<! @$ Be D6 JB Ns 7W ;; 5! 3+ H/ | B? N3 ;R 7O 8~ $1 D6 JB Ns 7W ;; 5! $N 3+ H/ Next-Generation Massiv ely Parallel Computers | Massiv ely Parallel Computer for Particle-based Simulations KR Ln =_ 0l O: ( El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J ) 1 8& 5f AH ?% %5 %V %j !< %@ !< KR Ln =_ 0l O: El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J =u 65 <x =E NO !? %/ !< %m %s NO @l MQ 7W ;; 5! 3+ H/ K* Ac @t El 5~ Bg 3X Bg 3X 1! Am 9g J8 2= 8& 5f 2J =u 65 <x 1~ MQ %= %U %H %& %’ %" 3+ H/ BY CO ?? 90 ?M E} 7W ?t M} 8& 5f =j =u 65 <x %W %m %; %C %5 %A %C %W O@ M} @_ 7W A% EO M[ ;R El 5~ Bg 3X Bg 3X 1! Am 9g J8 2= 8& 5f 2J =u <j 1~ MQ %= %U %H %& %’ %" 3+ H/ J! =E =S 9, El 5~ Bg 3X Bg 3X 1! Am 9g J8 2= 8& 5f 2J =u <j =E NO !? %/ !< %m %s NO @l MQ 7W ;; 5! 3+ H/ !" FPGA %7 %9 %F %‘ 3+ H/ 9b 66 9- <# F| K\ 3X =Q ?6 6= 2q 8& 5f 0w !J %] %9 %H %I %/ %? !< !K 1~ MQ %= %U %H %& %’ %" 3+ H/ 2 8& 5f $N L\ E* $3 $N 8& 5f $N L\ E* $O !" N3 ;R 7O $K FC 2= $7 $? <! @$ Be D6 JB Ns 7W ;; 5! $r 3+ H/ $7 !" HF MQ 7W ;; 5! $G $O IT 2D G= $J 5, LO $N %7 %_ %e %l !< %7 %g %s $r 2D G= $K $9 $k $H $H $b $K !" $= $N 1~ MQ HO 0O $r $5 $i $K 3H Bg $9 $k $3 $H $G $" $k !# B? N3 ;R 7O $N >l 9g $O !" N3 ;R 4V Aj 8_ $N 7W ;; $K @l MQ 2= $7 $? %W %m %; %C %5 $r :n $k $3 $H $G %3 %9 %H !& %Q %U %) !< %^ %s %9 $r Bg I} $K 8~ >e $5 $; $k $3 $H $, $G $- $k $3 $H $, $o $+ $C $F $$ $k !# 2f !9 $, 1995 G/ $K 40 @. $5 $; $? GRAPE-4 [TMF + 96], [MTES97] $O !" @$ 3& $G =i $a $F %F %i %U %m %C %W %9 $N B. EY $r C# @. $7 $? 7W ;; 5! $H $J $C $? !# K\ 8& 5f $G $O !" GRAPE-4 $N @- G= $r 100 G\ 0J >e 8~ >e $5 $; $? %5 %V %Z %? %U %m %C %W %9 $N 7W ;; B. EY $r $b $D @l MQ 7W ;; 5! $r <B 8= $9 $k !# $5 $i $K $= $N @l MQ 7W ;; 5! $H !" HF MQ $N D6 JB Ns 7W ;; 5! !" $5 $i $K $3 $N Fs $D $N Cf 4V $K 0L CV $9 $k FPGA $r MQ $$ $? :F 9= @. 2D G= O@ M} $r ;H $C $? B? L\ E* 7W ;; 5! $r AH $_ 9g $o $; $F %X %F %m %8 %K %" %9 !& %^ %k %A %3 %s %T %e !< %? $r 9= C[ $9 $k !# $3 $N %7 %9 %F %‘ A4 BN $r GRAPE-6 $H 8F $V !# 0J 2< $K !" HF MQ $N 9b B. 7W ;; 5! $K Hf $Y $? GRAPE-6 %7 %9 %F %‘ $N 0L CV $E $1 $H !" 9b B. $, <B 8= $G $- $k M} M3 $r 4J C1 $K $^ $H $a $k !# GRAPE-6 $N %T !< %/ @- G= $O 4{ $K =R $Y $? $h $& $K 100 T ops 0J >e $r M= Dj $7 $F $* $j !" $3 $l $O 7W 2h $N :G =* G/ EY $r $b $C $F <B 8= $G $- $k $_ $3 $_ $G $" $k !# $= $N ;~ E@ $G $N :G 9b B. $N HF MQ D6 JB Ns 7W ;; 5! $O $$ $o $f $k ASCI %W %m %8 %’ %/ %H !" $" $k $$ $O CO 5e %7 %_ %e %l !< %? $K $h $j <B 8= $5 $l $k $G $" $m $& !# $$ $: $l $b B. EY $O 3{10 T ops Dx EY !" %3 %9 %H $O 100 2/ 1_ 0J >e $H 8+ 9~ $^ $l $k !# $3 $l $K BP $7 $F K\ %W %m %8 %’ %/ %H $N Am M= ;; $O 5 2/ 1_ $G $" $k !# $9 $J $o $A !" 2A 3J @- G= Hf $G GRAPE-6 $O HF MQ JB Ns 7W ;; 5! $N 400 $J $$ $7 1000 G\ 0J >e $h $$ $3 $H $K $J $k !# GRAPE-4 $G $O $3 $N Hf $O 100 $J $$ $7 200 Dx EY $G $" $C $? $N $G !" GRAPE-6 $G $O $$ $C $= $& 2~ A1 $7 $F $$ $k $3 $H $, $o $+ $k !# :9 $, 9- $, $C $F $$ $/ K\ <A E* $J M} M3 $O !" HF MQ 7W ;; 5! $G $O ;H $C $F $$ $k H> F3 BN $N LL @Q $N $& $A M- 8z $J 7W ;;

$K ;H $( $k 3d 9g $, <! Bh $K 8: >/ $7 $F $$ $/ $+ $i $G $" $k !# 1990 G/ Be $N 4V $K !" 1 $D $N %^ %$ %/ %m %W %m %; %C %5 $K ;H $o $l $F $$ $k %H %i %s %8 %9 %? $N ?t $O 20 G\ 0J >e $K A} $( $? !# $7 $+ $7 $J $, $i !" <B Au $5 $l $F $$ $k Ib F0 >. ?t E@ 1i ;; 4o $N ?t $O 1 $+ $i B? $/ $F 2 $G $3 $N 10 G/ 4V $[ $H $s $I JQ $o $C $F $$ $J $$ !# $D $^ $j !" Aj BP E* $K $O 1i ;; 4o $N @j $a $k 3d 9g $O 10 G/ A0 $N 1/10 0J 2< $K $J $C $? $o $1 $G $" $k !# $3 $N $h $& $K 1i ;; 4o $, A} $( $J $$ M} M3 $O !" JB Ns 2= $, Fq $7 $$ $3 $H $H %a %b %j E> Aw B. EY $, DI $$ $D $+ $J $$ $3 $H $N 2 $D $G $" $j !" %a %b %j E> Aw B. EY $N $[ $& $, 2r 7h $, :$ Fq $G $" $k !# $3 $l $K BP $7 !" GRAPE $G $O %a %b %j $H %W %m %; %C %5 4V $N E> Aw B. EY $r 2! $( $? $^ $^ $G !" %W %m %; %C %5 %A %C %W Fb $N $[ $H $s $I $N %H %i %s %8 %9 %? $r M- 8z $K 1i ;; $K ;H $& $3 $H $, $G $- $k !# $3 $l $O !" :, K\ E* $K $O !" BP >] $H $9 $k J* M} 7O $N @- <A !" $9 $J $o $A B? ?t $N N3 ;R $, D9 5w N% Aj 8_ :n MQ $K $h $C $F 1F 6A $7 $" $$ !" $7 $+ $b 9b @: EY $N 7W ;; $, I, MW $G $" $k $H $$ $& $3 $H $K $h $k $b $N $G $" $k !# $3 $N $? $a $K !" %G !< %? NL $O N3 ;R ?t $K Hf Nc $9 $k $N $K BP $7 !" 1i ;; NL $O N3 ;R ?t $N <+ >h $K Hf Nc $9 $k !# $3 $N @- <A $r $& $^ $/ @8 $+ $7 $? %" !< %- %F %/ %A %c $r 9= @. $9 $k $3 $H $G !" A} $( $? %H %i %s %8 %9 %? $r M- 8z $K ;H $( $k $N $G $" $k !# $3 $N $? $a $K !" @l MQ 7W ;; 5! $N Aj BP E* $J M% 0L @- $O !" $3 $l $+ $i Bg $- $/ $J $j $3 $= $9 $l >. $5 $/ $J $k $3 $H $O $J $$ !# $9 $J $o $A !" :# 8e $N 7W ;; 2J 3X 8& 5f $N ?J E8 $K BP $7 $F !" @l MQ 7W ;; 5! $N %" %W %m !< %A $, 2L $? $9 Lr 3d $O $^ $9 $^ $9 Bg $- $/ $J $k $b $N $H 9M $( $i $l $k !# $3 $l $O !" HF MQ 7W ;; 5! $K Hf $Y $? Aj BP E* $J Mx 1W $, Bg $- $/ $J $C $F $$ $/ $+ $i $G $" $k !# $3 $N $3 $H $r <B >Z $7 !" @l MQ 7W ;; 5! $N 3+ H/ $N 0l $D $N %b %G %k $r Ds 6! $9 $k $3 $H $, !" K\ 8& 5f $N L\ I8 $N 0l $D $G $" $k !# $b $& 0l $D $N L\ I8 $O !" FPGA $r ;H $C $? N3 ;R 7O 8~ $1 B? MQ ES 7W ;; 5! $N 9= C[ $G $" $k !# FPGA $H $O !" Fb It 2s O) $r =q $- 49 $( 2D G= $J LSI $G $" $k $H ;W $C $F $h $$ !# DL >o $N %+ %9 %? %‘ LSI $K Hf $Y $k $H =8 @Q EY !" B. EY $K Bg $- $J %Z %J %k %F %# $, $" $k $, !" $= $N $+ $o $j $K 3+ H/ $N =i 4| %3 %9 %H $, $+ $+ $i $J $$ !" $^ $? !" 4V 0c $( $F $b =$ @5 2D G= $G $" $k $H $$ $C $? !" >/ ?t @8 ;: $K 8~ $$ $? FC D9 $r ;} $D !# $3 $N $? $a !" N3 ;R 7O 7W ;; $G $b =E NO !? %/ !< %m %s NO 7W ;; $[ $I %3 %9 %H $, $+ $+ $i $J $$ !" $= $N $+ $o $j 1i ;; <+ BN $O J# ;( $G B? MM @- $, $" $k Aj 8_ :n MQ $K ;H $& $N $K E, $7 $F $$ $k $H 9M $( $i $l $k !# <+ 8J =E NO 7O !" %W %i %: %^ J* M} !" J, ;R F0 NO 3X %7 %_ %e %l !< %7 %g %s $J $I $G $O !" %_ %/ %m %l %Y %k $G N3 ;R $H $7 $F I= 8= $5 $l $F $$ $k !" $" $k $$ $O 1s 3V Aj 8_ :n MQ $, Bn 1[ $9 $k $H $$ $C $? M} M3 $G => Mh $+ $i N3 ;R %b %G %k $, <g $K MQ $$ $i $l $F $- $? !# $3 $l $K BP $7 !" O" B3 BN $r 07 $& 9= B$ 7W ;; $d N. BN 7W ;; $G $O !" => Mh $O !" 9= B$ 3J ;R $K $h $k :9 J, K! !" $" $k $$ $O Hs 9= B$ 3J ;R $K $h $k M- 8B MW AG K! $, <g $J 2r @O <j CJ $G $" $C $? !# $7 $+ $7 $J $, $i !" $3 $l $i $N J, Ln $K $* $$ $F $b !" 6a G/ N3 ;R E* %" %W %m !< %A $r ;H $C $? 7W ;; K! !J %a %C %7 %e %l %9 K! !" %( %l %a %s %H !& %U %j !< K! $J $I MM !9 $J L> >N $, $" $k !K $, Cm L\ $5 $l $F $$ $k !# $3 $l $O !" J# ;( $J 6- 3& >r 7o !J 0\ F0 !" JQ 7A $9 $k $b $N $r 4^ $‘ !K $N <B 8= $, MF 0W $G $" $k $3 $H !" JB Ns 2= $b $= $l $[ $I J# ;( $G $O $J $$ $3 $H $K $h $k $b $N $N $h $& $G $" $k !# $= $N $h $& $J Mx E@ $, $" $k $b $N $N !" 3J ;R $r ;H $C $? J} K! $K Hf $Y $F N3 ;R K! $G $O K\ <A E* $K 7W ;; NL $, B? $/ $J $k !# $3 $N 7W ;; NL $N A} Bg $K BP $7 $F !" FPGA $r ;H $C $? N3 ;R 7O 8~ $1 B? MQ ES 7W ;; 5! $O 6K $a $F M- 8z $J 2r 7h :v $K $J $k $H 4| BT $G $- $k !# FPGA $r 7W ;; $K ;H $& ;n $_ $O [BA96] $r Be I= $H $7 $F Hs >o $K B? ?t $" $k $, !" 8= :_ $^ $G $N $H $3 $m !" Hs >o $K 8B $i $l $? 1~ MQ !" Nc $( $P DNA $N %7 !< %1 %s %9 %^ %C %A %s %0 $J $I $r =| $$ $F $O $5 $[ $I $N @. 2L $r >e $2 $F $$ $J $$ !# $3 $l $O !" 4p K\ E* $K $O $3 $l $^ $G $O FPGA $N =8 @Q EY $, >. $5 $+ $C $? $3 $H $K $b $h $k !# $b $A $m $s !" FPGA $N =8 @Q EY $, >e $, $k $H F1 ;~ $K DL >o $N %^ %$ %/ %m %W %m %; %C %5 $N =8 @Q EY $b >e $, $k $, !" $9 $G $K =R $Y $? $h $& $K %^ %$ %/ %m %W %m %; %C %5 $N @- G= $O =8 @Q EY $K Hf Nc $7 $F $O >e $, $i $J $$ !# $3 $N $? $a $K !" Ev LL $O FPGA $, Aj BP E* $K M- Mx $K $J $C $F $$ $/ $N $G $" $k !# 8= :_ $N FPGA $G $b !" $^ $@ DL >o $N Ib F0 >. ?t E@ 1i ;; $r 9T $J $& $N $O :$ Fq $G $" $k !# $7 $+ $7 !" B? $/ $N %" %W %j %1 !< %7 %g %s $G !" $9 $Y $F $N 1i ;; $K 9b $$ @: EY $, I, MW $J $o $1 $G $O $J $$ !# <B :] !" GRAPE $N >l 9g $K $O !"

?^ 1: %7 %9 %F %‘ A4 BN $N 9= @. 1i ;; %Q %$ %W %i %$ %s $N Cf $G I, MW $K 1~ $8 $F 1i ;; @: EY $r JQ 2= $5 $; $k $3 $H $G 2s O) 5, LO $r Bg I} $K >. $5 $/ $9 $k $3 $H $, $G $- $F $$ $k [IMES90], [MIE90] !# => $C $F !" F1 MM $J :G E, 2= $r 9T $J $& $3 $H $, 2D G= $J %" %W %j %1 !< %7 %g %s $K $* $$ $F $O FPGA $, HF MQ 7W ;; 5! $K Hf $Y $F M- Mx $K $J $C $F $- $F $$ $k $H 9M $( $i $l $k !# $3 $N $3 $H $r <B >Z $9 $k $3 $H $, !" K\ 8& 5f $N Bh Fs $N L\ I8 $G $" $k !# 3 8& 5f 7W 2h $N 35 MW $^ $: !" =E NO !& %/ !< %m %s Aj 8_ :n MQ $K @l MQ 2= $7 $? !" %T !< %/ @- G= 100 %F %i %U %m %C %W %9 Dx EY $N @l MQ %W %m %; %C %5 $r 3+ H/ $9 $k $H $H $b $K !" N3 ;R 7O $K @l MQ 2= $7 $? %" !< %- %F %/ %A %c $r ;} $D $, Aj 8_ :n MQ $r 7W ;; $9 $k %Q %$ %W %i %$ %s $r :F 9= @. 2D G= O@ M} !J FPGA !" Field Programmable Gate Array !K $G <B 8= $7 $? B? MQ ES N3 ;R 7O %W %m %; %C %5 $r 3+ H/ $9 $k !# $3 $N %W %m %; %C %5 $N @- G= $O !" 1~ MQ $K $b $h $k $, %F %i %U %m %C %W %9 Dx EY $H $J $m $& ( ?^ 1) !# $5 $i $K !" $3 $l $i $H HF MQ $N JB Ns 7W ;; 5! $r AH $_ 9g $o $; $? %X %F %m %8 %K %" %9 !& %^ %k %A %3 %s %T %e !< %? $r <B 8= $7 !" E7 BN %7 %_ %e %l !< %7 %g %s !" J, ;R F0 NO 3X 7W ;; !" N3 ;R E* %" %W %m !< %A $G $N N. BN 7W ;; $J $I $K 1~ MQ $9 $k !# 0J 2< !" =E NO !& %/ !< %m %s Aj 8_ :n MQ @l MQ %W %m %; %C %5 $H !" B? MQ ES N3 ;R 7O %W %m %; %C %5 $K $D $$ $F $= $N 35 N, $r $^ $H $a $k !# 3.1 =E NO !& %/ !< %m %s Aj 8_ :n MQ @l MQ %W %m %; %C %5 7W ;; B. EY $N L\ I8 $O 200 T ops $H $9 $k !# $3 $N $? $a $K !" 50 G ops Dx EY $N 1i ;; B. EY $r $b $D %W %m %; %C %5 %A %C %W $r 4096 8D JB Ns $K F0 :n $5 $; $k !# %W %m %; %C %5 %A %C %W $O !" N3 ;R 4V Aj 8_ :n MQ $r 7W ;; $9 $k %Q %$ %W %i %$ %s $r 6 K\ 3J G< $9 $k !# Ev =i $N 7W 2h $G $O 150 MHz Dx EY $N %7 %9 %F %‘ %/ %m %C %/ $r 8+ 9~ $s $G $$ $? $, !" 1999 G/ ;~ E@ $G F@ $i $l $? LSI $O 100 MHz $, 0B Dj F0 :n $N >e 8B $G $" $j !" $^ $? M= A[ $h $j $b @= B$ %3 %9 %H $, $+ $+ $k $3 $H $, H= L@ $7 $? $N $G !" 1999 G/ Kv ;~ E@ $G $O 200T ops $N <B 8= $, 2D G= $+ $I $& $+ $O Fq $7 $/ $J $C $F $$ $k !#

$7 $+ $7 $J $, $i !" 100T ops $G $b F1 ;~ 4| $N HF MQ 7W ;; 5! $K Hf $Y $F 10 G\ Dx EY $N @- G= $r <B 8= $G $- $k $3 $H $K $O JQ $o $j $J $$ !# 8= >u $N 100 MHz F0 :n $G $O !" %W %m %; %C %5 %A %C %W C1 BN $N %T !< %/ @- G= $O 36 G ops !" >C Hq EE NO $O 10W 0J 2< $K <} $^ $C $? !# %7 %9 %F %‘ A4 BN $N 9= @. Ey $K $D $$ $F $O :r G/ EY $N Js 9p $K >\ $7 $/ =R $Y $? $N $G !" $3 $3 $G $O >J N, $9 $k !# 3.2 B? MQ ES N3 ;R 7O %W %m %; %C %5 $3 $A $i $O !" 7W ;; B. EY $J $I $K L@ 3N $J L\ I8 $r @_ Dj $9 $k $3 $H $O Fq $7 $$ !# $3 $l $O !" <B 8z @- G= $, 1~ MQ $N <o N‘ !" FC $K I, MW $J 7W ;; @: EY $K $h $C $F Bg $- $/ JQ $o $k $+ $i $G $" $k !# K\ %W %m %8 %’ %/ %H $G 3+ H/ $9 $k B? MQ ES N3 ;R 7O %W %m %; %C %5 $G $O !" 0J 2< $r L\ I8 $K $9 $k !# � C1 BN %A %C %W $H $7 $F $O !" 2000 G/ :" $K Mx MQ 2D G= $K $J $k $H ;W $o $l $k 8x >N %2 !< %H ?t $G 50 K| Dx EY $N $b $N $r MQ $$ !" 75MHz Dx EY $N %/ %m %C %/ $G F0 :n $5 $; $k !# � %7 %9 %F %‘ A4 BN $H $7 $F $O !" $3 $N %A %C %W $r 1024 8D JB Ns $K F0 :n $5 $; $k <g MW It $N 1i ;; @: EY $K C1 @: EY $r MW 5a $7 $? >l 9g $G !" %A %C %W C1 BN $N @- G= $O 1G ops !" %7 %9 %F %‘ A4 BN $N @- G= $O 1T ops Dx EY $H $J $k !# $3 $l $O $b $C $H $b 0- $$ >l 9g $G !" Nc $( $P <B 8z E* $J @: EY $, 12 %S %C %H Dx EY $G NI $1 $l $P 4T ops !" $5 $i $K 8 %S %C %H Dx EY $J $i 10T ops 0J >e $N B. EY $, 4| BT $G $- $k !# 4 J? @. 11 G/ EY $N 8& 5f @. 2L $N 35 MW :# G/ EY $b 7W 2h 3+ ;O ;~ $N M= Dj $r $[ $\ C# @. $9 $k $3 $H $, $G $- $? !# 6q BN E* $J @. 2L $O 0J 2< $N $H $* $j $G $" $k !# � =E NO %W %m %; %C %5 %A %C %W 40 @. � =E NO !? %/ !< %m %s NO MQ 7W ;; 5! A4 BN >\ :Y @_ 7W $N =* N; !& ;n :n 3+ ;O � GRAPE-5 %7 %9 %F %‘ $r ;H $C $? 7W ;; $G IEEE %4 !< %I %s !& %Y %k >^ <u >^ � 5? ;w N3 ;R B? =E 6K K! $N 2~ NI � FPGA MQ %b %8 %e !< %k %8 %’ %M %l !< %? $N 3+ H/ 0J 2< !" $= $l $> $l $K $D $$ $F 4J C1 $K =R $Y $k !# 4.1 =E NO %W %m %; %C %5 %A %C %W $^ $: !" =E NO %W %m %; %C %5 %A %C %W $K $D $$ $F =R $Y $k !# 0J 2< !" $3 $l $r G6 %A %C %W $H 8F $V !# :# G/ EY $N :G Bg $N @. 2L $O !" %A %C %W $, M= Dj DL $j 40 @. $7 !" @_ 7W %_ %9 !" %P %0 Ey $, $J $/ <B MQ 7W ;; $K ;H $( $k $3 $H $, 3N G’ $G $- $? $3 $H $G $" $k !# ?^ 2 $K 40 @. $7 $? %A %C %W %@ %$ $N <L ?? !" ?^ 3 $K %W %m %; %C %5 %b %8 %e !< %k $H $= $N I> 2A MQ %\ !< %I $N <L ?? $r <( $9 !# $3 $N 2 %A %C %W $N %7 %9 %F %‘ $G %T !< %/ @- G= $, 72 G ops Aj Ev (1 IC 4V $K 2 N3 ;R 4V Aj 8_ :n MQ $r 12 2/ 2s 7W ;; ) $H $J $j !" 10 $J $$ $7 20 PE Dx EY $N Cf 5, LO $J %Y %/ %H %k JB Ns 7W ;; 5! !" $" $k $$ $O 100 $J $$ $7 200 PE Dx EY $N Bg 5, LO $J MPP $d PC %/ %i %9 %? $H F1 Ey $N %T !< %/ @- G= $K $J $k !# :r G/ EY $N Js 9p $G =R $Y $? $h $& $K !" O@ M} @_ 7W !& %7 %_ %e %l !< %7 %g %s $O 1998 G/ A0 H> $G =* N; $7 $? !# $3 $N 8e !" :G =* E* $K F0 :n 3N G’ $, $H $l $? $N $O 1999 G/ 10 7n $G $" $k !# $3 $N $h $& $K ;~ 4V $, $+ $+ $C $? $N $O !" %A %C %W $N @= B$ !J J* M} %l %$ %" %& %H @_ 7W $r 4^ $‘ !K $r C4 Ev $7 $? El <G $N :n 6H $K <c 43 $N Ld Bj $, $" $j !" J* M} @_ 7W $N JQ 99 $, I, MW $K $J $C $? $? $a $G $" $k !# $3 $N Ld Bj E@ $N $? $a $K !" M= A[ $7 $F $$ $? F0 :n <~ GH ?t $G F0 $+ $9 $N $O B? >/ Fq

?^ 2: 40 @. $7 $? =E NO %W %m %; %C %5 %A %C %W ?^ 3: %W %m %; %C %5 %b %8 %e !< %k $H I> 2A MQ %\ !< %I

?^ 4: G6 %A %C %W $N Fb It 9= @. $7 $/ $J $C $? !# 8= >u $N LSI $O !" $= $l $G $b MW 5a $N :G Dc ;E MM $N 100 MHz F0 :n $O K~ $? $7 $F $* $j !" %A %C %W C1 BN $G $N @- G= $, 36 G ops !J Aj Ev !K $H 8= :_ $N :G 9b B. $N %^ %$ %/ %m %W %m %; %C %5 $N %T !< %/ @- G= $N 24 G\ $N @- G= $r $b $D !# $5 $i $K !" >C Hq EE NO $O M= A[ $h $j $b >/ $J $$ 10W $G <} $^ $C $F $* $j !" $3 $l $O 8= :_ $N 9b B. %^ %$ %/ %m %W %m %; %C %5 $K $O 50W $r D6 $( $k $b $N $b B? $$ $N $K Hf $Y $F 1 7e Dx EY >. $5 $/ $J $C $F $$ $k !# %A %C %W C1 BN $G $N 2A 3J $O 9b B. $J %^ %$ %/ %m %W %m %; %C %5 $N ?t J, $N 1 $G $" $j !" %T !< %/ @- G= $G Hf $Y $F $[ $\ 2 7e 9b $$ 2A 3J @- G= Hf $r <B 8= $G $- $? !# $J $* !" $3 $N Hf N( $O %7 %9 %F %‘ A4 BN $H $7 $F $_ $l $P $5 $i $K 9b $$ $b $N $K $J $k !# E5 7? E* $J %" %W %j %1 !< %7 %g %s $r Av $i $; $? ;~ $N <B 8z @- G= $G $O !" 2A 3J @- G= Hf $N :9 $O $5 $i $K Bg $- $/ $J $k !# $3 $l $O !" GRAPE $N >l 9g $K $O C1 0l $N %" %W %j %1 !< %7 %g %s $K A4 BN $r :G E, 2= $7 $F $* $j !" 8= :_ $N B? $/ $N %^ %$ %/ %m %W %m %; %C %5 $N $h $& $K %a %b %j %P %s %I I} $N @) Ls $d 1i ;; 4o Mx MQ $N Hs 8z N( $N $? $a $K @- G= $, Mn $A $k $H $$ $C $? $3 $H $, $J $$ $? $a $G $" $k !# $? $@ $7 !" ;H MQ $9 $k %" %k %4 %j %: %‘ $K $h $C $F $O !" %O !< %I %& %’ %" 8z N( $, DL >o $N 7W ;; 5! Dx EY $^ $G Mn $A $k $3 $H $b $" $k !# $3 $l $K $D $$ $F $O 4.3 @a $G =R $Y $k !# G6 %A %C %W $N 9= @. $r ?^ 4 $K <( $9 !# => Mh $N GRAPE %A %C %W $H Hf $Y $? $3 $N %A %C %W $N Bg $- $J FC ?’ $O !" B? ?t !J 6 K\ !K $N %Q %$ %W %i %$ %s $r =8 @Q $7 $? $3 $H $H !" %a %b %j %$ %s %? !< %U %’ !< %9 !" %[ %9 %H %$ %s %? !< %U %’ !< %9 $r 4^ $‘ $[ $H $s $I $9 $Y $F $N @) 8f 2s O) $r Fb B" $7 $? $3 $H $G $" $k !# $9 $J $o $A !" 1 %A %C %W $K %a %b %j $r $D $1 !" 4J C1 $J I/O %A %c %M %k $N @h $K D> @\ @\ B3 $9 $k $3 $H $G <B :] $K F0 :n $9 $k %7 %9 %F %‘ $, 40 @. $9 $k !# $^ $? !" F~ NO $H =P NO $, J, N% $5 $l $F $$ $k $3 $H $b FC ?’ $G $" $j !" $3 $N $? $a $K F~ =P NO $N JB 9T F0 :n $, 2D G= $K $J $j !" 9b $$ DL ?. %9 %k !< %W %C %H $, <B 8= $G $- $k !# %a %b %j $K $O =E NO $r 5Z $\ $9 N3 ;R $N %G !< %? !J 0L CV !" <A NL Ey !K $, 3J G< $5 $l !" 3F %Q %$ %W %i %$ %s $N =q $- 9~ $_ %l %8 %9 %? $K $O =E NO $r <u $1 $k B& $N N3 ;R %G !< %? $, 3J G< $5 $l $k !# 7W ;; Cf $O %a %b %j $+ $i %7 !< %1 %s %7 %c %k $K N3 ;R %G !< %? $, FI $_ =P $5 $l !" %l %8 %9 %? Fb N3 ;R $H $N Aj 8_ :n MQ $, =g HV $K 7W ;; $5 $l !" 5a $^ $C $? =E NO $, %" %- %e %‘ %l !< %? $K $7 $^ $o $l $k !# %b %8 %e !< %k $N 9= @. $r ?^ 5 $K $7 $a $9 !# $3 $l $O 4p K\ E* $K $O 2 $D $N G6 %A %C %W $K $= $l $> $l %a %b %j $r $D $1 $? $@ $1 $G $" $k !# F~ NO $O 2 %A %C %W $G 6& DL $G $" $j !" =P NO $O JB 9T $7 $F FI $_ =P $7 $F 9g 7W $9 $k $? $a $K 2 K\ $G $F $$ $k !# I> 2A %7 %9 %F %‘ $O !" $3 $N %b %8 %e !< %k $r GRAPE-4 $* $h $S GRAPE-5 $G ;H $C $? PCI %$ %s %? !< %U %’ !< %9 $r DL $7 $F %[ %9 %H $K @\ B3 $9 $k $? $a $N %\ !< %I $G $" $k !#

?^ 5: %W %m %; %C %5 %b %8 %e !< %k $N 9= @. 4.2 =E NO !? %/ !< %m %s NO MQ 7W ;; 5! A4 BN >\ :Y @_ 7W 7W ;; 5! A4 BN $N 35 G0 @_ 7W $O :r G/ EY $G $[ $\ =* N; $7 $F $$ $? $, !" 2s O) $N >\ :Y @_ 7W $O Nd 5Q %7 %9 %F %‘ $r 4^ $‘ 6) BN $d 4p HD $N J* M} @_ 7W $H JB 9T $7 $F 9T $J $& I, MW $, $" $j !" FC $K Nd 5Q %7 %9 %F %‘ $N 7h Dj $K $O <B LSI %A %C %W $N F0 :n B. EY !" >C Hq EE NO $N @5 3N $J I> 2A $, IT 2D 7g $G $" $k $? $a !" %7 %9 %F %‘ A4 BN $N >\ :Y @_ 7W $O Ev =i $N 7W 2h DL $j :# G/ EY $N :n 6H $H $J $C $? !# A4 BN %7 %9 %F %‘ $O :G Bg 16 Bf $N %/ %i %9 %? $+ $i $J $j !" 1 %/ %i %9 %? $K %W %m %; %C %5 %A %C %W $r 16 8D !J %W %m %; %C %5 %b %8 %e !< %k $r 8 8D !K :\ $; $? 4p HD !J GRAPE-6 %W %m %; %C %5 %\ !< %I !" G6PB !K $r 16 Kg <} G< $9 $k !# 4p HD %5 %$ %: $O 8U � 400 mm $G $" $j !" GRAPE-4 $N 4p HD $K Hf $Y 0l 2s $j >. $5 $/ $J $C $? !# G6PB $N 30 It $X $N %$ %s %? !< %U %’ !< %9 $O !" O@ M} E* $K $O G6 %A %C %W $N $b $N $H F1 $8 $G $" $j !" F~ NO 2 K\ $H =P NO 1 K\ $r ;} $D !# F~ NO $O $= $l $> $l A4 %A %C %W $K %V %m !< %I %- %c %9 %H $5 $l !" =P NO $O >e $G $N $Y $? $h $& $K %j %@ %/ %7 %g %s $5 $l $F 1 K\ $K $J $k !# J* M} E* $K $O !" G6PB $N 30 It %$ %s %? !< %U %’ !< %9 $O G6 %A %C %W $N $b $N $H $O Bg $- $/ $A $, $$ !" L VDS $r $r ;H $C $? %; %_ %7 %j %" %k E> Aw $K $J $C $F $$ $k !# $3 $l $K BP $7 !" G6 %A %C %W $N %$ %s %? !< %U %’ !< %9 $O C1 $K 36 %S %C %H (32 %S %C %H + %P %$ %H %Q %j %F %# ) $N F1 4| E> Aw $G $" $k $K 2a $. $J $$ !# @h $K =R $Y $? $h $& $K !" A4 BN %7 %9 %F %‘ $O G6PB $N >e $K %3 %s %H %m !< %k %\ !< %I (G6CB) $, $D $- !" $= $l $, %[ %9 %H $K $D $J $, $k $3 $H $K $h $C $F 9= @. $5 $l $k !# G6PB $N 5! G= $O 4p K\ E* $K $O %[ %9 %H $+ $i $N F~ NO %G !< %? $N %V %m !< %I %- %c %9 %H $H G6PB $+ $i $N %G !< %? $N %j %@ %/ %7 %g %s $G $" $j !" 4:1 $N %D %j !< 9= B$ $r $H $k !# $9 $J $o $A !" 16 PB $+ $i $J $k 1 %/ %i %9 %? $G $O !" CB $, :G >e 0L 1 Kg !" Cf 4V AX 4 Kg $N 5 Kg I, MW $H $$ $& $3 $H $K $J $k !# 8= :_ !" $3 $l $i $N 4p HD $O O@ M} @_ 7W !" 2s O) $N >\ :Y @_ 7W $, =* N; $7 !" %W %j %s %H 4p HD $r @= B$ Cf $G $" $k !# 4.3 GRAPE-5 $H %4 !< %I %s !& %Y %k >^ GRAPE-5 %A %C %W $O 1990 G/ $K 3+ H/ $7 $? Dc @: EY =E NO 7W ;; %Q %$ %W %i %$ %s %A %C %W $G $" $k GRAPE-3 %W %m %; %C %5 %A %C %W $N 8e 7Q $H $7 $F 3+ H/ $7 $? $b $N $G $" $k $, !" GRAPE-6 %W %m %; %C %5 %A %C %W $N $? $a $N 5; =Q E* $J %F %9 %H $N 0U L# $b 7s $M $F ?7 $7 $$ ;n $_ $r $H $j F~ $l $? !# %A %C %W C1 BN $G $N 1i ;; B. EY $O 4.8 G ops Aj Ev $H GRAPE-3/4 $N %W %m %; %C %5 %A %C %W $N 10 G\ $r <B 8=

?^ 6: 1999 G/ %4 !< %I %s !& %Y %k >^ $7 $? !# $5 $i $K !" %O !< %I %& %’ %" 5- =R 8@ 8l $r ;H $C $? @_ 7W $N Mx E@ !" Ld Bj E@ $K $D $$ $F $b 7P 83 $r @Q $‘ $3 $H $, $G $- $? !# $3 $N 7P 83 $O GRAPE-6 %A %C %W $N @_ 7W $K Hs >o $K Lr N) $C $? !# GRAPE-5 $O !" $3 $N GRAPE-5 %A %C %W 8 8D $r 1 %\ !< %I $K Ek :\ $7 $F 40 G ops $N B. EY $r =P $9 $b $N $G $" $k !# $3 $N GRAPE-5 $r 2 Bf JB Ns $K F0 :n $5 $; !" $= $N >e $G Barnes-Hut %D %j !< %" %k %4 %j %: %‘ $r ;H $C $? 1’ Ch O@ E* N BN 7W ;; $G 1999 G/ $N %4 !< %I %s !& %Y %k >^ $r <u >^ $7 $? ( ?^ 6) !# :# 2s $N <u >^ $O %3 %9 %H !& %Q %U %) !< %^ %s %9 It Lg $G $" $j !" <B 8z @- G= $K $* $$ $F $7/M ops $H $$ $& CM $r =P $7 $? $3 $H $, I> 2A $5 $l $? $b $N $G $" $k !# <B 8z @- G= $O 2 Bf JB Ns $N %7 %9 %F %‘ $G 6 G ops $G $" $C $? !# $3 $N 6G ops $H $$ $& ?t ;z $O !" %T !< %/ @- G= $, 80G ops $G $" $k $N $K BP $7 $F 10% Dx EY $H 7h $7 $F 9b $$ $b $N $G $O $J $$ !J $J $* !" Barnes-Hut %D %j !< $K BP $7 $F $O !" MPP $d %Y %/ %H %k JB Ns 7? 7W ;; 5! $N >l 9g $G $b <B 8z @- G= $O %T !< %/ @- G= $N 10% $r D6 $( $k $3 $H $O 5) $G $" $k !K !# $3 $N $h $& $J !" HF MQ 7W ;; 5! $J $_ $K Dc $$ 8z N( $K $J $C $? $N $O !" Barnes-Hut %" %k %4 %j %: %‘ $G $O 7W ;; NL $, D> @\ 7W ;; $K BP $7 $F 8: $C $F $$ $k $? $a $K !" Aj BP E* $K %[ %9 %H $G 9T $J $o $l $k 7W ;; $d %3 %_ %e %K %1 !< %7 %g %s $N Hf N( $, Bg $- $$ $? $a $G $" $k !# $7 $+ $7 !" 5U $K $$ $( $P $= $N $h $& $J >l 9g $G $b GRAPE $N $[ $& $, HF MQ 7W ;; 5! $K Hf $Y $F 9b $$ 2A 3J @- G= Hf $r <B 8= $G $- $k $H $$ $& $3 $H $r <B >Z $7 $? $H $$ $& 0U L# $G !" :# 2s $N <u >^ $N 0U 5A $O Hs >o $K Bg $- $$ !# 4.4 5? ;w N3 ;R B? =E 6K K! $N 2~ NI 5? ;w N3 ;R B? =E 6K K! $O KR Ln $, :r G/ Ds 0F $7 $? ?7 $7 $$ 7W ;; J} K! $G $" $k !# 4p K\ E* $J 9M $( J} $O => Mh $+ $i $" $k 9b B. B? =E 6K K! $H A4 $/ F1 $8 $G $" $k $, !" DL >o $N J} K! $G $O B? =E 6K E8 3+ $N 78 ?t $r ;H $& $N $K BP $7 5? ;w N3 ;R B? =E 6K K! $G $O $= $N L> $N DL $j N3 ;R $r ;H $C $F B? =E 6K E8 3+ $r I= 8= $7 D> $9 !# $3 $N J} K! $N %a %j %C %H $O !" %" %k %4 %j %: %‘ $, 4J C1 $K $J $k $3 $H $H B? =E 6K E8 3+ $N I> 2A $K GRAPE $, ;H $( $k $3 $H $G $" $k !# $, !" I, MW $J 7W ;; NL $, $+ $J $j A} $( $k $H $$ $& Ld Bj $, $" $C $? !# Nc $( $P !" 4 =E 6K %b !< %a %s %H $r I= 8= $9 $k $N $K 12 8D $N N3 ;R $, I, MW $K $J $k !# $3 $l $K BP $7 !" DL >o $N J} K! $G $O 4 =E 6K %b !< %a %s %H $N 7W ;; $O 1 N3 ;R $+ $i $N =E NO $N 7W ;; $N 2 G\ Dx EY $N 7W ;; NL $G $" $k $N $G !" 7W ;; NL $, 6 G\ $K A} $( $F $7 $^ $C $F $$ $k $3 $H $K $J $k !# $b $A $m $s !" GRAPE $r ;H $& >l 9g $K $O @h $K =R $Y $? HF MQ 7W ;; 5! $H $N Bg $- $J @- G= :9 $N $? $a $K !" $3 $N Dx EY $N B; <: $, $" $C $F $b GRAPE $H 5? ;w N3 ;R B? =E 6K K! $N AH $_ 9g $o $; $, B> $N J} K! $h $j $b M% $l $F $O $$ $k !# :r G/ 2f !9 $, Ds 0F $7 $? J} K! $G 7W ;; NL $, Bg $- $/ $J $k $N $O !" 5? ;w N3 ;R $N G[ CV !" <A NL $r 7h Dj $9 $k 8x <0 $r F3 $/ $N $K 5e LL D4 OB 4X ?t $N D> 8r @- $r MQ $$ $? $+ $i $G $" $k !# $3 $N $? $a $K !" 5? ;w N3 ;R $N G[ CV >e $G $N ?t CM @Q

J, <+ BN $, 5e LL D4 OB 4X ?t $N D> 8r @- $r K~ B- $9 $k I, MW $, $" $j !" $= $N $? $a $K N3 ;R $N ?t $, A} $( $F $$ $? !# Nc $( $P 2 =E 6K %b !< %a %s %H $N >l 9g $O !" =E NO $N >l 9g $N $h $& $K NO $K Id 9f $, $J $1 $l $P N3 ;R 0l $D $G I= 8= $G $- $k !J =E ?4 $K $* $1 $P $h $$ !K $H $$ $& $N $O <+ L@ $G $" $k !# :# 2s !" $o $l $o $l $O $3 $l $H F1 MM $J J} K! $r 4 =E 6K %b !< %a %s %H $N >l 9g $^ $G 3H D% $9 $k $3 $H $K @. 8y $7 $? !# >\ $7 $$ Dj <0 2= $O $3 $3 $G $O ?( $l $J $$ $, !" 4p K\ E* $K $O 4 =E 6K %b !< %a %s %H %F %s %= %k $r BP 3Q 2= $9 $k $h $& $J J? LL >e $K 3 8D $N F1 0l <A NL $N N3 ;R $r G[ CV $9 $k $3 $H $G 4 =E 6K %b !< %a %s %H $^ $G $r I= 8= $G $- $k $3 $H $r <( $7 !" $3 $l $r 7W ;; %3 !< %I $K <B 8= $7 $? !# $3 $N 7k 2L !" 7W ;; A4 BN $G 3 G\ Dx EY 9b B. 2= $5 $l $? !# F1 MM $J 9M $( J} $r 8 =E 6K 0J >e $K 3H D% 2D G= $+ $I $& $+ $O 8= :_ 8! F$ Cf $G $" $k !# 4.5 FPGA MQ %b %8 %e !< %k %8 %’ %M %l !< %? $N 3+ H/ FPGA $r ;H $& :F 9= @. 2D G= 7W ;; 5! $r Mx MQ $9 $k >e $G $b $C $H $b Ld Bj $K $J $k $N $, !" %= %U %H %& %’ %" $r $I $N $h $& $K $7 $F MQ 0U $9 $k $+ $H $$ $& $3 $H $G $" $k !# FPGA %O !< %I %& %’ %" $N <+ M3 EY $O 6K $a $F Bg $- $/ !" $^ $? $= $N >e $G $N O@ M} 2s O) $N <B 8= $K MQ $$ $i $l $F $$ $k VHDL Ey $N %O !< %I %& %’ %" 5- =R 8@ 8l $O 4p K\ E* $K $O %2 !< %H %l %Y %k !" $" $k $$ $O JQ ?t $H $7 $F %S %C %H %Y %/ %H %k %l %Y %k $G 5- =R $9 $k $b $N $G $" $j !" J* M} %7 %_ %e %l !< %7 %g %s $N %W %m %0 %i %‘ $r 3+ H/ $9 $k 8& 5f <T $, 4J C1 $K =, F@ !" Mx MQ $G $- $k $b $N $G $O $J $$ !# $b $A $m $s !" Nc $( $P F ortran $d C $G =q $+ $l $? %W %m %0 %i %‘ $, D> @\ %O !< %I %& %’ %" $K I= 8= $5 $l $l $P $= $l $G $h $$ $H $$ $& 9M $( J} $b $" $j F@ $k $, !" DL >o $N Ib F0 >. ?t E@ 1i ;; $r ;H $C $? $N $G $O %O !< %I %& %’ %" $N L5 BL $, Bg $- 2a $. !" 8= <B E* $G $O $J $$ !# $J $* !" $3 $N !" L5 BL $N Bg $- $5 $O >- Mh E* <B 8= $G $- $k 2s O) 5, LO $, Bg $- $/ $J $C $F $b ;D $k Ld Bj $G $" $k $3 $H $K Cm 0U $7 $F $[ $7 $$ !# GRAPE $N $h $& $J @l MQ 7W ;; 5! $N >l 9g $K $O !" >. $5 $J 2s O) 5, LO $G I, MW 5! G= $r <B 8= $G $- $l $P !" JB Ns 2= $K $h $C $F %9 %k !< %W %C %H $r >e $2 $k $3 $H $, $G $- $k $+ $i $G $" $k !# 8= >u $N VHDL $K $h $k 5- =R $H !" C $d F ortran $N $h $& $J %W %m %0 %i %_ %s %0 8@ 8l $G $N I= 8= $N Cf 4V E* $J $b $N $H $7 $F !" 4p K\ E* $J 1i ;; MW AG !" $9 $J $o $A 8G Dj >. ?t E@ !" Ib F0 >. ?t E@ $N 2C 8: ;; !" >h ;; 4o $d %G !< %? 7? JQ 49 4o $r MQ 0U $9 $k $H $$ $& $3 $H $, 9M $( $i $l $k !# %f !< %6 !< $O $3 $l $i $N $b $N $r AH $_ 9g $o $; $F I, MW $J 5! G= $r <B 8= $9 $k $o $1 $G $" $k !# $3 $l $O 4p K\ E* $K $O %b %8 %e !< %k %3 %s %Q %$ %i $G $" $k $, !" <B MQ $K $J $k $? $a $K $O %G !< %? JQ 49 $d Ib F0 >. ?t E@ 1i ;; $N <B 8= J} <0 $K $D $$ $F $5 $^ $6 $^ $J 8! F$ !" I> 2A $, I, MW $K $J $k !# :# G/ EY $O FC $K Hf 3S E* @: EY $, Dc $$ !J 8l D9 $, C; $$ !K >l 9g $K E, Ev $H 9M $( $i $l $k 1i ;; J} <0 $K $D $$ $F <B Au $N 8! F$ $r 9T $J $C $? !# 5 :# 8e $N 7W 2h 0J 2< $K !" Mh G/ EY 0J 9_ $N 7W 2h $K $D $$ $F 4J C1 $K =R $Y $k !# J? @. 12 G/ EY %[ %9 %H 7W ;; 5! !" =E NO !? %/ !< %m %s NO MQ 7W ;; 5! %7 %9 %F %‘ AP J} $N G= NO $r 6/ 2= $7 !" $h $j <B MQ @- $N 9b $$ %7 %9 %F %‘ $K H/ E8 $5 $; $k !# FPGA $r ;H $C $? Bg 5, LO JB Ns 2= %7 %9 %F %‘ $r 9= C[ $9 $k !# $^ $? !" E7 J8 3X 0J 30 $N %" %W %j %1 !< %7 %g %s $X $N 1~ MQ $r ?J $a $k !# 6q BN E* $K $O !" Ewald Metho d Ey $X $N E, MQ $r 9T $J $& !# J? @. 13 G/ EY =E NO !? %/ !< %m %s NO MQ 7W ;; 5! %7 %9 %F %‘ !" FPGA $r ;H $C $? 7W ;; %7 %9 %F %‘ $r A} 6/ $7 !" C^ GH $G 3+ H/ $5 $l $k 7W ;; 5! $H E} 9g $7 $? %X %F %m %8 %K %" %9 %7 %9 %F %‘ $r 9= C[ $9 $k !#

6 3X 2q H/ I= !" O@ J8 Ey 6.1 9q :] 3X 2q Ey $K $* $1 $k H/ I= [1] A. Kaw ai, J. Makino, A New Metho d to Implement High Accuracy Barnes-Hut T reecode: Pseudo-P article Multip ole Metho d , W orkshop on ‘The GRAPE Users Communit y’ T oky o, Japan, January , 1999 [2] Junichiro Makino, Stellar Dynamics and sp ecial-purp ose computer: GRAPE pro ject , The Chaotic Universe, Roma, Italy , F ebruary 1999 [3] A. Kaw ai, J. Makino, A Simple F orm ulation of the F ast Multip ole Metho d: Pseudo-Particle Multip ole Metho d , the Nin th SIAM Conference on P arallel Pro cessing for Scienti�c Com- puting, T exas, USA, March, 1999 [4] K. T ak ahashi, S. F. P ortegies Zw art, The Dynamical Evolution of Globular Clusters in the Galaxy , The Galactic Halo: F rom Globular Clusters to Field Stars, Belgium, July , 1999 [5] Y. F unato and J. Makino, Is the Hubble expansion accelerating, or are we lo oking through a chaotic univ erse ? Gra vitational Lensing : Recent Progress and F uture Goals, Boston, USA, July , 1999. [6] Junichro Makino and Eiichiro Kokub o, SPH simulation of gian t impact , International Symp osium on Planetary Impact Even ts and their Consequences on Earth, Y amaguc hi, Japan, September, 1999 [7] Junichoro Makino, GRAPE Pro ject: A decade of sp ecial-purp ose computers for many- b o dy simulations , The 5th International Conference on Computational Ph ysics, Kanazaw a, Japan, Octob er, 1999. [8] A. Kaw ai, T. F ukushige, J. Makino, $7.0/M ops Astrophysical N -Bo dy Sim ulation with T reecode on GRAPE-5 , SC99, P ortland, USA, No v em ber, 1999 [9] Universit y of T oky o, GRAPE-5 and GRAPE-6: Sp ecial-purp ose Computers for the Astro- ph ysical N-b o dy Problem , SC99, Researc h Exhibit, P ortland, USA, No v em ber, 1999 6.2 9q Fb 3X 2q Ey $K $* $1 $k H/ I= [1] >. 5W J] 1Q 0l O: , 0f ED LP , KR Ln =_ 0l O: , 7n $N 5/ 8; { 5p Bg >W FM $K $h $j 7A @. $5 $l $? <~ CO 5e 1_ HW $+ $i $N 7n =8 @Q {, F| K\ E7 J8 3X 2q ( 5~ ET ), 1999 G/ 3 7n [2] @t ?e J~ 42 !$ A% EO M[ ;R !$ KR Ln =_ 0l O: !$ 6d 2O CD Fb $N 6d 2O $N ?J 2= !$ F| K\ E7 J8 3X 2q 1999 G/ =U 5( 3X 2q !$ 1999 G/ 3 7n !% [3] 9b 66 9- <# , Portegies Zw art, S. F., 6d 2O $K @8 $^ $l $? 5e >u @1 CD $N 1? L? , F| K\ E7 J8 3X 2q 1999 G/ =U 5( G/ 2q , 1999 G/ 3 7n [4] Cf Ln B@ O: , KR Ln =_ 0l O: , BJ 1_ 6d 2O $N L) EY %+ %9 %W $N 0L Aj 6u 4V 9= B$ , F| K\ E7 J8 3X 2q 1999 G/ =U 5( G/ 2q , 1999 G/ 3 7n [5] J! =E =S 9, , D. C. Heggie, The Time Scale of Escap e from Star Clusters, F| K\ E7 J8 3X 2q 1999 G/ =U 5( G/ 2q , 1999 G/ 3 7n

[6] A% EO M[ ;R , KR Ln =_ 0l O: , 6d 2O CD $K $* $1 $k 6d 2O $N <A NL $H B. EY J, ;6 $N 4X 78 $N ?J 2= $K $D $$ $F F| K\ E7 J8 3X 2q 1999 G/ =U 5( G/ 2q , 1999 G/ 3 7n [7] KR Ln =_ 0l O: , 8E 2l >! 4p , @n 0f FX , J! =E =S 9, , BY CO ?? 90 ?M , <+ 8J =E NO B? BN 7O @l MQ 7W ;; 5! GRAPE-6 $N %W %m %H %? %$ %W %7 %9 %F %‘ , F| K\ E7 J8 3X 2q 1999 G/ =U 5( 3X 2q !$ 1999 G/ 3 7n [8] @n 0f FX , J! =E =S 9, , KR Ln =_ 0l O: , GRAPE-5 %7 %9 %F %‘ >e $N %D %j !< %3 !< %I $N <B 8= , F| K\ E7 J8 3X 2q 1999 G/ =) 5( G/ 2q , 1999 G/ 10 7n [9] @t ?e J~ 42 !$ A% EO M[ ;R !$ KR Ln =_ 0l O: !$ 6d 2O CD Fb $K $* $1 $k common halo $N 7A @. $H 6d 2O $N ?J 2= !$ F| K\ E7 J8 3X 2q 1999 G/ =) 5( 3X 2q !$ 1999 G/ 10 7n [10] 9b 66 9- <# , Portegies Zwart, S. F., 6d 2O $K @8 $^ $l $? 5e >u @1 CD $N NO 3X ?J 2= , F| K\ E7 J8 3X 2q 1999 G/ =) 5( G/ 2q , 1999 G/ 10 7n [11] A% EO M[ ;R , KR Ln =_ 0l O: , B? =E =E NO %l %s %: 8z 2L $K $h $k 1s J} $N D6 ?7 @1 $N 8w EY JQ 2= $K $D $$ $F F| K\ E7 J8 3X 2q 1999 G/ =) 5( G/ 2q ,1999 G/ 10 7n [12] KR Ln =_ 0l O: , 8E 2l >! 4p , @n 0f FX , J! =E =S 9, , BY CO ?? 90 ?M , <+ 8J =E NO B? BN 7O @l MQ 7W ;; 5! GRAPE-6 $N %W %m %H %? %$ %W , F| K\ E7 J8 3X 2q 1999 G/ =) 5( 3X 2q !$ 1999 G/ 10 7n [13] T. Nak ano and J. Makino, On the Cusps around Central Black Holes in Elliptical Galaxies, !V 6d 2O 7A @. $N J* M} !W 8& 5f 2q , 1999 G/ 12 7n [14] T. Sensui, Y. F unato, and J. Makino, Evolution of Clusters of Galaxies | Growth of Common Halos !$ !V 6d 2O 7A @. $N J* M} !W 8& 5f 2q !$ 1999 G/ 12 7n [15] Y.F unato The stripping rate of mass of galaxies in clusters 6d 2O 7A @. $N J* M} , C^ GH , 1999 G/ 12 7n 6.3 ;( ;o O@ J8 Ey [1] K. T ak ahashi, Anisotropic F okk er-Planc k Mo dels of Star Clusters , in Numerical Astro- ph ysics, ed. S. Miyama, K. T omisak a, T. Hanaw a (Klu w er), p. 77 (1999) [2] K. T ak ahashi, S. F. Portegies Zwart, Dynamical Evolution of Tidally T runcated Star Clusters , in Galaxy Dynamics (ASP Conf. Ser., V ol. 182), ed. D. Merritt, J. A. Sellwoo d, M. V alluri (ASP), p. 107 (1999) [3] A. Kaw ai, J. Makino, A Simple F orm ulation of the F ast Multip ole Metho d: Pseudo-Particle Multip ole Metho d , Pro ceedings of the Ninth SIAM Conference on P arallel Pro cessing for Scien ti�c Computing (SIAM, in CD-ROM, 1999) [4] A. Kaw ai, T. F ukushige, J. Makino, $7.0/M ops Astrophysical N -Bo dy Sim ulation with T reecode on GRAPE-5 , Pro ceedings of SC99 (ACM, in CD-ROM, 1999) [5] T. Nak ano and J. Makino, On the Origin of Densit y Cusps in Elliptical Galaxies , ApJ, 510, 155-166 (1999) [6] T. Nak ano and J. Makino, On the Cusp around Central Black Holes in Luminous Elliptical Galaxies , ApJ, 525, L77-L80 (1999)

[7] T. Nak ano and J. Makino, The Structure and Origin of Density Cusps in the Central Regions of Elliptical Galaxies , GALAXY D YNAMICS: A Rutgers Symp osium, ed. D. Merritt, J. A. Sellwoo d and M. V alluri, ASP Conference Series, V ol.182 (1999) [8] T. F ukushige, P . Hut, and J. Makino, High-Performance Sp ecial-Purp ose Computers in Science , IEEE Computing in Science and Engineering, Marc h/April, 10, (1999) [9] T. Sensui, Y. F unato, and J. Makino, Evolution of Clusters of Galaxes: Mass Stripping from Galaxies and Growth of Common Halos , P ASJ, 51, ???(1999) [10] Y ok o F unato and Junic hiro Makino, Change in Mass and Energy through Collisions of Tw o Iden tical Galaxies , ApJ, 511, 625-638 (1999) [11] Keiko Y oshinaga, Eiichiro Kokub o and Junic hiro Makino, Stability of Protoplanet Sys- tems , Ic arus , 139, 325-335 (1999) [12] Junic hiro Makino Y et another fast multipole metho d without multipoles | Pseudo- particle multipole metho d , Journal of Computational Physics , 151, 910-920 (1999) 6.4 2r @b 5- ;v Ey [1] KR Ln =_ 0l O: , GRAPE %W %m %8 %’ %/ %H , Computer T o da y , 1999 G/ 5 7n 9f [2] A% EO M[ ;R , KR Ln =_ 0l O: , %O %_ %k %H %s 7O $N ?t CM 2r K! , ?t M} 2J 3X , 1999 G/ 8 7n 9f ;2 9M J8 8% [BA96] Buell D. and Arnold J.M.and Kleinfelder W. (1996) Splash 2: FPGAs in a Custom Computing Machine . IEEE Comp. So c. Press, Los Alamitos, CA. [IMES90] Ito T., Makino J., Ebisuzaki T., and Sugimoto D. (1990) A sp ecial-purp ose n-b o dy machine grap e-1. Computer Physics Communic ations 60: 187{194. [MIE90] Makino J., Ito T., and Ebisuzaki T. (1990) Error analysis of the grap e-1 sp ecial- purp ose n-b o dy machine. Public ations of the Astr onomic al So ciety of Jap an 42: 717{736. [MTES97] Makino J., T aiji M., Ebisuzaki T., and Sugimoto D. (1997) Grap e-4: A massively parallel sp ecial-purp ose computer for collisional n-b o dy simulations. The Astr ophys- ic al Journal 480: 432+. [TMF + 96] T aiji M., Makino J., F ukushige T., Ebisuzaki T., and Sugimoto D. (1996) Grap e- 4: A tera ops machine for n -b o dy simulations. In Hut P . and Makino J. (eds) Dynamic al Evolution of Star Clusters; Pr o c e e dings of IA U Symp osium 174 , pages 141{150. Kluw er, Amsterdum.