = n !# (2) If D epth = 0 THEN =*N;!# (3) depth = D epth $rK~$?$93F%k!<%W ( L ) $KBP$7$F0J2< $r<B9T$9$k!# (3.0) %k!<%W L $NCf$K%3%s%7 %9%F%s%70];}%3!<%I$,J# ?t B8 :_ $7 $F!" $= $N %" %I %l %9 It J, $, O" B3 $G $" $j!" %3!< %I 4V $K F1 4| %3!< %I !? %j %?!< %s %3!< %I $, $J $$ $J $i $P!" %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r %3 %s %P %$ %K%s%0$9$k!# Nc $r 5s $2 $F @b L@ $9 $k $H!" Fs 8D $N %3 %s %7 %9 %F %s %7 0] ;} %3!< %I I 1 = I ( A; S ) , I 2 = I ( A 0 ; S 0 ) ( A < A 0 ) $, B8 :_ $7 $? ;~!" $b $7 A 0 < A + S $J $i I 1 $H I 2 $O 0l 8D $N %3 %s %7 %9 %F %s %7 0] ;} %3!< %I !y 6&M-JQ?t$d6&M-%R!<%WNN0h !y!y 6I=jJQ?t$d6I=j%R!<%WNN0h

4 I ( A; A 0 � A + S 0 ) $K%3%s%P%$%K%s%0$9$k!# (3.1) F14|%3!<%I!?%j%?!<%s%3!<%I$,$"$l$P (3) $X!# (3.2) I ( A; S ) $G I= $5 $l $k 3F %3 %s %7 %9 %F %s %7 0] ;} %3!< %I$KBP$7$F (a) A ( %"%I%l%9ItJ, ) $,%k!<%WITJQ$G$"$k>l9g %k!<%W L $+$i %3%s%7%9%F%s%70];}%3!<%I$r:o=| $7 $F!" %k!< %W L $N 30 B& $K %3 %s %7 %9 %F %s %7 0] ;} %3!<%I$rA^F~$9$k!# (b) A $,%k!<%W L $NM6F3JQ?t$G$"$k>l9g $b $7 A $N %9%H %i%$ %I ( A str ide ) $, S 0J 2< $G$" $l $P!" %3 %s %P %$ %K %s %0 2D G= $G $" $j!" %k!< %W L $+ $i %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r :o =| $7 $F!" %k!< %W L $N 30 B& $K %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r A^ F~ $9 $k!# A^ F~ $5 $l $k %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $O I ( A low ; ( c � 1 ) � A str ide + S ) $H I= 8= $5 $l $k ( $? $@ $7 c $O %k!< %W L $N 2s ?t $G A low $O A $N :G>.CM ) !# (4) D epth : = D epth � 1 (3) $X!# >e 5- $N %" %k %4 %j %: %‘ $r Nc $r ;H$C $F @b L@ $9 $k!# 0J 2< $N %k!< %W %M %9 %H $O SPLASH-2 [8] $N LU $N %3!< %I $G $" $k!# for (j = 0; j < n; j = j + 1) { for (i = 0; i < n; i = i + 1) { if (n - i <= edge) { ibs = edge; ibs = n - edge; skip = edge; } else { ibs = block_size; skip = block_size; } if (n - j <= edge) { jbs = edge; jbs = n - edge; } else jbs = block_size; ii = i / block_size + (j / block_size) * nblocks; jj = i % ibs + (j % jbs) * skip; rhs[i] = rhs[i] + a[ii][jj]; } } double $N G[ Ns rhs $O 6& M- NN 0h $K $" $j!" %W %m %H %3 %k $O LRC $G CMI $O %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $H $9 $k!# >e =R$N%"%k%4%j%:%‘$rE,MQ$9$k$H !& $^$:0J2<$N%3!<%I$KJQ49$5$l$k!# for (j = 0; j < n; j = j + 1) { for (i = 0; i < n; i = i + 1) { ...... rhs[i] = rhs[i] + a[ii][jj]; CMI(LRC,&rhs[i],sizeof(double)); } } !& D epth : = 2 !& depth = D epth (=2) $H$J$k%k!<%W$K$O!" I ( &rhs[i] , sizeof(double) ) $GI= $5 $l $k %3%s %7 %9%F%s%7 0];}%3!<%I $7$+B8 :_$7$J$$ $N$G<! $N%9%F%C%W $X?J$‘!# !& A = &rhs[i] , S = sizeof(double) $G$"$k!# &rhs[i] $OM6 F3 JQ ?t $G $" $j!" $= $N %9 %H %i %$%I $O S $K Ey$7$$!#$h$C $F%3%s%P %$%K%s %02DG= $G$"$j!"%3 %s%7%9 %F%s%70] ;}%3!<%I$r $3$N%k!< %W$+$i =|5n$7$F $3$N%k!< %W $N 30 B& $K A^ F~ $9 $k!# %k!< %W $N 2s ?t $O n $G A $N :G >. CM$O &rhs[0] $@$+$i!"A^ F~$5$l$k%3 %s%7%9%F%s %70] ;} %3!< %I $O I ( &rhs[0] , n*sizeof(double) ) $G I=$5$l$k!#=>$C$F0J2<$N%3!<%I$,@8@.$5$l$k!# for (j = 0; j < n; j = j + 1) { for (i = 0; i < n; i = i + 1) { ...... rhs[i] = rhs[i] + a[ii][jj]; } CMI(LRC,&rhs[0],n*sizeof(double)); } !& D epth : = 1 !& depth = D epth (=1) $rK~$?$9%k!<%W$K$O I ( &rhs[0] , n*sizeof(double) ) $G I= $5 $l $k %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $7 $+ B8 :_ $7 $J $$ $N $G <! $N %9 %F%C%W$X?J$‘!# !& A = &rhs[0] $G S = n*sizeof(double) $G$"$k!# &rhs[0] $O%k!<%WITJQ $G$"$k!#$h$C $F%3%s%P%$ %K%s %02DG=$K $J$j!"%3%s %7%9%F %s%70] ;}%3!<%I$r $3$N%k!< %W$+$i=| 5n$7$F$3 $N%k!<%W $N30B& $KA^F~$9 $k!#=>$C$F 0J2<$N%3!<%I$,@8@.$5$l$k!# for (j = 0; j < n; j = j + 1) { for (i = 0; i < n; i = i + 1) { ...... rhs[i] = rhs[i] + a[ii][jj]; } } CMI(LRC,&rhs[0],n*sizeof(double)); !& D epth : = 0 "* =*N;!# $3$N:GE,2=$K$h$j%3%s%7%9%F%s%70];}%3!<%I$N <B9T2s?t $O 1 n 2 $K:o8:$5$l$k!# 5. 4X O" 8& 5f %* %V %8%’ %/ %H %Y!< %9 $N %= %U %H %&%’ %" DSM $G $" $k Midway [1] $G $O 3F 6& M- %G!< %? $O F1 4| JQ ?t $K B+ G{ $5 $l $F $$ $k!# lock $N acquire $N ;~ E@ $G!" $= $N lock $K B+ G{ $5 $l $? %G!< %? $N JQ 99 $N $_ $, EA $( $i $l $k (Entry Consis- tency) !# Midway $G $O %3 %s %Q %$ %i $, 6& M- NN 0h $X $N =q $- 9~ $_ $r %9 %H %" L? Na $H Dj $^$C $? %3!< %I Ns !y $K JQ 49 $9 $k $@ $1 $G $" $k [10] !# =>$C $F %W %m %H %3 %k $N @Z BX $( $d %3!< %I Ns $N %3 %s %P %$ %K %s %0 $H $$$C $? :G E, 2= $O 9T $& $3 $H $O $G $- $J $$!# $^ $?!" Midway $G $O %W %m %0 %i %^ $, %3!< %I $K shared $+ private $+ annotation $r IU $1 $k $3 $H $G possibly-shared $J=q$-9~$_$N?t$r8:$i$7$F$$$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+ $K <B Au $7 $F $- $?!# AP1000+ !y 3:Ev%"%I%l%9$N Software dirty bit $r%;%C%H$9$k

5 $N OS $O%f!< %6%l%Y%k $N%Z!<%8 %U%)!<%k%H%O %s%I%i$r %5 %]!<%H$7$F$$$J$$$?$a!"2>A[5-215!9= $rMxMQ$G$-$J$$!# $7$+$7!"%3%s%7%9%F%s%70];}%3!<%I?t$r :o8:$9$k%3%s%Q %$ %k 5; K! $O 2> A[ 5- 21 5! 9= $H $O L5 4X 78 $J $N $G!" AP1000+ >e$N<B83$G$b%3%s%Q%$%k5;K!$N8z2L$r3NG’$G$-$k!# :#2s$N<BAu$G$O!"6&M-%Z!<%8$X$N %"%/%;%9$NA0$K%Z!< %8$NM-8z@-$r%A%’%C%/$9$k%3!<%I$rA^ F~$9$k!#$b$7M-8z $G$J$$%Z!<%8$K%"%/%;%9$7$?$i!"%f!< %6!<%l%Y%k$N%Z!< %8%U%)!<%k%H%O%s%I%i$r8F$V!# OS $, %f!< %6 %l %Y %k $N %Z!< %8 %U%)!< %k %H %O %s %I %i $r %5 %]!<%H$7$F$J$$$?$a!"30It$+$i$N%a%C %;!<%8$K3d$j9~$_ $G H? 1~ $9 $k $3 $H $b $G $- $J $$!# =>$C $F!" %j %b!< %H %N!< %I $+$i$N %a%C%;!<%8$O polling $G=hM} $9$k!#%3%s%Q%$ %i$, %k!<%W$N %P%C%/%(%C%8$H4X ?t8F$S$@$7$N =j$K polling $N %3!<%I$rA^F~$7$?!# K\ <B 83 $G $O 8 %N!< %I $r ;H MQ $7 $F!" SPLASH-2 [8] $N 3 8D$N kernel(LU-Contig,Radix, FFT) $rAv$i$;$?!# !& LU-Contig( I= 1) "*AB9T Ns $N%V %m%C%/ 2= $5$l $? LU J, 2r (256 � 256 9TNs$G!"%V%m%C%/%5%$%:$O 16 � 16) !& Radix( I= 2) "* @0 ?t $N %i %G%#%C %/ %9 %=!< %H (key $N ?t $, 262144 $G radix $, 1024) !& FFT( I= 3) "* J# AG ?t $N 0l <! 85 FFT( %G!< %? E@ ?t $, 16384) A4 $F $N >l 9g $K $* $$ $F %] %$ %s %? $r 2p $7 $F $N %" %/ %; %9 $O local $+ must-shared $K J, N‘ $5 $l!" possibly-shared $O B8:_$7$J$+$C$?!# 3F I= $N 8+ J} $G $" $k $,!" LRC(*) $O LRC %W %m %H %3 %k $r A* Br $7 $? ;~ $N 7k 2L!" SAURC(*) $O SAURC %W %m %H %3 %k $r A* Br $7 $? ;~ $N 7k 2L!" HYBRID(*) $O HYBRID %W %m %H %3 %k $r A* Br $7 $? 7k 2L $G $" $k!# *(NO) $O :G E, 2= ( %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N %3 %s %P %$ %K %s %0 ) $r 9T $J $o $J $$ ;~ $N 7k 2L $G $" $j!" *(O) $O :G E, 2= $r 9T $J$C $? ;~ $N 7k 2L $G $" $k!# !& “task” "*7W;;;~4V !& ”message” "* polling $K $h$C $F Ja $^ $( $? %j %b!< %H =h M} $9 $k $N $K Hq $d $7 $? ;~ 4V $H polling $G Ja $^ $( $? %a%C %;!<%8?t$HAm%a%C%;!<%8?t$NHf !& “PF” "*%Z!<%8%U%)!<%k%H;~4V$H$=$N2s?t !& ”CM” "* %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $K $+ $+$C $? ;~ 4V $H%3%s%7%9%F%s%70];}%3!<%I$N?t !& “sync” "* lock/unlock $d barrier $H$$$C $?F1 4|=h M} $K$+$+$C$?;~4V !& ”GC” "* GC $KHq$d$7$?;~4V$H$=$N2s?t AP1000+ $O Fs <! %-%c%C %7%e $, $J $/!" 0l <! %-%c%C %7%e $, write thr ough $J $N $G!" %W %m %;%C %5 $, %-%c%C %7%e $5 $l$?%G!<%?$KBP$7$F9T$J$C$?JQ99$OA4$F 30It$KH?1G$5$l $k!# =>$C $F %9 %H %" $N %3 %9 %H $, Hf 3S E* 9b $$!# ”CM” $G $O %9 %H %" L? Na $, IQ HK $K 9T $J $o $l $k $? $a!" ”CM” $, Hf 3S E* Bg$-$/$J$k!# 3F %W %m %H %3 %k $K BP $7 $F :G E, 2= $r ;\ $7 $? J} $, NI $$ 7k 2L $r $b $? $i $7 $F $$ $k $3 $H $, J, $+ $k!# %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N ?t $, 8: $k $H!" ”CM” $, 8:$C $F!" write notice $N NL $O 8: >/ $9 $k!# ”PF” $d ”sync” $d ”message” $K $* $1 $k B? $/ $N A‘ :n $O write notice $N NL $K 0M B8 $7 $F $$ $k $N $G!" %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N ?t $, 8: $k $H!" ”CM” !" ”PF” !" ”sync” !" ”message” $OA4$F 8: >/$9 $k!# AP1000+ >e $N <B Au $G $O!" SAURC %W %m %H %3 %k $, 0l HV $$ $$ 7k 2L $r ;D $7 $F $$ $k!# GC $, I, MW $J %W %m %H %3 %k $O LRC $N $_ $G!" ”GC” $, Hs >o $K Bg $- $$ $H $$ $& $3 $H $, J, $+ $k!# LRC %W %m %H %3 %k $O ”GC” $@ $1 $G $J $/ ”PF” $b B> $N %W%m%H%3%k$h$jBg$-$$!# 7. $^ $H $a K\ 9F $G $O ADSM >e $G 6& M- =q $- 9~ $_ $N :] $N %*!< %P!< %X%C%I$r:o8:$9$k%3%s%Q%$%k5;K!$rDs0F$7$?!#%] %$%s%? 2r @O $r Mx MQ $7 $F possibly-shar ed $J =q $- 9~ $_ $N ?t $r :o 8: $7!"0lO"$N6&M-NN0h$X$N=q$-9~$_$,O"B3$7$?%" %I%l%9$K BP $7 $F 9T $J $o $l $k >l 9g $K!" 0l O" $N %3 %s %7 %9 %F %s %7 0] ;} %3!<%I$r%3%s%P%$%K%s%0$9$kJ}K!$rDs0F$7$?!# ADSM MQ $N %3 %s %Q %$ %i $H %i %s %? %$ %‘ %7 %9 %F %‘ $r AP1000+ >e $K <B Au $7!" SPLASH2 $N 3 8D $N kernel $r Av $i $; $F!" $3 $N :G E, 2= $N <j K! $, M- 8z $G $" $k $3 $H $r 3N G’ $7 $?!# :# 8e $O Ev 8& 5f << $G 3+ H/ Cf $N HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS-CORE >e $K <B Au $7 $F $$ $/ J} ?K $G $"$k!# ;2 9M J8 8% 1) B ERSHAD , B. N., Z EKAUSKAS , M. J. and S A W - DON , W . A. The Midway Distributed Shar ed Memory System, Pr oc. of the 38th IEEE Int’l Computer Conf. (COMPCON Spring’93) (Feb. 1993). 2) E MAMI , M., G HIY A , R. and H ENDERN , L. J. Context-Sensitive Interprocedural Points-T o Analysis in the Presence of Function Pointers, Pr oc. of ’94 Conf. on PLDI (June 1994). 3) I FTODE , L., D UBNICKI , C., F EL TEN , E. W . and L I , K. Improving Release-Consistent Shared V ir - tual Memory using Automatic Update, Pr oc. of the 2nd Inter . Symp. on HPCA (Feb. 1996). 4) K ELEHER , P ., C OX , A. L. and Z W AENEPOEL , W . Lazy Release Consistency for Softwar e Dis- tributed Shar ed Memory , Pr oc. of the 19th ISCA (May 1992). 5) K ELEHER , P ., D W ARKADAS , S., C OX , A. L. and Z W AENEPOEL , W . T r eadMarks: Distributed Shar ed Memory on Standard W orkstations and Operating Systems, Pr oc. of the W inter 1994 USENIX Conference (Jan. 1994). 6) L I , K. IVY : A Shared V irtual Memory System for Parallel Computing, Proc. of the 1988 ICPP (Aug. 1988).

6 unit : sec. total task message PF CM sync GC LRC(NO) 81.892455 1.868542 0.608391 2.267781 3.422607 3.169061 72.577036 88/2720 104 699040 11 LRC(O) 11.945188 0.627203 0.760216 3.335205 0.239031 2.604353 4.379179 178/790 232 49640 1 SAURC(NO) 13.556636 1.816375 1.136838 0.830893 4.916014 4.856516 0.000000 262/437 210 699040 0 SAURC(O) 3.124313 0.618595 0.165564 0.287180 0.562971 1.490004 0.000000 217/392 210 49640 0 HYBRID(NO) 27.473138 1.828389 4.027283 4.283247 5.994998 11.339222 0.000000 258/440 204 699040 0 HYBRID(O) 4.114184 0.621423 0.391392 0.515071 0.712049 1.874249 0.000000 212/356 210 49640 0 I= 1 LU-Contig(256) unit : sec. total task message PF CM sync GC LRC(NO) 11.428428 0.604499 0.057003 1.069547 1.219771 1.895149 6.582458 224/4253 283 212093 2 LRC(O) 9.849303 0.574050 0.038313 1.107061 1.143005 0.770975 6.215899 216/4245 281 196635 2 SAURC(NO) 3.129691 0.581339 0.263697 0.313482 1.364119 0.607055 0.000000 309/582 470 212093 0 SAURC(O) 2.980493 0.553462 0.298612 0.355711 1.348237 0.424471 0.000000 294/588 472 196635 0 HYBRID(NO) 6.752322 0.646346 1.657397 0.838957 1.710627 1.898994 0.000000 307/570 470 212093 0 HYBRID(O) 5.959178 0.605621 1.338247 0.747380 1.547363 1.720568 0.000000 295/562 468 196635 0 I= 2 Radix(262,144) unit : sec. total task message PF CM sync GC LRC(NO) 16.785423 0.488462 0.949015 4.071002 0.849016 0.198326 10.229601 185/740 244 174080 2 LRC(O) 5.705468 0.254218 0.681280 2.559653 0.270242 0.090499 1.849577 229/740 307 55248 1 SAURC(NO) 2.577256 0.469006 0.217816 0.121456 1.152603 0.616376 0.000000 296/446 330 174080 0 SAURC(O) 1.210733 0.238359 0.091413 0.116116 0.370441 0.394403 0.000000 291/443 331 55248 0 HYBRID(NO) 4.263769 0.478066 1.392421 0.167770 1.504440 0.721071 0.000000 307/418 330 174080 0 HYBRID(O) 1.855387 0.247024 0.301032 0.223589 0.480333 0.603409 0.000000 262/390 330 55248 0 I= 3 FFT(16,384) 7) W ILSON , R. P . and L AM , M. S. Ef ficient Context- Sensitive Pointer Analysis for C Prgrams, Proc. of ’95 Conf. on PLDI (June 1995). 8) W OO , S. C., O HARA , M., T ORRIE , E., S INGH , J. P .and G UPT A , A. The SPLASH-2 Programs: Charac- terization and Methodological Considerations, Pr oc. of the 22nd ISCA (June 1995). 9) Y UANYUAN Z HOU , L. I. and L I , K. Performance Evaluation of T wo Home-Based Lazy Release Consistency Pr otocols for Shared V irtual Mem- ory Systems, Proc. of the 2nd Symp. on OSDI (1996). 10) Z EKAUSKAS , M. J., S A WDON , W . A. and B ER - SHAD , B. N. Software W rite Detection for a Dis- tributed Shar ed Memory , Pr oc. of the 1st Symp. on OSDI (Nov . 1994). 11) >> K\ >0 :Y N3 EY JB Ns <B 9T ;Y 1g 5! 9= , 7W ;; 5! %"!< %- %F %/%A%c8&5f2qJs9p , Bh 89-ARC-77 4, (July 1989). 12) >> 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).