1 HFMQD6JBNs OS SSS{CORE $K$*$1$k;q8;4IM}5!9= | %9%1%8%e!<%j%s%0J}<0$H%a%b%jCV49J}<0$N@-G=I>2A | ?. 9q M[ Fs O: y >> K\ >0 y J? LZ 7I y NUMA 4D 6- $G JB Ns %W %m%; %9 $N 8z N( E* $J <B 9T $rK8 $2 $k $3 $H $J $/ %^ %k %A%f!< %6 !? %^ %k %A %8%g %V 4D 6-$r 9= C[ $9 $k $K $O!" %a %b %j %Z!< %8 $J $I$N <B ;q 8; $N ;H MQ >u 67 $r 9M N8 $7 $? %9%1 %8%e!< %j %s %0 $r 9T $J $$!" %7 %9 %F %‘ A4BN $N @- G= $r $" $2 $k$3 $H $, M- 8z $G $"$k!# $^ $? J# ?t $N %W %m%; %9 $, JB 9T $K F0 :n$9 $k HF MQ E* 4D 6-$G $O!" <B %a %b %j $, 0n$l $k >l9g $r A[Dj $7 $?%7 %9 %F%‘ 9= C[$, 5a$a $i $l$k!# NUMA 4D 6- >e$G J, ;66& M- %a%b %j$r 9= C[$9 $k >l9g!" %a %b%j %Z!< %8 $r ;2 >H IQ EY$* $h $S :F %" %/ %; %9 ;~$N ;2 >H %3 %9 %H $K $h $j6h JL $9 $l $P!" 8z N( E* $JCV 49 J} <0 $, 2D G= $H $J$k!# K\ 9F $G $O %a %b %j %" %/ %; %9 %Y!< %9 $N >\ :Y 3N N( %b %G %k >e $G!" 6q BN E* $J %a %b %j 4I M} J} <0 !? %" %/ %; %9 IQ EY !? %" %/ %; %9 %3 %9 %H $r IU 2C $7 $? %7%_%e %l!< %7%g %s $K $h $j!" JB Ns %W %m %; %9 Kh $K=j M- $9 $k <B %Z!< %8 >p Js $r Mx MQ $7 $?%9 %1 %8%e!<%j%s%0J}<0!"$*$h$S%Z!<%8$NJ,N‘$K4p$E$$$?%a%b%jCV49J}<0$NI>2A$r9T$&!# Resource Managemen t Mec hanisms for General Purp ose Massiv ely P arallel OS SSS{CORE | P erformance of Sc heduling and Memory Replacemen t | Yojir o Nobukuni, y T akashi Ma tsumoto y and Kei Hiraki y Prev en ting parallel pro cesses from unexp ected ine�ciencies is a ma jor concern for con- structing m ultiple user/m ultiple job en vironmen t in NUMA systems. Systems can ac hiev e higher p erformance b y using sc heduling p olicies whic h re ects resource consumption states. F or a general en vironmen t, whic h m ust supp ort concurren t execution of m ultiple pro cesses, a w a y is needed to k eep systems’ e�ectiv eness when ph ysical memories are full. In NUMA systems, memory pages can b e classi�ed b y access frequencies and required costs for accesses when target pages are not found lo cally . Selecting victim pages according to the classi�cation enhances system p erformance. W e built a probabilistic mo del with a concrete memory man- agemen t sc heme and di�eren tiated memory access costs, and sim ulated pro cesses sets with giv en access frequencies. The pap er describ es an ev aluation of sc heduling p olicies using re- source informations for eac h pro cess and of page replacemen t p olicies based on page coloring under the mo del. 1. $O $8 $a $K NUMA 7? %7 %9 %F %‘ $O!" 0B 2A $J 9= @. MW AG $r B? ?t 7k $S IU$1$FBg5,LO$J%7%9%F%‘$r9=C[$7!"9b $$=hM}G=NO$rF@$k $3$H$,$G$-$kFCD’$r;}$D!#6aG/$N%M%C %H%o!<%/<~JU$N@- G=8~>e$rGX7J$K!"JBNs%"%W%j%1!<%7%g%s $N$?$a$N<B9T;Y 1g 5! 9= [13] !" JB Ns 4D 6- 2< $G $N 3F <o :G E, 2= 5; K! $N 8& 5f !? 3+ H/ [7] [6] $K $h $j NUMA 7? JB Ns 7W ;; 5! >e $G $N 9b 8z N( $GHFMQ@-$r;}$C$?<B9T7ABV$,2DG=$H $J$C$F$-$?!#$7$+$7 $J$,$i!"HFMQ$J%^%k%A%8%g%V!?%^%k%A%W %m%;%9;HMQ7ABV $K$*$$$F9b8zN($J<B9T$r<B8=$9$k$? $a$K$O!"8D!9$N%W%m %;%9$K$*$1$k8zN(2=!?:GE,2=5;K!$@ $1$G$J$/!"%*%Z%l!< %F%#%s%0%7%9%F%‘%l%Y%k$K$h$k%8%g%V !?%W%m%;%9$r8Y$C 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 $?9b8zN(2=$,IT2D7g$G$"$k!# ;~ J, 3d $r Mx MQ $7 $? JB Ns 4D 6- 8~ $1 $N %9 %1 %8%e!< %j %s %0 J} <0 $H $7 $F $O!" gang sc heduling $N M% 0L @- $, Js 9p $5 $l $F $$ $k [1] !# JB Ns %W %m %; %9 C1 BN $N <B 9T @- G= $r 9M N8 $7 $? >l 9g $K $b!" F1 4| BT $A $r 6K NO 8: $i $9 $3 $H $, 2D G= $J gang sc heduling $O M- 8z $G $" $k!# ;q 8; >p Js $r Mx MQ $7 $J $$ ma- trix algorithms [11] $O!" %W %m %0 %i %‘ <B 9T C1 0L $N %W %m %;%C%5$X$N%^%C%T%s%0$K$*$1$k%R%e!<%j%9%F%#%C %/%9$K Mj $k!# $= $N $? $a ;q 8; $N @j M- >u 67 $r L5 ;k $7 $? %^ %$ %0 %l %$ %7%g %s $d!" pro cessor fragmen tation $, Ld Bj $H $J $k!# %a%b%j$X$N%"%/%;%9%3%9%H$,5wN%$K$h$C$F0[$k J,;64D6- $G$O!"%9%1%8%e!<%j%s%0$K<B;q8;$N;HMQ>u67$rH? 1G$5$; $k$3$H$K$h$j!" OS %l%Y%k$K$h$k%3%9%H$N9b$$%"%/%;%9 $r8:>/$5$;$k9b8zN(2=$,2DG=$G$"$k!# ;q8;>pJs$rMxMQ$9$kJ}<0$K!"=8 Cf5-217?JBNs7W;;5!8~ $1 $N cac he a�nit y J} <0 [14] $, $" $k $,!" MF NL $N >. $5 $J

2 %-%c%C%7%e$G$O8z2L$,=P$J$$!#Bg5,LOJ, ;64D6->e$G6(D4 $7 $? ;q 8; 4I M} $r 9T $& $K $O!" 3H D% @- $d 4I M} 8z N( $N E@ $+ $i 3,AX2=$5$l$?OHAH$,I,MW$G$"$k!#3, AXE*$J%9%1%8%e!<%j %s %0 $r 9T $& $b $N $K DHC [4] $H In tel P aragon [2] $, $" $k!# DHC $O Buddy %7 %9 %F %‘ $K $h $k 3, AX 2= 4I M} $r 9T $$!"%i%&%s%I%m%S%s$r4pK\$H$7$F$*$j!" %W%m%;%9?t$K4p $E $$ $? Ii 2Y >p Js [3] $N $_ $r Mx MQ $9 $k!# P aragon $G $O =@ Fp$J%W%m%;%C%5J,3d$,2DG=$G$"$k$,!";q 8;>pJs$OMxMQ$7 $J$$!#$^$?3F%W%m%;%C%5>e$G$N%9%1 %8%e!<%j%s%0$b%+!< %M%k$,<B9T$9$k!# $5$i$J$k OS $K$h$k9b8zN(2=$H$7$F!";2>HIQEY$* $h$S :F%"%/%;%9$KMW$9$k%3%9%H$r9MN8$7$? CV49$r9T$J$&$3$H $K$h$j!"@-G=8~>e$r?^$k$3$H$,2DG=$G $"$k!#J,;66&M-%a %b%j$G$O!"Fs<!5-21$h$j%3%9%H0B$J1s 3V%"%/%;%9$,2DG= $J!"6&M-%3%T!<%Z!<%8$rM%@hE*$KCV49$9 $k@oN,$r$H$k$3 $H$,9M$($i$l$k!# K\ 9F $G $O HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0!& %7 %9 %F %‘ SSS{CORE [5] $K $* $1 $k ;q 8; 4I M} 5! 9= $K $D $$ $F =R $Y!" %W%m%;%9$N<B%Z!<%8>pJs$rMxMQ$7$? %9%1%8%e!<%j%s%0J} <0$J$i$S$K!"%a%b%j%Z!<%8$NJ,N‘$KB’$C $?%a%b%jCV49J} <0 $N %7 %_%e %l!< %7%g %s $K $h $k I> 2A $r <( $9!# $^ $: 2 @a $G SSS{CORE $K$D$$$F4JC1$K?( $l!" 3 @a$G$=$N;q8;4IM} 5!9=$r2r@b$9$k!#%7%_%e%l!<%7%g%s!&%b%G %k$J$i$S$K<B 837k 2L$K$D$$ $F$O$=$l $>$l 4 !" 5 @a$G=R $Y!" 6 @a$G$^ $H $a$k!# 2. SSS{CORE SSS{CORE [5] $O NUMA 7?JBNsJ, ;6 7W;; 5! $rBP >] $H $7 $? HF MQ D6 JB Ns OS $G $" $k!# ;~ J, 3d $H %Q!< %F%# %7%g %K%s%0$rJ;MQ$7$?%^%k%A%f!<%6!?%^%k %A%8%g%V4D6-$rDs 6!$7!"JBNs%"%W%j%1!<%7%g%s$N8zN(NI$$ <B9T$N<B8=$rL\ E*$H$9$k!# NUMA 7?$NJBNs7W;;5!%7%9%F%‘$G$O!"%a%b%j;2 >H%3 %9%H$*$h$SDL?.%3%9%H$,$=$N5wN%$K 1F6A$5$l!"$^$?$=$l $i $N F1 4| $X $N 8z 2L $, Bg $- $/ <B 9T 8z N( $K 1F 6A $9 $k!# $= $3 $G!"JBNs%"%W%j%1!<%7%g%s$N<B9T8zN( $r8~>e$9$k$K$O!" 3F%9%l%C%I$rF1;~$K%9%1%8%e!<%j%s%0 $7!"3d$jEv$F$i$l $?MWAG%W%m%;%C%54V$N5wN%$r:G>.2=$7!" <B9T;~$N%a%b%j %Z!<%8$N0\F0$r:G>.8B$KM^$($k$3$H$, I,MW$G$"$k!#$^$? $3$N$h$&$J@-<A$NJBNs%W%m%;%9$r!"J# ?tF1;~$KF0$+$9HF MQ$J4D6-$r9=C[$9$k$?$a$K$O!"%*%Z %l!<%F%#%s%0%7%9%F %‘ %l %Y %k $K $h $k %8%g %V !? %W %m %; %9 $r 8Y$C $? 9b 8z N( 2= $, 7g $+ $; $J $$!# $= $l $r ;Y 1g $9 $k $? $a SSS{CORE $G $O!" %f!<%6!?%+!<%M%k4V$G$N>pJs$N<uEO$7$N $?$a$N5!9=$rDs 6! $7 $F $$ $k!# SSS{CORE $G $O $3 $N 5! 9= $r Mx MQ $7!" <B %a%b%j$N;HMQ>u67$N%9%1%8%e!<%j%s%0 $X$NH?1G!"$J$i$S $K%f!<%6$+$i$N%9%1%8%e!<%j%s%0@)Ls $NMxMQ!"$=$7$FM% @hEY$rMxMQ$7$?;q8;$N8xJ?$J3d$jEv$F $H$$$&J}:v$K$h$k <B9T8zN($N8~>e$r<B8=$7$F$$$k!#$^ $?$5$i$K!"%Z!<%8$N J,N‘$KB’$C$?%a%b%jCV49J}<0$b!"F1MM$N 5!9=$rMxMQ$9$k $3$H$G2DG=$H$J$k!#<!@a$K$*$$$F%9 %1%8%e!<%j%s%0$*$h $S%a%b%jCV49$N6qBNE*$JJ}K!$K$D$$$F@bL@$9$k!# 3. SSS{CORE $N;q8;4IM}5!9= 3.1 SSS{CORE $N%9%1%8%e!<%j%s%0J}<0 3.1.1 ;q8;4IM}LZ SSS{CORE $O!"%f!<%6 !?%+!< %M%k J,N% $N 2 %l%Y%k%9 %1%8%e!<%j%s%0$r:NMQ$9$k!#%+!<%M%k$O3F%W%m%; %9$,Ds <( $9 $k %9 %1 %8%e!< %j %s %0 @) Ls !J 3.1.2 @a!K $K =>$C $F :G $b E,Ev$J;q8;$r!"3,AX2=4IM}$5$l$?;q8;>pJs$r$b $H$K%W%m %;%9C10L$K3dEv$F $k!# 2 %l%Y%k%9%1%8%e!<%j%s%0$G $"$k $?$a!"3F%W%m%;%9$O3d$jEv$F$i$l$?;q8;$r<+M3 $K:F%9%1 %8%e!<%k$9$k$3$H$G!":GE,2=$r?^$k$3$H$,2DG=$G$"$k!# 3, AX ;q 8; 4I M} $r <B 8= $9 $k $? $a!" SSS{CORE $G $O 2> A[E*$J;q8;4IM}LZ9=B$$rMQ0U$9$k!#K\9F$K$*$$ $F$O$3$l $r;q8;4IM}LZ$H8F$V!#;q8;4IM}LZ>e$G$O%7%9%F %‘A4BN$N ;q8;>pJs$*$h$S!"%W%m%;%9Kh$N;q8;$N;HMQ>u67 Ey$r4IM} $9$k!#Bg5,LO$J NUMA 7?%7%9%F%‘ $K$*$$ $F$O!"4IM} MQ ;q8;NL$N@)Ls$d4IM}>e$N%\%H%k%M%C%/$r9MN8$9 $k$H!"3, AXE*$J;q8;4IM}$OI,?\$G$"$k!#;q8;4IM}LZ$O<+ ?H$N9=B$ $r<B%7%9%F%‘$N9=@.$KE,1~$5$;$k$3$H$G!"MM!9$J %7%9%F %‘$r%5%]!<%H$9$k$3$H$,2DG=$G$"$k!#$=$N7k2L;q 8;4IM} LZ $O!" Nc $( $P 3, AX E* $K @\ B3 $5 $l $? WS-Cluster $K $* $$ $F $O MW AG =h M} Au CV 4V $N 5w N% $r <+ A3 $K I= 8= $9 $k $3 $H $, $G $-!"%a%C%7%e7k9g$ND6JBNs7W;;5!$K$*$$$F$OMWAG =hM}Au CV 4V $N 5w N% E* $J 6a K5 $r I= 8= $9 $k $3 $H $, $G $- $k!# $9 $J $o $A!"3d$jEv$F$r9T$J$&MWAG=hM}AuCV4V$NDL?.%3 %9%H$rGD 0.$7$?$&$($G$N%9%1%8%e!<%j%s%0$r$b2DG=$H$7$F $$$k$H $$$($k!# ;q8;4IM}LZ$G$OO@M}E*$K 3F%N!<%IKh$K!"%N!<%I$r%k!< %H$H$9$kItJ,LZ$NNN0h$K4^$^$l$k%W%m%;%C%5$H <B%Z!<%8 $NAm?t$*$h$S!"%U%j!<$J%W%m%;%C%5$H<B%Z!<%8 $NAm?t!" $J $i$S $K %W %m %; %9Kh $K ID $* $h $S ;HMQ $7 $F $$ $k %W%m %;%C %5$H<B%Z!<%8$NAm?t$r5-O?$9$k!#$^$?%k!<%H%N!< %I$O$3 $NB>$K!"%W%m%;%9Kh$K%9%1%8%e!<%j%s%0@)Ls!" M%@hEY!" %[!<%‘ %N!< %I!J8e =R!K $rJ] ;} $9$k!# ?^ 1 $K 4 %W %m%;%C %5 9=@.%7%9%F%‘$NNc$r<($9!# 3.1.2 %9%1%8%e!<%j%s%0@)Ls 8=:_$NJBNs2=%3%s%Q%$%i$O!";q 8;$,C10l%W%m%;%9$K@j M-$5$l$F$$$k$H2>Dj$7$F$$$k!#2f!9$NL\I8$O$=$N $h$&$J %3%s%Q%$%i$,EG$/%*%V%8%’%/%H%3!<%I$rHFMQ4D6- >e$G<B 9T$9$k$3$H$K$"$k!#%^%k%A%f!<%6!?%^%k%A%8%g%V HFMQ4D 6-$G$O!"3F%W%m%;%9$N;q8;$X$NMM!9$JM_5a$rK~$? $9$3$H $G8zN(2=$,2DG=$H$J$k!#%9%1%8%e!<%j%s%0@)Ls $O!"%W%m %;%9$,%+!<%M%k$K;q8;$X$NM_5a$rEA$($k$?$a$K MxMQ$5$l $k!# $^ $? SSS{CORE $G $O!" F0 E* $J ;q 8; 3d $j Ev $F $N JQ 2=$K%W%m%;%9$,BP1~$G$-$k$h$&$K!";q8;3d$jEv $F>u67Ey $r%+!<%M%k$+$i%f!<%6$KDc%3%9%H$G3+<($9$k!# %9%1%8%e!<%j%s%0@)Ls$NNc$H$7 $FBf?t8GDj@)Ls$G$O!" %W%m%;%9$O%+!<%M%k$KBP$7$F<+J,$,I,MW$H$9$k MWAG%W%m %;%C%5?t$r0lDj?t;XDj$9$k$3$H$,$G$-$k!#$^$?2D JQBf?t @)Ls$O>/$7$:$D$G$b%W%m%;%9$K%W%m%;%C%5$r3d $jEv$F$k

3 ?^ 1 ;q8;4IM}LZ $3$H$,2DG=$H$J$k!#Nc$($P==J,$JJBNs @-$,$"$k$?$a$K2D JQ $J %W %m %;%C %5 Bf ?t $K BP 1~ $7 $F %W %m %0 %i %‘ $5 $l $? %W %m %;%9$KBP$7$F$O!"$3$N@)Ls$,M-8z$K F/$/!#:#2s$N%7%_%e %l!<%7%g%s$G$O%W%m%;%9$NJBNsEY$OJQ 2=$7$J$$$N$G!"%9 %1%8%e!<%j%s%0@)Ls$H$7$F$O Bf?t8GDj@)Ls $rMQ$$$k!# 3.1.3 M%@hEY$N7W;;K! 3F%W%m%;%9$NM_5a$K1h$C$F;q8;3d Ev$r9T$&$?$a!"%W%m %;%94V$N8xJ?@- $rJ]$D5!9=$,I,MW$G$"$k!# SSS{CORE $G$O@jM-;q8;NL$H%9%1%8%e!<%j%s%0@)Ls $N6/EY$r4p$K%9 %1%8%e!<%j%s%0M%@hEY$r7W;;$9$k!#=>$C $F$3$NFs4QE@$K $D$$$F8xJ?$J%9%1%8%e!<%j%s%0$,C#@.$5$l$k!# SSS{CORE $G $O M% @h EY $N 7W ;; [8] [5] $K $" $? $j!" <! $N CM $r 7W ;; $9 $k!# 1) ;H MQ $7 $? ;q 8; NL : U r !" 2) @) Ls >r 7o$N87$7$5 : R c !" 3) @)Ls>r7o$NK~B-EY : S c = 0 or 1 !" 4) L5 BL $K $7 $? ;q 8; NL : W r !" 5) BT $A %W %m %; %9 $N M- L5 : f w = 0 or 1 !" 6) <c JV $j 7O ?t : C r !# M% @h EY $O CM $, >. $5 $$$[$I9b$$!#%W%m%;%9Kh$NM%@hEY$N%( %$%8%s%0CM$O!"<! $N<0$K$h$j5a$a$i$l$k!# ag ing = ( U r R c S c + W r ) f w � t � C r (1 � t ) $^$?M%@hEY$NCM$NH/;6$rKI$0$?$a!" D>A0$^$G%9%1%8%e!< %k$5$l$F$$$?%W%m%;%9$N%(%$%8%s%0 $NAmOB$r!"BT$A>uBV $@$C$?%W%m%;%9$K<cJV$jJ,$H$7$F6QEy$KJ,G[$9$k!# 3.2 %Z!<%8CV49J}<0 J#?t$N%W%m%;%9$,JB9T$KF0:n$9 $kHFMQ$J4D6-$G$O!"<B %a%b%j$,0n$l$k>l9g$rA[Dj$7$?%7%9%F %‘9=C[$,5a$a$i$l $k!#J,;6%a%b%j4D6-%7%9%F%‘>e$GJ,;6 6&M-%a%b%j$rA[Dj $9$k$H!";2>HIQEY$*$h$S:F%"%/%;%9;~ $N%"%/%;%9%3%9%H $N0c$$$K$h$j%Z!<%8$rJ,N‘$9$k$3$H $,2DG=$G$"$k!#%Z!< %8$NJ,N‘$,$G$-$l$P!";2>HIQEY$,>/$J $/:F%"%/%;%9;~$N %3%9%H$,>.$5$$%Z!<%8$+$iCV49BP>]$H $9$k8zN(E*$J%Z!< %8CV49J}<0$,2DG=$H$J$k!# J,;66&M-%a%b%j$G$O!";2>HIQEY$K $D$$$F$O6&M-NN0h$G $"$k$+H]$+!"Av9TCf$N%W%m%;%9$N6u4V $G$"$k$+H]$+$GJ, N‘$G$-$k!#JBNs%W%m%;%9$N>l9g0lHL$K $O6&M-NN0h$N;2>H N($OHs6&M-NN0h$KHf$Y$F>.$5$$!#:F%"%/%;%9;~ $N%3%9%H $K$D$$$F$O!"%M%C%H%o!<%/Fb$X$N%"%/%;%9$+!"Fs <!5-21 $X$N%"%/%;%9$G$"$k$+$K$h$C$FJ,N‘$,2DG=$G$" $k!#$5$i $K$=$N%3%9%H:9$O%*!<%@!<$H$7$F0c$&$H2>Dj$G $-$k!#$= $3$G!"Av9T$9$k2DG=@-$NDc$$%W%m%;%9$N6&M- %3%T!<%Z!< %8$+$iCV49BP>]$H$9$k$3$H$G!"@-G=8~>e$r$O$+ $k$3$H$, 2DG=$G$"$k!#0J>e$rF’$^$($F%Z!<%8$NJ,N‘$J$i $S$K!"J, N‘ 4V $N CV 49 BP >] $H $9 $k =g =x $r <+ A3 $K <! $N $h $& $K M? $( $k $3 $H $, $G $- $k!# 1) B> $N %W %m %; %9 $N 6& M- %3 %T!< %Z!< %8!" 2) <B 9T Cf %W %m %; %9 $N 6& M- %3 %T!< %Z!< %8!" 3) B> $N %W %m %; %9 $N %i %9 %H %o %s!& %Z!< %8!" 4) B> $N %W %m %; %9 $N %m!< %+ %k %Z!< %8!" 5) <B 9T Cf %W %m %; %9 $N %i %9 %H %o %s!& %Z!< %8!" 6) <B9TCf%W%m%;%9$N%m!<%+%k%Z!<%8!"$?$@$7$3$l$i $N87L) $J=g=x4X78$O!"6&M-!&Hs6&M-3FNN0h$K$D$$$F$N;2 >HIQEY $dMFNL!"%W%m%;%9$NAH9g$;!"%M%C%H%o!<%/5Z$SFs <!5-21 $N@-G=$K0MB8$9$k!# CV49J}<0$H$7$F$O!"B>$N%W%m%; %9$N%Z!<%8$rCV49BP>] $H$9$k >l9g ( >e5- 1,3,4) $K!"A* Br$9$k%W %m%;%9$N =g=x$K $h $j!" J# ?t $N @o N, $, 2D G= $G $" $k!# SSS{CORE $G $O %W %m%;%9$NM%@hEY=g$r4IM}$7$F$$$k$?$a!"M%@hEY $NDc$$%W %m%;%9$N%Z!<%8$+$iCV49BP>]$H$9$k$3$H$,2DG=$G$"$k!# 4. %7%_%e%l!<%7%g%s!&%b%G%k 4.1 %b%G%k$N35MW JBNs%"!<%-%F%/%A%c$K$* $$$F$O!" OS 5!G=$NI>2A$N$? $a $N L? Na %l %Y %k Ey $N Hs >o $K @: L) $J %b %G %k $K $h $k %7 %_%e %l!< %7%g %s [12] $O!" Hs I> 2A %W %m %0 %i %‘ $N G$ 0U @- $d 0l HL @-$+$i;v<B>eIT2DG=$G$"$j!"%a%b%j%"%/%;%9%b %G%k$K4p $E $/ J} K! $, :G $b E, MQ 2D G= $J J} K! $G $" $k [10] !# K\ 9F $G $O I>2A$N@:EY8~>e$rL\E*$H$7$F$3$l$^$G$N8&5f$G MxMQ$7$? %b %G %k [9] $r 3H D% $7!" OS %l %Y %k $N %7 %_%e%l!< %7%g %s $N $?$a$N4JN,2=$5$l$?>\:Y3NN(%b%G%k$r9=C[$7$?!# BP>]$H$9$k$N$OJ,;6%a%b%j4D 6-$G$"$k!#%a%b%j$H%W%m %;%C %5 $N BP $r %/ %i %9 %? $H $7!" Aj 8_ 7k 9g LV $O LZ 9= B$ $r 2> Dj$9$k!#%M%C%H%o!<%/$OFs=E2=$5$l$?%9%$%C%A %s%0%M%C %H%o!<%/$G!"%9%$%C%A%s%0%N!<%I$K$*$$$F%a%C %;!<%8$r %P%C%U%!%j%s%0$9$k%o%s%[%C%WDL?.$r9T$J$&!# %N!<%I$O 3F=PNO$KBP$7$F!"%N!<%I$X$NF~NO?tJ,$N%(%s%H%j $r;}$D %P%C%U%!$r;}$D!#%Z!<%80\F0$*$h$S$=$NB>$NDL?. $NFsDL $j$K$D$$$F!"%N!<%I4V $N 1 %[%C%W$rDL2a$9$k$?$a$N 4pK\ %3%9%H$r%Q%i%a!<%?$H$7$FM?$($k!#%Z!<%8$N0\F0 $*$h$S $=$NB>$NDL?.$KBP$7$F$O$=$l$>$l!"%Z!<%80\F04p K\%3%9 %H$*$h$SDL?.4pK\%3%9%H$H3F;^$NBS0hG\N($H$+ $i;;=P$7 $?%3%9%H$rIU2C$9$k!#?J9TJ}8~$N%P%C%U%!$*$h$S ;^$,6u $$$F$$$J$$>l9g$OBT$?$5$l$k!# %W%m%;%9$OMW5a%W%m%;%C%5Bf?t $HF1?t$N%9%l%C%I$K$h $j9=@.$5$l$k!#JBNsEY$O0lDj$G!"@8@.;~$+$i=*N; ;~$^$G JQ2=$7$J$$!#0l%/%i%9%?$K$*$1$kJBNs%W%m%;%9 $N<B9T%3 %s%F%-%9%H$r%9%l%C%I$H8F$V!#3F%9%l%C%I$O%W%m %;%9Fb $K6&M-6u4V$H8GM-$NHs6&M-6u4V$r;}$D!#3F%W%m %;%9$NN> 6u4V$K$O!"$=$l$>$lJL!9$N%Z!<%8C10L$N%a%b%j;2 >HIQEY

4 I=$rM?$($k!#3F6u4V$K$*$1$k;2>HNs$O!" ;2>HIQEYI=$K$* $1$kAmIQEY$KBP$9$k3F%Z!<%8$N;2>H?t $rHf$H$7$F3NN(E* $K@8@.$9$k!# 6&M-6u4V$KBP$7$F$OJ,;66&M-%a%b %j%7%9%F%‘$r9=C[$9 $k!# 0l 4S @- 4I M} $O sequen tial consistency %a %b %j %b %G %k$KB’$C$?%"%C%W%G!<%HJ}<0$G!"=>$C$F %Z!<%8$OCV49$5 $l$J$$8B$j%a%b%j$K;D$k!#6&M-%Z!<%8$X $N%"%/%;%9$O%" %/%;%9;~$K%-%e!<$K7R$,$l!"%i%$%H$N >l9g$K$O%*!<%J!< $+ $i $N %"%C %W %G!< %H $N Aw ?. $H $= $l $K BP $9 $k Ac k $N JV ?. $H $, 9T $o $l $k!# $^ $? %a %b %j ;2 >H %3 %9 %H $O!" %/ %i %9 %? Fb � %/%i%9%?4V � #2<!5-21$H$$$&2>Dj$rH?1G$9$k$h$&$K @_Dj$9$k!#%9%1%8%e!<%j%s%0$K$h$j%9 %l%C%I$N3d$jEv$F 0LCV$,JQ2=$7$?>l9g$K$O!"%m!<%+%k %Z!<%8$O%M%C%H%o!< %/ $r 2p $7 $F on-demand $K 0\ F0 $9 $k!# %W %m %; %9 $N 3d $j Ev$FNN0h$,JQ2=$7$?>l9g$K$O!"8=:_$N 3d$jEv$FNN0h30$K B8:_$9$k6&M-%Z!<%8$O%3%9%H 0 $G>C5n$9$k!# %W%m%;%9$N<B9T$O%/%m%C%/%Y!<%9 $N3NN(%b%G%k$G!"F1 4|BT$AKt$O%Z!<%8BT$A>uBV$G$J$1$l$P 3F%/%m%C%/Kh$K%a %b%j;2>H$r9T$J$&!#$^$?%W%m%;%9$N %9%l%C%I$O!"M?$($i $l$?M-8z<B9T%/%m%C%/4V3V$G%i%s%@%‘ $JAH9g$;$N%9%l%C %I4V$GF14|$r5/$3$9!#F14|$O!"F14|E@ $XE~C#$7$?%9%l%C %I$+$i%i%s%@%‘$KA*Br$5$l$?%P%j %"$N%k!<%H!&%9%l%C%I $X$NAw?.$H!"$=$l$KBP$9$kJV?.$H$G<B 8=$5$l$k!#$3$3$G M- 8z <B 9T ( ;~ 4V / %/ %m%C %/ ) $H $O!" %Z!< %8 / F1 4| BT $A 0J 30$NF0:n$r$7$? ( ;~4V / %/%m%C%/?t ) $N$3$H$G$"$k!# 4.2 %9%1%8%e!<%j%s%0J}<0 A05-%7%_%e%l!<%?>e$K#5$D$N%9%1 %8%e!<%j%s%0J}<0$r <B Au $7 $?!# 3F J} <0 6& $K!" %? %$ %‘ %9 %i %$ %9 Kh $K M% @h EY 7W ;; [8] $r9T $J $$!"M% @h EY$N 9b $$%W %m %; %9$+ $i =g$K!" $= $l $>$l0J2<$K<($9J}K!$G%9%1%8%e!<%j%s%0$r9T$J$&!# algo0 %i%s%@%‘$KI,MW$J ?t$@$1%/%i%9%?$rA*Br$73d $j Ev$F$kJ}<0 algo1 %7%9%F%‘Cf$N%/%i %9%?$rC<$+$i=g$KI,MW$J$@ $1 3d$jEv$F$kJ}<0 algo2 =i$a$K%[!<%‘%N!<%I 0J2<$NNN0h$K3dEv$r;n $_!" <:GT$7$?>l 9g$K$O%k!< %H%N!<%I0J 2<$NNN0h $G!"<+J, $N%Z!<%8$,B8:_$9$kNN0h$+$i3d$jEv$F$kJ}<0 algo3 %[!<%‘%N!<%I0J2<$N NN0h$N$_$G%Z!<%8$N$"$k NN 0h$+$i3d$jEv$F$kJ}<0 algo4 %[!<%‘%N!<%I0J2<$N NN0h$G<+J,$N%Z!<%8$,B8 :_ $9$kNN0h$N$_$r3d$jEv$F$kJ}<0 $?$@$7>e5-$G%[!<%‘%N!<%I$H$O;q 8;4IM}LZ>e$N%N!<%I $G!"%W%m%;%9$NMW5aBf?t0J>e$N%W%m%;%C %5$r4^$‘ItJ,LZ $KBP1~$9$k$b$N$G!":G2<0L%l%Y%k$K0L CV$9$k$b$N$N$3$H $G$"$k!#$9$J$o$A%[!<%‘%N!<%I$O!"0l $DA0$N%9%1%8%e!< %j %s%0 ;~ $N3d Ev NN 0h$r Be I=$7 $F $$ $k!#?^ 2 $K %[!< %‘%N!< %I $N Nc $r <( $9!# ?^ Cf $G %W %m %; %9 A $N %[!< %‘ %N!< %I $O!" <+J,$N%Z!<%8$rJ];}$9 $kNN0h 4 $rJq4^$9$kItJ,LZ$N %k!< %H$KEv$?$k%N!<%I$G$"$k!# Bf ?t 8G Dj %9 %1 %8%e!< %j %s %0 @) Ls $r MQ $$ $F $$ $k $? $a!" algo2, 3, 4 $G $O 3d $j Ev $F BP >] NN 0h $K I, MW Bf ?t $r 3N J] $G $-$J$$%W%m%;%9$N%9%1%8%e!<%k$OD|$a$k!#=i$a$K I,MWBf ?t$N3NJ]$r;n$_$kNN0h$H!"$=$l$K<:GT$7$?>l9g $NBP=hK! $,0[$J$C $F$$ $k!# 5 $D$NJ}<0 $N$& $A algo2, 3, 4 $,;q8; ?^ 2 ;q8;4IM}LZ$H%9%1%8%e!<%j%s%0BP>]NN0h 4IM}LZ9=B$$rMxMQ $9$kJ}<0$G$" $k!#$3$N 3 J}<0$N0c$$$O %W%m%;%9$X$N%W%m%;%C%5$N3d$jEv$FNN0h$,!";HMQ Cf$N<B %a %b%j %Z!< %8$N 0L CV$K 8G <9$9 $k EY9g $K $"$k!# ?^ 2 $N Nc$G $O NN 0h 2, 3, 4 $, $= $l $> $l algo2, 3, 4 $, 3d Ev $r ;n $_ $k 2DG=@-$N$"$kNN0h $KBP1~$7$F$$ $k!#$3$3$GNN0h 4 $,A02s $N 3d $j Ev $F 0L CV $G!" %W %m %; %9 A $, <B %Z!< %8 $r =j M- $7 $F $$$kNN0h $G$" $k!#$^ $?NN 0h 3 $,NN0h 4 $KBP1~$9$k %[!<%‘ %N!< %I $K $h$C $F Be I= $5 $l $k NN 0h $G $" $k!# algo4 $N >l 9g $K$O4pK\E*$K!"%W%m%;%9Kh$N<B%Z!<%8$NB8:_0LCV $KBP1~ $7 $FKh 2s F1$8 NN 0h$, 3d $jEv $F $i$l $k !y !# algo3 $N>l 9g $K $O!"NN0h 3 $K$"$?$k%[!<%‘%N!<%I0J2<$N NN0h$K$*$$ $F3d Ev$r;n$_$k!#A02s$N%9%1%8%e!<%k;~$N3d$jEv$F NN0h$,!" B>$N%W%m%;%9$K4{$K3d$jEv$F:Q$_$J>l9g$K$O!" I,MW$JBf ?t$,3NJ]$G$-$l$P<B%Z!<%8$r;}$?$J$$NN0h$G $"$C$F$b!" NN 0h 3 $N Cf $G $" $l $P 3d $j Ev $F $k!# algo2 $N >l 9g $K $O!" algo3 $N MW NN $G NN 0h 3 $G I, MW Bf ?t $r 3N J] $G $- $J $$ >l 9g $K!"%7%9%F%‘A4BN$K AjEv$9$kNN0h 2 Fb$N;D$j$NNN0h $G3d Ev $r ;n $_ $k!# $7 $? $,$C $F >e 5- 3 J} <0 $N 4V $G $O algo4, 3, 2 $N=g$K<B%a %b%j$N$" $kNN0h$r3d $jEv$F$k79 8~$K$"$j!" $=$N5U=g$G%W%m%;%C%5$NMxMQBf?t$,B?$/$J$k2D G=@-$,9b $$!#$3$N;0J}<0$G$O!"BP>]NN0h$KI,MWBf?t$r3NJ] $G$-$J $$%W%m%;%9$K$D$$$F$O!"$=$N;~E@$G$O%9%1%8%e!< %k$5$l $J $$!# $^ $? %W %m %; %9 $K 3d $j Ev $F $i $l $? %/ %i %9 %? $X $N %9 %l%C%I$N%9%1%8%e!<%j%s%0$O!"0J2<$NDL$j$G$"$k!# � A02s$N3dEv$H=E$J $k%/%i%9 %?$K$OA0 2s$HF1$8 %9%l%C %I$r%9%1%8%e!<%k$9$k � $=$l0J30$N%/%i %9%?$K$O!" ;D$j$N%9 %l%C%I$r=g $K%9 %1%8%e!<%k$9$k !y %W %m%; %9 $N<B %Z!< %8$, :F %9%1 %8%e!< %k$^ $G $K0l It %/%i %9 %?$K $* $$ $F 40A4 $K %/%i %9 %?%a %b %j$+ $i DI$$ =P $5$l $? >l9g $K $O!"%[!< %‘ %N!< %I0J2<$NNN0h!JNN0h 3 !K$GB-$j$J$$J,$N%W%m%;%C%5$r3NJ]$9$k!#

5 I= 1 %W%m%;%9!&%;%C%H$N35MW %W%m%;%9 AmHs6&M- Am6&M- %a%b%j$N %;%C%H %W%m%;%9?t JBNsEY AmJBNsEY 6u4V%5%$%: 6u4V%5%$%: :GBgMW5aEY F14|4V3V ( J#?t$N>l9g$N8D?t ) [pages] [pages] [ Am<B%a%b%jHf ] [clo cks] A 12 16,36,48,50(2),64,70 1050 35500 10120 1.00 1000{2000 96,100,128,192,200 K 12 48,96,208,256 1184 49920 6360 1.30 1000 L 11 64(5),128(2),192(2),256(2) 1472 68480 7280 1.68 1000 M 23 16(16),50(6),256(1) 812 35480 30320 1.70 1000 ?^ 3 %f!<%6%l%Y%k!&%9%1%8%e!<%j%s%0Nc ?^ 3 $K %9 %l%C %I!& %9 %1 %8%e!< %j %s %0 $N Nc $r <( $9!# ?^ 3 $N Nc $G $O!" 3d $j Ev $F NN 0h $, N+1 2s L\ $H N 2s L\ $G =E $J$C $F $$ $k NN 0h $N %9 %l%C %I 2, 3 $O $= $N $^ $^ %9 %1 %8%e!< %k $5 $l!" 3d $j Ev $F NN 0h $, JQ 2= $7 $? %9 %l%C %I 0, 1 $K $D $$ $F $O %9%1%8%e!<%k$5$l$k%/%i%9%?$,0\F0$7$F$$$k!# A0@a$G=R$Y$?$h$&$K!"F10l%9%l%C%I $,F10l%/%i%9%?$G <B9T$5$l$l$P%m!<%+%k6u4V$O:FMxMQ $5$l$k!#%9%l%C%I$N %9%1%8%e!<%k0LCV$,0\F0$7$?>l9g$K $O!"%m!<%+%k6u4V$N %Z!<%8$O%/%i%9%?$r1[$($F%M%C%H%o!<%/ >e$r0\F0$7$J$1 $l$P$J$i$J$$!#=>$C$F3d$jEv$FNN0h$,$J $k$Y$/=E$J$k$h $&$K$7$?J}$,!"%m!<%+%k%Z!<%8$N0\F0$,>/$J$$!# $J$*!"<B9T8zN($N8~>e$rL\E*$H$7 $F;~J,3d$N4V3V$rD9 $a!J?tI4%_%jIC!A?tICDxEY!K$K@_Dj $9$l$P!"%9%1%8%e!< %j %s %0 $K MW $9 $k 7W ;; ;~ 4V $O Aj BP E* $K == J, >. $5 $$ !y !# $3 $3 $G$O==J,$KD9$$;~J,3d4V3V$r2> Dj$7!"%7%_%e%l!<%7%g%s $G$O%9%1%8%e!<%j%s%0$N7W;;;~4V$rL5;k$9$k!# 4.3 %Z!<%8CV49J}<0 :#2s$N%7%_%e%l!<%7%g%s$G$O!"<!$NFs $D$NCV49J}<0$r <BAu$7Hf3S$r9T$J$C$?!# J}<0 0 %Z!< %8 $N <o N‘ !? %W %m %; %9 $N 6h JL $J $7 $K C1 =c $J LR U =g J}<0 1 %9 %1 %8%e!< %j %s %0 M% @h EY $N Dc $$ %W %m %; %9 $+ $i 3.2 @a $K $* $1 $k %Z!< %8 $N <o N‘ =g $K A* Br!# 3F %W %m %; %9 $N6&M-!?Hs6&M-6u4VKh$K%Z!<%8$N LR U =g$r4IM} J} <0 1 $O Av 9T Cf 0J 30 $N %W %m %; %9 $K $D $$ $F!" M% @h EY $r Mx MQ$7$?=g=x$E$1$r9T$&!#M%@hEY$NDc$$ %W%m%;%9$N%Z!<%8 $[$I;2>H$5$l$K$/$$@-<A$rMxMQ$7$F $$$k!#$?$@$7$I$A$i $NJ}<0$b!"0l4S@-=hM}Cf$N6&M-%Z!<%8$N >l9g$OCV49BP>] $H$7$J$$!# 5. 7k2L$*$h$S9M;! <B 83 $H$7 $F $O I= 2 $N $h $&$J %Q %i %a!< %? $r:N MQ $7!" 256 Bf %W %m %;%C %5 $N 2 $D $N %7 %9 %F %‘ ( %k!< %H 3, AX $+ $i =g $K !y SSS{CORE $G$O;~J,3dC10L$rBg$-$a$K$H$k I= 2 3F<o%3%9%H$*$h$S%Q%i%a!<%? 9‘L\ CM %W%m%;%C%5?t 256 Bf %G%#%9%/%"%/%;%9 10000 clk %Z!<%80\F04pK\%3%9%H 50 clk DL?.4pK\%3%9%H 5 clk 1 %a%b%j$N%Z!<%8?t 400 pages 1 %Z!<%8$N%5%$%: 4096 Byte Am%a%b%jNL 409.6 Mb yte 1 quan tum 100000 clk 8-8-4 J, 4t $9 $k 3 CJ %M%C %H %o!< %/ [w488 $H I= 5- ] !" $* $h $S F1 4-4-4-4 J, 4t $9 $k 4 CJ %M%C %H %o!< %/ [w4444]) $K $* $$ $F!"I= 1 $N 3F %W%m %; %9AH $r <B9T $7 $?!#$3 $3 $G$N <B 83$N L\E*$O!"%W%m%;%9$N@8@.!&>CLG$K$h$k%7%9%F%‘$N Ii2YIT 6Q9U$r9MN8$7$?D94|4V$K$*$1$k%9%1%8%e!<%j%s%0 J}<0$N @-G=$G$O$J$/!" OS $K$H$C$FC;4|4V$G$N0lDjIi2Y>uBV$K $*$1$k@-G=I>2A$r$9$k$3$H$G$"$k!#$=$3$G<B83 $O!"%W%m %; %9 $, 0l $D 0J >e =* N; $9 $k !J 20 %? %$ %‘ %9 %i %$ %9 J, $N M- 8z <B 9T 8e!K $+!" 100 %? %$ %‘ %9 %i %$ %9 $N <B 9T $r =* $( $k $^ $G 7QB3$7$?!#$^$?$3$N5,LO$NJBNs%7%9%F%‘$K$*$1$k OS %l %Y%k$N%7%_%e%l!<%7%g%s$r!"<B;~4V%5%$%:$G9T$& $N$OIT 2DG=$G$"$k!#$=$3$G<B83$O;~4VJ}8~$K05=L$7$F 9T$$!"3F <o%3%9%H:9$r%*!<%@!<$N2>Dj$K1h$C$?CM$K@_Dj$7$?!# <B 83 $, =* N; $7 $? ;~ E@ $G $N I> 2A 7k 2L $r ?^ 4, 5 $N %0 %i %U $K <( $9!# :8 Ns $N %0 %i %U $, w488 !" 1& Ns $, w4444 $N >l 9g $N 7k 2L $G $" $k!# 3F %0 %i %U $K $* $$ $F 6 K\ $: $D $N 3F %0 %k!< %W $,!" $= $l $> $l %9 %1 %8%e!< %j %s %0 J} <0 0 $+ $i 4 $r :N MQ $7$?>l9g$N7k2L$G $"$k!#3F%0%k!< %W$K$*$$$F!" :8 3 K\$, CV 49 J} <0 0 $N >l 9g!" 1& 3 K\ $, CV 49 J} <0 1 $N >l 9g $K BP 1~ $9 $k!# $3 $l $i 3 K\ $N %0 %i %U $O!" :8 $, \ @5 L# $N M- 8z <B 9T N( " !" 1& $, $= $l $K %" %$ %I %k ;~ 4V $r 2C ;; $7 $? \ :G Bg M- 8z <B 9T N( " !" Cf 1{ $, %" %$ %I %k ;~ 4V $r @5 L# $N M- 8z <B 9T N( J, $@ $1 2C;;$7$? \ Jd@5M-8z<B9TN( " $rI=$9!# 5.1 %9%1%8%e!<%j%s%0J}<0$K$D$$$F A 0J 30 $N %W %m %; %9 AH $G $O!" 6& M- %Z!< %8 $N %3 %T!< $, @8 @.$5$l$k$3$H$G%a%b%jCV49$,H/@8$7$F$$$k!#HF MQ$JJ,;6 JBNs4D6-$G$O$3$N$h$&$J%7%9%F%‘$NMxMQ>u67$, <+A3$G$" $m$&!#$I$N%W%m%;%9AH$K$*$$$F$b!"@5L#$NM-8z<B 9TN($K $h $k Hf 3S $G algo4 $, :G NI $N 7k 2L $r =P $7 $F $$ $k!# algo4 $N$h$&$K%W%m%;%9$N3d$jEv$FNN0h$r8GDj$7$? >l9g!"%W%m %;%9AH$NAH9g$;$N@-<A$+$i==J,$K%W%m%;%C%5$r 3hMQ$J$$ $?$a!"$3$N3hMQ$5$l$F$$$J$$J,$r4^$a$?Jd@5M- 8z<B9TN( $d :G Bg M- 8z <B 9T N( $G Hf 3S $9 $k $H!" algo4 $H B> $N J} <0 $N @-G=:9$O$5$i$K9-$,$k!#<B:]$N%7%9%F%‘$G$O%" %$%I%k;~

6 ?^ 4 %;%C%H A, K $N7k2L ( :8Ns :w488, 1&Ns :w4444) 4V$,8:$k2DG=@-$H$7$F!"0J2<$N$3$H$,5s$2$i$l$k!# ( 1 ) Bf ?t 2D JQ @) Ls ( SSS{CORE $K $O <B Au M= Dj ) $N :N MQ $K $h $j!" %W %m %;%C %5 Bf ?t $K $D $$ $F <+ M3 EY $N 9b $$%9%1%8%e!<%j%s%0$r9T$&$3$H$,$G$-$k!# ( 2 ) FC Dj $N %W %m %; %9 AH $K $H$C $F %9 %1 %8%e!< %j %s %0 $N \ 7j " $H $J $k NN 0h $r!" B> $N %W %m %; %9 $, M- 8z Mx MQ $9 $k$3$H$,$G$-$k!# 1 $G$O Jd@5 M-8z <B9T N(DxEY $N@- G=$r 8+9~ $a!" 2 $G$O:G NI $N%1!<%9$G:GBgM-8z<B9TN($^$G$N@-G= $r8+9~$‘$3$H$,$G $-$k!#K\9F$K5s$2$?$4$/0lIt$NFCDj$N %W%m%;%9AH$K$D$$ $F $@ $1 $G $J $/!" $h $j B? MM $J %1!< %9 $r 9M N8 $7 $? I> 2A $r 9T $&$3$H$O!"HFMQ OS $H$7$F $N@-G=$J$i$S$K SSS{CORE K\Mh$N@-G=$rO@$8$k>e$GI,MWIT2D7g $G$"$k!#$3$N9M$(J} $+$iJd@5M-8z<B9TN($d:GBgM-8z<B9TN( $G$NHf3S$,M-8z$G $"$j!" algo4 $,>o$K:GNI$N 7k2L$r=P $7$F$$$k$H $$$($k!# 4.2 @a$G@bL@$7$?$h$&$K!" algo2, 3, 4 $N0c$$$O%a%b%j %Z!<%8$N0LCV$K8G<9$9$kEY9g$G$"$C $?!#<B837k2L$O!"%W %m %; %9 $r <B %Z!< %8 $r =j M- $9 $k NN 0h $K 3d $j Ev $F $k 79 8~ $, 9b $$ J} <0 $[ $I NI $$ $3 $H $r J* 8l$C $F $$ $k!# algo2, 3, 4 $N =g $K%Z!< %8 $N0\ F0 NL $,B? $$ $o$1 $@ $,!" I= 3 $r8+ $k $H!"$= $N =g $G DL ?. ( %Z!< %8 =h M} ) $d F1 4| $, @j $a $k ;~ 4V $, Bg $- $/ $J$C$F$$$k$3$H$,J,$+$k!#$3$l$O!";2>H IQEY$N9b$$Hs6& M-6u4V%Z!<%8$N0\F0$,>/$J$/$J$k$h $&$K%9%1%8%e!<%j%s %0 $9 $k 8z 2L $, 1F 6A $7 $? $H ?d Dj $5 $l $k!# $5 $i $K %W %m %; %9 $N 3d $j Ev $F NN 0h $r IQ HK $K JQ 99 $9 $k $H!" 3F %/ %i %9 %? $K 3F %W %m %; %9 $N %a %b %j $, =8 Cf $7 $F $7 $^ $$!" 8_ $$ $K <B %Z!< %8 $N C% $$ 9g $$ $r 5/ $3 $9 NL $, A} 2C $9 $k $? $a!" algo4 $K Hf $Y $F algo3 !" algo2 $,8zN($,0-$/$J$C$F$$$k!#$^$?!"%a%b %j 0n $l $, $[ $H $s $I 5/ $- $J $$ !y %W %m %; %9 AH A $N >l 9g $K $D $$ $F $b!" $I $N ;X I8 $r MQ $$ $F $b algo4 $, :G NI $H $J$C $F $$ $k!# $= $l 0J 30 $N %9 %1 %8%e!< %j %s %0 J} <0 $O!" 7k 6I %Z!< %8 $N0\F0 %3%9%H$, 9b$/$D$$ $F@-G=$, =P$F$$$J$$ ( I= 3) !#$5 I= 3 <B9T;~4VFbLu (%)(w488, CV49J}<0 3) Set T yp e algo0 algo1 algo2 algo3 algo4 :GBgM-8z 57.89 57.36 60.41 64.22 84.02 A F14| 19.98 19.59 20.84 20.03 12.45 DL?. 22.10 23.01 18.72 15.70 3.49 :GBgM-8z 42.65 56.57 59.53 59.53 74.91 K F14| 25.87 22.08 23.24 23.24 17.82 DL?. 31.46 21.32 17.20 17.20 7.22 :GBgM-8z 38.81 48.93 54.98 54.98 65.85 L F14| 28.52 24.07 23.58 23.58 22.23 DL?. 32.64 26.96 21.39 21.39 11.87 :GBgM-8z 24.79 35.73 47.42 61.47 64.37 M F14| 22.83 19.03 18.68 16.57 16.06 DL?. 52.36 45.21 33.86 21.90 19.51 $?$@$7%G%#%9%/%"%/%;%9;~4V$r=|$/ !y %W %m%; %9$N 3d $jEv $F NN0h $N=E $J $j6q 9g$G!" 0l ItNN 0h $K$* $$$F %a %b %jCV49$,H/@8$7$F$$$k!#

7 ?^ 5 %;%C%H L, M $N7k2L ( :8Ns :w488, 1&Ns :w4444) $F!" CV 49 J} <0 1 $G @5 L# $N M- 8z <B 9T N( $N 7k 2L !J%0 %i %U Cf 3F %0 %i %U Fb 1& $+ $i #3 $D L\!K $r 8+ $k $H!" algo2=algo3 $H $J$C $F $$ $k %1!< %9 (K, W488; L, w44444) $, 2 $D!" algo3=algo4 $H $J$C $F $$ $k %1!< %9 (M, L; w4444) $, 2 $D $" $k!# algo2, 3, 4 $G $O!" %7 %9 %F %‘ $N 3, AX @- $r H? 1G $5 $;$?;q8;4IM}9=B$$rMxMQ$7$F%9%1%8%e!< %j%s%0$r9T$&$? $a!"%W%m%;%9$X$N3d$jEv$FNN0h$r4IM} LZ$NItJ,LZ$NHO0O $G8BDj$9$k$3$H$,$G$-$k!#$=$3$G%9 %1%8%e!<%j%s%0J}<0 $,0[$J$C$F$b!"%W%m%;%9$NAH$_9g$o$; $K$h$C$F$OEy$7$$ %9%1%8%e!<%j%s%0 $r9T$C$F$$ $k!# algo4 $G$O$3$NNN0h$r 8BDj$9$kFC<A$r!"%a%b%j$NMxMQ>u67$N >pJs$HJ;$;$k$3$H $G$"$i$f$k%W%m%;%9$KBP$7$FMxMQ$9 $k$3$H$,2DG=$H$J$C $F $* $j!" ;q 8; 4I M} 9= B$ $r F3 F~ $7 $? Mx E@ $, H/ 4x $5 $l $F $$ $k!# 5.2 %a%b%jCV49J}<0$K$D$$$F %a%b%j CV 49J} <0$K $D $$$F $OJ} <0 1 $,J}<0 0 $K>o$K >!$C $F$$$k!#@-G= $NNI$$ algo4 $N>l9g$K $*$$ $F!" w488 $N<B 83$G$N3F%W%m%;%9AH$G$NCV49$NMM;R$rI= 4 $K<($9!# J}<0 1 $G$O%W%m %;%9$N 6&M-%Z!< %8$,CV 49$5$l $k$N$K BP $7$F!"J}<0 0 $G$O%W%m%;%9$N%m!<%+%k 6u4V$N%Z!<%8$d %i %9%H%o%s6&M-%Z!<%8$,CV49$5$l$F$$$k!# %a%b%j$X$NMW5a EY $, 7Z $$ %;%C %H A, K, L $G $O!" B> ?M $N %3 %T!< %Z!< %8 $r CV49$9$k$3$H$7$+$J$$!#$b$&>/$7%a%b %j$X$NMW5aEY$,=E $$ %;%C %H M $G $O <+ J, $N %3 %T!< %Z!< %8 $r CV 49 $9 $k $3 $H $b $"$k$,!"$h$j;2>H$5$l0W$$Hs6&M-%Z!<%8$rDI$$=P $5$J$$ $3$H$G8zN($NNt2=$rKI$$$G$$$k!#$3$3$K$"$2$? %1!<%9$G $O!"6&M-%3%T!<%Z!<%8$rM%@hE*$KCV49$9$k8z2L$, 6K$a$F Bg$-$/$J$C$F$$$k$H$$$($k!# 0J>e$N $3$H $+$i NUMA 4D6-$K$* $$$F $O!"%Z!< %8$r %" %/%;%9IQEY$*$h$SCV498e$N:F%"%/%;%9%3%9%H$r 9MN8$7$? J,N‘$K4p$E$$$?%a%b%jCV49$r9T$&$3$H$G!"9b8z N($JHFMQ 4D6-$rDs6!$9$k$3$H$,2DG=$G$"$k$3$H$,<($5$l$F$$$k!# 5.3 HFMQJBNs4D6-$N2DG=@-$K$D$$$F :#2s$N<B83$G$b$C$H$b@-G= $NNI$$!"%9%1%8%e!<%j%s%0 J} <0 alog4 $G CV 49 J} <0 1 $N >l 9g $N 7k 2L $G!" :G Bg M- 8z <B 9T N( $, 65% $+ $i 85% Dx EY $G $" $k!# 6& M- %Z!< %8 $N 0l 4S @- 4I M} $, Sequen tial consistency $K => $& $? $a!" %Z!< %8 $N%"%C%W%G!<%H=hM}<+BN$N%3%9%H$h$j!"6&M-NN0h $X$N%" %/%;%9=hM}$K$*$1$k@h9T%"%/%;%9=hM}$N=*N;BT $A;~4V$, Hs>o$KBg$-$$!#$3$l$O4KOB$5$l$?%a%b%j%b%G%k $N:NMQ$K $h$j>.$5$/$9$k$3$H$,2DG=$G$"$k!#$?$@4KOB$5 $l$?%a%b %j%b%G%k$r;H$($P!"%Z!<%8$r0\F0$7$?;~$N%3%9%H $N%W%m %;%9$KBP$9$k0-1F6A$N8z2L$O>.$5$/$J$k!#$7$+ $7:#2s$N <B83$G$O!"%W%m%;%9$N6&M-NN0h$X$N%"%/%;%9N( $r>.$5$/ @_ Dj $7 $F $" $j (1{3%) !" B? MM $J %" %W %j %1!< %7%g %s $r 9M $( $?>l9g$K$O!"%9%1%8%e!<%j%s%0J}<04V$N@-G=:9$N 8=$lJ} $N798~$KJQ2=$O$J$$$H?dDj$9$k!#$5$i$K!"4KOB$5 $l$?%a %b%j%b%G%k$N>e$G6&M-NN0h$X$N%"%/%;%9N($,9b $$%"%W%j

8 I= 4 %Z!<%8<oN‘Kh$NCV492s?t (algo4, w488) %W%m %Z!<%8<oN‘ CV49 %;%9 other’s o wn other’s other’s own own J}<0 AH cop y cop y last lo cal last lo cal A 10944 4770 723 4763 303 1130 K 33105 10487 830 22598 65 3803 J}<0 L 92253 18063 4911 63885 136 9978 1 M 46394 23581 6873 11725 4054 6577 A 38976 0 0 0 0 0 K 77665 0 0 0 0 0 J}<0 L 414287 0 0 0 0 0 3 M 245705 11578 0 0 0 0 %1!<%7%g%s$K$D$$$F$O!"3F<o%3%s%Q%$%k 5;=Q$H3,AX2=%^ %k %A %-%c %9 %H $d Ac k $N %3 %s %P %$ %K %s %0 $H $$$C $? DL ?. 5; =Q$rAH9g$o$;$FF3F~$9$k$3$H$K$h$j!" <B9T8zN($N8~>e$r $O$+$k$3$H$,2DG=$G$"$k!# $^$?K\9F$K$*$1$k%7%_%e%l!<%7%g %s!&%b%G%k$G$O!"%a %b%j%"%/%;%9$H%9%l%C%I4V$NF14|$H$, FHN)$7$?;v>]$H$7 $F%b%G%k2=$5$l$F$$$k$?$a!"%Z!<%8=hM} $KHq$d$5$l$k;~ 4V$N8:>/$O!"$=$N$^$^F14|;~4V$NC;=L$K$D$J$,$k!# 0J>e$N$3$H$+$i!"K\9F$K$*$1$k<B 83$G$N7k2L$NCM$NDc $5$,!"JBNs4D6-$K$*$1$k%7%9%F%‘$NHF MQ$JMxMQ7ABV$rH] Dj$9$k$3$H$O$J$$!# 6. $* $o $j $K HF MQ D6 JB Ns OS SSS{CORE $K $* $1 $k ;q 8; >p Js $r Mx MQ$7$?%9%1%8%e!<%j%s%0J}<0!"$J$i$S$K J,;66&M-%a%b%j $rA[Dj$7$?%a%b%j%Z!<%8$NJ,N‘$K=>$C $?%a%b%j%Z!<%8CV 49J}<0$K$D$$$F=R$Y$?!#$5$i$K$3$l$i ;q8;4IM}5!9=$N@- G=$r!">\:Y3NN(%b%G%k>e$G$N%7%_%e %l!<%7%g%s$K$h$jI> 2A$7$?!#$=$N7k2L%9%1%8%e!<%j%s%0J} <0$K$D$$$F$O!";q 8;4IM}9=B$$rMxMQ$7$?!"%W%m%;%9$,=j M-$9$k<B%Z!<%8$, B8:_$9$kNN0h$r3d$jEv$F$kJ}<0$NM% 0L@-$,G’$a$i$l!"%a %b%jCV49J}<0$K$D$$$F$O!"%Z!<%8$NJ, N‘$K=>$C$?%a%b%j CV49J}<0$,NI$$@-G=$r<($7$?!#$3$NN> J}<0$rAH$_9g$o$; $?>l9g$N<B837k2L$G$O!"Ii2Y>u67$,3d 9g9b$$%1!<%9$G$b :G Bg M- 8z <B 9T N( $K $h $k I> 2A $, 65% Dx EY 0J >e $G!" $3 $N CM $O4KOB$5$l$?%a%b%j%b%G%k$N:NMQEy$K $h$j$5$i$K8~>e$9 $k$3$H$,2DG=$G$"$k$H9M$($i$l$k!# K\Mh$OAjMF$l$J$$JBNs%"%W%j%1!< %7%g%s$N8zN(E*<B9T $H8z2LE*$JHFMQ@-$N<B8=$r9M$($?$H $-!"<B;q8;$,J,;6G[ CV$5$l$kBg5,LO NUMA 7?%7%9%F%‘ $K$*$$$F $O!"%"%W%j %1!<%7%g%s$K$h$k0B2A$J;q8;MxMQ%3%9 %H$NJ]>Z$H!";q8; 4I M} $K $* $1 $k %\ %H %k %M%C %/ $N GS =| $, =E MW $H $J $k!# $5 $i $K!"$"$kDxEY$N9bIi2Y>uBV$K$*$1$k%7 %9%F%‘@-G=$NJ]>Z $b I, ?\ $G $" $k!# K\ 9F $G =R $Y $? SSS{CORE $G :N MQ $9 $k %9%1%8%e!<%j%s%0J}<0$J$i$S$K%a%b%j CV49J}<0$O!">e5- $NL\E*$r<B8=$9$k;q8;4IM}5!9=$N=EMW $JMWAG$H$J$k$b$N $G$"$k!#K\8&5f $K$*$1$k I>2A$rDL $7$F!" NUMA 7?%7%9 %F%‘>e$K9b8zN($JHFMQ4D6-$rDs6!$9 $k<B:]E*$J%*%Z%l!< %F%#%s%0%7%9%F%‘$N;q8;4IM}5!9=$N2D G=@-$r<($9$3$H$, $G$-$?!# <U<- K\8&5f$O>pJs=hM}?66=;v6H2q!J#I #P#A!K$,<B;\$7$F$$ $kFHAOE*>pJs5;=Q0i@.;v6H$N0l4D$H$7$F9T$J$C$?!% ;2 9M J8 8% 1) R. Chandra, et al. Sc heduling and P age Mi- gration for Multipro cessor Compute Serv ers. In A CM, ASPLOS VI , pp. 12{24, Octob er 1994. 2) In tel Sup ercomputerSystems Division. Par agon User’s Guide , order n um b er 312489-003 edi- tion, June 1994. 3) D. G. F eitelson. P ac king sc hemes for gang sc heduling. In Pr o c. IPPS’96 Workshop on Job Sche duling Str ate gies for Par al lel Pr o c ess- ing , pp. 54{66, April 1996. 4) D.G. F eitelson and L. Rudolph. Distributed Hierarc hical Con trol for P arallel Pro cessing. IEEE Computer , V ol. 23, No. 5, pp. 65{77, Ma y 1990. 5) >> K\ >0 $[ $+ . HF MQ D6 JB Ns %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ SSS{CORE. F| K\ %= %U %H %&%’ %" 2J 3X 2q Bh 11 2s Bg2qO@J8=8 , pp. 13{16, Octob er 1994. 6) >>K\ >0 . %^%k %A %W %m %;%C %5 >e $N F14| 5! 9= $H %W %m %;%C %5 %9 %1 %8%e!< %j %s %0 $K 4X $9 $k 9M ;! . 7W ;; 5! %"!< %- %F%/%A%c8&5f 2qJs9p No.79-1, pp. 1{8, No v em b er 1989. 7) >> K\ >0 . :Y N3 EY JB Ns <B 9T ;Y 1g %^ %k %A %W %m %;%C %5 $N 8! F$ . >p Js =h M} 3X 2q O@ J8 ;o , V ol. 31, No. 12, pp. 37{42, August 1989. 8) ?. 9q M[ Fs O: $[ $+ . HF MQ JB Ns #O #S $N $? $a $N ;q 8; >p Js $rMxMQ $7$? %9%1 %8%e!<%j %s%0J} <0$N 8!F$ . ?.3X5;Js , V ol. 95, No. 210, pp. 111{118, August 1995. 9) ?. 9q M[ Fs O: $[ $+ . HF MQ JB Ns os sss{core $K $* $1 $k %+!<%M%k%9%1%8%e!< %j%s%0J}<0 | >\:Y3NN(%b %G%k $K $h $k @- G= I> 2A |. >p =h 8& Js 96-OS-73, V ol. 96, No. 79, August 1996. 10) ?.9qM[ Fs O: $[ $+ . JBNs #O #S $N @-G= M= B, $r 2D G= $K $9$k %7 %_%e %l!< %7%g %s %b %G %k . >p =h 8& Js 96-AR C-117, V ol. 96, No. 23, pp. 19{24, Marc h 1996. 11) J. K. Ousterhout. Sc heduling tec hniques for concurren t systems. 3r d Intl. Conf. Distribute d Computer Systems , pp. 22{30, Octob er 1982. 12) M. Rosen blum, et al. Complete Computer Sim- ulation: The SimOS Approac h. In IEEE Par- al lel and Distribute d T e chnolo gy , 1995. 13) T.E.Anderson, et al. Sc heduler activ ations: E�ectiv e k ernel supp ort for the user-lev el man- agemen t of parallelism. Pr o c. of the 13th A CM Symp o. on Op er ating Systems Principles , V ol. 25, No. 5, pp. 95{109, Octob er 1991. 14) R. V asw ani and J. Zahorjan. The implication of cac he a�nit y on pro cessor sc heduling. In Pr o c. of 13th A CM Symp. on Op er ating Sys- tems Principles , pp. 26{40, Octob er 1991.