1 NN0hJ,3d$K$h$kJBNs AMG %"%k%4%j%:%‘ F# 0f >< 9( y @> ED 98 y >. Lx 5A IW y K\9F $G$O , Smo othed Aggregation $K4p$E $/ Algebraic Multigrid Metho d !J AMG K!!K$NJBNs%" %k %4 %j%: %‘ $r Ds0F $9 $k . FC $K%" %0 %j %2!< %H @8@. 8e $N <!%l %Y %k %G!< %? 9= B$$N @8 @.$r Cf ?4 $K%" %k %4 %j%: %‘ $r9M0F$9$k . %G!<%?9=B$$KBg$-$/0MB8$9$k$?$a , GeoFEM $dNI$/;H$o$l$k$G$"$m$&%G!<%?9=B$$r5,Dj $7 $= $N >e $G %" %k %4 %j %: %‘ $r Dj 5A $9 $k . ?t CM <B 83 $H $7 $F %/ %i %9 %? >e $G :G Bg 800 K| <! 85 $N 3 <! 85 %] %" %= %s J} Dx <0 $r 2r $- , ICCG K! $H $N Hf 3S$r 9T $J $$ K\ <j K! $N M- 8z @- $r <( $7 $? . $^ $? K\ <jK! $N =h M} ;~ 4V $N 9= @. $J $I $r J, @O$7 $? . P arallel AMG algorithm b y domain decomp osition Akihir o Fuji i, y Akira Nishid a y and Yoshio O y ana gi y In this pap er w e dev elop ed a parallel algorithm of Algebraic Multigrid metho d based on Smo othed Aggregations. W e concen trate on data creation of the next coarser lev el after ag- gregate creation. 3 dimensional P oisson problems whic h ha v e 8 million no des are solv ed with cluster computers in our n umerical test, and w e analyze our metho d b y comparing that with ICCG and b y the rate of comm unication time. 1. $O $8 $a $K 6aG/ , BJ1_7? 2 3,$NJPHyJ, J}Dx<0$rN% ;62=$7$?Bg 5, LOO"N)0l<!J}Dx<0 Ax = b $N2rK!$H$7$F%^%k%A %l%Y%k $J2rK!$,B?$/8&5f$5$l$F$$$k . $=$N$h$&$J<jK!$N0l$D $K AMG K!$,$"$k . AMG K!$NFC D’$H $7$F0J 2<$N 4 $D $,$" $2$i $l$k . � C‘ <! 7W ;; $N >l 9g , <} B+ $^ $G $N 7W ;; NL $O O ( n ) $G $" $k � JB Ns@- $,$"$k � IT 5,B’ AB9TNs $KBP $7$F $bM-8z $G$" $k � 9T Ns%G !<%?$7 $+;2 >H$7 $J$$ AMG K!$NCf$N:G $bM-NO$J 2rK!$N0l$D $K Smo othed Aggregation Multigrid 2) 3) K! $, $" $k . Aggregation $rJBNs $K 9T$& <j K!$K $D $$$F $O B?$/ $N 8&5f $,$J $5 $l$F $$ $k $, , Aggregate @8 @. 8e , DL ?. %F !< %V %k $d <! %l %Y %k $N Ld Bj9TNs $rJB Ns$K @8 @.$9 $k%" %k %4%j %:%‘ $K$D $$ $F07 $C $F $$$kO@J8$O>/$J$$ . $=$N%"%k%4%j%:%‘$OE,MQ$9$k%G!< %?9= B$$K Bg$- $/0MB8 $9$k . $=$3$G K\ O@J8 $G $OBg 5, LOLd Bj $KBP $7 $FBe I= E*$J %G !< %? 9=B$ $r5, Dj$7 , $= $N>e $G$N Smo othed Aggregation $K4p $E $/ AMG K!$r JB Ns 2= $9 $k %" %k %4 %j %: %‘ $r Ds 0F $7 I>2A $r9T $J$& . ?tCM <B 83 $G $O Bg 5, LO$J %] %" %= %s J} Dx <0 !J :G Bg 800 K| y El5~ Bg 3X Bg 3X1! >pJs M}9) 3X 7O 8& 5f 2J %3%s %T %e!< %? 2J 3X @l 96 Dept. of Computer Science, Graduate Sc ho ol of Infor- mation Science and T ec hnology , Univ ersit y of T oky o <!85!K $K BP$7$F GeoFEM %i%$%V%i%j 7) $K4^$^$l$k %= %k %P $H @-G= Hf 3S $r 9T $J $$ , M- 8z @- $r 8!>Z $9 $k . :G 8e $K K\%" %k%4 %j%:%‘ $N2] Bj$r8! F$$9 $k . 2. Smo othed Aggregation MG K! %^%k%A%0%j%C%I !J MG !K K!$OLdBjJ}Dx<0$rJ#?t$N%l %Y%k$KN%;62=$7$F2r$/<jK!$G$"$k . 3F%l%Y%k$G$O<!85 ?t$N0[$J$kLdBj9TNs$,@8@.$5$l$k . J#?t%l%Y%k$NLdBj 9TNs $rMx MQ$9$k $3$H $K$h $j , $=$l$> $l$N <!85 ?t$KBP 1~ $7$?8m:9<~GH?t@.J,$r<h$j=|$/$3$H$,$G $-$k . $=$N7k 2L , 8m :9 <~ GH ?t @. J, $r 6Q Ey $K 8: $i $9 $3 $H $, $G $- , <} B+ $^$G $NH? I|2s?t $,Ld Bj%5%$ %:$K Hs0M B8$N2r K!$K $J$k . Smo othed Aggregation Multigrid K!$OLdBj9TNs$N 3,AX 9=B$ $N@8@. It!J LdBj @8@.It !K$H , $= $l$r MQ$$$F $N H?I|7W;;It !JH?I|It!K $KJ,$1$i$l$k . ?^ 1 $K%"%k%4%j %:%‘ $r=q $/ . C" $7 LE V E L; M AX C O U N T $O $= $l $> $l :G Bg %l %Y %k ?t $H H? I| 2s ?t $r I= $9 Dj ?t . 3F %l %Y %k $N 4K OB K! S lev el , LdBj 9T Ns A lev el , 1&JU %Y %/ %H%k b lev el , 2r u lev el , %l %Y %k l ev el $+ $i %l %Y %k l ev el � 1 $X $N Jd 4V 1i ;; ;R (prolongation) P lev el $H $9 $k . $^ $? l ev el $, Bg $- $$ $[ $I , AF$$ %l%Y %k$rI= $9 . 2.1 LdBj9T Ns@8 @.It smoothed ag g r eg ation () $G$O0J 2<#3$D$N$3 $H$r$9 $k . ( 1 ) Ld Bj9T Ns $NHs %<%m MWAG $N $&$A , BP3Q $K Hf$7 $Fog

2 /* LdBj9T Ns@8 @.It */ for l ev el = 1 to LE V E L � 1 do cl ev el = l ev el + 1 P clev el = smoothed ag g r eg ation ( A lev el ) A clev el = P T clev el A lev el P clev el end for /* H?I|2r K!It (v cycle) */ for iter cnt = 1 to M AX C O U N T do for l ev el = 1 to LE V E L � 1 do cl ev el = l ev el + 1 S lev el ( A lev el ; b lev el ; u lev el ) b clev el = P T clev el ( b lev el � A lev el u lev el ) end for S LE V E L ( A LE V E L ; b LE V E L ; u LE V E L ) for l ev el = LE V E L � 1 to 1 do cl ev el = l ev el + 1 u lev el = u lev el + P c l ev el u clev el S lev el ( A lev el ; b lev el ; u lev el ) end for end for ?^ 1 AMG %"%k %4 %j %:%‘ CM0J>e $N$b $N$r <h$j=P $9 ( 2 ) %" %0%j %2!< %H@8@. ( 3 ) P lev el @8 @. !J 1 !K $O , Ld Bj 9T Ns A $N Hs %<%m MW AG $N $&$A CM $, >.$5 $$$b $N$O L5;k $7 ~ A = f il ter ( A ) $r 7W ;; $9 $k . f il ter () $O , 9T Ns $r 0z ?t $H $7 $F BP 3Q $K BP $7 $F@d BPCM $N>. $5$$Hs BP3Q MWAG$r 0 $K$9 $kA‘:n $G$" $k . !J 2 !K $G $O @aE@ A4 BN $r %" %0 %j %2 !< %H $H 8F $P $l $k @aE@ =89g$KJ,2r$9$k . %" %0%j%2!<%H$O<!$NAF$$%l%Y%k$G#1 $D $N @a E@ $H $J $k . ~ A $K 4p $E $/ %0 %i %U >e $G $" $k @a E@ $r Cf?4$K 6a $/$N @a E@$r $^ $H$a $? =89g $r %"%0 %j%2 !< %H$H Dj 5A$9$k . B?$/$N>l9g$" $k@aE@$+$i ;^ 1 K\0JFb$G$$$1$k @aE@ =8 9g $H $J $k . 0J2< $N >r 7o $r K~ $? $9 $h $& $K ~ A >e$N %0 %i%U $GA4 @aE@ =89g$r %"%0 %j%2!< %H$K J,$1 $F$$$/ . � G$ 0U$N @aE@$, $I$3 $+$N %"%0%j %2!< %H$KB0 $9$k � %" %0%j %2!<%H F1;N $O=E $J$i$J $$ Nc$( $P 5 E@:9J, $K $h$j @8 @. $5$l $? 9T Ns$, $" $C $? $H$- $O $=$l$>$l $N%" %0%j %2!<%H $O 5 @aE@$K $J$k . $3$3$G9T Ns ~ P clev el $r:n@. . ~ P clev el ( i; j ) = � 1 @a E@ i 2 %"%0 %j%2 !<%H j 0 $=$l0J 30$N >l9g !J 3 !K $G $O %"%0 %j %2 !< %H $N @a E@ $K E, @Z $K =E $_ $E $1$r $9 $k . ~ P clev el $r $= $N $^ $^ %l %Y %k 4V $N Jd 4V 9T Ns $H $7 $F ;H$C $F$b $$$$ $, , <}B+@- $r9b $a$k $?$a$K 4KOB K!$r 0l2s E,MQ$9$k . 4KOBK!$H $7$F$O8:B.%d%3%SK!$rMQ$$$k>l9g $,B?$$ . 8:B.%d%3%SK!$rMQ$$ $?>l9g , ! $r78?t , D lev el $r9T Ns A lev el $NBP 3QIt $H$7$F P clev el = ( I � ! D � 1 lev el A lev el ) ~ P clev el (1) $H=q $1$k . 2.2 H?I|2r K!It DL>o $N MG K!$HF1 MM . #2%l%Y %k $N >l9g !’ :Y$+ $$ %l%Y %k$G$N4KOBK!$G;D$C$?;D:9$rAF$$%l%Y%k$K0\ $9 . AF$$ %l %Y %k $G $= $N ;D :9 $r BG $A >C $9 $h $& $J Jd @5 2r $r 7W ;; $7 , :Y$+ $$%l %Y%k$X Jd@5 2r$rB- $7$3 $‘ . 0J>e $N$h $&$J <j=g$r 7+$j JV$9 $3$H $K$h $j , 8m:9 %Y%/ %H%k$N $9 $Y$F $N <~GH ?t @.J, $r F1;~ $K 8zN( NI $/8: $i $9$3 $H$, $G$- $k . H?I| 2rK! It $G9T $J $&$3 $H $O9T Ns %Y%/ %H%k 1i ;;$H %Y %/ %H%k $H%Y %/%H%k 2C8: ;;$N$_ $G$" $j , JBNs @-$,9b $$ . 3. %G!<%?9=B$ K\8&5f$G$O@aE@$K4p$E$/NN 0hJ,3d$r$7$F$$$k . 0J2< $K3F%W %m%; %C %5$, ;} $C $F$$ $k@a E@%G !<%? $dLd Bj9T Ns$r Cf?4$KDj5A$9$k . 0J2<$K<($9 %G!<%?9=B$$r$9$Y$F$N%l %Y%k $,;} $D$3$H $K$J $k . C4 Ev @a E@ =8 9g @a E@ $K $D $$ $F PE $= $l $> $l $K @a E@ $r =E J# $J $/ J, 3d $9 $k . Ld Bj NN 0h Fb $N A4 BN @a E@ =8 9g w h $r %W %m %;%C%5 ?t p 8D $N @a E@ =8 9g $K J, 3d $7 $? $b $N $r w h;s ; s = 1 ; : : : ; p $H Dj5A $9$k . $9 $J$o $A w h = P [ s =1 w h;s ; C" $7 w h;s \ w h;q = �; 8 q 6 = s; s; q = 1 ; ::; p $H $J $k . C4 Ev @a E@ =8 9g $N %5 %$ %: $r N h;s = j w h;s j $H I= $9 . h $O %l%Y %k$r , s $O PE HV 9f$rI= $9 . M- 8B MW AG =8 9g C4 Ev @a E@ =8 9g w h;s $r %N !< %I $H $7 $F 4^ $‘ M- 8BMW AG $r 3F PE $, ;} $D . A4 BN$N MW AG =8 9g f h $r p 8D$N M-8B MWAG=8 9g f h;s ; s = 1 ; : : : ; p $K J,$1 $k . f h;s = f k j k 2 f h ; 9 n 2 w h;s : n 2 nodes ( k ) g no des $O$" $kMW AG$N@a E@=8 9g$r I=$9$3 $H$H $7$? . %* !< %P !< %i %C %W %l %$ %d $H C4 Ev @a E@ %W %m %; %C %5 s $N M- 8BMW AG =8 9g f h;s $K4^ $^ $l $k @a E@ =8 9g $r W h;s $H $9 $k $H W h;s � w h;s $H $J $k . $= $N %5 %$ %: $r N P h;s = j W h;s j $H I=$9 . $9 $J$o $A %W %m %;%C%5 s $K $O N h;s 8D $N C4 Ev @a E@$H ( N P h;s � N h;s ) 8D$N %*!< %P%i %C%W$7 $F$$ $k@a E@ $,$" $k . LdBj9TNs 3F PE $K 3d$jEv$F$i$l$?M- 8BMWAG=89g$r ;H$$N%;62=$9$k . 3F PE $NJ];}$9$k9TNs %5%$%:$K$D $$ $F$O N P h;s � N P h;s $H$J $k . K\8& 5f $G $O PE s $,;} $D DL ?. %F !< %V %k $O , 0J 2< $N $h $& $K$J $k . neibP E (:) NY@\ PE HV 9f : f r j w h;s \ W h;r 6 = � g send (: ; r ) NY @\ PE $= $l $> $l $K BP $9 $k C4 Ev @a E@ =8 9g Fb$N6- 3&@a E@HV 9f : w h;s \ W h;r r ecv (: ; r ) %*!< %P !< %i %C %W %l %$ %d $K $" $k @a E@ HV 9f !J 30 It@aE@ HV9f !K : W h;s \ w h;r Nc$( $P?^ 2 $N >l9g , PE0 $G $O

3 � C4 Ev@a E@=89g !’@a E@HV 9f 1 : : : 25 � 30 It@a E@=89g !’@a E@HV 9f 26 : : : 36 � M- 8BMW AG=89g !’3% ?’$N ItJ, � Ld Bj9T Ns!’ 36 � 36 $H$J $k . neibP E (:) = 1 ; 2 ; 3 send (: ; 1) = 1 ; 2 ; 3 ; 4 ; 5 send (: ; 2) = 5 send (: ; 3) = 5 ; 10 ; 15 ; 20 ; 25 r ecv (: ; 1) = 25 ; 26 ; 27 ; 28 ; 29 ; 30 r ecv (: ; 2) = 31 r ecv (: ; 3) = 32 ; 33 ; 34 ; 35 ; 36 ?^ 2 PE0 $,;} $D%N !< %I HV 9f $HDL ?. %F !< %V %k 4. JBNs%"%k%4%j%:%‘ LdBj9TNs@8@.It$NJBNs %"%k%4%j%:%‘$rDs0F$9$k . $O $8 $a $K ~ A = f il ter ( A ) $N 7W;; $O JB Ns 2= $K 1F 6A $7 $J $$ . $=$l 0J9_ $O0J 2<$N=g $G=h M}$5$l $k . � %" %0%j %2!<%H @8@. � %" %0%j %2!<%H $r%9 %‘!< %8%s%0 � 9T Ns@Q P T AP %"%0 %j%2 !<%H @8@. 8e , %"%0 %j%2 !<%H $N%9 %‘!< %8%s %0 $K $h $j 3F PE $O 9T Ns P $r ;; =P $9 $k . 3F PE $, 9T Ns P $I$NHO0O$^$G$r;}$F$PNI$$$+9M;! $9$k . AF$$%l%Y%k$N 9TNs$r A c $H$9$k . A c = P T AP $N7W ;;$r3F PE $NC4 Ev @a E@ =8 9g $K J, $1 $F 9T $J $& $3 $H $K $9 $k . 9T Ns P $N i,j NsL\ $r v i ; v j $H $9$k$H , A c ( i; j ) = v t i Av j $H$J $k . A4 PE $N %" %0 %j %2 !< %H =8 9g G h , $= $N i HV L\ $N %" %0 %j %2 !< %H!J @a E@ =8 9g !K $r g h;i 2 G h , $= $N %" %0 %j %2 !< %H$NC4Ev PE $r � h ( i ) $H$9$k . %"%0%j%2!<%H g h;i $K4K OB K! $r E, MQ$7 , %" %0%j %2 !< %H $O #1 AX 9- $, $k . $9 $J $o $A E ( g h;i ) $H$J $k . C"$7 E $r@a E@ =8 9g $K BP $7 $F 9T Ns A $K 4p$E$/ %0 %i%U >e $G#1 AX 30B& $N @aE@ $b =89g $KF~ $l $k=h M} $HDj5A$9$k . E ( g h;i ) $O%Y%/%H%k v i $NHs%<%mMWAG$N@a E@$KBP1~$9$k . $3$l$r3F PE $NC4Ev@aE@=89g$KJ,3d$9 $k . k HV L\ $N PE $, ;} $D %Y%/ %H %k $r v i;k $H$9 $k $H , $= $NHs %<%m MWAG$O w h;k \ E ( g h;i ) (2) $N @a E@ =8 9g $H $J $k . $^ $? v i = P k =1 ;p ( v i;k ) $G $" $k . F1MM $K v t i;k A $NHs %<%m @aE@ =89g$O E ( w h;k \ E ( g h;i )) � W h;k (3) $H$J $k . 9T Ns@Q $O A c ( i; j ) = ( X k =1 ;p v t i;k ) Av j = X k =1 ;p ( v t i;k A ) v j (4) $N$h$&$KJBNs2=$r9T$J $& . $9$J$o$A A c ( i; j ) $r>e5-$N $h $& $K =h M} $9 $k $K $O , 3F PE $4 $H $K v i $O <0!J 2 !K , v j $O<0!J 3 !K $NHO0O$N%G!<%?$,I,MW$K$J$k . <0 !J 2 !K$O<0 !J 3 !K$K Jq 4^$5 $l $k$3 $H $+$i , k HV L\$N PE $G$O 9T Ns P $O W h;k $N HO0O $G@53N $K;} $D$h $&$K$9 $k . PE F1 ;N W h;k $NNN 0h $N%G !< %?$r 8r 49$G $- $k$h $& $K DL?.%F!<%V%k$N:n$jBX$($r$9$k . %G!<%?9=B$$H$7$F$" $kDL ?.%F !<%V%k $O send: w h;s \ W h;r recv: W h;s \ w h;r $H$J$k . C"$7 r HV L\$N PE $KBP $7$F PE HV 9f s $,;}$D DL ?. %F !< %V %k $G $" $k . $= $l $r 0J 2< $N $h $& $K 3H D% $9 $k . NY@\ PE =89g neibP E $O f r j W h;s \ W h;r 6 = � g , send: W h;s \ W h;r recv: W h;s \ W h;r $3$N DL?. %F!<%V %k$r ;H$$ , %" %0%j%2 !<%H $N8r 49$r$9 $l $P3F PE $, W h;k $NHO 0O $N %G!< %? $r ;} $D $h $& $K P $rJ, 3d$G $-$k . 3F PE $G ( v t i;k A ) v j $N=hM}8e , C4Ev PE � h ( i ) >e$GOB $r$H $j A c ( i; j ) $N =hM}$, =*N; $9$k . 0J2< 3F%9%F %C%W $G$NJB Ns2= $K$D $$$F8+ $F$$ $/ . 4.1 %"%0%j %2!< %H@8 @. JBNs $K%" %0%j %2!<%H $r@8 @.$9 $k<j K!$K $D$$ $F$O , B? $/$N8& 5f 1) , 4) $,$J$5 $l$F $$ $k . 3F PE $,C4Ev @aE@ =8 9g $rFH N)$K %"%0%j %2!< %H$r @8@.$9 $k<j K!$d , :G BgFHN) E@ =89g $r JB Ns $K 5a $a $k %" %k %4 %j %: %‘ 11) $K4p $E $/ <j K! , NN 0h4V$N 6-3& It J,$r $O$8 $a$K DL ?.$7 $" $C $F%" %0 %j%2 !<%H $r6& M-$9 $k<jK! $J$I $G$"$k . JBNs %"%0 %j %2!< %H @8@. %" %k%4 %j %:%‘ $O%" %0 %j%2 !< %H $N PE 4V 6& M- $r $9 $k$+ , $7$J $$ $+ $G J, N‘$, $G $- $k . K\ O@J8 $G$O A0<T$r 6&M- %"%0 %j%2!< %H@8 @. , 8e<T $rFHN) %" %0%j%2!<%H@8@.$H8F$V$3$H$K$9$k . K\8&5f$G$OFHN)%" %0%j%2!<%H@8@.$N>l9g$N$_$rBP>]$K$9$k . 6&M-%"%0%j %2!<%H @8 @.%" %k %4%j %: %‘$N >l 9g$b K\ O@J8 $N JBNs 2= $N3H D%$O2DG=$G$"$k . %"%0%j%2!< %H@8@.%"%k%4%j%:%‘$N>\ :Y$O 1),4) $r ;2>H$9 $k . FHN) %"%0%j %2!< %H@8 @.$G $O , 3F PE $G C4Ev@a E@=8 9g Fb$GFHN)$K%"%0%j%2!<%H$r;}$D$3$H$K$J $k . Nc$($P3F PE $,$b $D%" %0%j%2 !<%H $N9TNs $O?^ 3 $N$h$& $K$J $k . 30 It @a E@ (external no de) $O , %* !< %P %i%C %W %l %$ %d $K$" $k@a E@=89g $G$" $k . 4.2 %"%0%j %2!< %H$N %9%‘!< %8%s %0 <0 (1) $K $7$?$,$C$F , 9TNs P $r@8@.$9 $k . LdBj 9TNs $K4p$E$/ %0%i%U>e$G , %"%0%j%2!< %H$O 1 AX30B& $^$G9-

4 ?^ 3 @aE@ HV 9f =g $K %" %0 %j %2 !< %H $H $J $C $? >l 9g $N 9T Ns ~ P $NMM ;R . ?^ Cf$NBJ1_ $O 3F%" %0%j %2!< %H $rI= $9 . BJ1_Fb$N MW AG$O 1 $=$l0J 30$NMW AG $O 0 $H$J $k . $,$k $3$H $K$J $k . LdBj 9T Ns A lev el $N BP 3Q MW AG $O %* !< %P %i %C %W NN 0h $K $D $$$F$b@5$7$$CM$rJ];}$9$k$h$&$K DL?.$r$7$F$*$/ . $9 $k$HC4 Ev @aE@ =8 9gFb $N $_Hs %< %m$J %Y %/%H %k$K $D $$$F $O DL?. $r9T $&$3 $H$J$/ %d%3 %SK! 1 2s $G7W ;;$G$- $k . 9T Ns P $O 3F C4 Ev @a E@ =8 9g $N 1 AX 30 B&!J 30 It @a E@ !K $^$G@53N$JCM$rJ];}$7$J$1$l$P$J $i$J$$ . $3$3$G3HD% $5$l$? DL ?.%F !< %V%k $r E,MQ $7 $F%" %0 %j%2 !<%H $N >pJs $r DL?.$9$k . $I$N PE $+$i$I$N%"%0%j%2!<%H$,EO$5$l$? $+$r30It%"%0%j%2!<%H%F!<%V%k$K 5-O?$9$k . 30It%"%0 %j%2 !<%H %F!< %V%k $ODL ?.%F !<%V %k$N RECV $HF1MM $N 9= B$ $G , PE HV 9f $4 $H $K %" %0 %j %2 !< %H HV 9f $r G[ Ns $H $7 $F ;} $D . P $O ?^ 4 $N $h $& $K $J $k . 30 It %" %0 %j %2 !< %H !J external aggregate !K $N Ns $N It J, $, B> PE $+ $i DL ?. $G F@$? ItJ, $G$" $k . ?^ 4 @aE@ HV 9f =g $K %" %0 %j %2 !< %H $H $J $C $? >l 9g $N 9T Ns P $NMM ;R . ?^ Cf$NBJ 1_$O 3F %"%0 %j%2 !< %H$r I= $9 . BJ1_ Fb$N MW AG$O Hs%< %m $= $l0J30 $N MW AG $O 0 $H$J$k . 4.3 9TNs @Q P T AP $3$N9TNs@Q$O3FC4EvNN0hFb$GFHN)$K9T $J$& . <0 !J 4 !K ;2 >H . $G $- $? 9T Ns $K $D $$ $F 30 It %" %0 %j %2 !< %H $K 4X $9 $k 9T $rC4 Ev PE $KAw $j , C4 Ev PE >e $G B- $7$3 $‘ . ?7 $7 $$30It %"%0 %j%2 !< %H$, $" $C $?>l 9g $O30 It%" %0%j %2 !<%H %F!< %V%k $KDI2C $9$k I,MW$, $"$k . $3$3 $GC4 Ev %"%0 %j %2!< %H $K$D $$ $F$N LdBj 9T Ns$O 40 @. $9$k . 30It%"%0%j%2!<%H$NBP 3QMWAG$ODL?.$r$7$F@5$7 $$CM $r3J G<$7 , 30It %"%0 %j%2 !<%H$H C4Ev %"%0 %j%2!< %H $NMWAG $N CM$K $D $$$F $O BP>N 9T Ns$G $" $k$3 $H $r2> Dj $7$F E>CV $7$F BeF~$9 $k . 30It %"%0 %j %2!< %H %F!< %V %k$, AF $$%l %Y%k $N DL?. %F !< %V%k !J RECV !K $H $J $C $F$$ $k$N $G , DL?.$r$7 $F SEND B&$b:n@.$9$k . 0J >e$N%9%F%C%W$GAF$$%l%Y%kLdBj9TNs @8@. $,40 N;$9$k . %"%k %4%j%: %‘$N 35N,$O ?^ 5 $N $h$& $K$J$k . /* Ld Bj9T Ns@8 @.It */ for l ev el = 1 to LE V E L � 1 do cl ev el = l ev el + 1 ~ A = f il ter ( A lev el ) ~ P clev el = ag g r eg ation ( ~ A lev el ) P clev el = smooth ( ~ A lev el ) /* DL ?.%F !<%V%k $N3H D% */ cr eate tabl e ( send; r ecv ) /* %" %0%j %2!<%H >pJs $N8r49 */ /* 30 It%" %0%j%2 !<%H %F!<%V %k:n @. */ sendr ecv P ( P clev el ; ag g r eg ate tabl e ) A clev el = P T clev el A lev el P clev el /* 30 It%" %0%j%2 !<%H $N9T$r DL?. */ /* 30 It%" %0%j%2 !<%H %F!<%V %k99 ?7 */ sendr ecv A ( A clev el ; ag g r eg ate tabl e ) /* AF $$%l %Y%k$N DL?. %F!<%V %k:n @. */ sendr ecv tabl e ( ag g r eg ate tabl e ) /* 30 It%" %0%j%2 !<%H $NBP3Q MWAG $N99 ?7 */ sendr ecv D ( A clev el ) end for ?^ 5 JBNs LdBj 9T Ns @8 @.It %" %k %4 %j %:%‘ 5. ?tCM<B83$HI>2A K\ 8& 5f $G Ds 0F $9 $k JB Ns AMG %" %k %4 %j %: %‘ $r Ge- oFEM 7) %i%$%V %i %j $N%= %k %P $HF1 $8 %$ %s%? %U %’ !< %9$G <BAu $7 , I>2A $9$k . LdBj $O 3 <!85 %]%" %=%sJ} Dx<0 $G0J 2<$N$b $N$G $"$k . � ( @ @ x ( @ P @ x ) + @ @ y ( @ P @ y ) + @ @ z ( @ P @ z )) = 0 Ld Bj NN 0h $O XYZ <4 $K ?b D> $J LL $r ;} $D D> J} BN $H $9 $k . $^$? 6-3& >r7o$K $D$$ $F$O 8 > > < > > : X min : @ P @ x = 10 : 0 ; Y min : @ P @ y = 5 : 0 ; Z max : @ P @ z = 1 : 0 ; Z min : P = 0 ; $H $7 , $= $N B> $N 6- 3& $O <+ A3 6- 3& >r 7o $H $7 $? . X min

5 $O X :B I8 $, :G >. $N LL $r I= $9 . 1PE Ev $? $j $N @a E@?t $r 50 � 50 � 50 $K8G Dj$7 $F;D :9 $N 2 %N%k%‘ $, =i4| ;D:9 $N 10 � 13 G\$K $J$k$^ $G$N ;~4V $r7WB, $9$k . AMG K!$N H? I| 7W ;; It $G $O 3F%l %Y %k $G BP >N %, %& %9 %6 %$%G%kK! 1 2s$r3F PE NN0h Fb$G9T$J$$ , NN0h4V$G$O %d %3 %S K! $r 9T$J $& . :G $b AF $$ %l %Y %k $G$O , BP >N%, %& %9 %6 %$%G%k K! $r 10 2s9T $J$& . C4Ev@aE@ ?t $, 70 E@L$K~$K $J $k PE $,$G$F $/$k $^ $G<! $N %l%Y %k $r@8 @.$9 $k $b$N $H $9 $k . %F %9 %H 4D 6- $K $O Sun Blade 1000 !J UltraSP AR C I I I 750MHz � 2, 1GB <g5- 21 !K 128 %N!< %I $r Myrinet 2000 $K $h $j @\ B3 $7 $? %/ %i %9 %? $r MQ $$ $? . %N !< %I 4V DL ?.$O MPICH-GM $K$h $j9T$J $C$? . I= 1 LdBj %5%$ %: $H 7W ;; ;~4V PE ?t LdBj %5 %$ %: H?I| 2s ?t ;~4V!J IC !K 2PE 50 � 50 � 100 21 98.4 4PE 50 � 100 � 100 23 106.7 8PE 100 � 100 � 100 26 142.5 12PE 100 � 100 � 150 28 123.3 18PE 100 � 150 � 150 29 144.9 27PE 150 � 150 � 150 29 142.5 32PE 100 � 200 � 200 30 163.9 48PE 150 � 200 � 200 30 168.8 64PE 200 � 200 � 200 30 170.9 F1$8NN0hJ,3d$G GeoFEM %i%$%V%i%j$K4^$^$l$F$$ $k ICCG K! 6) $H K\ 8& 5f $G $N AMGCG K! $H $r Hf 3S $9 $k . ?^ 6 $O 64PE $N >l 9g $N 3F <j K! $N ;D :9 8: >/ $N MM ;R $rI=$7$? . ?^ 7 $O PE ?t$rJQ2=$5$;$?>l9g $N<B9T;~4V $r Hf3S $7 $?$b $N $G$" $k . ?^ 6 $G $O , AMGCG K! $N ;D ?^ 6 ;D:9 $N JQ 2= !’ 64PE,200x200x200 !’ =D <4 $O Aj BP ;D :9 !J 2 %N %k %‘!K$N BP ?t , 2#<4 $O H? I| 2s?t :9 $O 0l Dj $N 3d9g $G ;D :9 $, 8: $C$F $$ $k . $3 $N 8= >] $O , 8m :9<~GH ?t @.J, $N C;GH D9 @.J, $+ $iD9 GH D9@. J,$^ $G %P%i %s %9NI$/ 8: $i $7$F $$ $/ , $H$$ $& MG K!$NFC D’ $K 4p$E $$ $F $$$k . ?^ 7 $+ $i AMGCG K! $, Bg 5, LO $J Ld Bj $K $* $$ $F $O ?^ 7 AMGCG $H ICCG $N<B 9T ;~ 4V !’ iter.part !J AMGCG !K $O AMGCG $N H?I| 2r K! It$K $+ $+ $C $? ;~4V ICCG K!$h $jM- Mx$G$" $k$3 $H$,$o $+$k . $^$? Ax = b $N1&JU$@$1$,0[$J$kLd Bj$r7+$jJV$7 2r $/I,MW$, $"$k>l9g$OB? $$$, , LdBj @8@.It$O 1 EY <B9T$7 $F A0 $b$C $F 9TNs $r :n $C$F $* $1 $P NI $$ . $= $N >l 9g , H? I| 2rK! It $@ $1 $, <B 9T $5 $l $k $3 $H $K $J $j , AMGCG K! $O $5 $i$K M-8z $J2rK! $H$J $k . <!$K K\8& 5f $GDs 0F $7$? JB Ns2= %" %k%4 %j%: %‘ $N;~ 4V $N FbLu $r 8+ $F $_ $k . 9TNs @Q $N 7W ;; $H DL ?. ;~ 4V $r 7W B,$7 $? . ?^ 8 $G$O , LdBj @8 @.It $N H> J, 0J>e $N ;~ 4V $O RAP $N9T ?^ 8 LdBj @8 @.It Fb $N 9= @. Ns@Q$KHq$d$5$l$F$$$k . DL?.$K4X$9$k;~4V$O=y!9$KA} $($F $$$k $, , $"$kDx EY$N Bf?t $^$GJB Ns@- $,A} $9$H$= $l 0J9_$O$"$^$jA}2C$7$J$$ . #1 PE $"$?$j$NLdBj%5%$%: $,8GDj $G$" $j , B> PE $H$N6- 3&It J,$O :GBg #6LL $G$" $k . $3 $l $O PE ?t $r A} $d $7 $F $b JQ $o $i $J $$ $? $a , PE ?t $, 3 � 3 � 3 $h $j B? $/ $J$C $F$b $" $^ $j DL?. ;~ 4V $O JQ 2=$7 $J$$ .

6 :G8e$K :# 2s$N Ld Bj$K $D $$$F 3F %l%Y %k $G30 It @aE@ $H C4 Ev@aE@$N3d9g$,$I$N$h$&$KJQ2=$7 $?$+$rI=$K<($9 . $3 $N?tCM<B 83$G$O 4 %l%Y %k@8@.$7 , $=$l$>$l$N %l%Y%k$K BP$9 $k <+ %N !< %I$N 3d 9g $r I= $K $7 $? . C"$7 A4 PE $N$& $A , 3d9g $,:G >.$N $b$N$N CM$r MQ$$$? . I= 2 3F%l%Y %k $K $* $1 $kC4 Ev @a E@ $N 3d9g PE ?t lev el1 lev el2 lev el3 lev el4 2PE 0.980 0.885 0.561 0.473 4PE 0.961 0.785 0.348 0.232 8PE 0.942 0.738 0.248 0.104 12PE 0.924 0.688 0.190 0.0615 18PE 0.906 0.640 0.138 0.0394 27PE 0.888 0.603 0.120 0.0309 32PE 0.906 0.640 0.134 0.0273 48PE 0.888 0.602 0.117 0.0185 64PE 0.888 0.601 0.112 0.0158 $3 $N I= $+ $i , JB Ns @- $r 9b $a $l $P 9b $a $k $[ $I , AF $$ %l %Y %k (lev el3,lev el4) $G $O C4Ev @a E@ $N3d 9g $, 8:$j , DL?. $N;~ 4V$, A}2C $7$F$$ $k$3 $H$,3N G’$5 $l$k . 6. $* $o $j $K M- 8B MW AG K! $K $h $j N% ;6 2= $5 $l $k Bg 5, LO Ld Bj $K BP $7 $F , @aE@ $K4p $E$/ NN0hJ, 3d$N %G!< %?9=B$ $r5, Dj$7 , $= $N>e $G $N Smo othed Aggregation MG K! $N JB Ns 2= %" %k %4 %j%: %‘$r Ds0F $7I>2A $7$? . Bg5, LO $J 3 <!85 %] %" %= %sJ} Dx <0 $K $* $$$F K\ <j K! $O JB Ns@-$, 9b$/ , $^$?Be I=E* $J <jK! $G$" $k ICCG K!$HHf3S $7 $F $b , $h $j M- 8z $G $"$C $? . H? I| 2r K! It $N=h M} ;~ 4V $O A4BN$N=hM};~4V$N 1/2 !A 1/3 $G$"$j , H?I|2rK!It$N $_ $r 7+ $j JV $7 E, MQ $9 $k $h $& $J Ld Bj $K BP $7 $F $O $5 $i $K M- 8z$H $J$k $3$H $r3NG’ $7$? . 0l J} $G Ld Bj @8 @. It $N ;~ 4V $N Fb Lu $r 8+ $k $H , 9T Ns @Q P T AP $H DL ?. $K $+ $+ $k ;~ 4V $N 9g 7W $O Ld Bj @8 @. It $N 60% !A 80% $b @j $a $F $$ $k . :# 8e , DL ?. ;~ 4V $N 1# JC $d P T AP $N9b B.2= $K$D $$$F9M ;!$9 $kI,MW $,$" $k . $^$? PE ?t$r A}2C $7$FJB Ns@- $r9b $a$?>l 9g$K , AF $$ %l %Y %k $G $O C4 Ev @a E@ ?t $, 8: $j 30 It @a E@ ?t $, A} $( $F $$ $k . $3$l $O$= $N%l %Y%k$K $*$$ $F , =hM} ;~4V$N 8:>/ $HDL ?.;~ 4V$N A}Bg $r<( $9$b$N $G$" $j , $h$j 9bJBNs $J4D 6-$G $O$5 $i$K9-$,$k$b$N$H9M$($i$l$k . AF$$%l%Y%k$G$NDL?.;~ 4V$r>/ $J $/$9 $k $h$& $J %G!< %? 9=B$ $r JL$K 9M;! $9 $kI, MW $,$" $k$+ $bCN $l$J$$ . :#8e >e$K=R $Y $?$h $& $J2~ NI $d , NN0h $K$h $j 9=B$ $,0[ $J$k$h $& $J9T Ns $KBP $7 $FAF $$ %l%Y %k $N%m !<%I %P %i%s %9 $r9MN8 $7 $?Ld Bj 9TNs @8 @.%" %k %4%j %: %‘$r 9M0F $9 $k$3 $H $K$h $j , Bg5, LO$J BP>N@5 DjCM 9TNs $K$D$$ $F%m %P%9 %H$J JBNs %"%k %4%j %:%‘$r <B8= $G$-$k $H9M $($F $$$k . <U<- K\8& 5f$r ?k9T $9$k $K$" $?$j , 9bEY >pJs 2J3X 5; =Q7W;;5!9= $NCf Eg8&8c ;a$K GeoFEM 8~$1%F%9 %HLdBj $rDs 6!$7 $F$$ $?$@$- $^$7 $? . 46 <UCW$7 $^$9 . ;2 9M J8 8% 1) Ra y S.T uminaro, and Chales T ong: "P ar- allel Smo othed Aggregation Multigrid : Ag- gregation Strategies on Massiv ely P aral- lel",Sup erComputing 2000 Pro ceedings, 2000 2) P .V anek, M.Braezina, and J.Mandel:,"Con v ergence of Algebraic Multigrid Based on Smo othed Ag- gregation",T ec h.Rep. rep ort 126,UCD/CCM, Den v er, CO, 1998 3) P .v anek: "Algebraic Multigrid Based on Smo othed Aggregation for Second and F ourth Order Problems", Computing,56(1996),pp. 179- 196 4) V an Emden Henson, and Ulrik e Meier Y ang, "Bo omerAMG: a P arallel Algebraic Multigrid Solv er and Preconditioner", La wrence Liv er- more National Lab oratory tec hnical rep ort,UCRL- JC-141495 5) G. Haase, M. Kuhn, and S. Reitzinger: "P ar- allel AMG on Distributed Memory Comput- ers", SIAM Journal on Scien ti�c Computing, accepted (2002). 6) Kengo Nak a jima, and Hiroshi Okuda: "P aral- lel Iterativ e Solv ers with Lo calized ILU Precon- ditioning for Unstructured Grids on W orksta- tion Clusters", IJCFD,1999,V ol. 12,pp.315-322 7) h ttp://www.geofem.toky o.rist.or.jp 8) T on y F. Chan, and P etr V anek: "Multilev el algebraic Elliptic Solv ers." UCLA Math Dept CAM Rep ort 99-9, F ebruary 1999. In vited pa- p er, in Pro c. of High P erformance Computing and Net w orking 1999, Amsterdam, April 1999, Lecture Notes in Comp. Sci. 1593, Springer, pp. 1001-1014. 9) Andrew J. Cleary , Rob ert D. F algout, V an Emden Henson, Jim E. Jones, Thomas A. Man- teu�el, Stephen F. McCormic k, Gerald N. Mi- randa, John W. Ruge: " Robustness and Scal- abilit y of Algebraic Multigrid" SIAMJ 2000 on Scien ti�c Computing V olume 21, Num b er 5 pp. 1886-1908 10) Andy Cleary , Rob F algout, V an Emden Hen- son, and Jim Jones: "Coarse-Grid Selection for P arallel Algebraic Multigrid", Pro ceedings of the Fifth In ternational Symp osium on Solv- ing Irregularly Structured Problems in P arallel, Springer-V erlag Lecture Notes in Comp. Sci. 11) Adams Mark .F: "A P arallel Maximal Inde- p enden t Set Algorithm",Pro ceedings 5th cop- p er moun tain conference on iterativ e meth- o ds,1998