1 %O!<%I%&%’%"J,;66&M-%a%b%j$rMQ$$$?AB9TNs%"%k%4%j%:%‘$N:YN3EYJBNs=hM} @> ED 98 y 3[ ED >4 y >. Lx 5A IW y K\ 8& 5f $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h$C $F 9= @. $5 $l $? J, ;6 6& M- %a %b %j 7? %"!< %- %F %/ %A%c $r :N MQ $9 $k$3 $H$K$h$j , MF 0W$K;q8;$N 3HD%$,2D G=$J7W;;5! 4D6-$r<B8= $9$k$3$H$r L\I8$H$9$k $H$H$b$K , %f!< %6$,6&M- %a %b %j %"!< %- %F%/ %A%c $N 2< 0L 9= B$$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$$ $k . K\ 9F $G $O , $= $N $?$a $N M= Hw I>2A $H $7 $F NEC Itanium ccNUMA %5!< %P >e$K <BAu$5$l$? Linux %7%9%F%‘$rMxMQ$7 , AB9TNs%"%k%4%j%:%‘$N:YN3EY$J<BAuJ}<0$H$=$N:GE,2=<jK!$K$D$$$F , <B5! >e$G$NI>2A 7k2L$r$b$H $K9M;!$r9T$C $? . SGI Origin 2000 $H$NHf 3S$N7k2L , %3 %b%G%#%F%#J,;6 6&M-%a %b%j$N9=C[$K:]$7$F$O , %a%b%jBS0hI}$N3NJ]$KCm0U$9$kI,MW$N$"$k$3$H$,L@$i$+$H$J$C$? . Fine Grain P arallel Implemen tation of Sparse Matrix Algorithms on Hardw are Distributed Shared Memory Arc hitectures 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 ar- c hitecture. As a preliminary ev aluation, w e discuss in this pap er the implemen tation of sparse matrix algorithms and its optimization on Lin ux en vironmen t implemen ted on an NEC Ita- nium based ccNUMA serv er. The comparativ e study with SGI Origin 2000 sho ws that w e ha v e to b e a w are of sustained memory bandwidth to construct high p erformance commo dit y NUMA en vironmen 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 6),8),10) . 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 $$ $k . $7 $+ $7 $J $, $i , %/ %i %9 %? >e $G $N %a%C %;!< %8 DL ?. $K $h $k JB Ns =h M} $K $O , L@ <( E* $J %G!< %? J, 3d $N I, MW @- $d DL ?. CY 1d $J $I $N @) Ls $, $" $k . 8= :_ , $3 $N $h $& $J y El5~Bg3XBg3X1!>pJsM}9)3X7O8&5f2J%3%s%T%e!<%?2J3X@l96 Departmen t of Computer Science, the Univ ersit y of T oky o 0B 2A $J %N!< %I $r AH $_ 9g $o $; $F , Bg5, LO $J J, ;6 6& M- %a %b %j 4D 6- $r 9= C[ $9 $k $? $a $N %A%C %W %;%C %H Ey $N 3+ H/ $, In tel, IBM Ey$N<gMW%Y%s%@$K$h$j?J$a$i$l$F$$$k 11) . K\ 8& 5f $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h$C $F 9= C[ $5 $l $? J, ;6 6& M- %a %b %j 7? %"!< %- %F %/ %A%c $r :N MQ $9 $k $3 $H $K $h $j , MF0W $K ;q 8; $N 3H D% $, 2D G= $J 7W ;; 5! 4D6- $r <B 8= $9 $k $3 $H $r L\ I8 $H $9 $k $H $H $b $K , 6& M- %a %b %j %"!< %- %F %/ %A%c$K$*$$$F%9%1!<%i%V%k$J@-G=8~>e$rF@$k>e$G >c32$H $J$k%*%Z%l!<%F%#%s%0%7%9%F%‘>e$N%\%H%k%M%C%/ $r2r>C $7 , 9b %l %Y %k $J :G E, 2= $r <B 8= $9 $k $3 $H $K $h $j , %f!< %6 $, %"!< %- %F %/ %A%c $N 2< 0L 9= B$ $r 0U <1 $9 $k $3 $H $J $/ 9b @- G= $J 2J 3X 5; =Q 1i ;; $r 9T $J $& $3 $H $N $G $- $k 7W ;; 4D 6- $N 9= C[ $rL\ ;X$7 $F$$ $k . K\9F $G$O , $=$N $?$a $NM= HwI> 2A $H$7 $F , NEC Itanium ccNUMA %5!<%P >e $K <B Au $5 $l $? Lin ux %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $r Mx MQ $7 , AB 9T Ns %" %k %4 %j %: %‘ $N :Y N3 EY $J<B Au J} <0 $H $= $N :G E, 2= <j K! $K $D $$$F , <B 5! >e$G$NI>2A7k2L$r$b$H$K9M;!$r9T$C$? . 2. GX 7J Bg 5, LO AB 9T Ns $N H? I| 2r K! $K $* $$ $F $O , AB $J @. J, $r ;} $D 9T Ns $H %Y %/ %H %k 4V $N 1i ;; $, 7W ;; NL $N Bg It J, $r @j $a $k $? $a , $3 $N 1i ;; $N 8z N( E* $J =h M} $, I, MW IT 2D 7g $G $" $k . $3 $l$i$O Dongarra $i$K$h$C $F3+ H/ $5$l $? BLAS (Basic

2 Linear Algebra Subprograms) 9) $r MQ$$ $F <BAu $9$k $3 $H$,2D G=$G $" $k$, , 9TNs - %Y%/ %H%k 4V 1i;; $K$* $$ $F$O , 0l HL $K 1i ;; NL $O O ( n 2 ) $G $" $j , == J, $K %-%c%C %7%e %a %b %j $r 3h MQ $9 $k $N $O Fq $7 $$ . $7 $? $,$C $F , AB 9T Ns %" %k %4 %j %: %‘$NJBNs2=$r9T$&>l9g , BLAS %l%Y%k$G$NJBNs2=$,:GE, $J A* Br ;h $G $" $k $+$I $& $+ $r 7h Dj $9 $k $? $a $K $O , == J,$J I> 2A$,I,MW$G$"$k . BLAS $N JB Ns <B Au $K 4X $7 $F $O , 1) ScaLAP A CK 4) $N $h $& $K , MPI $K $h $k BLAS $H Ey 2A $J JB Ns 2= %i %$ %V %i %j $r 9= C[ $9 $k $b $N , $H , 2) A TLAS 12),13) $N $h $& $K , pthreads $K$h $j JB Ns 2= $r 9T $& $b $N $, $" $j , 1), 2) $H$b 0l It $N BLAS %k!< %A %s $K $D $$ $F $O , 8z N( E* $J JB Ns <B Au $, <B 8= $7 $F $$ $k . $? $@ $7 , PBLAS $O J, ;6 %a %b %j %"!< %- %F %/ %A%c $r <g $J BP >] $H $7 $F $* $j , $^ $? , A TLAS $N Lev el 3 BLAS %k!<%A %s $K 4X $9 $k BP>N 7? %^ %k %A %W %m %;%C %58~ $1 $N JB Ns 2= $O , K\ %"%k %4 %j %: %‘ $N $h $& $J AB 9T Ns 2r K! $X$N E, MQ$rA[Dj$7$?$b$N$G$O$J$$ . $7 $+ $7$J $, $i , %a %b %j%" %/ %; %9 CY 1d$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 $F , Lev el 1, 2 BLAS 1i;;$K$D $$ $F$b 8zN( E* $K @- G= 8~ >e $r C# @. $G $- $k $b $N $H 4| BT $5 $l $k . K\ 9F $G $O , Bg 5, LO AB 9T Ns%" %k %4 %j %: %‘ $N BLAS %l %Y %k $G $NJB Ns 2= $K $D $$ $F , I> 2A $N 7k 2L $r Js 9p $9 $k $H $H $b $K , AB 9T Ns MQ %i %$ %V%i%j$N9=C[$N:]$NCm0UE@$K$D$$$F9M;!$9$k . 3. <BAu$H@-G=I>2A 3.1 I> 2A 4D 6- 8=:_ , In tel <R5Z $S Hewlett P ac k ard <R$K $h $j 3+ H/ $N ?J$a$i $l$F $$ $k IA-64 %"!<%-%F %/%A%c $O , 2a5n$K 3+ H/$5 $l$? In tel %"!<%-%F%/%A%c$H$N8_49@-$r0];}$7$F$$$kE@ $G , B> $N 9b @- G= %W %m %;%C %5 $K $O $J $$ FC ?’ $r ;}$C $F $$ $k . $3 $l $K $h $j , %W %m %;%C %5 $N 9= B$ $O J# ;( $H $J $k $, , I8 =‘ E* $J RISC %W%m%;%C%5 $HHf$Y $F$h$j HFMQ@- $,9b$/ , Dc2A3J $G $N 6! 5k $r 2D G= $K $7 $F $$ $k . $^ $? , E, @Z $J %A%C %W %;%C %H $r MQ $$ $k $3 $H $K $h $j , :G Bg 512CPU $^ $G %a %b %j $r 6& M- $9$k$3 $H$,$G$-$k . IA-64 %"!<%-%F%/ %A%c$rMQ$$$? >&MQ $N J, ;6 6& M- %a %b %j 7? JB Ns 7W ;; 5! $N $R $H $D $H $7 $F , NEC $N AzusA Itanium %5!<%P$r5s $2$k $3$H $,$G$- $k . K\8& 5f$G$O , 8=:_F~ <j2D G=$J IA-64 %"!<%-%F %/%A%c %Y!< %9$N J, ;6 6& M- %a %b %j 4D 6- $H $7 $F AzusA $r F3 F~ $7 , %3 %b %G%# %F%#J,;66&M-%a%b%j>e$K$*$1$k7W;;@- G=$K$D$$$FM=HwI> 2A$r9T$C$? . $3 $3 $G , I> 2A $K MQ $$ $? 7W ;; 5! %7 %9 %F %‘ NEC AzusA $K $D $$ $F =R $Y $k . AzusA $G $O , :G Bg 4 8D $N %W %m %;%C %5 5Z $S <g 5- 21 $r Ek :\ $9 $k %; %k %+!< %I Fb $G %P %9 $r 6&M- $7 , %; %k4V$r%/%m%9%P%9%$%C%A$K$h$k%3%R!<%l %s%7<BAu$G@\B3 $9 $k$3 $H $K$h $j , :GBg $G 16 8D $N IA-64 %W%m %;%C %5$r C1 0l%$%s%9%?%s%9$N%*%Z%l!<%F%#%s%0%7%9 %F%‘$G4IM}$9$k $3$H $,$G$- $k . ?^ 1,2 $K AzusA $N%7 %9%F %‘5Z$S %A%C%W %;%C %H $N 9= @. $r <( $9 3) . %; %k Fb $N CPU- %A%C %W %;%C %H , %a %b %j - %A%C %W %;%C %H 4V $N BS 0h I} $O $= $l $> $l 2.1GB/s, 4.2GB/s $G $" $j , %; %k - %/ %m %9%P %9 %$%C %A 4V , %/ %m %9 %P $NAm9gBS0hI}$O$=$l$>$l 4.2GB/s, 16.8GB/s $G$"$k . ?^ 1 AzusA system blo c k diagram. ?^ 2 AzusA chip set comp onen ts. %W%m%;%C%5$+$iAw=P$5$l$k%a%b %j%"%/%;%9%j%/%(%9%H $O , $^ $: %P %9 Fb $N B> $N %W %m %;%C %5 $N %-%c%C %7%e $K %R%C %H $9 $k $+ $I $& $+ 8! :w $5 $l , $^ $? %P %9 $K @\ B3 $5 $l $? AzusA %A%C %W %;%C %H 5Z $S %" %I %l %9 %M%C %H %o!< %/ $r 2p $7 $F , %j %b!<%H%;%k>e$N%W%m%;%C%5$N%-%c%C%7%e$KBP$7 $F%9%L!< %W $H 8F $P $l $k 8! :w $r 9T $& . %m!< %+ %k %; %k Fb $N %W %m %;%C %5 $+ $i Aw =P $5 $l $? %a %b %j %j %/ %( %9 %H $K %R%C %H $7 $? %G!< %? $O , $= $N %i %$ %s %" %I %l %9 $, T ag %a %b %j $H 8F $P $l $k %9 %L!< %W %-%c%C %7%e %a %b %j $K 5- O? $5 $l , %j %b!< %H %; %k $+ $i $N %9 %L!< %W %j %/ %( %9 %H $, T ag %a %b %j $K %R%C %H $7 $? %; %k $N$_ $, $=$N %j%/ %(%9 %H $r<u <h$k . %G!< %?$, %m!< %+%k %;%k $N %a %b %j $K %^%C %W $5 $l $F $$ $k >l 9g $K $O , %9 %L!< %W 7k 2L $r BT $? $: $K %a %b %j %" %/ %; %9 $r 3+ ;O $7 , %9 %L!< %W 7k 2L $K 1~ $8 $FE, @Z $J%G!< %?$r %W%m %;%C %5%P %9$K JV$9 . 0J >e $N5! 9=$K $h $j , %m!< %+ %k %; %k $+ $i $N %a %b %j %G!< %? FI $_ =P $7 $K BP $7 $F 200ns 0J 2< , %j %b!< %H %; %k $+ $i $N FI $_ =P $7 $K BP $7 $F 300ns 0J2<$N%a%b%j%l%$%F%s%7$r<B8=$7$F$$$k .

3 4. <B Au J, ;6 6& M- %a %b %j %"!< %- %F %/ %A%c >e $K $* $$$F , %* %Z %l!< %F%#%s%0%7%9%F%‘%l%Y%k$G$N%9%1!<%i %S%j%F%#$r3NJ]$9 $k $? $a $N <j K! $H $7$F $O , 0J 2< $N $h $& $J <j K! $, Ds 0F $5$l $F $$$k . %N!<%I%"%U%#%K%F%# %W%m %; %9 $N0\ F0 $r ;X Dj$7 $? %; %k Fb$K 8B Dj $9 $k5! G= 7) . %a%b%j%"%U%#%K%F%# J*M} E* $J %a%b %j G[ CV>p Js $K 4p$E $$ $F , %W%m %; %9 $N%a %b%jMW5a;~$K %;%k%m!<%+ %k$N%a%b %j$rM%@h E*$K3d$j Ev$F$k5!G= . %W%m%;%C%5%"%U%#%K%F%# %W%m%;%9$r;XDj$7$?%W%m%;%C%5$K8GDj$9$k5!G= . %Z!<%8%^%$%0%l!<%7%g%s $"$k%a%b%j %Z!<%8$KBP $7$FFCDj $N%j%b!<%H %N!<%I$+ $i $N %" %/ %; %9 $, =8 Cf $9 $k >l 9g , OS $, $3 $l $r 8! CN $7 $F%Z!< %8$r%j %b!<%H %N!<%I$K %3%T!< $9$k5! G= . %*!< %P%X%C%I$KCm0U$9$kI,MW$,$"$k . $3 $l $i $N 5! G= $K $h $j , %j %b!< %H %N!< %I $X $N %a %b %j %" %/ %; %9 $, 8: >/ $7 , %G!< %? $N 6I =j @- $, 8~ >e $9 $k $H $H $b $K , CPU 4V $N %W %m%; %9 0\F0 $K $h $k%-%c%C %7%e %_ %9$N H/ @8$r M^$($k$3$H$,$G$-$k . J,;66&M-%a%b%j%"!<%-%F%/%A%c>e$G 9b$$7W;;@-G=$rF@ $k $? $a $K $O , 7W ;;%" %k %4 %j %: %‘ $K $* $$ $F $b $5 $^ $6 $^$J %l %Y %k$G $N:G E, 2=$, I,MW $G $"$k . %-%c%C %7%e%l %Y %k$G $N:G E, 2= $K 4X $7 $F $O , >e =R $N A TLAS $J $I $N 8& 5f $, $" $k $, , 8= CJ 3, $G $O , JB Ns %"!< %- %F %/ %A%c %l %Y %k $G $N :G E, 2= $K $D $$ $F$O 9MN8 $5$l $F$$ $J$$ . $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 $K H<$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 $r5s $2$k$3 $H$,$G $-$k $, , Lin ux $K$*$$ $F<B 8=$5$l $F$$$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 , <g MW %Y %s %@ $r Cf ?4 $K , Lin ux $K $* $$$F%9%1!<%i%S%j%F%#$r8~>e$5$;$k$?$a $N8&5f$,?J$a$i $l$F$$$k 1) . K\8&5f$G $O , AzusA >e$K<BAu $5$l$? Lin ux %* %Z %l!< %F%# %s %0 %7 %9 %F %‘ $r MQ $$ $F , NUMA >e $N OS %+!<%M%k$N5!G=$H@-G=$rI>2A$7$? . I> 2A $K $O , NEC AzusA (733MHz In tel Itanium Pro cessor � 8, 32KB L1 cac he (16KB data/16KB instruction), 96KB L2 cac he, 2MB L3 cac he, AzusA c hipset, 2GB main memory), $^ $? Hf 3S BP >] $H $7 $F , ;: 6H 5; =Q Am 9g 8& 5f =j $N SGI Origin 2000 (400MHz R12000 � 32, 64KB L1 cac he (32KB data/32KB instruction), 8MB L2 cac he) $r MQ $$ $? . A0 <T $N OS $O Red Hat 7.1 %Y!< %9 $N NEC Lin ux R1.2, 8e <T $O IRIX 6.5 $G $" $k . NEC Lin ux $K $O %a %b %j %" %U%# %K %F%# 5Z $S %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$O$= $l$>$l In tel Compiler for Lin ux 6.0 $N efc , 5Z$S MIPSpro 7.3.1.2m $N f90 $r MQ$$ $? . $J$* , AzusA >e $N 4 8D$N%; %k>e$K $O , $=$l $>$l 2 8D $N Itanium %W %m %;%C %5 $H 128 � 4MB $N PC100 SDRAM $,Ek:\$5$l$F$$$k . 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‘ <! <B 9T $7 , P ARALLEL $H END P ARALLEL ;X<(J8$NBP$G9=@. $5 $l $k JB Ns 9= B$ $, 8= $l $k $H , 1 $D 0J >e $N %9 %l%C %I $+ $i $J $k %A!< %‘ $r @8 @. $7 , %A!< %‘ $N %a %s %P $N $= $l $> $l $K $D $$ $F %G!<%? 4D 6-$N @_Dj $r9T $J $& . JBNs 9=B$ Fb$N %9 %F!<%H %a%s %H$O , %A!<%‘ Fb $N 3F %9 %l%C %I $K $h$C $F JB Ns $K <B 9T $5 $l , JB Ns 9= B$ $N =* N; ;~ E@ $G %A!< %‘ Fb $N %9 %l%C %I $O F1 4| $7 , %^ %9 %?!<%9 %l%C %I $O 99 ?7 $5 $l $? %G!< %? $r MQ $$ $F 7W ;; $r B3 $1 $k . 6&M-%a%b%j%"!<%-%F%/%A%c$O%a%b %j%"%/%;%9CY1d$,>. $5 $$ H? LL , J, ;6 %a %b %j %"!< %- %F %/ %A%c $H Hf 3S $7 $F %-%c%C %7%e %_ %9 $N H/ @8 $, B? $/ , $^ $? , F1 0l $N %-%c%C %7%e %i %$ %s $X$N=q$-9~$_$,H/@8$7$?>l9g$K$OCx$7$/@-G=$, Dc2<$9$k >l 9g $, $" $k . $7 $+ $7 $J $, $i , $3 $N E@ $K $D $$ $F $b N1 0U $7 $F <B Au $r 9T $& $3$H $K $h $j , 9b $$ @- G= $r 3N J] $9 $k $3$H $, 2D G= $G$"$k . $3 $3 $G $O , Op enMP $N ;H MQ $H %O!< %I %&%’ %" @- G= $H $N 4X 78$K $D $$ $F D4$Y $k $? $a , EPCC Op enMP Microb enc h- mark 5) $K $h$kI>2A $r9T$C$? . Microb enc hmark $O , %( %8 %s %P %i Bg 3X $G 3+ H/ $5 $l $? Op enMP $N F1 4|!& %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 $$ $F , Op enMP ;X <(J8 $rDI 2C $7$? >l9g $K@8 $8$k CY 1d$r B,Dj $9 $k . $9$J$o $A , %P%j%" F1 4| , GSB>@)8f $K $D$$ $F$O $=$l $>$l !$OMP PARALLEL do j=1, innerreps !$OMP DO do i=1,omp_get_num_threads() call delay(delaylength) end do !$OMP END DO end do !$OMP END PARALLEL !$OMP PARALLEL do j=1, innerreps/omp_get_num_threads() !$OMP CRITICAL call delay(delaylength)

4 !$OMP END CRITICAL end do !$OMP END PARALLEL $N $h $& $K , P ARALLEL directiv e $, L5 ;k $G $- $k 2s ?t $N %k!< %W $r <B 9T $7 , C‘ <! $K <B 9T $7 $? >l 9g $H $N Hf 3S $K $h $j %*!< %P%X%C %I $rB, Dj $9$k . $^$? %k!<%W %9 %1%8%e!< %j %s%0 $K$D$$$F$O !$OMP PARALLEL do j=1, innerreps !$OMP DO SCHEDULE(schedtype,chunksize) do i=1,itersperthr*omp_get_num_threads() call delay(delaylength) end do end do !$OMP END PARALLEL $H$7$F%9%1%8%e!<%j%s%0J}<0$H%G!<%?$N J,3d%5%$%:$r;X Dj$7 , 7k2L$rB,Dj$9$k . $3 $3 $G $O AzusA $H Origin 2000 $K $D $$ $F , $= $l $> $l $N%*!< %P%X%C %I $rB, Dj$7 $? . ?^ 3, 4 $K AzusA >e , $^ $? ?^ 5, 6 $K Origin 2000 >e $G $N F1 4| %*!< %P %X%C %I $r <( $9 . ;~ 4V B, Dj $K $O %J %N IC %*!< %@ $N <B 9T ;~ 4V $r 7W B, $9 $k$3 $H$N$G $-$k4X ?t clock gettime() $rMQ$$ $? . =D<4 $O <B 9T ;~ 4V $r %/ %m%C %/ %5 %$ %/ %k ?t $K 49 ;; $7 $? CM $G $" $k . In tel Compiler $K $O %3 %s %Q %$ %i %* %W %7%g %s $H $7 $F -O3 -zero -ip -nodps -w -openmp $r , $^ $? MIPSpro $K$O -Ofast -mp $rMQ$$$? . ?^ 3 Synchronization o v erheads on NEC AzusA. $3 $N 7k 2L $+ $i J, $+ $k $h $& $K , %P %j %" F1 4| $K $D $$ $F $O , N‘ ;w $N 5! G= $r ;} $D BARRIER $H DO , PARALLEL $H PARALLEL DO , 5Z$S:G=*E*$J7W;;7k2L$rF@$k $?$a$KGSB> @) 8f $r 9T $& REDUCTION $G $O , AzusA, Origin 2000 $H $b $[ $\ F1 Ey $N %*!< %P %X%C %I $G $" $j , :G 8e $K F1 4| $K $h $k GS B>@)8f$rH<$& SINGLE $K$D$$$F$O , Origin 2000 $NCM$, <c 43 Bg $- $$ . GS B> @) 8f $N %*!< %P %X%C %I $O A4 HL E* $K AzusA ?^ 4 Mutual exclusion ov erheads on NEC AzusA. ?^ 5 Synchronization o v erheads on SGI Origin 2000. ?^ 6 Mutual exclusion o v erheads on SGI Origin 2000. $NJ}$,>.$5 $/ , FC$K CRITICAL , LOCK / UNLOCK $GNI9%$J @- G= $r <( $7 $F $$ $k . $3 $l $O AzusA $N %j %b!< %H %; %k $+ $i $N FI $_ =P $7 $K H< $& %l %$ %F %s %7 $, Origin 2000 $K Hf $Y $F AjBPE*$K >.$5 $$$3 $H$K $h$k$H ;W$o $l$k . $J$* , AzusA $N %P%j%"F14|%*!<%P%X%C%I$O 8 %9%l%C%I$G$N<B9T;~$KA}2C $7$F$$$k$, , $3$l$OA4 PE $r;HMQ$7$F$$$k$3$H$K $h$k$H 9M$( $i $l$k . ?^ 7, 8 $K 4 %9%l%C %I$G $N %9 %1 %8%e!< %j%s %0 %*!<%P%X%C%I$r<($9 . c h unk %5%$%:$K$b$h$k$, , AzusA $N%*!<%P%X%C%I$OA4BNE*$K>.$5$$ .

5 ?^ 7 Sc heduling ov erheads on NEC AzusA. ?^ 8 Sc heduling o v erheads on SGI Origin 2000. 4.2 JBNs2= BLAS $N@-G=I>2A $3 $3 $G$O , Bg 5, LO AB 9TNs $r BP >] $H $7$? 8G M- CM 2r K! $G$" $k Jacobi-Da vidson K! 14) $K$*$$$F , 7W;;NL$N BgItJ, $r @j$a$k Lev el 1,2 BLAS 7?$NJ#AG 1i;;%k!<%A %s zgemv , zdotc , zaxpy , dznrm2 $r A* $S , J, ;6 6& M- %a %b %j %7 %9 %F %‘>e$G$NI>2A$r9T$C$? . $J$* , zgemv $O y := alpha*A*x + beta*y, y := alpha*A’*x + beta*y, y := alpha*conjg(A’)*x + beta*y, 7?$N Lev el 2 BLAS 1i;; , $^$? zdotc , zaxpy , dznrm2 $O$=$l$>$l z := conjg(x)*y, y := alpha*x + y, dznrm2 := sqrt(conjg(x’)*x) 7?$N Lev el 1 BLAS 1i;;$G$"$k . $3 $3 $G $O , $= $l $> $l $N 4X ?t $N :G 30 B& %k!< %W $r Op enMP API $rMQ$$$F%V%m%C%/ 2=$7$?%k!< %A%s$r:n @.$7 , JBNs$K =h M}$9 $k . %k!<%W Fb$G $NJQ ?t$N ;dM- 2= $K$h $j%a %b%j %"%/ %; %9 $N 6% 9g $r :G >.8B $K M^ $( $k $H $H $b $K , 2D G= $J 8B $j1" E* $J %P%j %"F1 4|$r 9T$J $o$J $$$h $&;X Dj$9 $k . %Y%/ %H%k %5%$ %:$O 256 2 $H$7 , 3F%k!<%A %s $H$b 10 2s$:$D <B 9T$7 $? 7k2L $r7WB,$7$? . F1 0l %3!< %I $r C‘ <! $K <B 9T $7 $? >l 9g $H , Op enMP ;X <( J8 $r A^ F~ $7 , 1 %9 %l%C %I $G <B 9T $7 $? >l 9g $N @- G= $r I= 1 $K <( $9 . AzusA >e $G $N Ib F0 >. ?t 1i ;; @- G= $, Origin 2000 $K Hf $Y $F Dc $/ , $^ $? JB Ns 2= %3!< %I$N @- G= $, C‘ <! <B 9T ;~ $K Hf $Y $F Dc 2< $7 $F $$ $k $, , $3 $l $O In tel Compiler $N <B Au $N 0l It $K Ld Bj $, ;D$C $F $$ $k $? $a $G $" $k $H ;W $o $l $k !y . $J $* Origin 2000 >e $G $N C‘ <! %3!< %I $N :G E, 2= %* %W %7%g %s $O -O3 $H$7$? . I= 1 Performance (MFLOPS) of serial and single threaded parallel co des. AzusA Origin 2000 F unction Serial P arallel Serial P arallel zaxp y 259.1 138.7 334.0 328.2 zdotc 118.1 21.6 285.2 278.7 dznrm2 95.6 93.4 116.5 150.2 zgem v 113.2 52.2 147.0 206.5 ?^ 9 P arallel BLAS p erformance on NEC AzusA. $^$: , %G%U%)%k%H$N %+!<%M%k$r;H MQ$7$? AzusA, Ori- gin 2000 >e$G$N@-G=$r?^ 9, 10 $K<($9 . $^$? , %W%m%;%C %5%"%U%#%K%F%#5!G=$rM-8z$K$7$?>l9g$N AzusA >e$G$N @- G= $O , ?^ 12 $N DL $j $G $"$C $? !y!y . %W %m %;%C %5 %" %U%# %K %F%#5!G=$r<B 8=$9$k%i %$%V%i %j$O kit %+!<%M%k%b%8%e!< %k$H$7$F NEC Lin ux $KAH$_9~$^ $l$F$*$j , %i%$%V %i%j $r Mx MQ $9 $k $3 $H $K $h $j , %W %m %;%9 $r ;X Dj $7 $? %W %m %;%C %5 $K 8G Dj $9 $k $3 $H $, $G $- $k . $3 $3 $G $O $= $N $? $a $K ?^ 11 $K <( $9 %k!< %A %s !y!y!y $r Mx MQ $7 , F ortran $G 5- =R $5 $l $? %F %9 %H %W %m %0 %i %‘ $+ $i 8F $S =P $7 $? . $? $@ $7 ?^ 12 $K <( $7 $? $h $& $K , $3 $N %W%m %0 %i %‘ $N >l 9g $K $O FC $K 82 Cx $J 8z2L $O 8+ $i !y 6q BN E* $J I> 2A @- G= $K $D $$ $F $O Hs 3+ <( 07 $$ $N $? $a 8x I= $G $- $J $$ $, , $3$NLdBj$O 7.0 Beta $G$*$*$‘ $M2r>C$5$l$? . $?$@ $7J#?t%9%l%C %I;~ $G$N @-G= $K$D $$$F $O$= $l$[ $I2~ A1$O8+ $i$l $J$+$C $? . $3$l $O 8e=R$9$k%a%b%jBS0hI}$NLdBj$K$h$k$b$N$H9M$($i$l$k !y!y %a %b%j %" %U%#%K %F%# 5!G= $K $D$$ $F $O%9 %l%C %IFb $G %a%b %j $r3N J] $9 $kI,MW$,$"$k$, , $3$3$G$OI>2A$7$F$$$J$$ . !y!y!y K\%k!<%A%s$OF|K\EE5$3t<02q<R$h$j$4Ds6!D:$$$? .

6 ?^ 10 Parallel BLAS p erformance on SGI Origin 2000. #include <sys/types.h> #include <unistd.h> #include <stdlib.h> #include <stdio.h> #include ‘‘/opt/intel/compiler60/ia64/ include/omp.h’’ #include ‘‘/usr/local/include/kit.h’’ void pin_cpu_() { int i; pid_t *pid; unsigned long mask=1; pid = (pid_t *)malloc(omp_get_max_threads() *sizeof(pid_t)); #pragma omp parallel { pid[omp_get_thread_num()] = getpid(); } kit_open(); for (i=0; i<omp_get_max_threads(); i++) { if (kit_set_cpumask(pid[i],mask)!=0) { printf(‘‘kit_set_cpumask faild for thread:%d\n’’,i); } mask <<= 1; } } ?^ 11 A subroutine to implemen t pro cessor a�nit y . $l $J $+$C $? . $^ $? %Z!< %8 %^ %$ %0 %l!< %7%g %s $K $D $$ $F $O , OS >e$K F1 5! G= $, <B Au $5 $l $F $$ $k Origin 2000 >e$K $* $$ $F I> 2A $r 9T$C $? $, , @- G= >e $N :9 0[ $O 8+ $i $l $J $+$C $? . $3 $l$i$O<g$K%W%m%0%i%‘$N<B9T;~4V$,C; $$$3$H$K$h$k$b$N $H9M$($i$l$k . @- G= >e $NLd Bj $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 $$ $F $= $l $> $l $N %7 %9 %F %‘ $N %a %b %j BS 0h I} $r B, Dj $7 $? . STREAM $G$O G\ @: EY Ib F0 >. ?t G[ Ns $K BP $7$F 0J 2< $N 1i ;; $rJ#?t2s9T$$ , <BB,CM$r$b$H$K7W;;5!$N@-G=$rI>2A$9$k . $3 $3 $G $O Op enMP HG$N stream d omp.c $r MQ $$ , $= $l $>$l $N%"!< %-%F %/ %A%c>e $GI> 2A$7 $? . $J $*$3 $3$G $O%W %m %;%C%5 %"%U%# %K %F%#5! G=$O ;H MQ$7 $F$$ $J $$ . 0J2< $K7k ?^ 12 P arallel BLAS p erformance on NEC AzusA. I= 2 STREAM b enc hmark types Benc hmark Op eration Bytes p er iteration Cop y a[i] = b[i] 16 Scale a[i] = q * b[i] 16 Add a[i] = b[i] + c[i] 24 T riad a[i] = b[i] + q * c[i] 24 2L$r<($9 . ?^ 13 STREAM b enchmark p erformance (MB/s) with ar- ra y size 20,000,000 on NEC AzusA (without memory a�nit y). ?^ 13, 14 $+ $i J, $+ $k $h $& $K , AzusA >e $G $N %a %b %j BS 0h I} $O , %a %b %j %" %U%# %K %F%# 5! G= $r Mx MQ $7 $? >l 9g 4 %9 %l%C %I $^ $G $O A} 2C $9 $k $b $N $N , $= $l 0J 9_ $O %" %U%# %K %F%# 5! G= $N 8z 2L $O $J $/ , Ls 1GB/s $G K0 OB $7 $F $$ $k $N $K BP $7 $F , ?^ 15 $K<( $9 $h $& $K , Origin 2000 >e$G $O 1 %9%l%C%I Ev $j $N BS 0h I} $O >. $5 $$ $, , %9 %l%C%I ?t $K Hf Nc $7 $? @- G= 8~ >e$,F@$i$l$F$$$k$3$H$,J,$+$k . AzusA >e $G == J, $J @- G= $, F@ $i $l $F $$ $J $$ E@ $K $D $$ $F $O , 0J2< $N 86 0x $, 9M $( $i $l $k . AzusA $G$O , 4PE 9=@. $N %; %k Fb $r %U %m %s %H %5 %$ %I %P %9 , $^ $? %; %k %+!< %I 4V $r %G!< %?%/ %m%9 %P $H%9 %L!<%W %P%9 $G7k 9g $7$F $$$k . %U %m%s %H%5 %$%I%P %9$NBS 0hI}$O8B $i$l$F $$$k$?$a , T ag %a%b%j $rF3

7 ?^ 14 STREAM b enc hmark p erformance (MB/s) with ar- ra y size 20,000,000 on NEC AzusA (with memory a�nit y). ?^ 15 STREAM b enc hmark p erformance (MB/s) with arra y size 80,000,000 on SGI Origin 2000. F~ $7 $F DMA E> Aw , 5Z $S %j %b!< %H %; %k $+ $i $N %j %/ %( %9 %H$KBP$9$k%3%R!<%l%s%7$rJ]>Z$9$k$? $a$N%9%L!<%W$r:G >. 8B $K M^ @) $7 $F $$ $k . Lev el 1,2 BLAS 7? $N 1i ;; $G $O , %7!< %1 %s %7%c %k $J FI $_ 9~ $_ $, %a %b %j $K =8 Cf $9 $k $? $a , T ag %a %b %j $N %9 %o%C %W $, B? H/ $7 , %U %m %s %H %5 %$ %I%P %9 $N %" %I %l %9%P %9$N %9%k!< %W%C %H$, H>8: $9$k 2D G=@- $,$" $k . %U%m %s %H %5 %$ %I %P %9 $, K0 OB >u BV $K $J $k $H , %; %kFb $N %9 %1!< %k $, @) 8B $5 $l $k $H $H $b $K , %9 %L!< %W %P %9 >e $N %j%/ %( %9 %H 6% 9g $, B? H/ $7 , A4 BN $N %9 %1!< %i %S %j %F%# $K 1F 6A $r M? $( $k . AzusA $G $O %S %8 %M %9 %" %W %j %1!< %7%g %s 8~ $1 $K BP >N 7? %^ %k %A %W %m %;%C %5 $K 6a $$ @- G= $r C# @. $9 $k $? $a , %l %$ %F %s %7 $r M% @h $7 $? 9= @. $r <h$C $F $* $j , $3 $N FC @- $O A0@a $N I> 2A 7k 2L $H $b 0l CW $9 $k . $7 $? $,$C $F , K\ 8& 5f $N $h $& $K %a %b %j %H %i %U%#%C %/ $N Bg $- $J %k!< %A %s $r <B 9T $9 $k >l 9g $K $O , >e 5- $N$h$&$K@-G=$KLdBj$,@8$8$k>l9g$,$"$k$H9M$($i$l$k . $?$@$7 , 5/F0 D>8e $N AzusA >e$K$*$$ $F$O , ?^ 16 $K<( $9 $h $& $K 9b $$ @- G= $r <( $9 $3 $H $, J, $+$C $F $* $j , 5/ F0 8e $K @8@.$5$l$k%P%C%U%!%-%c%C%7%e$,@-G=$K1F 6A$rM?$($k2D G= @-$b 9MN8 $9$k I,MW $,$" $k$H ;W$o $l$k . $3 $NE@ $O:# 8e$N 2]Bj$G$"$k . ?^ 16 STREAM b enc hmark initial p erformance (MB/s) with arra y size 20,000,000 on NEC AzusA (with memory a�nit y). 5. $^ $H $a K\ 9F $G $O , %3 %b %G%# %F%# %O!< %I %&%’ %" $K $h $k J, ;6 6& M- %a %b %j 7? %"!< %- %F %/ %A%c 9= C[ $N $? $a $N M= Hw I> 2A $H $7 $F , NEC $N Itanium ccNUMA %5!< %P AzusA $r MQ $$ $F , AB9TNs%"%k%4%j%:%‘$NJ,;66&M-%a%b%j%"!<%-%F %/%A%c>e $X$N<BAuJ}<0$K$D$$$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 , %; %k 4V $G $N %a %b %j BS 0h I} $r == J,$K 3N J] $9 $k $3 $H $, I, MW $H $J $k . <B 83 $+ $i , %3 %b %G%# %F%# J, ;6 6& M- %a %b %j $N 9= C[$K :] $7 $F $O , %a %b %j BS 0h I} $N 3N J]$K Cm 0U $9 $k I, MW $N $" $k $3 $H $, J, $+$C $? $, , %* %Z %l!< %F%# %s %0 %7 %9 %F%‘$K$D$$$F$b$h$j8zN(E*$J<BAu<jK!$rL@$i$+ $K$7$F$$ $/I,MW$, $"$k . %W%m%;%C%5%l %Y%k $G$N:G E,2= !y $H9g$o$; , :#8e$h$j87L)$JI>2A$r9T$C$F$$$-$?$$ . <U <- K\ 8& 5f $r ?J$a $k $K Ev$? $j , F| K\ EE5$ 3t <0 2q<R $h $jMM!9 $J %5%]!< %H5Z $S%" %I %P%$ %9$r D:$- $^ $7$? . $^ $?<B 83 $N 0l It $K $O ;: 6H 5; =Q Am 9g 8& 5f =j $N SGI Origin 2000 $r ;H MQ $5 $; $F D: $- $^ $7 $? . 46 <U CW $7 $^ $9 . $J $* , K\ 8& 5f $N 0l It $O , 2J 3X 8& 5f Hq Jd =u 6b 4p HW 8& 5f (B) 13480080 5Z $SFCDjNN0h8&5f (2) 14019030 $K$h$k$b$N$G$"$k . ;2 9M J8 8% 1) A tlas Pr oje ct Site , h ttp://atlas-64.sourceforge.net/. 2) STREAM: Sustainable Memory Bandwidth in High Performanc e Computers , h ttp://www.cs.virginia.edu/stream/. 3) F. A ono and M. Kimura , The AzusA 16- !y $?$@ $7 Lev el 1, 2 BLAS $K $*$$$F , A TLAS $K$h$k :GE,2= $r F1 ;~ $K 9T $& >l 9g , >e 5- $N JB Ns 2= <j K! $r A0 Ds $H $9 $k $H , @E E* $K %Q %i %a!< %?$r 7h Dj$9 $k $3$H $, $G$- $J $$ . 0lJ} , %V%m%C %/ C10L $G $NJB Ns 2= $O F0 E* $JIi 2Y J, ;6 $, MF 0W $G$" $k $, , %*!< %P %X%C%I $, Bg $- $/ $J $k 2DG=@-$,$"$k$?$a , Cm0U$,I,MW$G$"$k .

8 Way Itanium Server , IEEE Micro, 20 (2000), pp. 54{60. 4) 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. 5) 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. 6) D. E. Culler, J. P. Singh, and A. Gupt a , Par al lel Computer A r chite ctur e: a har dwar e/ softwar e appr o ach , Morgan Kaufmann, 1999. 7) E. F ocht , No de a�ne NUMA sche duler , h ttp://home.arcor.de/efo c h t/sc hed/. 8) J. Kuskin, D. Ofel t, M. Heinrich, J. Heinlein, R. Simoni, K. Ghara chor- loo, J. Chapin, D. Nakahira, J. Baxter, M. Hor o witz, A. Gupt a, M. R osenblum, and J. Hennessy , The Stanfor d FLASH mul- tipr o c essor , in Pro ceedings of the 21th Ann ual In ternational Symp osium on Computer Arc hi- tecture, 1994, pp. 302{313. 9) 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. 10) D. Lenoski, J. La udon, K. Gharachorloo, A. Gupt a, and J. Hennessy , The Dir e ctory- Base d Cache Coher enc e Pr oto c ol for the D ASH Multipr o c essor , in Pro ceedings of the 17th An- n ual In ternational Symp osium on Computer Arc hitecture, 1990, pp. 148{159. 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) B. C. Whaley, A. Petitet, and J. Don- garra , A utomate d Empiric al Optimization of Softwar e and the A TLAS Pr oje ct , T ec h. Rep. UT CS-00-451, LAP A CK W orking Note #147, Univ ersit y of T ennessee, 2000. 14) @> 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.