V ol. 41 No. 6 >pJs=hM}3X2qO@J8;o June 2000 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 2# ;3 Bg :n y 6a ;3 N4 y 6aG/$N7W;; 5!%O!< %I%& %’%"$N?J2=$K $h$j !$ 4{ B8$N7W ;;NLM} O@$G $O%"%k %4%j%: %‘$N2r @O$K== J,$H$O $$ $($J$$6ILL$, B?$/$J $C$F $-$F$$ $k!% 7W;; 5!$N%a %b%j3,AX $O?<2= $7!$ RAM %b%G%k$H8=<B $H$OCx $7$/P* N%$7$F$$$k!% $^$?!$ %/%i%9 %?$dBg 5,LOJ, ;67W;; Ey!$ 3F 7W;;5! 4V$NDL ?.CY1d $d$=$N 0c$$$r L5;k$G $-$J$$ JBNs4D6-$, 0lHLE* $K$J $C$F$$ $k$,!$ 8=>u$N JBNs 7W;;%3 %9%H%b %G%k$O!$ DL?. CY1d$N :90[$r 9MN8$7 $J$$$b $N$dFCDj$N%M %C%H%o!< %/%H%] %m%8$K FC2=$7 $?$b$N $7$+B8 :_$7$J $$!% 2f!9 $O!$ C10l 7W;;5! Fb$N%a %b%j3, AX$+$i7W ;;5! 4V$N %M %C%H%o !<%/ CY1d $N :90[ $^$G $rE} 0lE* $K5- =R$G $-$k 7W;; NL %b%G %k!$ !V %"%/%; %97W ;;NL %b%G%k !W $rDs 0F$7$?!% $3$N %b%G%k $O!$ 7W ;;$N%3 %9%H$N K\<A$O 1i;;$G $O$J$/ DL?.$K $3$=B8 :_$9$k $H$$$& N)>l$r$H$k!% $3 $N%b%G %k$O==J, 4J7i$J $b$N$G $"$j !$ JBNs %"%k%4 %j%:%‘ $N7W;;NL $r2r@O E*$K5a $a$k$3$H $,$G$-$k$3$H$r!$$$ $/$D$+$N%"%k%4 %j%:%‘$G<B>Z$9 $k$3$H$,$G$- $?!%$^$?!$ bitonic sort %"%k%4%j%: %‘$N<B7W;;5!>e$G$N<B9T$HHf3S$9$k$3$H$G !$$3$N%b%G%k$NBEEv@-$r<($9$3$H$,$G$-$?!% Access Complexit y: A New F ramew ork for Complexit y of P arallel Computation D aisaku Yok o y ama y and T akashi Chika y ama y Recen t adv ances in computer hardw are has b een making existing computational complex- it y theory inappropriate for man y cases. The random access memory (RAM) mo del w as made unrealistic b y large sp eed gap b et w een the pro cessing units and main memory systems. Distributed computing en vironmen ts ha v e obsoleted traditional mo dels for parallel compu- tation due to non-negligible div ersit y in comm unication dela y . In this pap er, w e prop ose a new framew ork for computational complexit y , named ac c ess c omplexity , in whic h the cost lies in data transfer rather than computation itself. The mo del tries to capture all lev els of system hierarc h y , from cac he systems to globally distributed en vironmen ts. It mo dels these div erse access costs in a simple and uniform w a y . W e apply the mo del to analyze some par- allel algorithms, to sho w that the mo del can analyze w ell-kno wn algorithms easily . W e also sho w the appropriateness of the mo del, through comparing the predicted and the measured p erformance of bitonic sort algorithm. 1. $O $8 $a $K $"$k %" %k %4 %j %: %‘ $N 7W ;; %3%9 %H $r 9M $( $k :]!$ $9 $Y $F $N%a %b %j $, C1 0L ;~ 4V $G %" %/ %; %9 $G $- $k $H $9 $k RAM %b %G%k $, B?$/ $N >l 9g $G ;H$o $l B3 $1 $F $- $?!% $7 $+ $7!$ 6a G/ $N7W ;; 5! %"!< %- %F %/ %A %c$O!$ >. NL $N B.$$ %a %b %j $H Bg NL $N CY $$ %a %b %j $, B8 :_ $9 $k $H $$ $& 3, AX 9= B$ $r ;} $A !$$7 $+$b $= $N %a%b %j 3, AX $O G/!9 ?< $/ $J $j B3 $1 $F$$ $k !% $3 $N $?$a!$ RAM %b%G%k$G $N7W ;;%3 %9%H $N8+ @Q$j $H!$ 8= <B $N 7W ;; 5! $G $N <B 9T 7k 2L $H $N P* N% $, Cx $7 $$ $b $N $K $J $j !$ RAM %b%G%k$O$b$O$dE,MQ$G$-$J$$$N$,8=<B$G$"$k!% Nc $( $P !$ ?^ 1 $O SP AR C I I I 1.2GHz, 8CPU $N7W ;; 5!$K $* $$ $F G[ Ns $N MW AG $X %i %s %@ %‘ $K %" %/ %; %9 $9 $k :] $N y El5~Bg3X?7NN0hAO@.2J3X8&5f2J Graduate Sc ho ol of F ron tier Science, the Univ ersit y of T oky o 1 MW AG $" $? $j $N %" %/ %; %9 ;~ 4V $r B, Dj $7 $? $b $N $G $" $k !% >\:Y $O 8e =R $9 $k $, !$ 2# <4 $N MW AG ?t ( $N log ) $,A} $( $k $K =>$$!$%"%/%;%9;~4V$O 1000 G\6a$/$^$GA}Bg$9$k!%$3 $N?6Iq$$$O !$$H$F$b RAM %b%G%k$G$OI=8=$G$-$J$$!% $3$l $K BP $7!$ %a %b %j $X $N %" %/ %;%9 %3 %9 %H $, 0l MM $G $O $J $$ $H $9 $k %b %G %k $, $$ $/ $D $+ Ds 0F $5 $l $F $- $? !% Hierar- c hical Memory Mo del (HMM) 1) $d Uniform Mem- ory Hierarc h y Mo del (UMH) 2) $, $= $l $G $" $k !% HMM $O !$%a %b %j $N %" %/ %; %9 %3 %9 %H $, %" %I %l %9 x $K BP $7 $F f ( x ) $G M? $( $i $l !$%a %b %j $N Cf $G %" %I %l %9 $N >. $5 $$ It J, $O CPU $K 6a $/ !$ B. $/ %" %/ %; %9 $9 $k $3 $H $, $G $- $k $,!$ Bg NL $N %a %b %j $r ;H $* $& $H ;W $& $H <! Bh $K CPU $+ $i 1s $$ !$ CY$$ %a %b %j $r ;H $& $h $& $K $J $k!$ $H $$ $& $3 $H $r I= 8= $G $- $k$h$& $K$7 $?%b %G%k $G$" $k!% UMH $O !$ Bg $-$5 $d%l %$ %F%s %7 $, :F 5" E* $K 7h $a $i $l $? 0l O" $N %a %b %j %b %8 %e!< %k 72$r 9M $(!$ $= $l $i $, %P %9 $GAj 8_ $K @\ B3 $5 $l $? $b $N $r %a 1234

V ol. 41 No. 6 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 1235 ?^ 1 %i%s%@%‘%"%/%;%9%F%9%H (SP AR C) ?^ 2 %i%s%@%‘%"%/%;%9%F%9%H (Opteron) %b%j $H$9 $k%b %G%k $G$" $k !%$D$^$j !$ CPU $N6a $/$K $O >.$5 $/$F B. $$ %a %b%j %b %8 %e!< %k$, $" $j !$ <! Bh$K Bg $- $/ CY $$ %b %8 %e !< %k $, O" $J$C$F $$ $/ !$ $H $$ $& 9= B$ $G $" $k !% $3$l $i $N %b %G %k $O %" %k %4 %j %: %‘ $N 2r @O $K @. 2L $r 5s $2 $F $-$?$, !$JBNs%"%k%4%j%:%‘$OBP>]$H$7$F$$$J$+$C$?!% JBNs 7W;; $N%b%G %k$G $O !$ LogP 3) $,NI$/ CN$i $l$F $$ $k!% $3 $l $O!$ 7W ;; 5! 4V $, 4 $D$N %Q %i %a !< %? $r MQ $$ $F I= 8= $5 $l $? 6Q 0l $J DL ?. O) $K $h$C$F Aj 8_ @\ B3 $5 $l $F $$ $k !$ $H$9 $k %b%G %k $G $" $k!% $7 $+ $7!$ 8= :_ Ia 5Z $7$D $D $" $k Bg 5,LO $J J, ;6 7W ;; 4D 6- $G$O !$ 3F 7W ;; 5! 4V $N DL ?. O) $, 6Q 0l $G$O $J$/ !$ CY 1d $, Bg$- $$ %W %m%; %C %5$H $= $& $G$J $$ %W %m %; %C %5 !$ $9 $J $o $A %W %m %; %C %5 $N !V 1s $$ 6a $$!W $, 7W ;; ;~ 4V $KL5 ;k $G $- $J $$ 1F 6A $rM? $( $F $7 $^ $& $? $a!$ $3 $N %b %G %k $b8=<B$H$NP*N% $,Bg$-$/ $J$j$D$D $"$k!% LogP $NH/E8 %b%G %k $H$7 $F!$ $5$i $K %Q %i %a !< %?$r IU $1 2C $(!$ >\ :Y $K DL?. O) FC @- $r 5- =R $7 $h $& $H $9 $k ;n $_ $b $$ $/ $D $+ 8+ $i $l $k $, !$ $3 $l $i $O A4 $F DL ?. O) $N %b %G %k 2= $K N1 $^ $C $F $$ $k !% $^$? !$ Coarse Grained Multicomputers (CGM) 4) $d !$ Bulk-sync hronous P arallel (BSP) 5) $H $$$C$?JB Ns 7W ;; %b %G %k $b $" $k !%$3 $l $i $O !$$" $k Dx EY $N NL $N %a %b%j $r %m!< %+ %k $K ;}$D %W %m %; %C %5 $,!$ 2? $i $+ $N %M %C %H %o!< %/ $G Aj 8_ $K @\ B3 $5$l $F $$ $k !$ $H 7W ;; 4D 6- $N %b %G %k 2=$r9T $J $$!$ $=$N >e $G !V %m!< %+ %k$J 7W ;; %U %’!< %: !W $H !V DL ?.%U%’!< %: !W $N%3 %9%H $rJL !9 $K9M$( !$2C;;$9 $k$3 $H$GA4BN$N7W;;NL$rGD0.$7$h$&$H$$$&%b%G%k$G$"$k!% $^ $? !$ BSP $r 4p K\ $K !$DL ?. O) $N ?6 Iq $$ $d 7W ;; 5! @- G=$, >l =j $K $h $C $F 0[ $J $k $h $& $J 7W ;; 5! 4D 6- $r %b %G %k 2= $9$k Heterogeneous BSP 6) $bDs 0F$5 $l$F$$ $k !%7W;; %U %’!< %:!$ DL?. %U %’!< %: $,!$ JB Ns 7W ;;A4 BN $G F14| $7 $F $$ $k BSP %b %G %k $G $" $k $? $a !$ DL ?. $, :G $b CY $$ $H $3 $m $K B7$& $3 $H $G DL ?. O) $N 9= @. $K 5/ 0x $9 $k ?6 Iq $$ $r $H $i $( $h $&$H $7 $F $$$k !% $? $@$7 !$ $3 $N%b %G %k $G $N DL ?.;~ 4V $O %W %m%; %C%5 F~ 8}$N %P %s%I I} $HAw <u?. $9 $k%G !< %?NL $K $h $C $F$N $_ 7h Dj$5 $l $k $H $$ $&%7 %s %W %k $J $b$N $G $" $j !$ DL ?. O)$N9=B$ !$DL?.$N6I=j@-$J$I$O9MN8$7$F$$$J$$!% $3$l $i $N %b %G %k $N $h $& $K!$ C1 BN7W ;; 5! Fb $N 7W ;; $H 7W ;;5! 4V $N DL ?.$H $r JL!9 $K 9MN8 $9 $k >l 9g!$ $I $& $7 $F $b %b %G %k $N AH 9g $; $K $h $k J# ;( $5 $, @8 $8 $k !%$^ $? !$C1 BN $N CPU Fb$N %a %b %j 3,AX $K $h $k 1F 6A $r I= 8= $9$k %b %G %k $H!$ CPU 4V$NDL?. O)$r@:L) $KI=8= $9$k$h$& $JJL !9 $N%b%G %k$r AH $_ 9g $o$; $k $H $$ $& J# ;( $J <j=g $r <h $C $F!$ $" $k FC Dj$N 7W ;; 4D 6- $r @: EY $h $/ I= 8= $9 $k $3 $H $, 2D G= $K $J $C $? $H$7$F$b!$C1BN$N CPU $N9=@.$,0c$& !$ $"$k$$$O%M %C %H%o !< %/ %H %] %m %8 $, 0c $& 4D 6-$r 9M $( $h $& $H $9 $k $H!$ %b %G%k $N :F @_ Dj!$ 5Z $S 7W ;; %3%9 %H $N I> 2A $N $d $j D> $7 $, I, MW$H $J $C $F $7$^ $& !% 7W ;; 5!9= @. $N %H%l %s %I $, JQ2= $9 $k $?$S $K %b %G %k $r JQ 99 $7 $J $1 $l$P $J $i $J $$ $N $G $O!$ %" %k %4%j%:%‘$N@_7W$KBP$9$k;X?K$H$7$F$O;H$$$K$/$$!% $5$i $K!$ Hs >o $K B? ?t$N 7W ;; 5! $, 7k 9g$7 $? 4D 6- $G!$ $9 $Y$F $N DL ?. O) $r FH N) $K 07 $& $3 $H $O $b $O $d :$ Fq $K $J $k >l 9g$J $I$b $" $k!% $3 $N$h $& $K!$ JB Ns7W ;; 4D 6-$r !V J#?t $N 7W;; 5! $,%M %C %H %o!< %/ $G $D $J$, $C $? $b$N !W $H$7 $F $H $i $($k $3 $H $O!$ %b %G %k$N J# ;( 2= $r >7$- !$ $^ $? $3$l $+ $i Bg $$$K H/ E8 $9 $k $H ;W $o $l $k Bg 5, LO J, ;6 4D 6- $K BP 1~ $G $- $J $$%"%W%m!<%A$G$"$k$H9M$($i$l$k!% 2f!9 $O !V 7W;; $N %3 %9%H $H $O!$ 1i ;; $K$+ $+ $k ;~4V $K $" $k$N $G$O $J $/ !$ 1i;; $K I, MW$J %G !< %?$r <h F@ $7!$ 1i ;; 7k 2L$r 3J G< $9 $k $H $$ $& DL ?. 2a Dx$3 $= $K B8 :_ $9 $k !W $H $$ $& 4pK\ M} G0 $K 4p $E $$ $F!$ 7W ;;NL $r E} 0l E* $K B* $( D> $= $& $H 9M$( $? !% %a %b %j 3, AX $O %G !<%? $X $N %" %/ %; %9 CY 1d ;~ 4V $N 0c$$ $, @8$_ =P $9 $b$N $G $" $j !$ %M %C %H%o !< %/ %H %]%m %8 $N 0c$$ $r 9M N8 $9 $Y $- $J $N $b!$ B> $N 7W ;; 5! $K $" $k %G !< %? $X $N %" %/ %; %9 CY 1d ;~ 4V $N 0c $$ $, L5 ;k $G $- $J $$ $+ $i $G $" $k !% $3 $N 4p K\ M} G0 $r $b $H $K !V 7W ;; 5! $N Fb B& $H 30 B& $N 6h JL !$ C1BN 7W ;; 5! Fb $N 7W ;; $H %M %C %H %o !< %/ >e $N DL ?. $N 6h JL $r $J$/ $7 !$ $= $l $i $r E} 9g $7 $? 1 $D$N 2> A[ 7W ;; 5! $H $7 $F I= 8=$7 $? %b%G %k !W $K $h $C $F!$ ?7 $7 $$ 7W;; NL %b %G %k$r 9= C[ $9$k $3 $H $r 9M $( $?!% $3 $N %b%G %k $G $O A4 $F $N %a %b %j 4V $K 5wN% x $,Dj 5A $G $- $k $b $N $H $7 !$ %a %b %j 4V $N DL ?. %3 %9 %H

1236 >pJs=hM}3X2qO@J8;o June 2000 $, !V 5w N% $K $h $k C1 =c $J 4X ?t f ( x ) !W $G I= $5 $l $k $b $N $H 2>Dj$9$k !%$3$N f ( x ) $K$h$C$F !$G$0U$NC1BN7W;;5!Fb It$N %a%b %j 3, AX!$ G$ 0U$N %M %C%H %o !< %/ $N?6 Iq $$ $r!$ E} 0lE* $K $+ $D 4J 7i $K I= 8=$7 F@ $k $N $G $O $J $$ $+!$ $H $$ $& $N $,2f!9 $N <g D% $G$" $k!% $3$l $K $h$j !$ %" %k%4 %j %:%‘ @_ 7W $N:] !$7W;;%3%9%HI>2A$NO+NO$,Cx$7$/4KOB$5$l$k!% $3$N %b %G %k $O!$ FC Dj $N 7W;; 5! 4D 6- $K $* $1 $k 7W ;; ;~ 4V $r6K $a $F @: L) $K M= B, $9$k $H $$ $& $h $j $O!$ B? $/ $N JB Ns 7W ;; 5! 4D 6- $G6& DL $7 $? ?6 Iq $$ $r $h $/M= B, $G $- $k $h $& $J !$ 0lHL @- $N 9b $$ ;X I8 $r L\ ;X $7 $F $$ $k !% ?^ 2 $O!$ ?^ 1 $N<B 83 $r Opteron 1.4GHz, 4 CPU $N 7W ;; 5! $G <B 9T $7 $? 7k 2L$G$"$k!% %a %b%j%" %/%;%9;~ 4V$NA} Bg$O%- %c %C%7 %e$J $I$N9=B$ $K0M $k$N$G!$ 2 $D$N4D 6-$G$O ?6Iq $$$b$+ $J$j 0c$C$F $$ $k $, !$A4HL E* $J A} Bg $N ;E J} $K 6& DL E@ $b $" $k !% $5$i $K!$ $3 $N <B 83 $O %m!< %+ %k %a %b %j $N Bg $- $5 $^ $G $N B, Dj$@ $C $? $,!$ %M %C %H%o !< %/ $G $D$J $, $C $? JL $N7W ;; 5! $N %a%b %j $r ;H $C $F F1 $8 <B 83 $r 9T $J $( $P $3 $N %0 %i %U $N @h $b $d$O $j %" %/ %; %9 ;~ 4V $OA} Bg $7 $F $$ $/ $H M= A[ $5 $l $k!% $= $N:] $b!$ %M %C %H %o !< %/@- G= $d %M %C %H %o !< %/%H %] %m %8 $J $I$N 0c$$ $K $h $C $F :Y $+$$ ?6 Iq $$ $O0[ $J $k!% $7 $+ $7!$ 4D 6- $K 0M B8 $7 $J $$ A} Bg $N ;E J} $r !$%m !< %+ %k %a %b %j $+ $i %M%C%H %o !< %/ 1[ $7 $N %a %b %j $N HO 0O $^ $G A4 $F !$ f ( x ) $H $$ $& C1 =c $J 4X ?t $G I= 8= $9 $k $h $& 3d $j @Z$C$F $7 $^ $* $& !$ $H$$$&$N$,$3$N%b%G%k$N4pK\E*$JJ}?K$G$"$k!% Thomas raub er $i$N Lo calit y measure 7) $O !$ %a%b %j%" %/ %; %9 Mz Nr $r MQ $$$? 4J C1 $J ;X I8 $G!$ JB Ns %" %k %4 %j %:%‘ $N <B 9T 4D 6- $K 0M B8 $7 $J $$ <B 9T @- G= $r I= 8= $7 $h $& $H $9$k $b $N $G$" $k $,!$ 2f!9 $N %b %G %k $b F1$8 J} 8~ $r ;X 8~ $7 $F $$ $k !% $? $@ $7 !$ Lo calit y measure $, %a %b %j %" %/ %; %9 $NMz Nr $+ $i 4V @\ E* $J Dj @- E* MW AG $r <h $j =P $7 $F $$ $k $N $K BP$7!$ 2f!9 $N %b %G%k $O $h $j D>@\ E* $K!$ 7W ;; 5!$N 9= B$ $r 0U<1$7$?;XI8$r:n$m$&$H$7$F$$$k!% $3$N $h $&$J JB Ns 7W;; %3 %9 %H $N%b %G %k $r!$ 2f!9 $O !V %" %/%; %97W ;; NL !W $H L>IU $1 $?!% K\ 9F$G $O!$ $3 $N%" %/ %; %9 7W ;; NL $N 35 G0 $H !$2>A[ 5! 3# $N %" !< %- %F %/ %A %c $N @_ 7W !$ 2>A[ 5!3# 8l $N @_7W $r <( $9 !% $^ $?!$ $$ $/$D $+ $N JBNs %" %k %4%j %: %‘ $X $N 7W ;; NL 2r @O $X $N E, MQ $r DL $7 $F %b %G %k $N BE Ev@-$HE,MQ2DG=@-$K$D$$$F<($9 !% 2. %"!<%-%F%/%A %c $H7W;;$N354Q 2.1 %b%G%k35MW %"%/ %; %9 7W ;; NL $H $O!$ 0J2< $N $h $& $J %b %G %k $K => $& 7W ;;NL$G$"$k!% � %a%b%j$O$"$k L)EY$GO" B3E*$K ( 8=:_$N$H$3 $m 1 <! 85$G ) J,I[$7$?$b$N$G$"$k$H$9$k!% � 7W ;; $9 $k ;q 8; $O %a %b %j >e $N ;j $k =j $K B8 :_ $7 $F $$ $k !% %a%b %j >e$K $O !V 7W;;<B BN !W $H 8F $P$l $k!$ 7W ;; $r9T $J $& !V $b$N !W $, B8:_ $7!$ %a %b%j >e $N 9%$- $J CO E@ $G7W ;; $r9T$J$&$3$H$,$G$-$k!% � %W%m %0 %i %‘ $N <B 9T ;~ 4V $O %a %b %j %" %/ %; %9 $N ;~ 4V $, ;YG[ E* $G $"$j !$ 1i;; $= $N $b $N $K$+ $+ $k ;~ 4V $OL5 ;k $G $-$k $H $9 $k!% $? $@ $7!$ 1i ;; $N$? $a $K $O I, $: %a%b %j >e $+$i %G !< %? $r ;} $C $F $/ $k I,MW $, $" $k $N $G!$ 8+ 3] $1 >e L58B$KB.$$1i;;$,$G$-$k$o$1$G$O$J$$!% � %a%b%j $X $N %" %/ %;%9 $K $O !V 3JG< $5 $l $? >l=j !W $+ $i !V 7W ;; $9 $k >l =j !W $^ $G $N !V 5w N% !W $K => $C $? %3 %9 %H $, $+ $+$k!% x $@$1N% $l$? >l =j$N %a%b %j $K%" %/%; %9$9 $k $H $-$O !$;XNa$+$i$"$k;~4V f ( x ) $@$1$?$C$? 8e$K%"%/ %;%9$, 9T $o$l $k!% x $NE@$G $N%" %/ %;%9 $K$O $"$k 0l Dj $N;~4V l ; l > 0 $,$+$+$k !%$5$i$K!$FI$s$@%G!<%?$r Aw$jJV$7$?$j ac k $rJV$9;~4V$, f ( x ) $@$1$+$+$k$? $a!$ %a%b%j %"%/%; %9L?NaA4 BN$G$O 2 f ( x ) + l $@$1$N ;~ 4V $, $+ $+ $k !% ac k $rJV $5 $J $$ =q $- 9~ $_ L? Na $O $J $$ !% � f ( x ) $O C1 D4 A} 2C 4X ?t $G $" $j !$ f (0) = 0 $, @. $j N) $D !% $^ $? !$ 0 < x < y $H $7 $? $H $- f ( y ) < f ( x ) + f ( y � x ) $, @. $j N) $D !$ $9 $J $o $A >e $K FL $J 4X ?t $G $" $k !% $3 $l $O !$ $I$3 $+ $G DL ?. $r Cf 7Q $9 $k $3 $H $G B. $$ %" %/ %; %9 $, 2D G= $K$J$k$3$H$O$J$$!$$H$$$&$3$H$r<($7$F$$$k!% � %a%b %j %" %/ %;%9 $= $N $b $N $O >W FM $7 $J $$ $,!$ %a %b %j %"%/ %; %9 $N :] $K ;H $o $l $k DL ?. O) $, 6I =j E* $K :. ;( $9 $k $H !$ 6% 9g $K $h $j %a %b %j %" %/ %; %9 $, CY $/ $J $k $H 9M $( $k !% $3$l $O!$ %G!< %? $r =8Cf $5 $;$: !$ E, 59 J,;6 $5 $; $F7W ;; $7 $? J} $, B. $$ >l 9g $, $" $k $3 $H $r I= 8= $9 $k $? $a $G $" $k !% � 7W ;; <B BN $O !V %W %m %0 %i %‘ %+ %& %s %? !W $H !V <B 9T >l =j!W $N$_$r;}$C$F$* $j !$ PC $r?J$a$D$D!$%a%b %jCf$G<B 9T>l =j $r 0\F0 $5 $; $F 7W ;;$r 9T $& !% 7W ;; <B BN <+?H $K %l %8%9%?$N$h$&$J%a%b%j$O$J$$!% � L?Na$r<h$C$F$/$k;~$N%3%9%H$O9M$($J$$ !% � 7W;; $N <B 9T >l =j $, 0\ $k $H $- $b %a %b %j %" %/ %; %9 $H F1 $8 ;~ 4V %3 %9 %H f ( x ) + l $,$+ $+ $k!% %a %b %j %" %/ %; %9 $r 7W;;<BBN$,DI$$1[$9$h$&$J$3$H$O$G$-$J$$!% � DL?.O) $K $O $" $k M-8B $N MF NL $, $"$j !$ MF NL $r 1[ $( $? DL?. $K $D $$ $F $O %Z %J %k %F%# $, DI 2C $5 $l $? ;~ 4V %3 %9 %H $,$+ $+ $k$b $N $H$9 $k!% $3 $l$K $h $j !$ 7W;; <g BN <+?H $O G$0U $N JB Ns @- $G B8 :_ $G $- $? $H $7 $F$b !$ 7W ;; A4 BN $N B. EY8~>e$ODL?.O)$N:.;($K$h$j@)8B$5$l$k!% :#!$ 1CPU $7$+ $J $$ Ia DL $N 7W ;; 5! $r %" %/ %; %9 7W ;; NL %b%G%k$G I=8= $9$k$H!$ 1 <!85$N %a%b %j>e$K 7W;; <BBN$, 1 $D$@$1B8 :_$9$k >uBV $H$J $k!% 7W;; <BBN$N D>6a $N%a%b %j$O!$ %" %/ %; %9 $9 $k:] $N 5w N% $, >.$5 $$ !$ FI $_=q $- $N %l %$%F %s %7 $,:G $b C; $$ >l =j$G $" $j !$ 8= <B $N 7W ;;5! $G $O %l %8%9%? $K$" $?$k !% $= $NNY $K $O!$ >/ $75w N% $,Bg $-$/ $J $C

V ol. 41 No. 6 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 1237 ?^ 3 DL?.O)$H>WFM $? L1 %- %c %C %7 %e Aj Ev $N %a %b %j $, $" $j !$ 0J 8e CJ !9 1s $/ $K L2 %- %c %C %7 %e !$ %a %$ %s %a %b %j $, CV $+ $l $F $$ $k $H 9M $( $k !% 8=<B $N 7W ;; 5! $G $O %l %8 %9 %? !$ L1 %- %c %C %7 %e !$ L2 %- %c %C %7 %e !$ %a%$ %s%a %b %j$H %l%$ %F %s%7 $,A} Bg $9$k $K=> $C $F MFNL $O Bg $- $/ $J $k!% $3$N %l %$ %F %s %7 $H MF NL $K 9g $o $; $F f ( x ) $r Dj 5A $9 $l $P !$ 8= <B $N 7W ;; 5! $N %" %/ %; %9 %3 %9 %H $r LOJo $9 $k$3 $H $, $G $- $k!% 0l HL E* $K$O !$ %l %$%F %s %7 $H MF NL$G$OMFNL$NJ}$,5^ B.$KA}Bg$9$k 798~$K$"$j !$ HMM $N8&5f $G $O f ( x ) = log ( x ) DxEY$, E, @Z$G $" $C $? !% $?$@ $7!$ 6aG/ $O %l%$ %F %s %7$N A} Bg$, 7c $7$/ $J $C $F $*$j !$ E, @Z$J f ( x ) $N@_Dj$K$D$$$F$O8&5f$rMW$9$k!% 8=<B $N 7W ;; 5! $G $O!$ %a %$%s %a %b %j $K %" %/ %; %9 $9 $k $H %"%/%;%9BP >]$N6a K5$N%a %b%j$, %- %c %C%7 %e %a%b%j$K 0\ $5$l!$ 0J 8e $N %" %/%; %9 $, 9b B. $K $J$k $,!$ %"%/ %; %9 7W ;; NL%b%G%k$G $O%- %c %C%7 %e$O%"%k%4%j %:%‘@_7W <T$,L@ <( E*$K ;HMQ $7 $J $1$l $P $J $i$J $$!% $D $^$j !$ $3 $N %b%G %k $N 2>A[ 5! 3# $, ;} $D %V %m %C %/ E> Aw $N 5! G= $r MQ $$ $F 1s $$ %a %b %j$+ $i 6a $/ $N %a %b %j $X$H %G !< %? $r 0\ $7!$ 6a $/ $N %a %b %j $r;H $C $F 7W;; $r 9T $J $& !$ $H $$ $& F0 :n$r L@ <( E*$K 9T $J $o $;$k I, MW$, $" $k!% $? $@!$ $3$N %b %G %k $G $O 7W;; <B BN $, <+ M3 $K >l =j $r 0\ $; $k $? $a !$ %G !< %? $r <h $C $F $/ $k Be $o $j $K !$ 7W;;<BBN<+?H$r%G!<%?$N6a$/$X$H0\$9$3$H$G$b%- %c %C %7 %e $HF1$88z2L$,F@$i$l$k!% <!$K !$ SMP %^ %7%s$r $3$N%b %G%k$G I=8=$9 $k$H !$%a %b%j >e $K %W %m %; %C %5 ?t $@ $1 $N 7W ;; <B BN $, CV $+ $l $? >u BV $K$J$k!% ?^ 1 $H 2 $N<B83$rNc$K!$ SMP %^%7%s$NF0:n $,$3$N%b%G%k$G$I$N$h$&$KI=$5$l$k$+$r@bL@$9$k!% ?^ 1 !$ 2 $N <B 83 $O !$O"B3 $7$? %a %b %jNN 0h $NMW AG $, 1 K\$N%j %9 %H $H$7 $F $D $J$, $C $F $* $j !$ %j %9 %H$r $? $I $C $F A4MW AG $r FI $‘ $3 $H $G A4 %a %b %j NN 0h $r %i %s %@ %‘ $K 1 2s$: $DFI$‘!$ $H $$ $&$b $N$G $" $k!% 7ONs 1 $O 1 %9%l %C%I !$ 2- $+$i ;O$^ $k 7O Ns$O 2 %9%l %C%I !$ $N $h$& $K J# ?t%9 %l %C%I $G <B 83 $r 9T $J $$ !$ J# ?t %9 %l %C %I $G $b A4 MW AG ?t N $O 1 %9 %l %C %I $H JQ $o$i $: !$ 3F %9 %l %C %I $, ( %9%l %C %I?t P $H$7 $F ) N =P 8D$N MWAG $rFI $‘!% -disjunct $N 7ONs $O !$ N $N O"B3%a%b%jNN 0h$r N =P 8D$:$D$NO"B3NN0h $KJ,$1 !$ 3F %9%l %C %I $O $= $l $> $l $N It J, NN 0h $N Cf $@ $1 $G %" %/ %; %9 $r $7$? >l 9g$G !$ -mixed $N7O Ns $O 3F%9 %l %C%I $, N $NCf $+ $i%i%s%@%‘$K N =P 8D$N%"%/%;%9$r$7$?>l9g$H$J$k !% 1 %9%l %C%I$N >l9g!$ $o$6 $o$6%l %$%F%s %7$NBg $-$$ %a %b%j $r;H$& I,MW $O$J$$ $N$G !$7W;;<B BN$O N $N MWAG$N $I$3 $+ $K 5o $k!% %" %/ %; %9 BP>] %a %b %j $^ $G $N J? 6Q 5w N% $O N = 2 $G $" $j !$ MW AG ?t $, A} $( $k $H %" %/ %; %9 ;~ 4V $O f ( N = 2) $K=>$C$FA}Bg$7 $F$$$/$N$,$o $+$k!% -disjunct $N>l9g!$ 7W;;<BBN $O N =P $NMWAG $N$I $3$+ $K5o$k $N$, <+A3 $@$m $& !% $3 $N;~!$ 7W ;; <BBN $+ $i %"%/ %; %9 BP>] %a %b %j$^ $G $N J? 6Q5w N% $O N = 2 P $G$" $k !%$= $l0J 30 $O 1 %9 %l%C%I <B 9T $N ;~ $H 0c $$ $, $J $$ !%$= $N $? $a !$?^ $r 8+ $k $H $o $+ $k DL$j !$ -disjunct $N%"%/%; %9;~ 4V$O MWAG ?t 1 =P $N 1 %9 %l%C%I <B 9T ;~ $N %0 %i %U $H $- $l $$ $K F1 $8 7A $r $7 $F $$ $k !% 0lJ}!$ -mixed $N>l9g!$ 7W;; <BBN $, -disjunct $HF1$8 >l =j$K5o$k $H$7 $F$b!$ %" %/%;%9 BP>] $^$G$N J?6Q 5wN% $O 1 %9%l%C%I<B9T$HF1$8 N = 2 $H$J$k!%$=$N$?$a!$ -mixed $N%0 %i %U$O 1 %9%l %C %I <B 9T$N %0 %i %U $H $-$l $$ $K =E $J $C $F$$ $k!% $3 $N $h $& $K!$ $3 $N %b%G %k $O JB Ns <B 9T$N MM ;R $r Hf 3S E* $K D> @\ E* $J 7A $G GD 0. $G $- $k $3 $H $r L\ ;X $7 $F $$ $k !% $H$3 $m $G!$ %a %b %j $, 1 <!85 $G $" $k $3 $H $K $h $k 8= <B $H $NP*N%$b $b$A $m$sB8 :_$9 $k!% 3 8DJB$s$@7W ;;<B BN$,8_ $$ $K Aj <j $N 6a $/ $N %a %b %j $r FI $‘ ;~ !$C< $N 2 $D $N 4V $N J}$,8= <B SMP $G$N%l%$ %F %s%7 $, Bg$- $$$H $O 9M$( $K $/ $$!% %/ %i %9 %? $N $h $&$J J, ;6 4D 6- $G$b F1 MM $G $" $k!% $^ $? J,;6 4D 6- $N >l 9g!$ 7W ;; 5! 4V$K J# ?t $N DL ?. 7P O) $, $" $k >l 9g$d!$ DL?. J} 8~ $K $h $C $F %l %$ %F %s %7 $K :9$, $" $k >l 9g $J $I$b$"$j $&$k!% $3$N $h$&$J 8=<B $r!$ 1 <!85$N%a %b%j%b %G%k $G $O 07$& $3 $H $, $G $-$J $$ !% $7$+ $7 !$ Nc $($P %a %b %j $HDL?. O) $r 2 <!850J >e$K 3H D%$7!$ 2 COE@4V$N 5w N%$H DL ?.7P O) $r E, @Z $K Dj $a $k $3 $H $,$G $- $l $P !$ $3 $N $h $& $J 8= <B$b 07 $& $3$H $, 2D G= $K $J$k !% $? $@$7 !$ B? <! 85$N 3H D% $r 9T$J $& $H 5wN% $N Dj 5A $, Fq$7 $/ !$ :. ;( $r 1* 2s $9$k DL ?. O) $b9M $( $i $l $k$? $a 2r @O $, :$ Fq $K $J$k !% 0l HL E* $J%M %C %H %o!< %/ $N I= 8= $K $O 2? <! 85 $, E, @Z $J $N $+ $b $h $/ $o $+ $i $J $$!% 0J >e $N $h $& $J M}M3 $G!$ 8=>u $N %" %/ %; %9 7W;; NL %b %G

1238 >pJs=hM}3X2qO@J8;o June 2000 ?^ 4 2 %o!<%I$r 1 %Q%1%C%H$K$^$H$a$FAw?.$9$k>l9g %k$G$O !$%a%b%j$HDL?.O)$O 1 <!85$G$"$k$H2>Dj$9$k!% 2.2 J#AX$NDL?.O)%b%G%k >e=R $N %b %G %k $G $O!$ JB Ns<B 9T ;~ $N 7W ;; $N ?6 Iq $$ $O DL ?.O) $K$h $C $F Bg $- $/ 5,Dj $5 $l $k!% 7W ;; $HF1 MM!$ DL ?. O) $N:. ;( $N 6I =j @- $b 7W ;; NL $r 8+ @Q $b $k :] $K Bg $- $J 1F 6A $r M?$( $k!$ $H$$ $& N) >l $+$i !$ 2f!9 $N%b %G %k $G $OA4 $F $N DL ?.$r %Q %1 %C %H $H$H $i $(!$ %Q %1 %C %H $N F0 $- $rDI @W $9 $k $3 $H $G DL ?. O) $N ?6 Iq $$$r GD 0. $9 $k $3 $H $K $7 $? !%0J 2< $K !$ $3$N !V J#AX$NDL?.O)%b%G%k !W $N35MW$r<($9 !% � %a%b %j $, 1 <!85 $G $" $k %b %G %k $N >l 9g!$ DL ?. O) $O @5 J} 8~ 9T $- / Ii J} 8~ 9T $- $N 2 $D $, FH N) $7 $F B8 :_ $9 $k !% @5 J} 8~ $H Ii J} 8~ $K Aw $i $l $k %Q %1 %C %H Aj 8_ $O >W FM $7 $J $$ !% � DL?.O) $O AX >u $K @Q $_ =E$J $C $F $$ $k!% DL ?. $N >W FM$O 3FAX Fb $G $N$_ H/ @8 $9 $k!% 3F AX $N DL?. B. EY $O!$ Dl $N J} $[ $I CY $$ !%DL ?. $O 0l HV Dl $N DL ?. O) $+ $i %9 %? !< %H $7 !$ 0lDj ;~4V Kh $K NY$N AX $X $H0\ F0 $7 $F$$ $/ !% $3$N ;~!$ @$ 3&A4 BN $G 6& M- $5 $l $? %Q %k %9 $, B8 :_ $9 $k $H 2> Dj $7 $F $$ $k!% 0l Dj ;~ 4V Kh $K @$3& A4 BN $G %Q %k%9 $, H/ @8 $7!$ $= $N %Q%k%9$K=>$C$FDL?.O)$,0l@F$K>uBV$rJQ$($k!% � 3F DL?.O)$NB. EY$O f ( x ) $K$h$C$F 5,Dj$5$l $k!%Nc $($P f ( x ) = O (log ( x )) $N>l9g!$9b$5 h $NDL?.AX$N B.EY$r v ( h ) !$ k $r 1 $h$jBg $-$$E,@Z$J Dj?t$H$7$F !$ v ( h ) = k v ( h � 1) $H$9$l$P$h$$ !% ( ?^ 3 ;2>H ) � DL?. $O !$ 8= :_ ;H $C $F $$ $k DL ?. AX $N B. EY v ( h ) !$ %G !< %?D9 n $KBP$7$F!$ ( n + 1) v ( h ) $KAjEv$9$k 9-$5$NNN 0h$r@jM- $9$k!% 1 $O%Q%1 %C%H$,;} $DDj ?t$N%3 %9%H$r <($7$F $*$j !$ n $,Bg$- $$%Q %1 %C%H $rMQ $$$k $[$I DL?. O)$NMxMQ8zN($,>e$,$k$3$H$rI=8=$7$F$$$k!% � %Q%1 %C %H $O G$0U $N %G !< %? D9 $r 0l EY $K Aw $k $3 $H $, $G $-$k!% J# ?t %o !< %I $rAw ?. $9 $k :] $O!$ Aw ?. $9$k %G !< %? $,CV $+ $l$? >l =j $r <!!9 $K %Q %1 %C %H $,K, Ld $7!$ <! Bh $K D9$$ %Q%1 %C%H $K @. D9 $7$F $$ $/ !% %G!< %? $r <u ?.$9 $k B& $G$b F1 MM $K <! Bh $K %Q %1 %C %H $, C; $/ $J $j $J $, $i %a %b %j >e$K=q$-9~$_$,9T$J$o$l$k!% ( ?^ 4 ;2>H ) � <!$N C1 0L ;~ 4V $K @j M- $9 $k $Y $- NN 0h $, 6u $$ $F $$ $J $$ ;~!$ %Q %1 %C %H $O 6u$- $r BT $D!% 6u $-$, B- $j $J $$>l 9g $O ?^ 5 DL?.O)$,$U$5$,$C$F$$$k>l9g $G$-$k8B $j?J$b $&$H $9$k!% 2 $D$N%Q%1 %C%H$, >WFM $7 $F$$$k;~$O!$Dl$NDL?.O)$X9_$j$F$$$/ ( %Q%1%C%H$, 8:$kJ}8~$N ) %Q%1%C%H$rM%@h$5$;$k!% ( ?^ 5 ;2>H ) $3 $N $h $& $J DL ?. O) $O !$ $$ $o $P %- %c %C %7 %e %a %b %j $+ $i %a %$ %s %a %b %j $X $H O" $J $k %a %b %j %P %9 !$ $5 $i $K Lo cal Area Net w ork !$ Wide Area Net w ork $X $H$$ $&3, AXE* $JJ* M} E* DL ?. O) $N %b %G %k 2= $r A@$C$? $b $N $G $" $k !%0l HV Dl $NAX$, CPU FbIt $K$"$k%l%8%9%?$d%- %c %C%7 %e $H$N%P %9!$ <! $N AX $, %a %$ %s%a %b %j $N $? $a$N %P %9 $G!$ $= $N >e $, LAN !$ W AN $H$$ $& 0U <1 $G $" $k !% >e $N AX $N J} $, B. EY $, B. $$ $, !$$= $N 0l J} 1 $D $N %Q %1%C%H $, $h $j 9- HO 0O $K 1F 6A$r 5Z $\ $9 $h$& $K $J $k $N $O!$ %$ !< %5 %M %C%H $G NY $N 7W ;; 5!$H DL ?. $, $G $- $k $,!$ J# ?tBf $N 7W ;; 5! $, 0l @F $K DL ?. $r ;O$a $k $HmU mT $r 5/$3 $7 $F $7 $^$& !$ $H $$ $C $? ?6 Iq$$ $r %b %G %k 2= $7 $h $&$H $7 $? $b $N $G $" $k !%$3 $N $h $& $J 9= B$ $O !$ CPU FbIt$N%a %b%j%P %9$G$b !$Bg5,LO$J %M%C%H%o!<%/ 4D 6- $G $b !$ 6& DL $7 $F 8+ $i $l $k 9= B$ $G $" $k $H 9M $( $F $$ $k !% 2.3 DL?.Ii2YN_@Q%b%G%k 2f!9 $O!$ $3 $N $h $& $J 7W;; %b %G %k $K 4p $E $/ 2>A[ 5! 3# $r @_ 7W ( 8e =R ) $7!$ $3 $N %b %G %k $G $N 7W ;; $N MM ;R $r GD 0. $G $- $k%7 %_ %e%l !<%? $r 9= C[ $7$? !% $^ $?!$ $3 $N 2> A[ 5!3# >e $G $N%W %m %0 %i %_ %s %0 <j K! $r Ds 0F$7 !$ $$ $/ $D $+ $N %" %k %4 %j %:%‘ $r %7 %_ %e%l !< %? >e $G <B 9T $9 $k $3 $H $G 7W ;; %b %G %k $N BEEv @- $d M-8z @- $r 8! F$ $7$F $- $? !% $= $N 7k 2L!$ J# AX $N DL ?. O) %b %G %k $O 8= <B $N %7 %9 %F %‘ $r 3N $+ $K NI $/ I= 8= $9 $k $, !$ 2r@O E* $K 7W ;; NL $r 5a $a $k $K $O $d $d J# ;( $9 $. $k $3 $H $b $o $+ $C $? !% $= $3 $G!$ DL ?. O)$N :. ;( EY 9g$r $h $j C1 =c$K %b %G %k2= $7$? !V DL?. Ii 2YN_ @Q %b %G%k !W $r :n @. $7!$ 2r@O E* <j K!$K$h$k7W;;NL$N8+@Q$b$j$r2DG=$K$7$h$&$H;n$_$?!% DL?. Ii 2Y N_ @Q %b%G %k $G $b!$ DL?. $r C4 $& %Q %1 %C %H $N 3F ;~E@ $G $N B. EY!$ 5Z $S $= $N %Q %1 %C %H $, 1F 6A$r M? $( $k HO 0O $OJ# AX $N DL ?. O) %b %G %k $H F1 $8 $G $" $k!% 7k 2L!$ 5w N% x $@ $1N%$l$? 2 COE@4V$NDL?.$O >/$J$/$H$b f ( x ) $@$1$N;~ 4V$,$+$+ $k!% 2 $D$N%b%G %k$O!$ DL?. $N=8 Cf$K$h $kDL?. O)$N:.;($NI=8=$K$D$$$F$N$_0[$J$C$F$$$k!% %Q%1 %C %H $O 8= :_ @j $a $F $$ $k DL ?. O) $N NN 0h $K $" $k Ii 2Y

V ol. 41 No. 6 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 1239 ?^ 6 DL?.Ii2YN_@Q%b%G%k$G$N 1 $D$N%Q%1%C%H$NIi2Y ?^ 7 DL?.Ii2YN_@Q%b%G%k$G$NJ#?t$N%Q%1%C%H$NIi2Y $r M? $( $k !%J#?t $N %Q %1%C%H $, F1 $8 NN 0h $K B8 :_ $9 $k ;~ !$ $= $l $> $l $NIi 2Y $, 2C ;; $5 $l $F $= $NNN 0h $K M? $( $i $l $k !% DL?. O) $K$O MF NL $, Dj $a$i $l $F $* $j !$ $" $k NN0h $N Ii 2Y $, MFNL $r 1[ $($? ;~ !$ $= $N ;~ 9o$N DL ?. O) A4 BN $K EO $C $F :. ;( $K$h$kDL?.CY1d$,5/$-$k$b$N$H9M$($k!% %Q%1 %C %H $O !$ B. EY $K1~ $8 $F Ii 2Y $r M? $($k HO 0O $, JQ $o $k!% C10L NL $N DL ?. %Q %1 %C %H $O A4 BN $H $7$F $O $" $k 0l Dj $N Ii 2Y $r ;}$C$F $* $j !$$" $k ;~ 9o $G $N CO E@ x $G $N Ii 2Y $r l ( x ) $H$9$k$H !$ Z l ( x ) dx = constant (1) $,@. $jN) $D!% $D $^$j !$ B. EY $,>e $, $k $H9- $$ HO 0O$K Ii 2Y $rM? $( $k $,!$ $= $N >l 9g$" $k CO E@ $K M? $( $k Ii 2Y $N CM $O >. $5 $/ $J $k !%$3$N $h $& $J l ( x ) $N 7A $O $5 $^ $6 $^ $J $b $N $, 9M$($i $lF@ $k$,!$ 0J 9_$N 5DO@ $G $O!$ $" $k;~ 9o $N%Q %1 %C %H$N B. EY $r v $H$7 $? ;~ !$ v $NHO 0O $K 6Q 0l $K 1 v $NIi 2Y $, M?$($i$l$k !$$H$$$&C1=c$J%b%G%k$r:NMQ$9$k!% ?^ 6 $K!$ 1 $D$N %Q%1 %C%H $N$_ $,B8 :_ $9$k ;~3F ;~9o $K $*$$ $FDL ?. O) $K M?$( $i $l $kIi 2Y $r <( $9 !% %Q %1 %C %H $N B. EY!$ B8 :_ $9 $k %a %b %j >e $N 0L CV $O ?^ 3 $HF1 MM $K JQ 2= $7 $F $$$k$,!$ DL?.O) $KAX$OB8 :_$;$: !$ 1 $D$NDL?. O)$KM?$( $kIi2Y ( l oad ) $,B.EY$K1~$8$FJQ2=$7$F$$$k !% ?^ 7 $O!$ 2 $D$N %Q%1 %C%H $,>W FM$9 $k MM;R $r<( $7$F $$ $k !% t = 0 $G 1 $DL\$N !$ t = 2 $G 2 $DL\ $N%Q%1%C%H $, H/@8 $7!$ $H $b $K 1& $K 8~ $+ $C $F ?J $s $G $$ $/MM ;R $r I= $7 $F $$$k$,!$ t = 2 ; 3 $G$O 2 $D$N%Q%1 %C%H$,DL?.O)$NF1$8 NN0h$KB8 :_$9 $k$?$a!$ 2 $D$NIi 2Y$r 2C;;$7 $?$b $N$,$= $N;~ 9o$N DL?. O)Ii 2Y$H$J $k !% t = 2 $G !$ 2 $D$NIi 2Y$r 9g 7W $7 $? $b $N $, $" $k DL ?. O) MF NL thr eshol d $r1[ $( $F $$ $k$? $a!$ $3 $N ;~ 9o $K DL ?. O)Cf $K B8 :_ $9 $k A4 $F $N DL ?. $O %Z %J %k %F %# $r <u $1 $F CY $/ $J $k !% %Z %J %k %F%# $K $D $$ $F $O !$ Ii2Y l $,MF NL T $r 1[ $($? ;~ !$DL?. $ODL >o$N l =T G\ $@ $1;~4V$,$+$+$k$H$$$&%b%G%k$rA[Dj$7$F$$$k!% $3$N$h$&$JDL?.O)$O !$ !V J#AX$K$J$C$?DL?.O)%b%G%k !W $HHf 3S $7 $F!$ 8= <B $N DL ?. O)$N FC @- $r $$ $/ $D $+ L5 ;k $7 $? $b$N $H$J $C $F $$ $k!% Nc$( $P!$ J# ?t $N%Q %1 %C %H $NIi 2Y $r C1=c $K 2C ;; $7 $F $" $k CO E@ $N DL ?. O) Ii 2Y $r 5a $a $F $$ $k $? $a!$ @\B3$5 $l$? LAN Fb$NDL ?.$, mUmT $r5/ $3$7$F $$$k $H%m !< %+ %k $N %a %b %j $N FI $_ =q$- $, CY $/ $J $k!$ $H $$ $& %b %G%k $G $" $k$H 8@ $( $k!% $7 $+ $7!$ $3 $N $h $& $J C1=c 2= $r 9T $J$& $3 $H $G!$ J# ?t $N DL ?. $,F1 ;~ $K 9T $J $o $l $k ;~ $N DL ?. O)$N ?6 Iq $$ $r 4J C1 $K I= 8= $G $-!$ 2r @O E* <j K! $G 7W ;; NL $r 5a$a$k$3$H$,2DG=$K$J$k$H4|BT$5$l$k!% 3. 2> A[ 5! 3# $3$l $^ $G =R $Y $F $- $? 7W ;; %b %G %k $O!$ <! $N $h $& $J L? Na %; %C %H$r ;} $D 2> A[ 5! 3# $G $"$k $H Dj 5A $G $- $k!% 0J 2< $N @b L@ $G < input > , < output > $O B( CM 5Z $S %@ %$ %l %/ %H !$ %$ %s %@%$ %l %/ %H $N %" %I %l %C %7 %s %0 %b !< %I $r $H $k %a %b %j Fb MF $G$" $k!% $J $*!$ %" %I %l %9 $O 8=:_ $N 7W ;; <B BN $,B8 :_ $7 $F $$$k >l =j $+ $i$N Aj BP 0L CV $r ;X Dj $9$k !% 3F!9 $N L? Na $O 8= :_$N<B9T>l=j$G<B9T$5$l !$<B9T8e PC $r 1 $D?J$a$k!% 3.1 1i;; !& %a%b%j ( < oper ation - name > < input 1 > < input 2 > < output > ) input 1 � input 2 ! output $H$$$&1i;;$r9T$J$& !% < oper ation - name > = add, sub, Ey$N4pK\1i;; (cop y < sr c > < dest > ) sr c ! dest $H$$ $& %a %b %j Fb MF %3%T!<$r9T$J$& !% %V%m %C%/E>Aw$b2DG= !% 3.2 <B9T>l=j$N@)8f (next place < next - pl ace > ) <! $N <B 9T >l =j $r 8= :_ $H $NAjBP0LCV$G;X<(!% 3.3 @) 8f (jump < pr og r am - point > ) L5>r7o%8 %c %s%W !% < pr og r am - point > $NL?Na$r<B9T!% (branc h < input > < pr og r am - point > ) < input > $N >l=j$N%a%b%j$NCM$K$h$C$FJ,4t!% (fork < pr og r am - point > ) JL $N 7W ;; <B BN $r :n @. $7 !$ < pr og r am - point > $N L? Na $r !$ 8= :_ $N <B 9T >l =j $G <B 9T $5$;$k!%<+J,$O<!$NL?Na$r8=:_$N<B9T>l=j$G<B9T!%

1240 >pJs=hM}3X2qO@J8;o June 2000 ?^ 8 <B7W;;5!$H RAM %b%G%k$N7W;;NLHf3S (compare and sw ap < sr c > < or g > < update > < pp > ) < sr c > $NFbMF$r compare and sw ap !% (v anish) 7W;;<BBN$,>C$($k!% $3$l $i $N L? Na %; %C %H $r MQ $$ $F %" %k %4 %j %: %‘ $r 5- =R $9 $k$3 $H $G!$ A4 $F $N 7W ;;$K I, MW $J %G !< %? $N G[ CV $H $= $N 4V $NDL ?. $rL@ 5- $9 $k $3 $H$K $J $j !$ %" %/ %; %9 7W;; NL %b %G %k $K4p$E$$$?7W;;NL$r5a$a$k$3$H$,$G$-$k!% 2f!9 $O!$ $3 $N 2> A[5! 3# %W %m %0%i %‘ $r 2r<a <B 9T $7!$ $= $N 7W ;; $N ?6 Iq $$ $r GD 0. $G $- $k %7 %_ %e %l !< %? $r <B Au $7 $? !% $^$?!$ 2> A[ 5! 3# >e $G $d$d 9b ?e =‘ $J %W %m %0 %i %_ %s %0 $, 9T $J$($k8@8l CEMA 8) $r@_7W !$<BAu$7$?!%J#;($JJBNs %"%k %4 %j %: %‘ $N 7W ;; NL$r 9M ;! $9 $k >l 9g $K $* $$ $F $O!$ $3 $N$h$&$J%7%_ %e %l!<%7%g%s$rMQ$$$F$$$/ !% 4. JBNs%"%k%4%j%:%‘$N2r@O $3 $3 $G $O !$$h$/ CN $i $l $? JB Ns %" %k %4 %j %: %‘ $G $" $k !$ bitonic sort !$ merge sort !$ FFT $rNc$K%"%/%; %97W;; NL %b %G %k $G $N 7W ;; NL 2r @O $r 9T $J $& !% $^ $? !$ bitonic sort $r <B 7W ;; 5! >e $G <B9T $7 !$ (P)RAM %b %G %k$H %" %/ %; %9 7W;;NL%b%G%k$N2r@O7k2L$HHf3S$9$k!% 4.1 bitonic sort bitonic sort %" %k %4 %j %: %‘ $O !$ sorting net w ork $N 0l<o $G $" $k!% 5, B’ E* $JHf 3S 1i ;; $r A4 %G !< %? $K BP $7 $F 7+ $jJV $9 %"%k %4 %j %: %‘ $G$" $j !$ Hf 3S $r 9T $J $&MW AG $N BP $, %G!< %? $K 4X $o $i $: 8G Dj$5 $l $F $$ $k $? $a!$ JB Ns 7W ;; $N E, MQ$bHf3SE*MF0W$G$"$k!% n MW AG $N bitonic sort $O n 2 log n (log n +1) 2 2s $N Hf 3S 1i ;; $r 4^ $‘ $? $a !$ RAM %b %G %k $G $N 7W ;; NL $O O ( n (log n ) 2 ) $H $J$k !%$^ $? !$JBNs 7W;; $N :]$K $O n 2 2s $N Hf 3S A‘ :n $r JB Ns $K <B 9T $G $- $k $? $a !$ JB Ns EY R $N $H $- O ( n (log n ) 2 =R ) !$ :G 9b $G O ((log n ) 2 ) $N 7W ;; NL $H $J $k !% <B7W ;; 5! >e $G $N <B 83 7k 2L $r ?^ 8 $K <( $9 !% 7W ;; 4D 6- $O � Ultra SP AR C I I I Cu 1.2GHz, 8 CPU � P en tium4 Xeon 2.4GHz, 2 CPU $G$" $k !% $$ $: $l $b pthread %i%$ %V %i %j $r MQ $$ !$ 6& M- %a %b%j$r;H $C $FJBNs 2=$r9T $J $C$F $$$k!% 4 $D$N%0%i%U7O Ns$O !$ 2 $D$N %" !< %- %F %/ %A %c$= $l $> $l $G single thread <B9T;~ $H 8(2)thread <B9T;~ $N 2 DL$j$N7W ;;;~4V$r <( $7$F $$ $k !% 2# <4 $O %G !< %? ?t n !$ =D<4 $O RAM %b%G %k $G $NM}O@7W;;NL$H<B:]$N7W;; ;~4V$NHf ( J,Jl$,M}O@7W;; NL ) $G$"$k!%$?$@$7!$ =D<4$OE,Ev$KG\N($r 7h$a$?$b$N $G $"$j !$ SP AR C $I $& $7 !$ Xeon $I $& $7$N 7O Ns $NCM $N Hf$O 7W;; ;~4V $NHf $r<( $7$F $$$k $, !$ SP AR C $H Xeon $N7O Ns $N =D <4 $N CM $N Hf!$ $J$i $S $K $= $N @d BP CM $O 2? $N 0U L#$b;}$?$J$$!% ?^ 8 $NDL $j !$ %G !< %? $N NL $, Bg $- $/ $J $k $K $D $l $F M} O@ CM$H$NHf $,C1D4 $KA}2C $7$F $$$k!% $D$^$j !$ RAM $K$h $kC1 =c $J %b %G %k 2= $G $O GD 0. $G $- $J $$ %a %b %j 3, AX $J $I $N MWAG$,8= <B$N 7W;;;~ 4V$r 2!$7 >e$2$F $*$j !$ RAM %b%G %k$N7W;;NL$H8=<B$H$NP*N%$,5/$-$F$$$k$N$G$"$k!% <! $K !$ !V %" %/ %; %9 7W ;; NL %b %G %k !W $K $h $k 2r @O $r 9T $J $& !% %"%/ %; %9 7W ;; NL %b %G %k $G $O!$ %G !< %? $N G[ CV $H 7W ;; <B BN $N0L CV $, 7W ;; NL $r 7h Dj $9 $k!% <B 83 $K MQ $$ $? %W %m %0 %i %‘ $G$O!$ %G !< %? $O :G =i $K O" B3NN 0h $K G[ CV $5 $l $= $N NN 0h Fb $G%= !< %H$5 $l $k!% $3 $N $H$- !$ n MWAG bitonic sort $KBP $7$F0l EY 8F$P $l$k n MWAG bitonic merge $O!$ i = 0 $+ $i n= 2 � 1 $^$G i $r=g$KJQ $($D $D i HVL\$H i + n= 2 HV L\MWAG$NHf3S$r9T$J$& !% $3$l $r %" %/ %; %9 7W ;; NL %b %G %k $G 2r@O $9 $k ;~ !$ %G !< %? G[CV $O 85 %W %m %0 %i %‘ $N G[ CV $K=> $( $P $h $$ $,!$ 7W ;; <B BN $N >l =j $O DL >o $N %W %m %0 %i %‘ $K $O 35 G0 $, B8 :_ $7 $J $$ $? $a !$ 2r@O <T $, E,@Z $K Dj $a $k I,MW $, $" $k!% :# 2s $N >l 9g!$ MW AG $K=gHV$K%" %/%;%9 $9$k$? $a%a%b %j%- %c %C%7 %e$K%G!<%? $,>h $C $F $$ $k $3 $H $, B? $$ $H9M $( $i $l $k!% $h $j @5 3N $J 2r @O$N $? $a $K $O!$ <! $K Hf 3S $K ;H $& 2 $D$N MW AG IU 6a $N %a %b %j$r7W;;<B BN$=$P$K %V%m %C%/E> Aw$7!$ %- %c %C%7 %e$N8z 2L$r :F 8= $9 $k J} $, $h $$ $,!$ :# 2s $O Hf 3S $K ;H $& JR J} $N MW AG$N>e$K7W ;;<BBN $,0\F0 $9$k$3 $H$G%- %c %C%7 %e $r:F8= $9$k $3 $H $K$7 $? !% $3$N >l 9g!$ $b $& JR J} $N MW AG$O $d $d 1s $$0L CV $K B8 :_ $9 $k $3 $H $K $J $k$, !$ $= $N 5w N% $O >o $K 0l Dj $K$J $k $? $a!$ $= $l $[ $I $R $I$$ %" %/ %; %9 %3 %9 %H $r @8 $8 $: !V =gHV $K9T $J$& %"%/%; %9 !W $N?6Iq $$$r I=8=$G $-$k $N$G $O$J $$ $+ $H 9M $( $? !% $^ $? !$ %a %b %j $N 5w N% x $KBP $9 $k %" %/%;%9%3%9%H$O HMM $N7k2L$h$j log x $HDj$a$?!% $3$N $H $-!$ n MWAG bitonic sort $KBP $7 $F0l EY 8F $P $l $k n MWAG bitonic merge Fb$G $NHf 3S1i ;; $O5w N% n= 2 $N %a %b %j %" %/ %; %9 $r 9T $J $C $F $$ $k $N $G!$ O (log n ) $NCY 1d$, 5/ $- $k $3 $H $K $J $k!% $3$l $r :F 5" E* $K E, MQ $7 $F $$ $/

V ol. 41 No. 6 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 1241 ?^ 9 O"B3$7$?E@$+$i$NF10lJ}8~$X$N0l@FDL?. ?^ 10 <B7W;;5!$H%"%/%;%97W;;NL%b%G%k$N7W;;NLHf3S $H !$ bitonic sort A4 BN $N 7W ;; NL $O O ( n (log n ) 3 ) $H $J $k !% $^ $?!$ P %W%m %; %C %5 $G $N JB Ns <B 9T ;~ $K $O n= 2 P $@$1 N% $l $? 2U =j$G F1 $8 5w N% $N DL ?. $, JB9T $7 $F 9T $J $o $l $k !% :G$b DL?. O)$,:. ;($9 $k$N$O P = n= 2 $N;~ $G$"$j !$O" B3$7 $? P 8D$N %a%b %j>e $NE@$+ $i !$ P $@ $1N%$l $?E@ $X $NDL?.$,0l@F$K9T$J$o$l$k$3$H$K$J$k!% ( ?^ 9 ;2>H ) $3$N $h $& $J>l 9g $K $D $$ $F!$ DL ?. O)$N !V DL?.Ii 2Y N_ @Q %b%G %k !W $r MQ $$ $F 2r @O $9 $k!% ?^ 9 $N>u 67 $K $* $$ $F!$ G$ 0U $N CO E@ x $N DL ?. O) $N Ii 2Y $O !$F1 0l $N Ii 2Y $N 7A $r $7 $? %Q %1%C%H $, 5w N% 1 $: $D $: $l $J $, $i =E $J$C$F $$ $k $N $G !$ 1 $D$N%Q %1%C%H$N $"$k ;~9o $NIi 2Y$r l ( x ) $H $7$F !$ P d l ( x � d ) $GI=$5$l$k !%$3$l$O!$ 1 $D$N%Q%1%C%H$N ;}$D Ii2Y $NAmNL $,0l Dj$G$" $k$H $$$&@) 8B ( <0 1) $h$j !$ 0lDjCM $G $" $k$H $$ $($k !% $D $^$j !$ J# ?t$N %Q %1 %C%H $, @8 $^$l $F $$ $? $H $7 $F $b!$ $" $i $f $k CO E@ $N Ii 2Y $O C1 0l $N %Q %1 %C %H $N $_$, B8 :_ $7 $?;~ $N Ii 2Y$r 1[ $( $: !$ $3$N $h $& $J DL?.%Q%?!<%s$ODL?.O)$r:.;($5$;$J$$$H2r@O$5$l$k!% $h $C $F!$ JB Ns 7W;; ;~ $G $bDL ?. O)$N :. ;($O 5/ $-$: !$ 7W ;;NL$O O ( n (log n ) 3 =R ) !$:G9b$G O ((log n ) 3 ) $H$J$k !% @h$N <B 83 $N <B 9T ;~ 4V $r!$ %" %/ %; %9 7W ;; NL %b %G %k $N M} O@7W ;;NL$HHf 3S$7$? $b$N$r?^ 10 $K<($9 !%=D<4 !&2#<4 $O ?^ 8 $HF1 $8 0U L# $G $" $k !% ?^ 8 $N RAM %b%G %k $G $O I= 8=$G $- $F $$$J $+ $C $? MW AG?t $N Bg $- $$ NN 0h $K$* $$ $F!$ 7W ;; ;~ 4V $H M} O@ CM $H $N Hf $O 0l Dj $K <} B+ $7 $F $$$C$F $$ $k !% $D$^$j !$ %" %/%; %9 7W;; NL%b %G %k$O bitonic sort $N7W;; NL$r$&$^$/8+@Q$b$l$?$H$$$($k!% 4.2 merge sort merge sort $O JB Ns 2= <j K! $r 7h Dj E* $K 7h $a $k $3 $H $, $G $-$k %" %k%4 %j%: %‘$G $"$j !$2r@O$OMF 0W $G$" $k !% RAM %b%G %k $G $N 7W ;; NL $O O ( n log n ) !$ JB Ns 2= $9 $k $H :G $b B? $/$N%W%m%;%C%5$r;H$C$?>l9g$G O ( n ) $H$J$k!% <! $K !$%" %/ %; %9 7W ;; NL %b %G %k $G $N 7W ;; NL $r 9M $( $k !% $^$: !$ n $NO"B3$7 $?F~ NO%G !<%? $KBP $7!$ NY$K F1$8 Bg$- $5$N %P %C %U %!$r MQ 0U $7!$ $= $N 2 $D$N %a %b %j NN0h $r 8r 8_ $K ;H$C$F %= !< %H $r 9T $J $& $b $N $H $9 $k !%DL ?. $O 2 $D $N %=!<%H$5$l$?NN0h$NMWAG (2 NN0h$N9g7WMWAG?t$r k $H $9 $k ) $r =g !9 $K Hf 3S $9 $k ;~ !$ 5Z $S n $@ $1 N% $l $? %P %C %U %! $KHf 3S 8e $N 7k 2L $r %3 %T !< $9 $k;~ $N N> J} $G 5/ $- $k !% $3 $l $i$N DL ?. $N Cf $G $O 5w N% n $N DL ?. $, ;Y G[ E* $G $" $j !$ $3 $l $O k MWAGA4 $F $, %=!< %H $5 $l$F $$ $F!$ A4$F $N MW AG$, ?^ 9 $N $h $& $J 5w N% n $N DL ?. $r 9T $J $& ;~ $K :G 0- %l %$ %F %s %7 $NDL ?. =g =x$K $J $k $H 9M $($i $l $k !% $b $7 !$ $I $3$+ $N MW AG $N=g =x $,F~ $l BX $o $C $F $$$k ;~!$ $= $N It J,$N DL ?. $O !V 5w N% n $r 2 2s !W $+$i !V n � 1 $H n + 1 $N 5w N% $N DL ?. $r 1 2s$:$D !W $X$HJQ2= $9$k!% $3$N;~$NDL ?.CY1d$O 2 f ( n ) $H f ( n � 1) + f ( n + 1) $G$" $k $,!$ f ( x ) $,>e$K FL $J4X ?t$J$N$G 2 f ( n ) > f ( n � 1) + f ( n + 1) $G$"$k !%$h $C $F!$ :G $b CY $/ $J $k $h $& $J %"%/ %; %9 $O A4 $F $N MW AG $, 5w N% n $NDL?.$r$9$k;~$G!$DL?.%3%9%H$O k log n $G$"$k!% $3 $N ;~ !$ %= !< %H $5 $l $? NN 0h $N Hf 3S $K $O 2 P k = 2 i =1 log i = k log k � 2( k � 1) $N DL ?. $, I, MW $H $J $j !$ k MW AG $N merge sort $N ;~ 4V T ( k ) $K $D $$ $F $N A2 2= <0 ( A4 BN $N MW AG ?t n ) $O T ( k ) = 2 T ( k = 2) + k log n + k log k � 2( k � 1) $H$J$k!% $3 $l$r2r $/$H7W ;;NL$O O ( n (log n ) 2 ) $H$J$k!% $^$? !$JBNs2=$K$D$$$F9M$($k$H !$ bitonic sort $HF1MM $N9M $( J} $G DL ?. O) $O :. ;( $7 $J$$ $H 7k O@ $E $1 $i $l!$ == J, B? $$ %W %m %; %C %5 $, B8 :_ $9 $k >l 9g $O O ( n log n ) $N 7W ;; NL $H $J $k !% $J $* !$ 0[ $J $C $? %G !< %? G[ CV $G $N %" %k %4 %j %: %‘ !$ Nc$( $P F~ NO %G !< %? $H:n 6H MQ %P %C %U %!$r0l MW AG $: $D 8r 8_ $KG[ CV $9 $k J} <0 $b 9M $( $i $l $k$, !$ $3 $N G[ CV $N >l 9g $G $b %"%/%;%97W;;NL%b%G%k$G$N7W;;NL$OJQ$o$i$J$+$C$?!% <B 7W ;; 5! $G $N <B 83 7k 2L $r ?^ 11 !$ 12 $K <( $9 !% RAM %b %G%k$H$NHf 3S$G$O !$ SP AR C 1CPU !$ Xeon 2CPU $G $OMW AG ?t $, Bg $- $$ NN 0h $G M} O@ CM Hf $, 4K $d $+ $K >e >: $7 $F $$ $k $, !$ Xeon 1CPU $G $O M} O@ CM $H $h $/ 0l CW $7 $F $$ $k !% 0lJ} %"%/%; %97W;; NL%b%G %k$H $NHf$r 8+$k$H !$ SP AR C 1CPU $d Xeon 2CPU $G $O MW AG ?t $N Bg $- $$ NN 0h $G M= B, $H0l CW $7 $F $$ $k $,!$ A4 HL E*$K M} O@ CM Hf $, Dc 2< $9 $k J} 8~ $K$"$k!% $D $^$j !$ K\<B 83$N%W %m%0%i %‘$O!$ RAM %b%G %k $H %" %/%; %9 7W ;; NL %b %G %k $N 4VDx EY $N 7W ;; NL $r ;} $A !$ %"%/%;%97W;;NL%b%G%k$H40A4$K$O0lCW$7$F$$$J$$!% $3$l $O!$ >. $5 $$ NN 0h$r O" B3 %" %/ %; %9$7 !$ <! $O$= $N >.

1242 >pJs=hM}3X2qO@J8;o June 2000 ?^ 11 <B7W;;5!$H RAM %b%G%k$N7W;;NLHf3S ?^ 12 <B7W;;5!$H%"%/%;%97W;;NL%b%G%k$N7W;;NLHf3S $5$$ NN 0h 2 $D $r O" B3 $7 $F %" %/ %; %9 $9 $k !$ $H $$ $& merge sort $N %a %b %j %" %/ %; %9 %Q %? !< %s $, <B 7W ;; 5! $N %- %c %C %7 %e 5!9= $K $& $^ $/ Ev $? $k $N$K BP $7 !$ %" %/ %; %9 7W ;; NL %b %G %k $G2r@O$r9T $J$&:] L@<(E* $K%- %c %C%7 %e$r;H$&$h$&$J %" %k %4 %j %: %‘ $r :N MQ $7 $J $+ $C $? $? $a $G $" $k $H 9M $( $i $l $k !% 4.3 FFT FFT $K $D $$ $F $O !$%a%b %j %" %/ %; %9 $N %m !< %+ %j %F %# $r 9b $a $k $? $a $N $5 $^ $6 $^ $J <j K! $, CN $i $l $F $$ $k !% $^ $? !$ 1i;; ?t $r8: $i $9 $? $a $N<j K! $b B? $$!% $7 $+ $7!$ 9) IW $r 9T $J $C $F $b 1i ;; ?t $N %* !< %@ !< $= $N $b $N $O JQ 2= $7 $J $$ $3 $H !$ $^$? 1i ;; ?t $r 8: $i $9 <j K! $O JB Ns 2= $7 $? ;~ $N 2r @O $, LL E] $K $J $k $3 $H $r 9M N8 $7 !$ :# 2s $O 0l HV C1 =c $J 7A $N FFT !$ $D $^$j n F~NO $N FFT $r!$ !V %P%? %U %i %$ 2s O) ! 2 8D$N n= 2 F~ NO FFT ! %7 %c %C %U %k 2s O)!W $H 7W ;; $9 $k J} <0 $K $D $$ $F 2r @O $r 9T $J $& !% RAM %b %G %k $G $N 7W ;; NL $O O ( n log n ) !$ ==J,$K%W%m%;%C%5$,B8:_$9$k;~$O O (log n ) $G$"$k!% %"%/ %;%9 7W ;;NL %b %G%k $G $O!$ n 8D$NF~ NO %G!< %? $OO" B3$7 $? %a %b %j >e $K CV $+$l !$ NY @\ $7 $? F1 $8 Bg $- $5 $N :n 6H ?^ 13 <B7W;;5!$H3F%b%G%k$N7W;;NLHf3S NN0h $r ;H $C $F =q $- 49 $( $i $l $k $b $N $H $9 $k !% A4 BN $, n MW AG $N FFT $G!$ k MW AG $N It J, FFT $r 9M $( $k ;~ !$ %P %? %U %i%$2s O)$NDL ?.$O log ( k = 2) $N CY1d$, k 2s !$:n6HNN0h $X $N =q $- 9~ $_ $, CY 1d log ( n ) $r k 2s !$%7 %c %C%U%k 2s O) $NDL ?. %3 %9 %H $O :n 6H NN 0h $+ $i F~ NO %G !< %? NN 0h $X $N 0\ F0 $J$N $G k log ( n ) $G$" $k !% $h $C $F !$ 7W ;; ;~ 4V $N A2 2= <0 $O T ( k ) = 2 T ( k = 2) + k log ( k = 2) + 2 k log ( n ) $H $J $j !$ $3 $l $r 2r $$ $F A4 BN $N 7W ;; NL $O O ( n (log n ) 2 ) $H $J $k !% $^ $? !$ JB Ns 7W ;; ;~ $O !$ bitonic sort $H F1 MM $N 5D O@ $GDL?. O) $,:. ;($7 $J $$$3 $H $,<( $5$l!$ ==J, $K%W %m %; %C %5$,B8:_$9$k>l9g$G O ((log n ) 2 ) $H$J$k!% 4J C1 $J <B 83 $r 9T $J $C $? $b $N $H %b %G %k $H $N Hf 3S $r ?^ 13 $K<($9 !% $3$l$O87L)$J FFT $G$O$J$/ !$ %P%?%U%i%$$G ;03Q 4X ?t $G $O $J $/ Dj ?t $r $+ $1$F $$ $k !% DL >o $N %i %$ %V %i %j$N ;0 3Q 4X ?t $O =E $$ $? $a I= 0z $- $J $I $N 9b B. 2= $, I, MW $@ $,!$ 2r @O $N :] $K $O 9b B. 2= $KMQ $$ $k %a %b %j NL $r 9M N8 $7 $J $/ $F $O $J $i $: !$ %" %k %4 %j %: %‘ $N A* Dj $, Fq $7 $$ !% $h $C $F !$ :# 2s $N 4J C1 $J 2r @O $G $O $= $N It J, $r L5 ;k $9 $k $3 $H $K $7 $? !% ;2 9M Dx EY $N <B 83 $G $" $k $N $G JB Ns 2= $O 9T $J$C$F $* $i $: !$ <B 83 4D 6- $O Opteron 1.4GHz $G $" $k !% opteron/ref1 $, RAM %b%G %k M} O@ CM $H $N Hf!$ opteron/ref2 $,%" %/ %; %9 7W ;;NL $H $N Hf $G$" $k !%?^ 13 $N DL $j !$ RAM %b %G%k $G $OM} O@ CM $H $NHf $, A} Bg $7 $F $7 $^ $C $F $$ $k $,!$ %" %/ %; %9 7W;;NL%b%G%k$G$O@5$7$/<B9T;~4V$rGD0.$G$-$F$$$k!% merge sort $H0[ $J$j !$ :#2s $N C1=c $J FFT $N>l9g $O %7 %c %C%U%kA‘ :n$,$[ $H$s$I %i%s%@%‘ %"%/%; %9$G!$ <B7W ;;5!$G$O%- %c %C%7 %e$r$&$^$/;H$($J$$!% $=$N$? $a!$ :# 2s$N%- %c %C%7 %e$r0U<1$7$J$$ 2r@OJ} K!$G$b $&$^$/ 7W;; NL$,8+@Q$b$l$?$H9M$($i$l$k!% 4.4 DL?.O)$NmUmT<B83 4.1 $N bitonic sort $N 6&M-%a %b%j $K$h$k JBNs7W ;;$G $O!$ 8z N( $O $= $l $[ $I Mn $A $k$3 $H $J $/ JB Ns 2= $, 9T $J $o $l $F$$ $k !% $3 $l $O O" B3 BN %b %G%k $N 7W ;; NL $H $b 9g CW $7 $F $$ $k$,!$ DL ?.O) $N %P %s%I I} $, $b $C $H 69 $$!$ %M %C %H%o !< %/

V ol. 41 No. 6 %"%/%;%97W;;NL : ?7$7$$JBNs7W;;NL$NOHAH$NDs0F 1243 ?^ 14 F1;~DL?.?t$HDL?.B.EY @\B3 $5 $l $? J, ;6 7W ;; 5! $N $h $& $J 4D 6- $G $O F1 MM $N 7k 2L $H $J$k$+ !$$K$D$$$F$b3NG’$9$kI,MW$,$"$k!% $=$3$G !$ bitonic sort $G5/$-$kDL ?.%Q%?!<%s !$F1$8 5w N% $N DL ?. $, J# ?t L) =8 $7 $F 5/ $- $k ?^ 9 $N $h $& $J >u BV $r !$ PC %/ %i %9 %? >e $G :F 8= $7 $? <B 83 $r 9T $J $C $? !% <B 83 4D 6- $O Xeon 2.4GHz dual, 64 no de $N%/ %i %9 %? $G $" $j !$ %M %C %H%o !< %/ $O Gbit-ether !$ DL ?. %i %$ %V %i %j $K pho enix 9) $rMQ $$ $?!% A4 BN $N%G !< %? %5 %$ %: $r0l Dj $H $7!$ DL ?. $r 9T $J $& %N !< %I $N ?t $r JQ 2= $5 $; $? ;~ $N DL ?. ;~ 4V $r B, Dj $7 $? !% $3$N >u 67 $G $O!$ M} A[ E*$K $O Bf ?t $K Hf Nc $7 $? B. EY 8~ >e $, F@$i $l$k$H4| BT$5$l$k !%7k2L$r?^ 14 $K<($9 !%%0%i%U $N 7O Ns $O A4BN $N %G !< %? %5 %$ %: $N 0c$$ $r <( $7 $F $$ $k $, !$ 7k2L $O 4 7ONs $H $b $[ $H $s $I JQ $o $i $J $$ !% 2# <4 $O %N !< %I ?t!$ =D <4 $O 4| BT $5 $l $kM} A[ B. EY 8~ >e $H <B :] $N 7W ;; ;~ 4V $H$N Hf$r<($7 $F$$$k !%?^ 14 $NDL$j !$%N!<%I?t$,A}$( $k$K=>$C$FB.EY8~>eN($,Mn$A$k7k2L$H$J$C$F$$$k!% $D$^ $j !$ %M %C%H %o !< %/ $NBS 0h I} $,== J, $K Bg $-$$ 4D 6- $G$O 8= :_ $N DL ?. Ii 2Y N_ @Q %b %G %k $G @: EY NI $/ ?6 Iq $$ $r M= B,$G $- $k $,!$ BS 0h I} $,>. $5 $$ $H $3 $m $O 8= :_ $N %b %G %k $G $O$& $^ $/ @b L@ $G $- $F $$$J $$ $H 8@ $( $k !% DL ?. O) $r A4 $F E} 0lE* $K I= 8= $9 $k $3 $H $rL\ ;X $7 !$ DL ?. O) $N %b %G %k 2= $K $D $$$F$O$5$i$K8!F$$rB3$1$kI,MW$,$"$k!% 5. $^ $H $a 2f!9 $O!$ 7W ;; $N %3 %9%H $N K\ <A $O 1i ;; $G$O $J $/ DL ?. $K $3$= B8 :_ $9 $k $H $$ $& 4pK\ 35 G0 $+ $i !$ %" %k %4 %j %: %‘ $N 7W ;;NL $r 6Q 0l $K 9- $, $C $? %a %b %j >e $K B8 :_ $9 $k %G !< %? 4V $N DL?. $N CY 1d $N Am OB $G $"$k $H $9 $k !$ %" %/ %; %9 7W ;; NL %b %G %k$r Ds 0F$9 $k !% $3$N %b %G %k $r MQ $$$k $3 $H $G!$ C1 0l 7W ;; 5!Fb $N %a %b %j 3, AX $+ $i 7W ;; 5! 4V $N %M %C %H %o !< %/ CY 1d $N :90[ $^ $G $r E} 0l E* $K!$ $+ $D 4J 7i $K 5- =R $9 $k $3 $H $, $G $- $k!% $3 $N%b %G %k $O== J, 4J 7i$G $" $j !$ JBNs %" %k %4%j %: %‘ $N 7W ;; NL $r 2r @O E* $K 5a $a $i $l $k $3 $H $r !$ merge sort !$ FFT $N%"%k%4%j %:%‘$G 8!>Z $7$?!% $^$?!$ bitonic sort %" %k %4 %j %: %‘ $N <B 7W ;; 5! >e $G $N <B 9T $H Hf 3S $9 $k $3 $H $G !$ => Mh $N PRAM %b%G %k $, I= 8= $7 $- $l $J $+ $C $? ?6 Iq $$ $r !$ $3$N%b%G%k$,$h$/I=8=$G$-$F$$$k$3$H$,<($5$l$?!% $? $@ $7!$ merge sort $N2r @O 7k 2L $, <B 7W ;; 5! $H $" $^ $j 0lCW$7$J$+$C$? $3$H$+$i$o$+ $kDL$j !$ %- %c %C%7 %e$rL@ <(E* $K A‘ :n $9 $k %" %k %4 %j %: %‘ $G 2r @O $7 $J $1 $l $P $J $i $J $$>l 9g $b B?$$ $H 9M $( $i $l$k !% $5 $i$K !$ DL ?. O)$N %b %G %k 2=$K $O!$ BS 0h I} $, ==J, $G $J $$ 4D 6-$K $* $$ $F!$ DL ?. $N mU mT$r I, $: $7 $b == J, $K I= 8= $7 $- $l $F $$ $J $$ $H $$ $& B& LL $b $"$k!% $3 $l$i $r :# 8e$N 8! F$ 2]Bj $H $7 $? $$!% $^ $?!$ $h $j B?$/ $N %" %k %4 %j %: %‘ $d $h $j Bg 5, LO $J %" %k %4 %j %: %‘ $K E, MQ$9 $k $3 $H $G!$ $3 $N %b %G %k$K $h $k 7W ;; NL 2r @O $N BE Ev @- $HE,MQ2DG=@-$r8!>Z$7$F$$$-$?$$!% <U<- K\8& 5f $N 0l It $O J8 It 2J 3X >J 2J 3X 8& 5f Hq FC Dj NN 0h8& 5f !V #I#T $N ?< 2=$N 4p HW $r Bs $/>p Js 3X 8& 5f !W $N 0l 4D $H$7$F9T$C$?!% ;2 9M J8 8% 1) Aggarw al, A., Alp ern, B., Chandra, A. and Snir, M.: A Mo del for Hierarc hical Memory , Pr o c. of the 19th A nnual A CM Symp osium on The ory of Computing , pp. 305{314 (1987). 2) Alp ern, B., Carter, L., F eig, E. and Selk er, T.: The Uniform Memory Hierarc h y Mo del of Computation, A lgorithmic a , V ol. 12, No. 2/3, pp. 72{109 (1994). 3) Culler, D. E., Karp, R. M., P atterson, D. A., Saha y , A., Sc hauser, K. E., San tos, E., Sub- ramonian, R. and v on Eic k en, T.: LogP: T o- w ards a Realistic Mo del of P arallel Computa- tion, PPoPP , pp. 1{12 (1993). 4) Dehne, F. K. H. A., F abri, A. and Rau- Chaplin, A.: Scalable parallel computational geometry for coarse grained m ulticomputers, Intl. Journal of Computational Ge ometry and Applic ations , V ol. 6, No. 3, pp. 379{400 (1996). 5) V alian t, L. G.: A bridging mo del for paral- lel computation, Communic ations of the A CM ar chive , V ol. 33, No. 8, pp. 103{111 (1990). 6) Williams, T. L. and P arsons, R. J.: The Het- erogeneous Bulk Sync hronous P arallel Mo del, LNCS , V ol. 1800, pp. 102{108 (2000). 7) Raub er, T. and R � unger, G.: Program-Based Lo calit y Measures for Scien ti�c Computing, IPDPS , p. 164 (2003). 8) EO n4 @? Li , 2# ;3 Bg :n , 6a ;3 N4 , >. 5\ >o 9/ , Er ^I B@ 0l : %a%b%j>e$NG[CV$r0U<1 $9$kJBNs=hM}8~$-9b?e =‘5! 3# 8l $N @_ 7W $H <B Au , %=%U %H %& %’ %" 2J 3X 2q Bh 20 2sBg2q (2003). 9) T aura, K., Endo, T., Kaneda, K. and Y oneza w a, A.: Pho enix: a P arallel Program- ming Mo del for Accommo dating Dynamically Joining/Lea ving Resources, PPoPP (2003).