SSI: Bg5,LO%7%_%e%l!<%7%g%s8~$14pHW%=%U%H%&%’%"$N35MW @> ED 98 y ; yy 2J3X5; =Q$NMM!9$JJ,Ln$K$* $$$F , ?tCM %7%_%e%l!<%7%g%s$OM-NO $J8&5f<jK!$H$7$F , $=$N=EMW @-$rA}$7$F$$ $k . %^%k%A%9%1!<%k$J8=>]$r07$&>e $G , Bg5,LO$J7W;;;q8;$NMxMQ$rA0Ds$H$7 $?%9%1!<%i%V%k$JJBNs?tCM1i;; %i%$ %V%i%j $N2L$?$9 Lr3d$OBg $-$$ . $7$+$7 $J$,$i 9qFb$K$* $$$F$O , @lMQ $N%k!<%A%s $rFH<+$K 3+H/$9$k $+ , $^ $? $O %Y %s %@ $, Ds 6! $9 $k %i %$ %V %i %j $r Mx MQ $9 $k $3 $H $, B? $/ , CN E* 6& M- ;q ;: $H $7 $F $N HF MQ $N %i %$ %V %i %j $, 3+ H/ $5$l$kNc$,>/ $J$+$C$? . K\%W%m%8%’%/ %H$G$O , =>Mh$=$l$>$l$NJ,Ln$K$*$$$FJL 8D$K?J$a$i$l$F$-$?JBNs%"%k %4 %j %: %‘ $d <B Au $K 4X $9 $k 8& 5f $r $b $H $K , M} O@ E* $J GX 7J $r 9M N8 $7 $? I8 =‘ E* $J %= %U %H %&%’ %" 4p HW $r @0 Hw $9 $k $3 $H$rL\;X$7$F$$$k . SSI: Ov erview of Sim ulation Soft w are Infrastructure for Large Scale Scien ti�c Applications Akira Nishid a y ; yy Recen t progress of science and tec hnology has made n umerical sim ulation an imp ortan t approac h for studies in v arious �elds. Although scalable and high p erformance n umerical libraries on large scale computing resources are indisp ensable to ols for handling v arious m ul- tiscale phenomina, few pro jects for dev eloping general purp ose n umerical libraries hav e b een rep orted in Japan. The ob ject of this pro ject is the equipmen t of a basic library of solutions and algorithms required for large scale scien ti�c sim ulations, whic h ha v e b een dev elop ed sep- arately in eac h �elds, and the construction of a standard soft w are infrastructure for scalable scien ti�c computing. 1. 8&5f$NGX7J$HL\E* 6a G/ , 2J 3X 5; =Q $N MM!9 $J J, Ln $K $* $$ $F , ?t CM %7 %_%e %l!< %7%g %s $O M} O@!& <B 83 $K Be $o $k M- NO $J <j K! $H $7 $F , $= $N =E MW @-$, 9b$^$C $F$$ $k . %_ %/%m $+$i %^%/ %m $K;j $kMM!9 $J8= >] $r 07 $& >e $G , Bg5, LO $J 7W ;; ;q 8; $N Mx MQ $r A0 Ds $H $7$? %9 %1!< %i %V %k $J JB Ns ?t CM 1i ;; %i %$ %V %i %j $N 2L $? $9 Lr 3d $O Bg $- $$ . $7 $+ $7 $J $, $i , $o $, 9q $K $* $$ $F $b 8= :_ B? ?t $N 2J 3X 5; =Q %" %W %j %1!< %7%g %s $, 3+ H/ $5 $l $F $$ $k $b $N $N , $= $l $i $N 4p AC $H $J $k ?tCM 1i ;; %i %$ %V %i %j $K $D $$ $F $O , @lMQ $N %k!< %A %s $r FH <+ $K 3+ H/ $9 $k $+ , $^ $? $O %Y %s %@$, Ds 6! $9 $k %i %$ %V %i %j $r Mx MQ$9 $k $3 $H $, B? $/ , CN E* 6& M- ;q ;: $H$7 $F $NHFMQ$N%i%$%V%i%j$,3+H/$5$l$kNc$O>/$J$$ . 9b B. %M%C %H %o!<%/ 4D 6- $N H/ E8 $K H< $$ , :# 8e $O Bg 5,LO %" %W %j %1!< %7%g %s $K $D $$ $F $b , PC $+ $i 1i ;; %5!< %P , %9!< %Q!<%3%s%T%e!<%?$K;j$kB?MM$J;q8;$r %M%C%H%o!<%/>e$G 6& M- $7 , %*!< %W %s $J 4D 6- $G 8& 5f 3+ H/ $r 9T $& 5!2q $, A} $( $F $/$k $b $N $H M= A[ $5 $l $k . $3$N $h $& $J 4D 6- $N $b $H $G , B?=E 2= y El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o yy 2J3X5;=Q?66=5!9= CREST Japan Science and T ec hnology Agency $9$k%a%b%j3,AX$r9MN8$7$?%9%1!<%i%V%k$JJBNs %i%$%V%i %j $N I, MW @- $O A} Bg $7 $F $$ $k . $= $3 $G , K\ 8& 5f $G $O => Mh $= $l$>$l$NJ,Ln$K$*$$$FJL8D$K?J$a$i$l$F$-$?JB Ns%"%k%4 %j %: %‘ $d <B Au$K 4X $9 $k 8& 5f $r $b $H $K , M} O@ E* $JGX 7J $r 9M N8$7$?I8=‘E*$J%=%U%H%&%’%"4pHW$r@0Hw$9$k$3 $H$rL\;X $7 , 0J2<$NFbMF$K$D$$$F8&5f$r9T$&$3$H$rM=Dj$7$F$$$k . 2. <g$J8&5f9‘L\ K\ 8&5f $N L\ E* $O , =>Mh $= $l $> $l $NJ, Ln $K $* $$ $F JL8D $K ?J$a$i$l$F$-$?JBNs%"%k%4%j%:%‘$d<BAu$K4X$9 $kCN8+$r $b $H $K , M} O@ E* $J GX 7J $r 9M N8 $7$? I8 =‘ E* $J %= %U %H %&%’ %" 4pHW $r @0Hw $9$k $3$H $K $"$k . 8= :_MM!9 $J1~ MQ %=%U %H%&%’ %" 3+ H/ %W %m %8%’ %/ %H $, JB 9T $7 $F <B ;\$5 $l $F $$ $k $, , 4p HW $H$J$k6&DL$NHFMQ%k!<%A%s$N3+H/!&Ia5Z$^$G$r9T $&$3$H $O 5) $G $" $j , $= $l $> $l $N MQ ES $K E, $7 $? %i %$ %V %i%j $r FH <+ $K :n @. $9 $k $+ , $^ $? $O 9q 30 $G 3+H/ $5 $l $? HF MQ %k!< %A %s $r MQ $$ $k $N $, Ia DL $G $" $k . K\ 8& 5f $G $O , B? MM 2= $9 $k 7W ;; 4D 6-$G$NMxMQ$K==J,BQ$(F@$k4h7r$+$D9b@-G=$J4p K\1i;;%i %$ %V %i %j $r 9=C[ $9 $k $H $H $b $K , 9q Fb $N <{ MW $K 1~$( F@ $k %l %Y%k$N9b$$@.2L$r5s$2$k$3$H$rL\;X$7$F$$$k . K\ 8&5f $G $O , Bg 5, LO %= %U %H%&%’ %" 3+ H/ $N J} K! O@$K 4X $7 $F , ?t CM %" %W %j %1!< %7%g %s 3+ H/ $N 4Q E@ $+ $i 9q Fb 30 $N 8& 5f

F0 8~ $K $D $$ $F >\ :Y$J D4 :: 8& 5f $r <B ;\ $9 $k $H $H $b $K , $3 $l $i 4X O" J, Ln $N 8& 5f<T $H $N 8& 5f 8r N. , $* $h $S 9q Fb $K $*$1 $k 2J3X5;=Q%=%U%H%&%’%"3+H/>e$NLdBjE@ $r2r7h$9$k$?$a$N J} :v $N Ds 0F $H $= $N 6q BN 2= $r <g MW L\ E* $N $R $H $D $H $7 $F $$ $k . $3 $N 7k 2L $r $b $H $K , 9q Fb $K $* $$ $F 3+ H/ $5 $l $F $$ $k %" %W%j%1!<%7%g%s$ND4::5Z$S4XO"J,Ln$N8& 5f<T$H$N6(NO$K $h $j , 9q Fb $N 2J 3X 5; =Q %" %W %j %1!< %7%g %s 3+ H/ $K $* $$ $F I, MW$H9M$($i$l$k6&DL4pHW%=%U%H%&%’%" $NFbMF$H$=$N9=@. $N >\:Y $r7h Dj$9 $k$3 $H$H $7$? . <B :]$N 8&5f 3+H/ $K$* $$$F $O , ;EMM$N:vDj , %W%m%H%?%$%W<BAu , I>2AMQ%O!<%I%&%’%" $NA*Dj , @-G=I>2A , 8x3+5Z$SG[I[$J$I , 3FCJ3,$G>\:Y$J8! F$ $, I, MW $G $" $j , == J, $J ?M E* , J* E* ;q 8; $r MQ 0U $9 $k I, MW $, $" $k . K\ 8& 5f $G $O , <g $K 8G M- CM 2r K!!$ O" N) 0l <! J} Dx <0 2r K!!$ 9b B. 4X ?t JQ 49 $N ;0 J, Ln $r A[ Dj $7 , J, Ln $K $h$C $F :G E, $H ;W $o $l $k 8& 5f<T $X $N 6( NO $r F@ $k $H $H $b $K , >o $K:G ?7 $N 3+ H/ 4D 6- $r Ds 6! $G $- $k $h $& , B? MM $J %"!< %- %F %/ %A%c $+ $i9=@.$5$l$k7W;;5!72$rF3F~$7$F$$$/M=Dj$G$"$k . 0J2<$G$O<gMW$J8&5f9‘L\$H8=;~E@ $G$N<g$J8&5f@.2L$K $D$$$F =R$Y $k . :G=*E* $K$O , $3$l $i$r 4pAC $H$7 $F , B?$/$N 8&5f<T$K$h$kB?:L$J8&5f@.2L$r<h$j9~ $s$G$$$/M=Dj$G$" $k . 3. 7W;;<jK! , %"%k%4%j%:%‘$K4X$9$k8&5f JB Ns %= %U %H%&%’ %" 4p HW $N @_ 7W $K Ev $?$C $F $O , >o $K$= $N 7W ;; <j K! 5Z $S <B Au<j K! $K $D $$ $F , :G ?7 $N 8& 5f @. 2L $r$b $H $K 8+ D> $7 $r 9T$C $F $$ $/ I, MW $, $" $k . K\ 8& 5f $G $O , 3F J, Ln $N J, C4 <T $, Cf ?4 $H$J $j , 8& 5f =8 2q Ey $r @Q 6K E* $K 3+ :E$9 $k $3 $H $K $h $j , 4p AC E* $J 8& 5f $N ?6 6= $r ?^ $k $H $H $b $K , 8& 5f @_ Hw $r 6& F1 8& 5f <T$K 9- $/ Ds 6! $7 , :G ?7 $N 7W ;; 5! 4D 6-$r Mx MQ $7 $? 8& 5f 3h F0 $r DL $8 $F , 40 @. EY $N 9b $$ 4pHW %= %U %H %&%’ %"$N9=C[$rL\;X$7$F$$$k . 3.1 8GM-CM2rK! J* @- J*M} $d NL ;R 2= 3X$J $I $N J* <A 2J 3XJ, Ln $G $O , L) EYHF 4X?tK!$dBh0l86M}7W;;$rMQ$$$?Bg 5,LO$J%7%_%e%l!<%7%g %s $, I, MW $H $J $k $3 $H $, B? $$ . $3 $l $i $N 7W ;; $K $* $$ $F , 9b B. $J 8G M- CM 2r K! $KBP $9 $k <{ MW $O Bg $- $/ , N> J, Ln $N 8&5f <T $, L) @\ $K 6( NO $9 $k$3 $H $K $h $j , <B MQ @- $N 9b $$ HF MQ %=%U %H %&%’ %"$r 3+H/ $9$k $3$H $,$G $- $k$b $N$H 4|BT $5$l $k . K\8& 5f %0%k!< %W $G $O , QR K!$J $I $N I8=‘ E* $J 8GM- CM 2r K!$H $H $b $K , Bg 5, LO Ld Bj $K $* $$ $F >/ ?t $N 8G M- CM!& 8GM- %Y %/ %H %k $r 8z N( E* $K 5a $a $k<j K! $K $D $$ $F $b , <B :] $N 1~ MQ $K BQ$( F@ $k9bB.$+$D%9%1!<%i%V%k$J8GM-CM7W;; %"%k%4%j%:%‘$N@_ 7W5Z$S<BAu$rL\;X$7$F$$$k . Bg 5, LO AB 9T Ns $N 8G M- CM $r ?t CM E* $K 5a $a $k >l 9g , $$ $/ $D $+ $N2r K! $r 9M $($k $3 $H $, $G $- , <g$J $b$N $H $7 $F $O , Lanczos K!$d$= $NHs BP>N LdBj $X$N 3HD% $G$" $k Arnoldi K! , $"$k$$ $O NL ;R 2= 3X 7W ;; $G Mx MQ $5 $l $k $3 $H $N B? $$ Da vidson K! $d , $=$N0l<o$G $"$k Jacobi- Da vidson K! 17),18) $J $I$N H?I|2rK!$r5s$2$k$3$H$,$G$-$k . $7$+$7 $J$,$i , <BBP >N9TNs A , B $K 4X$9$k0l HL2=8GM- CMLdBj Ax = �B x (1) $N:G>.8GM-CM , $"$k$$$O$3$l$HF1CM$JLdBj B x = �Ax; � = 1 =� (2) $N:GBg8GM-CM$r5a$a$k>l9g , $3$NLdBj$O Ra yleigh >& � ( x ) = x T B x x T Ax (3) $N6KCMLdBj$K5"Ce$9$k$3$H$,$G$- , :G5^8{G[J}8~$, r � ( x ) � g ( x ) = 2( B x � �Ax ) x T Ax (4) $G$"$k$3$H$+$i , E,Ev$J78?t � i $rMQ$$$F x i +1 = x i + � i p i ; p i = � g i (5) $h$j:G5^>e>:K!$r , $^$?=$@5J}8~$H$7$F p i = � g i + � i � 1 p i � 1 ; � i � 1 = g T i g i g T i � 1 g i � 1 (6) $J $I $r MQ $$ $k$3 $H $K $h $j , 6& Lr 8{ G[ K! $r F3 $/ $3$H $, $G $- $k . $3$N<j K!$O 1951 G/ $K Hestenes $i $K$h$jDs 0F$5$l , Fletc her $i $, H/ E8 $5 $; $? $b $N $G $" $k $, 3),8) , 1980 G/ Be 0J 9_ $N Kn y azev $i $N 8& 5f 12),13) $K $h $j , Be ?t E* %^ %k %A %0 %j%C %I K! $J $I $N E, @Z $J A0 =h M} $H AH $_ 9g $o $; $k $3 $H $K $h$C$F , Lanczos 7O $N2rK!$HHf3S$7$F$h $j9bB.$K8GM-CM $r7W;;$G$-$k$3$H$,J,$+$C$F$-$? ( ?^ 1) 16) . K\<j K! $O Hf 3S E* ?7 $7 $$ 2r K! $G $" $j , <} B+ @- $J $I , L@$i $+ $K $J$C $F $$ $J $$ It J, $b B? $$ . K\ %W %m %8%’ %/ %H $G $O , Bg 5, LO8GM-CM2rK!$KBP$9$kM-NO$J2rK!$N0l$D$H$7$F I>2A$7$F $$ $/ $H $H $b $K , Hs BP >N Ld Bj $X $N 3H D% $d 8z N( E* $JJB Ns <B Au <jK!$K$D$$$F , :#8e8!F$$r?J$a$F$$$-$?$$$H9M$($F$$$k . 3.2 O"N)0l<!J}Dx<02rK! N. BN %7 %_%e %l!< %7%g %s $d 9= B$2r @O $J $I , JP Hy J, J} Dx <0 $N ?t CM 2r $, I,MW $H $J $k J, Ln $K $* $$ $F $O , N% ;6 2=$N 2a Dx $G Bg 5, LO $J O" N)0l <! J} Dx <0 $r 07 $& $3 $H $+ $i , 8z N(E* $J %" %k %4 %j %: %‘ $K BP $9 $k <{ MW $O Bg $- $$ . K\ 8& 5f $G $O , $3 $l $i $N 1~MQJ,Ln$+$iGI@8$9$kO"N)0l<!J}Dx<0$NH?I|2r K!5Z$S$= $N A0 =h M} <j K!$r Cf ?4 $K , 6K $a $F 9b JB Ns $J 4D 6- $G$N ;H MQ $K $bBQ$(F@$k%9%1!<%i%V%k$+$D?.Mj@-$N9b$$%"%k %4%j%:%‘ $N@_7W5Z$S<BAu$r9T$C$F$$$/M=Dj$G$"$k . 6a G/!$Bg 5, LO O" N) 0l <! J} Dx<0 $N H? I| 2r K! $H $7 $F , %^ %k %A%l %Y%k $J2r K! $,B? $/8& 5f$5 $l$F $$$k . $= $N$h $&$J <jK! $N $R $H $D $H $7 $F , Be ?t E* %^ %k %A %0 %j%C %I !J AMG !K K! $r 5s$2$k$3$H$,$G$-$k 5) . 0lHL$K%^%k%A%0%j%C%IK!$O � JBNs@-$KIY$‘ � C‘<! 7W ;; $N >l 9g!$ Ld Bj 9T Ns $N Bg $- $5 $r n � n $H$9 $k $H , $& $^ $/ 5! G= $7 $? >l 9g <} B+ $^ $G $N 7W ;; NL $O O ( n ) $G$"$k $H$$$C$?@-<A$r;}$D . AMG K!$O4v2?E*%^%k%A%0%j%C %I K! $H F1 MM $N86 M} $K $b $H $E $$ $F $$ $k $, , Ld Bj 9TNs $N $_ $r MxMQ$7$F8m:9$N9b<~GH?t@.J,$N<h$j=|$+$l$?AF $$%l%Y%k $N 9T Ns $r @8 @. $7 , 4v 2? E* %^ %k %A%0 %j%C %I K! $H F1 Ey $N 7W ;; NL$G9bB.$KLdBj$r2r$/$3$H$,$G$- ,

?^ 1 100 3 85 7 E@ 3 <! 85 Laplace 9T Ns ( Hs Nm MW AG ?t 6,940,000) $N 8G M- CM Ld Bj $K $* $1 $k 6& Lr 8{ G[ K! A0 =h M} $H <} B+ N( $N 4X 78 ( 2< ?^ $O AMG A0=hM}$rMQ$$$?>l9g .) � IT5,B’$JAB9TNs$KBP$7$F$bE,MQ2DG=$G$"$k � 0[J}@-LdBj$KBP$7$F$bM-8z$G$"$k MxE@$r;}$D . =iG/EY$K$*$$$F , 2f!9$O AMG K!$N$&$A :G$b M-NO $J 2r K! $N$R $H $D $G$" $k smo othed aggregation $K 4p $E $/ algebraic m ultigrid K! 24) $r A0 =h M} $H $7 $F MQ $$ $? 6& Lr 8{ G[ K! !J SA-AMGCG K!!K $N 8z N( E* $J JB Ns <B Au <j K! $r Ds 0F $9 $k $H $H $b $K , 4{ B8 $N %o!< %/ %9 %F!< %7%g %s %/ %i %9 %? >e$G :G Bg 1562 K| <! 85 !J 250 !_ 250 !_ 250 !K $N 3 <!85%] %" %=%s J} Dx <0$r 2r $-!$ ICCG K!!J Lo calized ILU A0=hM}IU6&Lr8{G[K!!K$H$NHf3S$+$i , Bg5,LO$JLdBj $K$J$k$[$I$h$j9bB.$K2r$1$k$3$H$r<($7$? ( ?^ 2) 6) . AMG K!$OHFMQ $NA0 =hM} <j K!$H $7$F $O8= ;~E@ $G:G $bM- 8z $J %" %k %4 %j %: %‘ $G $" $j , %9 %1!< %i %S %j %F%# $K 4X $7 $F $b M% $l$? FC@- $r;} $D . K\%W %m%8%’ %/%H $K $*$$ $F$b $h$j >\:Y $J 8& 5f $r 9T$C $F $$ $/ $H $H $b $K , 6/ NO $J A0 =h M}<j K! $N 0l $D $H$7$FAa4|$K%i%$%V%i%j$H$7$F8x3+$9 $k$3$H$r8!F$$7$F $$$k . 3.3 9bB.4X?tJQ49 5$ >] M=B, $d CO 5e N. BN2r @O $J $I , 5e LL>e $N N. BN J} Dx <0$r 07 $& I, MW $N $" $k J,Ln $G $O , %9 %Z %/ %H %k K! $J $I $N 9b B.@Q J, JQ 49$r MQ$$ $?9b @:EY $J2r K!$, MxMQ $5$l $F$$ $k . K\8& 5f$G $O , $3 $l $i $N J, Ln $N 8& 5f <T $H $N 6( NO $K $h $j , %" %k %4 %j %: %‘%l%Y%k$K$*$$$FJBNsEY$N9b$$2rK!$N 8&5f5Z$S@_7W$r9T ?^ 2 250 3 85 3 <! 85 P oisson Ld Bj $r 2r $$ $? >l 9g $N AMGCG K! , ICCG K!$N <} B+FC @- (Sun Blade 1000 125PE $r ;H MQ ) $H F1 %/%i %9%? >e$G $N7W ;;;~ 4V (iter $OH? I| 2rK! It$N 7W;; ;~4V $r<( $9 .) $& $H $H $b $K , 9b @- G= $J JB Ns 9b B.%U!< %j %( JQ 49 %i %$ %V %i %j $r Cf ?4 $K , <B:] $N 7W ;; 4D 6- $K $* $$ $F 9b $$ <B 8z @-G= $r F@ $k $3$H$N$G$-$k9bB.4X?tJQ49%=%U%H%&%’%"$N3+H/ $r9T$C$F $$ $/ M= Dj $G $" $k . 8= CJ 3, $G $O , J, ;6 6& M- %a %b %j %N!< %I Fb $G$N9b8zN($J9bB.%U!<%j%(JQ49%i%$%V%i%j$N3+ H/$rCf?4 $K9T$C$F$$$k . 6aG/!$JBNs%"!<%-%F%/%A%c5;=Q $NH/E8$K$h$j!$9b@-G= $J%^%$%/%m%W%m%;%C%5$rJ#?tEk:\$7$?6&M-%a%b %j7?JBNs 7W;;5!$,Hf3SE*MF0W$KMxMQ$G$-$k$h$&$K$J$C$F $-$?!%<g 5-21$rJ,;6G[CV$9$k%M%C%H%o!<%/7k9g7?$NJ,;66& M-%a%b %j%"!<%-%F%/%A%c$O!$%P%97k9g7?$N%"!<%-%F%/ %A%c$HHf 3S $7 $F $h $j Bg5, LO $J 9= @. $r AH $‘ $3 $H $, $G $- $k $, , <g 5- 21 $KBP$9$k%"%/%;%9;~4V$O$=$N%W%m%;%C%5$HF1$8 %N!<%IFb $G$"$k$+B>$N%N!<%I$K$"$k$+$GIT6QEy$K$J$k!%0l HL$KBg 5,LO$J7W;;$G$O3F%W%m%;%C%5$N%a%b%j%"%/%;%9 $K6I=j@- $,$"$k>l9g$,B?$/!$$3$N$h$&$J>l9g$K$O3F%N!<%I $N<g5- 21 $X $N %G!< %? G[ CV J} <0 $r 9) IW $9 $k $3 $H $K $h$C $F , $h $j B? $/$N %a %b %j %" %/%; %9 $r %N!< %I Fb $K 8B Dj$9 $k $3 $H $, $G $- $k . %N!< %I Fb $N %a %b %j %" %/ %; %9 $N 3d 9g $, B? $1 $l $P , %W %m %;%C

%5?t$,A}$($F$b9b$$%9%1!<%i%S%j%F%#$r ;}$D2DG=@-$,9b $/$J$j!$9b$$3HD%@-$,I,MW$H$J$kBg5, LO2J3X5;=Q7W;;$K E,$7$F$$$k . $= $3 $G , =i G/ EY $K $* $$ $F $O , J, ;6 6& M- %a %b %j 7? %"!< %- %F%/ %A%c $N NEC Itanium ccNUMA %5!< %P $r Mx MQ $7!$ JB Ns FFT %" %k %4 %j %: %‘ $N %G!< %? G[ CV J} K! $H $= $N :G E, 2= <j K! $K $D $$ $F!$ <B 5! >e $G MM!9 $J %G!< %? $r 85 $K 8! F$ $7 $? . %-%c%C %7%e $r M- 8z Mx MQ $9 $k => Mh $N %" %k %4 %j %: %‘ $K $* $$ $F $O , %-%c%C %7%e Fb $G 9T $o $l $F $$ $k FFT %" %k %4 %j %:%‘$K Sto c kham FFT Ey bit-rev erse =hM}$rMW$7$J$$ %" %k %4 %j %: %‘ $, MQ $$ $i $l $k $3 $H $, B? $$ $,!$ 2f!9 $O $3 $N bit-rev erse =h M} $r <g 5- 21 %" %/ %; %9 ;~ 4V $K 1# JC $9 $k $3 $H $G , in-place %" %k %4%j %: %‘ $r MQ $$ $k$3 $H $, $G $- $k$h $& $J <jK!$rDs0F$7!$<B:]$K$[$\1#JC2DG=$G $"$k$3$H$r3NG’$7 $? . $3 $l $K $h $j , 2 24 E@ FFT $N 7W ;; $K $* $$ $F , 8PE >e $G%T!< %/ @- G= $N 13.3% $KAj Ev $9 $k 3.12G ops $N@- G= $r 0z$-=P$9$3$H$K@.8y$7$? 19) . 4. %O!<%I%&%’%" , %7%9%F%‘5;=Q$K4X$9$k8&5f 6a G/ $N>p Js 5; =Q $N H/E8 $K H< $$ , 7W ;;5! $N Mx MQ 7A BV $OCx $7 $$ JQ 2= $r ?k $2 $D $D $" $k . K\ 8& 5f $G $O , $3 $l $i $N F0 8~ $r F’ $^ $( , :# 8e 9q Fb$G Ia 5Z $9 $k $H ;W $o $l $k Mx MQ 7A BV $rA[ Dj $7 $D $D , $3 $l $i $N>e $G 9b $$ @- G= $r H/ 4x $9 $k $3 $H $N $G$- $k JB Ns %= %U %H %&%’ %" 4p HW $r @_ 7W , 9= C[ $7 $F $$ $/ $? $a , >o $K :G?7$N3+H/4D6-$r@0Hw$9$k$3$H$rL\;X$7$F$$$k . =i G/ EY $K $* $$ $F $O , 6& DL 3+ H/ 4D 6- $H $7 $F 6& M- %a %b %j 7? JB Ns 7W ;; 5! (SGI Altix 3700), >. 7? %Y %/ %H %k 7W ;; 5! (NEC SX-6i), PC %/ %i %9 %? (dual In tel Xeon %W %m %;%C %5 Ek :\ %5!< %P 16 Bf ) $r F3 F~ $9 $k $H $H $b $K , 10Gbps %M%C %H %o!< %/ $K BP 1~ $9 $k 9b @- G= %k!< %? (Cisco C6509) $K$h$j$3$l$i$r@\B3$7 , 4pACE*$J3+H/4D6-$r@0Hw$7$? . %O!< %I %&%’ %" 5; =Q $K 4X $7 $F $O , >J EE NO 2= , 9b L) EY 2= $N ?J E8 $H $H $b $K , =>Mh $H Hf 3S $7 $F $h $j 9b JB Ns $J %W %m %0%i %_ %s %0 4D 6- $, Cf ?4 E* $K $J$C $F $$ $/ $b $N $H ;W $o $l $k0l J} , %W %m%;%C%5$NB.EY$HHf3S$7$F%a%b%j%l%$ %F%s%7$,AjBPE*$K $h $j A} Bg $7 $F $$ $/ $3 $H $+ $i , %A%C %W Fb $G $N %^ %k %A %9 %l%C %I =hM} $b$h $j0l HLE* $K$J$C $F $$$/ $b$N $H9M $($i $l$k . $7 $? $,$C $F , A0 @a $G =R $Y $? JB Ns %i %$ %V %i %j $N =E MW @- $O , $h $jBg$-$/$J$C$F$$$/$b$N$H9M$($i$l$k . $3 $N $h $& $J 4D 6- $G $O , J, ;6 $7 $? %N!< %I 4V $N DL ?. %9 %1 %8%e!<%k$d%W%m%;%9$NG[CV$r:GE,2=$9$k $3$H$,=EMW$H$J $k . 2f!9 $N %0 %k!< %W $G $O , DL ?. :G E, 2= %i %$ %V %i %j $K 4X $9 $k 8& 5f $N 0l 4D $H $7 $F , $^ $: %9 %1 %8%e!< %j %s %0 $N 1F 6A $, Bg $-$$$H9M$($i$l$kLZ9=B$%M%C%H%o!<%/$K $*$1$k=89gDL?. $N:GE,2=$K$D$$$F8&5f$r9T$C$?!%IT 6Q0l$J%M%C%H%o!<%/ $r9M$($?>l9g , :GE,%9%1%8%e!<%j%s%0$N 7W;;$O NP :$Fq $J Ld Bj $H $J $k $, , $3 $3 $G $O :G E, 2r $N C5 :w $K ?< $5 M% @hC5 :w $K $h $k J, ;^ 8B Dj K!$r MQ $$ , LZ 9= B$ $N BP >N @- $+ $i Mh $k>i D9 @- $r F1 7? H= Dj %" %k%4 %j %: %‘ $K $h $j >J $/ $3 $H $K $h $j , C; ;~ 4V $G 2r $1 $k $3 $H $r <( $7 $? . $5 $i $K , $3 $3 $G 5a $a $? :G E, 2r $r MQ $$ $F =8 9g DL ?. $r 9T $& $3 $H $K $h $j , HF MQ $N %a%C %;!< %8 DL ?. %i %$ %V %i %j (MPICH-Score, LAM/MPI) $H Hf 3S $7 $F Bg I} $K DL ?. ;~ 4V $, :o 8: $5 $l $k >l 9g $, $" $k $3 $H $, J, $+$C$? 10) . :#8e , $h$j Bg5, LO$J 4D 6-$K BP$7 $F E,MQ $G$- $k $h $& $3 $N <j K!$r 3H D% $9 $k $3 $H $K $h $j , Dc %l %Y %k$J DL ?. $N :GE,2=$,2DG=$K$J$k$b$N$H4|BT$5$l$k . 5. %=%U%H%&%’%"5;=Q$K4X$9$k8&5f K\ 8&5f $N <B ;\ $K Ev $?$C $F $O , 4X O" J, Ln $N B? MM $J<{ MW $K 1~ $( $D $D , HF MQ @- $, 9b $/ , $+ $D ;H $$ $d $9 $$ %= %U %H %&%’ %" 4p HW $N Ds 6! $r L\ E* $H $7 $F $$ $k E@ $r F’ $^ $( , %= %U %H %&%’ %" 5; =Q $N J} 8~ @-$d , 4X O" 1~ MQ J, Ln $K $* $1 $k 8& 5f 3+H/ $N 8= >u $K4X$9$k==J,$JD4::$,I,MW$G$"$k$H9M$($i$l$k . K\ %W%m %8%’ %/ %H $G $O , ?t CM 2r@O $K 4X $7 $F M} O@ E*$J CN <1 $r ;} $D 8& 5f <T $r Cf ?4 $K %a %s %P!< $r 9=@. $7 $F $* $j , 0l J} $G 1~MQ J,Ln $N8& 5f <T$r <g$J MxMQ AX$H $7$F A[Dj $7$F $$$k . $3 $N $? $a <B Au $KMQ $$ $k 8@ 8l $H $7 $F $O , $G $- $k $@ $14{ B8 $N C‘ <! 8@ 8l $K 6a $/ , JB Ns 2= $, MF 0W $J $b $N $, K> $^ $7 $$ $, , 0l J} $G @- G= >e $N MW5a $O 87 $7 $/ , Bg 5, LO $J JB Ns 4D 6- $G9b $$ @- G= $,F@$i$l$k$b$N$G$J$1$l$P$J$i$J$$ . 0l J} , %$%s %? %U%’!< %9 $N @_ 7W $K $* $$ $F $O , Mx MQ <T $, $I $3 $^$G =@Fp $KA‘ :n $r5- =R$G $-$k $+$, =EMW $JLd Bj$H $J$k . $3 $N$h $& $J =hM} $r 8z N( $h $/ 5-=R $9 $k JB Ns %i %$%V %i %j $H $7 $F , @~7A 2rK! $r<BAu $7$? PETSc 2) $d Aztec/T rilinos 7),23) $J$I $r5s $2 $k$3 $H$, $G$- $k . $3$l $i$O %* %V%8%’ %/%H ;X8~ $K4p $E $/ %W %m %0 %i %_ %s %0%$ %s %? %U%’!< %9 $r :N MQ $7 $F $* $j , %Y %/ %H %k , 9T Ns $J $I $+ $i 9= @. $5$l $k %* %V %8%’ %/ %H $K BP $9 $k 4p K\ E* $J A‘:n $r AH $_ 9g $o $; $k $3 $H $K $h $j , J#;( $J 5! G= $r;}$D%i%$%V%i%j$r9=C[$7$F$$$k . $3 $N $h $& $J %$ %s %? %U%’!< %9$N :N MQ $O , %G!< %? $K BP $9 $k A‘ :n $N >\ :Y $r 1# JC $9 $k >e $G 8z 2L E*$G $" $k $, , %* %V %8%’ %/ %H$K BP$9 $kA‘ :n $O5, Dj$5 $l$? $b$N $K8B $i$l $k . 6&M- %a%b %j4D6-$K4X$7$F$OBP1~$9$kJBNs%i%$%V%i%j$r$" $kDxEY5! 3# E* $K E, MQ $9$k $3 $H $, 2D G= $G $" $k $, , J, ;6 %a %b%j 4D 6- $r MxMQ$9$k>l9g$O%i%$%V%i%j$G5,Dj$5$l$?%G!<%? J,;6J}<0 $r MQ $$ $k I, MW $, $" $j , 0l HL $K API $r MQ $$ $: $K L@ <( E* $K ;XDj $9$k $3$H $O $G$- $J$$ . $3$l $i $r5- =R$G $-$k %i%$ %V%i %j $r ?7 5, $K 3+H/ $9 $k $3 $H $b 2D G= $G $" $k $, , J# ;($J 9= J8 $r 2r <a $9 $k $? $a $N %W %j %W %m %;%C %5 $, I,MW $H $J $j , 8= <B E* $G $J $$ . $7 $? $,$C $F , 1~ MQ J, Ln $G $N Mx MQ $K E, $7 $? %i %$ %V %i %j $H $9 $k $? $a$K $O , =i 4| $N CJ 3, $+ $i 9b EY $K 40 Hw$7 $? L? Na 72 $r Dj 5A $9 $k I, MW $, $" $k . $J $* , $3 $N >l 9g Aztec $J $I C++ $G <B Au $5 $l $? %i %$ %V %i %j $, <B 8= $7 $F $$ $k $h $& $K , 1i ;; ;R $N B? =E Dj 5A 5! G= $r ;} $D 8@ 8l (C++, F ortran 9x $J$I ) $r;H MQ$9 $k $3$H $K$h $j5- =R $N=@ Fp@- $rM? $( $k$3 $H $, $G $- $k $, , JB Ns =h M} $K 4X $9 $k L@ <( E* $J ;X <( $O0M A3 $H $7 $F:$Fq$G$"$k 1) . 5.1 %G!<%?J,;6$H5-=RJ}<0 0l J} , MPI (Message P assing In terface) %i %$ %V %i %j $r MQ $$ $F 5- =R $5 $l $? %W %m %0 %i %‘ $d HPF (High P erformance F ortran) $J $I $N JB Ns 8@ 8l $G 5- =R $5 $l $? %W %m %0 %i %‘ $+ $i %i %$ %V%i %j $r 8F $S =P $9 >l 9g $K $O , 8F $S =P$7 B& $K$*$$$F$b%G!<%?$NJ,;6J}<0$rMF0W$K ;XDj$9$k$3$H$,$G $-$k$?$a , $3$l$i$NLdBjE@$r2sHr$9$k$3$H$,$G$-$k . 0J 2< $G$O , 4{ B8 $N J, ;6%a %b %j 8~ $1 %W%m %0 %i %_ %s %0 %$%s %?%U%’!<%9$K$D$$$F4JC1$K$^$H$a$F$*$/ 22) . 5.1.1 HPF HPF (High P erformance F ortran) $O , 1991 G/ $K Rice Bg3X$N Ken Kennedy 65<x$N$b$H$G;EMM:vDj$,3+ ;O $5 $l , 1993 G/ $K HPF 1.0 9) $, , $^ $? 1997 G/ $K $3 $l $r @0 M} $7 $? HPF 2.0 14) $, $^ $H $a $i $l $? . HPF $G $O , MxMQ<T$,%G!<%?J,;6$rL@<(E*$K;X<($9 $k$?$a$N:G>.8B$N 9=J8$r F ortran 8@8l$KIU2C$7 , $=$l0J30$N:n6H$r=hM}7O $K G$$; $k$3 $H$r L\;X $7$F $$$k . %W %m%0 %i%‘ $OC‘ <!8@ 8l$H F1 MM $N %7 %s %0 %k %9 %H %j!< %‘ $N %; %^ %s %F%# %/ %9 $G 5- =R $5 $l , %G!< %? $O Bg 0h E* $K 07 $o $l $k $? $a , Mx MQ <T $O L@ <( E* $J DL ?.4I M}$d %G!<%? J,;6 $r9T $o $J$/ $F$h $$ . 9qFb $K$* $$$F $O , CO 5e %7 %_%e %l!< %? %W %m %8%’ %/ %H $r Cf ?4 $H $7 $F , <gMW $J HPF %f!<%6 $K $h $j @- G= $H <B MQ @- $r8~ >e $5 $; $k $? $a $N FH <+ $N ;E MM 3H D% $G $" $k HPF/JA 1.0 11) $, :v Dj $5 $l , PC %/%i%9%?8~$1 $N HPF 3+H/4D6-$N@0Hw $bCO5e %7%_%e%l!< %?%;%s%?!<5Z $S HPF ?d?J6(5D 2q$rCf?4$H$7$F?J $a$i$l $F $$ $k . MPI Ey $N B> $N JB Ns 2= %$ %s %? %U%’!< %9 $H $N 6& B8 $K $b BP 1~ $7 $F $* $j , C‘ <! %i %$ %V %i %j $N JB Ns 2= $N MF 0W$5 $r 9M N8 $9 $k $H , >e 0L %W %m %0 %i %‘ $N 5- =R 8@ 8l $H $7 $F HPF $r A[Dj$9$k$3$H$bA*Br;h$H$7$FBEEv$G$"$k$H;W$o$l$k . 5.1.2 MPI MPI (Message P assing In terface) 4) $O , SPMD (Single Program Multiple Data Stream) 7A <0 $K 4p $$$FMxMQ<T$,%W%m%;%C%54V$N%G!<%?E>Aw $rL@<(E*$K;XDj $9$k$? $a $N %i%$ %V %i %j$G $" $k . Argonne 9qN) 8&5f =j $, 3+ H/ $7 $? 2> A[ %G %P %$ %9 >e $X $N ;2 >H <B Au $G $" $k MPICH 25) $r $b $H $K B? $/ $N >&MQ 7W ;; 5! $K 0\ ?" $5 $l $F $* $j , J, ;6%a %b %j8~$1$N%W%m%0%i%_%s%0%$%s%?%U%’!<%9 $H$7$F:G$b9-$/ MQ$$$i$l$F$$$k . 5.1.3 Co-Arra y F ortran Co-Arra y F ortran 20) $O Cra y <R $, 3+ H/ $7 $? %G!< %? JB Ns 7? $N 8@ 8l $G $" $j , F ortran 95 $K %G!< %? J, ;6 $r 5- =R $9 $k $? $a $N :G >. 8B $N 3H D% $r 9T$C $F $$ $k . MPI $H F1 MM $K SPMD 7? $N %b %G %k $r :N MQ $7 $F $* $j , image $H 8F $P $l $k FH N) $7 $? %a %b %j %$ %a!< %8 $r ;} $D J# ?t $N <B 9T %9 %H %j!< %‘ $, %W%m %0%i %‘$r =EJ# $7$F <B 9T$9 $k . $I$N %9%H %j!<%‘ >e$N %G!< %? $G $" $k $+ $O , %G!< %? $K co-arra y $H 8F $P $l $k G[ Ns $r IU2C $9$k $3$H $K$h $j;X Dj $G$- $k$h $&$K $J$C$F $$$k . 3F %W %m %0 %i %‘ $O Hs F1 4| $K <B 9T $5 $l , %9 %H %j!< %‘ 4V $G $N %G!< %?;2>H$N:]$K$OL@<(E*$JF14|$,I,MW$H$J$k . 5.1.4 Global Arra ys Global Arra ys 15) $O 2> A[ E* $J 6& M- %a %b %j $X $N %" %/ %; %9$r%i%$%V%i%j8F$S=P$7$N7A$G<B8= $9$k%$%s%?%U%’!<%9 $G $" $k . %0 %m!< %P %k G[ Ns $N @k 8@ , %0 %m!< %P %k G[ Ns $X $N %" %/ %; %9 , %G!< %? 0l CW @) 8f $J $I $O %i %$ %V %i %j $r8F $S =P $9 7A $G<B8=$5$l$F$$$k . $3 $N B> , %= %U %H %&%’ %" J, ;6 6& M- %a %b %j $J $I $b 4^ $a $k $3 $H $, $G $- $k . 0l HL $K , MPI $N $h $& $K %i %$ %V %i %j 8F $S =P $7 $K $h $j DL ?. $r <B 8= $9 $k J} <0 $O 0\ ?" @- $, 9b $/ , %3 %s %Q %$ %i $X $N Ii C4 $O 7Z $$ . F1 MM $K , Co-Arra y F ortran $d Global Arra ys $O 7W ;; %^%C %T %s %0 $r %f!< %6 $, ;X Dj $9 $k $? $a , HPF $h $j 7Z NL $J %$ %s %? %U%’!< %9 $H $J$C $F $$ $k . Co-Arra y F ortran $O <! 4| $N F ortran 5, 3J $X $N DI 2C $, 8! F$ $5 $l $F $$ $k $, , @l MQ $N =h M} 7O $, I, MW $G $" $j , 8= ;~ E@ $G $O 0\ ?" @- $K K3 $7 $$ . 8= CJ 3, $G $O , ?7 5, $N %i %$ %V %i %j $K 4X$7$F MPI $H6&$K HPF $r3+H/8@8l$H$7$F;HMQ$9 $k$3 $H$H $7 , MPI %W%m %0 %i%‘ $+ $i $N8F $S =P $7 $K$b BP 1~ $5$; $k $3$H$K$h$j , 8zN(E*$K:n6H$r?J$a$k$3$H$rM=Dj$7$F$$$k . $3 $l $i $H 9g $o$; $F , :G E, 2= DL ?. %i %$ %V %i %j $J $I$r E} 9g $7 $F$$$/M=Dj$G$"$k . %$ %s %? %U%’!< %9 $K 4X $7 $F $O , %* %V %8%’ %/ %H ;X 8~ 8@ 8l $r MQ $$ $? 4J 7i $J$b $N $H , JB Ns %W %m %0 %i %‘ $+ $i $N 8F$S =P $7 $K $bBP1~$7$?<+M3EY$N9b$$$b$N$NN><T$rMQ0U$9$k $3$H$,K> $^ $7 $$ . K\ %W %m %8%’ %/ %H $G $O , JB Ns 2= %$ %s %? %U%’!< %9 $r 4^$‘B?MM$J8@8l$G=q$+$l$?%W%m%0%i%‘$KBP1~$9 $k$H$H$b $K , $^$b$J$/;EMM$, 3NDj$9$k F ortran 2003 21) $J$I$r MQ $$$?I8=‘E*$J%$%s%?%U%’!<%9$r3+H/$9$k$3$H$r8! F$$7$F $$$k . 6. 8&5f@.2L$NG[I[ , Ia5Z3hF0 K\ 8& 5f $N @. 2L $K $D $$ $F $O , 3+ H/ CJ 3, $K $* $$ $F $b %M%C %H %o!< %/ $r DL $8 $F 9- $/ 0l HL $N 8& 5f <T $K G[ I[ $7 , %U%#!< %I %P%C %/ $r $b $H $K , $h $j HF MQ @- $N 9b $$ %= %U %H %&%’ %" $H $7 $F $$$/ M= Dj$G $"$k . FC $K1~ MQ %=%U %H%&%’ %"3+ H/ %W%m %8%’%/ %H $H $N 6& F1 8&5f $r B% ?J $7 , Bg 5, LO Ld Bj Ey $X $N E,MQ $K BQ $( F@$k4h7r$J%=%U%H%&%’%"4pHW$r:G=*E*$KDs6!$9 $k$3$H$r L\;X$7$F$$$k . 7. $‘ $9 $S 7W ;;5! $N G= NO $O , :#8e $b Ht Lv E* $KH/ E8 $7 $F $$ $/ $b$N $H 4| BT $5 $l , $= $l $K H<$C $F , 7W ;; 5! $r Mx MQ $7 $? ?t CM %7 %_%e %l!<%7%g%s$O$h$j9-$$J,Ln$G3hMQ$5$l$k$h$&$K $J$C$F$$ $/ $b $N $H M= A[ $5 $l $k . K\ 8& 5f $O , => Mh 9q 30 $N 8& 5f @. 2L $K 0MB8$7$F$-$?Bg5,LOJBNs%"%W%j%1!<%7%g%s8~$1$N %=%U%H %&%’ %" 4p HW $r 9q Fb $G <B 8= $9 $k >e $G , $5 $- $, $1 $H $J $k $b $N $G $" $j , 4X O" 1~ MQ J, Ln $N 4p HW $r Ds 6! $9 $k $H $H $b $K , :# 8e $N8& 5f$N %b %G%k %1!<%9 $K$J $k$3 $H $r4| BT$7 $F$$ $k . K\8& 5f $N @. 2L J* $O , 9q Fb 30 $G $N D9 4| 4V $N Mx MQ $K BQ $($k $b $N $H $7 $F @_ 7W $5 $l , $^ $? $= $N Fb MF $K $D $$ $F $b , == J, $J M} O@ E* 8!F$ $, 9T $o$l $? 40 @. EY $N 9b$$ $b $N $K $7 $F $$$/ M= Dj $G $" $k . $3$N$h$&$J@-3J$N8&5f$O9qFb$K$*$$$F$b2a5n$K Nc$,>/$J $/ , 2f $, 9q $K$* $1 $k CN E* :b ;: $N 7A @. $K ;q $9 $k $b$N $H ;W $o $l$k!% <U <- K\ Js 9p $r $^$H $a $k $K$" $? $j , 3h H/$K $4 5D O@D: $- $^$7 $? %W%m %8%’%/ %H%a %s %P!<$N =t;a $K46 <U CW$7 $^$9 . $J

$* , K\ 8& 5f $O 2J 3X5; =Q ?6 6= 5! 9= @o N, E* AO B$ 8& 5f ?d ?J;v 6H ( 8&5f NN 0h !V%7 %_%e %l!< %7%g %s 5; =Q $N 3W ?7 $H <B MQ 2= 4p HW $N 9=C[!W ) CREST %W%m%8%’%/%H!VBg5,LO%7%_%e%l!< %7%g %s 8~ $1 4p HW %= %U %H %&%’ %" $N 3+ H/!W ( J? @. 14-19 G/ EY ) $K $h$k$b$N$G$"$k . ;2 9M J8 8% 1) S. Bala y, W. Gropp, L. McInnes, and B. Smith , E�cient management of p ar al lelism in obje ct oriente d numeric al softwar e libr aries , 1997. 2) S. Bala y, W. D. Gropp, L. C. McInnes, and B. F. Smith , PETSc Users Manual , T ec h. Rep. ANL-95/11 - Revision 2.1.1, 2001. 3) W. W. Bradbur y and R. Fletcher , New Iter ative Metho d for Solution of the Eigenpr ob- lem , Numer. Math., 9 (1966), pp. 259{267. 4) L. Clarke, I. Glendinning, and R. Hempel , The MPI Message Passing Interfac e Standar d , tec h. rep., Marc h 94. 5) A. J. Clear y, R. D. F algout, V. E. Henson, J. E. Jones, T. A. Manteuffel, S. F. Mc- Cormick, G. N. Mirand a, and J. W. R uge , R obustness and sc alability of algebr aic multi- grid , SIAM Journal on Scien ti�c Computing, 21 (2000), pp. 1886{1908. 6) A. Fuji i, A. Nishid a, and Y. O y ana gi , Par al- lel AMG A lgorithm by Domain De c omp osition , IPSJ T ransactions, 44 (2003), pp. 9{17. 7) M. Heroux, R. Bar tlett, V. H. R. Hoek- stra, J. Hu, T. K old a, R. Lehoucq, K. Long, R. P a wlo wski, E. Phipps, A. Salinger, H. Thornquist, R. Tuminar o, J. Willen- bring, and A. Williams , A n Overview of T rilinos , T ec h. Rep. SAND2003-2927, Sandia National Lab oratories, 2003. 8) M. R. Hestenes and W. Kar ush , A metho d of gr adients for the c aluculation of the char ac- teristic r o ots and ve ctors of a r e al symmetric matrix , J. Res. Natl. Inst. Stand. T ec hnol., 47 (1951), pp. 45{61. 9) High Perf ormance F or tran F or um , High Performanc e F ortr an language sp e ci�c ation, version 1.0 , T ec h. Rep. CRPC-TR92225, Hous- ton, T ex., 1993. 10) Y. Hourai, A. Nishid a, and Y. O y- ana gi , Optimal Br o adc ast Sche duling on T r e e- structur e d Networks , IPSJ T ransactions, 45 (2004), pp. 100{108. 11) Jap an Associa tion of High Performance F or tran , HPF/JA L anguage Sp e ci�c ation V ersion 1.0 , 1999. 12) A.V. Kny azev , Pr e c onditione d eigensolvers| an oxymor on? , Electron. T rans. Numer. Anal., 7 (1998), pp. 104{123 (electronic). Large scale eigen v alue problems (Argonne, IL, 1997). 13) , T owar d the optimal pr e c onditione d eigensolver: L o c al ly optimal blo ck pr e c ondi- tione d c onjugate gr adient metho d , SIAM J. Sci. Comput., 23 (2001), pp. 517{541. 14) J. Merlin and B. Chapman , High Per- formanc e F ortr an 2.0 , in Sommersc h ule ub er Mo derne Programmiersprac hen und Program- miermo delle, T ec hnical Univ ersit y of Ham burg- Harburg, 1997. 15) J. Nieplocha, R. J. Harrison, and R. J. Littlefield , Glob al A rr ays: A Nonuniform Memory A c c ess Pr o gr amming Mo del for High- Performanc e Computers , J. Sup ercomputing, 10 (1996), pp. 197{220. 16) A. Nishid a , Performanc e Evaluation of Par- al lel AMG Pr e c onditione d Conjugate Gr adien t Metho ds for L ar ge Sc ale Eigenpr oblems , IPSJ SIG Notes, 2004 (2004), pp. 205{210. 17) A. Nishid a and Y. O y ana gi , A Survey of the Jac obi-Davidson Metho d and its Char acteris- tics for L ar g e-sc ale Eigenvalue Pr oblems , IPSJ T ransactions, 41 (2000), pp. 101{106. 18) , A Par al lel Implementation of the Jac obi-Davidson Metho d using Op enMP an d its Evaluation on Shar e d Memory A r chite ctur es , Pro ceedings of Join t Symp osium on P arallel Pro cessing 2002, (2002), pp. 79{86. 19) A. Nukada, A. Nishid a, and Y. O y ana gi , Par al lel Implementation of FFT A lgorithm on Distribute d Shar e d Memory A r chite ctur e and its Optimization , IPSJ T ransactions, 44 (2003), pp. 1{8. 20) R. Numrich and J. Reid , Co-A rr ay F ortr an for p ar al lel pr o gr amming , 1998. 21) J. Reid , F ortr an 2000 CD b al lot and WG5’s r esp onse , A CM F OR TRAN F orum, 22 (2003), pp. 13{17. 22) Research Institute of Adv anced Inf or- ma tion Technology , 2002 A nnual R ep ort , tec h. rep., Japan Information Pro cessing De- v elopmen t Cen ter, 2003. 23) V. R. Tuminaro , O�cial Azte c User’s Guide . 24) P. V anek, M. Brezina, and J. Man- del , Conver genc e of algebr aic multigrid b ase d on smo othe d aggr e gation , Numerisc he Mathe- matik, 88 (2001), pp. 559{579. 25) G. William and E. Lusk , User’s guide for mpich, a p ortable implementation of mpi .