1 %3%b%G%#%F%#J,;66&M-%a%b%j IBM x440 $N@-G=I>2A @> ED 98 y ; yy 3[ ED >4 y >. Lx 5A IW y K\ 8& 5f $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h$C $F 9= @. $5 $l $? J, ;6 6& M- %a %b %j 7? %"!< %- %F %/ %A%c $r :N MQ $9 $k$3 $H$K$h$j , MF 0W$K;q8;$N 3HD%$,2D G=$J7W;;5! 4D6-$r<B8= $9$k$3$H$r L\I8$H$9$k $H$H$b$K , %f!< %6$,6&M- %a %b %j %"!< %- %F%/ %A%c $N 2< 0L 9= B$$r 0U <1 $9 $k $3 $H $J$/ 9b @- G= $J 2J 3X 5;=Q 1i ;; $r 9T $J $&$3 $H $N $G $- $k 7W ;;4D 6- $N 9=C[ $r L\;X $7 $F $$$k . K\ 9F$G $O , 9bB. %M%C %H %o!<%/ $r MQ$$ $? Nw 2A$J J, ;66& M- %a %b%j $G $"$k IBM <R$N PC %5!<%P x440 $K<BAu$5$l$? Lin ux %7%9%F%‘$rMxMQ$7 , AB9TNs%"%k%4%j%:%‘$N<B 5!>e$G$NI>2A7k2L$K$D $$$FJs9p$9$k$H$H$b$K , %3%b%G%#%F%#J,;66&M-%a%b%j$N2DG=@-$H<BAu>e$NLdBjE@$K$D$$$F8!F$$9$k . P erformance Ev aluation of Commo dit y Distributed Shared Memory IBM x440 Akira Nishid a, y Akira Nukad a y and Yoshio O y ana gi y In this study , w e target a commo dit y NUMA computing en vironmen t whic h enables users to realize high p erformance scalable scien ti�c computing without thinking the details of its arc hitecture. W e rep ort the preliminary results of the p erformance ev aluation of sparse matrix algorithms on IBM’s ccNUMA serv er x440, and discuss the merits and the sub jects of the ccNUMA arc hitecures based on commo dit y comp onen ts. 1. $O $8 $a $K 6a G/ , JB Ns %"!< %- %F %/ %A%c 5; =Q $N H/ E8 $K $h $j , 9b @- G= $J 6& M- %a %b %j 7? JB Ns 7W ;; 5! $, Hf 3S E* MF 0W $K Mx MQ $G $- $k $h $& $K $J$C $F $- $? . 6& M- %a %b %j 7? %"!< %- %F %/ %A%c $O , %W %m%;%C%5$N@\B37ABV$K$h$C$F%P%97k 9g7?$H%M%C%H%o!<%/ 7k 9g7? $KBg JL$9 $k$3 $H$, $G $-$k . %P %97k 9g7? %"!<%- %F%/ %A%c $G $O , %P %9 $N BS 0h I} $K $h $k @) Ls $+ $i , 9= C[ 2D G= $J JB Ns 4D 6- $N 5, LO $, 8B $i $l $F $$ $k . $3 $l $K BP $7 $F , <g 5- 21 $r J,;6G[CV$9$k%M%C%H%o!<%/7k9g7?$NJ, ;66&M-%a%b%j%"!< %- %F %/ %A%c $G $O , <g 5- 21 $K BP $9 $k %" %/ %; %9 ;~4V $O IT 6Q Ey $K $J $k $b $N $N , %W %m %;%C %5 $N 3H D% @- $K 4X $9 $kJ* M} E* @) Ls $O $[ $H $s $I $J $/ , 9b $$ 3H D% @- $, I, MW $H $J $k Bg 5, LO 2J3X 5; =Q7W;;$KE,$7$?7ABV$G$"$k$H9M$($i$l$k . 0l J} $G , %3 %b %G%# %F%# %W %m %;%C %5 $N 9b B. 2= $K H< $$ , 9b B.$N PC $r%M%C%H%o!<%/$G7k9g$7$?%/%i%9%?5;=Q$, , Bg 5, LO 2J 3X 5; =Q 7W ;; $K $* $$ $F $b <B MQ E* $J A* Br ;h $N $R $H $D $H $J$C $F $- $F $$ $k . $7 $+ $7 $J $, $i , %/ %i %9 %? >e $G $N %a%C %;!< %8 DL ?. $K $h $k JB Ns =h M} $K $O , L@ <( E* $J %G!< %? J, 3d $N I, MW @- $d DL ?. CY 1d $J $I $N @) Ls $, $" $k . 8= :_ , $3 $N $h $& $J 0B 2A $J %N!< %I $r AH $_ 9g $o $; $F , Bg 5, LO $J J, ;66& M- %a %b %j 4D 6- $r 9= C[ $9 $k $? $a $N %A%C %W %;%C %H Ey $N 3+ H/ $, In tel, y El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o yy 2J3X5;=Q?66=;v6HCD JST IBM Ey$N<gMW%Y%s%@$K$h$j?J$a$i$l$F$$$k 11) . K\ 8& 5f $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h$C $F 9= C[ $5$l$?J,;66&M-%a%b%j%"!<%-%F%/%A%c$r:NMQ$9$k $3$H$K $h $j , MF 0W $K;q 8; $N 3H D% $, 2D G= $J 7W ;; 5! 4D 6- $r<B 8= $9 $k $3 $H $r L\ I8 $H $9 $k $H $H $b $K , %9%1!< %i %V %k $J @- G= 8~ >e $r F@$k>e$G>c32$H$J$k%*%Z%l!<%F%#%s%0%7%9%F%‘>e $N%\%H %k %M%C %/ $r 2r >C $7 , 9b %l %Y %k $J :GE, 2= $r <B 8= $9 $k $3 $H $K $h $j , %f!< %6 $, %"!< %- %F %/ %A%c $N 2< 0L 9= B$ $r 0U <1 $9 $k $3 $H$J$/9b@-G=$J2J3X5;=Q1i;;$r9T$J$&$3$H$N$G $-$k7W;; 4D6-$N9=C[$rL\;X$7 $F$$$k . K\9F$G$O , In tel Xeon %W%m %;%C%5$rMQ$$$?J,;66&M-%a%b%j7?JBNs7W;;5!$H $7$F:rG/ 3+H/$5$l$? IBM <R@= PC %5!<%P x440 $r;HMQ$7$F , <B 5!>e$G$NI>2A7k2L$r$b$H$K9M;!$r9T$C$? . 2. GX 7J Bg 5,LO AB 9T Ns $r 07$& H? I| 2r K! $K $*$$ $F , AB $J @. J,$r ;} $D9TNs$H%Y%/%H%k$N4V$N1i;;$O7W;;NL$NBg$-$J 3d9g$r@j $a$k . $3 $l$i $O BLAS 10) Ey$r MQ$$ $F<B Au$9 $k$3 $H$, 2D G= $G $" $k $, , AB 9T Ns - %Y %/ %H %k 4V 1i ;; $K $* $$ $F , == J, $K %-%c%C %7%e %a %b %j $r 3h MQ $9 $k $N $O Fq $7 $$ . $7 $? $,$C $F , AB9TNs%"%k%4%j%:%‘$NJBNs2= $r9T$&>l9g , BLAS %k!<%A %s%l%Y%k$G$NJBNs2=$,:GE,$JA*Br;h$G$"$k$+$I $&$+$r7h Dj$9$k$?$a$K$O , ==J,$JI>2A$,I,MW$G$"$k . BLAS $NJBNs<B Au$K 4X$7 $F$O , 1) ScaLAP A CK 6) $N $h$&$K , MPI $K$h$k BLAS $HEy2A$JJBNs2=%i%$%V%i%j $r 9= C[ $9 $k $b $N $H , 2) A TLAS 12) $N $h $& $K %9 %l%C %I $r

2 MQ $$ $? 6& M- %a %b %j %"!< %- %F %/ %A%c 8~ $1 $N JB Ns 2= $r 9T $& $b $N$, Ds 0F $5$l $F $* $j , 1), 2) $H $b 9TNs 4V 1i ;;$N $h $& $J %-%c%C %7%e %a %b %j $N 3h MQ $N MF 0W $J BLAS %k!< %A %s $K $D $$ $F $O , 8z N( E* $J JB Ns <B Au $r <B 8= $7 $F $$ $k . PBLAS $O J, ;6 %a %b %j %"!< %- %F %/ %A%c $r <g $J BP >] $H $7 $F $* $j , $^ $? A TLAS $K $*$1 $k JBNs 2=$O , K\ 8&5f $G A[Dj $7 $F$$ $k$h $& $J AB 9T Ns 2r K! $X $NE, MQ $r A[ Dj $7 $? $b $N $G $O $J $$ $, , %a %b %j%"%/%;%9CY1d$N>.$5$$6&M-%a%b%j %"!<%-%F%/%A%c>e$K $* $$ $F $O , %k!< %W %l %Y %k $G $N JB Ns 2= $K $h$C $F , %Y %/ %H %k 4V1i ;;$d 9TNs - %Y%/ %H%k 4V1i;; $K$D $$$F $b8zN( E*$K @-G= 8~>e$rC#@.$G$-$k$b$N$H4|BT$5$l$k . K\ 9F $G $O , Bg 5, LO AB 9T Ns $r BP >] $H $9 $k 8G M- CM 2r K! $N 0l<o$G$"$k Jacobi-Da vidson K! 13) $rNc$K$H$j , 7W;;NL $N Bg It J, $r @j $a $k MW AG 1i ;; $K $D $$ $F , J, ;6 6& M- %a %b %j %7 %9 %F %‘ >e $G 9b B. $K =h M} $9 $k $? $a $N >r 7o $K $D $$ $F 9M ;! $9 $k . Jacobi-Da vidson K! $N <B Au $H $7 $F $O F okk ema, v an Gijzen $i 9) $K $h $k T emplates 5) , BLAS 5Z $S LA- P A CK 6) $rMQ $$ $? $b $N $, CN $i $l $F $* $j , y �Ax + � y 7? $N J# AG 9T Ns - %Y %/ %H %k 4V 1i ;; $G $" $k Lev el 2 BLAS %k!< %A %s $N zgem v $r$O $8 $a $H $7 $F , J#AG %Y %/ %H %k 4V 1i ;; zdotc ( � x T y ), zaxp y ( y �x + y ), dznrm2 ( k x k 2 ) $J $I $N Lev el 1 BLAS %k!< %A %s $, 1i ;; NL $K @j $a $k 3d 9g $, Bg $- $/ 13) , %Y %/ %H %k 7W ;; 5! >e $G $N =h M} $K E, $7 $? %" %k %4 %j %: %‘ $G $" $k . K\ 8& 5f $G $O $3 $l $i $N 4X ?t $r Op enMP API $rMQ$$$FJBNs2=$7 , J,;66&M-%a%b %j%7%9%F%‘ >e$G$N I>2A$r9T$C$? . 3. I> 2A 4D 6- 3.1 %"!<%-%F%/%A%c K\ 8& 5f $G $O , In tel %"!< %- %F %/ %A%c %Y!< %9 $N J, ;6 6& M- %a%b%j 7?7W ;;5! $H$7 $F IBM <R$G3+H/ $5$l $? PC %5!<%P x440 $r F3 F~ $7 , %3 %b %G%# %F%# J, ;6 6& M- %a %b %j >e $G $N 7W ;; @- G= $K $D $$ $F I> 2A $r 9T$C $? . x440 $O In tel Xeon %W %m%;%C%58~ $1$N IBM <R@=%A%C%W%;%C %H$G $"$k Summit $r MQ $$ , 4 8D $N Xeon %W %m %;%C%5 $r Fb B"2D G= $J %N!<%I $r @l MQ 9b B. %M%C %H %o!< %/ $G Aj 8_ $K @\ B3 $9 $k $3 $H $K $h $j , :G Bg $G 16 8D !y $N Xeon %W %m %;%C %5 $r C1 0l %$ %s %9 %? %s %9 $N %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $G 4I M} $9 $k $3 $H $, $G $- $k . 3) . K\ 8& 5f $G $Oc~ BN Fb $N 2 8D$N %N!< %I $K 2.4 GHz $N Xeon DP %W %m %;%C %5 $r 2 8D $: $D Ek :\ $7 , 4 %W %m %;%C %5 9= @. $G I> 2A $r 9T$C $? . ?^ 1 $K x440 $N %7 %9%F %‘ 9= @. , $^ $? ?^ 2, ?^ 3 $K@lMQ%M%C %H%o!< %/$K $h $k%N!< %I4V $N@\ B37A BV$r <( $9 3),4) . %N!< %I Fb $N %W %m %;%C %5 - %A%C %W %;%C %H 5Z $S %a %b %j - %A%C %W %;%C %H 4V , %N!< %I $r 7k $V DL ?. %1!< %V %k $N BS 0h I} $O $$ $: $l $b 3.2GB/s $G $" $j , %N!< %I 4V $O J# ?t $N %1!< %V%k$K$h$k%$%s%?%j!<%V$,2DG=$G$"$k . !y $? $@ $7 K\ 9F $N <9 I. ;~ E@ $G $O , Xeon DP %W %m %;%C %5 $N >l 9g $O 1 %N!< %I $K 2 8D $^ $G , :G Bg $G 2 %N!< %I 4 8D $^ $G $N 9= @. $H $J$C $F $$ $k . ?^ 2 SMP expansion p orts with t w o SMP expansion mo dules installed. ?^ 3 Connecting the t w o x440s together in a 16-w a y con�guration. 3.2 %*%Z%l!<%F%#%s%0%7%9%F%‘ J#?t$N%N!<%I$+$i9=@.$5$l$kJ, ;66&M-%a%b%j%"!<%-%F %/ %A%c >e $K $* $$ $F , %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ %l %Y %k $G %9 %1!< %i %S %j %F%# $r 3N J] $9 $k $? $a $N <j K! $H $7 $F $O , 0J 2< $N$b$N$r5s$2$k$3$H$,$G$-$k . %N!<%I%"%U%#%K%F%# %W %m %; %9 $N 0\ F0 $r ;X Dj $7 $? %N!< %I Fb $K 8B Dj $9 $k 5! G= 8) . %a%b%j%"%U%#%K%F%# J*M} E* $J %a%b %j G[ CV>p Js $K 4p$E $$ $F , %W %m %; %9 $N%a %b%jMW5a;~ $K%m!<%+%k %N!<%I$N%a %b%j$rM% @hE*$K3d $jEv$F$k5!G= . %W%m%;%C%5%"%U%#%K%F%# %W%m%;%9$r;XDj$7$?%W%m%;%C%5$K8GDj$9$k5!G= . %Z!<%8%^%$%0%l!<%7%g%s $"$k%a%b%j %Z!<%8$K BP$7$FFC Dj$N%j%b!< %H%N!<%I$+ $i $N %" %/ %; %9 $, =8 Cf $9 $k >l 9g , OS $, $3 $l $r 8! CN $7 $F%Z!<%8 $r%j %b!<%H%N!< %I$K %3%T!< $9$k5! G= . %*!< %P%X%C%I$KCm0U$9$kI,MW$,$"$k . $3 $l $i $N 5! G= $K $h $j , %j %b!< %H %N!< %I $X $N %a %b %j %" %/ %; %9 $, 8: >/ $7 , %G!< %? $N 6I =j @- $, 8~ >e $9 $k $H $H $b $K , CPU 4V $N %W%m %; %9 0\F0 $K $h$k %-%c%C %7%e %_%9 $N H/ @8$r M^$($k$3$H$,$G$-$k .

3 ?^ 1 x440 arc hitecture blo c k diagram. J,;66&M-%a%b%j%"!<%-%F%/%A%c>e$G 9b$$7W;;@-G=$rF@ $k $? $a $K $O , 7W ;;%" %k %4 %j %: %‘ $K $* $$ $F $b $5 $^ $6 $^$J %l %Y %k$G $N:G E,2= $,I, MW$G $"$k . $3 $N$h $&$J %7%9 %F%‘ $r8& 5f $9 $k >e $G , ;E MM $, 40 A4 $K 8x 3+ $5 $l , L5 =~ $G %=!< %9 %3!< %I $N F~ <j 5Z $S <+ M3 $J 2~ JQ $, 2D G= $J %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ 5Z $S 3F <o %i %$ %V %i %j $N 3+ H/ $, , %M%C %H %o!< %/ $N Ia 5Z $KH<$C $F0l HLE* $K $J$j $D$D $"$k . $= $N $h$& $J%* %Z%l!< %F%#%s %0%7%9 %F%‘$N $R$H$D $H$7 $F , Lin ux $r 5s$2 $k$3$H $,$G $-$k$, , Lin ux $K $*$$ $F<B8= $5$l$F $$$k%9 %1%8%e!< %j%s%05!G=$O!"8=;~E@$G$OHf3SE*>.5, LO$J%7%9%F%‘8~$1 $K @_ 7W $5 $l $F $* $j , K\ 8& 5f $G BP >] $H $9 $k Bg 5, LO $J 6&M- %a %b %j %"!< %- %F %/ %A%c >e $G ;H MQ $9 $k $K $O , @- G= >e Ld Bj $, $" $k . 0J >e $N GX 7J $r $b$H $K , Lin ux $K $*$$ $F %9 %1!< %i %S %j %F%# $r 8~ >e $5 $; $k $? $a $N 8& 5f $, ?J $a $i $l $F $$$k 1) . K\ 8& 5f $G $O , x440 >e $K <B Au$5 $l $? Lin ux %*%Z %l!< %F%# %s%0 %7 %9 %F %‘ $r MQ $$ $F , J, ;6 6& M- %a %b %j >e $G $N 7W ;; @- G=$r I> 2A$7$? . 4. I> 2A I>2A $K $O IBM x440 (2.4GHz In tel Xeon DP Pro- cessor � 4, 32KB L1 cac he (16KB data), 512KB L2 cac he, 64MB no de cac he, 4GB main memory), 5Z $S Hf 3S BP >] $H $7 $F Itanium %W %m %;%C %5 $r MQ $$ $? J, ;6 6& M- %a %b %j 7? JB Ns 7W ;; 5! $G $" $k NEC AzusA (733MHz In tel Itanium Pro cessor � 8, 32KB L1 cac he (16KB data), 96KB L2 cac he, 2MB L3 cac he, 2GB main memory) $rMQ $$ $? . x440 $N 2 Bf$N %N!< %I $K $O $= $l $> $l 2 8D $N %W %m %;%C %5 , 32MB $N L4 cac he (2-w a y in ter- lea v ed PC200 DDR-SDRAM) 5Z $S 2GB $N PC133 SDRAM $, , $^ $? AzusA $N 4 Bf $N %N!< %I $K $O $= $l $> $l 2 8D $N %W %m %;%C %5 $H 512MB $N PC100 SDRAM $, Ek:\$5$l$F$$$k . %* %Z %l!< %F%#%s %0 $K $O $= $l $> $l Red Hat Adv anced Serv er 2.1 5Z $S Red Hat 7.1 %Y!< %9 $N NEC Lin ux R1.2 $r , $^ $? %+!< %M %k $K $O $= $l $> $l 2.4.21-pre4 5Z $S 2.4.7-nec1.2 $r ;H MQ $7 $? . x440 $K $O I8 =‘ $N Red Hat Adv anced Serv er $,;H MQ $5 $l $F $* $j , J,;6 6& M- %a %b %j BP 1~$K$D $$$F $O3+ H/HG %+!<%M %k$N 2.5 7ONs$G :n6H $,?J $a $i $l$F $$ $k !y . 0l J} NEC Lin ux $K $O4{ $K %a%b %j %"%U%# %K %F%# 5! G= , %W %m %;%C %5 %" %U%# %K %F%# 5! G= $, <B Au $5 $l $F $* $j , 0J 2< $N I> 2A $G $O %a %b %j %" %U%# %K %F%# $r M- 8z $K $7 $? >u BV$G B, Dj $7 $? . %3%s %Q %$ %i $K $O $$ $: $l $b In tel Compiler for Lin ux 6.0 $N:G?7HG$rMQ$$$? . 4.1 EPCC Op enMP Microb enc hmark Op enMP $N <B 9T %b %G %k $G $O , %W %m %0 %i %‘ $N <B 9T $O %^ %9 %? %9 %l%C %I $H 8F $P $l $k C1 0l %W %m %; %9 $H $7 $F 3+ ;O $5 $l $k . %^%9 %? %9%l%C %I$O DL>o $N %9%F!< %H%a %s%H $r C‘<! <B9T $7 , ;X<(J8 $NBP $G9= @.$5 $l$k JBNs 9=B$ $,8=$l $k$H , 1 $D0J >e $N %9 %l%C %I $+ $i $J $k %A!< %‘ $r @8 @. $7 , %A!< %‘ $N %a %s %P $N$= $l$> $l $K$D $$$F %G!<%? 4D6- $N @_Dj $r9T $J$& . JB Ns9= B$ Fb $N %9 %F!< %H %a %s %H $O , %A!< %‘ Fb $N 3F %9 %l%C %I $K $h$C $F JB Ns $K <B 9T $5 $l , JB Ns 9= B$ $N=* N; ;~ E@ $G %A!< %‘ Fb $N %9 %l%C %I $O F1 4| $7 , %^ %9 %?!< %9 %l%C %I $O 99 ?7 $5 $l $? %G!< %? $rMQ$$$F7W;;$rB3$1$k . $3 $3 $G $O Op enMP API $r MQ $$ $? JB Ns 7W ;; $K H< $& DL ?. CY 1d $r D4 $Y $k $? $a , EPCC Op enMP Microb enc h- mark 7) $r MQ $$ $F I> 2A $r 9T$C $? . Microb enc hmark $O , !y $J $* , :G ?7 $N 3+ H/HG %+!< %M %k $r MQ $$$? I> 2A $G $O 0l It$N 5! G= $K $D $$ $F 0B Dj $7$? @- G= $, F@ $i $l$F $$ $J $$ $? $a , :# 2s $N %G!<%? $H $7 $F $O :N MQ$7$J$+$C$? .

4 %( %8 %s %P %i Bg 3X $G 3+ H/ $5 $l $? Op enMP $N F1 4| 5Z $S %9 %1 %8%e!< %j %s %0 %*!< %P %X%C %I B, Dj $N $? $a $N %Y %s %A %^!< %/ $G $" $j , Fb It $K dumm y 4X ?t $r 4^ $‘ %k!< %W $K $D $$ $F , Op enMP ;X <(J8 $r DI2C $7$? >l9g $K@8 $8 $kCY 1d$r B,Dj $9 $k . ;~4V B, Dj$K $O%J %NIC %*!<%@ $N<B 9T ;~4V $r7W B,$9 $k$3 $H$N $G$-$k 4X?t clock gettime() $rMQ $$$? . =D <4$O<B 9T;~4V$r%/%m%C%/%5 %$%/%k?t $K49;;$7$? CM$G$"$k . In tel Compiler $K $O %3 %s %Q %$ %i %* %W %7%g %s $H $7 $F -O3 -zero -ip -nodps -w -openmp $r MQ $$ , x440 >e $G $O $3 $l $K -tpp7 -axW $rDI2C$7$? . ?^ 4 Sync hronization o v erheads on IBM x440. ?^ 5 Synchronization o v erheads on NEC AzusA. ?^ 4, ?^ 5 $K x440, AzusA >e $G $N F1 4| %*!< %P %X%C %I $r <( $9 . $3 $N 7k 2L $+ $i J, $+ $k $h $& $K , F1 4| ;X <( J8 $K 4X $7 $F , x440 $G $O AzusA $H Hf 3S $7 $F Aj BP E* $K Hs >o $K Bg $- $J%*!<%P%X%C%I $,@8$8 $F$$$k . $3$l$O Xeon %W%m%;%C%5 $N<~ GH ?t$, 2.4GHz $G$"$j , 733MHz $N Itanium %W%m %;%C %5 $N 3 G\ 0J >e $G $" $k $K $b $+ $+ $o$i $: , %M%C %H %o!< %/ $r7P M3$9 $k$3$H $GDL ?.CY1d $, AzusA $N>l9g $h$j $bA}Bg $7 $F $$ $k $3 $H $, <g$J 86 0x $G $" $k $H 9M $( $i $l $k $, , 0lJ} %9 %1 %8%e!< %j %s %0 %*!< %P %X%C %I $K 4X $7 $F $O , ?^ 6, ?^ 7 $K <($9 4 %9%l%C%I$G$N<B9T7k2L$+$i , c h unk %5%$%:$K$b$h $k$, AzusA $H Hf3S $7$F>. $5$J CM$H $J$C$F$$ $k$3 $H$,J, $+$k . ?^ 6 Scheduling o v erheads on IBM x440. ?^ 7 Sc heduling o v erheads on NEC AzusA. 4.2 STREAM b enc hmark 7W ;;5! $N FC @- $K $D $$ $F $h$j >\ $7 $/ D4 $Y $k $? $a , %P!< %8 %K%" Bg 3X $G 3+ H/ $5 $l $F $$ $k STREAM b enc hmark 2) $r MQ $$ $F $= $l $> $l $N %7 %9 %F %‘ $N %a %b %j BS 0h I} $r B, Dj $7 $? . $3 $N %Y %s %A %^!< %/ %W %m %0 %i %‘ $G $O , G\ @: EY Ib F0 >. ?t G[ Ns $K BP $7 $F 0J 2<$N 1i ;; $r 9T $$ , <B B, CM $r $b $H $K 7W;; 5! $N <B 8zBS0hI}$rI>2A$9$k . I= 1 STREAM b enc hmark types Benc hmark Op eration Bytes p er iteration Cop y a[i] = b[i] 16 Scale a[i] = q * b[i] 16 Add a[i] = b[i] + c[i] 24 T riad a[i] = b[i] + q * c[i] 24 $3 $3 $G 07$C $F $$ $k %k!< %A %s$O , KA F, $G =R $Y $? 2f!9 $N BP >] $H $9 $k 7W ;; $K 6K $a $F 6a $/ , %a %b %j BS 0h I} $N Bg $- $J 7W ;; 5! $K E, $7 $? Fb MF $G $" $k . $3 $3 $G $O Op enMP HG $N JB Ns%W%m%0%i%‘$G$" $k stream d omp.c $rMQ$$ , $=$l$>$l $N %"!< %- %F %/ %A%c >e $G I> 2A $7 $? . ?^ 8 $O Ld Bj %5 %$ %: $r

5 4,000,000 $H $7 $? >l 9g $N x440 >e $G $N @- G= CM $G $" $k $, , :G Bg$G 1GB/s <e$H $J$C $F $* $j , ?^ 10 $K<( $9 %a %b %j %" %U%# %K%F%#5!G=$r;HMQ$7$J$$>uBV$GB,Dj$7$? AzusA >e$G$N CM $HF1 Dx EY $G $"$k . $3 $l$K BP $7 $FLd Bj %5 %$ %: 2,000,000 $N>l 9g $K $O , ?^ 9 $K<($9 $h $& $K 9b $$ CM $,F@ $i $l $k . LdBj%5 %$%: 2,000,000 $N>l 9g $K I,MW $H $J $k %a %b %jNL $O Ls 44MB $G $" $k $N $G , $3 $N $h $& $J %/ %i %9 $N Ld Bj $K BP $7 $F $O , x440 $KEk :\ $5 $l $F $$ $k 64MB $N no de cac he $,8z 2L $r H/ 4x $9 $k $b $N $H 9M $( $i $l $k . 0lJ} , ?^ 10, 11 $+$i , NEC AzusA >e $K $* $$ $F $O , %a %b %j %" %U%# %K %F%# 5! G= $r Mx MQ $9 $k $3 $H $K $h $j Bg I} $J @- G= $N 8~ >e $, F@ $i $l $F $$ $k $3 $H $, J, $+ $k . x440 $G$O $^ $@ == J, $J @- G= $, F@ $i $l $F $$ $J $$ $, , %*%Z %l!< %F%# %s %0 %7 %9 %F %‘ $, BP 1~ $9 $k $3 $H $G , $h $j 9b$$ @- G= $, F@ $i$l$k$h$&$K$J$k$b$N$H;W$o$l$k . ?^ 8 STREAM b enc hmark p erformance (MB/s) with arra y size 4,000,000 on IBM x440 (without memory a�n- it y). ?^ 9 STREAM b enc hmark p erformance (MB/s) with arra y size 2,000,000 on IBM x440 (without memory a�n- it y). $J $* , %a %b %j %" %U%# %K %F%# 5! G= ;H MQ ;~ $N AzusA $K $* $$ $F , ?^ 11 $K <( $9 $h $& $J 5/ F0 D> 8e $N 9b $$ %9 %1!< %i %S %j %F%# $, , ;~ 4V $, 7P 2a $9 $k $K $7 $? $,$C $F <! Bh $K <: $o $l $k $3 $H $, J, $+$C $F $$ $k . $3 $l $O %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $K$h$C$F@8@.$5$l$k%U%!%$%k%-%c%C%7%e$,5/F0 %N!<%I>e $N <g 5- 21 $+ $i =g $K G[ CV $5 $l $F $$ $/ $3 $H $K $h $k $H 9M $( $i $l $k $, , $3 $N Ld Bj $O , SGI <R $N J, ;6 6& M- %a %b %j 7? 7W ;; 5! Origin $G 4{ $K <B 8= $5 $l $F $$ $k $h $& $K , %U%! %$ %k %-%c%C %7%e$r%i%&%s%I%m%S%sJ}<0$GJ,;6G[CV$9$k$3$H $K$h$C$F 2r7h$G$-$k$b$N$H;W$o$l$k . ?^ 10 STREAM b enchmark p erformance (MB/s) with ar- ra y size 20,000,000 on NEC AzusA (without memory a�nit y). ?^ 11 STREAM b enc hmark initial p erformance (MB/s) with arra y size 20,000,000 on NEC AzusA (with memory a�nit y). 4.3 JBNs2= BLAS %k!<%A%s $3 $3 $G $O , $h $j <B :] $K 6a $$ Ld Bj $H $7 $F , Jacobi- Da vidson K! $K $* $$ $F 7W ;; NL $N Bg $- $J It J, $r @j $a $k J# AG1i ;; %k!< %A%s zgem v, zdotc, zaxp y , dznrm2 $r A* $S , I> 2A $r 9T$C $? . $= $l $> $l $N 4X ?t $O :G 30 B& %k!< %W $r Op enMP API $rMQ$$$FJBNs2=$7$F$$$k . %Y%/%H%k%5%$ %:$O 256 2 , 9TNs%5%$%:$O 256 2 � 4 $H$7$F7WB,$7$? . x440, AzusA >e $G $N @- G= $r ?^ 12, ?^ 13 $K <( $9 . x440 $, 9b $$ @- G= $r <( $7 $F $$ $k $, , $3 $l $O A0 @a $G <( $7 $? %-%c%C %7%e 3, AX $N 8z 2L $K $h $k $b $N $H ;W $o $l , %W %m %;%C %5 Fb B"

6 ?^ 12 P arallel BLAS p erformance on IBM x440. ?^ 13 P arallel BLAS p erformance on NEC AzusA. %-%c%C %7%e %5 %$ %: $N :9 $d , %M%C %H %o!< %/ %l %$ %F %s %7 $r Jd $&==J,$J@-G=$,F@$i$l$F$$$k . 5. $^ $H $a K\ 9F $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h $k J, ;6 6& M- %a%b %j7? %"!< %-%F %/ %A%c $H$7 $F , IBM $N In tel Xeon Ek :\ %5!< %P $G $" $k x440 $r MQ $$ $F , AB 9T Ns %" %k %4 %j %: %‘ $N MWAG1i;;$NJ,;66&M-%a%b%j%"!<%-%F%/ %A%c>e$X$N<BAuJ} <0$K$D$$$F8!F$$r9T$C$? . AB 9T Ns %" %k %4 %j %: %‘ $K $* $$ $F I, MW $H $J $k Dc %l %Y %k $J BLAS 1i;;$NJBNs2=$r9M$($k>l9g , %l%$%F%s%7$r>.$5$/ $9 $k $H $H $b $K , %N!< %I 4V $G $N %a %b %j BS 0h I} $r== J, $K 3N J] $9 $k $3 $H $, I, MW $H $J $k . $3 $N $? $a $K $O , x440 $G :N MQ $5 $l$F$$$k%N!<%I%-%c%C%7%e$OM-8z$J<jK! $G$"$k$H;W$o$l $k . $^ $? , 3+ H/ ES >e $N $? $a :# 2s $N <B 83 $G $O == J, $K I> 2A $G $- $F $$ $J $$ $, , %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $K $D $$ $F $b 0z $-B3$-$h$j8zN(E*$J<BAu<jK!$rL@$i$+ $K$7$F$$$/I,MW$, $" $k . %W %m %;%C %5 %l %Y %k $G $N :G E, 2= $H 9g $o $; , :# 8e $h $j 87L)$JI>2A$r9T$C$F$$$-$?$$ . <U <- K\ 8& 5f $r ?J $a $k $K Ev $? $j , IBM <R $N Martin J. Bligh ;a , F| K\ EE 5$ 3t <0 2q <R $N ?{ >B 8x IW ;a , 2O Fb N4 ?N ;a $r $O $8 $a , B? $/ $N J}!9 $h $j MM!9 $J %5 %]!< %H 5Z $S %" %I %P %$ %9 $r D: $- $^ $7 $? . 46 <U CW $7 $^ $9 . $J $* , K\ 8& 5f $N 0l It $O , FCDjNN0h8& 5f (2) 14019030, 2J3X8& 5fHqJd=u6b4p HW 8& 5f (B) 13480080, 5Z $S 2J 3X 5; =Q ?6 6= ;v 6H CD @o N, E* AO B$8&5f?d?J;v6H$K$h$k$b$N$G$"$k . ;2 9M J8 8% 1) Linux Sc alability E�ort Homep age , h ttp://lse.sourceforge.net/. 2) STREAM: Sustainable Memory Bandwidth in High Performanc e Computers , h ttp://www.cs.virginia.edu/stream/. 3) IBM eserver Xseries 440 Planning and Instal- lation Guide , 2002. 4) P. Bald win , EXA a new class of Intel b ase d Servers , in IBM Vision 2002, 2002. 5) R. Barrett, M. Berr y, T. F. Chan, J. Dem- mel, J. Dona to, J. Dongarra, V. Eijkhout, R. Pozo, C. R omine, and H. v an der V orst , T emplates for the Solution of Line ar Systems: Building Blo cks for Iter ative Metho ds , SIAM, 1994. 6) L. S. Bla ckf ord, J. Choi, A. Clear y, E. D’Azevedo, J. Demmel, I. Dhillon, J. Dongarra, S. Hammarling, G. Henr y, A. Petitet, K. St anley, D. W alker, and R. C. Whaley , Sc aLAP A CK Users’ Guide , So- ciet y for Industrial and Applied Mathematics, 1997. 7) J. M. Bull , Me asuring Synchr onisation and Sche duling Overhe ads in Op enMP , in Pro- ceedings of the First Europ ean W orkshop on Op enMP, 1999, pp. 99{105. 8) E. F ocht , No de a�ne NUMA sche duler , h ttp://home.arcor.de/efo c h t/sc hed/. 9) D. R. F okkema, G. L. G. Sleijpen, and H. A. v an der V orst , Jac obi-Davidson style QR and QZ algorithms for the p artial r e duction of matrix p encils , T ec h. Rep. 941, Departmen t of Mathematics, Utrec h t Univ ersit y , 1996. 10) L. La wson, R. J. Hanson, D. Kincaid, and F. T. Kr ogh , Basic Line ar A lgebr a Sub- pr o gr ams for F OR TRAN usage , A CM T rans. Math. Soft., 5, pp. 308{323. 11) G. F. Pfister , In Se ar ch of Clusters , Pren tice-Hall, second ed., 1998. 12) B. C. Whaley and J. Dongarra , A utomat- ic al ly T une d Line ar A lgebr a Softwar e , in Pro- ceedings of SC98, 1998. 13) @> ED 98 , >. Lx 5A IW , Op enMP $r MQ $$ $? Jac obi- Davidson K!$N JB Ns<B Au $H $=$N @- G= I> 2A , 2002 G/JB Ns=hM}%7%s%]%8%&%‘O@J8=8 , (2002), pp. 79{86.