L$Mh3+Bs!V7W;;2J3X!W <!@$BeD6JBNs7W;;5!$N3+H/ Cf4V@.2LJs9p | B?N3;R7O8~$1D6JBNs7W;;5!$N3+H/ KRLn=_0lO: El5~Bg3XBg3X1!M}3X7O8&5f2J 35MW 1. 8&5f$NL\I8!&J}K! 2. G/<!7W2h!&8&5fAH?% 3. 8=:_$^$G$N?JD=>u67

8&5f$NL\I8!&J}K! N3;R%b%G%k!’ � N3;R7O!"D95wN%Aj8_:nMQ$N<+A3$J%b%G%k { =ENO!"%/!<%m%sNO!JE7BN!"J,;R!K { 12;eK! � C;5wN%Aj8_:nMQ$X$NE,MQ { 05=L@-N.BN!’ SPH Ey { Hs05=L@-N.BN!’ MPS Ey { 9=B$2r@O!’ Elemen t-F ree Galerkin metho d Ey 7W;;K!$NFC@- � 7W ;; NL $, B? $$ = %a %b %j NL!" %a %b %j %P %s %I I} $G $O $J $/ 7W ;; B. EY $, %\ %H%k%M%C%/ � 5,B’E*$J7W;;$N7+$jJV$7 N3;R4VAj8_:nMQ$r7W;;$9$k@lMQ%O!<%I%&%’%"$K$h$C$F2CB.$9$k

$3$l$^$G$NN3;R7O8~$1@lMQ7W;;5! � DMDP { 1980 G/Be=i$a!"%G%k%U%H9)2JBg3X { 2 BN%]%F%s%7%c%k$G$N MD 7W;;@lMQ � GRAPE { 1980 G/Be=*$j | 8=:_ { =ENO!?%/!<%m%sNO@lMQ { ;~4V@QJ,Ey$rHFMQ7W;;5!$G!’B?MM$J1~MQ$r2DG=$K$7$?

N3;R7O8~$1@lMQ7W;;5!$N4pK\E*9M$( (GRAPE, GRAvit y PipE) � @lMQ%O!<%I%&%’%" � %O!<%I%&%’%"2=$7$?O@M} ! %=%U%H%&%’%"ITMW � Aj8_:nMQ7W;;@lMQ$N%Q%$%W%i%$%s ! 9b$$@-G= � HFMQ%[%9%H7W;;5! � 9b%l%Y%k8@8l$,;H$($k (F ortran, C, C++...) � 4{B8$N%W%m%0%i%‘$,B?>/$N<jD>$7$G;H$($k � %D%j!<%3!<%I!" FMM !"FHN);~4V9o$_$J$I$b;H$($k

K\%W%m%8%’%/%H$NL\I8 1. =ENO7W;;MQ$K GRAPE-4 $+$i 100 G\0J>e @-G=$r8~>e$5 $; $?!" %5 %V %Z %? %U %m%C %W %9 7W ;; 5! $r <B 8= $7!" N3 ;R 7O 8~ $1 @lMQ7W;;5!$N2DG=@-$r<B>Z$9$k 2. FPGA $r;H$C$?N3;R7O8~$1 B?MQES 7W;;5!$r9=C[$9$k 3. >e $N 2 $D $r AH $_ 9g $o $; $F!" 9b B. $G 1~ MQ HO 0O $N 9- $$ %7 %9 %F %‘$r9=C[$9$k

=ENO@lMQ7W;;5! � GRAPE-4 $N8e7Q � 7W;;B.EY$N8~>e ( %A%C%WC1BN$G 50{70 G\ ) � A4BN$N@-G= > 200T ops � DL?.B.EY$N8~>e ( > 2GB/s) � %a %b %j %$ %s %?!< %U%’!< %9 Ey $N 5! G= $r %W %m %;%C %5 %A%C %W $K =8@Q � %\!<%I!"%/%i%9%?$O%D%j!<7?%M%C%H%o!<%/$r9=@.

%W%m%;%C%5 LSI � 0.25 � m custom design ( El<G TC240, 1.8M gates) � 2.5 V p o w er supply , 100 MHz op eration (w orst case ...) � 6 pip elines in a c hip � 30 G ops (equiv alen t) p er c hip � system clo c k: 25 MHz

%W%m%;%C%5%b%8%e!<%k9=@. � 3F%W%m%;%C%5%A%C%W$K%a%b%jD>7k

%W%m%;%C%5%\!<%I9=@. � 8 %W%m%;%C%5%b%8%e!<%k!J 16 %W%m%;%C%5%A%C%W!K � F~NO$OJ|Aw � =PNO$O=LLs!J9g7WEy!K

%/%i%9%?9=@. � 16 %W%m%;%C%5%\!<%I � %\!<%I4V@\B3!’%D%$%9%H%Z%" (STP) >e$N L VDS � %M%C %H %o!< %/ %\!< %I $O!" %W %m %;%C %5 %b %8%e!< %k $N Be $o $j $K%W%m%;%C%5%\!<%I$,$D$/0J30$O$[$H$s$IF1$8!#

A4BN9=@. � 16 %/%i%9%? � D>@\7W;;!"%D%j!<K!$NN>J}$KBP1~$7$?%[%9%H@\B3 � %[%9%H$O6&M-%a%b%j!"J,;6%a%b%j$NN>J}$KBP1~ � %M%C%H%o!<%/J*M}AX!’%D%$%9%H%Z%" (STP) >e$N L VDS

N3;R7O8~$1B?MQES7W;;5!$NLr3d 1s 5w N% Aj 8_ :n MQ $K Hf $Y $F 7W ;; NL $, >. $5 $$ $,!" $= $N $+ $o $j B?<oB?MM$J6a5wN%Aj8_:nMQ$r07$&!# Nc � SPH $K$h$k<+8J=ENON.BN%7%_%e%l!<%7%g%s$G$NN.BNAj8_ :nMQ � J,;RF0NO3X7W;;$G$NJ,;R4VNO

B?MQES7W;;5!$N9=@. � 4pK\E*H/A[$O GRAPE $HF1$8 � GRAPE $N=E NO%Q %$%W %i%$ %s$N Be$o $j$K FPGA %A%C %W$r$*$/ � %M%C %H %o!< %/!" %W %m %;%C %5 %\!< %I $O =E NO 7W ;; 5! $N $b $N $r N.MQ

8&5f7W2h J?@. 9 G/EY =ENO!?%/!<%m%sNOMQ7W;;5!%W%m%;%C%5%A%C%W>\:Y@_7W B?MQES%7%9%F%‘$N<B83 J?@. 10 G/EY =ENO!?%/!<%m%sNOMQ7W;;5!A4BN$N;n:n B?MQES%7%9%F%‘$N@-G=I>2A$H%=%U%H%&%’%"3+H/ J?@. 11 G/EY =ENO!?%/!<%m%sNOMQ7W;;5!A4BN$NAH$_>e$2 Bg5,LOB?MQES7W;;%7%9%F%‘%W%m%H%?%$%W3+H/ J?@. 12 G/EY =ENO!?%/!<%m%sNOMQ7W;;5!$NA}6/ Bg5,LOJBNsB?MQES7W;;%7%9%F%‘40@. C^GH%7%9%F%‘$H$NO"78$N8!F$ J?@. 13 G/EY %7%9%F%‘A4BN$NA}6/ C^GH%7%9%F%‘$H$NO"78$N<B8=

8&5fAH?% KRLn=_0lO: =ENO!?%/!<%m%sNO@lMQ7W;;5!3+H/ K*Ac@t 1~MQ%=%U%H%&%’%"3+H/ BYCO??90?M %W%m%;%C%5%A%C%WO@M}@_7W A%EOM[;R 1~MQ%=%U%H%&%’%"3+H/ J!=E=S9, =ENO!?%/!<%m%sNO@lMQ7W;;5!3+H/!" FPGA %7%9%F%‘3+H/ 9b669-<# 1~MQ%=%U%H%&%’%"3+H/

8=:_$^$G$N?JD=>u67 ?J9T>u67$O$[$\M=DjDL$j!# =ENO!?%/!<%m%sNO@lMQ7W;;5!$N>u67 3+H/$,=*N;$7$?$b$N � %W%m%;%C%5%A%C%W � %W%m%;%C%5%b%8%e!<%k � %[%9%H%$%s%?!<%U%’!<%9%+!<%I 8=:_3+H/Cf$N$b$N � %W%m%;%C%5%\!<%I � %M%C%H%o!<%/%\!<%I B?MQES7W;;5!$N>u67 � I>2AMQ%7%9%F%‘$r3+H/ � =ENO7W;;Ey$r<BAu$7!"@-G=I>2A$H3+H/4D6-$N@0Hw$r?J$a$?

=ENO7W;;5!%W%m%;%C%5%A%C%W � 9b@:EY%Q%$%W%i%$%s � 100 MHz, 36 G ops � 1998 G/ 8 7n R TL @_7W=*N; � 1998 G/ 12 7n%F!<%W%"%&%H!" 1999 G/ 3 7n%5%s%W%k

%W%m%;%C%5%b%8%e!<%k %b%8%e!<%k + I>2AMQ%\!<%I � GRAPE-4 $HF1$8%$%s%?!<%U%’!<%9$G PCI %P%9$K@\B3 � F0:n3NG’$[$\=*N;

%[%9%H%$%s%?!<%U%’!<%9%+!<%I � PCI %P%9%^%9%?!?%P!<%9%HBP1~%9%l!<%V � =PNO 2 7OE}!"F~NO 1 7OE} � 40@.!"@-G=I>2ACf

B?MQES7W;;5!%W%m%H%?%$%W � Altera Flex 10K50 � 2 � 20 MHz F0:n

$^$H$a � K\%W %m%8%’ %/%H $G$O!"$3 $l$^ $G$N GRAPE $N @.2L $r3H D%$7!"%T!< %/B.EY $G 100 T ops $rD6$(!"B?MM $JN3;R7O$KE, MQ2DG=$JD6 9bB.JB Ns7W;;5!$r3+H/$9$k � 3+H/$O8=:_$^$G$[$\ M=DjDL$j $K?J$s$GMh$F$$$k!#