IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W $N JB Ns 2= %3 %s %Q %$ %k 5; K! A P arallelizing Compiler T ec hnique for Lo ops with Irregular Accesses 7& ED >; ;K ;X F3 65 41 IY ED bC <# 1993 G/ 2 7n 15 F| L\ <! 1 =o O@ 3 2 JB Ns 2= %3 %s %Q %$ %i %7 %9 %F %‘ 4 2.1 JB Ns 2= %3 %s %Q %$ %i %7 %9 %F %‘ $N 35 MW : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4 2.2 JB Ns 2= %3 !< %I $N @8 @. $N 4p K\ @o N, : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5 2.3 IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 9 2.4 Insp ector/Executor @o N, : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 2.5 MQ 8l !& =8 9g $N Dj 5A : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 10 3 IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W $N %3 !< %I @8 @. 14 3.1 insp ector $N %" %k %4 %j %: %‘ : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 14 3.2 insp ector %" %k %4 %j %: %‘ $N Hf 3S : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 19 3.3 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20 4 Insp ector/Executor @o N, $N M- 8z @- $N I> 2A 22 4.1 IT 5, B’ AB 9T Ns $H %Y %/ %H %k $N @Q : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 22 4.2 It J, %T %\ %C %F %# %s %0 IU $- LU J, 2r : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 31 5 7k O@ 37 ;2 9M J8 8% Fb MF 9< 35 K\ O@ J8 $G $O !$ J, ;6 %a %b %j 7? $N JB Ns 7W ;; 5! $K BP $9 $k JB Ns 2= %3 %s %Q %$ %i $N !$ SPMD (Single Program Multiple Data Stream) %3 !< %I @8 @. 5; K! $K $D $$ $F =R $Y $k !% %= !< %9 %W %m %0 %i %‘ $N JB Ns 2= BP >] %k !< %W $N Cf $K !$ %$ %s %G %C %/ %9 G[ Ns $K $h $k 4V @\ %" %/ %; %9 $, B8 :_ $9 $k $H !$ IT 5, B’ $J %" %/ %; %9 %Q %? !< %s $r @8 $8 $k !% $3 $l $r C1 =c $K JB Ns 2= $9 $k $H !$ %" %/ %; %9 $9 $Y $- %G !< %? $r =j M- $9 $k %W %m %; %C 1

%5 $H !$ $= $N %W %m %; %C %5 Fb $G $N %G !< %? $N %" %I %l %9 $r <B 9T ;~ $K 2r @O $7 $F !$ %a %C %; !< %8 DL ?. $r 9T $o $J $1 $l $P $J $i $: !$ B? Bg $J %* !< %P !< %X %C %I $r @8 $: $k !% $3 $N Ld Bj $N 2r 7h K! $H $7 $F !$ %G !< %? !& %" %/ %; %9 $K 4X $9 $k <B 9T ;~ 2r @O $r $^ $H $a $F 9T $& insp e ctor $H !$ %G !< %? $N DL ?. $H K\ Mh $N %k !< %W Fb $N L? Na $r <B 9T $9 $k exe cutor $N %3 !< %I $H $r @8 @. $9 $k <j K! $, Ds 0F $5 $l $F $- $? !% $7 $+ $7 $3 $N <j K! $G $O !$ insp ector $K $* $$ $F A4 BP A4 $N %W %m %; %C %5 4V DL ?. $, I, MW $G $" $j !$ E, MQ $G $- $k %3 !< %I $N HO 0O $K $b @) 8B $, $" $k !% $3 $l $i $N Ld Bj $r 2r 7h $9 $k $? $a !$ K\ O@ J8 $G $O 5U %$ %s %G %C %/ %9 K! $H A4 8! :: K! $H $$ $& #2 $D $N insp ector $N %" %k %4 %j %: %‘ $r Ds 0F $9 $k !% 5U %$ %s %G %C %/ %9 K! $G $O !$ %$ %s %G %C %/ %9 G[ Ns $r <L A| $H $_ $J $7 !$ $= $N 5U <L A| $r <B 9T ;~ 2r @O $G Mx MQ $9 $k !% $3 $N <j K! $r MQ $$ $k $H !$ insp ector $G $N %W %m %; %C %5 4V DL ?. $, A4 $/ IT MW $H $J $k $? $a !$ <B 9T ;~ 4V $r Bg I} $K C; =L $9 $k $3 $H $, $G $- $k !% F1 ;~ $K !$ => Mh $N <j K! $G $O Insp ector/Executor @o N, $r E, MQ $G $- $J $+ $C $? %T %\ %C %F %# %s %0 IU $- $N LU J, 2r $J $I $N %W %m %0 %i %‘ $K BP $9 $k %3 !< %I $r @8 @. $9 $k $3 $H $b 2D G= $H $J $k !% $3 $3 $G !$ 5U %$ %s %G %C %/ %9 K! $K $h $k insp ector $r @8 @. $9 $k $K $O !$ 5U %$ %s %G %C %/ %9 G[ Ns $r 8z N( E* $K 5a $a $i $l $k $3 $H $, I, MW $G $" $k !% %$ %s %G %C %/ %9 G[ Ns $N @- <A $, C1 <M $G $" $l $P 5U $, 0l 0U $K Dj $^ $j !$ $^ $? !$ A4 <M $G $" $l $P 5U %$ %s %G %C %/ %9 G[ Ns $r 3J G< $9 $k 5- 21 NN 0h $N Bg $- $5 $, %3 %s %Q %$ %k ;~ $K 3N Dj $9 $k !% => $C $F !$ $3 $N $h $& $J >r 7o $r K~ $? $9 %$ %s %G %C %/ %9 G[ Ns $K BP $7 $F $O !$ $= $N 5U $r 8z N( E* $K 5a $a $k $3 $H $, 2D G= $G $" $k !% 0l J} !$ A4 8! :: K! $G $O !$ 3F %W %m %; %C %5 $, %$ %s %G %C %/ %9 G[ Ns $r A4 $F 8! :: $9 $k $3 $H $K $h $j !$ DL ?. $r IT MW $H $7 $F $$ $k !% $3 $N J} K! $G $O !$ %$ %s %G %C %/ %9 G[ Ns $N %3 %T !< $r !$ A4 $F $N %W %m %; %C %5 $G J] ;} $9 $k $? $a !$ %$ %s %G %C %/ %9 G[ Ns $N @- <A $K $h $i $: insp ector $r @8 @. $G $- $k !% $5 $i $K !$ $3 $l $i $N <j K! $N M- 8z @- $r 9b JB Ns 7W ;; 5! AP1000 >e $G I> 2A $7 $? !% $3 $N 7k 2L !$ It J, %T %\ %C %F %# %s %0 IU $- LU J, 2r $N %W %m %0 %i %‘ $G $O !$ Insp ector/Executor @o N, $r MQ $$ $J $$ >l 9g $K Hf $Y !$ 5U %$ %s %G %C %/ %9 G[ Ns K! $G :G Bg 41 G\ !$ A4 8! :: K! $G :G Bg 11 G\ $N 9b B. 2= $, C# @. $G $- $? !% $^ $? !$ => Mh $N insp ector %" %k %4 %j %: %‘ $H 5U %$ %s %G %C %/ %9 K! $H $r Hf 3S $9 $k $H !$ IT 5, B’ AB 9T Ns $H %Y %/ %H %k $N @Q $r 5a $a $k %W %m %0 %i %‘ $G !$ :G Bg 1.6 G\ $^ $G 9b B. 2= $5 $l $? !% $3 $N <B 9T 7k 2L $N 2r @O $K $h $C $F !$ IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W $N 9b B. 2= $K Insp ector/Executor @o N, $, M- 8z $G $" $k $3 $H !$ => Mh $N insp ector %" %k %4 %j %: %‘ $h $j $b 5U %$ %s %G %C %/ %9 K! $N J} $, 9b B. $G $" $k $3 $H !$ FC $K %W %m %; %C %5 Bf ?t $, A} 2C $7 $? $H $- $K M- Mx $G $" $k $H $$ $& 7k O@ $K C# $7 $? !% 2

Abstract In this pap er, the author fo cuses on parallelizing compiler techniques which generate SPMD (Single Program Multiple Data stream) co des for distributed memory computers. Indirect accesses with index arrays in target parallel lo ops bring ab out irregular access patterns. In naive parallelization for such lo ops, run-time analysis is required to determine the pro cessor owning data to b e accessed and the address of the data. And then the inter-processor communication to access the data is carried out. Since the analysis is p erformed just b efore the data is accessed, the latency of the communication cannot b e hidden, and the p erformance is terribly degraded. T o solve this problems, co de generating technique based on Insp ector/Executor strategy has b een prop osed. This technique generates an insp e ctor , which collectively analyzes whole data accesses in the lo op and an exe cutor , which p erforms data communications and the actual execution of the lo op. In this technique, ho w ev er, the insp ector must p erform all-to-all global comm unications. F urthermore, a ma jor class of programs, including the LU decomp osition with pivoting, cannot b e compiled. In order to resolv e these drawbac ks, the author prop oses tw o insp ector algorithms, inverse index metho d and exhaust insp e ction metho d . In the inv erse index metho d, an index array is regarded as a mapping, and the inv erse of the mapping is exploited at the run-time analysis. With this metho d, all the communications in the insp ector are eliminated and the execution time is shortened substan tially . In addition, it b ecomes p ossible to generate parallelized co des for programs such as the LU decomp osition with pivoting, to which the conv en tional Insp ector/Executor strategy has not b een applicable. In order to generate the insp ector with the in v erse index metho d, it is necessary to obtain the inv erse array e�ciently . If an index arra y is an injection, the inv erse corresp onds de�nitely . On the other hand, if an index array is a surjection, the size of memory area for the inv erse array is determined at compile-time. F or index arra ys satisfying such conditions, it is p ossible to obtain the inv erses e�ciently . In the exhaust insp ection metho d, each pro cessor keeps a copy of the index array to analyze the access pattern without communication. Therefore this metho d do esn’t need in v erse indices and is applicable to any t yp es of programs regardless of the prop erty of the index arrays. The author ev aluated the e�ectiveness of these metho ds on the highly parallel computer AP1000. F or the LU decomp osition program with partial pivoting, the inv erse index and exhaust insp ection metho ds improv e the p erformance 41 and 11 times resp ectively , as compared with the co de without the Insp ector/Executor strategy . As for the comparison of the inv erse index metho d with the conv en tional one, it is prov ed that the co de with the former is 1.6 times as fast as with the latter, in the case of the irregular sparse matrix-vector multiply . As the result of the ev aluation, it is concluded that the Insp ector/Executor strategy is e�ectiv e for fast implementation of parallelized lo ops with irregular accesses. It is also pro v ed that the co des with the in v erse index metho d are faster than those with conv en tional one, esp ecially when the num ber of pro cessors is increased. 1 =o O@ 2J 3X 5; =Q 7W ;; $K Be I= $5 $l $k 9b @- G= 7W ;; (High Performance Computing) $K $* $$ $F $O !$ B? Bg $J 7W ;; NL $, I, MW $H $5 $l $k !% 7W ;; 5! $, CB @8 $7 $F 0J Mh !$ 2J 3X 5; =Q 7W ;; $+ $i $N 7W ;; 5! $N =h M} B. EY $N 8~ >e $X $N MW @A $, !$ 9b B. $J 7W ;; 5! $r @8 $_ =P $7 $F $- $? !% 3

8= :_ $G $O !$ 1i ;; %Q %$ %W %i %$ %s J} <0 $N %Y %/ %H %k 7W ;; 5! $, 2J 3X 5; =Q 7W ;; $K B? MQ $5 $l $F $$ $k $, !$ $3 $N J} <0 $K $h $k $5 $i $J $k 9b B. 2= $K $O 8B 3& $, $" $k $H 8@ $o $l $F $$ $k !% $= $N $? $a !$ B? ?t $N %W %m %; %C %5 $r 7k 9g $7 $? JB Ns 7W ;; 5! $N 8& 5f !$ 3+ H/ $, @9 $s $K 9T $o $l $F $* $j !$ Cf $G $b !$ J, ;6 %a %b %j 7? $N JB Ns 7W ;; 5! $K $D $$ $F $O !$ B? ?t $N >& MQ 5! $, 3+ H/ $5 $l $F $$ $k !% $7 $+ $7 !$ J, ;6 %a %b %j 7? JB Ns 7W ;; 5! $N %O !< %I %& %’ %" $N ?J Jb $K Hf $Y !$ $= $N %= %U %H %& %’ %" 5; =Q $O CY $l $r $H $C $F $$ $k !% $= $N $? $a !$ 7W ;; 5! $N %f !< %6 $N %W %m %0 %i %‘ :n @. $K Ii C4 $r 2] $9 7k 2L $H $J $j !$ $3 $N J} <0 $N JB Ns 7W ;; 5! $N Ia 5Z $N K8 $2 $H $J $C $F $$ $k !% %= %U %H %& %’ %" 5; =Q $K 4X $9 $k :G Bg $N Ld Bj $O !$ 6& M- %a %b %j 6u 4V $r %5 %] !< %H $9 $k $? $a $N %= %U %H %& %’ %" $N 5; K! $, 3N N) $5 $l $F $$ $J $$ $3 $H $G $" $k !% C‘ <! %W %m %0 %i %‘ $O 6& M- %a %b %j 6u 4V $N %b %G %k >e $G :n @. $5 $l $F $* $j !$ $= $N %W %m %0 %i %‘ $r JB Ns 7W ;; 5! >e $G <B 9T $9 $k $K $O !$ J* M} E* $J J, ;6 %a %b %j 6u 4V $X $N 8z 2L E* $J %^ %C %T %s %0 $, I, MW $H $5 $l $k !% $3 $N 6& M- %a %b %j 6u 4V $N 8z N( E* $J %5 %] !< %H $O !$ SPMD(Single Program Multiple Data stream) $N %b %G %k $K 4p $E $/ JB Ns 2= %3 %s %Q %$ %i $N 8& 5f $K $* $1 $k =E MW $J 2] Bj $N 0l $D $G $" $j !$ 8= :_ $^ $G $K F ortran D[1], Kali[2], P AR TI[3], Data Parallel C[4], Crystal[5], DINO[6], SUPERB[7] $J $I $N JB Ns 8@ 8l !$ $* $h $S $= $N %3 %s %Q %$ %i %7 %9 %F %‘ $G !$ MM !9 $J ;n $_ $, $J $5 $l $F $$ $k !% $7 $+ $7 !$ %3 %s %Q %$ %k ;~ $N 2r @O $K $h $C $F F@ $i $l $k >p Js $r 3h MQ $9 $k 5; K! $O ?t B? $/ Ds 0F $5 $l $F $$ $k $, !$ <B 9T ;~ 2r @O $, I, MW $J %W %m %0 %i %‘ $N JB Ns 2= $K $O !$ B? $/ $N 2] Bj $, ;D $5 $l $F $$ $k !% $= $3 $G K\ 8& 5f $G $O !$ <B 9T ;~ 2r @O $r I, MW $H $9 $k IT 5, B’ %" %/ %; %9 $r 4^ $‘ %k !< %W $K BP $9 $k %3 !< %I @8 @. 5; K! $r <h $j >e $2 $k !% $3 $N $h $& $J %k !< %W $K BP $7 $F $O !$ Insp ector/Executor $H $$ $& %3 !< %I @8 @. @o N, $, Ds 0F $5 $l $F $- $? !% K\ O@ J8 $G $O !$ $3 $N @o N, $K $D $$ $F 9M ;! $7 !$ <B 9T ;~ 2r @O $K $* $1 $k A4 BP A4 DL ?. $r IT MW $K $9 $k $3 $H !$ E, MQ 2D G= $J %3 !< %I $N @) 8B $r <h $j =| $/ $3 $H $r Ds 0F $9 $k !% K\ O@ J8 $G $O !$ 2 >O $G !$ 2f !9 $, 3+ H/ Cf $N JB Ns 2= %3 %s %Q %$ %i %7 %9 %F %‘ $N 4p K\ J} ?K $H !$ DOALL 7? %k !< %W Fb $K 5/ $3 $k IT 5, B’ %" %/ %; %9 !$ $* $h $S $3 $N $h $& $J %k !< %W $K BP $9 $k Insp ector/Executor $K $h $k %3 !< %I @8 @. @o N, $r >R 2p $9 $k !% 3 >O $G $O !$ $3 $N @o N, $N insp ector It J, $N => Mh $N %" %k %4 %j %: %‘ $K $* $$ $F !$ A4 BP A4 DL ?. $, I, MW $G $" $k !$ E, MQ 2D G= $J %3 !< %I $K @) 8B $, $" $k $H $$ $& Ld Bj E@ $r <h $j =| $/ 5U %$ %s %G %C %/ %9 K! $H !$ A4 8! :: K! $H $$ $& <j K! $r Ds 0F $9 $k !% $5 $i $K !$ $= $l $i $, @8 @. 2D G= $J %= !< %9 %3 !< %I $K $D $$ $F $b 5D O@ $9 $k !% 4 >O $G $O !$ Ds 0F $7 $? <j K! $N AB 9T Ns $N @Q $d 9T Ns $N LU J, 2r $H $$ $C $? <B :] $N Nc Bj $X $N E, MQ $H !$ $= $N @- G= I> 2A $K $D $$ $F =R $Y $k !% :G 8e $K 5 >O $G Am 3g $r 9T $$ !$ :# 8e $N 2] Bj $K $b ?( $l $k !% 2 JB Ns 2= %3 %s %Q %$ %i %7 %9 %F %‘ 2.1 JB Ns 2= %3 %s %Q %$ %i %7 %9 %F %‘ $N 35 MW JB Ns 7W ;; 5! >e $G 2T F/ $9 $k %W %m %0 %i %‘ $N :n @. $K $* $$ $F $O !$ � C‘ <! %W %m %0 %i %‘ $r %3 %s %Q %$ %i %7 %9 %F %‘ $K $h $C $F <+ F0 !? H> <+ F0 E* $K JB Ns 2= $9 $k !% � JB Ns @- $r M[ $K 5- =R 2D G= $J JB Ns 8@ 8l $K $h $k %W %m %0 %i %‘ $r %? !< %2 %C %H %^ %7 %s $X %3 %s %Q %$ %k $9 $k !% $H $$ $& #2 $D $N 0[ $J $C $? %" %W %m !< %A $, $H $i $l $F $$ $k !% A0 <T $O !$ 4{ B8 $N C‘ <! %W %m %0 %i %‘ $r 7Q B3 $7 $F Mx MQ $G $- $k $H $$ $& Mx E@ $, $" $k !% $3 $l $K BP $7 $F !$ 8e <T $N JB Ns 8@ 8l CSP[8] !$ ABCL/1[9] !$ Linda[10] !$ Orca[11] $J $I $G $O !$ JB Ns @- $, M[ $K 5- =R $G $- $k $N $G !$ %" %k %4 %j %: %‘ $, K\ <A E* $K JB Ns $G $" $k Ld Bj $K BP $7 $F MQ $$ $i $l $k !% 2J 3X 5; =Q 7W ;; $G $O !$ C‘ <! %W %m %0 %i %‘ $+ $i %G !< %? JB Ns @- $, 0z $- =P $; $k $? $a !$ A0 <T $N %" %W %m !< %A $K $h $k %W %m %0 %i %‘ $N JB Ns 2= $K $h $C $F !$ 9b $$ @- G= $r F@ $k $3 $H $, 2D G= $G $" $k !% $= $3 $G !$ 2f !9 $O !$ $3 $N %" %W %m !< %A $K 4p $E $/ %W %m %0 %i %‘ JB Ns 2= ;Y 1g %7 %9 %F %‘ $N 3+ H/ $r 9T $C $F $$ $k [12] !% $3 $N ;Y 1g %7 %9 %F %‘ $G $O !$ 0M B8 2r @O $J $I $G 8! =P $5 $l $k JB Ns @- $H %W %m %0 %i %^ $N ;X Dj $K $h $k JB Ns @- $H $r E} 9g $7 $F !$ 9b @- G= $J JB Ns %W %m %0 %i %‘ $r @8 @. $9 $k %7 %9 %F %‘ $r 9= C[ $9 $k $3 $H $r L\ ;X $7 $F $$ $k !% 4

2J 3X 5; =Q 7W ;; $K $* $$ $F $O !$ <B 9T ;~ 4V $N Bg It J, $, %k !< %W Fb $G $N 9T Ns $K BP $9 $k A‘ :n $d !$ 1i ;; $K Hq $d $5 $l $k !% %k !< %W It J, $O !$ :Y N3 EY $G 5, B’ @- $r $b $D JB Ns @- $r Fb :_ $7 $F $$ $k $? $a !$ G[ Ns $N MW AG $K !$ 0l @F $K F1 0l $N A‘ :n $r E, MQ $9 $k $H $$ $& SIMD E* $J %G !< %? JB Ns @- $r MF 0W $K 0z $- =P $9 $3 $H $, $G $- $k !% $= $3 $G !$ A4 $F $N %W %m %; %C %5 $, F1 0l $N %W %m %0 %i %‘ $r <B 9T $7 !$ %k !< %W It J, $r SIMD E* $K 3F %W %m %; %C %5 $K 3d $j Ev $F $k SPMD %b %G %k $K $h $k %W %m %0 %i %‘ $N JB Ns 2= $, M- 8z $H $J $k !% $3 $l $r MIMD 7? $N 7W ;; 5! $G 2T F/ $5 $; $k $H !$ %G !< %? $N ;2 >H 4X 78 $K $h $C $F %W %m %; %C %5 4V $N F1 4| $, $H $i $l $k $H $$ $& !$ %G !< %? %U %m !< E* $J <B 9T $, 9T $o $l !$ SIMD %b %G %k $G $N <B 9T $K $b $? $i $5 $l $k F1 4| $r GS =| $G $- $k !% $3 $N $h $& $K SPMD $N %W %m %0 %i %‘ $O !$ C‘ <! %W %m %0 %i %‘ $+ $i $N JQ 99 $, >/ $J $/ !$ F1 ;~ $K JB Ns 2= $K $h $k 9b B. 2= $, F@ $i $l $k $H $$ $& FC D’ $r ;} $D !% $5 $F !$ SPMD $N %3 !< %I $N @8 @. $K $* $$ $F $O !$ JB Ns @- $r :G Bg 8B $K 0z $- =P $; $k $h $& $K !$ Bg 5, LO $J G[ Ns $r J, 3d $7 $F 3F C1 0L %W %m %; %C %5 $K 3d IU $1 $k I, MW $, $" $k !% $7 $+ $7 !$ %a %C %; !< %8 8r 49 7? $N J, ;6 %a %b %j 7? JB Ns 7W ;; 5! $K $* $$ $F 2T F/ $9 $k %W %m %0 %i %‘ $G $O !$ %a %b %j 6u 4V $K 6& M- It J, $, $J $/ !$ %W %m %; %C %5 4V $N %G !< %? $N 6& M- $O %a %C %; !< %8 DL ?. $K $h $C $F 9T $o $J $1 $l $P $J $i $J $$ !% $= $N $? $a !$ %a %C %; !< %8 DL ?. $K $h $k %* !< %P !< %X %C %I $, !$ %W %m %0 %i %‘ $N <B 9T @- G= $N Dc 2< $r $b $? $i $9 !% $= $l $f $( !$ %G !< %? J, 3d K! $r 7h Dj $9 $k $K $O !$ %W %m %; %C %5 Fb $N =h M} NL $N N3 EY (granularit y) !$ %W %m %; %C %5 4V $N %a %C %; !< %8 DL ?. NL !$ F1 4| $K MW $9 $k BT $A ;~ 4V !$ Ii 2Y J, ;6 $J $I $N =t MW AG $r 4* 0F $7 $J $1 $l $P $J $i $: !$ %G !< %? J, 3d K! $r <+ F0 E* $K 7h Dj $9 $k $N $O :$ Fq $G $" $k !% $= $3 $G 2f !9 $O !$ � C‘ <! %W %m %0 %i %‘ !$ JB Ns %W %m %0 %i %‘ $N %H %l !< %9 $H %G !< %? 0M B8 2r @O $K $h $C $F !$ :G E, $J %G !< %? J, 3d $N 7h Dj $N $? $a $N >p Js $r %f !< %6 $K M? $( $k !% � %f !< %6 $+ $i M? $( $i $l $? %G !< %? J, 3d >p Js $K 4p $E $- !$ :G E, $J JB Ns 2= %3 !< %I $r @8 @. $9 $k !% $H $$ $& #2 $D $N %U %’ !< %: $K J, $1 $F 8& 5f $r ?J $a $F $* $j !$ >- Mh $O $3 $l $i $N %U %’ !< %: $r E} 9g $7 $F !$ <+ F0 JB Ns 2= %3 %s %Q %$ %i $r 40 @. $5 $; $k $3 $H $r L\ I8 $K $7 $F $$ $k !% K\ 8& 5f $N BP >] $G $O !$ 8e <T $N %3 !< %I @8 @. $K $* $1 $k %3 %s %Q %$ %k 5; K! $r BP >] $H $9 $k !% %G !< %? J, 3d $O %G %# %l %/ %F %# %V $J $I $G ;X Dj $5 $l $F $$ $k FOR TRAN $J $I $N <j B3 $- 7? 8@ 8l $G 5- =R $5 $l $? C‘ <! %W %m %0 %i %‘ $r BP >] $H $9 $k !% $^ $? !$ %W %m %0 %i %‘ Cf $N %G !< %? 0M B8 4X 78 $K $h $k JB Ns @- $N Cj =P $J $I $O !$ %= !< %9 %W %m %0 %i %‘ $N 2r @O $K $h $C $F 9T $o $l !$ $3 $l $i $N >p Js $, $9 $G $K F@ $i $l $F $$ $k $3 $H $r A0 Ds $H $9 $k !% 2.2 JB Ns 2= %3 !< %I $N @8 @. $N 4p K\ @o N, 2.2.1 4p K\ @o N, JB Ns 2= %3 !< %I $N @8 @. $O !$ � %G !< %? J, 3d $K 4p $E $/ %W %m %; %C %5 $X $N %G !< %? 3d $j IU $1 � 3d $j IU $1 $i $l $? %G !< %? $K BP 1~ $9 $k %3 !< %I $N @8 @. { 3F L? Na $N %W %m %; %C %5 $X $N 3d $j IU $1 { %G !< %? ;2 >H $K H< $& %a %C %; !< %8 DL ?. $N %3 !< %I $N A^ F~ $H $$ $& %U %’ !< %: $K J, $+ $l $k !% 0J 2< !$ $3 $l $i $N 4p K\ @o N, $K $D $$ $F =R $Y $k !% %G !< %? J, 3d $K BP $9 $k A0 Ds >r 7o G[ Ns $N J, 3d K! $H $7 $F $O !$ ?^ 1 $K <( $9 $h $& $K !$ BLOCK,CYCLIC J, 3d $, M- 8z $G $" $k $3 $H $, 7P 83 E* $K CN $i $l $F $$ $k [13] !% K\ %3 %s %Q %$ %i $K $* $$ $F $b !$ Ev LL $O $3 $N #2 <o N‘ $N J, 3d $r BP >] $H $9 $k !% $3 $l $i $N J, 3d $O !$ 3F %W %m %; %C %5 $X =h M} NL $r 6Q Ey $K J, G[ $9 $k $3 $H $r 0U ?^ $7 $F $$ $k !% BLOCK J, 3d $G $O !$ NY @\ $7 $? G[ Ns $N MW AG 4V $N =h M} $, F1 0l $N %W %m %; %C %5 $G 9T $o $l $k $3 $H $G !$ DL ?. NL $N Dc 8: $r ?^ $j !$ DL ?. $, I, MW $J >l 5

?^ 1: %G !< %? J, 3d K! ( %W %m %; %C %5 ?t 64) 9g $G $b !$ $G $- $k $@ $1 NY @\ DL ?. $r B? $/ $9 $k $3 $H $, $G $- $k !% CYCLIC J, 3d $G $O !$ =h M} $, G[ Ns $N 0l It J, $K JP $k $h $& $J >l 9g $K !$ =h M} $, $G $- $k $@ $1 6Q Ey $K J, G[ $5 $l $k $3 $H $r $M $i $C $? $b $N $G $" $k !% $3 $N $h $& $J 5, B’ E* $J J, 3d K! $r :N MQ $9 $k $H !$ %G !< %? $N %W %m %; %C %5 $X $N 3d $j IU $1 $O %3 %s %Q %$ %k ;~ $K 9T $& $3 $H $, $G $- $k !% %3 %s %Q %$ %i $X $N ;X Dj $O !$ G[ Ns $K BP $9 $k %G %# %l %/ %F %# %V $K $h $C $F 9T $& !% L? Na $N %W %m %; %C %5 $X $N 3d $j IU $1 3d $j IU $1 $i $l $? %G !< %? $K BP 1~ $9 $k %3 !< %I @8 @. $K $O !$ Owner computes Rule[1] $K 4p $E $/ <j K! $r :N MQ $9 $k !% $3 $l $O !$ J, 3d $5 $l $? G[ Ns %G !< %? $r J] ;} $9 $k %W %m %; %C %5 ( owner ) $, $= $N %G !< %? $r %" %/ %; %9 $9 $k J8 $r <B 9T $9 $k $h $& $K !$ %3 !< %I $r @8 @. $9 $k $H $$ $& @o N, $G $" $k !% Be F~ J8 $G $O !$ 86 B’ $H $7 $F :8 JU $N %G !< %? $r =j M- $9 $k %W %m %; %C %5 $, <B 9T $9 $k !% => $C $F !$ Bg 5, LO $J G[ Ns $r %" %/ %; %9 $9 $k %k !< %W $G $O J, 3d $5 $l $? G[ Ns $N MW AG $N owner $, !$ $= $N MW AG $r %" %/ %; %9 $9 $k %$ %? %l !< %7 %g %s $r <B 9T $9 $k !% %a %C %; !< %8 DL ?. $N %3 !< %I $N A^ F~ %" %/ %; %9 $9 $Y $- %G !< %? $, %W %m %; %C %5 Fb $K $" $k $+ !$ B> $N %W %m %; %C %5 $H $N %a %C %; !< %8 DL ?. $K $h $C $F F@ $i $l $k $+ $N H= Dj $O 86 B’ $H $7 $F %3 %s %Q %$ %k ;~ $K 9T $o $l $k !% $= $N 7k 2L !$ I, MW $G $" $l $P %a %C %; !< %8 DL ?. $N %3 !< %I $, @8 @. $5 $l $k !% 2.2.2 JB Ns 2= %3 !< %I $N @8 @. Nc A0 @a $G <( $7 $? 4p K\ @o N, $K 4p $E $/ JB Ns 2= %3 !< %I $N @8 @. $r !$ ?^ 2 $K <( $9 DO ALL 7? %k !< %W $r 4 %W %m %; %C %5 $G JB Ns $K <B 9T $9 $k >l 9g $G @b L@ $9 $k !% $^ $: !$ G[ Ns a,b,c $, 25 MW AG $E $D 3F %W %m %; %C %5 $K 3d $j IU $1 $i $l !$ <! $K !$ $3 $N J, 3d $K => $C $F !$ ?^ 3 $N $h $& $J %k !< %W $N %3 !< %I $, @8 @. $5 $l $k !% B( $A !$ %W %m %; %C %5 1 $K $* $$ $F C‘ <! %k !< %W $N i=1 $+ $i 25 $^ $G $N %$ %? %l !< %7 %g %s $, !$ F1 MM $K %W %m %; %C %5 2, 3, 4 $K $* $$ $F $= $l $> $l i=26 $+ $i 50 !$ 51 $+ $i 75 !$ 76 $+ $i 99 $N %$ %? %l !< %7 %g %s $, <B 9T $5 $l $k !% $3 $N Nc $G $O !$ %W %m %; %C %5 1,2,3 $K $* $$ $F !$ i=25 $N $H $- $N c(i+1) $r DL ?. $K $h $C $F 5a $a $k I, MW $, $" $k !% $3 $l $i $N c(i+1) $O $= $l $> $l !$ %W %m %; %C %5 2,3,4 $K $* $1 $k c(1) $N CM $G $" $k !% $= $3 $G !$ ?^ 4 $N $h $& $K !$ %a %C %; !< %8 DL ?. $N %3 !< %I $, A^ F~ $5 $l $k !% 6 integer a(100),b(100),c(100) decomp osition d(100) align a(i) b(i) c(i) with d(i) distribute d(block) do i=1,99 a(i) = b(i) * c(i+1) enddo ?^ 2: DO ALL 7? $N C‘ <! %k !< %W integer a(25),b(25),c(25) f %$ %? %l !< %7 %g %s 2s ?t $N 7h Dj g if PE_no = 4 then endi = 24 else endi = 25 endif do i=1,endi a(i) = b(i) * c(i+1) enddo ?^ 3: JB Ns 2= $5 $l $? %k !< %W (1) 7 integer a(25),b(25),c(25) f c(1) $N Aw ?. g if pe = 2 or 3 or 4 then send(c(1), pe_number-1) endif if PE_no = 4 then endi = 24 else endi = 25 endif do i=1,endi f c(26) $N <u ?. g if pe = 1,2,3 and i = 25 then recv(c(26), pe+1) endif a(i) = b(i) * c(i+1) enddo ?^ 4: JB Ns 2= $5 $l $? %k !< %W (2) 8

2.3 IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W G[ Ns $N E: ;z Fb $N @0 ?t 7? G[ Ns $K $h $k %$ %s %G %C %/ %9 ;2 >H $, B8 :_ $9 $k >l 9g !$ %" %/ %; %9 $9 $Y $- %G !< %? $N 0L CV $, <B 9T ;~ $K 7h Dj $5 $l $k $? $a !$ %3 %s %Q %$ %k ;~ $K %W %m %; %C %5 4V $N %a %C %; !< %8 DL ?. $r 7h Dj $G $- $J $$ !% $3 $N $h $& $J %G !< %? %" %/ %; %9 $r K\ 9F $G $O !$ IT 5, B’ %" %/ %; %9 (irregular accesses) 1 $H 8F $V !% It J, %T %\ %C %F %# %s %0 IU $- $N LU J, 2r 2 !$ AB 9T Ns $N =h M} $J $I !$ Hs >o $K $h $/ ;H $o $l $k %W %m %0 %i %‘ $N Cf $K $b !$ IT 5, B’ %" %/ %; %9 $r 4^ $‘ $b $N $, B? $$ !% $3 $N $h $& $J IT 5, B’ %" %/ %; %9 $r 4^ $‘ DOALL 7? %k !< %W $K BP $9 $k %3 !< %I @8 @. $r <! $N $h $& $J Nc $G @b L@ $9 $k !% do i=1,N a(i) = b(index(i)); enddo G[ Ns %G !< %? $N J, 3d $O !$ a(i) !$ b(i) !$ index(i) $, !$ F1 $8 %W %m %; %C %5 $K 3d $j IU $1 $i $l $k $h $& $K 9T $o $l $k $b $N $H $9 $k !% Data Owner Compute Rule $K 4p $E $$ $F !$ a(i) $r J] ;} $9 $k %W %m %; %C %5 $, i HV L\ $N %$ %? %l !< %7 %g %s $r <B 9T $9 $k $3 $H $O !$ %3 %s %Q %$ %k ;~ $K 7h Dj $G $- $k $, !$ b(index(i)) $r J] ;} $9 $k %W %m %; %C %5 $O <B 9T ;~ $K $J $i $J $1 $l $P 3N Dj $7 $J $$ !% $= $N $? $a !$ b(index(i)) $r Aw ?. $9 $k %W %m %; %C %5 $O <B 9T ;~ $K 7h Dj $5 $l $k !% $9 $k $H !$ %k !< %W $N <B 9T $O !$ A0 @a $N Nc $N $h $& $K %W %m %; %C %5 $K %$ %? %l !< %7 %g %s $r J, G[ $9 $k $3 $H $O $G $- $: !$ A4 $F $N %W %m %; %C %5 $K $* $$ $F !$ 0J 2< $N =h M} $, 3F %$ %? %l !< %7 %g %s $4 $H $K 9T $o $l $k !% 1. <+ J, $, %$ %s %G %C %/ %9 G[ Ns index(i) $r J] ;} $7 $F $$ $? $i !$ $= $l $r A4 $F $N %W %m %; %C %5 $K %V %m !< %I %- %c %9 %H $9 $k !% B( $A A4 $F $N %W %m %; %C %5 $, !$ $I $N %W %m %; %C %5 $K b(index(i)) $, J] ;} $5 $l $F $$ $k $+ $H $$ $& >p Js $r F@ $k $3 $H $K $J $k !% 2. %V %m !< %I %- %c %9 %H $5 $l $? %$ %s %G %C %/ %9 G[ Ns $N CM $r $b $H $K !$ <+ J, $, Ev 3: G[ Ns $N CM b(index(i)) $r J] ;} $7 $F $$ $k $+ $I $& $+ 8! :: $7 !$ J] ;} $7 $F $$ $l $P !$ a(i) $r J] ;} $9 $k %W %m %; %C %5 $X $= $N CM $r Aw ?. $9 $k !% 3. a(i) $r J] ;} $9 $k %W %m %; %C %5 $, !$ b(index(i)) $N CM $r <u ?. $7 !$ Be F~ J8 $r <B 9T $9 $k !% :# $N Nc $O !$ Be F~ J8 $N 1& JU $K 8= $l $k G[ Ns $N E: ;z <0 Fb $K G[ Ns $, B8 :_ $9 $k >l 9g $G $" $C $? $, !$ $5 $i $K :8 JU $N G[ Ns $N E: ;z <0 $K $b G[ Ns $, B8 :_ $9 $k >l 9g $K $D $$ $F $b 9M ;! $9 $k !% do i=1,N-1 a(index(i)) = b(index(i+1)); enddo :8 JU $N G[ Ns $, %$ %s %G %C %/ %9 ;2 >H $5 $l $k $H !$ a(index(i)) $N owner $b <B 9T ;~ $K $J $i $J $1 $l $P 3N Dj $7 $J $$ $? $a !$ b(index(i+1)) $N Aw <u ?. %W %m %; %C %5 $H $b <B 9T ;~ $K $J $i $J $1 $l $P 3N Dj $7 $J $$ !% $f $( $K !$ A4 $F $N %W %m %; %C %5 $K $* $$ $F !$ 0J 2< $N =h M} $, 3F %$ %? %l !< %7 %g %s $4 $H $K 9T $o $l $k !% 1. <+ %W %m %; %C %5 $, %$ %s %G %C %/ %9 G[ Ns index(i) $r J] ;} $7 $F $$ $? $i !$ $= $l $r A4 $F $N %W %m %; %C %5 $K %V %m !< %I %- %c %9 %H $9 $k !% 2. <+ %W %m %; %C %5 $, %$ %s %G %C %/ %9 G[ Ns index(i+1) $r J] ;} $7 $F $$ $? $i !$ $= $l $r A4 $F $N %W %m %; %C %5 $K %V %m !< %I %- %c %9 %H $9 $k !% 1 irregular computaion[14] !$ irregular problems[3] !$ irregular communication patterns[15] $J $I $N MQ 8l $b ;H $o $l $F $$ $k !% 2 0J 2< !$ LU J, 2r $H $$ $& >l 9g !$ FC $K CG $i $J $$ 8B $j It J, %T %\ %C %F %# %s %0 IU $- $N $b $N $r ;X $9 !% 9

3. %V %m !< %I %- %c %9 %H $5 $l $? %$ %s %G %C %/ %9 G[ Ns $N CM index(i+1) $r $b $H $K !$ Ev 3: G[ Ns $N CM b(index(i+1)) $r J] ;} $7 $F $$ $k $+ $I $& $+ 8! :: $7 !$ J] ;} $7 $F $$ $l $P !$ %V %m !< %I %- %c %9 %H $5 $l $? %$ %s %G %C %/ %9 G[ Ns $N CM index(i) $r 8! :: $7 $F !$ Aw ?. @h %W %m %; %C %5 $r 3N Dj $7 !$ b(index(i+1)) $r Aw ?. $9 $k !% 4. index(i) $r 8! :: $7 $F !$ <+ J, $, a(index(i)) $N owner $G $" $k $+ $I $& $+ 8! :: $7 !$ owner $G $" $l $P !$ %a %C %; !< %8 b(index(i+1)) $r <u ?. $7 Be F~ J8 $r <B 9T $9 $k !% $3 $N Nc $G $O !$ Be F~ J8 $N N> JU $K %$ %s %G %C %/ %9 G[ Ns $, B8 :_ $9 $k $N $G !$ #2 2s $N %V %m !< %I %- %c %9 %H $, I, MW $H $J $k !% $3 $N $h $& $K !$ C1 =c $K %3 !< %I $r @8 @. $9 $k $H !$ %G !< %? %" %/ %; %9 $N EY $K !$ G[ Ns $N CM $N DL ?. $r I, MW $H $7 $J $$ >l 9g $G $b !$ %$ %s %G %C %/ %9 G[ Ns $N %V %m !< %I %- %c %9 %H $, I, MW $H $J $k !% %V %m !< %I %- %c %9 %H $N %3 %9 %H $O Hs >o $K Bg $- $J $b $N $G $" $j !$ @- G= Dc 2< $r >7 $/ MW 0x $H $J $k !% index(i) $O !$ 85 $N C‘ <! %W %m %0 %i %‘ $K $* $$ $F !$ 0l <o $N %" %I %l %9 JQ 49 %F !< %V %k $N Lr 3d $r ;} $C $F $$ $k !% J, ;6 %a %b %j 7? 7W ;; 5! $G $O !$ $3 $N %" %I %l %9 JQ 49 %F !< %V %k $N >p Js $r %W %m %; %C %5 4V $G 6& M- $G $- $J $$ $? $a $K !$ %V %m !< %I %- %c %9 %H $K $h $C $F $= $l $r Jd $C $F $$ $k $H $$ $& $3 $H $, $$ $( $k !% <! @a $G $O !$ $3 $N $h $& $J IT 5, B’ %" %/ %; %9 $, !$ DOALL 7? %k !< %W Fb $K 8= $l $k >l 9g $N 9b B. 2= <j K! $G $" $k Insp ec- tor/Executor @o N, $r MQ $$ $? %3 !< %I @8 @. K! $K $D $$ $F =R $Y $k !% 2.4 Insp ector/Executor @o N, %W %m %; %C %5 4V DL ?. $r H< $& %G !< %? ;2 >H $G $O !$ %G !< %? $N Aw ?. <T !$ <u ?. <T $N %W %m %; %C %5 $, 3N Dj $5 $l $J $1 $l $P $J $i $J $$ !% %$ %s %G %C %/ %9 G[ Ns $N CM $O <B 9T ;~ $K JQ 99 $5 $l $F $$ $k 2D G= @- $, $" $k $? $a !$ %$ %s %G %C %/ %9 G[ Ns $r E: ;z $K 4^ $‘ G[ Ns %G !< %? $X $N %" %/ %; %9 $, 5/ $3 $k $H !$ Aw <u ?. $N N> %W %m %; %C %5 $O <B 9T ;~ $G $J $1 $l $P 3N Dj $G $- $J $$ !% 2.3 @a $G =R $Y $? $h $& $K !$ <B 9T ;~ $N %G !< %? %" %/ %; %9 $N EY $K Aw <u ?. %W %m %; %C %5 $r 3N Dj $9 $k $H !$ %* !< %P !< %X %C %I $, Bg $- $$ !% $= $N $? $a !$ DOALL 7? %k !< %W $K BP $7 $F !$ @h $K %W %m %; %C %5 4V DL ?. $r H< $& %G !< %? ;2 >H $r 8! :: $9 $k insp e ctor $r <B 9T $7 !$ 0z $- B3 $$ $F 1i ;; $= $N $b $N $r 9T $& exe cutor $r <B 9T $9 $k $H $$ $& %3 !< %I @8 @. K! $, Ds 0F $5 $l $F $$ $k [2] !% K\ O@ J8 $G $O $3 $N %3 !< %I @8 @. @o N, $r Insp e ctor/Exe cutor @o N, $H 8F $V !% ?^ 5 $K !$ %W %m %; %C %5 p $K $* $1 $k %3 !< %I $N 35 MW $r <( $9 !% $J $* !$ $3 $N Cf $G !$ %W %m %; %C %5 q $O !$ p 6 = q $H $J $k G$ 0U $N %W %m %; %C %5 $G $" $k !% executor $G $O !$ Aw ?. $9 $Y $- %G !< %? $r @h Aw $j $7 !$ DL ?. $, 9T $o $l $F $$ $k 4V $K DL ?. $r H< $& %G !< %? !& %" %/ %; %9 $r I, MW $H $7 $J $$ %$ %? %l !< %7 %g %s l ocal iter ( p ) $r <B 9T $9 $k !% $D $$ $G I, MW $H $9 $k %G !< %? $r <u ?. $7 !$ ;D $j $N %$ %? %l !< %7 %g %s nonl ocal iter ( p ) $r <B 9T $9 $k !% $3 $N $h $& $K !$ executor $K $* $$ $F !$ $" $k %W %m %; %C %5 p $+ $i q $X $N DL ?. $r 0l EY $K $^ $H $a $F !$ DL ?. %* !< %P %X %C %I $r Dc 8: $9 $k $H $H $b $K !$ %k !< %W $N %$ %? %l !< %7 %g %s $N <B 9T =g =x $r JQ 99 $7 $F !$ DL ?. $N %l %$ %F %s %7 $N 1# JC $r ?^ $C $F $$ $k !% insp ector $O $3 $l $i $N <B 8= $N $? $a $N A0 =h M} $H $$ $& Lr 3d $r ;} $D !% 2.5 MQ 8l !& =8 9g $N Dj 5A $3 $N @a $G $O !$ <! >O 0J 9_ $N 5D O@ $N $? $a !$ ?^ 6 $K <( $9 JB Ns <B 9T 2D G= $J %3 !< %I $K $D $$ $F !$ MQ 8l $N Dj 5A $H !$ J8 8% [2, 14] $N Dj 5A $K => $C $? E: ;z $H %$ %? %l !< %7 %g %s $N =8 9g $r Dj 5A $r 9T $& !% $J $* !$ ?^ 6 $N %3 !< %I $K $* $$ $F !$ ~ k $J $I $N $h $& $K %Y %/ %H %k I= 5- $H $J $C $F $$ $k $N $O !$ B? =E %k !< %W $r I= 8= $9 $k $? $a $G $" $k !% $^ $? !$ � $O !$ 1& JU $N 9‘ $N OB $d @Q $J $I $N 1i ;; $r I= $9 !% MQ 8l $N Dj 5A iter set ( ~ k ) ~ l $+ $i ~ m $^ $G !$ %9 %F %C %W ~ s $G <h $j F@ $k %Y %/ %H %k $N =8 9g !% %$ %? %l !< %7 %g %s HV 9f iter set ( ~ k ) $N 3F MW AG !% %$ %? %l !< %7 %g %s %$ %? %l !< %7 %g %s HV 9f ~ k $K $* $$ $F <B 9T $5 $l $k %k !< %W %\ %G %# It !% 10 insp ector $K $* $1 $k <B 9T ;~ 2r @O � � 1. PE 4V DL ?. $N $? $a $N %G !< %? ;2 >H 4X 78 $r <( $9 %j %9 %H $N :n @. � p $, %" %/ %; %9 $r I, MW $H $7 $F $$ $k $, !$ q $, =j M- $7 $F $$ $k G[ Ns %G !< %? $N JQ ?t L> $H $= $N E: ;z $N %j %9 %H r ecv l ist ( p; q ) � p $, =j M- $7 $F $* $j !$ q $, %" %/ %; %9 $r I, MW $H $7 $F $$ $k G[ Ns %G !< %? $N JQ ?t L> $H $= $N E: ;z $N %j %9 %H send l ist ( p; q ) 2. executor $G $N %$ %? %l !< %7 %g %s $N <B 9T =g =x $r 7h $a $k $? $a $N %j %9 %H $N :n @. � p $K $* $$ $F !$ %m !< %+ %k $K 3d $j IU $1 $i $l $F $$ $k %G !< %? %" %/ %; %9 $N $_ $G <B 9T $5 $l $k %$ %? %l !< %7 %g %s $N %j %9 %H l ocal iter ( p ) � p 0J 30 $N PE $+ $i $N %G !< %? $b %" %/ %; %9 $9 $k I, MW $, $" $k %$ %? %l !< %7 %g %s $N %j %9 %H nonl ocal iter ( p ) � � executor $K $* $1 $k DL ?. !$ %k !< %W $N <B 9T � � 1. send list ( p; q ) $K 4p $E $$ $F !$ q $X %G !< %? $r Aw ?. $9 $k !% 2. %$ %? %l !< %7 %g %s local iter ( p ) $N %k !< %W $r <B 9T $9 $k !% 3. r ecv l ist ( p; q ) $N %G !< %? $r q $+ $i <u ?. $9 $k !% 4. <u ?. $7 $? %G !< %? $r ;2 >H $9 $k %$ %? %l !< %7 %g %s nonl ocal iter ( p ) $r <B 9T $9 $k !% � � ?^ 5: PE p $K $* $1 $k Insp ector/Executor @o N, $K 4p $E $/ %" %k %4 %j %: %‘ do ~ k = ~ l , ~ m , ~ s X ( g ( ~ k )) = Y 1 ( h 1 ( ~ k )) � Y 2 ( h 2 ( ~ k )) � � � Y n ( h n ( ~ k )) enddo ?^ 6: JB Ns %k !< %W 11

9‘ G[ Ns $N CM $N I= 8= <0 X ( g ( ~ k )) !$ Y i ( h i ( ~ k )) !% $= $l $> $l !$ X $d Y i $H N, 5- $9 $k $3 $H $b $" $k !% E: ;z <0 g ( ~ k ) ; h i ( ~ k ). g ; h i $N $h $& $K N, $9 >l 9g $b $" $k !% $3 $l $i $O !$ %$ %? %l !< %7 %g %s HV 9f ~ k $+ $i E: ;z $r 5a $a $k 4X ?t $G $" $k !% <B :] $K $O !$ @0 ?t 7? G[ Ns $H !$ $= $l $K +1 ; � 1 $J $I $N 1i ;; $r ;\ $7 $? $b $N $G $" $k !% E: ;z <0 $N 5U 4X ?t g ; h i $N 5U 4X ?t $r g � 1 ; h � 1 i $G I= $9 !% %$ %s %G %C %/ %9 G[ Ns E: ;z <0 Fb $K 8= $l $k @0 ?t 7? G[ Ns 5U %$ %s %G %C %/ %9 G[ Ns g ; h i Fb $N %$ %s %G %C %/ %9 G[ Ns $r 4X ?t $H $_ $J $7 $? $H $- $N 5U 4X ?t !% E: ;z %$ %? %l !< %7 %g %s HV 9f ~ k $r E: ;z <0 h i $J $I $K Be F~ $7 $F F@ $i $l $k ~ j = h i ( ~ k ) !% %G !< %? J, 3d 4X ?t � X ( k ) = ( � X ( k ) ; � X ( k )) (1) G[ Ns X $N Bg 0h E* $J E: ;z $+ $i !$ X ( k ) $r =j M- $9 $k %W %m %; %C %5 HV 9f $r JV $9 ownership 4X ?t � $H !$ $= $N %W %m %; %C %5 Fb $G $N E: ;z $r JV $9 lo cation 4X ?t � $+ $i $J $k 3 !% ownership 4X ?t X ( k ) $r =j M- $9 $k %W %m %; %C %5 HV 9f $r JV $9 !% G[ Ns X $N %5 %$ %: $r N !$ %W %m %; %C %5 ?t $r P $H $9 $k $H !$ BLOCK J, 3d $G $O !$ � X ( k ) = b k = d N =P ec (2) $H $J $j !$ CYCLIC J, 3d $G $O !$ � X ( k ) = k mo d P (3) $H $J $k !% lo cation 4X ?t X ( k ) $N owner %W %m %; %C %5 Fb $G $N !$ E: ;z $r JV $9 !% BLOCK J, 3d $G $O � X ( k ) = k mo d d N =P e (4) $H $J $j !$ CYCLIC J, 3d $G $O !$ � X ( k ) = b k =P c (5) $H $J $k !% 1& JU Y i $K $D $$ $F $b !$ F1 MM $K Dj 5A $5 $l $k !% $3 $l $i $N 4X ?t $O !$ B? <! 85 G[ Ns $K BP $7 $F $O !$ $= $l $> $l $N <! 85 $K $D $$ $F $N $3 $l $i $N 4X ?t $N %Y %/ %H %k 4X ?t $H $7 $F Dj 5A $5 $l $k !% %G !< %? ;2 >H $N =8 9g lo cal(p) :8 JU $N 9‘ X $N $& $A !$ %W %m %; %C %5 p $K =j M- $5 $l $k E: ;z $N =8 9g $G $" $j !$ <! $N $h $& $K 5a $a $i $l $k 4 !% l ocal X ( p ) = f ~ i j � X ( ~ i ) = p g = � � 1 X ( p ) (6) 1& JU $N 9‘ Y j $K $D $$ $F $b !$ F1 MM $K Dj 5A $5 $l $k !% 3 � , � $N Dj 5A $O !$ C 8@ 8l N. $K %W %m %; %C %5 HV 9f !$ G[ Ns $N E: ;z $, 0 $+ $i ;O $^ $k >l 9g $G $" $k !% 4 [14] $G $O !$ imag e X ( p ) 12 exec(p) %W %m %; %C %5 p $K $* $$ $F <B 9T $5 $l $k %$ %? %l !< %7 %g %s $N HV 9f $N =8 9g 5 !% Be F~ J8 $N :8 JU $N %G !< %? $r =j M- $9 $k %W %m %; %C %5 $, !$ $= $N Be F~ J8 $r <B 9T $9 $k $H $$ $& Owner Computes Rule $N 86 B’ $r E, MQ $9 $k $H !$ exec ( p ) = g � 1 ( local X ( p )) \ iter set ( ~ k ) (7) $H $J $k !% ref(p) %W %m %; %C %5 p $G <B 9T $5 $l $k %$ %? %l !< %7 %g %s $G ;2 >H $5 $l $k 9‘ $N E: ;z $N =8 9g !% 1& JU $N 9‘ $N E: ;z $N =8 9g $O !$ r ef Y j ( p ) = h j ( exec ( p )) (8) $H $J $k !% :8 JU $N 9‘ $N E: ;z $N =8 9g $O !$ l ocal ; exec $N Dj 5A $h $j !$ r ef X ( p ) = g ( exec ( p )) = l ocal X ( p ) (9) $H $J $k !% deref(p) 1& JU $N 9‘ $K $D $$ $F !$ %W %m %; %C %5 p $K =j M- $5 $l $F $$ $k %G !< %? $r ;2 >H $9 $k %$ %? %l !< %7 %g %s $N =8 9g 6 !% der ef Y j ( p ) = h � 1 j ( l ocal Y j ( p )) \ iter set ( ~ k ) (10) A4 $F $N 1& JU $N 9‘ $N der ef Y j $K $D $$ $F $N @Q =8 9g $r der ef ( p ) = \ j der ef Y j ( p ) (11) $H Dj 5A $9 $k !% $3 $l $O %W %m %; %C %5 p $K =j M- $5 $l $F $$ $k %G !< %? $N $_ $r ;2 >H $9 $k %$ %? %l !< %7 %g %s $r I= $9 !% %a %C %; !< %8 DL ?. $r 9T $& G[ Ns MW AG $N E: ;z $N =8 9g send list(p,q) %W %m %; %C %5 p $+ $i !$ %W %m %; %C %5 q ( 6 = p ) $K Aw ?. $9 $Y $- G[ Ns MW AG $N E: ;z $N =8 9g 7 !% send l ist Y j ( p; q ) = l ocal Y j ( p ) \ r ef Y j ( q ) (12) = h j ( der ef Y j ( p ) \ g � 1 ( l ocal X ( q ))) (13) $3 $l $O !$ %W %m %; %C %5 p $, =j M- $7 $F $* $j !$ %W %m %; %C %5 q $, ;2 >H $9 $k G[ Ns MW AG $G $" $k !% $^ $? !$ $" $k %$ %? %l !< %7 %g %s $G Aw ?. $9 $Y $- G[ Ns MW AG $N E: ;z $N =8 9g $r !$ 1& JU $N A4 $F $N 9‘ Y j $K $D $$ $F $N OB $r $H $C $F !$ send l ist ( p; q ) = [ j send l ist Y j ( p; q ) (14) $H Dj 5A $9 $k !% recv list(p,q) %W %m %; %C %5 p $, !$ %W %m %; %C %5 q ( 6 = p ) $+ $i <u ?. $9 $Y $- G[ Ns MW AG $N E: ;z $N =8 9g 8 !% r ecv l ist Y j ( p; q ) = r ef Y j ( p ) \ local Y j ( q ) (15) = h j ( exec ( p )) \ l ocal ( q ) (16) $3 $l $O !$ %W %m %; %C %5 q $, =j M- $7 $F $* $j !$ %W %m %; %C %5 p $, ;2 >H $9 $k G[ Ns MW AG $G $" $k !% 5 [14] $G $O !$ l ocal iter set p X 6 [2] $N Dj 5A $H $O 0c $& $b $N $r ;X $9 !% 7 [14] $G $O !$ out index set Y j 8 [14] $G $O !$ in index set Y j 13

1& JU $N A4 $F $N 9‘ $K $D $$ $F $N OB $O !$ send l ist ( p; q ) $H F1 MM $K r ecv list ( p; q ) = [ j r ecv l ist Y j ( p; q ) (17) $H Dj 5A $9 $k !% $J $* !$ r ecv l ist ( p; q ) = send l ist ( q ; p ) $N 4X 78 $, $" $k !% %$ %? %l !< %7 %g %s HV 9f $N =8 9g lo cal iter(p) %W %m %; %C %5 p $, =j M- $7 $F $$ $k %G !< %? $N $_ $G <B 9T $G $- $k %$ %? %l !< %7 %g %s $N HV 9f $N =8 9g !% l ocal iter ( p ) = exec ( p ) \ der ef ( p ) (18) nonlo cal iter(p) %W %m %; %C %5 p $@ $1 $G $J $/ !$ B> $N %W %m %; %C %5 p 6 = q $, =j M- $9 $k %G !< %? $b I, MW $H $9 $k %$ %? %l !< %7 %g %s $N HV 9f $N =8 9g !% nonl ocal iter ( p ) = exec ( p ) � local iter ( p ) (19) 3 IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W $N %3 !< %I @8 @. K\ >O $G $O !$ IT 5, B’ %" %/ %; %9 $r H< $& %k !< %W $K BP $9 $k %3 !< %I @8 @. $K $D $$ $F =R $Y $k !% 3.1 @a $G $O !$ => Mh $N insp ector $N %" %k %4 %j %: %‘ $r 9M ;! $7 !$ $= $l $r 2~ NI $7 $? #2 <o $N %" %k %4 %j %: %‘ $r Ds 0F $9 $k !% 3.2 @a $G $O !$ Ds 0F $7 $? %" %k %4 %j %: %‘ $H => Mh $N %" %k %4 %j %: %‘ $H $N Hf 3S $r 9T $& !% $5 $i $K !$ 3.3 @a $K $* $$ $F !$ 5U %$ %s %G %C %/ %9 $N @8 @. 2D G= @- $K $D $$ $F =R $Y $k !% 3.1 insp ector $N %" %k %4 %j %: %‘ K\ @a $G $O !$ ?^ 6 $K BP $7 $F @8 @. $5 $l $k insp ector $N %" %k %4 %j %: %‘ $r =R $Y $k !% $^ $: !$ Insp ector/Executor @o N, $, BP >] $H $9 $k %3 !< %I $r L@ 3N $K $7 $F $* $/ !% BP >] $H $9 $k $N $O DOALL 7? $N %k !< %W $G $" $j !$ %k !< %W Fb $G !$ ?^ 6 $N g ; h i $N CM $, JQ 99 $5 $l $k >l 9g $O BP >] $H $7 $F $$ $J $$ !% $J $* !$ ?^ 6 $N %3 !< %I $O 3F %$ %? %l !< %7 %g %s $K $* $$ $F Be F~ J8 $, #1 $D B8 :_ $9 $k $@ $1 $G $" $k $, !$ J# ?t $N J8 $, B8 :_ $9 $k >l 9g $O !$ $3 $l $+ $i =R $Y $k %" %k %4 %j %: %‘ $r $= $l $> $l $N J8 $K BP $7 $F @8 @. $9 $l $P $h $$ !% 0J 2< $G $O !$ [2, 14] $G Ds 0F $5 $l $? insp ector $N %" %k %4 %j %: %‘ $H !$ K\ O@ J8 $G Ds 0F $9 $k #2 <o N‘ $N <j K! !$ 5U %$ %s %G %C %/ %9 K! $H A4 8! :: K! $K $h $k %" %k %4 %j %: %‘ $r <( $9 !% 3F %" %k %4 %j %: %‘ $N I> 2A !$ $J $i $S $K E, MQ HO 0O $N Hf 3S $K $D $$ $F $O !$ 3.2 @a $G =R $Y $k !% 3.1.1 => Mh $N %" %k %4 %j %: %‘ ?^ 7 $K %" %k %4 %j %: %‘ $r <( $9 !% $3 $N %" %k %4 %j %: %‘ $N FC D’ $O !$ <! $N DL $j $G $" $k !% @o N, r ecv l ist ( p; q ) $O !$ %W %m %; %C %5 p $+ $i q $X $N %G !< %? $N %" %/ %; %9 MW 5a $N %j %9 %H $G $" $j !$ $3 $l $O send l ist ( q ; p ) $K Ey $7 $$ !% r ecv l ist ( p; q ) $r p $+ $i q $X Aw ?. $9 $k $3 $H $G !$ send l ist ( q ; p ) $r 5a $a !$ $3 $l $r $b $H $K executor $N :G =i $N It J, $N %G !< %? $N Aw ?. $r 9T $& !% =h M} $N 35 MW 0J 2< $N =h M} $, 9T $o $l $k !% 1. <+ %W %m %; %C %5 $, I, MW $H $9 $k %G !< %? $N %j %9 %H r ecv l ist $r :n @. $9 $k !% 14 do ~ j 2 exec ( p ) local_flag = true; /* r ecv l ist Y i ( p; src ) $r 5a $a $k */ do each Y i src = � Y i ( h i ( ~ j )); if (src != p) then local_flag = false; append h i ( ~ j ) to r ecv list Y i ( p; src ) ; endif enddo /* local =nonl ocal iter $r 5a $a $k */ if (local_flag == true) then append ~ j to l ocal iter ( p ) ; else append ~ j to nonl ocal iter ( p ) ; endif enddo /* r ecv l ist ( p; q ) $r Aw ?. $9 $k */ do each PE q ( 6 = p) send r ecv l ist ( p; q ) to PE q; enddo /* r ecv l ist ( q ; p ) $r <u ?. $9 $k */ do each PE q ( 6 = p) receive r ecv l ist ( q ; p ) from PE q; enddo ?^ 7: ALG(1) => Mh K! $N %" %k %4 %j %: %‘ 2. executor $N %$ %? %l !< %7 %g %s $N =g HV $r JQ 99 $9 $k $? $a $N %j %9 %H local =nonl ocal iter $r :n @. $9 $k !% 3. Ev 3: %G !< %? $r =j M- $9 $k %W %m %; %C %5 $X MW 5a %j %9 %H $r Aw ?. $9 $k !% 4. 5U $K B> $N %W %m %; %C %5 $+ $i MW 5a %j %9 %H $r <u ?. $9 $k !% $3 $l $O !$ send l ist $K Aj Ev $9 $k !% %" %k %4 %j %: %‘ $N E, MQ >r 7o 3F %W %m %; %C %5 $, <B 9T $9 $k %$ %? %l !< %7 %g %s $N HV 9f exec ( p ) $r F@ $k $? $a $N E: ;z <0 $N 5U 4X ?t g � 1 $, 5a $a $i $l $k $3 $H $H !$ $= $l $K BP 1~ $9 $k 1& JU $N E: ;z r ef Y i ( p ) $, 5a $a $i $l $k $3 $H !% $3 $N %" %k %4 %j %: %‘ $G $O !$ send list $r 5a $a $k $? $a $K !$ A4 $F $N %W %m %; %C %5 $, !$ B> $N A4 %W %m %; %C %5 $K BP $7 $F DL ?. $r 9T $C $F $$ $k !% $= $N $? $a !$ %W %m %; %C %5 ?t $r P $H $9 $k $H !$ P ( P � 1) 8D $N %a %C %; !< %8 $, DL ?. $5 $l $k $3 $H $K $J $k !% $^ $? !$ 2.3 @a $G <( $7 $? #2 $D $N Nc $N $& $A !$ 8e <T $N N> JU $K %$ %s %G %C %/ %9 G[ Ns $, 8= $l $k >l 9g $O !$ index(i) $N 5U %$ %s %G %C %/ %9 G[ Ns $r 5a $a $J $1 $l $P !$ %W %m %; %C %5 p $G <B 9T $5 $l $k %$ %? %l !< %7 %g %s $N =8 9g exec ( p ) $r F@ $k $3 $H $, $G $- $J $$ !% [2] $G $O !$ $3 $N $h $& $K :8 JU $K %$ %s %G %C %/ %9 G[ Ns $, 8= $l $k >l 9g $r 9M ;! $N BP >] $+ $i 30 $7 $F $$ $k !% $f $( $K !$ :8 JU $N E: ;z <0 $O !$ i $d i � !J Dj ?t !K $J $I $7 $+ $r 5v $5 $l $F $* $i $: !$ exec ( p ) $O !$ 7W ;; $r I, MW $H $7 $J $$ $+ !$ $" $k $$ $O 4J C1 $J 2C 8: ;; $G 5a $a $i $l $k $K >l 9g $K 8B $i $l $F $$ $k !% 15

3.1.2 5U %$ %s %G %C %/ %9 K! $K $h $k %" %k %4 %j %: %‘ 0l HL $K %$ %s %G %C %/ %9 G[ Ns $N 5U %$ %s %G %C %/ %9 G[ Ns $r 5a $a $k $3 $H $O :$ Fq $G $" $k !% $7 $+ $7 !$ LU J, 2r $K $* $1 $k %T %\ %C %H $N $h $& $K !$ %$ %s %G %C %/ %9 G[ Ns $, #1 BP #1 $N CV 49 72 (p ermutation) $H $J $k >l 9g !$ $3 $N @- <A $, %3 %s %Q %$ %i $K M? $( $i $l $F $$ $l $P !$ <B 9T ;~ $K 5U %$ %s %G %C %/ %9 G[ Ns $r @8 @. $9 $k $3 $H $, 2D G= $G $" $k !% $5 $i $K !$ Be F~ J8 $N :8 JU $@ $1 $G $J $/ !$ 1& JU $K 8= $l $k %$ %s %G %C %/ %9 G[ Ns $b 5a $a $i $l $k >l 9g !$ <+ %W %m %; %C %5 $, J] ;} $9 $k %G !< %? $, !$ $I $N %W %m %; %C %5 $+ $i ;2 >H $5 $l $k $+ $r I= $9 =8 9g der ef $b 5a $a $k $3 $H $, $G $- $k !% $f $( $K !$ DL ?. $r 9T $o $: $K send list $r 5a $a $k $3 $H $, 2D G= $H $J $k !% $h $C $F !$ 5U %$ %s %G %C %/ %9 G[ Ns $r @Q 6K E* $K 3h MQ $9 $k $H !$ DL ?. $r IT MW $H $7 !" F1 ;~ $K !$ LU J, 2r $J $I $K $b insp ector $r @8 @. $9 $k $3 $H $, 2D G= $H $J $k !% $3 $N $h $& $J insp ector $N %" %k %4 %j %: %‘ $r ?^ 8 $K <( $9 !% @o N, 5U %$ %s %G %C %/ %9 G[ Ns $r 3h MQ $9 $k $3 $H $G !$ send l ist , r ecv list $r 3F !9 $N %W %m %; %C %5 $, FH <+ $K :n @. $9 $k !% 3F %W %m %; %C %5 $O <+ J, $N =j M- $9 $k %G !< %? $K 4X $9 $k A4 $F $N ;2 >H 4X 78 $r 8! :: $9 $k !% => $C $F !$ DL ?. $O IT MW $H $J $k !% =h M} $N 35 MW 0J 2< $N =h M} $, 9T $o $l $k !% 1. B> $N %W %m %; %C %5 $, I, MW $H $7 $F $$ $k %G !< %? $N %j %9 %H send l ist $r :n @. $9 $k !% 2. <+ %W %m %; %C %5 $, I, MW $H $9 $k %G !< %? $N %j %9 %H r ecv l ist $r :n @. $9 $k !% 3. executor $N %$ %? %l !< %7 %g %s $N =g HV $r JQ 99 $9 $k $? $a $N %j %9 %H local =nonl ocal iter $r :n @. $9 $k !% %" %k %4 %j %: %‘ $N E, MQ >r 7o 3F %W %m %; %C %5 $, <B 9T $9 $k %$ %? %l !< %7 %g %s $N HV 9f exec ( p ) $r F@ $k $? $a $N E: ;z <0 $N 5U 4X ?t g � 1 $, 5a $a $i $l $k $3 $H $H !$ 1& JU $K 8= $l $k G[ Ns %G !< %? $, ;2 >H $5 $l $k %$ %? %l !< %7 %g %s HV 9f der ef Y i ( p ) $r F@ $k $? $a $N E: ;z <0 $N 5U 4X ?t h � 1 i $, 5a $a $i $l $k $3 $H !% $* $h $S !$ $3 $l $i $N %$ %? %l !< %7 %g %s $K BP $9 $k E: ;z r ef Y i ( p ), r ef X ( p ) $, 5a $a $i $l $k $3 $H !% LU J, 2r $N $h $& $K !$ 1& JU $H :8 JU $K 8= $l $k %$ %s %G %C %/ %9 G[ Ns $, F1 0l $G $" $k >l 9g $O B? $$ !% $f $( $K !$ 5U %$ %s %G %C %/ %9 G[ Ns $, 5a $a $i $l $l $P !$ N> JU $N 5U %$ %s %G %C %/ %9 G[ Ns $r MQ $$ $k $3 $N <j K! $r MQ $$ $k $3 $H $, M- 8z $H $J $k !% 3.1.3 A4 8! :: K! $K $h $k %" %k %4 %j %: %‘ 5U %$ %s %G %C %/ %9 G[ Ns $O !$ A4 $F $N %$ %s %G %C %/ %9 G[ Ns $K $D $$ $F 5a $a $i $l $k $o $1 $G $O $J $$ !% $= $3 $G !$ 5U %$ %s %G %C %/ %9 G[ Ns $r I, MW $H $; $: !$ F1 ;~ $K !$ send l ist $r DL ?. $r 9T $o $: $K 5a $a $k %" %k %4 %j %: %‘ $r ?^ 9 $K <( $9 !% @o N, 3F %W %m %; %C %5 $, !$ A4 $F $N %$ %? %l !< %7 %g %s $K BP $7 $F A4 %G !< %? $N ;2 >H 4X 78 $r D4 $Y !$ send list , r ecv l ist $r :n @. $9 $k !% => $C $F !$ B> $N %W %m %; %C %5 $H $N DL ?. $O IT MW $G $" $k !% =h M} $N 35 MW A4 $F $N %$ %? %l !< %7 %g %s $K BP $7 $F !$ 1. B> $N %W %m %; %C %5 $, I, MW $H $7 $F $$ $k %G !< %? $N %j %9 %H send l ist $r :n @. $9 $k !% 2. <+ %W %m %; %C %5 $, I, MW $H $9 $k %G !< %? $N %j %9 %H r ecv l ist $r :n @. $9 $k !% 3. executor $N %$ %? %l !< %7 %g %s $N =g HV $r JQ 99 $9 $k $? $a $N %j %9 %H local =nonl ocal iter $K %$ %? %l !< %7 %g %s $r 2C $( $k !% $H $$ $& =h M} $r 7+ $j JV $9 !% %" %k %4 %j %: %‘ $N E, MQ >r 7o r ef ( p ) $r N> JU $K $D $$ $F A4 $F 8! :: $9 $k $? $a !$ A4 $F $N %$ %s %G %C %/ %9 G[ Ns $r I, MW $H $9 $k !% $3 $N %" %k %4 %j %: %‘ $O !$ 3F %W %m %; %C %5 $, %$ %s %G %C %/ %9 G[ Ns $N %3 %T !< $r J] ;} $9 $k $@ $1 $G E, MQ $G $- $k !% $= $N $? $a !$ %3 !< %I $N 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- $K $+ $+ $o $i $: E, MQ $G $- $k $H $$ $& FC D’ $r ;} $D !% 16

/* send list Y i ( p; dest ) $r :n @. $9 $k */ do each Y i do ~ j 2 der ef Y i ( p ) dest = � X ( g ( ~ j )); if (dest != p) then append h i ( ~ j ) to send l ist Y i ( p; dest ) ; endif enddo enddo do ~ j 2 exec ( p ) f local_flag = true; /* r ecv l ist Y i ( p; src ) $r :n @. $9 $k */ do each Y i src = � Y i ( h i ( ~ j )); if (src != p) then local_flag = false; append h i ( ~ j ) to r ecv list Y i ( p; src ) ; endif enddo /* local =nonl ocal iter $r 5a $a $k */ if (local_flag == true) then append ~ j to l ocal iter ( p ) ; else append ~ j to nonl ocal iter ( p ) ; endif enddo ?^ 8: ALG(2) 5U %$ %s %G %C %/ %9 K! $N %" %k %4 %j %: %‘ 17

/* A4 $F $N %$ %? %l !< %7 %g %s $K $D $$ $F */ do ~ j 2 iter set ( ~ k ) local_flag = true; dest = � X ( g ( ~ j )); do each rhs Y i src = � Y i ( h i ( ~ j )); /* send l ist Y i ( p; dest ) $r :n @. $9 $k */ if (src == p) then if (dest != p) then append h i ( ~ j ) to send list Y i ( p; dest ) ; endif /* r ecv list Y i ( p; src ) $r :n @. $9 $k */ else /* (src != p) */ local_flag = false; if (dest == p) then append h i ( ~ j ) to r ecv l ist Y i ( p; src ) ; endif endif enddo /* local =nonl ocal iter $r 5a $a $k */ if (dest == p) then /* if (local_flag == true) then append ~ j to l ocal iter ( p ) ; else append ~ j to nonl ocal iter ( p ) ; endif endif enddo ?^ 9: ALG(3) A4 8! :: K! $N %" %k %4 %j %: %‘ 18

I= 1: insp ector $N %" %k %4 %j %: %‘ $N Hf 3S %" %k %4 %j %: %‘ => Mh K! 5U %$ %s %G %C %/ %9 K! A4 8! :: K! insp ector P-1 IT MW IT MW Fb $G $N DL ?. %k !< %W 2s ?t r N =P 2 r N =P r N index :8 JU lo cal all all 1& JU all all all 5U index :8 JU lo cal lo cal IT MW 1& JU IT MW lo cal IT MW 3.2 insp ector %" %k %4 %j %: %‘ $N Hf 3S A0 @a $N #3 <o N‘ $N %" %k %4 %j %: %‘ $r !$ DL ?. 2s ?t $H %$ %? %l !< %7 %g %s 2s ?t !$ $* $h $S I, MW $H $J $k %$ %s %G %C %/ %9 G[ Ns $N 4Q E@ $+ $i Hf 3S $9 $k !J I= 1 !K !% $? $@ $7 !$ G[ Ns $N %G !< %? $N %5 %$ %: $, N !$ 1& JU $N 9‘ $N ?t $, r !$ %W %m %; %C %5 ?t $, P $G $" $k !% 0l HV $N %* !< %P !< %X %C %I $H $J $k insp ector Fb $G $N DL ?. $O !$ K\ 9F $G Ds 0F $7 $? 5U %$ %s %G %C %/ %9 G[ Ns K! !$ A4 8! :: K! $G $O IT MW $G $" $k !% $= $l $K BP $7 $F !$ => Mh K! $G $O !$ B> $N A4 $F $N %W %m %; %C %5 $K BP $7 $F %a %C %; !< %8 $r Aw ?. $9 $k $N $G !$ P � 1 2s $N Aw ?. $, I, MW $G $" $j !$ $5 $i $K !$ $= $l $i $N %a %C %; !< %8 $N <u ?. $b P � 1 2s I, MW $G $" $k !% $f $( $K !$ DL ?. %a %C %; !< %8 $N A‘ :n $, 2( P � 1) 2s 5/ $3 $k !% %k !< %W $N 2s ?t $O !$ => Mh K! $G $O !$ %m !< %+ %k $J :8 JU $H !$ $= $l $K BP 1~ $9 $k 1& JU $N 9‘ $N %$ %s %G %C %/ %9 $N %" %/ %; %9 $, 9T $o $l $k $? $a r N =P Dx EY $K $J $k !% 5U %$ %s %G %C %/ %9 K! $O !$ A0 H> $G !$ A4 $F $N 1& JU $N %m !< %+ %k $J %G !< %? $N %$ %s %G %C %/ %9 $N %" %/ %; %9 $, 9T $o $l !$ 8e H> $G !$ %m !< %+ %k $J :8 JU $H $= $l $K BP 1~ $9 $k 1& JU $N 9‘ $N %$ %s %G %C %/ %9 $N %" %/ %; %9 $, 9T $o $l $k !% A0 8e H> $H $b !$ r N =P Dx EY $G $" $k $+ $i !$ 2 r N =P $H $J $k !% A4 8! :: K! $G $O !$ N> JU $N G[ Ns %G !< %? A4 $F $K BP $9 $k %$ %s %G %C %/ %9 $N %" %/ %; %9 $, 9T $o $l $k $N $G !$ r N Dx EY $G $" $k !% 0l HL $K !$ N ; r; P $G $O !$ N $N %* !< %@ !< $, 0l HV Bg $- $$ $? $a !$ A4 8! :: K! $N %* !< %P %X %C %I $, Bg $- $/ !$ 5U %$ %s %G %C %/ %9 K! $H => Mh K! $G $O !$ %* !< %@ !< $O $" $^ $j :9 $, $J $$ !% I= 1 $N %$ %s %G %C %/ %9 $N >r 7o $N Ns $O !$ N> JU $N E: ;z <0 $K %$ %s %G %C %/ %9 G[ Ns $, B8 :_ $9 $k %= !< %9 %3 !< %I $K BP $7 $F insp ector $r @8 @. $9 $k :] $K I, MW $H $J $k =g !& 5U %$ %s %G %C %/ %9 G[ Ns $r <( $7 $F $$ $k !% all $O !$ %$ %s %G %C %/ %9 G[ Ns $N A4 $F $r =j M- $9 $k I, MW $, $" $j !$ lo cal $O !$ <+ %W %m %; %C %5 $K %m !< %+ %k $J %G !< %? $K BP 1~ $9 $k J, $@ $1 $r J, 3d $7 $F G[ CV $5 $l $F $$ $l $P NI $$ $3 $H $r <( $9 !% 5U %$ %s %G %C %/ %9 G[ Ns $O !$ exec ( p ), der ef Y i ( p ) $r 5a $a $k $? $a $K I, MW $H $J $k !% 0l HL $K !$ E: ;z <0 g ; h i $N 5U 4X ?t $O !$ 0J 2< $N $h $& $K $7 $F 5a $a $i $l $k !% � 5U %$ %s %G %C %/ %9 G[ Ns $r J] ;} $7 $F $* $/ !% � ~ i = g � 1 ( ~ j ) $r 5a $a $k $? $a $K !$ A4 $F $N ~ k $K BP $7 $F ~ l = g ( ~ k ) $r 5a $a !$ ~ l = ~ j $H $J $k $H $- $N ~ k $r 5a $a $k ~ i $H $9 $k !% A4 8! :: K! $G $O !$ 8e <T $N %" %W %m !< %A $r $H $k $3 $H $G !$ 5U %$ %s %G %C %/ %9 G[ Ns $r IT MW $H $7 $F $$ $k !% $= $N $? $a !$ E, MQ 2D G= $J %= !< %9 %3 !< %I $N HO 0O $, 9- $$ !% 0l J} !$ 5U %$ %s %G %C %/ %9 K! !$ => Mh K! $G $O !$ 5U %$ %s %G %C %/ %9 G[ Ns $r I, MW $H $9 $k $? $a !$ E, MQ HO 0O $O !$ 5U %$ %s %G %C %/ %9 $, @8 @. 2D G= $J %= !< %9 %3 !< %I $K 8B $i $l $k !% 0J >e !$ #3 $D $N %" %k %4 %j %: %‘ $K $D $$ $F $N Hf 3S $r 9T $C $? !% DL ?. %* !< %P !< %X %C %I $O @- G= $K M? $( $k 1F 6A $, Bg $- $$ $? $a !$ DL ?. $r A} Bg $5 $; $k %" %k %4 %j %: %‘ $O !$ Hr $1 $k $Y $- $G $" $k !% DL ?. $r 9T $o $J $$ %" %k %4 %j %: %‘ $N $& $A $G $O !$ %k !< %W 2s ?t $N >/ $J $$ 5U %$ %s %G %C %/ %9 K! $r Mx MQ $9 $k %" %k %4 %j %: %‘ $r :N MQ $9 $Y $- $G $" $k !% $3 $N %" %k %4 %j %: %‘ $, ;H $( $J $$ %3 !< %I $K BP $7 $F $O !$ A4 8! :: K! $r :N MQ $9 $k $3 $H $G !$ %k !< %W 2s ?t $O A} $( $k $, !$ DL ?. $N A} Bg $O Hr $1 $i $l $k !% 19

?^ 10: @8 @. 2D G= $J 5U %$ %s %G %C %/ %9 G[ Ns 3.3 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- K\ @a $G $O !$ 5U %$ %s %G %C %/ %9 K! $N insp ector $r @8 @. $9 $k >e $G I, MW IT 2D 7g $J 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- $K $D $$ $F 9M ;! $9 $k !% $^ $: !$ %$ %s %G %C %/ %9 G[ Ns $r !$ %$ %? %l !< %7 %g %s HV 9f $+ $i G[ Ns $N E: ;z $X $N <L A| $H $_ $J $7 !$ $3 $l $r !$ ?^ 10 $N $h $& $J 9T Ns !J 0J 2< !$ <L A| 9T Ns $H 8F $V !K $G I= 8= $9 $k !% $3 $N 9T Ns $K $* $$ $F !$ 9T !$ Ns $O $= $l $> $l %$ %? %l !< %7 %g %s HV 9f $H G[ Ns $N E: ;z $r I= $7 !$ Nc $( $P !$ ?^ 10(a) $N 4 9T 1 Ns $N 1 $O !$ index(4)=1 $G $" $k $3 $H $r <( $9 !% 1 $, F~ $C $F $$ $k 0J 30 $N MW AG $O !$ A4 $F 0 $G $" $k !% 0J 2< !$ $3 $N 9T Ns $r MQ $$ $F !$ %$ %s %G %C %/ %9 G[ Ns $N @- <A $r C1 <M (1 to 1) $G $" $k $+ !$ A4 <M (onto) $G $" $k $+ !$ $H $$ $& E@ $+ $i 9M ;! $9 $k !% C1 <M %$ %s %G %C %/ %9 G[ Ns index $, C1 <M $G $" $k $H $O !$ a 6 =b $G $" $l $P !$ I, $: !$ index(a) 6 =index(b) $G $" $k $3 $H $r ;X $9 !% %$ %s %G %C %/ %9 G[ Ns $, C1 <M $G $" $l $P !$ <L A| 9T Ns $N 3F Ns $K $O !$ CM $, #1 $N MW AG $, 9b !9 #1 8D $7 $+ B8 :_ $7 $J $$ !% <L A| 9T Ns $N Ns $K CM $, #1 $N MW AG $, B8 :_ $9 $l $P !$ 5U %$ %s %G %C %/ %9 $N CM $O !$ $= $N 9T HV 9f $H Ey $7 $/ !$ 0l 0U $K Dj $^ $k !% %$ %s %G %C %/ %9 G[ Ns $, C1 <M $G $J $1 $l $P !$ <L A| 9T Ns $N 3F Ns $K !$ CM $, #1 $N MW AG $, J# ?t B8 :_ $9 $k 2D G= @- $, $" $k !% $3 $l $O !$ 5U %$ %s %G %C %/ %9 $N CM $, J# ?t B8 :_ $9 $k $3 $H $r <( $9 !% $3 $N >l 9g !$ linked list $H $7 $F 5U %$ %s %G %C %/ %9 $N CM $r J] ;} $9 $k $3 $H $, I, MW $G $" $k !% A4 <M A4 <M $G $" $k $H $O !$ CM 0h $N A4 $F $N MW AG b $K BP $7 $F !$ index ( a ) = b $H $J $k Dj 5A 0h $N MW AG a $, B8 :_ $9 $k $3 $H $G $" $k !% %$ %s %G %C %/ %9 G[ Ns $, A4 <M $G $" $l $P !$ %$ %s %G %C %/ %9 9T Ns $N A4 $F $N Ns $K !$ CM $, #1 $N MW AG $, >/ $J $/ $H $b #1 $D $O B8 :_ $9 $k !% $f $( $K !$ CM 0h $G $" $k E: ;z $N 8D ?t !$ $D $^ $j !$ %$ %s %G %C %/ %9 G[ Ns $N 8D ?t J, !$ 5U %$ %s %G %C %/ %9 G[ Ns $r MQ 0U $9 $l $P $h $$ !% A4 <M $G $J $1 $l $P !$ <L A| 9T Ns $K CM $, #1 $N MW AG $, B8 :_ $7 $J $$ Ns $, 8= $l $k !% $3 $N >l 9g !$ 5U %$ %s %G %C %/ %9 $N CM $O L$ Dj 5A $G $" $k !% $3 $N $h $& $J Ns $, B? $1 $l $P !$ L$ Dj 5A $N 5U %$ %s %G %C %/ %9 $N CM $K BP $7 $F $b 5- 21 NN 0h $r 3N J] $9 $k I, MW $, $" $j !$ 5U %$ %s %G %C %/ %9 G[ Ns $N 5- 21 8z N( $, 0- $/ $J $k !% 20 tmp = index(i); index(i) = index(j); index(j) = tmp; (a) %= !< %9 %3 !< %I tmp = index(i); index(i) = index(j); inverse(index(j)) = i; index(j) = tmp; inverse(tmp) = j; (b) 5U %$ %s %G %C %/ %9 $r @8 @. $9 $k %3 !< %I ?^ 11: CV 49 72 $N 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. CV 49 72 LU J, 2r $J $I $K 8= $l $k %T %\ %C %H G[ Ns $O !$ J, 2r $, ?J $‘ $K => $C $F !$ $" $k MW AG $H $b $& #1 $D $N JL $N MW AG $, 8r 49 $5 $l $k !% $3 $N 2a Dx $G @8 @. $5 $l $k 0l O" $N %T %\ %C %H G[ Ns $O !$ CV 49 72 $r $J $9 !% $3 $l $O !$ C1 <M $+ $D A4 <M !J A4 C1 <M !K $G $" $j !$ $7 $+ $b !$ Dj 5A 0h $H CM 0h $N MW AG $N 8D ?t $, Ey $7 $$ !% $f $( $K !$ � %$ %s %G %C %/ %9 G[ Ns $H F1 $8 %5 %$ %: $G 5U %$ %s %G %C %/ %9 G[ Ns $, 3J G< $G $- $k !% � 5U %$ %s %G %C %/ %9 G[ Ns $N 3F MW AG $O !$ I, $: $? $@ 0l $D B8 :_ $9 $k !% $H $$ $& @- <A $, $" $k !% $f $( $K !$ 5U %$ %s %G %C %/ %9 G[ Ns $O !$ linked list $r :n $k I, MW $b $J $/ !$ $^ $? !$ L$ Dj 5A $N MW AG $b $J $$ $? $a !$ 8z N( NI $/ 5- 21 $G $- $k !% CV 49 72 $G $O !$ G$ 0U $N CV 49 $O #2 $D $N CM $N 8r 49 !J 8_ 49 !$ transp osition !K $r 7+ $j JV $9 $3 $H $G 5a $a $i $l $k [16] !% $3 $N @- <A $r Mx MQ $7 $F !$ #2 8D $N MW AG $N 8r 49 $, 9T $o $l $k $H $- $K !$ 5U %$ %s %G %C %/ %9 G[ Ns $N CM $r !$ $= $l $K $" $o $; $F =$ @5 $9 $l $P !$ <B 9T ;~ $K 5U %$ %s %G %C %/ %9 G[ Ns $, @8 @. $G $- $k !% ?^ 11 $K !$ $= $N %3 !< %I $r <( $9 !% %$ %s %G %C %/ %9 G[ Ns $N CM $K =E J# $, $" $k >l 9g %$ %s %G %C %/ %9 G[ Ns $, #1 BP #1 $N <L A| $G $O $J $$ >l 9g $G $" $k !% #1 BP #1 $G $O $J $$ $3 $H $+ $i !$ $= $N 5U <L A| $O 0l HL $K $O @8 @. $G $- $J $$ !% $7 $+ $7 !$ %$ %s %G %C %/ %9 G[ Ns $N CM $N =E J# $N Dx EY $K $h $C $F $O !$ $= $N @8 @. $, 2D G= $G $" $k !% M- 8B MW AG K! $K $* $$ $F =h M} $5 $l $k AB 9T Ns $N %$ %s %G %C %/ %9 G[ Ns $G $O !$ $" $k @a E@ $H NY @\ $9 $k @a E@ $N ?t $, $o $+ $C $F $$ $k >l 9g $, B? $$ !% $f $( $K !$ NY @\ $9 $k @a E@ $N ?t $N J, $@ $1 !$ link ed list $H $7 $F 5U %$ %s %G %C %/ %9 G[ Ns $r @8 @. $G $- $k !% M- 8B MW AG K! $G $O !$ @a E@ 4V $N NY @\ 4X 78 $O 6/ O" 7k %0 %i %U $G $" $k $? $a !$ @a E@ a $+ $i @a E@ b $X $N %j %s %/ $, $" $l $P !$ @a E@ b $+ $i @a E@ a $X $N %j %s %/ $b B8 :_ $9 $k !% $3 $l $r I= 8= $9 $k 9T Ns $O !$ BP >N 9T Ns $G $" $j !$ $7 $+ $b !$ <L A| 9T Ns $= $N $b $N $G $" $k !% $3 $N @- <A $+ $i !$ >e ;0 3Q 9T Ns $N 9T J} 8~ $N >p Js $N 5U %$ %s %G %C %/ %9 G[ Ns $O !$ 2< ;0 3Q 9T Ns $N 9T J} 8~ $N >p Js $N 5U %$ %s %G %C %/ %9 G[ Ns $G I= $5 $l $k !% $5 $i $K !$ 0l HL $N >l 9g $G $b !% >e ;0 3Q 9T Ns $N 9T J} 8~ $N >p Js $+ $i !$ 2< ;0 3Q 9T Ns $N 9T J} 8~ $N >p Js $r @8 @. $9 $k =h M} $r <B 9T ;~ $K 9T $& $3 $H $G !$ @8 @. 2D G= $H $J $k !% Ld Bj $H $J $k $N $O !$ MQ 0U $9 $Y $- NN 0h $N Bg $- $5 $, IT 3N Dj $G $" $j !$ %" 21

%/ %; %9 $, 8z N( E* $G $O $J $/ $J $k $3 $H $G $" $k !% MQ 0U $9 $Y $- NN 0h $, $" $i $+ $8 $a J, $+ $C $F $$ $l $P !$ linked list $r @8 @. $9 $k $+ $o $j $K !$ G[ Ns $H $7 $F J] ;} $G $- $k !% M- 8B MW AG K! $J $I $G MQ $$ $i $l $k AB 9T Ns $G $O !$ #1 @a E@ $" $? $j $N %j %s %/ ?t $, 7h $^ $C $F $$ $k $? $a !$ G[ Ns $K 5U 9T Ns $r J] ;} $G $- $k !% 4 Insp ector/Executor @o N, $N M- 8z @- $N I> 2A K\ >O $G $O !$ IT 5, B’ AB 9T Ns $H %Y %/ %H %k $N @Q !$ It J, %T %\ %C %F %# %s %0 IU $- LU J, 2r $N Nc Bj $K $D $$ $F !$ 3 >O $G =R $Y $? insp ector $N %" %k %4 %j %: %‘ $r E, MQ $7 !$ 9b JB Ns 7W ;; 5! AP1000[17] >e $G <B 9T ;~ 4V $r 7W B, $7 !$ $= $N 7k 2L $r $b $H $K %" %k %4 %j %: %‘ $N M- 8z @- $r 8! >Z $9 $k !% 8= :_ !$ SPMD %3 !< %I $r @8 @. $9 $k %3 %s %Q %$ %i $O :n @. Cf $G $" $k $? $a !$ %O %s %I %3 %s %Q %$ %k $K $h $C $F !$ %a %C %; !< %8 DL ?. $N %3 !< %I $, F~ $C $? %W %m %0 %i %‘ $X $H JQ 49 $7 !$ $= $N <B 9T B. EY $r 7W B, $7 $? !% Insp ector/Executor @o N, $K 4p $E $$ $F F@ $i $l $k JB Ns 2= %3 !< %I $K $* $$ $F $O !$ send , r ecv , local , non l ocal $N %j %9 %H $r 07 $& =h M} $, I, MW $G $" $k !% $= $3 $G !$ %j %9 %H =h M} $r 9T $& <B 9T ;~ %i %$ %V %i %j $r :n @. $7 !$ $3 $N %i %$ %V %i %j $r AH $_ 9~ $s $G !$ Nc Bj %W %m %0 %i %‘ $N %O %s %I %3 %s %Q %$ %k $r 9T $C $? !% 4.1 IT 5, B’ AB 9T Ns $H %Y %/ %H %k $N @Q 4.1.1 IT 5, B’ AB 9T Ns $N %G !< %? 9= B$ M- 8B MW AG K! $J $I $N Ld Bj $G $O !$ IT 5, B’ $J AB 9T Ns $r %a %b %j 8z N( $N NI $$ %G !< %? 9= B$ $K 3J G< $9 $k $? $a !$ IT 5, B’ %" %/ %; %9 $, @8 $8 $k !% M- 8B MW AG K! $K $h $k 9= B$ 2r @O !$ EE ;R 2s O) $N %7 %_ %e %l !< %7 %g %s $G 2r $+ $l $k O" N) #1 <! J} Dx <0 $N 78 ?t 9T Ns $N B? $/ $O !$ Bg It J, $N 9T Ns MW AG $, 0 $N AB 9T Ns $G $" $k !% JB Ns <B 9T $, I, MW $J Bg 5, LO 9T Ns $G $O !$ AB 9T Ns $r 07 $& $3 $H $N J} $, B? $$ !% $3 $N 9T Ns A4 BN $N MW AG $r %a %b %j $K 3J G< $9 $k $3 $H $O !$ MF NL $N E@ $+ $i $b !$ 7W ;; ;~ 4V $N E@ $+ $i $b !$ 8= <B E* $K 2D G= $J 8B 3& $r 1[ $( $F $7 $^ $& !% $= $3 $G !$ 78 ?t 9T Ns A $N Hs Nm MW AG $N $_ $r !$ G[ Ns $K 3J G< $9 $k $3 $H $, I, MW $H $5 $l $k !% $3 $3 $G $O !$ [18, 19] $J $I $G >R 2p $5 $l $F $$ $k E5 7? E* $J 3J G< J} K! $r :N MQ $9 $k !% 2> Dj $9 $k 78 ?t 9T Ns A $O !$ BP >N !$ $+ $D Hs Nm MW AG $N 0L CV $, IT 5, B’ $J AB 9T Ns $G $" $k !% 1. Bh i 9T $N BP 3Q @~ $h $j 1& B& $K $" $k Hs Nm MW AG $N 8D ?t $r nzu(i) $H $9 $k !% 2. Bh i 9T $K $* $$ $F !$ BP 3Q @~ $N <! $+ $i 1& $X 8~ $+ $C $F ?t $( $F Bh j HV L\ $N MW AG $N B8 :_ $9 $k Ns HV 9f $r iu(i,j) $H $9 $k !% 3. iu(i,j) $K BP 1~ $9 $k Hs Nm MW AG $r au(i,j) $H $9 $k !% 4. Bh i 9T $N BP 3Q @. J, $r ad(i) $H $9 $k !% (1) $+ $i (3) $G I= 8= $5 $l $k $N $O !$ >e ;0 3Q 9T Ns $N It J, $G $" $k !% 2< ;0 3Q 9T Ns $K $D $$ $F $b !$ Bh i 9T $K $D $$ $F !$ $= $N Hs Nm MW AG $N 8D ?t !$ MW AG $N B8 :_ $9 $k Ns HV 9f !$ Hs Nm MW AG $N CM $r $= $l $> $l !$ nzl(i) !$ il(i,j) !$ al(i,j) $K 3J G< $9 $k !% $^ $? !$ BP >N 9T Ns $G $" $k $? $a !$ nzu(i) !$ iu(i,j) !$ au(i,j) $O 2< ;0 3Q 9T Ns $N Bh i Ns !$ nzl(i) !$ il(i,j) !$ al(i,j) $O !$ >e ;0 3Q 9T Ns $N Bh i Ns $N Hs Nm MW AG $N >p Js $r I= $9 !% ?^ 12 $K 8 � 8 9T Ns $N Nc $r <( $9 !% Bh 2 9T L\ $K $O !$ BP 3Q @~ $h $j 1& B& $N >e ;0 3Q 9T Ns $K #3 8D $N Hs Nm MW AG $, B8 :_ $9 $k $N $G !$ nzu(2)=3 $H $J $k !% $^ $? !$ $= $l $i $N Hs Nm @. J, $N B8 :_ $9 $k Ns HV 9f $O !$ :8 $+ $i =g $K iu(2,1)=3 !$ iu(2,2)=5 !$ iu(2,3)=7 $G $" $k !% au(2,1) !$ au(2,2) !$ au(2,3) $K $O $= $l $> $l BP 1~ $9 $k @. J, $N CM $, F~ $j !$ ad(2) $K $O Bh #2 9T $N BP 3Q MW AG $N CM $, F~ $k !% 22

?^ 12: AB 9T Ns $N %G !< %? 9= B$ ?^ 13: IT 5, B’ %a %C %7 %e [18] $h $j 9= B$ 2r @O $d !$ EE ;R 2s O) $N %7 %_ %e %l !< %7 %g %s $G $O !$ ICCG K! (Incomplete Choleskey and Conjugate Gradient metho d) !$ SOR K! (Succesive Over Relaxation metho d) $J $I $N H? I| 2r K! $G $3 $N AB 9T Ns $, 2r $+ $l $k !% H? I| 2r K! $K $* $$ $F %a %C %7 %e $N 9= B$ $, JQ 2= $7 $J $$ >l 9g !$ 0l EY insp ector $G 5a $a $? %j %9 %H $r MQ $$ $F !$ 2r $, <} B+ $9 $k $^ $G executor $r <B 9T $9 $k !% $f $( $K !$ Insep ctor/Executor @o N, $N $N E, MQ $, M- 8z $H $J $k !% $3 $N @a $G $O !$ $3 $N H? I| 2r K! $N Cf $G ;H MQ $5 $l $k 4p K\ E* $J =h M} $G $" $j !$ [20] $J $I $G $= $N @- G= I> 2A $, Js 9p $5 $l $F $$ $k 78 ?t 9T Ns $H %Y %/ %H %k $H $N @Q $N %W %m %0 %i %‘ $r 3 >O $G =R $Y $? insp ector %" %k %4 %j %: %‘ $K $h $k %3 !< %I $X $H %O %s %I %3 %s %Q %$ %k $K $h $C $F 5- =R $7 !$ $= $N I> 2A $r 9T $& !% 78 ?t 9T Ns $H $7 $F $O !$ IT 5, B’ %a %C %7 %e ?^ 13 $r 2> Dj $9 $k !% $7 $+ $7 !$ <B :] $K MQ $$ $? 9T Ns $O !$ ?^ 14 $N $b $N $G $" $k !% $3 $l $O 8= <B $K B8 :_ $9 $k IT 5, B’ %a %C %7 %e $r :n @. $9 $k $N $, :$ Fq $J $? $a $G $" $k !% ?^ 15 $K IT 5, B’ AB 9T Ns $H %Y %/ %H %k $H $N @Q !J 0J 2< SMVM:sparse Matrix V ector Multiplication $H N, $9 !K $r 5a $a $k %W %m %0 %i %‘ $r <( $9 !% 4.1.2 G[ Ns $N J, 3d 9T Ns A � %Y %/ %H %k b = %Y %/ %H %k x $r 5a $a $k !% $3 $3 $G !$ A $O 4.1.1 @a $G =R $Y $? $h $& $J 9T Ns $G $" $k !% 9T Ns $r 3J G< $9 $k G[ Ns $O !$ ?^ 16 $K <( $9 $h $& $K 9T J} 8~ $K BLOCK J, 3d $9 $k !% $^ $? !$ #1 <! 85 %Y %/ %H %k b; x $r 3J G< $9 $k G[ Ns 23

?^ 14: M- 8B MW AG K! $N NN 0h J, 3d [18] $h $j decomp osition d(N) align with nzu(i),iu(i,*),au(i,*) with d(i) align with nzl(i),il(i,*),al(i,*) with d(i) align with ad(i),b(i),x(i) with d(i) distribute d(BLOCK) do i=1,N x(i) = 0.0; do j=1,nzl(i) x(i) = x(i) + al(i,j) * b(il(i,j)) enddo ; x(i) = x(i) + ad(i) * b(i) do j=1,nzu(i) x(i) = x(i) + au(i,j) * b(iu(i,j)) enddo enddo ?^ 15: IT 5, B’ AB 9T Ns $H %Y %/ %H %k $N @Q $r 5a $a $k %W %m %0 %i %‘ 24

?^ 16: AB 9T Ns $N G[ Ns $N J, 3d b,x $b BLOCK J, 3d $9 $k !% 4.1.3 %3 !< %I $N @- <A j $N %k !< %W $K $* $$ $F !$ 1& JU $K 8= $l $k G[ Ns b $, %$ %s %G %C %/ %9 ;2 >H $5 $l $F $$ $k !% A0 >O $G <( $7 $? insp ector $N 5U %$ %s %G %C %/ %9 K! $r E, MQ $9 $k $K $O !$ il(i,j) $* $h $S iu(i,j) $N 5U %$ %s %G %C %/ %9 G[ Ns $, 5a $a $i $l $k I, MW $, $" $k !% $3 $N $H $- !$ il(i,j) $H iu(i,j) $O 8_ $$ $K 5U %$ %s %G %C %/ %9 G[ Ns $N 4X 78 $K $" $k !% 0J 2< !$ $3 $l $r @b L@ $9 $k !% ?^ 16 $K $* $$ $F !$ Nc $( $P !$ j=5 $N %$ %? %l !< %7 %g %s $G $O x(5) $r 5a $a $k $? $a $K !$ A $N Bh 5 9T $H b $N 1,2,6 HV $N MW AG $r I, MW $H $7 $F $$ $k $3 $H $, J, $+ $k !% ?^ $N $h $& $K G[ Ns $, %W %m %; %C %5 $K J, 3d $7 $F G[ CV $5 $l $F $$ $k $? $a !$ b $N 1,2 HV $N MW AG $X $N %" %/ %; %9 $O !$ DL ?. $r H< $& !% $3 $3 $G !$ 2< ;0 3Q 9T Ns $r Ns J} 8~ $K 8+ $k $H !$ Bh 1 Ns $O !$ Bh 2,5 9T $K Hs Nm MW AG $r ;} $D $= $N $? $a !$ b(1) $O !$ i = 2 ; 5 $N %$ %? %l !< %7 %g %s $K $* $$ $F ;2 >H $5 $l $k $3 $H $, $o $+ $k !% $3 $N 9T Ns $O !$ BP >N 9T Ns $G $" $k $? $a !$ 2< ;0 3Q 9T Ns $r Ns J} 8~ $K Av :: $7 $? >l 9g $N Hs Nm MW AG $N 0L CV $N >p Js $O !$ >e ;0 3Q 9T Ns $r 9T J} 8~ $K Av :: $7 $? >l 9g $N Hs Nm MW AG $N 0L CV $N >p Js $K B> $J $i $J $$ !% $f $( $K !$ 2< ;0 3Q 9T Ns $K $* $$ $F $O !$ iu(i,j) $r 8! :: $9 $k $3 $H $G !$ send list $, :n @. $5 $l !$ >e ;0 3Q 9T Ns $K $* $$ $F $O !$ il(i,j) $r 8! :: $9 $k $3 $H $G send l ist $, :n @. $G $- $k !% 4.1.4 <B 9T 7k 2L AP1000 $K $* $$ $F !$ 0J 2< $N $h $& $J >r 7o $G SMVM %W %m %0 %i %‘ $N <B 9T ;~ 4V $r B, Dj $7 $? !% � Bf ?t (512,256,128,64,32,16,8,4,2,1) � 9T Ns $N %5 %$ %: (32K,16K,4K,1K,256,64) � AP1000 $N 9b B. %a %C %; !< %8 =h M} 5! 9= [17] $r ;H MQ insp ector $N %" %k %4 %j %: %‘ $K 2C $( !$ 2.3 $G <( $7 $? $h $& $J Insp ector/Executor @o N, $r MQ $$ $J $$ >l 9g $K $D $$ $F $b B, Dj $r 9T $C $? !J $3 $l $r C1 =c K! $H 8F $V $3 $H $K $9 $k !K !% <B 9T ;~ 4V $N B, Dj 6h 4V $O !$ %W %m %; %C %5 Fb $G $N !$ 9T Ns @Q $N 25

%5 %V %k !< %A %s A4 BN $H $= $N Cf $N , insp ector It $N $_ $N #2 <o N‘ $G 9T $C $? !% B, Dj 6h 4V $K F~ $k D> A0 $K !$ A4 %W %m %; %C %5 4V $G F1 4| $r $H $j !$ B, Dj 6h 4V $r =* N; $9 $k $N $, 0l HV :G 8e $N %W %m %; %C %5 $N <B 9T ;~ 4V $r !$ A4 BN $N <B 9T ;~ 4V $H $7 $? !% I= 2 $+ $i 5 $K A4 BN $N <B 9T ;~ 4V $r !$ ?^ 17 $K %0 %i %U 2= $7 $? $b $N $r <( $9 !% $^ $? !$ I= 6 $+ $i 8 $K $O !$ insp ector $N $_ $N <B 9T ;~ 4V $r !$ ?^ 18 $K $O $= $N %0 %i %U $r <( $9 !% 4.1.5 9M ;! SMVM $N <B 9T ;~ 4V $K $D $$ $F $N 9M ;! $r 9T $& !% C1 =c K! $H $N Hf 3S ?^ 19 $K !$ SMVM $r !$ Insp ector/Executor @o N, $r ;H MQ $7 $J $$ C1 =c K! $H Hf 3S $7 $? %0 %i %U $r <( $9 !% $3 $l $i $O !$ !J C1 =c K! $N <B 9T ;~ 4V !K = !J 3F %" %k %4 %j %: %‘ $G $N <B 9T ;~ 4V !K $K $h $C $F 5a $a $? $b $N $G $" $j !$ 2# <4 $K %W %m %; %C %5 Bf ?t !$ =D <4 $K ;~ 4V Hf $r $H $C $F $$ $k !% $f $( $K !$ ;~ 4V Hf $, Bg $- $$ $[ $I !$ %" %k %4 %j %: %‘ $, 9b B. 2= $5 $l $F $$ $k $3 $H $r <( $9 !% $= $l $> $l $N @^ $l @~ $O !$ N � N 9T Ns $N %5 %$ %: N $r I= $7 $F $$ $k !% $3 $3 $G !$ C1 =c K! $N %3 !< %I $O !$ 2.3 @a $G <( $7 $? $h $& $K !$ %$ %s %G %C %/ %9 ;2 >H $r 9T $& %G !< %? ;2 >H $, 5/ $3 $k $? $S $K !$ %$ %s %G %C %/ %9 G[ Ns $N CM $r %V %m !< %I %- %c %9 %H $7 $F !$ Aw <u ?. %W %m %; %C %5 $r 3N Dj $9 $k $H $$ $& $b $N $G $" $k !% %W %m %; %C %5 ?t $, >/ $J $$ >l 9g $O !$ %l %7 !< %V %P %C %U %! $, $" $U $l $k $? $a !$ <B 9T ;~ 4V $, B, Dj $G $- $J $+ $C $? !% $3 $l $i $N ?^ $+ $i $O !$ Insp ector/Executor @o N, $r MQ $$ $? A4 $F $N %" %k %4 %j %: %‘ $G !$ <B 9T $N 9b B. 2= $, C# @. $5 $l $F $$ $k $3 $H $, $o $+ $k !% $3 $l $, :G Bg $H $J $k $N $O !$ 9T Ns %5 %$ %: N = 32 K !$ %W %m %; %C %5 ?t 32 Bf !$ 5U %$ %s %G %C %/ %9 K! $G <B 9T $7 $? >l 9g $G !$ 1.96 G\ $H $J $k !% Insp ector/Executor @o N, $r E, MQ $7 $? %" %k %4 %j %: %‘ $N Fb $G $O !$ 5U %$ %s %G %C %/ %9 K! $H => Mh K! $H $, ?t CM E* $K $b !$ %0 %i %U $N 7A >u $G $b ;w $? $h $& $J 79 8~ $r <( $7 $F $$ $k !% $3 $l $K BP $7 !$ A4 8! :: K! $O !$ B> $N #2 $D $N %" %k %4 %j %: %‘ $K Hf $Y !$ 9b B. 2= $N Hf N( $, >. $5 $$ !% $3 $l $i $N %" %k %4 %j %: %‘ 4V $N 0c $$ $K $D $$ $F $O !$ 8e $G >\ $7 $/ 9M ;! $9 $k !% $3 $3 $G $O !$ Insp ector/Executor @o N, $K 6& DL $N 79 8~ $K $D $$ $F 9M ;! $9 $k !% ?^ 19 $N %0 %i %U $K 6& DL $9 $k $N $O !$ � 9T Ns $N %5 %$ %: $, Bg $- $/ $J $k $K $D $l !$ 9b B. 2= $N EY 9g $, Bg $- $$ !% � %W %m %; %C %5 ?t $, A} 2C $9 $k $K $D $l $F !$ 9b B. 2= N( $, $d $d >. $5 $/ $J $C $F $$ $k !% $H $$ $& 79 8~ $G $" $k !% $^ $: !$ 9T Ns $N %5 %$ %: $H 9b B. 2= $N 4X 78 $K $D $$ $F =R $Y $k !% Insp ector/Executor @o N, $r MQ $$ $J $$ C1 =c K! $G $O !$ 2.3 @a $G =R $Y $? $h $& $K !$ %k !< %W $N %$ %? %l !< %7 %g %s ?t $K Hf Nc $9 $k 2s ?t $N %V %m !< %I %- %c %9 %H $, 5/ $3 $k !% 9T Ns $N %5 %$ %: $, Bg $- $/ $J $k $H !$ %$ %? %l !< %7 %g %s ?t $b $= $l $K Hf Nc $7 $F A} 2C $9 $k $? $a !$ 7k 6I !$ %V %m !< %I %- %c %9 %H $N 2s ?t $b 9T Ns $N %5 %$ %: $N Hf Nc $7 $F A} 2C $9 $k !% $= $l $K BP $7 $F !$ Insp ector/Executor @o N, $r E, MQ $9 $k $H !$ %V %m !< %I %- %c %9 %H $G $O $J $/ !$ I, MW :G >. 8B $N #1 BP #1 $N DL ?. $N $_ $, 9T $o $l $k $? $a !$ DL ?. NL $, :o 8: $5 $l $k !% $^ $? !$ %W %m %; %C %5 ?t $, A} 2C $9 $k $K $D $l $F !$ 9b B. 2= N( $, >. $5 $/ $J $k $N $O !$ Insp ector/Executor @o N, $r E, MQ $7 $F $b !$ insp ector $* $h $S executor $G $N DL ?. 2s ?t $O %W %m %; %C %5 ?t $K Hf Nc $7 $F A} Bg $9 $k $? $a !$ C1 =c K! $K BP $9 $k Aj BP E* $J DL ?. NL $N :9 $, >. $5 $/ $J $k $? $a $H ;W $o $l $k !% => Mh K! $K $h $k insp ector $N 9M ;! $3 $3 $G $O !$ ?^ 18(a) $r $b $H $K !$ => Mh $N insp ector $N %3 !< %I $K $D $$ $F 9M ;! $9 $k !% ?^ 18(a) $G $O !$ %W %m %; %C %5 Bf ?t $N A} 2C $H $H $b $K !$ insp ector $N <B 9T ;~ 4V $O 0l EY 8: >/ $7 $F $+ $i :F $S A} 2C $9 $k !% Nc $( $P !$ 9T Ns $N %5 %$ %: $, 32K $N >l 9g $O !$ %W %m %; %C %5 ?t 128 $G !$ <B 9T ;~ 4V $, :G >. $H $J $j !$ $3 $l 0J >e %W %m %; %C %5 $r A} $d $9 $H !$ <B 9T ;~ 4V $O A} 2C $9 $k !% $3 $3 $G !$ insp ector $N r ecv list $r 5a $a $k %k !< %W $N #1 %$ %? %l !< %7 %g %s $N <B 9T ;~ 4V $N J? 6Q $r T L !$ %a %C %; !< %8 $N Aw <u ?. $K $+ $+ $k J? 6Q ;~ 4V $r T m $H $9 $k $H !$ insp ector $N <B 9T ;~ 4V $O !$ inspector (1) = N T L P + T m ( P � 1) (20) 26

(a) C1 =c K! (b) => Mh K! (c) 5U %$ %s %G %C %/ %9 K! (d) A4 8! :: K! ?^ 17: SMVM $N <B 9T ;~ 4V 27

(a) => Mh K! (b) 5U %$ %s %G %C %/ %9 K! (c) A4 8! :: K! ?^ 18: SMVM $N insp ector $N <B 9T ;~ 4V 28

(a) => Mh K! (b) 5U %$ %s %G %C %/ %9 K! (c) A4 8! :: K! ?^ 19: SMVM $N <B 9T ;~ 4V $N Hf 3S !’ C1 =c K! $K BP $9 $k Hf N( 29

(a) 5U %$ %s %G %C %/ %9 K! (b) A4 8! :: K! ?^ 20: SMVM $N insp ector $N <B 9T ;~ 4V $N Hf 3S !’ => Mh K! $K BP $9 $k Hf N( $H $J $k !% $3 $N <0 $N 1& JU $N Bh #1 9‘ $O !$ %W %m %; %C %5 Bf ?t $K H? Hf Nc $9 $k $, !$ Bh #2 9‘ $O !$ %W %m %; %C %5 Bf ?t $K Hf Nc $9 $k $? $a !$ %W %m %; %C %5 Bf ?t $N A} 2C $H $H $b $K !$ $3 $N <0 $N CM $, Bh #2 9‘ $K ;Y G[ $5 $l $k $? $a $G $" $k !% $3 $N <0 $r Hy J, $9 $k $H !$ P = p N T L =T m $N $H $- $K :G >. CM $H $J $k $3 $H $, $o $+ $k !% <B :] $K $O !$ %k !< %W $N <B 9T ;~ 4V $d %a %C %; !< %8 $N <u ?. BT $A $J $I $N ;~ 4V $O !$ %G !< %? $N @- <A $K $h $k $, !$ :G >. CM $r ;} $D $3 $H $O $3 $N <0 $+ $i @b L@ $5 $l $k !% 5U %$ %s %G %C %/ %9 K! $K $h $k insp ector $N 9M ;! %W %m %; %C %5 Bf ?t $N A} 2C $K H< $$ !$ insp ector $N <B 9T ;~ 4V $O 8: >/ $9 $k !% $3 $l $O !$ 3.2 @a $G <( $7 $? $h $& $K !$ insp ector Fb $N %k !< %W $N %3 %9 %H $O !$ %W %m %; %C %5 Bf ?t $, A} 2C $9 $k $H !$ $= $l $K H? Hf Nc $7 $F >. $5 $/ $J $k !$ insp ector Fb $G DL ?. $, 5/ $3 $i $J $$ $? $a !$ => Mh K! $N $h $& $K %W %m %; %C %5 Bf ?t $K Hf Nc $7 $F <B 9T ;~ 4V $, A} Bg $9 $k MW 0x $, $J $$ $H $$ $& M} M3 $K $h $k !% A4 8! :: K! $K $h $k insp ector $N 9M ;! %W %m %; %C %5 Bf ?t $N ?t $K $+ $+ $o $i $: !$ insp ector Fb $N %k !< %W $N %3 %9 %H $O 0l Dj $G $" $k !% 9T Ns %5 %$ %: N = 32 K $N >l 9g $G !$ %W %m %; %C %5 ?t 64 Bf $" $? $j $+ $i !$ insp ector $N <B 9T ;~ 4V $O !$ $[ $\ 0l Dj $G $" $k !% %W %m %; %C %5 ?t $, Hf 3S E* >/ ?t $N >l 9g $O !$ send l ist , r ecv list $N !$ #1 $D $N %j %9 %H $" $? $j $N MW AG ?t $, B? $$ $? $a !$ $3 $l $i $N %j %9 %H $K %$ %s %G %C %/ %9 $N CM $r DI 2C $9 $k %* !< %P !< %X %C %I $, Bg $- $$ $? $a $G $" $k !% %j %9 %H $N DI 2C $N :] $K !$ MW AG $, >: =g $K JB $V $h $& $K $9 $k $? $a !$ %j %9 %H $N %5 %$ %: $, Bg $- $/ $J $k $[ $I !$ %j %9 %H $X $N %$ %s %G %C %/ %9 G[ Ns $N CM $N DI 2C $K %3 %9 %H $, $+ $+ $k !% => Mh K! $N insp ector %" %k %4 %j %: %‘ $H $N Hf 3S SMVM $N 5U %$ %s %G %C %/ %9 K! !$ A4 8! :: K! $K $h $k insp ector $N %" %k %4 %j %: %‘ $, => Mh K! $N %" %k %4 %j %: %‘ $K BP $7 $F $I $N Dx EY 9b B. 2= $5 $l $F $$ $k $+ $r ?^ 20 $K <( $9 !% $3 $N ?^ $G $b 2# <4 $, %W %m %; %C %5 ?t !$ =D <4 $, 9b B. 2= N( $G $" $k !% $3 $l $i $O $= $l $> $l !$ !J => Mh K! $N <B 9T ;~ 4V !K = !J 5U %$ %s %G %C %/ %9 K! $N $" $k $$ $O !$ A4 8! :: K! $K $h $k <B 9T ;~ 4V !K $G ;; =P $7 $? $b $N $G $" $k !% $3 $N %0 %i %U $G $b !$ ;~ 4V Hf $, Bg $- $$ $[ $I !$ 9b B. 2= $5 $l $F $$ $k $3 $H $r <( $9 !% ?^ 20(a) $+ $i $O !$ %W %m %; %C %5 Bf ?t $, A} 2C $9 $k $K $D $l $F insp ector $, 9b B. 2= $5 $l $F $$ $k $3 $H $, $o $+ $k !% 512 30

%W %m %; %C %5 $N >l 9g $O !$ 9T Ns $N Bg $- $5 N = 1 K ; 4 K; 16 K ; 32 K $N $H $- !$ $= $l $> $l 1 : 63 ; 1 : 57 ; 1 : 38 ; 1 : 21 G\ $^ $G $N 9b B. 2= $, C# @. $5 $l $F $$ $k !% $7 $+ $7 !$ %W %m %; %C %5 ?t $, >/ $J $$ >l 9g !$ :G Bg 4% Dx EY $N @- G= Dc 2< $b 8+ $i $l $k !% $3 $l $O !$ %W %m %; %C %5 ?t $, >/ $J $$ >l 9g !$ => Mh K! $K $* $1 $k DL ?. 2s ?t !J %W %m %; %C %5 ?t $K Hf Nc $9 $k !K $, >/ $J $$ $N $K BP $7 !$ 5U %$ %s %G %C %/ %9 K! $N send l ist $r 5a $a $k %k !< %W $N <B 9T ;~ 4V !J %W %m %; %C %5 ?t $K H? Hf Nc $9 $k !K $, D9 $$ $? $a $G $" $k !% $f $( $K !$ %W %m %; %C %5 ?t $, A} 2C $9 $k $K $D $l $F => Mh K! $N DL ?. %* !< %P !< %X %C %I $, Bg $- $/ $J $j !$ 5U %$ %s %G %C %/ %9 K! $K $* $$ $F DL ?. $r IT MW $H $7 $? $3 $H $N 8z 2L $, 8= $l $F $$ $k !% ?^ 20(b) $G $O !$ 9T Ns $N Bg $- $5 $, N = 64 ; 1 K $N >l 9g 0J 30 $O !$ @- G= $N Dc 2< $, 8+ $i $l $k !% A4 8! :: K! $N insp ector $K $* $1 $k %k !< %W $N <B 9T ;~ 4V $O !$ => Mh K! $N %3 !< %I $K $* $1 $k <B 9T ;~ 4V $N %W %m %; %C %5 Bf ?t G\ $G $" $k $? $a !$ => Mh K! $N DL ?. $h $j $b Bg $- $J %* !< %P !< %X %C %I $H $J $C $F $$ $k !% $? $@ $7 !$ %W %m %; %C %5 ?t $r A} 2C $9 $k $H !$ => Mh K! $N %* !< %P !< %X %C %I $O Bg $- $/ $J $k $N $G !$ A4 8! :: K! $H $N :9 $O >. $5 $/ $J $k !% SMVM $N =h M} ;~ 4V $H insp ector $N =h M} ;~ 4V $H $N Hf N( Insp ector/Executor @o N, $r E, MQ $7 $? => Mh K! !$ 5U %$ %s %G %C %/ %9 K! !$ A4 8! :: K! $K $D $$ $F !$ SMVM A4 BN $N <B 9T ;~ 4V $K BP $9 $k !$ insp ector $N <B 9T ;~ 4V $N 3d 9g !J insp ector $N <B 9T ;~ 4V !K = !J SMVM A4 BN $N <B 9T ;~ 4V !K $r =D <4 $K $H $C $? %0 %i %U $r ?^ 21 $K <( $9 !% executor $K $* $1 $k %3 !< %I $O !$ $3 $l $i $N %" %k %4 %j %: %‘ $G 6& DL $N $b $N $r ;H MQ $7 $F $$ $k $? $a !$ executor $K $* $1 $k =h M} NL $O Ey $7 $$ !% $f $( $K !$ ?^ 21 $N %0 %i %U $K $* $$ $F !$ ?t CM $, >. $5 $/ $J $k $[ $I !$ insp ector $K $* $1 $k %* !< %P !< %X %C %I $O >. $5 $$ !% $3 $l $i $N %" %k %4 %j %: %‘ $K 6& DL $7 $F !$ 9T Ns $N %5 %$ %: N $, >. $5 $$ $[ $I !$ insp ector $N 3d 9g $, >. $5 $/ $J $k 79 8~ $K $" $k !% $? $@ $7 !$ => Mh K! $G $O !$ insp ector $N 3d 9g $O C1 D4 $K Dc 2< $7 $F $O $$ $J $$ !% $3 $l $O !$ %W %m %; %C %5 ?t $N A} 2C $K $h $k DL ?. 2s ?t $N A} 2C $, !$ %W %m %; %C %5 ?t $, A} 2C $7 $? $3 $H $K $h $k %W %m %; %C %5 $" $? $j $N =h M} NL $N Dc 2< $h $j $b !$ B? Bg $J 1F 6A $r M? $( $F $$ $k $? $a $G $" $k !% $3 $l $i $N %0 %i %U $N Fb $G $O !$ 5U %$ %s %G %C %/ %9 K! $N %" %k %4 %j %: %‘ $N ?t CM $, 0l HV >. $5 $$ !% $^ $? !$ 5U %$ %s %G %C %/ %9 K! $G $O !$ %W %m %; %C %5 ?t $, A} 2C $9 $k $K $D $l $F !$ insp ector $N 3d 9g $, Dc 2< $7 $F $$ $k !% $3 $l $O !$ insp ector $K $* $1 $k =h M} NL $, %W %m %; %C %5 ?t $K H? Hf Nc $9 $k $3 $H $K $h $k $b $N $G $" $k !% $5 $i $K %W %m %; %C %5 ?t $r A} 2C $9 $k $3 $H $K $h $j !$ $5 $i $K insp ector $N 3d 9g $N Dc 2< $, 4| BT $G $- $k !% A4 8! :: K! $K $* $$ $F $b !$ 9T Ns $N %5 %$ %: $, N = 64 ; 256 $N >l 9g $O !$ insp ector $N 3d 9g $N Dc 2< $, 8+ $i $l $k !% $7 $+ $7 !$ 9T Ns $N %5 %$ %: $, $3 $l $h $j Bg $- $/ $J $k $H !$ insp ector $N 3d 9g $O 99% A0 8e $G !$ $" $^ $j Dc 2< $7 $J $$ !% $3 $l $O !$ $3 $N %" %k %4 %j %: %‘ $N insp ector $N %k !< %W $, 9T Ns $N %5 %$ %: $K Hf Nc $7 !$ %W %m %; %C %5 ?t $, A} 2C $7 $F $b !$ =h M} NL $, JQ 2= $7 $J $$ $? $a $G $" $k !% $^ $H $a 0J >e $N 9M ;! $h $j !$ <! $N $3 $H $, 8@ $( $k !% � 5U %$ %s %G %C %/ %9 K! $N %" %k %4 %j %: %‘ $O !$ %W %m %; %C %5 Bf ?t $N A} 2C $H $H $b $K !$ Bf ?t 8z 2L $, F@ $i $l $k !% 9T Ns $N %5 %$ %: $N A} 2C $H $H $b $K !$ insp ector $N %* !< %P !< %X %C %I $, Bg $- $/ $J $k !% � A4 8! :: K! $N %" %k %4 %j %: %‘ $O !$ 9T Ns $N %5 %$ %: $N A} 2C $H $H $b $K !$ insp ector $N %* !< %P !< %X %C %I $, Bg $- $/ $J $k !% %W %m %; %C %5 Bf ?t $N A} 2C $K $h $k Bf ?t 8z 2L $O F@ $i $l $J $$ !% � => Mh K! $N %" %k %4 %j %: %‘ $O !$ %W %m %; %C %5 Bf ?t $N A} 2C $H $H $b $K !$ insp ector $N %* !< %P !< %X %C %I $, Bg $- $/ $J $k !% 4.2 It J, %T %\ %C %F %# %s %0 IU $- LU J, 2r LU J, 2r $N %3 !< %I $r ?^ 22 $K <( $9 !% 31

(a) => Mh K! (b) 5U %$ %s %G %C %/ %9 K! (c) A4 8! :: K! ?^ 21: SMVM $N <B 9T ;~ 4V $H insp ector $N <B 9T ;~ 4V $H $N Hf N( 32 integer i,j,k,l,pivot(N) double a(N,N) decomp osition d(N,N) align a(i,j) with d(i,j) align pivot(i) with d(i,:) distribute d(BLOCK)(BLOCK) do k=1,N /* %T %\ %C %H 9T $N A* Br !$ 8r 49 !J pivot $N CM $, JQ 99 $5 $l $k !K */ do i=k+1,N a(pivot(i),k) = a(pivot(i),k) / a(pivot(k),k) enddo do i=k+1,N do j=k+1,N a(pivot(i),j) = a(pivot(i),j) - a(pivot(i),k) * a(pivot(k),j) enddo enddo enddo ?^ 22: It J, %T %\ %C %F %# %s %0 IU $- LU J, 2r $N %3 !< %I 4.2.1 G[ Ns $N J, 3d L) 9T Ns $r 3J G< $9 $k 9T Ns A $r 9T J} 8~ !$ Ns J} 8~ $N N> J} 8~ $K $D $$ $F CYCLIC J, 3d $9 $k !% %T %\ %C %H 9T A* Br $N $? $a $N %$ %s %G %C %/ %9 G[ Ns pivot $O !$ G[ Ns A $N 9T J} 8~ $H F1 MM $K CYCLIC J, 3d $7 !$ $3 $l $r Ns J} 8~ $K =E J# $7 $F J] ;} $9 $k !% BLOCK J, 3d $G $O !$ J, 2r $, ?J $‘ $K $D $l $F !$ G[ Ns $N E: ;z $N CM $, Bg $- $$ MW AG $r J] ;} $9 $k %W %m %; %C %5 $K =h M} $, =8 Cf $9 $k $? $a !$ $3 $N $h $& $J =h M} $N =8 Cf $r KI $. !$ Ii 2Y J, ;6 $r <B 8= $9 $k $? $a !$ CYCLIC J, 3d $, 9T $C $F $$ $k !% 4.2.2 %3 !< %I $N @- <A ?^ 22 $N LU J, 2r $r JB Ns 2= $9 $k >l 9g !$ %$ %s %G %C %/ %9 G[ Ns pivot $, p ermutaion 4X ?t $G $" $k $? $a !$ 3.3 @a $G =R $Y $? $h $& $K !$ 5U %$ %s %G %C %/ %9 G[ Ns $, @8 @. $G $- $k !% $^ $? !$ i $N %k !< %W $H i; j $N #2 =E %k !< %W $K $* $$ $F !$ JQ ?t ~ k $O !$ JB Ns %k !< %W Fb $K $* $$ $F lo op inv arian t $G $" $k !% $3 $N $H $- !$ 5U %$ %s %G %C %/ %9 G[ Ns $r <B 9T ;~ $K @8 @. $9 $k $3 $H $, 2D G= $G $" $k !% $3 $l $O !$ 2.5 @a $G =R $Y $? =8 9g $N Dj 5A $r lo op inv arian t $r 4^ $‘ I= 8= <0 $K BP 1~ $7 $F =$ @5 $9 $k $3 $H $G F@ $i $l $k !% 33

?^ 23: LU J, 2r $K $* $1 $k %$ %s %G %C %/ %9 ;2 >H Y i ( h i ( ~ k )) $K BP $7 $F $O !$ r ef ( p ) = ( Y i ( h i ( ~ k )) if exec ( p ) 6 = � � if exec ( p ) = � (21) der ef ( p ) = ( iter set ( ~ k ) if ~ k 2 l ocal ( p ) � if ~ k 62 l ocal ( p ) (22) r ecv l ist ( p; q ) = 8 > < > : ~ k if ~ k 2 l ocal ( q ) and exec ( p ) 6 = � � otherwise (23) send l ist ( p; q ) = 8 > < > : ~ k if ~ k 2 local ( p ) and exec ( q ) 6 = � � otherwise (24) $N $h $& $K $J $k [2] !% 0l HL E* $K $O !$ ?^ 8 $N %" %k %4 %j %: %‘ $K $* $$ $F !$ Aw ?. @h $N %W %m %; %C %5 HV 9f dest $r A4 $F $N %W %m %; %C %5 $H $9 $l $P $h $$ !% => $C $F !$ ?^ 8 $N %" %k %4 %j %: %‘ $N DL $j $K insp ector $r @8 @. $7 $J $/ $H $b !$ %3 %s %Q %$ %k ;~ $K !$ %V %m !< %I %- %c %9 %H $d %^ %k %A %- %c %9 %H $N %3 !< %I $r @8 @. $G $- $k !% 4.2.3 <B 9T 7k 2L AP1000 $K $* $$ $F !$ %W %m %; %C %5 Bf ?t !$ 9T Ns $N %5 %$ %: $r <! $N $h $& $K ;X Dj $7 $F <B 9T $7 $? !% � Bf ?t (512,256,128,64,32,16,8,4,2,1) � 9T Ns $N %5 %$ %: (64,128,256) B, Dj $K $O !$ SMVM $H F1 MM $K AP1000 $N 9b B. %a %C %; !< %8 =h M} 5! 9= $r ;H MQ $7 $F $$ $k !% <B 9T ;~ 4V $N B, Dj 6h 4V $O !$ %W %m %; %C %5 Fb $G LU J, 2r $N %5 %V %k !< %A %s A4 BN $H $7 !$ B, Dj 6h 4V $K F~ $k D> A0 $K !$ A4 %W %m %; %C %5 4V $G F1 4| $r $H $j !$ B, Dj 6h 4V $r =* N; $9 $k $N $, 0l HV :G 8e $N %W %m %; %C %5 $N <B 9T ;~ 4V $r !$ A4 BN $N <B 9T ;~ 4V $H $7 $? !% I= 9 $+ $i 11 $K !$ LU J, 2r $N <B 9T ;~ 4V $r !$ ?^ 24 $K !$ $= $l $r %0 %i %U 2= $7 $? $b $N $r <( $9 !% Insp ector/Executor @o N, $N 5U %$ %s %G %C %/ %9 K! $H A4 8! :: K! $r E, MQ $7 $? >l 9g $H !$ Insp ector/Executor @o N, $r E, MQ $7 $J $+ $C $? >l 9g $K $D $$ $F $N <B 9T ;~ 4V $r <( $9 !% $J $* !$ $3 $N Nc $G $O !$ => Mh $N J} K! $K $h $k insp ector $O @8 @. $G $- $J $$ !% 34

(a) C1 =c K! (b) 5U %$ %s %G %C %/ %9 K! (c) A4 8! :: K! ?^ 24: LU J, 2r $N <B 9T ;~ 4V 35

(a) 5U %$ %s %G %C %/ %9 K! (b) A4 8! :: K! ?^ 25: LU J, 2r $N <B 9T ;~ 4V $N Hf 3S !’ C1 =c K! $K BP $9 $k Hf N( 4.2.4 9M ;! C1 =c K! $H $N Hf 3S ?^ 25 $K C1 =c K! $H !$ 5U %$ %s %G %C %/ %9 K! !$ A4 8! :: K! $H $N Hf N( $r <( $9 %0 %i %U $r <( $9 !% $3 $l $O !$ !J C1 =c K! $N <B 9T ;~ 4V !K = !J 5U %$ %s %G %C %/ %9 K! !? A4 8! :: K! $N <B 9T ;~ 4V !K $r !$ %W %m %; %C %5 ?t $4 $H $K ;; =P $7 $? $b $N $G $" $j !$ C1 =c K! $K Hf $Y $F 2? G\ Aa $/ $J $C $? $+ $r <( $9 !% $3 $N ?^ 25 $+ $i !$ 5U %$ %s %G %C %/ %9 K! $r ;H MQ $7 $F Insp ector/Executor @o N, $r E, MQ $7 $? >l 9g !$ $3 $N @o N, $r E, MQ $7 $J $+ $C $? >l 9g $K Hf $Y !$ %W %m %; %C %5 ?t 512 !$ G[ Ns $N %5 %$ %: N=256 $N $H $- $K !$ :G Bg $N 41 G\ $N B. EY 8~ >e $r F@ $? $3 $H $, J, $+ $k !% $3 $N $h $& $J NI 9% $J 7k 2L $r F@ $? $N $O !$ %G !< %? %" %/ %; %9 $N EY $K 5/ $3 $k %V %m !< %I %- %c %9 %H $N 2s ?t $r !$ Bg I} $K :o 8: $7 $? $? $a $G $" $k !% %k !< %W $N %$ %? %l !< %7 %g %s $N 2s ?t $3 $3 $G !$ LU J, 2r $N i,j $N #2 =E %k !< %W $K $D $$ $F !$ <B 9T ;~ 4V $r 2r @O $7 $F $_ $k !% 9T Ns $N %5 %$ %: $r N � N $H $9 $k $H !$ C‘ <! $N >l 9g $O N 2 $N %$ %? %l !< %7 %g %s $, I, MW $H $J $k !% 5U %$ %s %G %C %/ %9 K! $G $O lo c al/nonlo c al iter $r 5U %$ %s %G %C %/ %9 G[ Ns $r ;2 >H $9 $k $@ $1 $G 5a $a $F <B 9T $9 $Y $- %$ %? %l !< %7 %g %s $r 3N Dj $7 $F $$ $k !% $= $N $? $a %W %m %; %C %5 ?t $r P $H $9 $k $H !$ i,j $H $b $K %$ %? %l !< %7 %g %s 2s ?t $r 1 = p P G\ $K $G $- $k $? $a !$ A4 BN $H $7 $F N 2 =P 2s $N %$ %? %l !< %7 %g %s $G %k !< %W $N <B 9T $, 9T $o $l $k !% $3 $l $K BP $7 !$ A4 8! :: K! $G $O !$ lo c al/nonlo c al iter $r 5a $a $k $? $a $K %$ %s %G %C %/ %9 G[ Ns pivot $N A4 $F $N MW AG $N ;2 >H $r I, MW $H $9 $k !% $f $( $K !$ i $N %k !< %W $N %$ %? %l !< %7 %g %s 2s ?t $O %W %m %; %C %5 ?t $K $+ $+ $o $i $: 0l Dj $H $J $k $? $a !$ A4 BN $G $O N 2 = p P 2s $N %$ %? %l !< %7 %g %s $N <B 9T $, I, MW $G $" $k !% $^ $? !$ C1 =c K! $G $O !$ %$ %? %l !< %7 %g %s $O A4 8! :: K! $H F1 $8 $/ N 2 = p P $G $" $k $, !$ N = p P 2s $N G[ Ns pivot $N CM $N %V %m !< %I %- %c %9 %H $, I, MW $H $J $k !% $f $( $K !$ Insp ector/Executor @o N, $r E, MQ $7 $? >l 9g %V %m !< %I %- %c %9 %H $r IT MW $K $G $- $k $? $a !$ C1 =c K! $K Hf $Y $F <B 9T ;~ 4V $r Bg I} $K C; =L $G $- $k !% $^ $? !$ 5U %$ %s %G %C %/ %9 K! $H A4 8! :: K! $K $h $k %3 !< %I $G $O !$ %$ %? %l !< %7 %g %s $N 2s ?t $K N 2 =P $H N 2 = p P $H $$ $& :9 $, $" $k $? $a !$ 5U %$ %s %G %C %/ %9 $N J} $, 9b B. $G $" $k $H $$ $( $k !% 36

Bf ?t 8z 2L LU J, 2r $N <B 9T 7k 2L $K BP $9 $k Bf ?t 8z 2L $N %0 %i %U $r ?^ 26 $K <( $9 !% $3 $l $O !$ !J #1 %W %m %; %C %5 $G $N <B 9T ;~ 4V !K = !J P %W %m %; %C %5 $G $N <B 9T ;~ 4V !K $K $h $C $F 5a $a $? $b $N $G $" $k !% $I $N %" %k %4 %j %: %‘ $G $b 9T Ns $N %5 %$ %: 256 !$ %W %m %; %C %5 ?t 512 $N $H $- $K :G Bg $N B. EY 8~ >e $, F@ $i $l !$ 5U %$ %s %G %C %/ %9 K! $G 98 G\ !$ A4 8! :: K! $G 28 G\ !$ C1 =c K! $G 3.9 G\ $G $" $k !% $3 $N %0 %i %U $+ $i !$ Insep ctor/Executor @o N, $r MQ $$ $? >l 9g !$ FC $K 5U %$ %s %G %C %/ %9 K! $r MQ $$ $? >l 9g !$ NI 9% $J Bf ?t 8z 2L $, F@ $i $l $k $H $$ $( $k !% $= $l $K BP $7 !$ C1 =c K! $G $O !$ Bf ?t 8z 2L $, $[ $H $s $I 4| BT $G $- $J $$ !% 5 7k O@ K\ 9F $G $O !$ IT 5, B’ $J %" %/ %; %9 $r H< $& %k !< %W $N JB Ns 2= $K $D $$ $F 9M ;! $7 $? !% => Mh $N Insp etor/Executor @o N, $N insp ector It J, $r 9b B. 2= !$ 5Z $S !$ E, MQ HO 0O $r 9- $/ $9 $k %" %k %4 %j %: %‘ $r Ds 0F $7 $? !% K\ 9F $G Ds 0F $7 $? #2 $D $N %" %k %4 %j %: %‘ $N $& $A !$ 5U %$ %s %G %C %/ %9 K! $, => Mh $N <j K! $h $j $b 9b B. $G $" $k $3 $H $, <( $5 $l $? !% FC $K %W %m %; %C %5 Bf ?t $, A} 2C $7 $? $H $- $K M- Mx $G $" $k !% %" %k %4 %j %: %‘ $N E, MQ HO 0O $N E@ $G $O !$ A4 8! :: K! $G $O !$ @) 8B $, $J $/ !$ 5U %$ %s %G %C %/ %9 K! $G $O !$ => Mh E, MQ $G $- $J $+ $C $? !$ %T %\ %C %F %# %s %0 IU $- LU J, 2r $K E, MQ 2D G= $H $J $C $? !% $5 $i $K !$ 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- $r !$ %$ %s %G %C %/ %9 G[ Ns $N @- <A $+ $i 9M ;! $7 !$ C1 <M $G $" $l $P 5U $, 0l 0U $K 5a $^ $j !$ A4 <M $G $" $l $P 5U %$ %s %G %C %/ %9 $r 8z N( E* $K 3J G< $G $- $k $3 $H $r <( $7 $? !% :# 8e $N 2] Bj $O !$ send l ist; r ecv l ist $J $I $N %j %9 %H $N A‘ :n $r !$ $h $j 9b B. $J $b $N $K $9 $k $3 $H !$ MM !9 $J Nc Bj $K $D $$ $F 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- $r D4 $Y !$ M- 8z @- $r 8! >Z $9 $k $3 $H $G $" $k !% K\ 9F $G =R $Y $? insp ector %" %k %4 %j %: %‘ $N %* !< %P !< %X %C %I $O $+ $J $j Bg $- $$ !% $3 $N 9b B. 2= $N <j CJ $H $7 $F !$ [21] $K $* $$ $F Hashed Cache $H $$ $& 5; K! $, Ds 0F $5 $l $F $$ $k !% $3 $l $O !$ B> $N %W %m %; %C %5 $+ $i Aw $i $l $F $- $? %G !< %? $N 3J G< $K %O %C %7 %s %0 $K ;w $? J} K! $r <h $k $3 $H $H !$ 0l EY insp ector $G 2r @O $5 $l $? Aw $i $l $F $- $? %G !< %? $r :F Mx MQ $9 $k <j K! $G $" $k !% ICCG K! !$ SOR K! $J $I $N H? I| 2r K! $G $O 9T Ns $N Hs Nm MW AG $N G[ CV $, JQ $o $i $J $$ $? $a !$ $3 $N J} K! $, M- 8z $G $" $k !% K\ O@ J8 $G Ds 0F $7 $? <j K! $G $b !$ MF 0W $K <h $j F~ $l $k $3 $H $, 2D G= $G $" $m $& !% 5U %$ %s %G %C %/ %9 G[ Ns $r %3 %s %Q %$ %i %7 %9 %F %‘ $, 3h MQ $9 $k $K $O !$ %W %m %0 %i %^ $+ $i %7 %9 %F %‘ $X $N ;X <( $, I, MW $G $" $k !% 5U 4X ?t $N ;X Dj $K $D $$ $F $O [22] $K $* $$ $F !$ $= $N %" %W %m !< %A $, <( $5 $l $F $$ $k !% 2f !9 $b !$ $3 $N J} ?K $G 5U 4X ?t $r 5- =R $9 $Y $- $b $N $H 9M $( $k !% C1 <M !$ A4 <M $, 4p K\ E* $J @- <A $G $" $k $3 $H $O 3.3 @a $G =R $Y $? $, !$ <B :] $N Ld Bj $G $O !$ LU J, 2r $N %T %\ %C %H $N $h $& $K $3 $l $i $, AH $_ 9g $o $5 $l $? $j !$ IT 5, B’ AB 9T Ns $N $h $& $K !$ 9T Ns $N BP >N @- !$ #1 9T $" $? $j $N Hs Nm MW AG ?t $J $I $N @- <A $b Mx MQ $9 $k I, MW $, @8 $8 $k !% :# 8e !$ $5 $i $K B? $/ $N Nc Bj $K $D $$ $F 5U %$ %s %G %C %/ %9 G[ Ns $N @8 @. 2D G= @- $r D4 $Y !$ %3 %s %Q %$ %i %7 %9 %F %‘ $X $N 5U 4X ?t $N ;X Dj K! $r 8! F$ $9 $k I, MW $, $" $k !% 37

(a) C1 =c K! (b) 5U %$ %s %G %C %/ %9 K! (c) A4 8! :: K! ?^ 26: LU J, 2r $N Bf ?t 8z 2L 38

<U <- K\ 8& 5f $N 5! 2q $r M? $( $F 2< $5 $$ $^ $7 $? K\ 3X 65 <x IY ED bC <# @h @8 $K ?< ?S $J $k <U 0U $r I= $7 $^ $9 !% 8& 5f $r ?J $a $k >e $G $N M- 1W $J 8f ;X F3 !$ 8f 0U 8+ $r ;r $o $j $^ $7 $? K\ 3X =u 65 <x Cf Eg 9@ @h @8 $K ?< $/ 46 <U $N 0U $r I= $7 $^ $9 !% F| :" $N 8& 5f 3h F0 $K $* $$ $F !$ =* ;O B? Bg $J 8f =u 8@ !$ 8f ;X F3 $r $$ $? $@ $- $^ $7 $? K\ 3X =u <j ?9 bC 0l O: @h @8 $K ?< $/ 46 <U CW $7 $^ $9 !% K\ 3X :_ ?& Cf $K ?t !9 $N 5. =E $J 8f 0U 8+ $r $$ $? $@ $- $^ $7 $? 8= :_ 5~ ET 9) 7] A! 0] Bg 3X 65 <x <F ;3 7i @h @8 $K ?4 $+ $i 46 <U CW $7 $^ $9 !% $^ $? !$ %F %9 %H %W %m %0 %i %‘ $N <B 9T $K $" $? $j !$ 9b JB Ns 7W ;; 5! AP1000 $N <B 9T 4D 6- $r 8f Ds 6! $$ $? $@ $- $^ $7 $? !J 3t !K IY ;N DL 8& 5f =j !$ %W %m %0 %i %‘ 3+ H/ 4D 6- $r 8f ;Y 1g $$ $? $@ $- $^ $7 $? 2# 2O !& %R %e !< %l %C %H !& %Q %C %+ !< %I !J 3t !K $K 46 <U $N 0U $r I= $7 $^ $9 !% $= $7 $F !$ M- 0U 5A $J 8& 5f << @8 3h $r 6& $K $7 $? IY ED 8& 5f << $N =t ;a $K 46 <U CW $7 $^ $9 !% ;2 9M J8 8% [1] S. Hiranandani, K. Kennedy , and C.-W. Tseng: Compiler Optimizations for F ortran D on MIMD Distributed-Memory Machines, in Pr o c e e dings of Sup er c omputing ’91 (Albuquerque, NM, Nov. 1991), 86{100. [2] C. Ko elb el and P . Mehrotra: Compiling Global Name-Space Parallel Lo ops for Distributed Execu- tion, IEEE T r ans. Par al lel and Distribute d Syst. , 2, 4 (Oct. 1991), 440{451. [3] R. Das, R. P onn usam y , J. Saltz, and D. Mavriplis: Distributed Memory Compiler Metho ds for Irregular Problems { Data Copy Reuse and Runtime partitioning, in L anguages, Compilers and Run{Time Envir onments for Distribute d Momory Machines (Elsevier Science Publishers B. V., 1992), 185{219. [4] P . J. Hatcher and M. J.Quinn: Data-Parallel Programming on MIMD Computers (The MIT Press, 1991). [5] M. Chen, D.-Y. Chen, Y. Hu, M. Jacquemin, C.-Y. Lin, and J.-J. W u: Parallelizing Programs for Distributed{Memory Machines using the Crystal System, in L anguages, Compilers and Run{Time Envir onments for Distribute d Momory Machines (Elsevier Science Publishers B. V., 1992), 237{254. [6] M. Rosing, R. B. Schnabel, and R. P . W ea v er: The DINO Parallel Programming Language, J. Par al lel and Distribute d Computing , 13 (1991), 30{42. [7] H. P . Zima, H.-J. Bast, and M. Gerndt: SUPERB: A to ol for semi-automatic MIMD / SIMD parallelization, Par al lel Computing , 6 (1988), 1{18. [8] C. A. R. Hoare: Communicating Sequential Pro cesses, Communic ations of the ACM , 21, 8 (1978), 666{677. [9] A. Y oneza w a, E. Shibay ama, T. T ak ada, and Y. Honda: Mo delling and Programming in an Ob ject{ Oriented Language ABCL/1, in A. Y oneza w a and M. T ok oro eds., Obje ct{Oriente d Concurr ent Pr o gr amming (The MIT Press, 1986), 55{89.

[10] N. Carriero and D. Gelernter: Linda in Context, Comm. ACM , 32, 4 (Apr. 1989), 444{458. [11] A. S. T anen baum, M. F. Kaasho ek, and H. E. Bal: P arallel Programming Using Shared Ob jects and Broadcasting, Computer , 25, 8 (Aug. 1992), 10{19. [12] 7& ED >; ;K , Bg Ln OB I’ , ;0 5H 0j IW , ?9 bC 0l O: , Cf Eg 9@ , IY ED bC <# : J, ;6 %a %b %j 7? JB Ns 7W ;; 5! $N <+ F0 JB Ns 2= %3 %s %Q %$ %i |Insp ector/Executor %" %k %4 %j %: %‘ $N 9b B. 2= |, >p =h 8& Js 92-AR C-97-6, >p Js =h M} 3X 2q (1992{12). [13] G. C. F o x, M. A. Johnson, G. A. Lyzenga, S. W. Otto, J. K. Salmon, and D. W. W alk er: Solving Problems on Concurrent Pro cessors, volume 1 (Pren tice Hall, Englewoo d Cli�s, New Jersey 07632, 1988). [14] S. Hiranandani, K. Kennedy , and C.-W. Tseng: Compiler Supp ort for Machine-Independent Parallel Programming in F ortran D, in L anguages, Compilers and R un{Time Envir onments for Distribute d Momory Machines (Elsevier Science Publishers B. V., 1992), 139{176. [15] J. Saltz, S. Petiton, H. Berryman, and A. Rifkin: Performance E�ects of Irregular Commniction Patterns on Massively Parallel Multipro cessors, J. Par al lel and Distribute d Computing , 13 (1991), 202{212. [16] C. Berge: Princip es de Combinatoire (DUNOD, 1968), Ln :j >< 90 Lu !’ AH 9g $; O@ $N 4p AC !J %5 %$ %( %s %9 <R ,1973 !K . [17] @6 ?e =S 9, , KY 9> 7r ;V , @P H* 9( L@ : 9b B. %a %C %; !< %8 %O %s %I %j %s %0 5! G= {AP1000 $K $* $1 $k <B 8= {, JB Ns =h M} %7 %s %] %8 %& %‘ JSPP ’92 (1992{6), 195{202. [18] ?9 @5 Ip : ?t CM 7W ;; %W %m %0 %i %_ %s %0 ( A} Jd HG ) ( 4d GH =q E9 , 1988). [19] >. 9q NO , B< ED 7r O: , ;0 9% =S O: , J. J.Dongarra, D9 C+ @n =( I’ : 9T Ns 7W ;; %= %U %H %& %’ %" ( 4] A1 , 1991). [20] J. Saltz, K. Crowley , R. Mirchandaney , and H. Berryman: Run-Time Scheduling and Execution of Lo ops on Message Passing Machines, J. Par al lel and Distribute d Computing , 8 (1990), 303{312. [21] S. Hiranandani, J. Saltz, P . Mehrotra, and H. Berryman: P erformance of Hashed Cache Data Migration Schemes on Multicomputers, J. Par al lel and Distribute d Computing , 12 (1991), 415{421. [22] J. Li and M. Chen: Compiling Communication{E�cien t Programs for Massively Parallel Machines, IEEE T r ans. Par al lel and Distribute d Syst. , 2, 3 (July 1991), 361{375.

I= 2: SMVM $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ C1 =c K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.933578 1.139643 1.404092 1.659277 1.912085 2.076831 2 1.109295 1.390697 1.654145 1.911735 { { 4 1.117077 1.393347 1.657284 1.914607 { { 8 1.126432 1.395787 1.658921 1.915871 2.339751 { 16 1.267249 1.549912 1.801346 2.359385 3.478531 4.120142 32 1.292213 1.575619 1.849281 2.176044 2.973258 3.616179 64 1.322080 1.599911 1.872784 2.264686 2.737958 3.173994 128 { { 1.887554 2.291508 2.804365 3.023762 256 { { 1.902348 2.317075 2.829433 3.089527 512 { { 1.920568 2.349629 2.858476 3.118537 I= 3: SMVM $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ => Mh K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.955528 1.312961 1.783165 2.549471 3.548363 4.095884 2 0.917194 1.138076 1.554922 2.060134 3.048405 3.548906 4 0.910397 1.010557 1.354765 1.792250 2.554022 3.048818 8 0.926083 0.978897 1.189613 1.575327 2.069716 2.554083 16 0.956879 0.995462 1.139458 1.402192 1.810931 2.070025 32 1.025898 1.034561 1.158772 1.331772 1.638762 1.811886 64 1.147560 1.147408 1.175564 1.343052 1.553175 1.643383 128 { { 1.281677 1.325680 1.552668 1.563919 256 { { 1.405210 1.412901 1.487442 1.595627 512 { { 1.543600 1.544133 1.561899 1.585423 I= 4: SMVM $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ 5U %$ %s %G %C %/ %9 K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.962654 1.321889 1.785600 2.550753 3.548649 4.096107 2 0.923870 1.149320 1.557583 2.059130 3.048148 3.548731 4 0.911541 1.029379 1.360761 1.789240 2.552539 3.048260 8 0.912277 0.982519 1.213852 1.569514 2.066604 2.552608 16 0.933208 0.981926 1.147486 1.410778 1.808683 2.066775 32 0.979160 0.993601 1.151072 1.353184 1.642995 1.811360 64 1.074657 1.078590 1.135077 1.347235 1.571585 1.644146 128 { { 1.216627 1.281502 1.561134 1.577202 256 { { 1.338145 1.355659 1.453236 1.592865 512 { { 1.483905 1.483964 1.509993 1.540226

I= 5: SMVM $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ A4 8! :: K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.959234 1.316892 1.783843 2.549994 3.547877 4.095839 2 0.924278 1.146452 1.554670 2.060024 3.047933 3.548362 4 0.912563 1.050882 1.387941 1.802482 2.559132 3.051478 8 0.925468 1.032616 1.292189 1.635276 2.105211 2.573033 16 0.949445 1.039413 1.272543 1.538772 1.886148 2.160944 32 0.998740 1.086189 1.284877 1.532349 1.803374 1.956595 64 1.098027 1.153108 1.305905 1.533406 1.787179 1.910247 128 { { 1.359230 1.540602 1.782694 1.903957 256 { { 1.421784 1.566699 1.782041 1.903668 512 { { 1.528343 1.634006 1.811095 1.922692 I= 6: SMVM $N insp ector $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ => Mh K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.911129 1.284703 1.775587 2.545672 3.547335 4.094782 2 0.834457 1.057354 1.531536 2.048487 3.045461 3.547504 4 0.813652 0.929195 1.289454 1.776478 2.546211 3.045558 8 0.826759 0.883400 1.059381 1.530758 2.048428 2.546233 16 0.864517 0.895199 0.967567 1.289963 1.776355 2.048521 32 0.921700 0.928661 0.974617 1.133743 1.531609 1.777143 64 0.985855 0.986187 1.000076 1.128101 1.340446 1.533745 128 { { 1.110826 1.138126 1.312675 1.364151 256 { { 1.250588 1.254490 1.288490 1.376923 512 { { 1.387986 1.384782 1.393337 1.408340 I= 7: SMVM $N insp ector $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ 5U %$ %s %G %C %/ %9 K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.925877 1.293637 1.778067 2.546965 3.547739 4.095259 2 0.853386 1.084080 1.534981 2.045986 3.042552 3.546064 4 0.816269 0.952229 1.298809 1.774748 2.540881 3.042680 8 0.776474 0.889175 1.095877 1.529829 2.039369 2.540938 16 0.727570 0.854858 0.981209 1.300238 1.770292 2.039474 32 0.713440 0.791687 0.957024 1.172867 1.534260 1.772617 64 0.713806 0.763855 0.876526 1.135490 1.396843 1.534176 128 { { 0.823318 0.966728 1.351288 1.394730 256 { { 0.818336 0.896149 1.141052 1.363861 512 { { 0.849197 0.883362 1.013000 1.166138

I= 8: SMVM $N insp ector $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ A4 8! :: K! PE n size 64 256 1 K 4 K 16 K 32 K 1 0.918179 1.288661 1.776380 2.546197 3.547000 4.095051 2 0.865425 1.093910 1.536533 2.046879 3.042401 3.545651 4 0.859528 1.002323 1.357617 1.789349 2.548190 3.046036 8 0.858955 0.988646 1.261310 1.614766 2.081623 2.562058 16 0.848221 0.988766 1.239431 1.516517 1.868492 2.137267 32 0.859283 0.991816 1.257710 1.513298 1.783637 1.941990 64 0.870422 0.996590 1.255698 1.518802 1.772275 1.899879 128 { { 1.257613 1.513843 1.775203 1.894913 256 { { 1.260409 1.513642 1.768205 1.896138 512 { { 1.277238 1.528971 1.780876 1.908073

I= 9: LU J, 2r $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ C1 =c K! PE n size 64 � 64 128 � 128 256 � 256 1 0.250296 1.635493 16.207005 2 0.204358 1.143237 9.411827 4 0.310784 1.367220 7.961084 8 0.291484 1.230290 6.141927 16 0.279645 1.179739 5.215343 32 0.275032 1.107160 4.744918 64 0.270665 1.068355 4.462214 128 0.270427 1.082045 4.292909 256 0.268480 1.073320 4.214353 512 0.269327 1.057966 4.145190 I= 10: LU J, 2r $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ 5U %$ %s %G %C %/ %9 K! PE n size 64 � 64 128 � 128 256 � 256 1 0.111738 0.900982 9.794357 2 0.072100 0.393929 4.740952 4 0.053812 0.256070 2.591249 8 0.035314 0.153823 1.266656 16 0.028614 0.108840 0.740191 32 0.021672 0.073243 0.426967 64 0.019882 0.058514 0.280570 128 0.018287 0.044533 0.173400 256 0.017755 0.038977 0.124746 512 0.018003 0.036696 0.100422 I= 11: LU J, 2r $N <B 9T ;~ 4V !J C1 0L !’ IC !K !’ A4 8! :: K! PE n size 64 � 64 128 � 128 256 � 256 1 0.147871 1.056311 10.416815 2 0.099323 0.515437 5.242350 4 0.080410 0.375672 3.097319 8 0.054482 0.250634 1.695611 16 0.047592 0.200727 1.160434 32 0.038856 0.146084 0.802842 64 0.037256 0.131668 0.648042 128 0.031167 0.106222 0.450364 256 0.030166 0.099754 0.397711 512 0.029789 0.097335 0.370176