1 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 >> K\ >0 y J? LZ 7I y 2f!9 $OJ] 8n $5$l $?9b B.$J %f!< %6!<DL ?.!? %f!< %6!<F1 4|$r <B 8=$9 $k “ HsBP >NJ, ;6 6&M- %a%b %j :ADSM” $r Ds 0F $7 $F $- $?!# ADSM $O FI $_ =P $7 $H =q $- 9~ $_ $N <B 8= %b %G %k $, JL!9 $G!" FI $_ =P $7 $O DL >o $N 2> 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 $$ $+ $i!" MM!9 $J :G E, 2= $, 2DG= $K $J $k!# 2f!9 $O %3 %s %7 %9 %F %s %7 0] ;}%3!< %I $N ?t $r @E E* !? F0 E* $K :o 8: $9$k $3 $H $G!" =q $- 9~ $_ $N %*!< %P!< %X%C %I $r :o 8: $9 $k :G E, 2= <j K! $r Ds 0F $9 $k!# HF MQ JB Ns %* %Z %l!< %F%# %s%0 %7 %9 %F %‘ SSS-CORE $H AP1000+ >e $K :n @. $7 $? %3 %s %Q %$ %i JB $S $K %i %s %? %$ %‘ %7 %9 %F %‘ $K $* $$ $F SPLASH-2 $N LU- Contig $r ;H$C $F I> 2A $r 9T$J$C $?!# <B 9T ;~ 4V $O @E E*$J :G E, 2= $K $h $j 80% 8~ >e $7!"99 $K F0 E* $J :G E, 2= $r9T $J $&$3$H$G 30% 8~>e$7$?!# Performance Evaluation of 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 r ealizes user - level protected high-speed communications/synchronizations. In the ADSM, the shared-r ead is based on a cache-based shar ed virtual memory system. As for the shar ed-write, instructions for consistency management are inserted after the corresponding stor e instruction. Ther efor e, various optimizations can be performed. W e propose an optimizing method of reducing overheads for consistency management. The algorithm coalesces a sequence of consistency management instruc- tions statically/dynamically . W e have implemented the prototype of the compiler and the runtime system for the ADSM on a multicomputer Fujitsu AP1000+ and the general-purpose massively- parallel operating system: SSS-CORE. The performance evaluation using LU-Contig of SPLASH-2 shows that the execution time is reduced by 80% using static optimization and it is further r educed by 30% using dynamic optimization. 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!#$3$NO+NO$r7Z8:$9$k$?$a$K!"6&M- %a%b%j%b%G%k$r Ds6!$9$kI,MW$,@8$8$k!# 6& M- %a %b %j %b %G %k $r %O!< %I %&%’ %" $G Ds 6! $9 $k ( %O!< %I %&%’ %" DSM) >l 9g!" Bg 5, LO NUMA 4D 6- $G $O invali- date %W %m %H %3 %k $O :G E, 2= $K 5U 8z 2L $K $J $k!# update $d %-%c%C%7%e%$%s%8%’%/%7%g%s%?%$%W$N%W%m %H%3%k$rA*Br $9$k$N$,K>$^$7$$$,!"<BAu$OMF0W$G$O$J$$!# $= $3 $G!" <B Au %3 %9 %H $N Dc $$ %= %U %H %&%’ %" $G 6& M- %a y El5~Bg3XBg3X1!M}3X7O8&5f2J>pJs2J3X@l96 Department of Information Science, Faculty of Science, Uni- versity of T okyo %b %j %b %G %k ( %= %U %H %&%’ %" DSM) $r Ds 6! $9 $k 8& 5f $, B? ?t [6], [4], [1], [7] $J $5 $l $F $- $?!# %3 %s %7 %9 %F %s %7 4I M} C1 0L $, %Z!< %8 C1 0L [6] $G $" $k $? $a $K false sharing $, H/ @8 $7 $F %G!< %? $N E> Aw NL $, A} Bg $9 $k Ld Bj $, H/ @8 $9 $k $,!" %Z!< %8 $N :9 J, $N $_ $r E> Aw $7 $? $j [4] !" F1 4| JQ ?t $K B+ G{ $5 $l $? %G!< %? $N 99 ?7 2U =j $N $_ $r E> Aw $7 $? $j [1] !" %O!< %I %&%’%" DSM $r%=%U %H$G%(%_%e%l!<%H $7$F4IM}C1 0L$r%i %$ %s %5 %$ %: $K 2< $2 $k $3 $H $G [7] $3 $N Ld Bj $r 2s Hr $7 $F $$ $k!# 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!" J] 8n $5 $l 2> A[ 2= $5 $l $? 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 (Asymmetric Distributed Shared Memory:ADSM) $rDs 0F$7$F $-$? [11] !# ADSM >e$G$O 6&M-%a %b%j $NFI$_ =P$7$K4X$7$F$O=>Mh$N2>A[6&M-%a%b%jJ}<0$K =>$$!"6&M- %a %b %j $N =q $- 9~ $_ $H F1 4| $O %f!< %6 %3!< %I $K 0l O" $N L? Na

2 %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$K JQ49$9$k:GE,2=%3 %s %Q %$ %i $H $= $l $r %5 %]!< %H $9 $k %i %s %? %$ %‘ $, I, ?\ $K $J $k!#$7$+ $7$J$,$i!"$=$l $i$K$h$C$F4{B8 $N DSM $G$O<B 9T$G$-$J$+$C$?<o!9$N:GE,2=$,2DG=$K$J$k!# K\ 9F $G $O!" ADSM >e $G =q $- 9~ $_ $N %*!< %P!< %X%C %I $r @E E* !? F0 E* $K :o 8: $9 $k $? $a $N %3 %s %Q %$ %k <j K! !? %i %s %? %$ %‘ %5 %]!< %H $r Ds 0F $9 $k!# Ds 0F $7 $? <j K! $N M- 8z @- $r AP1000+ $H %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? >e $N HF MQ JB Ns %* %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$$$k !y � 6&M-NN0h$X$NFI$_$@$7 %-%c%C %7%e %Y!< %9 $N DL >o $N shar ed virtual mem- ory model $K 4p $E $$ $F $$ $k!# => Mh $N %= %U %H %&%’ %" DSM $H F1 MM $K %Z!< %8 C1 0L $N %-%c%C %7%e $r MQ 0U $7 $F!" %W %m %;%C %5 $N %m!< %I L? Na $G 9T $J $&!# %Z!< %8 %H %i%C%W$G%-%c%C%7%e%_%9$r8!CN$7$FBP=h$9$k!# � 6&M-NN0h$X$N=q$-9~$_ =q $- 9~ $^ $l $k %G!< %? $N => $& $Y $- %W %m %H %3 %k $K =>$C $F!" %3 %s %7 %9 %F %s %7 0] ;} $N $? $a $N %3!< %I Ns ( 1s 3V %a %b %j %" %/ %; %9 $d IU 2C E* $J %a %b %j A‘ :n ) $r <B 9T %3!< %I $H$7$FKd$a9~$‘!# 6&M-NN0h$X$N=q$-9~$_$r%9%H%"0lL? Na$+$i0lO"$N%3!<%I Ns$KJQ49$7$F$7$^$&$?$a$K=>Mh$N %O!<%I%&%’%"!"5Z$S%= %U%H%&%’ %" DSM $G$OIT2DG=$G $"$C$?<o!9$N:GE, 2=$,2D G=$K$J$k!# � %3%s%7%9%F%s%70];}%3!<%INs$N%3%"%l%7%s%0 $"$kF14|6h4V $K$*$$$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$N Ns$rO"B3NN0h $KBP$9$k 0l$D$N0] ;}%3!<%I$K JQ49$9$k $3$H$K$h$C$F!" <B9T;~ $N%*!<%P!< %X%C%I$,7Z 8:$5$l $k!# � DL?.%Q%1%C%H$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 (SAURC) $N<B8= 2f!9 $O ADSM >e $G 3 <o N‘ $N %W %m %H %3 %k $N <B Au $r 9T $J$C $F $- $? [14] !# :# 2s $O $= $N Cf $G SAURC %W %m %H %3 %k $K$D $$ $F >\ $7 $$ @b L@ $r 9T $J $&!# SAURC $O%= %U %H %&%’ %" $G Automatic update release consistency(AURC) [3] $r %( %_%e %l!< %H$9 $k %W %m %H %3 %k $G $"$k [11] !# AURC $G $O 3F %Z!< %8 $K home $, B8 :_ $9 $k!# home 0J 30 $K %3 %T!< %Z!< %8 $r M- $9 $k %W %m %;%C %5 $, 0l Bf $N ;~ $O!" 8_ $$ $K 99 ?7 !y $3$l$,L>A0$NM3Mh$G$"$k!# $7 $" $& (CopySet-2 %W %m %H %3 %k ) $,!" $= $l 0J 30 $N ;~ $O %3 %T!< $+ $i home $X $N 99 ?7 $N $_ $, EA $( $i $l $k (CopySet- N %W %m %H %3 %k ) !# $3 $l $K $h $j home $O >o $K :G ?7 $N CM $K J] $? $l$k!# home 0J 30 $N %3 %T!< %Z!<%8 $O W riteNotice [5] $r ;H MQ $7 $? Lazy Release Consistency(LRC) [4] $H F1 MM$JL58z7?%W%m%H%3%k$G4IM}$5$l$k!# 3.1 =q$-9~$_$N%3%s%7%9%F%s%70];}%3!<%I %P%C%U%!$r%N!<%IBf?t8DMQ0U$9$k!# � %" %I %l %9 $+ $i %Z!< %8 HV 9f (P) $r 5a $a $k!# P $X $N =i $a$F$N=q$-9~$_$N>l9g$K$O W riteNotice [5] $r:n@. $9$k!# � <+ J, $, P $N home(Home) $G $J $$ >l 9g!" %" %I %l %9 $H %5 %$ %: $H Cf ?H $r Home $K BP 1~ $9 $k %P%C %U%! $K %3 %T!< $9 $k ( $? $@ $7!" %*!< %P!< %X%C %I :o 8: $N $? $a!" 2a 5n$KF1$8%" %I%l%9$X $N=q$-9~ $_$,$"$C$?$+ $I$&$+$O D4$Y$J$$ ) !# � <+ J, $, P $N Home $G $" $j!" $+ $D CopySet-2 $G $" $k>l9g!"%"%I %l%9$H %5%$%:$H Cf?H$r!"%3 %T!<$r;}$D %N!< %I $K BP 1~ $9 $k %P%C %U%! $K %3 %T!< $9 $k ( $? $@ $7!" %*!<%P!<%X%C%I :o8:$N$? $a!"2a5n$K F1$8%" %I%l%9$X $N=q$-9~$_$,$"$C$?$+$I$&$+$OD4$Y$J$$ ) !# =q $- 9~ $_ $N ET EY %P%C %U%! $N Cf ?H $r E> Aw $7 $J $$ $G!" %P%C %U%!$,0lGU$K$J$C$?;~E@!?F14|E@$KE~C#$7$?;~ E@$G%P%C %U%!$NCf?H$r$=$N$^$^BP1~$9$k%N!<%I$KE>Aw$9 $k!#$D$^ $j%3%s%Q%$%i%l%Y%k$G%a%C%;!<%8$N%3%s%P%$%K%s %0$r9T $J $&!# F1 4| E@ $K E~ C# $7 $? >l 9g $O %3 %s %7 %9 %F %s %7 0] ;} 40 N; $N 3N G’ $N $? $a $K %a %b %j %P %j %" $r D% $k!# BP 1~ $9 $k %N!< %I $O E> Aw $5 $l $? %G!< %? $r 85 $K <+ J, $N %Z!< %8 $r 99 ?7 $7!" T imeStamp $r 99 ?7$9 $k!# 99 ?7 8e $K E> Aw $5 $l $? %G!< %?$O 4~5Q$9$k!# 3.2 %"%/%;%9%_%9 %Z!< %8 %U%)!< %k %H $, H/ @8 $7 $? >l 9g!" 3: Ev %Z!< %8 $N home $K%Z!<%8MW5a$N%j %/%(%9%H$rH/9T$9$k!#3:Ev %Z!< %8 $N home $O $= $N MW 5a $r <u $1 <h $k $H!" %Z!< %8 $N Cf ?H $H T imeStamp $r %Z!< %8 %U%)!< %k %H $r 5/ $3 $7 $? %N!< %I $K E> Aw$9$k!# 3.3 F1 4| 3F %m%C %/ $K $O round-r obin $G 3d $j ?6 $i $l $? 4I M} ?M $, B8 :_ $9 $k!# <+ J, $, %m%C %/ $r ;}$C $F $$ $J $$ 8B $j!" A4 $F $N %m%C %/ acquire $N %a%C %;!< %8 $O 4I M} ?M $K E> Aw $7!" 4I M} ?M $N 85 $G C‘ <! 2= $5 $l $F 4I M} $5 $l $k!# 4I M} ?M $O %m%C %/ acquire $N %a%C %;!< %8 $r <u $1 <h $k $H!" $= $N %a%C %;!< %8 $r “ :G 8e$K %m%C %/ acquir e $N %a%C %;!<%8 $r H/ 9T$7 $? %N!< %I ” $K %U%) %o!< %I $9 $k!# %m%C %/ $r aquire $7 $? ;~ $K $O!" %m%C %/ $r release $7 $? %N!< %I $, @8 @. $7 $? W riteNotice $N >p Js $, EA $( $i $l $k!# $= $l $r 85 $K BP 1~ $9 $k %Z!< %8 $r L5 8z 2= $9 $k!# $? $@ $7!" T imeStamp $N Hf 3S $r 9T $J$C $F T imeStamp $,8E$$%Z!<%8$N$_L58z2=$9$k [3] !# %P %j %" $O =8 Cf 4I M} %" %k %4 %j %: %‘ $G <B Au $5 $l $F $$ $k!# 3F %N!< %I $O %P %j %" $K F~$C $? $i!" 4I M} <T $K 7g $1 $F $$ $k W riteNotice $N >p Js $r 4I M} <T $K E> Aw $9 $k!# 4I M} <T $O A4

3 $F $N %N!< %I $+ $i >p Js $r =8 $a $F BP 1~ $9 $k %Z!< %8 $N L5 8z 2= $r 9T $J $&!# A3 $k 8e $K!" 3F %N!< %I $K 7g$1 $F $$ $k W riteNo- tice $N >p Js $r 3F %N!< %I $K E> Aw $9 $k!# 3F %N!< %I $O E> Aw $5 $l $? W riteNotice $N >p Js $r 85 $K 3: Ev $9 $k %Z!< %8 $N L5 8z 2= $r 9T $J $&!# $? $@ $7!" T imeStamp $N Hf 3S $r 9T $J $$ T imeStamp $,8E$$%Z!<%8$N$_L58z2=$9$k [3] !# 4. 6&M-NN0h$X$N=q$-9~$_$N8!=P %3%s%Q%$%i$,6&M-NN0h$X$N=q$-9~ $_$r%3%s%7%9%F%s%7 0];}%3!<%I$r4^$s$@%3!<%INs$KJQ49$9 $k!#%3%s%Q%$%i$, 6&M-NN0h$X$N=q$-9~$_$r8!=P$9$k$? $a$K!"<jB3$-4V%]%$ %s %? 2r @O [8], [2] $N <j K! $r MQ $$ $k!# <j B3 $- 4V %] %$ %s %? 2r @O$O 6&M-JQ ?t$N refer ence $d F0E*$J6& M-NN0h $N3NJ] $r8; $H$7$?A0?J7?<jB3$-4V%G!<%?!<%U%m!< 2r@O$G$"$k!#<jB3 $-4V%]%$%s%?2r@O$K$h$C$F6&M-%"%I%l %9$X$N%]%$%s%?$r J];}$7F@$kJQ?t$r8!=P$7!"3:Ev$9$k=q $-9~$_$N8e$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 :o 8: O"B3$7$?6&M-NN0h$KBP$9$k=q$-9~ $_$r$G$-$k$@$1$^$H $a$F=hM}$7$F!">iD9$J%3%s%7%9%F%s%7 0];}%3!<%I$r=|5n $9$k$3$H$,$G$-$l$P!"6&M-NN0h$X$N =q$-9~$_$N%*!<%P!< %X%C%I$,:o8:$G$-$k!# 5.1 %3%s%7%9%F%s%70];}%3!<%I$N@EE*$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!# 0J 2< $K 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 $$!" %k!< %W %l %Y %k $N %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N %3 %" %l %7 %s %0 $r 9T $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 ) $GI=$9!#$^$:!"I,$: <B9T$5$l$k 6&M-=q$-9~ $_ $r 4^ $‘ n =E %k!< %W %M %9 %H $r Ns 5s $7 $F!" 3F %k!< %W %M %9 %H$KBP$7$F0J2<$r<B9T$9$k (0) 3F 6& M- =q $- 9~ $_ Kh $K %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r @8 @. (1) D epth : = n (2) D epth = 0 $J$i$P=*N; (3) depth = D epth $rK~$?$93F%k!<%W ( L ) $KBP$7$F0J2< $r<B9T$9$k (3.1) %k!< %W L $N Cf $K %3 %s %7 %9 %F %s %7 0] ;} %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 $1 $l $P!" %3%s%7%9%F%s%70];}%3!<%I$r%3%"%l%7%s%0$9$k (3.2) F14|%3!<%I!?%j%?!<%s%3!<%I$,$"$l$P (3) $X (3.3) I ( A; S ) $G I= $5 $l $k 3F %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $KBP$7$F !& A ( %"%I%l%9ItJ, ) $,%k!<%WITJQ$G$"$k>l9g : %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$rA^F~$9$k !& 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 %" %l %7 %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 $H$7$F (2) $X 0J2<$K%3%"%l%7%s%0$N%"%k%4%j%:%‘$rE,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%70];}%3!<%I$NF0E*$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 $$$k>l9g$bB8:_$9$k!#>e5-$N$h$&$J>l9g$G$b%3 %s%7%9%F %s%70];}%3!<%I$N%*!<%P!<%X%C%I$r:o8:$9$k%i%s %?%$%‘ %5%]!<%H$rDs0F$9$k!# 3.1 $G =R $Y $? <B Au $K $* $1 $k %3 %s %7 %9 %F %s %7 0] ;} %3!< %I Fb$NA‘:n$G$O!"0JA0$KF1$8%"%I%l%9$K=q$$$?$+ $I$&$+$r D4$Y$:$K!"%"%I%l%9$H%5%$%:$HCf?H$r%P%C%U%!$K =q$-9~ $s$G$$$?!#$3$NJ}<0$O@EE*$KA4$F$NO"B3NN0h$X $N=q$-9~ $_$r2r@O$G$-$k$h$&$J>l9g$K%*!<%P!<%X%C%I$,0l HV>/$J $$!#$7$+$7!"@EE*$J2r@O$G$O8!=P$G$-$J$$$h$&$J O"B3NN 0h$X$N=q$-9~$_$,B?$$>l9g$O$3$NJ}<0$O%*!< %P!<%X%C%I $,Bg$-$/$J$k!#@EE*$J2r@O$G$O8!=P$G$-$J$$O" B3NN0h$X $N =q $- 9~ $_ $, B? $$ >l 9g $G $b Softwar eDirtyBit J} <0 [10] $rMxMQ$9$k$3$H$G%*!<%P!<%X%C%I$r:o8:$G$-$k!# Softwar eDirtyBit 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(Softwar eDirtyBit) $r ;}$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 Softwar eDirtyBit $N NN 0h $r ;; =P $7 $F %5 %$ %: J, $N

4 SoftwareDirtyBit $r%;%C%H$9$k ( ?^ 1) !# ?^ 1 Software Dirty Bit 3.1 $N <B Au $G $O BP 1~ $9 $k %P%C %U%! $K 3: Ev %" %I %l %9 $H %5 %$ %: $H Cf ?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 update $, @8 $8 $k!# =>$C $F 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 $, 2? EY$b7+$jJV$5$l$k$H!"L5BL$J%a%C%;!< %8$,Ht$S!"L5BL$J update $, H/ @8 $9 $k 4m 81 $, $" $k!# SoftwareDirtyBit J} <0 $G $O!" SoftwareDirtyBit $r %;%C %H $9 $k %m!< %+ %k $J 7W ;;$N%*!<%P!<%X%C%I$,2]$;$i$l$k$@$1$G:Q$‘!# F1 4| E@ $K E~ C# $7 $? ;~ $K!" SoftwareDirtyBit $N NN 0h $r 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 $$ %*!< %P!< %X%C%I $G$" $k!#$D $^ $j 3.1 $N<B Au$G $O %P%C%U%! $NCf ?H $, $= $N $^ $^ %a%C %;!< %8 $N %Q %1%C %H $K $J$C $F $$ $? $,!" SoftwareDirtyBit 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- NN 0h $, :G Bg 8B $K %3 %" %l %7 %s %0 $5 $l $F 8! =P $5 $l $k!# %Q %1%C %H $r @8 @. $7 $? $i BP 1~ $9 $k %N!< %I $K E> Aw $r 9T $J $&!# $D $^ $j Softwar eDirtyBit J} <0 $G $O update $O2DG=$J8B$j lazy $K9T$J$o$l$k!# 6. 4X O" 8& 5f 6.1 OS %Y!<%9$N%=%U%H%&%’%" DSM => 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 %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 $?!# $3 $3 $, ADSM $H $O Bg $- $/ 0[ $J $k E@ $G $" $k!# 6& M- NN 0h $X $N =q $- 9~$_$NETEY%H%i%C%W$r5/$3$9%*!<%P!< %X%C%I$r:o8:$9$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 $? [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!" dif f $r :n @. $9 $k $?$a$K$O!"%Z!<%8$N%3%T!<$r@8@.$7$? $j!"%Z!<%8$N=$@5 $5$l$?ItJ,$H$OL54X78$K%Z!<%8A4It$r D4$Y$J$1$l$P$$$1 $J$$!#$3$N%*!<%P!<%X%C%I$OL5;k$G$-$J$$!# AURC [3] $G$O%G!<%?E>Aw$N7Z$$%O!<%I%&%’%"$r ;HMQ$7$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$N>uBV$KJ]$D [3] $3$H$G!" dif f J}<0$,Jz$($k LdBj$r2r7h$9$k!# 6.2 %3%s%Q%$%i%Y!<%9$N DSM %* %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 $$ $k!# lock $N acquire $N ;~ E@ $G!" $= $N lock $K B+ G{ $5 $l $? %G!< %? $N JQ 99 $N $_ $, EA $( $i $l $k (Entry Consis- tency) !# Midway $G $O %3 %s %Q %$ %i $, 6& M- NN 0h $X $N =q $- 9~ $_ $r %9 %H %" L? Na $H Dj $^$C $? %3!< %I Ns !y $K JQ 49 $9 $k $@ $1 $G$"$k [10] !#%W%m%H%3 %k$N@Z BX$($d %3%s%7 %9%F%s %7%3!< %INs$N%3%"%l%7%s%0$H$$$C$?:GE,2=$O<B9T$7$F$$$J$$!# Eager RC $r %= %U %H %&%’ %" $G <B Au $7 $? Shasta [7] $G $O!" %" %; %s %V %i %l %Y %k $N instrumentation $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!# batching Miss Check $d Invalid Flag T echnique $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$$$J$$!# 7. <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 NOW HG $N SSS-CORE $K <B Au $7 $F $- $?!# K\ <B 83 $G $O %W %m %H %3 %k $O SAURC $r ;H MQ $7!" %" %W %j %1!< %7%g %s $H $7 $F SPLASH-2 [9] $N Cf $N Kernel $N LU-Contig $r :N MQ $7!" %G!< %? $N home $N G[CV$N:GE,2=$r9T$J$C$?!# 7.1 AP1000+ 3F %N!<%I $O 50MHz SuperSP ARC( Fs<! %-%c%C %7%e $J $7 , 16MBytes %a %b %j %5 %$ %: ) $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$$$J$$$?$a!"2>A[5-215!9=$r MxMQ$G $-$J$$!#:#2s$N<BAu$G$O6&M-%Z!<%8$X$N%"%/%;%9 $NA0$K %Z!<%8$NM-8z@-$r%A%’%C%/$9$k%3!<%I$rA^F~$7 $?!#$b$7 M-8z$G$J$$%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 $$ $+ $i!" %j %b!< %H%N!<%I$+ $i$N%a%C%;!<%8 $O polling $G=hM}$9$k!#%3 %s %Q %$ %i $, %k!< %W $N %P%C %/ %(%C %8 $H 4X ?t 8F $S $@ $7 $N =j $K polling $N%3!<%I$rA^F~$7$?!# ?^ 2 $O @E E* $J %3 %" %l %7 %s %0 $N 8z 2L $r D4 $Y $? $b $N $G $" $k!# S $O %3 %" %l %7 %s %0 $7 $? $b $N!" N $O $7 $J $$ $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 ( IC ) !" 2# <4 $O %W %m%;%C%5Bf?t$G$"$k!#0J9_$N<B83$N<B9T;~4V$NFb Lu$OI= 1 $r ;2>H $5 $l$? $$!#@E E* $J%3 %" %l%7 %s %0 $K$h $j!" %\ %H%k %M%C%/ItJ,$N%*!<%P!<%X%C%I7Z8:$K@.8y$7$F$$ $k!#%3%" %l%7%s%0$K$h$C$F%G!<%?;2>H$N6I=j@-$,JQ2=$9 $k$3$H!" !y 3:Ev%"%I%l%9$N Software dirty bit $r%;%C%H$9$k

5 ?^ 2 @EE*$J%3%"%l%7%s%0$N8z2L (AP1000+) I= 1 <B9T;~4V$NFbLu sync %m%C%/$d%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%s%W%m%0%i%‘K\Mh$N7W;;;~4V $^$?%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 $$ $k $3 $H $+ $i task $b 8: >/ $7 $F $$ $k!# 7.2 SSS-CORE %o!<%/%9%F!<%7%g%s%/%i%9%?>e$NHF MQD6JBNs%*%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 model8.1.1(Sun SS20 8_495! , 85MHz SuperSP ARC !_ 1) $+ $i $J $j!" Fast Ethernet SBus Adapter2.0 $rDI2C$7$F 100BASE-TX $N%9%$%C%A $G Fast Ethernet @\ B3 $5 $l $F $$ $k!# %f!< %6!< %l %Y %k $N J] 8n $5 $l $? 9b B. $J %a %b %j %Y!< %9 DL ?. ( MBCF :Memory Based Communication Facilities) [11], [12], [13] $r<B 9T $7!" %T!< %/ %P %s %I I} $O 11.2MBytes/sec $G $" $k!# %a %b %j %Y!< %9 %7 %0 %J %k $r ;H MQ $7 $F %j %b!< %H $+ $i $N %a%C %;!< %8 $K BP =h $9 $k!# 2> A[ 5- 21 5! 9= $r Mx MQ $7 $F 3d $j 9~ $_ $G %Z!< %8 %U%)!< %k %H $r 8! =P $9 $k It J, $O 8= :_ <B Au Cf $G $" $k!# 8=;~ E@$G $O %Z!<%8 %U%)!< %k%H $O AP1000+ $N<B Au $H F1 MM $K %= %U %H %&%’ %" $G 8! =P $7 $F $$ $k!#?^ 3 $O AP1000+ $H $N Hf 3S $r 9T $J$C $? 7k 2L $G $" $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 $$ $k!# SAURC $O DL ?. NL $N B? $$ %W %m %H %3 %k $G $" $k $+ $i %M%C %H %o!< %/ $, 9b B. $J AP1000+ $K M- Mx $G $" $k $,!" SSS-CORE $N %a %b %j %Y!< %9 DL ?. 5! G= $, == J, @- G= $r H/ 4x ?^ 3 SSS-CORE $H AP1000+ $NHf3S (#PE=4) $7$F$$$k$?$a$K!"<B9T;~4V$NHf$O%W%m%;%C%5$N %/%m%C%/ Hf$K6a$$CM$K$J$C$F$$$k!# ?^ 4 F0E*$J%3%"%l%7%s%0$N8z2L (SSS-CORE) ?^ 4 $O F0 E* $J %3 %" %l %7 %s %0 $N 8z 2L $r D4 $Y $? $b $N $G $" $k!# S $O @E E* $K %3 %" %l %7 %s %0 $7 $? $b $N!" S&D $O @E E* $+$DF0E*$K%3%"%l%7%s%0$7$?$b$N$r<($9!#%W%m %;%C%5Bf ?t $O #4 Bf $G!" 9T Ns $N 0l JU $N %5 %$ %: $r 256 !" 512 !" 1024 $HJQ2=$5$;$?!#=D<4$O<B9T;~4V$G@EE*$K%3%"%l %7%s%0$7 $?$b$N$G@55,2=$7$F$$$k!#F0E*$K%3%"%l%7%s%0 $r<B9T$9 $k$3$H$G<B9T;~4V$N:o8:$K@.8y$7$F$$$k!#F0E* $K%3%"%l %7 %s %0 $r <B 9T $7 $? J} $, %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $N ;~

6 4V (CM) $N:o8:$K@.8y$7$F$$$k!# $?$@$7!"%P%j%"$K E~Ce $7$?;~$K<+J,$,=$@5$7$?ItJ,$r8! =P$9$k%*!<%P!<%X%C%I $, 2C ;; $5 $l $F F1 4| =h M} $N ;~ 4V (sync) $O A} Bg $7 $F $$ $k!# SSS-CORE $G $O %a %b %j %Y!< %9 DL ?. $G kernel $, update $r $7 $F $/ $l $k $,!" $= $N ;~ 4V $O task $K $b 4^ $^ $l $F $$ $k!# =>$C $F update $N NL $, 8: >/ $7 $? $3 $H $G task $N ;~ 4V $b 8: >/$9$k!# I= 2 $O3F%W%m%;%C %5$,E> Aw$9$k %a%C%;!<%8$N ?tNL$G $" $k!#F0E*$J%3%"%l%7%s%0$r9T$J$&$3 $H$K$h$j%a%C%;!<%8 I= 2 DL?.%H%i%U%#%C%/$NJ?6Q 9TNs$N%5%$%: :GE,2= %a%C%;!<%8?t E>AwNL (Mbytes) n = 256 S 11258 12.0 S&D 460 0.9 n = 512 S 88694 99.0 S&D 2376 6.3 n = 1024 S 703826 791.0 S&D 14996 49.0 $N?tNL$,BgI}$K:o8:$G$-$k$3$H$r<($7$F$$$k!# 8=<BAu$G$N@EE*$J%3%"%l%7%s%0 $O<jB3$-Fb$N%k!<%W$K 8B$i$l$F$$$k!# LU $O<jB3$-$N8F$S=P$7$,%M%9%H$7$F$$ $F!"<jB3$-4V$G99$K%3%"%l%7%s%02DG= $J>l9g$,Hs>o$KB? $$!#=>$C$FF0E*$J%3%"%l%7%s%0$,8z2L E*$K:nMQ$9$k!#0l HV8z2LE*$J:GE,2=$O@EE*$J%3%"%l%7%s %0$r<jB3$-4V$G9T $J$&$3$H$G$"$j!"8=:_<BAuCf$G$"$k!# 8. $^ $H $a 2f!9 $O ADSM >e$G 6& M-=q $- 9~ $_$N :] $N%*!< %P!< %X%C %I $r :o 8: $9 $k %3 %s %Q %$ %k 5; K! $r Ds 0F $7 $? : 1) M6 F3 JQ ?t $N >p Js $r Mx MQ $7 $F %" %U%# %s $J %a %b %j %" %/ %; %9 $N 8! CN $r 9T $J$C $F %3 %s %7 %9 %F %s %7 0] ;} %3!< %I $r @E E* $K %3 %" %l %7 %s %0 $9 $k!" 2) @E E* $K %3 %" %l %7 %s %0 $G $- $J $$ >l 9g $G $b SoftwareDirtyBit 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 SAURC $r A* Br $7!" %W %m %H %? %$ %W >e $G SPLASH-2 $N LU J, 2r $r Av $i $; $F!" $3 $N <j K! $, M- 8z $G $" $k $3 $H $r 3N G’ $7 $?!# :# 8e $O SSS-CORE >e $N %i %s %? %$ %‘$r40@.$5$;!"<jB3$-4V$G@EE*$K%3%" %l%7%s%0$r9T$J$& ItJ,$r<BAu$7!"$h$jB?$/$N%"%W%j%1!< %7%g%s$rAv$i$;$F 99$J$k@-G=I>2A$r9T$J$&M=Dj$G$"$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). 7) S CALES , D. J., G HARACHORLOO , K. and T HEKKA TH , C. A. Shasta: A Low Over head, Softwar e-Only Approach for Supporting Fine- Grain Shared Memory , Proc. of 7th Int. Conf. on ASPLOS (Oct. 1996). 8) W ILSON , R. P . and L AM , M. S. Ef ficient Context- Sensitive Pointer Analysis for C Pr ograms, Proc. of ’95 Conf. on PLDI (June 1995). 9) W OO , S. C., O HARA , M., T ORRIE ,E., S INGH , J. P .and G UPT A , A. The SPLASH-2 Pr ograms: Charac- terization and Methodological Considerations, Pr oc. of the 22nd ISCA (June 1995). 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 , 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 , 6p Mr >f ?M , 12 86 LP , J? LZ 7I %a %b %j %Y!< %9 DL ?. $K $h $k Hs BP >N J, ;6 6& M- %a %b %j , %3 %s %T%e!< %? %7 %9%F%‘%7%s%]%8%&%‘O@J8=8 (Nov . 1996). 13) >> K\ >0 , J?LZ 7I HFMQJBNs%* %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 Js 9p , Bh 97-OS-75 4, (June 1997). 14) C0 1) =c J? , 0p 3@ C# ;a , >> K\ >0 , J? LZ 7I Hs BP >N J, ;6 6& M- %a %b %j >e $K $* $1 $k %3 %s %Q %$ %k 5; K! , >p Js =h M} 3X 2q8&5fJs9p , Bh 97-HPC-67 4, (Aug. 1997).