Bg5,LO8GM-CMLdBj$X$NJBNs AMG A0=hM}IU6&Lr8{G[K!$NE,MQ$HI>2A @> ED 98 y ; yy Bg 5, LO AB 9T Ns $N 8G M- CM $r ?t CM E* $K 5a $a $k >l 9g , => Mh $O Lanczos K! $d $= $N Hs BP >N Ld Bj $X $N 3H D% $G $" $k Arnoldi K! , $"$k$$$ONL;R2=3XJ,LnM3Mh$N Da vidson K!$d$=$N0l<o$G$"$k Jacobi-Da vidson K!$J$I$,MQ $$$i $l$F$- $? . $7$+$7$J $,$i , 6aG/$N 8&5f$K$h $j , >/ ?t$N8G M-CM!&8GM- %Y%/%H%k $N7W;;$, I,MW$H $J$kBg5, LO 8G M- CM Ld Bj $K BP $7 $F , 6& Lr 8{ G[ K! $r E, @Z $J A0 =h M} $H AH $_ 9g $o $; $k $3 $H $K $h$C $F 9b B. $K 8G M- CM $r 7W ;; $G $- $k $3$H$,L@$i$+ $K$J$C$F$-$? . $=$3$G K\8&5f$G$O , 8GM-CMLdBj$K$*$1$kA0=hM}IU 6&Lr8{G[K!$NM-8z@-$r8!>Z$9 $k$H$H$b$K , AMG $r$O$8$a$H$9$kJBNsA0=hM}<jK!$N8z2L$K$D$$$F , A0=hM}IU@~7A2rK!$N$?$a$N%"%k%4%j%: %‘%i%$%V%i%j Hypre $rMQ$$$FJBNs4D6->e$GM=HwE*$JI>2A$r9T$C$? . $=$N7k2L , AMG A0=hM}$N8z2L5Z$S%9 %1!<%i%S%j%F%#$K4X$7$F==J,$J7k2L$,F@$i$l$k$3$H$r3NG’$7$? . P erformance Ev aluation of P arallel AMG Preconditioned Conjugate Gradien t Metho ds for Large Scale Eigenproblems Akira Nishid a y ; yy When w e need to compute the eigen v alues of a large sparse matrix n umerically , the pro- jection metho d suc h as the Lanczos/Arnoldi metho ds or the Da vidson t yp e metho ds from quan tum c hemistry is the most ortho do x c hoice. Ho w ev er, recen t studies rev ealed that the conjugate gradien t t yp e metho d com bined with appropriate preconditioners can compute a few eigenpairs of suc h problems quite e�cien tly . In this preliminary study , w e ev aluate the p erformance of the conjucate gradien t algorithm for large scale sparse eigenproblems, and its preconditioners suc h as the algebraic m ultigrid, using an algorithm library of precondi- tioned iterativ e solv ers Hypre on parallel en vironmen t. F rom the n umerical exp erimen ts, the p erformance and scalabilit y of AMG preconditioner ha v e b een con�rmed. 1. GX 7J Bg 5, LO AB 9T Ns $N 8G M- CM $r ?t CM E* $K 5a $a $k >l 9g , $$ $/ $D $+ $N 2r K! $r 9M $( $k $3 $H $, $G $- $k . <g $J $b $N $H $7 $F $O , Lanczos K! $d $= $N Hs BP >N Ld Bj $X $N 3H D% $G $" $k Arnoldi K! , $" $k $$ $O NL ;R 2= 3X 7W ;; $G Mx MQ $5 $l $k $3 $H $N B? $$ Da vidson K! $d , $= $N 0l <o $G $" $k Jacobi-Da vidson K! $J $I $N 2r K! $r 5s $2 $k $3 $H $, $G $- $k . 0l HL $K , Bg 5, LO AB 9T Ns $N 8G M- CM Ld Bj $G$O , :G Bg $^ $? $O :G >. $N $b $N $+ $i ?t8D $^ $G$N 8G M-CM 5Z $S 8G M- %Y %/%H %k $r 5a $a $l $P$h $$ >l 9g $, B? $/ , AB 9T Ns @- $r J] B8 $9 $k Lanczos K! $d Da vidson K! $O , $3 $N $h$& $JLd Bj$K BP$7 $FM- 8z$G $"$k $H9M $($i $l$F $- $? . 0J 2<$G$O$^$: , $3$l$i$N2rK!$K$D$$$F4JC1$K$^$H$a$F$*$/ . Lanczos K! %5%$%: n $NBg5,LO9TNs A $N8GM-CM$r<BIt $NBg$-$J$b y El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o yy 2J3X5;=Q?66=5!9= CREST Japan Science and T ec hnology Agency $N $+ $i $$ $/ $D $+ !y 5a $a $k $? $a , <! 85 � � n $N %Y %/ %H %k ItJ, 6u 4V G l >e $X$N D> 8r<M 1F$r 9M$( $k . <M1F $r I=$9 9TNs $r � l $H$9$l$P , $3$NLdBj$O G l $K$*$$$F � l ( Ax l � � l x l ) = 0 (1) $rK~$?$96a;w8GM-BP � l 2 C ; 0 6 = x l 2 G l (2) $N7W;;$K5"Ce$9$k$3$H$,$G$-$k . ItJ,6u4V S $r@8@.$9$k r 8D$NFHN)$J%Y%/%H%k$r U = [ u 1 ; :::; u r ] ; 1 � r < n (3) $H$9 $k $H , G l Fb$N @5 5,D> 8r 4p Dl $N A*$S J} $K $h$C $F 2r K!$O <g$K 2 <o$KJ,$1$k$3$H$,$G$- , S l = A l S; l = 1 ; 2 ; ::: (4) $H $9$l $P , r = 1 $N >l 9g $O6R >h K! , $^ $? r > 1 $J $i $PIt J,6u 4V H? I| K! $H $J $k . $^$? , f u 1 ; :::; u r g $K$h$C $F @8 @. $5 $l$k Krylo v ItJ,6u4V$r K l = lin( S; AS; :::; A l � 1 S ) (5) $H $9 $l $P , A $, Hermite 9T Ns $J $i $P Lanczos K! !y 0J2<C1$K:GBg8GM-CM$H=q$/!%

!J r = 1 !K , %V %m%C %/ Lanczos K! !J r > 1 !K $, , F1 MM $K A $, Hs Hermite 9T Ns $J $i $P Arnoldi K! , %V %m%C %/ Arnoldi K!$, F@ $i $l $k . $9 $J $o $A , u 6 = 0 $K $h$C $F @8 @. $5$l$k Krylo v ItJ,6u4V$r K l = lin( u; Au; :::; A l � 1 u ) (6) $H$9$k$H$- , Lanczos K! ( $^$?$O Arnoldi K! ) $G$O<LA| $, ;0 =E BP 3Q 9T Ns ( $^ $? $O Hessen b erg 9T Ns ) H l $G I= $5 $l$k K l $N@5 5, D>8r 4p Dl f v i g l 1 $r7W ;; $9$k . 6qBNE* $K $O , v 1 = u= k u k 2 ; h 11 = v � 1 Av 1 (7) $H$7 , j = 1 ; :::; l � 1 $KBP$7$F x j = 0 $H$J$k$^$G x j +1 = Av j � j X i =1 h ij v i ; h j +1 ;j = k x j +1 k 2 ; (8) v j +1 = h � 1 j +1 ;j x j +1 ; h i;j +1 = v � i Av j +1 ( i � j + 1) (9) $r7W;;$9$k !y . Da vidson K! $3 $l $K BP $7 $F , Da vidson K! $O 0J 2< $N $h $& $J <j B3 $- $G :GBg8GM-CM$r5a$a$k!% @5 5, D> 8r 4p Dl f v i g k 1 $G D% $i $l $k It J, 6u 4V K = span f v 1 ; :::; v k g >e $G!$ 9T Ns A $N 6a ;w 8G M- BP!$ $9 $J $o$A Ritz CM � k 5Z$S Ritz %Y%/%H %k u k $r7W ;; $9 $k$3 $H $r9M $( $k!% u k $r99 ?7 $9 $k $? $a $K $O K $N<! 85 $r 3H D% $9 $k I,MW $, $" $k $,!$ Da vidson K!$G $O ;D :9 r = Au k � � k u k $K $D $$ $F , =$ @5 J}Dx <0 $H 8F $P $l $k 0J 2< $N $h $& $J J} Dx<0 $r 2r$/!% M k t = r ; M k = D A � � k I (10) D A $O A $NBP3Q @. J,$G $" $k!%$5 $i $K t $r K $HD> 8r2= $7 $F v k +1 $r F@ $k!% V k +1 = [ v 1 ; :::; v k +1 ] $H CV $1 $P!$ ?7 $7$$ Ritz BP ( � k +1 ; u k +1 ) $O9TNs H k +1 = V � k +1 AV k +1 (11) $N 8G M- BP $H $7 $F 7W ;; $5 $l $k $3 $H $K $J $k $,!$ $3 $N $3 $H $+ $i!$ M k = I $N>l 9g$K Lanczos/Arnoldi K!$H F10l $K $J $k$3$H$,J,$+$k !y!y !% $J$* , $3$3$G M � 1 k � ( A � � k I ) � 1 (12) $r;D:9%Y%/%H%k r $KBP$9$kA0=hM}9T Ns$H9M$($k$H , $3$N J} K! $G $O � k $K BP 1~ $9 $k 6a ;w 8G M- %Y %/ %H %k u k $N J} 8~ $N @. J, $r A} I} $5 $; $k 7k 2L $H $J $j!$ FC $K A $, BP 3Q 9T Ns $G $" $k>l9g$K$O?7$7$$8GM-%Y%/%H%k@.J,$r F@$k$3$H$,$G$-$J $$ $, , Da vidson K! $N 0l <o $G $" $k Jacobi-Da vidson K! $G$O , u k $ND>8r Jd 6u4V $+ $i99 ?7 $N $?$a $N @. J,$r <h $j =P$9 $3$H$K$h$C$F$3$NLdBjE@$r2r>C$7$F$$$k 10) . !y <B :] $K $O , H? I|$N ES Cf $G F@ $i$l $? 8G M- %Y %/%H %k $N @~ 7A 7k9g $r =i 4| %Y%/%H%k$H$7$F%j%9%?!<%H$r9T$J$&$3$H$,B?$$ . !y!y Da vidson K!$O 0l<o$N2C B.IU Lanczos/Arnoldi K! $H9M$( $k$3 $H$,$G$-$k!% 2. 6&Lr8{G[K!$NF3F~ $3$3$G , <BBP>N9TNs A , B $K4X$9$k0lHL2=8GM-CMLdBj Ax = �B x (13) $N:G>.8GM-CM , $^$?$O$3$l$HF1CM$JLdBj B x = �Ax; � = 1 =� (14) $N:GBg8GM-CM 1 8D$r5a$a$k$3$H$r9M$($k . $3$NLdBj$O Ra yleigh >& � ( x ) = x T B x x T Ax (15) $N6KCMLdBj$K5"Ce$9$k$3$H$,$G$- , :G5^8{G[J}8~$, r � ( x ) � g ( x ) = 2( B x � �Ax ) x T Ax (16) $G $" $k $3 $H $+ $i , $3$l $r 78 ?t � i $H $7 $F MQ $$ $? 6& Lr 8{ G[ K! x i +1 = x i + � i p i ; (17) p i = � g i + � i � 1 p i � 1 ; � i � 1 = g T i g i g T i � 1 g i � 1 (18) $rE,MQ$9 $k$3$H $,$G$- $k 4) . $3$l$O 1951 G/$K Hestenes $i $K $h $j Ds 0F $5 $l , Fletc her $i $, H/ E8 $5 $; $? <j K! $G $" $k$, 2),6) , 1980 G/Be 0J 9_$N Kn y azev $i$N8& 5f 8),9) $K$h $j , E, @Z $J A0 =h M} $H AH $_ 9g $o $;$k $3 $H $K $h$C $F 9b B. $K 8G M-CM$r7W;;$G$-$k$3$H$,L@$i$+$K$J$C$F$-$? 1) . 0l HL $K , A0 =h M} IU 8G M- CM 2r K! $N %" %k %4 %j %: %‘ $O , A0 =h M} 9T Ns T � A � 1 , T A , T B $K 4X $9 $k m k <! B? 9‘ <0 P m k ( T A; T B ) $r MQ $$ $F 0J 2< $N $h $& $K =q $/ $3 $H $, $G $- $k . ( 1 ) =i4|%Y%/%H%k x (0) $rA*Br$9$k ( 2 ) m k 2s $N H? I| $K $h $j x ( k ) = P m k ( T A; T B ) x (0) $r7W;;$9$k ( 3 ) � ( k ) = ( x ( k ) ; B x ( k ) ) = ( x ( k ) ; Ax ( k ) ) $r7W;;$9$k Ra yleigh >& $N 7W ;; $K $O MM!9 $J J} K! $r MQ $$ $k $3 $H $, $G $- $k $, , $3 $3 $G $O 6& Lr 8{ G[ K! $N >l 9g $K $D $$ $F @b L@ $9 $k . A0 =hM} IU 6&Lr 8{ G[K! $N H?I| $O , E,Ev $J =i4| %Y %/%H %k x (0) $HBP1~$9$k=$@5%Y%/%H%k p (0) = 0 $rMQ$$$F , � ( i ) = ( x ( i ) ; B x ( i ) ) = ( x ( i ) ; Ax ( i ) ) (19) r = B x ( i ) � � ( i ) Ax ( i ) (20) w ( i ) = T r (21) x ( i +1) = w ( i ) + � ( i ) x ( i ) + ( i ) p ( i ) (22) p ( i +1) = w ( i ) + ( i ) p ( i ) (23) $H =q $/ $3 $H $, $G $- $k . Kn y azev $N <j K! $G $O , $3 $3 $G 9TNsB+ B x ( i ) � � ( i ) Ax ( i ) $K4X$9$k span f w ; x ( i ) ; p ( i ) g >e $N Ritz CM , Ritz %Y %/ %H %k $r Ra yleigh-Ritz K! $r MQ $$ $F 7W ;; $7 , :G Bg Ritz CM $K BP 1~ $9 $k Ritz %Y %/ %H %k $r x ( i +1) $H $9 $k . $9 $J $o $A , 78 ?t � ( i ) , ( i ) $N CM $O , span f w ; x ( i ) ; p ( i ) g >e $G$N 6I =jE* $J:G E, 2r$r $b$H $K 7h$a $i $l $k . $3 $l $K $h$C $F , %Y %/ %H %k 4V $N D> 8r @- $r $b $H $K 3F 78 ?t $r L@ $K 7W ;; $9 $k I, MW $N $" $k => Mh $N J} K! $H Hf 3S $7 $F ,

MF0W$K99?7CM$r5a$a$k$3$H$,$G$-$k . $3 $N 2r K! $O MF 0W $K %V %m%C %/ 2= $9 $k $3 $H $, $G $- , =i 4| %Y %/ %H %k $H $7 $F x (0) 1 ; :::; x (0) m $H BP 1~ $9 $k =$ @5 %Y %/ %H %k p (0) 1 = � � � = p (0) m = 0 $r <h $k $3 $H $K $h $j , j = 1 ; :::; m $K$D$$$F � ( i ) j = ( x ( i ) j ; B x ( i ) j ) = ( x ( i ) j ; Ax ( i ) j ) (24) r j = B x ( i ) j � � ( i ) j Ax ( i ) j (25) w ( i ) j = T r j (26) $h$j , E,Ev$J78?t � ( i ) $rMQ$$$F span f w ( i ) 1 ; :::; w ( i ) m ; x ( i ) 1 ; :::; x ( i ) m ; p ( i ) 1 ; :::; p ( i ) m g (27) >e$G j HV L\$K Bg$- $J Ritz CM$H BP1~ $9$k j HV L\$N Ritz %Y%/%H%k$H$=$N=$@5%Y%/%H%k x ( i +1) j = X k =1 ;:::;m � ( i ) k w ( i ) k + � ( i ) k x ( i ) k + ( i ) k p ( i ) k (28) p ( i +1) j = X k =1 ;:::;m � ( i ) k w ( i ) k + ( i ) k p ( i ) k (29) $r 7W ;; $9 $k . =P NO $H $7 $F , :G Bg 8G M- CM � j $H BP 1~ $9 $k 8G M- %Y %/ %H %k $K 4X $9 $k 6a ;w � ( k ) j $H 8G M- %Y %/ %H %k x ( k ) j $r j = 1 ; :::; m $K$D$$$FF@$k . $J $* , :G 5^ >e >: K! $N <} B+ N( $K $D $$ $F $O , QQ >h K! $H $N N‘ ;w@-$+$i , >r7o � 0 ( T � 1 x; x ) � ( Ax; x ) � � 1 ( T � 1 x; x ) (30) $N$b$H$G � 1 � � ( n ) � ( n ) � � 2 � (1 � � ) n � 1 � � (0) � (0) � � 2 ; � = � 0 =� 1 � ( � 1 � � 2 ) = ( � 1 � � min ) (31) $N 4X 78 $, @. $j N) $D 8) . $7 $? $,$C $F , 6& Lr 8{ G[ K! $K $D $$ $F $b$3$NI>2A$rE,MQ$9$k$3$H$,$G$-$k . 3. A0=hM}$NE,MQ 0lHL2=8GM-CMLdBj Ax = �B x (32) $K $*$$ $F , 8G M- CM � $, 4{ CN$G $" $k$H 2> Dj$9 $k$H , $3 $l$K BP1~$9$k8GM-%Y%/%H%k$O ( A � �B ) x = 0 ; x 6 = 0 (33) $r 2r $/ $3 $H $K $h $j 5a $a $k $3 $H $, $G $- $k . $9 $J $o $A , 8G M- CM2rK!$K$*$1$k M}A[E*$JA0 =hM}9TNs T $O A � �B $N5U 9TNs$G $"$j , <B:]$K$O L$CN$N � $r Ritz CM $GCV$-49 $($? A0 =h M} 9T Ns $r 9M $( $k $3 $H $b $G $- $k . $7 $+ $7 $J $, $i , 0l HL $K$3$N$h$&$KA0=hM}9TNs$r<h$k$HITDj CM$H$J$k$3$H$,B? $/ , T $,BP>N@5DjCM$G$J$1$l$P$J$i$J$$>l9g$K$O T � A � 1 (34) $H<h$k$N$,<+ A3$G$" $j , FC$KO"N)0l <!J}Dx <0 Ax = f $N 2r K! $, M? $( $i $l $F$$ $k >l 9g $K $O , A0 =h M} $N 7W ;; $b MF0W $G $"$k . $3$N$h$&$KDj$a$? T $K4X$7$F , w ( i ) = T r (35) $9$J$o$A T � 1 w ( i ) = r (36) $r2r$/ . 2r$/$Y$-8GM-CMLdBj$K$*$1$k 9TNs$N@-<A$,J,$+$C$F$$ $k >l 9g $K $O , $3 $l $r Mx MQ $7 $F E, @Z $J A0 =h M} <j K!$r A* Br $9 $k$3$H$,$G$-$k . 4. A0=hM}<jK!$H$=$N<BAu 0J 2< $G $O , JF La wrence Berk eley 9q N) 8& 5f =j $K $h $j 3+ H/ $5 $l $? AB 9T Ns 8~ $1 JB Ns A0 =h M} IU @~ 7A 2r K! $N $? $a $N %" %k %4 %j %: %‘ %i %$ %V %i %j Hypre $r MQ $$ $F I> 2A $r 9T$C $? . Hypre $G$O , ?^ 1 3) $K<($9$h $&$KLdBj $N@-<A$K1~ $8 $F Structured-Grid (Struct), Semi-Structured-Grid (SStruct), Finite Elemen t (FEI), Linear-Algebraic (IJ) $N 4 <oN‘ $N %7%9 %F %‘ %$ %s%? %U%’!< %9 $, MQ0U $5 $l $F $* $j , $3 $l $i $N %$ %s %? %U%’!< %9 $K BP $7 $F I= 1 $N 3F 2r K! $r AH $_9g$o$;$k$3$H$,$G$-$k . ?^ 2 2 <!85 Semi-Structured-Grid $H$=$NJ,3dNc 3) $^$? , Hypre $G$O%*%V%8%’ %/%H;X 8~$K 4p$E$$ $?@_7W $r 9T$C $F $* $j , $9 $Y $F $N =h M} $O 4X ?t$r MQ $$ $F Dj 5A $5 $l $F $$ $k . $9 $J$o$A , 9T Ns , %Y%/ %H%k%G!< %?Ey $N@8@.!& GQ4~ , 5Z $S $3 $l $i $N %* %V %8%’ %/ %H $K BP $9 $k A‘:n $O , $= $l $> $l $N A‘ :n$r 5-=R $9$k 4X ?t$r 8F$S =P$9 $3$H $K$h $j=h M}$5 $l$k . 3F A0 =h M} <j K! $O$= $l $> $l @~ 7A 2r K! $H $7 $F <B Au $5 $l , I, MW $K 1~$8$FA0=hM}$H$7$FMxMQ$9$k$3$H$,$G$-$k$h $&$K$J$C$F $*$j , =@Fp$KAH$_9g$o$;$FI>2A$9$k$3$H$,$G$-$k . Kn y azev $i $K $h $k 6& Lr 8{ G[ K! $N <B Au $G $" $k %V %m%C %/ HG %" %k %4 %j %: %‘ LOBPCG $O , Hypre $N 8G M- CM 7W ;; %" %k %4 %j %: %‘ $H $7 $F <} O? $5 $l $F $$ $k $b $N $N , 4pK\ E* $K FH N) $7 $?

?^ 1 Hypre $N%=%U%H%&%’%"3,AX I= 1 3F%$%s%?%U%’!<%9$X$N2rK!$NBP1~>u67 System In terfaces Solv ers Struct SStruct FEI IJ Jacobi X SMG X PFMG X Bo omerAMG X X X P araSails X X X Euclid X X X PILUT X X X PCG X X X GMRES X X X %W%m %0 %i %‘ $G$" $j , A0=h M} $K 4X $9 $k Hypre $N%i %$ %V %i %j $N$_ $r I, MW $K 1~ $8 $F ;H MQ $7 $F $$ $k . 8=;~ E@ $G $O IJ %$%s %? %U%’!< %9 $N $_ $K BP 1~ $7 $F $* $j , BP >N @5 Dj CM $J AB 9T Ns $N 8G M-CMLdBj $r2r $/$3 $H$, $G$- $k . ?^ 3 $K$=$N9=@. $r<( $9 7) . H?I|2rK!It$O9TNsEy$N%G!<%?$K4X$9$k 4pK\E*$J=hM}$r5- =R $7 $? lobpcg matrix.c , lobpcg utilities.c $G Dj 5A$5 $l$? 4X ?t $rMQ $$ $F 5-=R $5 $l $F$* $j , MPI $rMQ$$ $? JB Ns2=$O$3$N%l%Y%k$G9T$o$l$F$$$k . Hypre $K<BAu$5 $l$F$$ $kA0=h M}<jK! $K$D $$$F , <g$J$b $N$r4JC1$K=R$Y$k . Jacobi, SMG, PFMG A0=hM} $3 $l $i $O $$ $: $l $b Structured-Grid %$ %s %? %U%’!< %9 $K $N $_ BP 1~ $7 $? JBNs A0 =h M} <j K! $G , 4v 2? E* 9= B$ $, M?$( $i $l$F$$$kLdBj$K BP$7$F , Jacobi A0=hM}$^$?$O%; %_%3!<%9 %K%s%0$rH<$&4v2?E*%^%k%A%0%j%C%IA0=hM}$r9T$& . BP3Q%9%1!<%j%s%0A0=hM} BP3Q%9%1!<%j%s%0$OA0=hM}$H$7$F $O:G$bC1=c$J<jK!$G $" $j , 8z 2L $O 8B Dj $5 $l $F $$ $k $, , %9 %1!< %i %S %j %F%# $K 4X $7$F$ONI9%$J@-G=$r<($9 . 6a;w5U9TNsA0=hM} P araSails $O 6a ;w 5U 9T Ns A0 =h M} $N JB Ns <B Au $G $" $j , 0l HL9TNs$KBP$7$FE,MQ$9$k$3$H$,$G$-$k . IT40A4 LU J,2rA0=hM} Euclid $OIT 40A4 LU J,2r A0=h M}$N %9%1!< %i%V %k$J <B Au $G $"$C $F , Ld Bj %5 %$ %: $, %W %m %;%C %5 ?t $K Hf Nc $9 $k >l 9g $K , $[$\0lDj$N7W;;;~4V$G=hM}$9$k$3$H$,$G$-$k . Bo omerAMG A0=hM} Bo omerAMG 5) $O Be ?t E* %^ %k %A %0 %j%C %I K! 11) $N JB Ns<B Au $G $" $j , %=%k %P , A0=h M} $N $$ $: $l $K $b MQ $$ $k $3 $H $, $G$- $k . IJ %$ %s%? %U%’!<%9$K $bBP 1~$7$F $*$j , 0l HL$N 9T Ns$KBP$9$k%/%j%m%UItJ,6u4VK!$NA0=hM}$H$7$F MQ$$$k$3 $H $, $G $- $k . Cleary-Lub y-Jones-Plassman (CJLP), Ruge-Stub en (RS), F algout Ey$N 3F =LLs <j K!$r <BAu $7 $F$*$j , Jacobi, Gauss-Seidel Ey$N4K OBK! $HAH $_9g $o$; $k$3$H$,$G$-$k . ?^ 4-9 $K 7 E@ 3 <! 85 Laplace Ld Bj $N 78 ?t 9T Ns (100 3 85 , Hs Nm MW AG ?t 6,940,000) $K $D $$ $F , LOBPCG $r MQ $$ $F 10 8D $N 8G M- CM $r 7W ;; $7 $? >l 9g $N 3F <j K! $N <} B+ FC @- $r <( $9 7) . Aj BP ;D :9 %N %k %‘ $N og CM $O 10 � 6 $H $7 , :G $b <} B+$N CY$$ 8G M-BP $,5a $^$k $^$G H? I|$r 9T$J$C $F$$ $k . 0lHL $K%^%k%A%0%j%C%IA0=hM}$OH?I|2s?t$,9TNs%5%$ %:$K0MB8 $7 $J $$ $? $a , Bg 5, LO $J Ld Bj $[ $I B> $N <j K! $H Hf 3S$7 $F M- Mx $H $J $k $, , $3$N Nc $G $b B> $N A0 =h M} <j K! $H Hf 3S $7$F >/ $J $$ H?I|2s?t$G<}B+$7$F$$$k$3$H$,J,$+$k . ?^ 4 8GM-CM2rK!$K$*$1$k6&Lr8{G[K!$NA0=hM}$H<}B+N($N4X78 ( A0=h M}$rMQ$$$J$$>l9g )

?^ 3 LOBPCG $N9=@. ?^ 5 BP3Q%9%1!<%j%s%0A0=hM}$rMQ$$$?>l9g ?^ 6 6a;w5U9TNsA0=hM}$rMQ$$$?>l9g 5. @- G= I> 2A $3 $3 $G $O , AMG A0 =h M} $N JB Ns 2= <j K! $H $= $N @- <A $K $D $$ $F D4 $Y $k $? $a , SGI Altix 3700 (1.3GHz In tel Itanium 2 pro cessor � 32) $r MQ $$ $F M= Hw E* $J I> 2A $r 9T$C $? . Altix $G $O , %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $H $7 $F Lin ux $,:N MQ$5$l $F$*$j , FH<+$N %O!<%I%&%’ %"$H$3 $l$K BP 1~ $9 $k %= %U %H %&%’ %" $N %5 %]!< %H $K $h $j , %9 %1!< %i %S %j %F%# $r 3N J] $7 $F $$ $k . %3 %s %Q %$ %i $K $O In tel Compiler 8.0 for Lin ux $r;HMQ$7$? . Hypre $K $* $$ $F , AMG $O Bo omerAMG %i %$ %V %i ?^ 7 additiv e Sch w arz A0=hM}$rMQ$$$?>l9g ?^ 8 IT40A4 LU J,2rA0=hM}$rMQ$$$?>l9g ?^ 9 AMG A0=hM}$rMQ$$$?>l9g

%j $H$7 $F <B Au$5 $l $F$$ $k . Bo omerAMG $O Be ?tE* %^ %k %A %0 %j%C %I K! $K 4X $7 $F $5 $^ $6 $^ $J %" %k %4 %j %: %‘ $r A* Br $9 $k $3 $H $, $G $- $k $, , $3 $3 $G $O =L Ls $r CLJP , 4K OB K! $r w eigh ted Jacobi $H$7 , Hs Nm MW AG ?t $, %W %m %;%C %5?t $K Hf Nc $9 $k $h $& Ld Bj %5 %$ %: $r <h$C $F , H? I| 2r K! It$N <B 9T ;~ 4V $rB,Dj$7$? . 7k2L$rI= 2 $K<($9 . I= 2 AMG A0=hM}IU6&Lr8{G[K!$N7W;;;~4V Problem Size 20 3 26 3 32 3 40 3 50 3 # CPUs 2 4 8 16 32 time (s) 0.45 0.34 0.28 1.1 3.0 $9 $J $o $A , AMG A0 =h M} $r MQ $$ $? >l 9g , %9 %1!< %i %S %j %F%#$K4X$7$F$b0lDj$N%W%m%;%C%5?t$^$G $O=<J,$J@-G=$, F@$i$l$F$$$k$3$H$,J,$+$k . 6. $‘ $9 $S K\ 9F $G$O , 8G M- CM 2r K!$X $N A0 =h M} IU6& Lr 8{ G[ K! $N E,MQ <j K! $K $D $$ $F =R $Y$k $H $H $b $K , ?t CM FC @- $K $D $$ $F M=Hw E* $J I> 2A $r 9T$C $? . K\ <j K! $O Hf 3S E* ?7 $7 $$ 2r K! $G $" $j , <} B+ >r7o $J$I $K4X $7$F L$2r L@ $JIt J,$b ;D$C$F $$$k . :# 8e$H $b FC @- $r L@ $i $+ $K$7 $F $$ $/ $H $H $b $K , Bg 5, LO 8G M- CM2r K! $K BP $9 $k M- NO $J 2rK! $N 0l $D $H $7 $F , 8z 2L E* $J <B Au <jK! $K $D$$$F$b8!F$$r?J$a$F$$$-$?$$ . <U <- K\ 8& 5f $N 0lIt $O , 2J 3X5; =Q ?6 6= 5!9= @o N, E* AOB$ 8&5f ?d ?J ;v 6H (CREST) !VBg5, LO %7 %_%e %l!< %7%g %s 8~ $1 4pHW%=%U%H%&%’%"$N3+ H/!W5Z$S2J3X 8&5fHq4pHW8& 5f (C) 15607005 !VHs9= B$B? =E3J ;R$rMQ $$$? N%;62= <jK! $H$= $N 8zN( E* $J JBNs <B Au 5; =Q $K 4X $9 $k 8&5f!W $K $h $k $b $N $G $" $k . ;2 9M J8 8% 1) P. Arbenz and R. Lehoucq , A c omp arison of algorithms for mo dal analysis in the absense of a sp arse dir e ct metho d , T ec h. Rep. SAND2003- 1028J, Sandia National Lab oratories, 2003. 2) W. W. Bradbur y and R. Fletcher , New Iter ative Metho d for Solution of the Eigenpr ob- lem , Numer. Math., 9 (1966), pp. 259{267. 3) Center f or Applied Scientific Comput- ing , Hypr e User’s Manual , La wrence Liv er- more National Lab oratory , 2003. 4) R. Fletcher and C. M. Reeves , F unction minimization by c onjugate gr adients , Comp. J., 7 (1964), pp. 149{154. 5) V. E. Henson and U. M. Y ang , Bo omer- AMG: A p ar al lel algebr aic multigrid solver and pr e c onditioner , Applied Numerical Mathemat- ics: T ransactions of IMA CS, 41 (2002), pp. 155{ 177. 6) M. R. Hestenes and W. Kar ush , A metho d of gr adients for the c aluculation of the char ac- teristic r o ots and ve ctors of a r e al symmetric matrix , J. Res. Natl. Inst. Stand. T ec hnol., 47 (1951), pp. 45{61. 7) A. Kny azev , Sc alable Pr e c onditione d Eigen- value Solver in Hypr e , in Elev en th SIAM Con- ference on P arallel Pro cessing for Scien ti�c Computing, 2004. 8) A.V. Kny azev , Pr e c onditione d eigensolvers| an oxymor on? , Electron. T rans. Numer. Anal., 7 (1998), pp. 104{123 (electronic). Large scale eigen v alue problems (Argonne, IL, 1997). 9) , T owar d the optimal pr e c onditione d eigensolver: L o c al ly optimal blo ck pr e c ondi- tione d c onjugate gr adient metho d , SIAM J. Sci. Comput., 23 (2001), pp. 517{541. 10) @> ED 98 , >. Lx 5A IW , Bg 5, LO 8G M- CM Ld Bj $N $? $a $N Jac obi-Davidson K!$H $= $N FC@- $K $D $$$F , >pJs =h M} 3X 2q O@ J8 ;o : %O %$ %Q %U%)!< %^ %s %9 %3 %s %T%e!< %F%# %s %0%7%9%F%‘ , 41 (2000), pp. 101{106. 11) F# 0f >< 9( , @> ED 98 , >. Lx 5A IW , Smo othe d A ggr e- gation MG K! $N 0[ J} @- Ld Bj $X $N BP 1~ $H I> 2A , 2003 G/ @h ?J E* 7W ;; 4p HW %7 %9 %F %‘ %7 %s %] %8 %& %‘ O@ J8 =8 , pp. 137{144.