V ol. 4 No. 0 >p Js =h M} 3X 2q O@ J8 ;o 1963 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L JR 6M 9’ MN y 1 ; y 2 9u ED 5W BY y 3 Bg _7 @6 y 2 ; !y 9) F# @? y 4 ; !y !y 6b ED 9/ @5 y 3 ?t CM 7W ;; $K $* $$ $F 9b @- G= $r C# @. $9 $k $? $a !$ 8= :_ $G $b B? $/ $N 5; K! $r MQ $$ $F %A %e !< %K %s %0 $, $J $5 $l $k !% $3 $N :n 6H <+ BN $, ;~ 4V $r O2 Hq $9 $k $b $N $G $" $C $? $j !$ $^ $? Mx MQ $9 $k 7W ;; 5! $K BP $9 $k 9b EY $J CN <1 $, I, MW $H $J $k !% K\ O@ J8 $G $O $3 $N %A %e !< %K %s %0 :n 6H $r <+ F0 2= $9 $k $? $a !$ JB Ns ?t CM 7W ;; %i %$ %V %i %j $K <+ F0 %A %e !< %K %s %0 5! 9= $r IU 2C $9 $k $3 $H $r Ds 0F $9 $k !% => Mh $N 5! 9= $H $N 0c $$ $O !$ (1) J, ;6 %a %b %j 7? 7W ;; 5! $r BP >] $H $9 $k !( (2) I8 =‘ 2= $5 $l $? 7W ;; $N $_ $N :G E, 2= $G $O $J $$ !( (3) %i %$ %V %i %j A4 BN $N :G E, 2= $, 2D G= $G $" $k !( $N 3 E@ $G $" $k !% Ds 0F 5! 9= $r IU 2C $7 $? JB Ns ?t CM 7W ;; %i %$ %V %i %j ILIB (In telligen t LIBrary) $r !$ F| N) $N J, ;6 %a %b %j 7? JB Ns 7W ;; 5! HIT A CHI SR2201, HIT A CHI SR8000 $G I> 2A $7 $? !% $= $N 7k 2L !$ L) 9T Ns LU J, 2r %k !< %A %s $G $O M} O@ @- G= $K BP $7 $F 89% $N 8z N( !$ AB 9T Ns LU J, 2r %k !< %A %s $G $O 72% $N 8z N( $H $$ $& 9b $$ @- G= $r C# @. $7 $? !% $^ $? AB 9T Ns H? I| 2r K! $G $O !$ I8 =‘ E* $K $b $A $$ $i $l $F $$ $k %Q %i %a %? $K BP $9 $k B. EY 8~ >e $, 52 G\ $K $b $* $h $V $3 $H $, L@ $i $+ $H $J $C $? !% %V %m %C %/ 2= %" %k %4 %j %: %‘ $K $* $1 $k %V %m %C %/ I} $H $$ $C $? $h $& $J 1i ;; $H DL ?. $K 1F 6A $9 $k %Q %i %a %? $b !$ ILIB $G $O :G E, 2= 2D G= $G $" $k !% $3 $N %V %m %C %/ I} $N :G E, 2= $N 7k 2L !$ 2.3 G\ $N B. EY 8~ >e $, F@ $i $l $k >l 9g $, $" $C $? !% Impact of Auto-tuning F acilities for P arallel Numerical Library T akahir o KA T A GIRI, y 1 ; y 2 Hisa y asu KUR OD A, y 3 Kiyoshi OHSA W A, y 2 ; !y Mak oto KUDOH y 4 ; !y !y and Y asumasa KANAD A y 3 T o attain high p erformance in n umerical computations, one has to tune one’s programs b y using sev eral tec hniques. The tuning w ork is a time-consuming w ork, and it needs sp ecial kno wledge of the target arc hitectures. T o automate the tuning w ork, we prop ose an auto- tuning facilit y for parallel n umerical libraries in this pap er. The di�eren t p oin ts b etw een con v en tional facilit y and our facilit y are: (1) our facilit y fo cuses on distributed memory paral- lel mac hines; (2) our facilit y is not the limited optimization facilit y to standard computations; (3) our facilit y can optimize the all area of the target library . W e ev aluate the ILIB (In telli- gen t LIBrary) whic h con tains the prop osed auto-tuning facilit y on the HIT A CHI’s distributed memory parallel mac hines of the HIT A CHI SR2201 and HIT A CHI SR8000. The ev aluation sho ws that the ILIB can attain the e�ciency of 89% in a dense LU decomp osition routine and that of 72% in a sparse LU decomp osition to theoretical p eak p erformance. In the sparse iterativ e metho d routine, w e obtained the sp eedup factor of 52 times in comparison with the execution time b y the default parameters. On the other hand, the prop osed facilit y can tune a blo c k factor for blo c k ed algorithm, whic h can a�ect computations and comm unications. F or the optimization of the blo c k factor, w e found a case that the sp eed-up factor w as 2.3 times. y 1 F| K\ 3X =Q ?6 6= 2q FC JL 8& 5f 0w Researc h F ello w of the Japan So ciet y for the Promotion of Science y 2 El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 Departmen t of Computer Science, Graduate Sc ho ol of Science, The Univ ersit y of T oky o y 3 El 5~ Bg 3X >p Js 4p HW %; %s %? !< %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 8& 5f It Lg Computer Cen tre Division, Information T ec hnology Cen ter, The Univ ersit y of T oky o y 4 El 5~ Bg 3X M} 3X It >p Js 2J 3X 2J Departmen t of Computer Science, F acilit y of Science, The Universit y of T oky o !y 8= :_ !$ ?. M[ %S %8 %M %9 %5 !< %S %9 3t <0 2q <R 1. $O $8 $a $K B? $/ $N ?t CM 7W ;; $K $* $$ $F !$ 7W ;; %+ !< %M %k $r %A %e !< %K %s %0 $9 $k $3 $H $O ;~ 4V $N O2 Hq $G $" $k $P $+ $j $G $J $/ !$ Mx MQ $9 $k 7W ;; 5! $K 4X $9 $k 9b EY $J CN <1 $r I, MW $H $9 $k !% 9b @- G= $r C# @. $9 $k $? $a !$ $$ $^ $@ $K B? $/ $N %3 !< %G %# %s %0 5; K! $r Presen tly with Shin y o Business Service Co., Ltd. !y !y 8= :_ !$ El 5~ Bg 3X Bg 3X 1! >p Js M} 9) 3X 7O 8& 5f 2J %3 %s %T %e !< %? 2J 3X @l 96 Presen tly with Departmen t of Computer Science, Grad- uate Sc ho ol of Information T ec hnology Science, The Univ ersit y of T oky o 1

2 >p Js =h M} 3X 2q O@ J8 ;o 1963 ;\ $7 $F $$ $k !% $3 $N %A %e !< %K %s %0 :n 6H $r 8: $i $9 L\ E* $G !$ @~ 7? 7W ;; %W %m %0 %i %‘ $N Cf $K $O 7W ;; 5! %a !< %+ $, Ds 6! $9 $k 4p K\ @~ 7? I{ %W %m %0 %i %‘ BLAS !J Basic Linear Algebra Subprograms !K 1) $r MQ $$ $F :n @. $5 $l $k $3 $H $, $" $k . $H $3 $m $, $3 $N BLAS <+ BN $N @- G= $, Dc $1 $l $P !$ A4 BN $N @- G= $O Dc 2< $9 $k !% $3 $N $h $& $J <B Au $N Ld Bj $r 2r $/ 80 $O !$ BLAS $K 4X $9 $k <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $N Mx MQ $K $" $k !% $? $H $( $P PHiP A C 2) $d A TLAS 3) $J $I $N <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $, 4{ $K CN $i $l $F $$ $k !% BLAS $r %A %e !< %K %s %0 $9 $k $3 $H $G !$ $= $l $r MQ $$ $? $9 $Y $F $N %= %U %H %& %( %" $N %A %e !< %K %s %0 $, 2D G= $J $3 $H $+ $i !$ $3 $l $i $N %= %U %H %& %( %" $r K\ O@ J8 $G $O HF MQ 7? <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $H $h $V !% $3 $N 0l J} $G !$ BLAS $r Mx MQ $7 $F $$ $J $+ $C $? $j !$ Mx MQ $G $- $J $$ %= %U %H %& %( %" $N <+ F0 %A %e !< %K %s %0 $O Fq $7 $$ !% $3 $N $h $& $J %= %U %H %& %( %" $G $O !$ $= $l $> $l $N %= %U %H %& %( %" $4 $H $K 2? $i $+ $N <+ F0 %A %e !< %K %s %0 5! 9= $r ;} $D $3 $H $K $J $k !% $? $H $( $P !$ N% ;6 %U !< %j %( JQ 49 $N %= %U %H %& %( %" $G $" $k FFTW 4) $d AB 9T Ns H? I| 2r K! %i %$ %V %i %j 5) $K $* $1 $k <+ F0 %A %e !< %K %s %0 5! 9= $J $I $, $= $N Nc $G $" $k !% $3 $l $i $N %= %U %H %& %( %" $r K\ O@ J8 $G $O FC 2= 7? <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $H $h $V !% $3 $N O@ J8 $N L\ E* $O !$ ?t CM 7W ;; %= %U %H %& %( %" $K $* $1 $k FC 2= 7? <+ F0 %A %e !< %K %s %0 5! 9= $r Ds 0F $9 $k $3 $H $H !$ $= $N M- 8z @- $r <B 83 E* $K <( $9 $3 $H $G $" $k !% FC 2= 7? <+ F0 %A %e !< %K %s %0 $K Cm L\ $7 $? M} M3 $O !$ 0J 2< $N 3 $D $N ;v 9‘ $K $h $k !% ( 1 ) 8= :_ !$ JB Ns =h M} $K 4X $9 $k <+ F0 %A %e !< %K %s %0 5! 9= $r ;} $D %= %U %H %& %( %" $O $[ $H $s $I Mx MQ $G $- $J $$ !% ( 2 ) %= %U %H %& %( %" Mx MQ $N 4Q E@ $+ $i !$ <+ F0 %A %e !< %K %s %0 5! 9= $O %= %U %H %& %( %" $4 $H $K 4^ $‘ $Y $- $G $" $k !% ( 3 ) 9b @- G= $r C# @. $9 $k $K $O !$ 9- 0h :G E, 2= $, I, ?\ $H $J $k !% (1) $K 4X $7 $F !’ 8= :_ !$ J, ;6 %a %b %j 7? JB Ns 7W ;; 5! 8~ $- $N %i %$ %V %i %j $N %A %e !< %K %s %0 $r E} 0l E* $K <+ F0 2= $9 $k %= %U %H %& %( %" $N OH AH $O 3’ L5 $G $" $k $N $G !$ %= %U %H %& %( %" $4 $H $K <+ F0 %A %e !< %K %s %0 5! 9= $r IU 2C $9 $k $7 $+ $J $$ !% (2) $K 4X $7 $F !’ $b $7 <+ F0 %A %e !< %K %s %0 5! 9= $, $= $N BP >] $H $J $k %= %U %H %& %( %" $+ $i J, N% $5 $l $F $$ $k $H !$ Mx MQ <T $O 9b @- G= $r C# @. $9 $k $? $a $K <+ F0 %A %e !< %K %s %0 MQ $N %= %U %H %& %( %" $r <+ J, $N 4D 6- $K %$ %s %9 %H !< %k $7 $J $/ $F $O $J $i $: !$ MF 0W $J Mx MQ $r K8 $2 $k !% $5 $i $K <+ F0 %A %e !< %K %s %0 $K 4X $9 $k ;~ 4V $K 4X $7 $F $b !$ IT I, MW $J %k !< %A %s $^ $G %A %e !< %K %s %0 $r $7 $F $7 $^ $( $P !$ %A %e !< %K %s %0 ;~ 4V $, KD Bg $K $J $k 62 $l $, $" $k !% !J $? $H $( $P !$ BLAS $N A4 $F $N %k !< %A %s $r :G E, 2= $9 $k $3 $H $r 9M $( $F $_ $h !% !K (3) $K 4X $7 $F !’ BLAS $N $_ $K 8B Dj $7 $? HF MQ 7? <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $G $O !$ BP >] $H $J $k %i %$ %V %i %j A4 BN $+ $i 8+ $k $H 6I =j :G E, 2= $r 9T $C $F $$ $k $H $$ $( $k !% 0l HL E* $K $h $j 9b $$ @- G= $r F@ $k $K $O !$ %W %m %0 %i %‘ A4 BN $r :G E, 2= $9 $k Bg 0h :G E, 2= $, I, MW $G $" $k !% $7 $? $, $C $F Bg 0h :G E, 2= $, 9T $( $k FC 2= 7? <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $N J} $, $5 $i $K @- G= $r 0z $- =P $; $k 2D G= @- $, $" $k !% JB Ns =h M} $G $O DL ?. =h M} $H 1i ;; =h M} $, B8 :_ $9 $k $, !$ $3 $N DL ?. =h M} $H 1i ;; =h M} $O $* 8_ $$ $K 1F 6A $7 $F $$ $k $3 $H $, B? $$ !% $3 $N $3 $H $+ $i 7W ;; $N 9b B. 2= $N $? $a $K !$ N> J} $N =h M} $K 4X O" $9 $k MW 0x $N :G E, 2= $, I, MW $H 9M $( $i $l $k !% $3 $N E@ $G => Mh $N 6I =j :G E, 2= $N J} K! $G $O !$ == J, $K @- G= $, 0z $- =P $5 $l $J $$ 2D G= @- $, $" $k !% 0J >e $N M} M3 $+ $i !$ JB Ns ?t CM 7W ;; %i %$ %V %i %j $K $O FC 2= 7? <+ F0 %A %e !< %K %s %0 5! 9= $r 4^ $‘ $Y $- $G $" $k !% ?^ 1 $K !$ K\ O@ J8 $G Ds 0F $9 $k FC 2= 7? <+ F0 %A %e !< %K %s %0 5! 9= $N 35 G0 $r <( $9 !% ?^ 1 $N 35 G0 $G $O !$ $^ $: %i %$ %V %i %j $N 5! G= $r ?^ 1 <+ F0 %A %e !< %K %s %0 5! 9= $N 35 G0 Fig. 1 The concept of auto-tuning facilities.

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 3 K~ $? $9 J# ?t $N %" %k %4 %j %: %‘ $r MQ 0U $9 $k !% $= $l $i $N %" %k %4 %j %: %‘ $r <B 8= $9 $k $K $" $? $j !$ 7W ;; %+ !< %M %k $N <B Au J} <0 $d DL ?. $N <B 8= J} <0 $b J# ?t MQ 0U $9 $k !% $3 $l $i $N J# ?t $N <B Au J} <0 $+ $i !$ 9T Ns %5 %$ %: !$ Pro cessor Elemen t (PE) ?t $* $h $S <B 9T ;~ 4V $r 9M N8 $7 !$ <+ F0 %A %e !< %K %s %0 5! 9= $, E, $9 $k %" %k %4 %j %: %‘ $H <B Au J} <0 $r <+ F0 A* Br $9 $k !% $3 $l $, K\ O@ J8 $G Ds 0F $9 $k <+ F0 %A %e !< %K %s %0 5! 9= $G $" $k !% 0J 9_ !$ $3 $N FC 2= 7? <+ F0 %A %e !< %K %s %0 5! 9= $r MQ $$ $? %A %e !< %K %s %0 $r C1 $K <+ F0 %A %e !< %K %s %0 $H $h $V !% K\ O@ J8 $N 9= @. $O 0J 2< $N DL $j $G $" $k !% $^ $: Bh 2 >O $G !$ 4X O" 8& 5f $H <+ F0 %A %e !< %K %s %0 $N J, N‘ $r @b L@ $9 $k !% <! $K Bh 3 >O $G !$ K\ O@ J8 $G Ds 0F $9 $k <+ F0 %A %e !< %K %s %0 5! 9= $r IU 2C $7 $? JB Ns ?t CM 7W ;; %i %$ %V %i %j ILIB (In telligen t LIBrary) $N 35 MW $H 5! G= $K $D $$ $F @b L@ $9 $k !% <! $K 4 >O $G !$ <+ F0 %A %e !< %K %s %0 9‘ L\ $J $I $N 6q BN E* $J @b L@ $r 9T $& !% 5 >O $G $O <+ F0 %A %e !< %K %s %0 5! 9= $N M- 8z @- $r <( $9 $? $a !$ J, ;6 %a %b %j 7? JB Ns 7W ;; 5! $G $" $k HIT A CHI SR2201 $H HIT A CHI SR8000 $r MQ $$ $k !% K\ O@ J8 $G <( $9 <+ F0 %A %e !< %K %s %0 5! 9= $K $h $j ILIB $N %Q %i %a %? $, <B :] $K JQ 2= $9 $k $N $+ !$ $^ $? %A %e !< %K %s %0 $N 8z 2L $, $" $k $N $+ I> 2A $7 $? 7k 2L $r <( $9 !% :G 8e $K !$ K\ O@ J8 $N $^ $H $a $r =R $Y $k !% 2. 4X O" 8& 5f $H <+ F0 %A %e !< %K %s %0 $N 2 J, N‘ 2.1 4X O" 8& 5f ?t CM 7W ;; %i %$ %V %i %j $K $* $1 $k <+ F0 %A %e !< %K %s %0 5! 9= $N IU 2C $H $$ $& %" %$ %G %" $= $N $b $N $O ?7 $7 $$ $b $N $G $O $J $$ !% 0J 2< $K <+ F0 %A %e !< %K %s %0 5! 9= $r IU 2C $7 $? %= %U %H %& %( %" $N L> >N $H FC D’ $r $^ $H $a $k !% � PHiP A C !J a P ortable, High-P erformance, Ansi C Co ding Metho dology !K 2) !$ 1997 G/ ?t CM 7W ;; %i %$ %V %i %j $K $* $$ $F !$ :G $b =i 4| $K <+ F0 %A %e !< %K %s %0 $N 35 G0 $r F3 F~ $7 $? $N $, PHiP A C $G $" $k !% PHiP A C $G $O 9T Ns - 9T Ns @Q !J BLAS3 1i ;; !K $K $* $$ $F ANSI C $N J8 K! $K => $C $? =q <0 $r Dj $a !$ $= $N =q <0 $K => $$ %3 !< %I $N <+ F0 @8 @. $r 9T $C $F :G $b 9b B. $G $" $k =q <0 $r A* Br $9 $k !% $^ $? %V %m %C %/ 2= %" %k %4 %j %: %‘ $r Mx MQ $7 $F $$ $k $3 $H $+ $i !$ :G $b 9b B. $H $J $k %V %m %C %/ I} $N C5 :w $b 9T $& $3 $H $G <+ F0 %A %e !< %K %s %0 5! G= $r <B 8= $7 $? !% � A TLAS (Automatically T uned Linear Algebra Soft w are) 3),6) !$ 1998 G/ A TLAS $G $O PHiP A C $N <j K! $K $5 $i $K 9) IW $r 2C $( !$ BLAS $N A4 %k !< %A %s $N %A %e !< %K %s %0 $r 2D G= $K $7 $? %= %U %H %& %( %" $G $" $k !% A TLAS $N <g $J 9) IW $O !$ %Q %i %a %? C5 :w $N ;~ 4V $r 8: $i $9 $? $a $K 1i ;; %+ !< %M %k $N 5s F0 $r %b %G %k 2= $7 $? E@ $G $" $k !% $3 $N %b %G %k 2= $K $h $j %- %c %C %7 %e %5 %$ %: $N >p Js $d ?t 2s $N <B 9T ;~ 4V $N B, Dj $+ $i !$ :G E, %Q %i %a %? 9J $j $3 $_ $H <B B, $7 $F $$ $J $$ 9T Ns %5 %$ %: $N %A %e !< %K %s %0 $b 2D G= $H $J $C $? !% � PSP ARSLIB 7),8) !$ 1996 G/ PSP ARSLIB $O AB 9T Ns H? I| 2r K! $N JB Ns 7W ;; %i %$ %V %i %j $G $" $k $, !$ A0 =h M} $K 4X $9 $k %Q %i %a %? $N <+ F0 A* Br $, 2D G= $G $" $k E@ $, <+ F0 %A %e !< %K %s %0 %= %U %H %& %( %" $N 4Q E@ $G $N <g $J FC D’ $G $" $k . PSP ARSLIB $O Bi-CGStab K! $J $I $N B? $/ $N H? I| 2r K! $r 4^ $s $G $$ $k !% � FFTW 4) !$ 1999 G/ FFTW $O N% ;6 %U !< %j %( JQ 49 $r 7W ;; $9 $k $? $a $N !$ C 8@ 8l $G =q $+ $l $? %5 %V %k !< %A %s %i %$ %V %i %j $G $" $k !% G$ 0U $N F~ NO ?t $K BP 1~ $7 $F $$ $k $, !$ F~ NO ?t $N >p Js $+ $i Mx MQ $9 $k %" %k %4 %j %: %‘ $r @Z BX $( $k !% $^ $? 1i ;; 2s ?t $r 8: $i $9 $? $a $N :G E, 2= $b 9T $& !% $3 $N $3 $H $+ $i FFTW $O !$ <+ F0 %A %e !< %K %s %0 5! 9= IU $- %i %$ %V %i %j $H $$ $( $k !% � ILIB !J In telligen t LIBrary !K 9) � 12) !$ 1998 G/ !A ILIB $O AB 9T Ns H? I| 2r K! $H L) 9T Ns D> @\ K! $N JB Ns 7W ;; %i %$ %V %i %j $G $" $k !% ILIB $N AB 9T Ns $d D> @\ K! %i %$ %V %i %j $G $O !$ A0 =h M} $K 4X $9 $k %Q %i %a %? $N <+ F0 A* Br $P $+ $j $G $J $/ !$ 1i ;; %+ !< %M %k $N <B Au J} <0 $N <+ F0 A* Br $b 9T $& !% $5 $i $K DL ?. <B Au J} <0 $N <+ F0 A* Br $b 9T $C $F $$ $k !% L) 9T Ns D> @\ K! $G $O %V %m %C %/ 2= %" %k %4 %j %: %‘ $r Mx MQ $7 $F $$ $k $, !$ @- G= $K 1F 6A $9 $k %V %m %C %/ I} $N <+ F0 7h Dj $b 9T $& !% 2.2 <+ F0 %A %e !< %K %s %0 $N 2 J, N‘ $3 $N O@ J8 $G $O !$ ?t CM 7W ;; $K $* $1 $k <+ F0 %A %e !< %K %s %0 $r 0J 2< $N $h $& $K J, N‘ J, $1 $r $7 $F $h $V $3 $H $K $9 $k !% (i) <B 9T ;~ <+ F0 %A %e !< %K %s %0 (ii) <B 9T A0 <+ F0 %A %e !< %K %s %0 (i) <B 9T ;~ <+ F0 %A %e !< %K %s %0 $G $O !$ BP >] $H $J $k %k !< %A %s $d %i %$ %V %i %j $O <B 9T ;~ $K :G E, 2= $5 $l $k !% $3 $N <+ F0 %A %e !< %K %s %0 $O !$ AB 9T Ns $d H? I| K! $N %i %$ %V %i %j $K E, MQ $G $- $k !% $J $< $J $i $3 $l $i $N %i %$ %V %i %j $G $O %A %e !< %K %s %0 9‘ L\ $, !$ K\ <A E* $K Ld Bj $N @- <A $K 0M B8 $9 $k $+ $i $G $" $k !% $? $H $( $P AB 9T Ns %= %k %P $G $O !$ @- G= $O 9T Ns $N Hs Nm MW AG $N 0L CV $K 0M B8 $9 $k $3 $H $, B? $$ !% $^ $? H? I| 2r K! $r MQ $$ $? %= %k %P $N @- G= $O !$ 9T Ns $N ?t CM E* $J @- <A $K $h $k $3 $H $, B? $$ !% $3 $l $i $N 86 M} $r Mx MQ $7 $? %= %U %H %& %( %" $H $7 $F !$ 9u ED $H 6b ED $K $h $j Ds 0F $5 $l $? O" N) 0l <! J} Dx <0 $N H? I| 2r K! $N 0l $D $G $" $k GMRES( m ) K! $N <B 9T ;~ <+ F0 %A %e !< %K %s %0 5! 9= 5) $, $" $2 $i $l $k !% $3 $N <B 9T ;~ <+ F0 %A %e !< %K %s %0 $O !$ ?M <j $K $h $j 9T $& $3 $H $, :$ Fq $G $" $k !% $= $N M} M3 $O !$ <B 9T ;~ $K $I $N <B Au J} <0 $, :G $b E, $9 $k $b $N $G $" $k $+ ?M <j

4 >p Js =h M} 3X 2q O@ J8 ;o 1963 $G A* Br $9 $k $3 $H $, :$ Fq $G $" $k $3 $H $K $h $k !% <B 9T ;~ <+ F0 %A %e !< %K %s %0 $N FC @- >e !$ %A %e !< %K %s %0 ;~ 4V $K 4X $9 $k @) Ls $, B8 :_ $9 $k E@ $K Cm 0U $9 $k !% $9 $J $o $A %A %e !< %K %s %0 $N ;~ 4V $r 4^ $a $F %A %e !< %K %s %0 $7 $J $$ >l 9g !J %Q %i %a %? 8G Dj $N >l 9g !K $h $j $b !$ <B 9T ;~ 4V $, 9b B. $H $J $k I, MW $, $" $k !% (ii) <B 9T A0 <+ F0 %A %e !< %K %s %0 $G $O !$ BP >] $H $J $k %k !< %A %s $d %i %$ %V %i %j $r $= $l $i $, 8F $P $l $k A0 $K :G E, 2= $9 $k !% $3 $N <+ F0 %A %e !< %K %s %0 $O !$ L) 9T Ns %= %k %P $K E, MQ $G $- $k !% $J $< $J $i %A %e !< %K %s %0 9‘ L\ $O B? $/ $N >l 9g !$ Ld Bj $N @- <A $K 0M B8 $7 $J $$ $+ $i $G $" $k !% $? $H $( $P LU J, 2r $J $I $N D> @\ K! %= %k %P $N @- G= $K 4X $7 $F $O !$ 9T Ns $N <! 85 ?t $K $N $_ 0M B8 $7 9T Ns $N ?t CM E* FC @- $K $h $i $J $$ $3 $H $, B? $$ !% $3 $N $3 $H $+ $i ILIB $N LU J, 2r %k !< %A %s $G $O !$ %V %m %C %/ I} !$ %k !< %W %" %s %m !< %j %s %0 CJ ?t $H $$ $C $? 9‘ L\ $r <+ F0 %A %e !< %K %s %0 $9 $k !% <B 9T A0 <+ F0 %A %e !< %K %s %0 $O ?M <j $K $h $j 9T $& $3 $H $, 2D G= $G $" $k $, !$ %A %e !< %K %s %0 :n 6H <+ BN $, ;~ 4V $r O2 Hq $9 $k $b $N $G $" $C $? $j !$ $^ $? %3 !< %I $N JQ 99 $N :] $K %P %0 $r F~ $l $k 2D G= @- $, $" $k $N $G !$ $3 $N %A %e !< %K %s %0 :n 6H $O <+ F0 2= $9 $Y $- $G $" $k !% $J $* K\ O@ J8 $G 07 $& <B 9T A0 <+ F0 %A %e !< %K %s %0 $K $* $$ $F $O !$ %$ %s %9 %H !< %k ;~ $K Be I= E* $J Ld Bj %5 %$ %: $K $* $1 $k %Q %i %a %? :G E, 2= $r 9T $& $3 $H $G %A %e !< %K %s %0 $r =* N; $9 $k !$ $b $7 $/ $O <B 9T A0 $K Ld Bj %5 %$ %: $, 3N Dj $7 $F $$ $k ;~ $K $= $N %5 %$ %: $K BP $9 $k %A %e !< %K %s %0 $r 1 EY $@ $1 9T $& >u 67 $r A[ Dj $9 $k !% $^ $? <B 9T A0 <+ F0 %A %e !< %K %s %0 $G $O !$ 9b $$ @- G= $r C# @. $9 $k %Q %i %a %? $, F@ $i $l $k $3 $H $r M% @h $7 %A %e !< %K %s %0 ;~ 4V $K 4X $9 $k @) Ls $O $J $$ $b $N $H 2> Dj $9 $k !% I= 1 $K ?t CM 7W ;; %i %$ %V %i %j $K $* $1 $k <+ F0 %A %e !< %K %s %0 5! 9= $N FC D’ $r $^ $H $a $k !% I= 1 ?t CM 7W ;; %i %$ %V %i %j $K $* $1 $k <+ F0 %A %e !< %K %s %0 5! 9= $N FC D’ $N $^ $H $a T able 1 Summary for the c haracteristics of auto-tuning facilities in n umerical libraries. J, N‘ 7? :G E, 2= J, ;6 %a %b %j L> >N :G E, 2= <B 9T ;~ FC 2= 6I =j !{ PSP ARSLIB 7),8) Bg 0h !{ ILIB_GMRES 5),10) HF MQ 6I =j !_ PHiP A C 2) !_ ( 6& M- A TLAS 3),6) %a %b %j JB Ns 2= $N $_ ) <B 9T A0 FC 2= 6I =j !_ ( DL ?. FFTW 4) =h M} :G E, 2= $J $7 ) Bg 0h !{ ILIB_DRSSED 11),13) !{ ILIB_LU 11) !{ ILIB_RLU 14) 3. ILIB !’ <+ F0 %A %e !< %K %s %0 5! G= IU $- JB Ns ?t CM 7W ;; %i %$ %V %i %j 3.1 3+ H/ J} ?K 2f !9 $O 2J 3X 5; =Q 7W ;; MQ %i %$ %V %i %j 72 !$ FC $K JB Ns ?t CM 7W ;; $K $* $$ $F !$ 0J 2< $K <( $9 FC D’ !& 5! G= $r M- $9 $k ?t CM 7W ;; %i %$ %V %i %j $N 3+ H/ $r L\ ;X $7 $F $- $? !% � %f !< %6 $, ;X Dj $9 $k %Q %i %a %? $, >/ $J $$ $3 $H � 1i ;; %+ !< %M %k $K 4X $9 $k <+ F0 %A %e !< %K %s %0 5! G= $, $" $k $3 $H � DL ?. =h M} $K 4X $9 $k <+ F0 %A %e !< %K %s %0 5! G= $, $" $k $3 $H � Mx MQ $9 $k %" %k %4 %j %: %‘ $K 4X $9 $k <+ F0 A* Br 5! G= $, $" $k $3 $H 2f !9 $O !$ $3 $N @_ 7W ;W A[ $K 4p $E $/ D> @\ K! !J LU J, 2r !$ 8G M- CM 7W ;; $K $* $1 $k ;0 =E BP 3Q 2= !K $d H? I| K! !J GMRES K! $J $I $N AB 9T Ns $r 78 ?t 9T Ns $H $9 $k O" N) 0l <! J} Dx <0 $N 2r K! !K $J $I $K $* $$ $F <+ F0 %A %e !< %K %s %0 5! G= $r IU 2C $7 $? JB Ns ?t CM 7W ;; I{ %W %m %0 %i %‘ =8 ILIB !J In telligen t LIBrary !K $r 3+ H/ $7 $? !% 3.2 O" N) 0l <! J} Dx <0 %i %$ %V %i %j ILIB $N JB Ns O" N) 0l <! J} Dx <0 %i %$ %V %i %j $O !$ <0 (1) $K <( $5 $l $k O" N) 0l <! J} Dx <0 $N 2r %Y %/ %H %k x $r 5a $a $k $3 $H $, $G $- $k !% Ax = b (1) $3 $3 $G 78 ?t 9T Ns A 2 < n � n $O <B ?t $N Hs BP >N L) 9T Ns $b $7 $/ $O Hs BP >N AB 9T Ns $G $" $k !% $^ $? 1& JU %Y %/ %H %k b $O b 2 < n $G $" $j !$ 2r %Y %/ %H %k x $O x 2 < n $G $" $k !% <0 (1) $N 2r K! $H $7 $F !$ D> @\ 2r K! $H H? I| 2r K! $N 2 <o $, B8 :_ $9 $k !% ILIB $N JB Ns %i %$ %V %i %j $K $* $$ $F $O � D> @\ 2r K! !J L) 9T Ns MQ !K !’ LU J, 2r $K 4p $E $/ %k !< %A %s 15) ( ILIB LU ) � D> @\ 2r K! !J AB 9T Ns MQ !K !’ 7W ;; HO 0O =L >. $K $h $k LU J, 2r $K 4p $E $/ %k !< %A %s 14),15) ( ILIB RLU ) � H? I| 2r K! !’ AB 9T Ns H? I| K! $N 0l <o $G $" $k GMRES( m ) K! $K 4p $E $/ %k !< %A %s 5) ( ILIB GMRES ) $K $* $$ $F <+ F0 %A %e !< %K %s %0 5! G= $r <B Au $7 $F $$ $k !% 3.3 8G M- CM Ld Bj %i %$ %V %i %j ILIB $N JB Ns 8G M- CM %i %$ %V %i %j $O !$ <0 (2) $K <( $9 I8 =‘ 8G M- CM Ld Bj $N 8G M- J, 2r $r 9T $& $3 $H $, $G $- $k !% A = X � X � 1 (2) $3 $3 $G 78 ?t 9T Ns A 2 < n � n $O <B ?t $N BP >N L) 9T Ns $G $" $j !$ 8G M- CM � i ( i = 1 ; 2 ; :::; n ) 2 < $+ $i 9= @. $5 $l $k 9T Ns $r � = diag ( � i ) !$ 8G M- %Y %/ %H %k x i ( i = 1 ; 2 ; :::; n ) 2 < n $+ $i 9= @. $5 $l $k 9T Ns $r X = ( x 1 ; x 2 ; :::; x n ) $H $9 $k !% <0 (2) $N 8G M- J, 2r $r 9T $& 2r K! $H $7 $F NI $/ CN $i $l

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 5 $F $$ $k Householder- Fs J, - 5U H? I| K! $r MQ $$ $F $$ $k 16) !% ILIB $K $* $1 $k $3 $N BP >N <B ?t L) 9T Ns %k !< %A %s ILIB DRSSED (Dense Real Symmetric Standard Eigen v alue De- comp osition) $O !$ D> @\ 2r K! !J Householder ;0 =E BP 3Q 2= !$ Householder 5U JQ 49 $J $I !K $H H? I| 2r K! !J 5U H? I| K! !K $r N> J} I, MW $H $9 $k !% 8= :_ $N ILIB $K $* $$ $F <+ F0 %A %e !< %K %s %0 5! G= $r IU 2C $7 $F $$ $k It J, $O !$ � D> @\ 2r K! !J L) 9T Ns !K !’ Aj ;w JQ 49 $K $* $1 $k ;0 =E BP 3Q 2= %k !< %A %s 11) ( ILIB TrdRed ) � D> @\ 2r K! !J L) 9T Ns !K !’ 8G M- %Y %/ %H %k 7W ;; $K Mx MQ 2D G= $J D> 8r 2= %k !< %A %s 13) ( ILIB MGSAO ) � D> @\ 2r K! !J L) 9T Ns !K !’ 8G M- %Y %/ %H %k 7W ;; $K MQ $$ $k Householder 5U JQ 49 %k !< %A %s 13) ( ILIB HouseInv ) $G $" $k !% 4. ILIB $K $* $1 $k <+ F0 %A %e !< %K %s %0 5! G= $N @b L@ 4.1 O" N) 0l <! J} Dx <0 %i %$ %V %i %j 4.1.1 ILIB LU $N <+ F0 %A %e !< %K %s %0 9‘ L\ JB Ns L) 9T Ns LU J, 2r %k !< %A %s $G $N <+ F0 %A %e !< %K %s %0 $H $7 $F !$ 0J 2< $K <( $9 9‘ L\ $, 9M $( $i $l $k !% (i) %V %m %C %/ %" %k %4 %j %: %‘ $K $* $1 $k %V %m %C %/ I} !’ 2f !9 $N LU J, 2r %k !< %A %s $O 30 @Q 7A <0 %, %& %9 K! $r MQ $$ $F %V %m %C %/ 2= 17) $r 9T $C $F $$ $k $N $G !$ %V %m %C %/ I} $, @- G= $K Bg $- $/ 1F 6A $9 $k !% ?^ 2 $N 30 @Q 7A <0 %, %& %9 K! $K $* $1 $k %V %m %C %/ I} $, <( $9 $h $& $K !$ %V %m %C %/ I} $K 4X $9 $k 2 $D $N %Q %i %a %? B H !$ B W $, $" $k !% ?^ 2 30 @Q 7A <0 %, %& %9 K! $K $* $1 $k 2 $D $N %V %m %C %/ I} Fig. 2 The t w o kinds of blo ck length in outer-pro duct formed Gaussian elimination. $5 $F (i) $N 1i ;; @- G= $r %A %e !< %K %s %0 $9 $k $? $a $K $O !$ B H , B W $r <+ F0 E* $K JQ 99 $7 $F :G $b 9b B. $H $J $j $& $k AH ( B H opt , B W opt ) $r 7h Dj $9 $l $P $h $$ !% $H $3 $m $, $3 $N AH $O !$ ;H MQ $9 $k JB Ns 7W ;; 5! $N %" !< %- %F %/ %A %c $d %3 %s %Q %$ %i $N :G E, 2= @- G= $J $I $K 0M B8 $7 !$ <B :] $K %W %m %0 %i %‘ $r <B 9T $7 $F $_ $J $$ $3 $H $K $O :G E, $J AH 9g $; $r 7h Dj $G $- $J $$ !% $3 $N $3 $H $+ $i 2f !9 $N %i %$ %V %i %j $G $O 8= :_ !$ E, EY $K >. $5 $$ Ld Bj %5 %$ %: $N 9T Ns $r <+ F0 @8 @. $7 !$ ( B H , B W ) $N A4 $F $N AH 9g $; $r A4 C5 :w $7 $F :G E, $J AH $r 7h Dj $9 $k J} <0 $r <B Au $7 $F $$ $k !% 6q BN E* $K $O !$ B H ; B W = f 1 ; 2 ; 3 ; :::; 20 g $H $7 !$ $3 $N 20 � 20 = 400 DL $j $N AH 9g $; $+ $i :G E, $J ( B H opt , B W opt ) $r 7h Dj $9 $k !% $3 $N <+ F0 %A %e !< %K %s %0 $O %i %$ %V %i %j $r %$ %s %9 %H !< %k $9 $k ;~ $K 1 EY 9T $( $P !$ Mx MQ $9 $k %W %m %; %C %5 Bf ?t $d JB Ns 7W ;; 5! 4D 6- $, JQ $o $i $J $1 $l $P :F EY $9 $k I, MW $, $J $$ $3 $H $K Cm 0U $7 $F $* $/ !% $9 $J $o $A <B 9T A0 <+ F0 %A %e !< %K %s %0 $r 9T $& $3 $H $, $G $- $k !% (ii) DL ?. <B Au J} <0 !’ ?u <4 A* Br =h M} $N :] $N DL ?. J} <0 $r F1 4| E* $K $9 $k $+ !$ Hs F1 4| E* $K $9 $k $+ $H $$ $& $3 $H $G $" $k !% (iii) %G !< %? DL ?. J} <0 !’ 9T Ns A $N %G !< %? J, ;6 $r $I $N MM $K $9 $k $N $+ $H $$ $& $3 $H $G $" $k !% 8= :_ $N %P !< %8 %g %s $G $O !$ (ii)(iii) $N <+ F0 %A %e !< %K %s %0 $O <B Au $5 $l $F $* $i $: !$ (ii) $O F1 4| E* $K DL ?. $r 9T $$ !$ (iii) $G $O Ns %5 %$ %/ %j %C %/ J, ;6 !$ $G 8G Dj $5 $l $F $$ $k !% 4.1.2 ILIB RLU $N <+ F0 %A %e !< %K %s %0 9‘ L\ ILIB RLU $O BS 9T Ns $r LU J, 2r $9 $k %k !< %A %s $G $" $k $, !$ Fb It $G 9T Ns $N Hs Nm 9= B$ $d Nm %V %m %C %/ $r 9M N8 $7 $F $* $j !$ A4 BN $H $7 $F $O AB 9T Ns LU J, 2r %k !< %A %s $H $_ $J $9 $3 $H $, $G $- $k !% ILIB RLU $N <+ F0 %A %e !< %K %s %0 $H $7 $F !$ 0J 2< $K <( $9 9‘ L\ $, 9M $( $i $l $k !% (i) Hs Nm 9= B$ $+ $i $N 1i ;; HO 0O 8B Dj !’ 9= B$ 2r @O $N J, Ln $G $7 $P $7 $P MQ $$ $i $l $k AB 9T Ns $O BP 3Q MW AG $K Hs Nm MW AG $, =8 Cf $7 $F $$ $k $3 $H $, B? $$ !% $= $N >l 9g BP 3Q MW AG 0J 30 $N MW AG $K BP $7 $F >h ;; $r 9T $& $H $[ $H $s $I $N >l 9g Nm MW AG $H $N >h ;; $K $J $j !$ L5 BL $J 1i ;; $r 9T $C $F $$ $k $3 $H $K $J $k !% $= $3 $G Hs Nm MW AG $N 9= B$ $r FC Dj $9 $k %$ %s %G %C %/ %9 $H $7 $F !$ 3F 9T !$ 3F Ns $N Hs Nm MW AG $N =* C< 0L CV $r I= $9 G[ Ns $r Dj 5A $9 $k !% 6q BN E* $K $O j l ast ( i ) = ( Bh i 9T $N Hs Nm MW AG $N :G Bg Ns HV 9f ) !$ il ast ( j ) = ( Bh j Ns $N Hs Nm MW AG $N :G Bg 9T HV 9f ) $H $9 $k !% <B :] $K $O 7W ;; 8m :9 $r M^ $( $k $? $a $N ?u <4 A* Br =h M} $K $h $j 7W ;; $, ?J $‘ $K $D $l $F Hs Nm MW AG $N 9= B$ $O JQ 2= $7 !$ $= $N :] $N %$ %s %G %C %/ %9 $N JQ 2= $r :G >. $K $9 $k $? $a $K j l ast ( i ) � j l ast ( i � 1) ; il ast ( j ) � il ast ( j � 1)( i; j = 2 ; 3 ; ::: ; 9T Ns %5 %$ %: n ) $H $9 $k !% j l ast ( i ) ; il ast ( j ) $G <( $5 $l $k MW AG $, Bh i 9T !$ Bh j Ns $N 7W ;; BP >] NN 0h $N =* C< $H $J $k !J ?^ 3 !K !% ?u <4 A* Br =h M} $K

6 >p Js =h M} 3X 2q O@ J8 ;o 1963 $h $j Bh i 9T $H Bh k 9T $, 8r 49 $5 $l $k >l 9g !$ j l ast ( I ) = j l ast ( k )( I = i + 1 ; i + 2 ; ::: ; k � 1) $H 99 ?7 $9 $k !% il ast ( j ) $K $D $$ $F $O $3 $N $h $& $J 99 ?7 $r 9T $& I, MW $O $J $$ !% 0J >e $N $h $& $K $7 $F L5 BL $J NN 0h $N 1i ;; $r 9T $o $J $$ $h $& $K $9 $k !% $3 $N <j K! $O <B 9T ;~ <+ F0 %A %e !< %K %s %0 $K J, N‘ $5 $l $k !% ?^ 3 Hs Nm 9= B$ $+ $i $N 1i ;; HO 0O 8B Dj Fig. 3 The restriction of up date area based on the lo cation of non-zero elements. Hs BP >N 9T Ns $N %5 %$ %: $r n $H $9 $k $H !$ DL >o $N LU J, 2r $G $O 2 � n 3 = 3 $N 1i ;; NL $r I, MW $H $9 $k $, !$ 1i ;; HO 0O $r 8B Dj $7 $? >l 9g !$ MQ $$ $k 9T Ns $r BS 9T Ns $H $_ $J $7 $F H> BS I} max i ( j l ast ( i ) � i ) $r hbw $H $9 $k $H !$ 1i ;; NL $O :G 0- $G $b 4 � hbw 2 � n $H $J $k !% $? $H $( $P hbw = n= 5 $H $9 $k $H !$ $= $N 1i ;; NL $O 4 � n 3 = 25 $K M^ $( $i $l !$ DL >o $N >l 9g $N 24% $K $^ $G 8: >/ $9 $k !% (ii) Nm MW AG $K $h $k 99 ?7 1i ;; $N >J N, !’ AB 9T Ns $K $* $$ $F !$ $" $k 9T $N BP 3Q MW AG $H $= $N 1& C< $N MW AG $H $N 4V $K Hs Nm MW AG $, $[ $H $s $I B8 :_ $7 $J $$ >l 9g $, $" $k !% $3 $N $H $- %V %m %C %/ %" %k %4 %j %: %‘ $G LU J, 2r $r 9T $& $H !$ %V %m %C %/ 9T !J Blo c k Ro ws !K Fb $N B H � B W $N NN 0h $, $9 $Y $F 0 $K $J $j !$ 99 ?7 1i ;; $, $9 $Y $F Nm MW AG $H $N >h ;; $K $J $k $? $a 99 ?7 NN 0h !J Up date Region !K Fb $N 1i ;; $, IT MW $K $J $k >l 9g $, $" $k !J ?^ 4 !K !% ILIB RLU $G $O !$ 99 ?7 1i ;; $r 3+ ;O $9 $k A0 $K ?^ 4 $N B H � B W $N D9 J} 7A %V %m %C %/ $, $9 $Y $F 0 $G $" $k $+ $I $& $+ $r D4 $Y $F !$ $9 $Y $F 0 $N >l 9g $K $O 99 ?7 NN 0h Fb $N 1i ;; $r 9T $o $J $$ $h $& $K $7 $F B. EY 8~ >e $r ?^ $k !% $3 $N <j K! $b <B 9T ;~ <+ F0 %A %e !< %K %s %0 $H $J $k !% 4.1.3 ILIB GMRES $N <+ F0 %A %e !< %K %s %0 9‘ L\ AB 9T Ns H? I| 2r K! %k !< %A %s $N >l 9g $O 78 ?t 9T Ns A $, AB ?^ 4 Nm MW AG $K $h $k 99 ?7 1i ;; $N >J N, Fig. 4 Skipping the up date computations based on the area of non-zero elemen ts. $G $" $j !$ $+ $D 0l HL E* $K Hs Nm MW AG $N 0L CV $, IT 5, B’ E* $G $" $k $N $G !$ %A %e !< %K %s %0 $N MW 0x $, 78 ?t 9T Ns A $N Hs Nm MW AG $N 0L CV $K 0M B8 $9 $k !% $3 $N $3 $H $O %i %$ %V %i %j <B 9T ;~ $K $J $i $J $$ $H %A %e !< %K %s %0 $r 9T $( $J $$ $3 $H $r 0U L# $7 !$ 7k 2L $H $7 $F <B 9T ;~ <+ F0 %A %e !< %K %s %0 $r 9T $o $6 $k $r F@ $J $$ !% $^ $? AB 9T Ns H? I| K! $G $O %G !< %? 05 =L J} <0 $, @- G= $r :8 1& $9 $k $3 $H $, B? $$ $, !$ $3 $3 $G $O 9T J} 8~ 05 =L J} <0 $G %G !< %? $, 3J G< $5 $l $F $$ $k $b $N $H 2> Dj $9 $k !% JB Ns AB 9T Ns H? I| 2r K! %k !< %A %s $G $N <+ F0 %A %e !< %K %s %0 9‘ L\ $O Bg $^ $+ $K $O 0J 2< $K <( $9 DL $j $G $" $k !% (i) AB 9T Ns - %Y %/ %H %k @Q $K $* $1 $k %" %s %m !< %j %s %0 CJ ?t !’ 9T J} 8~ 05 =L 7A <0 MQ $N 1i ;; %+ !< %M %k $K $* $1 $k %k !< %W E8 3+ ?t $r 7h $a $k !% 6q BN E* $K $O H? I| Cf $O Hs Nm MW AG $N 0L CV $O JQ 2= $7 $J $$ $N $G !$ %k !< %W %" %s %m !< %j %s %0 $5 $l $? %+ !< %M %k $r J# ?t MQ 0U $7 $F $* $- !$ :G =i $N H? I| =h M} $r <B 9T $9 $k A0 $K 1 EY $@ $1 A4 $F $N %+ !< %M %k $N B. $5 $r 8! :: $9 $k $3 $H $G :G E, $J %+ !< %M %k $, 7h Dj $G $- $k !% (ii) AB 9T Ns - %Y %/ %H %k @Q $K $* $1 $k DL ?. J} <0 !’ 1 BP 1 DL ?. $r MQ $$ $F DL ?. 2s ?t $r :G >/ $K $9 $k <B Au J} <0 $+ !$ F1 4| E* $K A4 BN A4 DL ?. $r $9 $k <B Au J} <0 $+ $r <+ F0 A* Br $9 $k !% $3 $N <+ F0 %A %e !< %K %s %0 $b :G =i $N H? I| =h M} $r <B 9T $9 $k A0 $K 1 EY $@ $1 9T $( $P $h $$ E@ $K Cm 0U $9 $k !% (iii) A0 =h M} J} <0 !’ 0l HL $K H? I| 2r K! $G 9- $/ MQ $$ $i $l $F $$ $k !$ <} B+ $N 2C B. 5; K! $G $" $k A0 =h M} $N J} <0 $r <+ F0 E* $K 7h Dj $9 $k !% :G E, $J A0 =h M} J} <0 $O !$ 9T Ns $N @- <A $d DL ?. =h M} $N @- G= $G JQ $o $k $N $G !$ <+ F0 E* $J 7h Dj $, :$ Fq $G $" $k !% :# 2s <B Au $7 $? %A %e !< %K %s %0 <j K! $G $O !$ J# ?t MQ 0U $7 $? A0

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 7 =h M} J} <0 $r $= $l $> $l 0[ $J $k 3F H? I| $G 1 2s $E $D E, MQ $7 $F !$ :G $b ;D :9 %Y %/ %H %k $r 8: >/ $5 $; $? J} <0 $r <+ F0 A* Br $9 $k !% (iv) $= $N B> $N 3F H? I| 2r K! $K I, MW $H $5 $l $k =h M} !’ (i){ (iii) $N B> $K 3F H? I| 2r K! $K FC 2= $7 $? @- G= %Q %i %a %? $r <+ F0 D4 @0 $9 $k I, MW $, $" $k !% 6q BN E* $K GMRES( m ) K! $G $O !$ (1) %j %9 %? !< %H <~ 4| !( (2) D> 8r 2= $N J} <0 !( $J $I $, A4 BN $N <B 9T ;~ 4V $K Bg $- $/ 1F 6A $9 $k !% 2f !9 $, <B Au $7 $? <+ F0 %A %e !< %K %s %0 <j K! $G $O !$ (1) $K 4X $7 $F $O 2,4,6,8 $H m $K $J $k $^ $G 3F H? I| $G A} 2C !$ m $K $J $k $H 2 $K La $9 J} K! 5) $r MQ $$ $F $$ $k !% $3 $N <~ 4| m $O %a %b %j ;D NL $+ $i <+ F0 E* $K 7h Dj $5 $l $k !% (2) $K 4X $7 $F $O !$ JB Ns 8z N( $, 9b $$ $, @: EY $, 0- $$ J} K! !J Classical Gram-Sc hmidt K! !$ CGS !K !$ CGS $h $j $b ?t G\ $N <B 9T ;~ 4V $O A} 2C $9 $k $, @: EY $, NI $$ J} K! !J 2~ NI $5 $l $? Classical Gram-Sc hmidt K! !$ IR CGS !J Iterativ e Re�nemen t CGS !K !K 18) !$ $* $h $S JB Ns 8z N( $, Dc $$ $, @: EY $, 9b $$ J} K! !J Mo di�ed Gram-Sc hmidt K! !$ MGS !K $N 3 <o $r <B Au $7 $F $$ $k !% 2f !9 $N E, MQ J} ?K $O !$ $^ $: H? I| $K F~ $k A0 $K CGS $H MGS $N <B 9T ;~ 4V $r D4 $Y B. $$ J} $r A* Br $9 $k !% H? I| $r 3+ ;O $7 $? 8e !$ 8m :9 $N 8: >/ $, $" $k CM !J $3 $3 $G $O 0.5% !K 0J 2< $K $J $C $? >l 9g !$ IR CGS $r 6/ @) E* $K A* Br $9 $k !% $J $* $3 $l $i $N <+ F0 %A %e !< %K %s %0 $, :G E, $G $" $j !$ I, $: <} B+ $9 $k $H $$ $& M} O@ E* $J J] >Z $O L5 $$ $3 $H $K Cm 0U $7 $F $* $/ !% 4.2 8G M- CM Ld Bj %i %$ %V %i %j K\ O@ J8 $G <( $9 8G M- CM Ld Bj %i %$ %V %i %j $N 3F %k !< %A %s $O !$ A4 $F H? I| 2r K! $G $O $J $$ !% $7 $? $, $C $F !$ $3 $l $i $N <+ F0 %A %e !< %K %s %0 $O <B 9T A0 <+ F0 %A %e !< %K %s %0 $H $J $k !y !% 4.2.1 ILIB DRSSED $N <+ F0 %A %e !< %K %s %0 9‘ L\ JB Ns L) BP >N I8 =‘ 8G M- CM 2r K! %k !< %A %s ILIB DRSSED $O !$ 0J 2< $N 3 $D $N %5 %V %k !< %A %s $+ $i 9= @. $5 $l $k !% $3 $l $i $N %5 %V %k !< %A %s $N <g $J 1i ;; %+ !< %M %k $O !$ BLAS1, BLAS2, $* $h $S BLAS3 $H $h $P $l $k 0[ $J $k <o N‘ $N 9= @. $r $b $D !% � ;0 =E BP 3Q 2= %k !< %A %s ILIB TriRed !J BLAS2 !K � MGS D> 8r 2= %k !< %A %s ILIB MGSAO !J BLAS3 !K � Householder 5U JQ 49 %k !< %A %s ILIB HouseInv !J BLAS1 !K ILIB DRSSED $N <+ F0 %A %e !< %K %s %0 9‘ L\ $O !$ Bg $^ $+ $K $O 0J 2< $K <( $9 DL $j $G $" $k !% (i) %Y %/ %H %k A‘ :n !J BLAS1 1i ;; !K $N %" %s %m !< %j %s %0 CJ ?t !’ Householder 5U JQ 49 %k !< %A %s ILIB HouseInv $K $* $1 $k <g 1i ;; x = x � �u !J $3 $3 $G u; x 2 < n , � 2 < !K $N %k !< %W %" %s %m !< %j %s %0 CJ ?t $r <+ F0 7h Dj $9 $k !% !y $? $@ $7 5U H? I| K! %k !< %A %s !J 8G M- %Y %/ %H %k 7W ;; ;~ !K $J $I $r :G E, 2= $9 $k >l 9g $K $O !$ <B 9T ;~ <+ F0 %A %e !< %K %s %0 $, IT 2D 7g $G $" $k $3 $H $K Cm 0U $9 $k !% (ii) 9T Ns - %Y %/ %H %k @Q !J BLAS2 1i ;; !K $N %" %s %m !< %j %s %0 CJ ?t !’ ;0 =E BP 3Q 2= %k !< %A %s ILIB TriRed $K $* $1 $k k H? I| ;~ $N <g 1i ;; (1) 9T Ns - %Y %/ %H %k @Q A ( k ) u !( (2) 9T Ns 99 ?7 A ( k +1) = A ( k ) � u ( x T � �u T ) � xu T !( $K $* $1 $k %k !< %W %" %s %m !< %j %s %0 CJ ?t $r <+ F0 7h Dj $9 $k !% (iii) 9T Ns - 9T Ns @Q !J BLAS3 1i ;; !K $N %" %s %m !< %j %s %0 CJ ?t !’ MGS D> 8r 2= %k !< %A %s ILIB MGSAO $K $* $1 $k <g 1i ;; A = A � �A $K $* $1 $k %k !< %W %" %s %m !< %j %s %0 $N CJ ?t $r <+ F0 7h Dj $9 $k !% (iv) DL ?. <B Au J} <0 $N A* Br !’ ;0 =E BP 3Q 2= %k !< %A %s ILIB TriRed $K $* $1 $k =h M} (ii) 9T Ns - %Y %/ %H %k @Q $r <B 9T $9 $k 0Y $K I, MW $J !$ %Y %/ %H %k $N %j %@ %/ %7 %g %s 1i ;; $N <B Au J} <0 $r <+ F0 A* Br $9 $k !% (v) %V %m %C %/ I} $N A* Br !’ MGS D> 8r 2= %k !< %A %s ILIB MGSAO $O %V %m %C %/ 2= %" %k %4 %j %: %‘ $r MQ $$ $F $$ $k $3 $H $+ $i !$ %V %m %C %/ I} $r <+ F0 D4 @0 $9 $k !% $3 $N %V %m %C %/ I} $O !$ 1i ;; =h M} $G $" $k (iii) 9T Ns - 9T Ns @Q !J BLAS3 1i ;; !K $H DL ?. 2s ?t $K 1F 6A $r 5Z $\ $9 %Q %i %a %? $G $" $k E@ $K Cm 0U $9 $k !% 5. @- G= I> 2A $3 $N >O $G $O !$ K\ 9F $G <( $7 $? ILIB %k !< %A %s 72 $r HI- T A CHI SR2201 $* $h $S HIT A CHI SR8000 $r MQ $$ $F I> 2A $7 $? 7k 2L $r 5- $9 !% K\ I> 2A $G ;H MQ $7 $? SR2201 $N 3F PE $N M} O@ %T !< %/ @- G= $O 300MFLOPS !$ PE 4V $O ;0 <! 85 %O %$ %Q %/ %m %9 %P LV $G 7k 9g $5 $l $F $* $j !$ $= $N :G Bg E> Aw @- G= $O 300Mb yte/ IC $G $" $k !y !y !% $^ $? SR8000 $N 3F PE $N M} O@ %T !< %/ @- G= $O 8GFLOPS $G $" $k !% $= $N 3F %N !< %I $O 1GFLOPS $N IP(Instruction Pro cessor) 8 Bf $N 6& M- %a %b %j 9= @. $H $J $C $F $$ $k !% %N !< %I 4V $O ;0 <! 85 %O %$ %Q %/ %m %9 %P LV $G 7k 9g $5 $l $F $* $j !$ $= $N :G Bg E> Aw @- G= $O JR J} 8~ $G 1Gb yte/ IC !$ AP J} 8~ $G 2Gb yte/ IC $G $" $k !y !y !y !% $J $* !$ DL ?. %i %$ %V %i %j $H $7 $F $O MPI (Message P assing In terface) $r Mx MQ $9 $k !% !y !y El 5~ Bg 3X >p Js 4p HW %; %s %? !< $, =j M- $7 $F $$ $k 1024PE $N SR2201 $N $& $A 128PE $r ;H MQ $7 $? !% $^ $? %3 %s %Q %$ %i $H $7 $F F OR TRAN $G $O !$ F| N) $N :G E, 2= FOR TRAN90 V02-06-/D !$ %* %W %7 %g %s $H $7 $F $O -rdma -W0,’OPT(O(SS))’ $r ;X Dj $7 $? !% C $G $O +O4 -Wc,-hD1 $r ;X Dj $7 $? !% !y !y !y El 5~ Bg 3X >p Js 4p HW %; %s %? !< $, =j M- $7 $F $$ $k 128 %N !< %I (8IP/1 %N !< %I ) $N SR8000 $N $& $A 1 %N !< %I {4 %N !< %I $r ;H MQ $7 $? !% $^ $? !$ %3 %s %Q %$ %i $H $7 $F F| N) $N :G E, 2= F OR TRAN90 V01-00 !$ %* %W %7 %g %s $H $7 $F $O %N !< %I Fb JB Ns HG ( 6& M- %a %b %j 9= @. ) $K 4X $7 $F $O -W0,’opt(o(ss)),mp(p(0))’ !$ %N !< %I 4V JB Ns HG ( J, ;6 %a %b %j 9= @. ) $O -W0,’opt(o(ss)),mp(p(4))’ $r ;X Dj $7 $? !%

8 >p Js =h M} 3X 2q O@ J8 ;o 1963 5.1 O" N) 0l <! J} Dx <0 %i %$ %V %i %j $N @- G= 5.1.1 L) 9T Ns LU J, 2r %k !< %A %s ILIB LU $N @- G= ILIB LU $G $N <+ F0 %A %e !< %K %s %0 $N %Q %i %a %? $O !$ � F1 ;~ >C 5n CJ ?t B H = f 1 CJ !$ 2 CJ !$ 3 CJ !$ � � � !$ 20 CJ g � F1 ;~ >C 5n Ns ?t B W = f 1 Ns !$ 2 Ns !$ 3 Ns !$ � � � !$ 20 Ns g $N 2 <o N‘ $G $" $k !% I= 2 $K SR8000 $K $* $1 $k !$ (1) %V %m %C %/ 2= $N 8z 2L $r L5 $/ $7 (( B H , B W ) = (1, 1)) !$ $9 $Y $F $N 1i ;; $r %3 %s %Q %$ %i $K :G E, 2= $5 $; $? >l 9g !( (2) J8 8% 17) $+ $i F@ $i $l $k BE Ev $H ;W $o $l $k %Q %i %a %? $N AH (( B H , B W ) = (8, 4) !’ SR8000 !$ ( B H , B W ) = (5, 2) !’ SR2201) $r @_ Dj $7 $? >l 9g !( (3) <+ F0 %A %e !< %K %s %0 $K $h $j :G E, 2= $7 $F F@ $i $l $? %Q %i %a %? $N AH $r MQ $$ $? >l 9g !( $N <B 9T ;~ 4V $N Hf 3S $r <( $9 !% I= 2 ILIB LU !J L) 9T Ns LU J, 2r !K $K $* $1 $k @- G= T able 2 Performance of ILIB LU (LU decomp osition for dense matrices). (a) SR2201 !$ 16PE !$ Ld Bj %5 %$ %: !’ 11608 <+ F0 CJ ?t Ns ?t <B 9T MFLOPS %A %e !< %K %s %0 ( B H ) ( B W ) ;~ 4V [ IC ] ( 8z N( %) $J $7 !J #1 !K 1 1 1157.88 900 (18.8%) $J $7 !J #2 !K 5 2 333.00 3131 (65.3%) $" $j !J #3 !K 6 2 319.22 3266 (68.1%) (b) SR8000 !$ 2 %N !< %I !J 16IP !K !$ Ld Bj %5 %$ %: !’ 41296 <+ F0 CJ ?t Ns ?t <B 9T GFLOPS %A %e !< %K %s %0 ( B H ) ( B W ) ;~ 4V [ IC ] ( 8z N( %) $J $7 !J #1 !K 1 1 25278.84 1.85 (11.6%) $J $7 !J #2 !K 8 4 5343.38 8.78 (54.9%) $" $j !J #3 !K 10 9 3286.19 14.2 (89.3%) I= 2(b) $+ $i <+ F0 %A %e !< %K %s %0 5! G= $K $h $j !$ ILIB LU $O SR8000 $N 2 %N !< %I !J 16IP !K $K $* $1 $k %T !< %/ @- G= !J 16GFLOPS !K $K BP $9 $k 8z N( 89% $r C# @. $7 $F $$ $k !% $3 $N $3 $H $+ $i <+ F0 %A %e !< %K %s %0 $K $h $j @- G= $r == J, $K 0z $- =P $9 $3 $H $, $G $- $? $H $$ $( $k !% 5.1.2 AB 9T Ns MQ LU J, 2r %k !< %A %s ILIB RLU $N @- G= ILIB RLU $O !$ AB 9T Ns $N Nm MW AG $N 0L CV $K $h $j 1i ;; HO 0O $, F0 E* $K JQ 2= $9 $k !% $7 $? $, $C $F @- G= $O 9T Ns $N 7A >u $K 0M B8 $9 $k !% $3 $3 $G $O !$ ?M 9) ?4 B! $N N. BN 2r @O 19) $K MQ $$ $i $l $? 78 ?t 9T Ns $r @- G= I> 2A $N BP >] $K $9 $k !% I= 3 $* $h $S ?^ 5 $K ;H MQ $7 $? 78 ?t 9T Ns $N FC D’ $r <( $9 !% $^ $? ILIB RLU $G $O $" $k Dx EY BS I} $N Bg $- $J 9T Ns $r BP >] $H $9 $k $? $a !$ 0l HL E* $J %9 %Q !< %9 %= %k %P $N $h $& $K AB 9T Ns 05 =L J} <0 $r Mx MQ $7 $J $$ !% $9 $J $o $A L) 9T Ns $H $7 $F %G !< %? $r =j M- $9 $k E@ $K Cm 0U $9 $k !% I= 3 78 ?t 9T Ns $N >p Js T able 3 Information of the co e�cien t matrix. (a) ;H MQ $7 $? 78 ?t 9T Ns !$ <! 85 ?t n = 41296 Hs Nm MW AG $N I} 0l 9T Ev $? $j $N !J BP 3Q MW AG $+ $i $N 5w N% !K Hs Nm MW AG ?t J? 6Q 2334.0 67.6 :G Bg 4007 107 :G >. 43 7 (b) ;H MQ $7 $? 78 ?t 9T Ns !$ <! 85 ?t n = 11608 Hs Nm MW AG $N I} 0l 9T Ev $? $j $N !J BP 3Q MW AG $+ $i $N 5w N% !K Hs Nm MW AG ?t J? 6Q 1254.2 63.3 :G Bg 2179 107 :G >. 33 7 ?^ 5 78 ?t 9T Ns $N 7A >u !J Hs BP >N 9T Ns , Ld Bj %5 %$ %: !’ 1222 !K Fig. 5 The lo cation of non-zero elemen ts for the co e�cien t matrix (non-symmetric matrix, problem size:1222.) ILIB RLU $G $N 1i ;; %+ !< %M %k $K BP $9 $k <+ F0 %A %e !< %K %s %0 $N %Q %i %a %? $O !$ � 1i ;; HO 0O 8B Dj � 99 ?7 1i ;; $N >J N, $N 2 <o N‘ $G $" $k !% $3 $3 $G $O $^ $: !$ 1i ;; HO 0O 8B Dj $N 8z 2L $r I> 2A $9 $k $? $a ILIB LU %k !< %A %s $K $* $$ $F <+ F0 %A %e !< %K %s %0 :Q $N 1i ;; %Q %i %a %? $K BP $7 $F !$ 1i ;; HO 0O 8B Dj $N <+ F0 %A %e !< %K %s %0 $r ;\ $7 $? >l 9g $N 7k 2L $r I= 4 $K <( $9 !% I= 4(b) $+ $i 1i ;; HO 0O 8B Dj $N <+ F0 %A %e !< %K %s %0 5! G= $K $h $j !$ :G Bg $G 39 G\ $N B. EY 8~ >e $, C# @. $G $- $k >l 9g $, $" $k !% $7 $? $, $C $F $3 $N 5! G= $O B. EY 8~ >e $N 4Q E@ $G M- MQ $G $" $k !% $H $3 $m $G %9 %Q !< %9 %= %k %P $H $h $P $l $k AB 9T Ns MQ $N LU J, 2r %k !< %A %s $G $O !$ L5 BL $J 1i ;; $r >J $/ $3 $H $G 1i ;; NL $H 7W ;; ;~ 4V !$ $* $h $S %a %b %j NN 0h $N :o 8: $r ?^ $C $F $$ $k !% $3 $N $3 $H $+ $i C1 =c $K Hf 3S $O $G $- $J $$ $, !$ 9b @- G= $J JB Ns %9 %Q !< %9 %= %k %P $G $b M} O@ @- G= $K BP $9 $k 8z N( 30% Dx EY $7 $+ C# @. $G $- $J $$ 20) $3 $H $r 9M N8 $9 $k $H !$ ILIB RLU $G F@ $i $l $? M} O@ @- G= $K BP $9 $k 8z N( 72.5% $H $$ $& CM $O !$ $- $o $a $F 9b $$ @- G= $r C# @. $G $- $k $3 $H $r 0U L# $7 $F $$ $k !%

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 9 I= 4 L) 9T Ns LU J, 2r $K BP $9 $k ILIB RLU !J AB 9T Ns MQ LU J, 2r !K $K $* $1 $k 1i ;; HO 0O 8B Dj $N 8z 2L T able 4 E�ect of the restriction of up date region in ILIB RLU (LU decomp osition for sparse matrices) with comparison to dense LU decomp osition. (a) SR2201 !$ 16PE !$ Ld Bj %5 %$ %: !’ 11608 CJ ?t Ns ?t <B 9T MFLOPS B. EY 8~ >e ( B H ) ( B W ) ;~ 4V ( 8z N( %) 6 2 33.73 [ IC ] 2374 (49.5%) 9.5 (b) SR8000 !$ 2 %N !< %I !J 16IP !K !$ Ld Bj %5 %$ %: !’ 41296 CJ ?t Ns ?t <B 9T GFLOPS B. EY 8~ >e ( B H ) ( B W ) ;~ 4V ( 8z N( %) 10 9 84.18 [ IC ] 11.6 (72.5%) 39.0 <! $K 99 ?7 1i ;; $N >J N, $N 8z 2L $r I> 2A $9 $k $? $a !$ ILIB LU %k !< %A %s $K $* $$ $F <+ F0 %A %e !< %K %s %0 :Q $N 1i ;; %Q %i %a %? $K BP $7 $F !$ 99 ?7 1i ;; $N >J N, $N <+ F0 %A %e !< %K %s %0 $r ;\ $7 $? >l 9g $N 7k 2L $r I= 5 $K <( $9 !% I= 5 ILIB RLU !J AB 9T Ns MQ LU J, 2r !K $K $* $1 $k 99 ?7 1i ;; >J N, $N 8z 2L T able 5 E�ect of the skipping up date calculation in ILIB RLU (LU decomp osition for sparse matrices). (a) SR2201 !$ 16PE !$ Ld Bj %5 %$ %: !’ 11608 CJ ?t Ns ?t <B 9T B. EY 8~ >e ( B H ) ( B W ) ;~ 4V ( 1i ;; HO 0O 8B Dj $K BP $9 $k ) 6 2 32.64 [ IC ] 1.033 (b) SR8000 !$ 2 %N !< %I !J 16IP !K !$ Ld Bj %5 %$ %: !’ 41296 CJ ?t Ns ?t <B 9T B. EY 8~ >e ( B H ) ( B W ) ;~ 4V ( 1i ;; HO 0O 8B Dj $K BP $9 $k ) 10 9 83.81 [ IC ] 1.004 I= 5 $+ $i 99 ?7 1i ;; $N >J N, $N 8z 2L $O !$ $3 $N %F %9 %H 9T Ns $N >l 9g $O 9b !9 1.033 G\ $H $o $: $+ $G $" $k !% I= 5 $N 7k 2L $N $h $& $K 99 ?7 1i ;; $N >J N, $N <+ F0 %A %e !< %K %s %0 $O 9T Ns $N Hs Nm 9= B$ $K 0M B8 $9 $k $N $G !$ E, MQ $9 $k / $7 $J $$ $r <B 9T ;~ $K H= CG $9 $k I, MW $, $" $k !% 5.1.3 AB 9T Ns H? I| 2r K! %k !< %A %s ILIB GMRES $N @- G= ILIB GMRES $G $N <+ F0 %A %e !< %K %s %0 $N %Q %i %a %? $O !$ � 9T Ns - %Y %/ %H %k @Q $N <o N‘ = f %W %j %U %’ %C %A $J $7 !$ %W %j %U %’ %C %A $" $j g � 9T Ns - %Y %/ %H %k @Q $N %" %s %m !< %j %s %0 !J 9T J} 8~ !K CJ ?t = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 9 CJ g � 9T Ns - %Y %/ %H %k @Q $N %" %s %m !< %j %s %0 !J Ns J} 8~ !K CJ ?t = f $J $7 !$ 2 CJ !$ 3 CJ !$ 4 CJ !$ 8 CJ g � 9T Ns - %Y %/ %H %k @Q $N DL ?. J} <0 = f MPI_ALLGATHER !$ 1PE =8 Ls ! MPI_BCAST !$ MPI_ISEND ! MPI_IRECV !$ MPI_IRECV ! MPI_ISEND !$ MPI_SEND ! MPI_RECV g � D> 8r 2= J} <0 = f CGS !$ IR CGS !$ MGS g � A0 =h M} J} <0 = f $J $7 !$ 9T Ns B? 9‘ <0 A0 =h M} 5) !$ %V %m %C %/ IT 40 A4 LU J, 2r A0 =h M} 5) g $N 6 <o N‘ $G $" $k !% $3 $3 $G \ %W %j %U %’ %C %A $" $j " $H $O !$ 9T Ns - %Y %/ %H %k @Q $N %3 !< %I $K $* $$ $F %k !< %W Cf $N 0M B8 4X 78 $r %U %m !< 0M B8 $+ $i %k !< %W EA HB %U %m !< 0M B8 $K JQ 99 $7 !$ %Q %$ %W %i %$ %s =h M} 8~ $- $K $7 $? %3 !< %I $N $3 $H $r 0U L# $7 $F $$ $k !% $3 $N $h $& $J 2 <o $N %3 !< %I $r MQ 0U $7 $? M} M3 $O !$ AB 9T Ns - %Y %/ %H %k @Q $G $O %k !< %W D9 $, C; $/ !$ $+ $D 4V @\ ;2 >H $, I, MW $G $" $k $3 $H $K $h $k !% $7 $? $, $C $F %W %j %U %’ %C %A 8~ $- %3 !< %I $K $h $k @- G= 8~ >e $, !$ L) 9T Ns $N >l 9g $K Hf $Y 4| BT $G $- $k !% $^ $? MPI_ALLGATHER $H $O !$ MPI $K $* $1 $k F1 4| A4 BP A4 $N %Y %/ %H %k <} =8 4X ?t !$ MPI_BCAST $O F1 4| 1 BP A4 J| Aw 4X ?t !$ MPI_SEND $O F1 4| 1 BP 1 Aw ?. 4X ?t !$ MPI_RECV $O F1 4| 1 BP 1 <u ?. 4X ?t !$ MPI_ISEND $O Hs F1 4| 1 BP 1 Aw ?. 4X ?t !$ $= $7 $F MPI_IRECV $O Hs F1 4| 1 BP 1 <u ?. 4X ?t $r 0U L# $7 $F $$ $k !% 0l HL $K AB 9T Ns H? I| 2r K! $G $O $= $N <B 9T ;~ 4V $O 78 ?t 9T Ns A $N @- <A $K 0M B8 $9 $k $N $G !$ 0J 9_ $K <( $9 3 $D $N Ld Bj $K $D $$ $F @- G= $r I> 2A $9 $k !% [ Ld Bj @_ Dj ] 1 9T Ev $? $j $N Hs Nm MW AG $N 8D ?t $N :G Bg CM $, 3 !$ 5 !$ 7 $N 3 $D $N Ld Bj $G @- G= $r B, Dj $7 $? !% � Ld Bj 1 T o eplitz 9T Ns A = 2 6 6 6 6 6 4 2 1 0 2 1 0 2 1 0 2 � � � � � � � � � � � � 3 7 7 7 7 7 5 $r 78 ?t 9T Ns $H $7 !$ 1& JU $O b = (1 ; 1 ; � � � ; 1) T $H $9 $k !% $K $D $$ $F $O !$ = 1 !$ 2 $N 2 <o N‘ !% 9T Ns $N <! 85 $O 4,000,000 $H $9 $k !% � Ld Bj 2 NN 0h = [0 ; 1] � [0 ; 1] $K $* $1 $k BJ 1_ 7? JP Hy J, J} Dx <0 $N 6- 3& CM Ld Bj � u xx � u y y + R u x = g ( x; y ) u ( x; y ) j @ = 1 + xy 1& JU $O 87 L) 2r $, u = 1 + xy $H $J $k $h $& $K Dj $a $k !% NN 0h $r 400 � 400 $N %a %C %7 %e $G 5 E@ Cf ?4 :9 J, $K $h $C $F N% ;6 2= $7 $? !% F@ $i $l $? O" N) 0l <! J} Dx <0 $N 78 ?t 9T Ns $N <! 85 $O 160,000 $G $" $k !% R $K $D $$ $F $O !$ R = 1 !$ 1000 $N 2 <o N‘ !%

10 >p Js =h M} 3X 2q O@ J8 ;o 1963 I= 6 ILIB GMRES !J GMRES( m ) K! !K $K $* $1 $k <+ F0 %A %e !< %K %s %0 7k 2L $K $h $k @- G= !% C1 0L $O IC !% (HIT A CHI SR2201) $3 $3 $G !$ itr. $O H? I| 2s ?t , Ort.T $O D> 8r 2= $K $+ $+ $k ;~ 4V !$ h; v .T $O :G >. Fs >h K! $N 5a 2r ;~ 4V !$ max m $O %j %9 %? !< %H 4V 3V !$ Ort.M $O D> 8r 2= J} <0 $r 0U L# $7 $F $$ $k !% T able 6 P erformance of ILIB GMRES !J GMRES( m ) metho d !K with auto-tuned parameters. The unit is in second. (HIT A CHI SR2201) The notations of itr., Ort.T, h; v .T, max m and Ort.M sho w that the n um b er of iterations, time for or- thogonalization, time for solving a least squares problem, the re-start frequency and the orthogonalization metho ds, resp ectiv ely . (a) Ld Bj 1 1.0 PE 8 16 64 128 T1(itr.) 49.6(43) 36.7(43) 20.9(43) 22.0(43) T2itr.) 40.5(18) 24.0(19) 8.3(19) 5.3(20) M.V.T 21.7 11.0 2.6 1.3 Ort.T 4.7 2.4 0.8 0.4 h; v .T 0.9 0.5 0.1 0.1 max m 16 64 128 128 Unroll N(1,3) N(1,3) N(3,3) P(3,3) Com.M Send Send Irecv Send Ort.M MGS MGS CGS CGS Pre.M BILU BILU BILU BILU T1/T2 1.22 1.52 2.51 4.15 2.0 8 16 64 128 353.3(337) 277.6(323) 153.9(323) 143.9(323) 124.9(332) 86.6(321) 22.8(321) 13.7(321) 38.0 18.1 3.9 1.9 56.6 52.1 12.6 6.2 7.5 3.6 1.0 0.7 16 64 128 128 N(1,3) N(1,3) N(3,3) P(3,3) Send Send Send Send MGS MGS CGS CGS None None None None 2.82 3.20 6.75 10.5 (b) Ld Bj 2 R 1.0 PE 8 16 64 128 T1 1205.7 769.3 520.3 413.1 (itr.) (21842) (21842) (21842) (21842) T2(itr.) 90.7(1349) 44.3(1328) 14.1(1596) 7.9(1497) M.V.T 52.7 24.4 6.2 2.8 Ort.T 33.1 17.1 6.4 3.8 h; v .T 1.3 0.8 0.8 0.8 max m 128 128 128 128 Unroll P(3,5) P(3,5) P(2,5) P(2,5) Com.M Send Send Send Send Ort.M CGS CGS CGS CGS Pre.M BILU BILU BILU BILU T1/T2 13.2 17.3 36.9 52.2 1000.0 8 16 64 128 90.4 55.0 34.3 36.1 (1597) (1650) (1646) (1618) 23.2(384) 12.4(415) 3.7(460) 2.4(466) 15.2 7.8 1.8 0.9 5.4 3.2 1.2 0.8 0.4 0.3 0.2 0.3 128 128 128 128 P(3,5) P(3,5) P(3,5) P(2,5) Send Send Send Send CGS CGS CGS CGS BILU BILU BILU BILU 3.89 4.43 9.27 15.0 (c) Ld Bj 3 R 1.0 PE 8 16 64 128 T1(itr.) 250.6(1265 y ) 149.4( y ) 90.8( y ) 80.9( y ) T2(itr.) 81.9(288) 42.5(300) 7.3(417) 4.7(417) M.V.T 52.0 26.4 2.9 2.0 ort.T 20.9 11.5 3.0 2.0 h; v .T 0.9 0.5 0.3 0.3 max m 128 128 128 128 Unroll P(2,7) P(2,7) P(1,7) P(1,7) Com.M Isend Isend Isend Isend Ort.M MGS CGS CGS CGS Pre.M BILU BILU I + B I + B T1/T2 3.05 3.51 12.4 17.2 100.0 8 16 64 128 124.2(626 yy ) 72.1( yy ) 44.7( yy ) 39.3( yy ) 45.7(176) 25.3(199) 11.3(306) 4.3(272) 32.5 17.8 5.9 2.4 5.5 3.4 3.8 1.0 0.6 0.3 0.3 0.2 128 128 128 128 P(2,7) P(1,7) P(1,7) P(1,7) Isend Isend Irecv Isend MGS CGS CGS CGS BILU BILU BILU BILU 2.71 2.84 3.95 9.13

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 11 � Ld Bj 3 NN 0h = [0 ; 1] � [0 ; 1] � [0 ; 1] $K $* $1 $k BJ 1_ 7? JP Hy J, J} Dx <0 $N 6- 3& CM Ld Bj � u xx � u y y � u z z + R u x = g ( x; y ; z ) u ( x; y ) j @ = 0 : 0 1& JU $O 87 L) 2r $, u = e xy z sin( � x ) sin( � y ) sin( � z ) $H $J $k $h $& $K Dj $a $k !% NN 0h $r 80 !_ 80 !_ 80 $N %a %C %7 %e $G 7 E@ Cf ?4 :9 J, $K $h $C $F N% ;6 2= $7 $? !% F@ $i $l $? O" N) 0l <! J} Dx <0 $N 78 ?t 9T Ns $N <! 85 $O 512,000 $G $" $k !% R $K $D $$ $F $O !$ R = 1 !$ 100 $N 2 <o N‘ !% [ 7k 2L ] SR2201 $K $* $1 $k !$ 3F Ld Bj $N <B 9T ;~ 4V ( C1 0L $O IC ) 5Z $S <+ F0 A* Br $5 $l $? J} <0 $r I= 6 $K <( $9 !% $J $* I= 6 $N <g MW $J :G :8 Ms $N 8l 6g $N @b L@ $O <! $N DL $j $G $" $k !% T1 !’ <+ M3 F~ <j $, $G $- $k JB Ns H? I| 2r K! %i %$ %V %i %j PETSc 18) $, I8 =‘ $G :N MQ $7 $F $$ $k $N $H F1 $8 %Q %i %a %? !J %W %j %U %’ %C %A $J $7 !$ %j %9 %? !< %H !’ 30 !$ MPI_Allgather !$ IR CGS, A0 =h M} $J $7 !K $r @_ Dj $7 $? >l 9g $N <B 9T ;~ 4V !% T2 !’ <+ F0 %A %e !< %K %s %0 $r 9T $& >l 9g $N <B 9T ;~ 4V !% !J <+ F0 %A %e !< %K %s %0 ;~ 4V $r 4^ $‘ !K M.V.T !’ 9T Ns - %Y %/ %H %k @Q $K $+ $+ $C $? ;~ 4V !% Unroll !’ %" %s %m !< %j %s %0 J} <0 !% Nc $( $P P(2,3) $O %W %j %U %’ %C %A $" $j $G 9T Ns $N Ns J} 8~ 2 !$ 9T J} 8~ 3 E8 3+ $9 $k $H $$ $& 0U L# !% Com.M !’ DL ?. J} <0 !% Send $O MPI_Send ! MPI_Recv $N =g $K ;H $& !$ Isend $O MPI_Isend ! MPI_Irecv $N =g $K ;H $& !$ Irecv $O MPI_Irecv ! MPI_Isend $N =g $K ;H $& !% Pre.M A0 =h M} J} <0 !% I � B $O 9T Ns B? 9‘ <0 A0 =h M} !$ BILU $O %V %m %C %/ IT 40 A4 LU J, 2r A0 =h M} !% I= 6 $+ $i !$ 3F Ld Bj $N @- <A !$ PE ?t !$ Ld Bj %5 %$ %: $J $I $N MW 0x $+ $i E, $9 $k %Q %i %a %? $, <+ F0 A* Br $5 $l $F $$ $k !% $^ $? Ld Bj $N @- <A $K Bg $- $/ 0M B8 $9 $k $, !$ <+ F0 %A %e !< %K %s %0 $7 $J $$ >l 9g $K BP $7 $F :G Bg $G 52 G\ $N B. EY 8~ >e $, F@ $i $l $k >l 9g $, $" $k !% 5.2 L) 9T Ns 8G M- CM Ld Bj %i %$ %V %i %j $N @- G= 5.2.1 ;0 =E BP 3Q 2= %k !< %A %s ILIB TriRed $N @- G= ILIB TriRed $G $N <+ F0 %A %e !< %K %s %0 $N %Q %i %a %? $O !$ � DL ?. J} <0 = f %H !< %J %a %s %H J} <0 !$ MPI_ALLREDUCE g � 9T Ns - %Y %/ %H %k @Q $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 6 CJ !$ 8 CJ !$ 16 CJ g � 9T Ns 99 ?7 $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 6 CJ !$ 8 CJ !$ 16 CJ g $N 3 <o N‘ $G $" $k !% $3 $3 $G \ %H !< %J %a %s %H J} <0 " $H $O !$ 1 BP 1 DL ?. $r MQ $$ $? Fs J, LZ DL ?. 7A BV $G %Y %/ %H %k %j %@ %/ %7 %g %s $r <B 8= $9 $k J} <0 $G $" $j !$ MPI_ALLREDUCE $O MPI $N 4X ?t $r Mx MQ $9 $k J} <0 $G $" $k !% I= 7 $O ILIB TriRed $K $* $$ $F !$ <+ F0 %A %e !< %K %s %0 $N 7k 2L F@ $i $l $? %Q %i %a %? $H <+ F0 %A %e !< %K %s %0 $N <B 9T ;~ 4V $r <( $7 $F $$ $k !% I= 7 $+ $i !$ %A %e !< %K %s %0 ;~ 4V $O JB Ns 7W ;; 5! $N @- G= $K 0M B8 $7 Ls 1 { 33 ;~ 4V $G $" $j !$ JB Ns 7W ;; 5! $N 9= @. PE Bf ?t !J 4PE BP 32PE !K !$ %O !< %I %& %( %" $N 0c $$ !J SR2201 BP SR8000 !K !$ $* $h $S 6& M- %a %b %j 9= @. $+ J, ;6 %a %b %j 9= @. $+ !J SR8000, 1 %N !< %I !J 8IP !K BP SR8000, 4 %N !< %I !J 32IP !K !K $G %A %e !< %K %s %0 %Q %i %a %? $, 0[ $J $k $3 $H $, J, $+ $k !% I= 8 $O <+ F0 %A %e !< %K %s %0 $K $h $k <B 9T ;~ 4V $N :9 $r <( $7 $F $$ $k !% $^ $? ILIB TriRed $K $D $$ $F !$ not auto-tuned $H I= 5- $5 $l $? <B 9T ;~ 4V $O !$ %Q %i %a %? $r SR2201 $K $* $1 $k 2f !9 $N Mx MQ 7P 83 $+ $i F@ $i $l $? E, Ev $J CM $G $" $k DL ?. J} <0 = %H !< %J %a %s %H J} <0 !$ 9T Ns - %Y %/ %H %k @Q =8 CJ !$ 9T Ns 99 ?7 =6 CJ $H 8G Dj $7 $F B, Dj $7 $? $b $N $G $" $k !% I= 8(a-1) !$ (a-2) $+ $i !$ SR2201 $G $O Ld Bj %5 %$ %: $, == J, $K Bg $- $/ $J $k $H <+ F0 %A %e !< %K %s %0 $N 8z 2L $, 1.6 { 1.8 G\ Dx EY $" $k !% $^ $? I= 8(b-1) !$ (b-2) $+ $i SR8000 $K $* $$ $F 6& M- %a %b %j 9= @. $G $b J, ;6 %a %b %j 9= @. $G $b Ld Bj %5 %$ %: $, Bg $- $/ $J $k $H !$ <+ F0 %A %e !< %K %s %0 $N 8z 2L $, 1.2 { 1.3 G\ Dx EY $" $k !% 5.2.2 D> 8r 2= %k !< %A %s ILIB MGSAO ILIB MGSAO $O %V %m %C %/ 2= $r ;\ $7 $? MGS K! $r MQ $$ $F $$ $k !% MGS K! $O %V %m %C %/ 2= $r ;\ $9 $3 $H $G !$ 1i ;; %+ !< %M %k $O BLAS3 1i ;; !$ $9 $J $o $A 3 =E %k !< %W $r $J $9 !% $3 $3 $G $O %k !< %W D9 $r C; $/ $7 $J $$ L\ E* $G !$ :G Fb %k !< %W $N E8 3+ $r 9T $o $J $$ !% $^ $? %V %m %C %/ %" %k %4 %j %: %‘ $N FC @- $+ $i !$ 7W ;; $K I, MW $J D> 8r 2= $r %V %m %C %/ I} $N 8D ?t $@ $1 @h $K 9T $$ $= $N B> $N D> 8r 2= $r 0l EY $K $^ $H $a $F 9T $& $, !$ $3 $N 7W ;; $K I, MW $J D> 8r 2= $r 9T $C $F $$ $k PE $r ?u <4 PE $H $h $V !% $3 $N $3 $H $+ $i 7W ;; %+ !< %M %k $O !$ ?u <4 PE MQ $H $= $N B> $N PE MQ $N 2 <o $, B8 :_ $9 $k !% 0J >e $N $3 $H $+ $i <+ F0 %A %e !< %K %s %0 %Q %i %a %? $O � %V %m %C %/ I} = f 1 !$ 2 !$ 3 !$ � � � !$ 6 !$ 8 !$ 16 g � ?u <4 PE $N :G 30 %k !< %W $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ 4 CJ g � ?u <4 PE $N Bh 2 %k !< %W $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 6 CJ !$ 8 CJ !$ 16 CJ g � B> PE $N :G 30 %k !< %W $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ 4 CJ g � B> PE $N Bh 2 %k !< %W $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 6 CJ !$ 8 CJ !$ 16 CJ g $N 5 <o N‘ $H $J $k !%

12 >p Js =h M} 3X 2q O@ J8 ;o 1963 I= 7 HIT A CHI SR2201 !$ SR8000 $K $* $1 $k %A %e !< %K %s %0 :Q %Q %i %a %? !J ;0 =E BP 3Q 2= %k !< %A %s ) T able 7 The auto-tuned parameters on the HIT A CHI SR2201 and SR8000. (T ri-diagonalization routine) (a-1) P E = 4 (PE Grid:2 � 2) $N >l 9g (SR2201 !$ J, ;6 %a %b %j 9= @. ) Ld Bj %5 %$ %: DL ?. J} <0 9T Ns - %Y %/ %H %k @Q 9T Ns 99 ?7 100 MPI_ALLREDUCE 6 CJ 3 CJ 200 %H !< %J %a %s %H J} <0 8 CJ 4 CJ 300 %H !< %J %a %s %H J} <0 8 CJ 6 CJ 400 %H !< %J %a %s %H J} <0 5 CJ 2 CJ 500 %H !< %J %a %s %H J} <0 8 CJ 5 CJ 600 %H !< %J %a %s %H J} <0 5 CJ 6 CJ 700 %H !< %J %a %s %H J} <0 8 CJ 6 CJ 800 %H !< %J %a %s %H J} <0 3 CJ 3 CJ 900 %H !< %J %a %s %H J} <0 8 CJ 4 CJ 1000 %H !< %J %a %s %H J} <0 5 CJ 5 CJ 2000 %H !< %J %a %s %H J} <0 5 CJ 6 CJ 3000 %H !< %J %a %s %H J} <0 5 CJ 5 CJ 4000 %H !< %J %a %s %H J} <0 3 CJ 3 CJ 5000 MPI_ALLREDUCE 5 CJ 5 CJ 6000 MPI_ALLREDUCE 5 CJ 5 CJ 7000 MPI_ALLREDUCE 5 CJ 5 CJ 8000 MPI_ALLREDUCE 3 CJ 2 CJ T uning Time 118401 [ IC ] (32.8 [ ;~ 4V ]) (a-2) P E = 32 (PE Grid:4 � 8) $N >l 9g (SR2201 !$ J, ;6 %a %b %j 9= @. ) Ld Bj %5 %$ %: DL ?. J} <0 9T Ns - %Y %/ %H %k @Q 9T Ns 99 ?7 100 MPI_ALLREDUCE 6 CJ 16 CJ 200 MPI_ALLREDUCE 4 CJ 5 CJ 300 MPI_ALLREDUCE 4 CJ 4 CJ 400 MPI_ALLREDUCE 6 CJ 3 CJ 500 MPI_ALLREDUCE 6 CJ 4 CJ 600 MPI_ALLREDUCE 6 CJ 4 CJ 700 MPI_ALLREDUCE 8 CJ 3 CJ 800 MPI_ALLREDUCE 5 CJ 3 CJ 900 MPI_ALLREDUCE 4 CJ 3 CJ 1000 MPI_ALLREDUCE 5 CJ 3 CJ 2000 MPI_ALLREDUCE 5 CJ 5 CJ 3000 MPI_ALLREDUCE 8 CJ 5 CJ 4000 MPI_ALLREDUCE 5 CJ 5 CJ 5000 MPI_ALLREDUCE 8 CJ 5 CJ 6000 MPI_ALLREDUCE 5 CJ 5 CJ 7000 MPI_ALLREDUCE 5 CJ 5 CJ 8000 MPI_ALLREDUCE 3 CJ 3 CJ T uning Time 15555 [ IC ] (4.3 [ ;~ 4V ]) (b-1) 1 %N !< %I (8IP) (PE Grid:2 � 4) $N >l 9g !J SR8000, %N !< %I Fb JB Ns !$ 6& M- %a %b %j 9= @. !K Ld Bj %5 %$ %: DL ?. J} <0 9T Ns - %Y %/ %H %k @Q 9T Ns 99 ?7 100 MPI_ALLREDUCE $J $7 $J $7 200 MPI_ALLREDUCE 4 CJ $J $7 300 MPI_ALLREDUCE 8 CJ $J $7 400 MPI_ALLREDUCE 4 CJ $J $7 500 MPI_ALLREDUCE 5 CJ $J $7 600 MPI_ALLREDUCE 6 CJ 3 CJ 700 MPI_ALLREDUCE 6 CJ $J $7 800 MPI_ALLREDUCE 6 CJ 3 CJ 900 MPI_ALLREDUCE 6 CJ $J $7 1000 MPI_ALLREDUCE 6 CJ 3 CJ 2000 MPI_ALLREDUCE 6 CJ $J $7 3000 MPI_ALLREDUCE 6 CJ $J $7 4000 MPI_ALLREDUCE 6 CJ $J $7 5000 MPI_ALLREDUCE 4 CJ $J $7 6000 MPI_ALLREDUCE 4 CJ $J $7 7000 MPI_ALLREDUCE 6 CJ $J $7 8000 MPI_ALLREDUCE 6 CJ $J $7 T uning Time 16325 [ IC ] (4.5 [ ;~ 4V ]) (b-2) 4 %N !< %I (32IP) (No de Grid:2 � 2) $N >l 9g !J SR8000, %N !< %I 4V JB Ns !$ J, ;6 %a %b %j 9= @. !K Ld Bj %5 %$ %: DL ?. J} <0 9T Ns - %Y %/ %H %k @Q 9T Ns 99 ?7 100 %H !< %J %a %s %H J} <0 $J $7 2 CJ 200 %H !< %J %a %s %H J} <0 $J $7 $J $7 300 %H !< %J %a %s %H J} <0 $J $7 2 CJ 400 %H !< %J %a %s %H J} <0 $J $7 $J $7 500 %H !< %J %a %s %H J} <0 $J $7 $J $7 600 %H !< %J %a %s %H J} <0 $J $7 $J $7 700 %H !< %J %a %s %H J} <0 $J $7 $J $7 800 %H !< %J %a %s %H J} <0 4 CJ $J $7 900 %H !< %J %a %s %H J} <0 4 CJ $J $7 1000 %H !< %J %a %s %H J} <0 6 CJ $J $7 2000 MPI_ALLREDUCE 6 CJ 4 CJ 3000 MPI_ALLREDUCE 6 CJ 4 CJ 4000 MPI_ALLREDUCE 4 CJ 16 CJ 5000 MPI_ALLREDUCE 4 CJ 16 CJ 6000 MPI_ALLREDUCE 4 CJ 16 CJ 7000 MPI_ALLREDUCE 6 CJ 16 CJ 8000 MPI_ALLREDUCE 6 CJ 16 CJ T uning Time 4443 [ IC ] (1.2 [ ;~ 4V ])

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 13 I= 8 HIT A CHI SR2201 !$ SR8000 $G $N <B 9T ;~ 4V !% C1 0L $O IC !% !J ;0 =E BP 3Q 2= %k !< %A %s !K T able 8 Execution time on the HIT A CHI SR2201 and SR8000. Unit is in second. (T ri-diagonalization routine) (a-1) 4PE (PE Grid:2 � 2) $N >l 9g (HIT A CHI SR2201 !$ J, ;6 %a %b %j 9= @. ) Ld Bj %5 %$ %: ILIB TriRed 1 ILIB TriRed 2 ILIB TriRed 1 (not auto-tuned) (auto-tuned) / ILIB TriRed 2 100 0.056 0.056 1.0 200 0.131 0.133 0.98 400 0.435 0.475 0.91 800 3.732 2.454 1.5 1000 3.817 3.785 1.00 2000 28.165 26.937 1.04 4000 411.666 242.010 1.7 8000 3589.175 1962.512 1.8 (a-2) 32PE (PE Grid:4 � 8) $N >l 9g (HIT A CHI SR2201 !$ J, ;6 %a %b %j 9= @. ) Ld Bj %5 %$ %: ILIB TriRed 1 ILIB TriRed 2 / ILIB TriRed 1 (not auto-tuned) (auto-tuned) / ILIB TriRed 2 100 0.108 0.106 1.01 200 0.250 0.240 1.04 400 0.514 0.516 0.99 800 1.207 1.228 0.98 1000 1.654 1.687 0.98 2000 5.930 5.886 1.00 4000 32.961 32.124 1.02 8000 427.267 254.937 1.6 (b-1) 1 %N !< %I (8IP) (PE Grid:2 � 4) $N >l 9g (HIT A CHI SR8000, %N !< %I Fb JB Ns !$ 6& M- %a %b %j 9= @. ) Ld Bj %5 %$ %: TriRed 1 TriRed 2 TriRed 1 (not auto-tuned) (auto-tuned) / TriRed 2 100 0.024 0.022 1.09 200 0.053 0.049 1.08 400 0.162 0.145 1.11 800 0.678 0.587 1.15 1000 1.155 0.988 1.16 2000 7.098 5.595 1.26 4000 50.451 39.263 1.28 8000 389.297 308.307 1.26 (b-2) 4 %N !< %I (32IP) (No de Grid:2 � 2) $N >l 9g (HIT A CHI SR8000, %N !< %I 4V JB Ns !$ J, ;6 %a %b %j 9= @. ) Ld Bj %5 %$ %: TriRed 1 TriRed 2 TriRed 1 (not auto-tuned) (auto-tuned) / TriRed 2 100 0.038 0.036 1.05 200 0.077 0.072 1.06 400 0.176 0.162 1.08 800 0.490 0.450 1.08 1000 0.714 0.648 1.10 2000 2.806 2.345 1.19 4000 14.957 11.392 1.31 8000 102.369 75.398 1.35

14 >p Js =h M} 3X 2q O@ J8 ;o 1963 I= 9 HIT A CHI SR2201 $K $* $1 $k %A %e !< %K %s %0 :Q %Q %i %a %? !J MGS D> 8r 2= %k !< %A %s !K T able 9 The auto-tuned parameters on the HIT A CHI SR2201. (MGS orthogonalization routine) (a) 4PE $N >l 9g Ld Bj %5 %$ %: %V %m %C %/ I} ?u <4 PE :G 30 %k !< %W ?u <4 PE Bh 2 %k !< %W B> PE :G 30 %k !< %W B> PE Bh 2 %k !< %W 100 6 3 CJ 4 CJ 2 CJ 6 CJ 200 6 $J $7 $J $7 2 CJ 6 CJ 300 6 $J $7 $J $7 2 CJ 6 CJ 400 6 $J $7 $J $7 2 CJ 3 CJ 500 6 $J $7 $J $7 2 CJ 6 CJ 600 6 $J $7 $J $7 2 CJ 6 CJ 700 6 $J $7 $J $7 2 CJ 6 CJ 800 6 $J $7 $J $7 2 CJ 3 CJ 900 6 $J $7 $J $7 2 CJ 6 CJ 1000 6 $J $7 $J $7 2 CJ 6 CJ 2000 6 $J $7 6 CJ 2 CJ 3 CJ 3000 6 $J $7 16 CJ 2 CJ 6 CJ 4000 6 $J $7 $J $7 $J $7 3 CJ T uning Time 91407 [ IC ] (25.3 [ ;~ 4V ]) (b) 16PE $N >l 9g Ld Bj %5 %$ %: %V %m %C %/ I} ?u <4 PE :G 30 %k !< %W ?u <4 PE Bh 2 %k !< %W B> PE :G 30 %k !< %W B> PE Bh 2 %k !< %W 100 5 4 CJ 8 CJ 4 CJ 2 CJ 200 5 $J $7 $J $7 2 CJ 5 CJ 300 5 $J $7 $J $7 $J $7 4 CJ 400 5 $J $7 $J $7 2 CJ 5 CJ 500 6 $J $7 $J $7 2 CJ 6 CJ 600 6 $J $7 $J $7 2 CJ 6 CJ 700 5 $J $7 $J $7 2 CJ 5 CJ 800 5 $J $7 $J $7 2 CJ 5 CJ 900 6 $J $7 $J $7 2 CJ 6 CJ 1000 5 $J $7 $J $7 2 CJ 5 CJ 2000 6 $J $7 8 CJ 2 CJ 3 CJ 3000 6 $J $7 6 CJ 2 CJ 6 CJ 4000 6 $J $7 8 CJ 2 CJ 6 CJ T uning Time 26607 [ IC ] (7.3 [ ;~ 4V ]) I= 10 HIT A CHI SR2201 $G $N <B 9T ;~ 4V !% C1 0L $O IC !% !J MGS D> 8r 2= %k !< %A %s !K T able 10 Execution time on the HIT A CHI SR2201. Unit is in second. (MGS orthogonalization routine) (a) 4 PE $N >l 9g Ld Bj %5 %$ %: MGSA O1 MGSA O2 MGSA O1 (not A T) (A T) /MGSA O2 100 0.017 0.010 1.70 200 0.103 0.051 2.01 400 0.733 0.389 1.88 800 6.379 3.174 2.00 1000 12.598 5.378 2.34 2000 108.665 48.879 2.22 4000 892.796 420.207 2.12 (b) 16 PE $N >l 9g Ld Bj %5 %$ %: MGSA O1 MGSAO2 MGSA O1 (not A T) (A T) /MGSA O2 100 0.014 0.012 1.16 200 0.047 0.033 1.42 400 0.294 0.136 2.16 800 1.932 0.859 2.24 1000 3.865 1.668 2.31 2000 32.407 14.310 2.26 4000 260.168 119.003 2.18

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 15 I= 9 $O SR2201 $G $N <+ F0 %A %e !< %K %s %0 $N 7k 2L F@ $i $l $? %Q %i %a %? $G $" $k !% I= 9 $G $O !$ Ld Bj %5 %$ %: 100 !$ 2000{ 4000 $G :G E, $J %Q %i %a %? $, Bg $- $/ JQ F0 $9 $k $, !$ $3 $l $O <+ F0 %A %e !< %K %s %0 5! 9= $, Ld Bj %5 %$ %: $N 0c $$ $+ $i @8 $8 $k %k !< %W D9 $d %O !< %I %& %( %" FC @- $N JQ 2= $K $h $k :G E, $J <B Au J} <0 $N 0c $$ $r 5[ <} $7 $? 7k 2L $H ;W $o $l $k !% I= 10 $O SR2201 $G $N <B 9T ;~ 4V $G $" $k !% $3 $3 $G !$ ?^ Cf $N I= 5- MGSA O1(not A T) $O E, Ev $J %Q %i %a %? !J %V %m %C %/ I} =4 !$ ?u <4 PE $N :G 30 %k !< %W =4 CJ !$ ?u <4 PE $N Bh 2 %k !< %W =8 CJ !$ B> PE :G 30 %k !< %W =4 CJ !$ B> PE Bh 2 %k !< %W =8 CJ !K $r @_ Dj $7 $? >l 9g $N <B 9T ;~ 4V $G $" $k !% I= 10 $N 7k 2L $+ $i !$ E, Ev $J 8G Dj %Q %i %a %? $r @_ Dj $7 $? >l 9g $K BP $7 $F <+ F0 %A %e !< %K %s %0 $K $h $j !$ Ls 1.1 G\ { 2.3 G\ $N B. EY 8~ >e $, C# @. $G $- $k >l 9g $, $" $k !% $3 $N $3 $H $+ $i ILIB MGSA O $N $h $& $J %V %m %C %/ 2= $5 $l $? %k !< %A %s $K $* $$ $F @- G= %Q %i %a %? $r 8G Dj $7 $F <B Au $9 $k => Mh $N J} <0 $O !$ @- G= $N 4Q E@ $+ $i 9% $^ $7 $/ $J $$ $3 $H $, ?d ;! $G $- $k !% 5.2.3 Householder 5U H? I| K! %k !< %A %s ILIB HouseInv $N @- G= ILIB HouseInv $N 1i ;; %+ !< %M %k $O BLAS1 1i ;; $G $" $k $, !$ 5U JQ 49 $9 $Y $- %Y %/ %H %k $N ?t $@ $1 BLAS1 1i ;; $, $" $k $N $G !$ 2 =E %k !< %W $N 9= B$ $r $J $9 !% $3 $3 $G $O $3 $N 2 =E %k !< %W $N :G 30 %k !< %W $K BP $7 $F %" %s %m !< %j %s %0 $r 9T $& !% $7 $? $, $C $F <+ F0 %A %e !< %K %s %0 $N %Q %i %a %? $H $7 $F $O !$ � 9T Ns 99 ?7 $N %" %s %m !< %j %s %0 = f $J $7 !$ 2 CJ !$ 3 CJ !$ � � � !$ 6 CJ !$ 8 CJ !$ 16 CJ g $N 1 <o N‘ $G $" $k !% I= 11 $O SR2201 $K $* $1 $k <+ F0 %A %e !< %K %s %0 :Q $N %Q %i %a %? %j %9 %H $G $" $k !% I= 12 $O SR2201 $G $N <B 9T ;~ 4V $N 7k 2L $r <( $7 $F $$ $k !% $3 $3 $G ?^ Cf $N I= 5- HIT(not A T) $O !$ ( 9T Ns 99 ?7 = $J $7 ) $H $7 $? >l 9g !$ $9 $J $o $A $3 $N :G E, 2= $r %3 %s %Q %$ %i $K G$ $; $? >l 9g $N <B 9T ;~ 4V $G $" $j !$ HIT(A T) $O <+ F0 %A %e !< %K %s %0 $K $h $j %Q %i %a %? $r 7h Dj $7 $? >l 9g $N <B 9T ;~ 4V $G $" $k !% I= 12 $N 7k 2L $+ $i !$ <+ F0 %A %e !< %K %s %0 $r 9T $& $3 $H $G Ls 1.2 G\ { 1.4 G\ $N B. EY 8~ >e $r C# @. $G $- $k >l 9g $, $" $k !% 6. $* $o $j $K K\ O@ J8 $G $O JB Ns ?t CM 7W ;; %i %$ %V %i %j $K $* $1 $k FC 2= 7? <+ F0 %A %e !< %K %s %0 5! 9= $N Ds 0F $r 9T $$ !$ $^ $? <B :] $K $= $N 5! G= $r IU 2C $7 $? JB Ns ?t CM 7W ;; %i %$ %V %i %j ILIB $N @- G= I> 2A $r 9T $C $? !% => Mh $N HF MQ 7? <+ F0 %A %e !< %K %s %0 5! 9= $H $N 0c $$ $O !$ :G E, 2= $, 6I =j E* !J 1i ;; %+ !< %M %k $N $_ !K $r BP >] $H $7 $F $$ $k $N $G $O $J $/ !$ %i %$ %V %i %j A4 BN $r BP >] $K $7 $? 9- 0h :G E, 2= $, $G $- $k $3 $H $G $" $k !% $3 $N 9- 0h :G E, 2= $K $h $j !$ DL ?. N3 EY $H 7W ;; @- G= $N N> J} $K 1F 6A $9 $k %V %m %C %/ I= 11 HIT A CHI SR2201 $K $* $1 $k %A %e !< %K %s %0 :Q %Q %i %a %? !J Householder 5U JQ 49 %k !< %A %s !K T able 11 The auto-tuned parameters on the HIT A CHI SR2201. (Householder in v erse transformation routine) (a) 4 PE $N >l 9g Ld Bj %5 %$ %: 9T Ns 99 ?7 100 6 CJ 200 3 CJ 300 5 CJ 400 3 CJ 500 5 CJ 600 6 CJ 700 5 CJ 800 3 CJ 900 5 CJ 1000 6 CJ 2000 3 CJ 3000 6 CJ 4000 3 CJ T uning Time 6246 [ IC ] (1.73 [ ;~ 4V ]) (b) 16 PE $N >l 9g Ld Bj %5 %$ %: 9T Ns 99 ?7 100 6 CJ 200 4 CJ 300 4 CJ 400 3 CJ 500 3 CJ 600 6 CJ 700 8 CJ 800 3 CJ 900 5 CJ 1000 6 CJ 2000 3 CJ 3000 6 CJ 4000 3 CJ T uning Time 3129 [ IC ] (0.86 [ ;~ 4V ]) I} $J $I $N %Q %i %a %? D4 @0 $b 2D G= $H $J $k !% <+ F0 %A %e !< %K %s %0 5! G= $r IU 2C $9 $k $3 $H $K $h $j !$ O" N) 0l <! J} Dx <0 %i %$ %V %i %j $G $O L) 9T Ns LU J, 2r %k !< %A %s ILIB LU $K $* $$ $F M} O@ @- G= $K BP $9 $k 8z N( 89% $r C# @. $7 $? !% $5 $i $K 99 ?7 NN 0h $r <+ F0 D4 @a $9 $k AB 9T Ns MQ LU J, 2r %k !< %A %s ILIB RLU $K $* $$ $F $O !$ => Mh $N %9 %Q !< %9 %= %k %P $H Hf 3S $7 $F $b 9b $$ @- G= $G $" $k M} O@ @- G= $K BP $9 $k 8z N( 72% $r C# @. $7 $? !% $^ $? AB 9T Ns H? I| 2r K! $N 0l $D $G $" $k GMRES( m ) K! %k !< %A %s ILIB GMRES $G $O $h $j =@ Fp $J %Q %i %a %? A* Br $, 2D G= $H $J $j !$ $= $N 7k 2L 52 G\ $N 9b B. 2= $, C# @. $G $- $k >l 9g $, $" $k $3 $H $, $o $+ $C $? !% @- G= 8~ >e $K 4X $7 !$ 8G M- CM Ld Bj %i %$ %V %i %j $K $* $1 $k ;0 =E BP 3Q 2= %k !< %A %s ILIB TriRed $G $O 1.8 G\ Dx EY $N 9b B. 2= !$ D> 8r 2= %k !< %A %s ILIB MGSAO $G $O 2.3 G\ Dx EY $N 9b B. 2= !$ $= $7 $F Householder 5U JQ 49 %k !< %A %s ILIB HouseInv $G $O 1.4 G\ Dx EY $N 9b B. 2= $, C# @. $5 $l $k >l 9g $, $" $k $3 $H $, H=

16 >p Js =h M} 3X 2q O@ J8 ;o 1963 I= 12 HIT A CHI SR2201 $G $N <B 9T ;~ 4V !% C1 0L $O IC !% !J Householder 5U H? I| K! %k !< %A %s !K T able 12 Execution time on the HIT A CHI SR2201. Unit is in second. (Householder in v erse transformation routine) (a) 4PE $N >l 9g Ld Bj HIT1 HIT2 HIT1 %5 %$ %: (not A T) (A T) /HIT2 100 0.010 0.007 1.42 200 0.067 0.051 1.31 400 0.473 0.375 1.26 800 3.469 2.837 1.22 1000 6.624 5.200 1.27 2000 49.46 39.51 1.25 4000 384.9 312.9 1.23 (b) 16PE $N >l 9g Ld Bj HIT1 HIT2 HIT1 %5 %$ %: (not A T) (A T) /HIT2 100 0.005 0.004 1.25 200 0.034 0.026 1.30 400 0.234 0.189 1.23 800 1.735 1.436 1.20 1000 3.332 2.660 1.25 2000 24.81 19.86 1.24 4000 192.96 158.93 1.21 L@ $7 $? !% $3 $l $i $N 3 <o $N %k !< %A %s $N 1i ;; %+ !< %M %k $O BLAS $N J, N‘ $K $* $$ $F 0[ $J $C $F $$ $k $3 $H $+ $i !$ 2J 3X 5; =Q 7W ;; $K $* $1 $k $" $k <o $N %Y %s %A %^ !< %/ $H $_ $J $; $k !% $7 $? $, $C $F $= $N B> $N 7W ;; $K $D $$ $F $b !$ F1 MM $N 9b B. 2= $, F@ $i $l $k 2D G= @- $, $" $k $H $$ $( $h $& !% F@ $i $l $? <B 83 E* $J 7k 2L $O !$ Ev A3 $N $3 $H $J $, $i %3 %s %Q %$ %i $N :G E, 2= G= NO $K Bg $- $/ 0M B8 $7 $F $$ $k !% :G E, 2= $, == J, $K $J $5 $l $k $J $i $P !$ K\ O@ J8 $G 9T $C $? $h $& $J 1i ;; %+ !< %M %k $K BP $9 $k <+ F0 %A %e !< %K %s %0 !J %" %s %m !< %j %s %0 CJ ?t $N 7h Dj !K $K $h $k B. EY 8~ >e $O $[ $H $s $I F@ $i $l $J $$ $O $: $G $" $k !% $3 $N $3 $H $+ $i !$ %3 %s %Q %$ %i $K $h $k :G E, 2= $O 8= >u $G $O IT == J, $G $" $k $H $$ $o $6 $k $r F@ $J $$ !% %i %$ %V %i %j A4 BN $N @- G= $O %3 %s %Q %$ %i $N :G E, 2= @- G= !$ %- %c %C %7 %e MF NL Ey $N %O !< %I %& %( %" FC @- !$ $* $h $S OS $K $h $k =h M} $K 0M B8 $7 !$ $- $o $a $F !V J# ;( $J !W ?6 Iq $$ $r <( $9 !% $7 $? $, $C $F <B :] $N 7W B, $J $7 $G :G E, $J @- G= %Q %i %a %? $r ?d Dj $9 $k $3 $H | $9 $J $o $A B, Dj $J $7 $G :G E, $J %3 !< %I $r @8 @. $9 $k $3 $H | $O IT 2D G= $G $" $m $& !% IT == J, $J %3 %s %Q %$ %i $N :G E, 2= !$ J# ;( $J %O !< %I %& %( %" 5! 9= !$ $* $h $S 0[ $J $k OS !$ $G 9= @. $5 $l $k JB Ns 7W ;; 5! 4D 6- $K $* $$ $F !$ $G $- $k $@ $1 9b @- G= $J %i %$ %V %i %j $r 9= C[ $9 $k J} K! $N 0l $D $H $7 $F K\ O@ J8 $G <( $7 $? <+ F0 %A %e !< %K %s %0 $O =E MW $J 5; K! $K $J $k $b $N $H 9M $( $i $l $k !% :# 8e $N 2] Bj $H $7 $F !$ (1) Ds 0F $7 $? <+ F0 %A %e !< %K %s %0 5! 9= $H F1 Ey $N 5! G= $, F@ $i $l $k 8@ 8l $d %H %i %s %9 %l !< %? $r <B 8= $7 $F E, MQ HO 0O $r 9- $2 $k $3 $H !( (2) <+ F0 %A %e !< %K %s %0 $K 4X $9 $k ;~ 4V $r :o 8: $9 $k $? $a $N 7W ;; %b %G %k $d <j K! $N 3+ H/ !( $, I, MW $G $" $k !% $J $* ILIB $K 4X $9 $k >p Js $O !$ h ttp://www.hin ts.org/ $+ $i F~ <j 2D G= $G $" $k !% ;2 9M J8 8% 1) Dongarra, J. J., Croz, J. D., Hammarling, S. and Du�, I.: A Set of Lev el 3 Basic Linear Algebra Subprograms, A CM T r ansactions on Mathematic al Softwar e , V ol. 16, No. 1, pp. 1{17 (1988). 2) Bilmes, J., Asano vi � c, K., Chin, C.-W. and Demmel, J.: Optimizing Matrix Multiply using PHiP A C: a P ortable, High-P erformance, ANSI C Co ding Metho dology , Pr o c e e dings of Inter- national Confer enc e on Sup er c omputing 97 , Vi- enna, Austria, pp. 340{347 (1997). 3) Whaley , R. C. and Dongarra, J. J.: Automat- ically T uned Linear Algebra Soft w are, A TLAS pro ject, h ttp://www.netlib.org/atlas/index.h tml. 4) F rigo, M.: A F ast F ourier T ransform Com- piler, Pr o c e e dings of the 1999 A CM SIGPLAN Confer enc e on Pr o gr amming L anguage Design and Implementation , A tlan ta, Georgia, pp. 169{180 (1999). 5) Kuro da, H. and Kanada, Y.: P erformance of Automatically T uned P arallel Sparse Linear Equations Solv er, IPSJ SIG Notes, 99-HPC- 76 , pp. 13{18 (1999). in Japanese. 6) Whaley , R. C., P etitet, A. and Dongarra, J. J.: Automated Empirical Optimizations of Soft- w are and the A TLAS Pro ject, Par al lel Com- puting , V ol. 27, pp. 3{35 (2001). 7) Saad, Y., Malevsky , A. V., Lo, G. C., Kuznetso v, S., Sosonkina, M. and Moulitsa, I.: PSP ARSLIB Pro ject. h ttp://www.cs.umn.edu/ Researc h/arpa/p sparslib/psp-abs.h tml. 8) Saad, Y. and Lo, G.: PSP ARSLIB Users Man- ual: A P ortable Library of parallel Sparse Iter- ativ e Solv ers (1996). 9) 9u ED 5W BY , JR 6M 9’ MN , DQ NI @8 , 6b ED 9/ @5 : <+ F0 %A %e !< %K %s %0 5! G= IU $- JB Ns ?t CM 7W ;; %i %$ %V %i %j 9= C[ $N ;n $_ | BP >N 9T Ns MQ $N O" N) 0l <! J} Dx <0 %= %k %P $r Nc $K $7 $F |, >p Js =h M} 3X 2q Bh 57 2s A4 9q Bg 2q M= 9F =8 , V ol. 1, pp. 1{10 { 1{11 (1998). 10) Kuro da, H., Katagiri, T. and Kanada, Y.: P erformance of Automatically T uned P arallel GMRES( m ) Metho d on Distributed Memory Mac hines, Pr o c e e dings of V e ctor and Par al lel Pr o c essing (VECP AR) 2000 , P orto, P ortugal, pp. 251 { 264 (2000). 11) Katagiri, T., Kuro da, H. and Kanada, Y.: A Metho dology for Automatically T uned P aral-

V ol. 4 No. 0 <+ F0 %A %e !< %K %s %0 5! 9= $, JB Ns ?t CM 7W ;; %i %$ %V %i %j $K 5Z $\ $9 8z 2L 17 lel T ri-diagonalization on Distributed Memory P arallel Mac hines, Pr o c e e dings of V e ctor and Par al lel Pr o c essing (VECP AR) 2000 , P orto, P ortugal, pp. 265 { 277 (2000). 12) JR 6M 9’ MN , 9u ED 5W BY , Bg _7 @6 , 6b ED 9/ @5 : ILIB !’ <+ F0 %A %e !< %K %s %0 5! G= IU $- JB Ns ?t CM 7W ;; %i %$ %V %i %j $H $= $N @- G= I> 2A , JSPP’2000 O@ J8 =8 , pp. 27{34 (2000). 13) Katagiri, T.: A Study on L ar ge Sc ale Eigen- solvers for Distribute d Memory Par al lel Ma- chines , Ph.D Thesis, The Univ ersit y of T oky o (2000). 14) Bg _7 @6 , JR 6M 9’ MN , 9u ED 5W BY , 6b ED 9/ @5 : ILIB RLU !’ AB 9T Ns $r L) 9T Ns $H $7 $F 07 $& <+ F0 %A %e !< %K %s %0 5! G= IU $- LU J, 2r %k !< %A %s $N @- G= I> 2A , IPSJ SIG Notes, 00-HPC-82 , pp. 25{30 (2000). 15) Bg _7 @6 : <+ F0 %A %e !< %K %s %0 5! G= IU $- %9 %Q !< %9 %@ %$ %l %/ %H %= %k %P ILIB RLU $N @- G= I> 2A , %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 %K %e !< %9 , V ol. 2, No. 5, pp. 23{36 (2000). El 5~ Bg 3X >p Js 4p HW %; %s %? !< ( %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 It Lg ). 16) JR 6M 9’ MN , 6b ED 9/ @5 : JB Ns 8G M- CM %= %k %P !< $N <B 8= $H $= $N @- G= , IPSJ SIG Notes, 97-HPC-69 , pp. 49{54 (1997). 17) ( 3t ) F| N) @= :n =j : %9 !< %Q !< %F %/ %K %+ %k %5 !< %P HI- T A CHI SR8000 LINP A CK @- G= $N $4 >R 2p , %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 %K %e !< %9 , V ol. 1, No. 2, pp. 72{79 (1999). El 5~ Bg 3X >p Js 4p HW %; %s %? !< ( %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 It Lg ). 18) Bala y , S., Gropp, W., McInnes, L. and Smith, B.: PETSc 2.0 Users Manual , ANL-95/11 { Revision 2.0.24, Argonne National Lab oratory (1999). 19) Zhang, Q. and Hisada, T.: Analysis of Fluid- Structure In teraction Problems under Large Domain Changes b y ALE Finite Elemen t Metho d, The oritic al and Applie d Me chanics , V ol. 47, pp. 167{174 (1998). 20) ;3 K\ M- :n , Cv 3- 8w >M , D> Ln 7r : J, ;6 %a %b %j 7? JB Ns 7W ;; 5! 8~ $1 %9 %Q !< %9 BP >N 9T Ns %= %k %P $N 3+ H/ $H I> 2A , >p Js =h M} 3X 2q O@ J8 ;o , V ol. 41, No. 5, pp. 1567{1576 (2000). ( J? @. ? G/ ? 7n ? F| <u IU ) ( J? @. ? G/ ? 7n ? F| :N O? ) JR 6M 9’ MN !J @5 2q 0w !K 1973 G/ @8 !% 1994 G/ K- ED 9) 6H 9b Ey @l Lg 3X 9; >p Js 9) 3X 2J B4 6H !% 1996 G/ 5~ ET Bg 3X 9) 3X It >p Js 9) 3X 2J B4 6H !% 2001 G/ El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 Gn ;N 2] Dx =$ N; !% Gn ;N !J M} 3X !K !% 2001 G/ 4 7n $h $j F| K\ 3X =Q ?6 6= 2q FC JL 8& 5f 0w -PD !% JB Ns 7W ;; 5! $K $h $k 9T Ns 7W ;; %" %k %4 %j %: %‘ $N 8& 5f $K => ;v !% Bg 5, LO 8G M- CM Ld Bj !$ JB Ns ?t CM 7W ;; $K 6= L# $r ;} $D !% F| K\ 1~ MQ ?t M} 3X 2q !$ SIAM 3F 2q 0w !% 9u ED 5W BY !J @5 2q 0w !K 1970 G/ @8 !% 1993 G/ L> 8E 20 Bg 3X M} 3X It J* M} 3X 2J B4 6H !% 1995 G/ 5~ ET Bg 3X Bg 3X 1! 9) 3X 8& 5f 2J 1~ MQ %7 %9 %F %‘ 2J 3X @l 96 =$ ;N 2] Dx =$ N; !% 2000 G/ El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 Gn ;N 2] Dx K~ 4| B‘ 3X !% 2000 G/ 4 7n $h $j El 5~ Bg 3X >p Js 4p HW %; %s %? !< %9 !< %Q !< %3 %s %T %e !< %F %# %s %0 8& 5f It Lg =u <j !% A CM !$ SIAM !$ ?M 9) CN G= 3X 2q 3F 2q 0w !% Bg _7 @6 1974 G/ @8 !% 1998 G/ El 5~ 9) 6H Bg 3X 9) 3X It >p Js 9) 3X 2J B4 6H !% 2001 G/ El 5~ Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 =$ ;N 2] Dx =$ N; !% =$ ;N !J M} 3X !K !% 2001 G/ 4 7n $h $j ?. M[ %S %8 %M %9 %5 !< %S %9 6P L3 !% :_ 3X ;~ $O J, ;6 %a %b %j 7? JB Ns 7W ;; 5! $K $h $k JB Ns ?t CM 7W ;; $N 8& 5f $K => ;v !% 9) F# @? !J 3X @8 2q 0w !K 1978 G/ @8 !% 2001 G/ El 5~ Bg 3X M} 3X It >p Js 2J 3X 2J B4 6H !% 2001 G/ 4 7n $h $j El 5~ Bg 3X Bg 3X 1! >p Js M} 9) 3X 7O 8& 5f 2J %3 %s %T %e !< %? 2J 3X @l 96 =$ ;N 2] Dx F~ 3X !% JB Ns ?t CM 7W ;; !$ FC $K O" N) 0l <! J} Dx <0 $N 2r K! $K 6= L# $r ;} $D !%

18 >p Js =h M} 3X 2q O@ J8 ;o 1963 6b ED 9/ @5 !J @5 2q 0w !K 1949 G/ @8 !% 1973 G/ El KL Bg 3X M} 3X It J* M} Bh Fs 3X 2J B4 6H !% 1978 G/ El 5~ Bg 3X M} 3X 7O 8& 5f 2J Gn ;N 2] Dx =$ N; !% M} 3X Gn ;N !% 1978 G/ L> 8E 20 Bg 3X %W %i %: %^ 8& 5f =j =u <j !% 1981 G/ El 5~ Bg 3X Bg 7? 7W ;; 5! %; %s %? !< =u 65 <x !$ 65 <x $r 7P $F 8= :_ El 5~ Bg 3X >p Js 4p HW %; %s %? !< 65 <x !% $= $N 4V 1Q 9q %1 %s %V %j %C %8 Bg 3X 7W ;; 5! 8& 5f =j 5R 0w 8& 5f 0w !% >< OB 58 G/ EY 5Z $S J? @. 10 G/ EY >p Js =h M} 3X 2q O@ J8 >^ !$ J? @. 6 G/ EY >p Js =h M} 3X 2q Best Author >^ <u >^ !% Cx =q !V &P $N $O $J $7 !W !J El 5~ ?^ =q !K !$ JT Cx !V T rends in Sup ercomputing !W !J W orld Scien ti�c !K !% F| K\ 1~ MQ ?t M} 3X 2q !$ %W %i %: %^ !& 3K M; 9g 3X 2q !$ A CM !$ SIAM 3F 2q 0w !% 8& 5f %F !< %^ $O !V Bg 5, LO ?t CM 7W ;; !W $* $h $S !V 8& 5f $N 8& 5f !W !%