>pJs=hM}3X2q %W %m %0 %i %_ %s %0 8&5f2q H/I=;qNA 2002 G/ 1 7n 30 F| 1 F~ $l ;R4X?t $r MxMQ $7 $? F0E*Ii2YJ,;6 H, ?y >; 9( y ; yy ED H* M* 2p y >. 5\ >o 9/ y Er ^I B@ 0l y C5:wLdBj $J $I $N <y>u:F5"E* $J :YN3EY JBNs7W ;; $K $*$$ $F %W %m%;%C %54V $G %? %9%/ $r <x<u $7 $F 8zN( $h$/Ii 2YJ, ;6 $r 9T $& $K$O !$<B9TCf$N%? %9%/ $+$i lazy $K JBNs<B9T 2DG= $J %? %9%/ $r J, 3d !& @8@. $7 H4$-<h $l $k$h $& $K $7 $? CY1d %?%9 %/ @8 @. $J $I $N Ii2YJ, ;6 J} <0 $, M-8z $G$"$k!% ;E ;v !J w ork !K $NE>Aw 2D G= $J $R$H$^ $H$a $G $" $k%?%9%/ $NH4$-=P $7 $O$G $- $k $@$1 8F=P $7 $N :,85 $+$i 9T $& $3 $H$G !$ $[ $\ :G>.8B $N%?%9%/ $N@8@. !&<x<u $G 3F %W %m%;%C%5 $K ;E;v $, =<J, $K 3d$jEv $F $i $l $k!% $7 $+ $7 !$ $= $N$? $a $K $O 4X?t $N8F=P $7 Cf $K DL>o $O%" %/ %; %9 $G$-$J$$8F=P $7 85$NJQ?t $K%" %/ %; %9 $G$-$kI,MW $,$" $k!% K\H/I= $G $O !$ GNU C %3 %s %Q %$ %i $J $I $, C 8@8l $N3HD%5! G= $H $7 $F Ds6!$9$k F~ $l ;R4X?t $rMxMQ $7 $F !$ 8F =P $7 85 $NJQ?t $K%" %/ %; %9 $9$k $3 $H $G !$ CY 1d%?%9%/@8@. $K 4p $E $/Ii2YJ,;6 $r 9T $& %W %m %0 %i %‘ $, 5-=R $G$-$k $3$H$r<($9 !% $^ $? !$ %P%C %/ %H %i%C%/ $K AjEv$9$kF0:n $N5-=R $b2DG= $G$" $k $3 $H$r <($9 !% $? $@ $7 K\5-=RJ}<0 $G$O !$ %* %j %8%J%k$N CY1d%?%9%/@8@. $H$O 0[ $J$j !$ %?%9%/ $O !$7Q B3 $r =hM}$9$k $b $N $G$O$J $/ !$ 4X?t Cf $K <($5 $l $? JBNs<B9T2DG=It J, $r =hM}$9 $k$b $N $H$9$k !% K\H/ I= $G$O !$ 6&M- %a %b%j7?JBNs 7W;;5! >e $G !$ Ds0F $9$k5-=R J}<0 $N %W %m %0 %i %‘ $r<B9T $7 $? 7k2L $K $D$$$F$b =R$Y$k !% Dynamic Load Balancing b y Using Nested F unctions Masahir o Y asugi, y ; yy Yusuke T aba t a, y Tsuney asu K omiy a y and T ai ichi Yuasa y T o realize e�cient dynamic load balancing b y transferring tasks among pro cessors in tree- recursiv e �ne-grained parallel computing suc h as searc hing problems, load balancing sc hemes whic h lazily create and extract a task b y dividing the presen t running task, suc h as L azy T ask Cr e ation (L TC), are e�ectiv e. By extracting a task, whic h is a piece of w ork transferable to other pro cessors, around the r o ot of the in v o cation tree as m uc h as p ossible, eac h pro cessor can ha v e su�cien t amoun t of w ork with the almost minim um n um b er of task transfers. Ho w- ev er, it requires a w a y to access to caller’s v ariables whic h are usually not accessible during an in v o cation of a function. In this presen tation, w e sho w that w e can describ e a program with L TC-based load balancing where caller’s v ariables are accessed b y using neste d functions pro vided as an extension to C b y the GNU C compiler. W e also sho w that w e can describ e a b eha vior corresp onding to b acktr acking . Although a task is created to pro cess a c ontinuation in the original L TC, in our sc heme, a task is created to pro cess the part for parallel execution sp eci�ed in a function. In this presen tation, w e also sho w the result of the execution of the prop osed-st yle program on a shared-memory parallel computer. 1. $O $8 $a $K C5:w Ld Bj $J $I $N<y>u :F 5" E* $J:YN3 EY JB Ns 7W ;; $K $* $$ $F %W %m %; %C %54V $G%? %9%/ $r<x<u $7 $F 8zN( $h$/ Ii 2Y J, ;6 $r 9T $& $K$O !$<B9T Cf$N %? %9%/ $+$i lazy $K JBNs <B 9T 2D G= $J%?%9%/ $rJ,3d !& @8 @. $7 H4 $-<h $l $k$h $& $K $7 $? CY1d y 5~ETBg3XBg3X1!>pJs3X8&5f2JDL?.>pJs %7 %9 %F %‘@l96 Departmen t of Comm unications and Computer En- gineering, Graduate School of Informatics, Ky oto Univ ersit y yy 2J3X5; =Q?6 6= ;v6H CD $5 $- $,$1 8&5f 21 !$ !V >pJs $HCN !W NN 0h %0%k !< %W \Information and Human Activit y", PRESTO, Japan Science and T ec hnology Corp oration(JST) %? %9%/@8@. 8) $J $I $N Ii2YJ,;6J}<0 $, M-8z $G$" $k !% $" $kNL$N;E;v (w ork) $r E>Aw2DG= $J 1 8D $N7A $K $7 $? $b $N $r %? %9 %/ (task) $H 8F $V!% %?%9 %/ $NJ, 3d !& H4 $-=P $7 $O$G$-$k $@ $1 8F=P $7 $N:,85 $+$i 9T$& $3 $H $G !$ $[ $\ :G>. 8B $N%?%9 %/ $N@8@. !& <x <u $G 3F %W %m%; %C %5 $K ;E;v $, =<J, $K 3d $jEv $F $i $l $k!% $7 $+ $7 !$ $= $N $? $a $K $O 4X?t $N8F=P $7 Cf $K DL>o $O%" %/ %;%9 $G$- $J$$8F =P $7 85 $NJQ ?t $K%" %/ %; %9 $G $- $kI,MW $, $" $k!% K\ O@ J8 $G$O !$ GNU C %3%s %Q %$ %i$J $I $, C 8@ 8l$N 3HD% 5!G= $H $7 $F Ds6! $9$kF~ $l ;R4X?t 1),10) $r MxMQ $7 $F !$ 8F=P $7 85 $NJQ?t $K%" %/ %;%9 $9 $k $3 $H $G !$ CY 1d %?%9 %/ @8 @. $K 4p $E $/ Ii 2Y J, ;6 $r9T $& %W %m %0 %i%‘ $, 5-=R $G$-$k $3

2 $H$r <( $9 !% $^ $? !$ %P%C%/ %H %i%C%/ $K AjEv $9$k F0:n $N5- =R$b 2D G=$G $" $k$3$H $r <($9 !% $?$@ $7 K\ 5- =R J} <0$G$O !$ %* %j %8 %J %k $N CY 1d%? %9 %/ @8 @.$H$O 0[$J $j !$ %? %9 %/ $O !$ 7QB3 $r=hM} $9$k $b $N $G $O$J$/ !$ 4X ?t Cf $K <($5 $l$? JBNs <B9T2D G= It J, !J %9 %l %C %I !K $r =hM} $9 $k $b $N $H$9$k!% K\ H/I= $G $O !$ 6& M- %a %b%j7? JB Ns 7W ;;5! >e $G !$ Ds 0F $9$k 5- =R J} <0 $N %W %m %0 %i%‘ $r<B 9T $7 $?7k 2L $K$D $$ $F $b =R $Y$k !% O@J8 $N9=@. $O 0J2< $N DL $j $G$" $k!% 2 >O $G $O !$ O@J8 $N GX7J $H $7 $F !$ 2f!9 $, ?J $a $F$$$k JB Ns =hM} $N $? $a $N6(D4 5!G= $r;}$D3H D% C 8@8l $N8&5f $H !$ GCC $G$N F~ $l ;R4X ?t $K$D$$ $F =R $Y$k !% 3 >O $G $O !$ K\O@ J8 $G NcBj $H $7 $F <h $j>e $2 $k!$ C1 =c $J<y>u :F 5" E* 7W ;; $G$"$k Fib onacci ?t $N 7W;; $H !$ $h $jJ#;( $G%P%C %/ %H %i%C %/ $, K>$^ $l $k %Z %s %H %_%NA4 2rC5:w LdBj $K$D$$ $F =R $Y$k !% 4 >O $G $O !$ 4XO" 8&5f $H $7 $F F0E* Ii 2Y J, ;6 $r9T $& 8@ 8l =h M} 7O $K $D $$ $F$= $N 9b?e=‘ %^ %k%A %9 %l %C %I 8@8l!$ L\ E* 8@ 8l!$ <BAu <j K! $K $D$$$F =R$Y$k !% 5 >O $G$O !$ Fib onacci ?t$N7W ;; $r F0E* Ii2Y J, ;6 $9$k $? $a $K !$ Ds 0F J} <0 $G $O $I $N$h $& $JL\E* 8@ 8l $N %W %m %0 %i%‘ $K$9$k $N $+ $K$D $$ $F=R $Y$k !% 6 >O $G $O !$ %Z %s %H %_%N A4 2r C5 :w $NF0 E* Ii 2Y J, ;6 $K$D $$ $FF1MM $K =R $Y$k!% 7 >O $G $O 5-=R $7 $? %W %m %0 %i%‘ $N@- G= I> 2A $r9T$& !% 8 >O $G $O:# 8e $N2] Bj $H $7 $F !$ J, ;6 %a %b%j 7? >e $G $N<B Au !& I> 2A !$9b?e =‘ 8@ 8l >e $G $N 9= J8 !$3HD% C 8@ 8l$N <B Au <j K! $K $D$$$F =R $Y $k!% 2. GX 7J 2.1 JBNs =h M} $N $? $a $N6(D4 5! G= $r;} $D3H D% C 8@8l 7W;; 5! $N9b @- G= 2= $N $? $a $K JBNs 7W ;; 5! $OL%NO E* $G$" $k!% JB Ns %"!< %-%F %/ %A %c $O !$ 6& M- %a %b %j 7? %"!< %-%F %/ %A%c !$J, ;6 %a %b %j7?%" !<%- %F %/%A%c$J $I MM !9 $G $" $j !$ $=$N0c $$ $r 5[<} $7 $D$D?.Mj@- !& :F MxMQ @- !& <B 9T 8zN( $N 9b $$ %=%U %H %&%’ %" $r3+H/ $9 $k $K $O !$ JBNs =h M} $N $? $a$N 9b?e=‘ %W %m %0 %i %_ %s %0 8@8l $, I,MW $H$J $k!% 9b?e =‘ 8@ 8l %3 %s %Q %$ %i $N<BAu $K $O 8@8l 3, AX $rMQ $$$k $H JX Mx $G $" $k !%FC $K C 8@ 8l$r 7P M3 $9 $k$3$H $G !$Dc %l %Y %k$N:GE,2= $d %l%8 %9 %?3d $jIU $1!$ %"%; %s %V %j %3!< %I @8 @.$J $I $N =h M} $r C %3%s %Q %$ %i $K C4 Ev$5$; $k$3$H$, $G $- $k !% $3$N $h $& $K C 8@ 8l $r <B Au MQ 8@ 8l $H $7 $F MQ$$ $k$3$H$G !$=h M} 7O$N 6&DL $K Mx MQ $G $- $k It J,$r A}$d $7 !$ =hM}7O<BAu $N O+NO $r 8: $i $9$3$H $,$G $- $k!% $7 $+ $7 $J $,$i !$ C 8@8l $O !$ K\ Mh C‘ <! =h M} MQ $N8@ 8l $G $" $k $? $a !$ JB Ns =h M} $N $? $a $N<BAu MQ 8@ 8l $H $7 $F MQ $$$k $K $O 5- =R @-!&<B 9T 8z N($H $b$K Ld Bj $, $" $k !% C 8@ 8l $N ;EMM / =h M}7O $G$O B>$N %W %m%; %C%5$H$$ $& $b$N$N B8:_ $, 4pK\ E* $K$"$^$j9M N8 $5 $l$F$$ $J$$ $? $a !$ <+ %W %m%; %C %5 $G$N 7h $a $i $l$?=hM} $r=8Cf $7 $F ?J $a$k $N $O F@ 0U $G$"$k $, !$B> $N %W %m%; %C%5$H $N 6( D4 $O $" $^$j F@ 0U$G$O $J $$ !% B> $N %W %m%; %C %5 $H$N6(D4 $N $? $a $K $O !$ %W %m %;%C %54V $G $N DL?. !& F1 4| $N5!G=!$ B> $N %W %m%; %C %5 $+ $i$N HsF14| $N 0MMj $K 1~ $($k5!G=!$ <+ %W %m%; %C %5 $G$N=hM} $NFbMF $d=g =x $r8GDj 2= $; $: B> $N %W %m %; %C %5 $K 9g $o $; $FD4@0 $9$k 5! G= $, 5a $a $i $l $k!% $= $N$h$& $J5!G= $N $? $a $K !$ DL >o $O DL ?. %i %$ %V %i %j $d %9 %l %C %I %i %$ %V %i %j $J $I $NJBNs %i %$ %V %i %j $rMQ $$$kI, MW $, $"$k!% DL ?. %i %$ %V %i %j $O !$ J, ;6 %a %b %j 4D6- $K $* $1 $kDL ?. !& F1 4| $J $I $K MQ $$ $i $l $k $, !$ 9b B. $JJBNs %"!< %- %F%/ %A %c $r@8 $+ $7 $- $l$J$$ $H$$ $& Ld Bj $, $"$k!% $^ $?!$ %9 %l %C %I %i %$ %V %i %j $O !$ F1 4| $N5! G= $d!$ <+ %W %m%; %C %5 $G ?J $a $i $l $k=hM} $NN. $l !J %9 %l %C %I !K $r J#?t ;} $A!$ B> $N %W %m %;%C %5 $K 9g $o $; $F=hM}=g =x $rJQ $( $k5! G= $J $I $r ;} $D $, !J%G !<%? $NDL?. $O 6&M- %a %b%j $rMx MQ !K !$ F1 4| $NEY $K%i%$ %V %i%j 4X ?t $r8F $S =P $9 %* !< %P %X %C %I $d !$ %9 %l %C %I $r @8@. $9 $k %*!< %P %X%C %I $, Bg $-$/:Y N3 EY %9 %l %C %I $N <BAu $K$O E,$5 $J$$ !% $=$3 $G !$ K\ 8& 5f $G $O !$ JB Ns =hM} $K E, $7 $? <BAuMQ 8@ 8l $H $7 $F JB9T6( D4 3H D% C 8@8l X C-cub e $r @_7W !& 3+H/ $7 $F$$$k!% $^ $? !$ $I $N$h $& $J @_7W $, K> $^ $7 $$ $+ !$ $^ $? $I $N$h $& $J 5- =R @- $d@-G= $N8~ >e $, 2DG= $H $J$k $N $+$r8&5f $7 $F$$$k!% 8= :_ $N4pK\ @_ 7W J}?K $O 0J2< $N$h $& $K$J$C $F $$$k !’ 3F %W %m%;%C %5 $N $? $a$N %3!< %I $r 5-=R $9$k $? $a$N 8@8l $H $7 $F MQ $$$k!% C 8@8l $H F1 $8 $/ !$ HFMQ 8@ 8l!$ Dc?e =‘8@ 8l $H $7 $F =@Fp @- $rJ]$A $D $D!$ JB Ns =h M} $K E, $9$k $h $& $K 3HD% $7 !$ %"%; %s %V %j %3!< %I $r D>@\ @8 @. $7 $J $/ $F $O <BAu $, :$Fq $@$C $?9b?e =‘ 8@ 8l $N $? $a $N<BAu MQ 8@ 8l $H $7 $F$bMxMQ $G$-$k $h $& $K $9$k!% $= $N $? $aJBNs %"!< %- %F %/ %A%c$N DL?.!&F1 4|5!G= $r D> @\%5 %] !< %H $9 $k 14) !%$^ $? !$ B> $N %W %m%; %C %5 $+ $i$NMW5a $H<+ %W %m%; %C %5 $N=hM} $NB? =E<B9T $K I,MW $J 5!G= $r%5 %] !< %H $9 $k!% <+ %W %m%; %C %5 $G$N=hM} $NFbMF $d=g=x $r8GDj 2= $; $: B> $N %W %m %; %C %5 $K 9g $o $; $FD4@0 $9$k 5! G= $rDs6! $9$k $? $a $K !$ 2f!9 $O !$ <! @a $G =R $Y$k $h $& $K F~ $l ;R4X ?t $N%/ %m !< %8 %c $rMx MQ $9 $k $3 $H $rDs >’ $7 $F $$ $k !% $^ $?!$ %/ %m !< %8 %c @8@. %3 %9 %H $r M^ $($? 3HD% C 8@8l $N <BAu $r ?J $a $F$$ $k!% 2.2 F~ $l ;R4X?t $N %/%m!< %8 %c $N MxMQ 0l HL $K !$ <! $K<B9T $G$- $k $3 $H $, J# ?t $" $C $? $H $7 $F$b!$ $I $l$+$i @h $K$d$k $N $+$r7h $a $F$*$/ $3$/ $3 $H $G !$ 9b B. $J <B9T $, 2DG= $H $J $k!% $D$^ $j !$ F@ 0U $J$d$jJ} $G =8Cf $7 $F<B 9T $G$- $k $h$& $K !$ <B 9T <j =g $r8G Dj 2= $7 $F$* $- $? $$!% <B9T <j =g $N8GDj 2= $O !$ 0l $D $N %W %m%; %C %5 $N $_ $G 7W;; $r $9$k $N $G$" $l $P LdBj $J$$!% :G =* 7k 2L $r$5 $( 5a $a $i $l $l $P $h$$ $N $G !$ <B 9T <j =g $r<B9TCf $K =@Fp $K JQ99 2D G= $H $7 $F$bF@$k $b $N $O$J $/ !$ 5U $K$$ $( $P !$ <B9T <j =g $r 8GDj 2= $7 $F $b <: $& $b $N $O$J $$$?$a $G$" $k!%

3 $H$3 $m $, !$ JBNs =h M} $N $? $a $K !$ J# ?t $N %W %m %;%C %54V $G 6(D4 $r$9$k>l 9g $O !$ ;v >p $, 0[ $J$k!% B> $N %W %m%; %C %5 $H $N F1 4| $K $h $C $F <B 9T <j =g $r JQ 99 $7 $? $j !$ B> $N %W %m %; %C %5 $+ $i 6(NO $N?= $7 =P $K BP $7 $F ;E;v $N0lIt $r J, $1 M? $( $? $j $G$-$k $3 $H $J $I $, =EMW $H $J$k $? $a $G$"$k!% $= $N $? $a $K !$ $3 $3 $G $7 $?$$ $3 $H $O !$ !V IaCJ $O 8GDj 2= $7 $? DL $j $N<B 9T<j =g $G 9bB. $K <B9T $9 $k $, !$ $$ $6 $H $$ $& $H$- $K $O <B9T <j=g $r8+D> $9 $? $a $N;E3] $1$r =‘Hw $9$k !W $H$$ $& $b $N $G $" $k!% Nc $( $P 8x6& 9);v $N !V 8+D> $7 !W $N$h$& $K !$ 0l EY 7W 2hDL $j $O $8 $a$?;E;v $G$"$C $F$b40 A4 $K $O <j=g $r8GDj 2= $; $: <~ $j $H 6(D4 $7 $F ESCf $G <j=g $r8+D> $;$k $h $& $K $9$k $b$N $G$"$k!% $= $N$h $& $K !$ 85!9 @_Dj $7 $? L\I8 $r CfES JQ 99 $G$-$k $h$& $J %W %m %0 %i%‘ $r5-=R $G$-$k $h$& $J8@8l @_ 7W $r 9T $& !% $3$N $?$a!$ 3F 4X ?t $K$O !$ H>8G Dj 2= $5 $l $?9bB. $J<B9T <j=g 0J 30 $K !V IaCJ $O ;H $o $J$$ $, !$ $$ $6 $H$$ $& $H$-$N $? $a$N 4X?t !W $r 4^$^ $; $F$*$/ !% $3$N4X?t Cf $N4X?t !J F~ $l ;R4X ?t !K $, 8F $S =P$5 $l$?$H$- $K !V 854X ?t $, $I $& $$ $& $U $& $K$d$j $+ $1 $G$"$C $? $+ !W $, J, $+ $k $h $& $K$J$C $F$$ $l $P $h$$!% $3 $l$G !$ Ia CJ $O H>8GDj $5 $l$? <j=g $G 9bB. $K <B 9T $9$k $3 $H $r 2DG= $H$9$k $, !$ $$ $6 $H $$ $& $H$- $O !$ $3$N F~ $l ;R4X ?t $r8F $S =P$9 $3 $H $G !$ $d$j $+ $1$N4X?t $G$5 $( 8+D> $7 $r 2DG= $H $G $- $k!% F~ $l ;R 4X ?t$r Mx MQ $9 $k$3$H $G !$=>Mh$N C 8@ 8l$G$O 5-=R $G$- $J $+$C $? !V B> $N %W %m %;%C %5 $J $I 30It $H 6(D4 $7 $? <+ %W %m%; %C %5 $G$N<B9T=g =x $ND4@0 !W $, 2DG= $H $J$kM} M3 $O <!$N $h $& $J $b $N$G $" $k !%=>Mh$N C 8@ 8l$G$O !$4X ?t8F=P $7 $r 9T$C $F$$$k4V!$ F1 $8 %W %m%;%C %5 $+ $i$G$"$C $F$b8F=P $7 85 $K L2 $C $F$$$k JQ ?t $K%" %/ %;%9 $9$k $3 $H $O $G $- $J$$!% $3$N $? $a !$ 0l EY 4X?t 8F =P $7 $r 9T $C $F $7 $^ $& $H !$ 8F =P $7 Cf $N4V $:$C $H !$ 8F =P $7 85 $K La $C $?8e $N;D $j $N =hM} $K$D $$ $F30It $H6(D4 $7 $? D4@0 $r 9T$& $3 $H $,$G$- $J$$ !% F~ $l ;R4X ?t $O 4X?tFb $G F~ $l ;R $K Dj5A $5 $l $k4X ?t $G $"$j !$ Dj5A $K$h$j !$ F~ $l ;R4X?t K\BN $H$= $NDj5A;~ $N 4D6- $r9g $o $; $FAH $H $7 $? %/ %m !< %8%c !J closure !K $, @8@. $5 $l $k!% F~ $l ;R4X ?t $N4X?t %] %$ %s %? $G @8@. $7 $? %/ %m!< %8%c $rMxMQ $9$k $3 $H $G 8F=P $7 85 $K%" %/ %;%9 $9$k <j CJ $, Ds6! $G $- $k!% F~ $l ;R 4X ?t $rMx MQ $9 $k $3 $H $G!$ %W %m %0 %i %‘ $KJB 9T @- !& 6(D4 @- $r DI2C $9$k $3 $H $, MF0W $H $J$j !$ K\ O@J8 $G =R $Y$k F0 E* Ii 2Y J, ;6 $N B> !$%^ %k %A %9 %l %C %I 18) !$%^ %$ %0 %l !< %7 %g %s !&%A%’ %C%/ %] %$ %s %F %# %s%0 !$ Nc30 =hM} !$ GC $G $N %9 %?%C%/ %9 %-%c %s $J $I $b <B8= $G $- $k!% 2.3 GCC $G $N F~ $l ;R4X?t $N ;EMM $H <BAu GCC $O 3HD%5!G= $H $7 $F F~ $l ;R4X?t$N5!G= $r Ds6! $7 $F$$$k 1),10) !% GCC $G$O%m!<%+ %k JQ?t $N@k8@ $, 2DG= $J >l=j $G$NDj5A $, 2DG= $G$"$j !$ $= $NL>A0 $O%m!<%+ %k JQ?t $H F1MM $K Dj5A $5 $l $k %V %m%C %/ Fb $G M-8z $G$"$k!% F~ $l ;R 4X?t $O Dj5A $, 9T $J $o $l$? ;~E@ $N4D6- $K => $C $F30B& $N4X ?t $N2>0z ?t $d %V %m%C%/ $N %m!<%+ %k JQ?t $d%i %Y %k !$ B> $N F~ $l ;R 4X ?t $K %" %/%; %9 $9 $k$3 $H $b$G $- $k !% C 8@ 8l $N >l9g $O F~ $l ;R4X ?t $N %] %$ %s %? $r<hF@ $7 $F 4X?t 8F =P $7 $N 0z?t $H $7 $?$j %0 %m!< %P %k JQ?t $K BeF~ $9 $k $J $I $N<jCJ $K $h$C $FF~ $l ;R4X?t $rDj5A $7 $? 4X?t !J 4D6- !K $N30 $G F~ $l ;R4X ?t $r 8F $S =P$9 $3 $H $,$G$-$k!% $? $@ $7 !$ %V %m%C %/ Fb $N%m!<%+ %k JQ?t $X $N %] %$ %s %? $r$= $N %V %m %C%/ $N<B 9T 40 N;8e $K ;HMQ $7 $F$O$J $i$J$$ $h $& $K !$ %V %m%C %/ Fb $NF~ $l ;R 4X ?t $b %V %m %C %/ $N <B 9T 40 N; 8e $K;H MQ $7 $F $O $J $i $J $$!% GCC $N F~ $l ;R 4X ?t$N <B Au $G$O %9%?%F %# %C%/ %j %s %/ $r MQ $$ $F$$$k!% F~ $l ;R4X ?t $rDj5A $7 $? 4X?t $, !$ F~ $l ;R 4X ?t L>$N M- 8z HO 0O $G F~ $l ;R 4X ?t $r 8F $S =P$9 >l 9g $K$O !$ %9 %? %F %# %C%/%j %s %/ $r FCJL $J DI2C $N0z?t $H $7 $F !$ F~ $l ;R4X ?t K\ BN $N=hM} $r9T $& %3!< %I !J L?Na Ns !K $r 8F $S =P $; $P $h$$ !% 4X?t %] %$ %s %? $N<h F@ $K$*$$ $FDL>o $N4X ?t $N4X ?t %] %$ %s %? $N<BBN $O !$ $= $N4X ?t K\BN $N=hM} $r 9T$& %3!< %I $N @h F, $N%" %I %l %9 $H 9M $($F NI$$ $, !y !$F~ $l ;R4X?t$N4X?t %] %$ %s %? $N <B BN$r C1$J $k%3 !< %I $N %" %I %l %9$H $9 $k $N $O 4JC1 $G $O$J$$!% F~ $l ;R4X ?t $N4X?t %] %$ %s %? $K$h$j !$ F~ $l ;R4X ?t K\ BN $HDj5A $5 $l$? ;~ $N4D6- $NAH $G$"$k%/ %m !< %8%c $, MxMQ $G$- $J$/ $F $O$J $i $:!$ C1 $J $k %3!< %I $N%" %I %l %9 $G$3$N AH $r I=$9I,MW $, $" $k !y!y !% GCC $G$O$3 $N LdBj $r %H %i %s%] %j %s 1) $H 8F $P $l $k5! 9= $r;H $& $3 $H $K $h$C $F2r7h $7 $F$$$k!$ %H %i %s%] %j %s$H $O F~ $l ;R4X ?t $rDj5A $7 $? :] $N %U %l !<%‘ %] %$ %s %?$NCM $r %9 %? %F%# %C %/ %j %s %/ MQ $N %l%8 %9 %? !J FCJL $JDI 2C $N0z ?t !K $K%;%C %H $7 $F $+ $i F~ $l ;R4X ?t K\ BN $N %3!< %I $N %" %I %l %9 $X %8%c %s %W $9$k?t L? Na $NC; $$ %3!< %I $N$3 $H $G$"$j !$ %9 %?%C %/ >e $K F0E* $K @8@. $5 $l $k!% $= $N%9 %? %C%/ >e $N %H %i %s%] %j %s$N %3!< %I $N %" %I %l %9 $r4X?t %] %$ %s %? $H$9$k $3 $H $K$h$C $FF~ $l ;R4X ?t $N %] %$ %s %? $G %/ %m!< %8%c $rMxMQ $9$k $3 $H $,$G$- !$ $[$H $s $I $N%"!< %-%F%/ %A %c $K$*$$ $F F0:n $9 $k!% $3$N<jK! $K$h$C $F GCC $O F~ $l ;R4X?t $r <B 8= $7 $F$$$k $, !$ %9 %? %C %/ >e $K%3!< %I $r F0E* $K @8@. $9$k $3$H $d !$ %"!< %-%F %/ %A %c $K $h$C $F $O %W %m%; %C %5 $N;} $D L?Na %-%c %C %7%e $r L@<(E* $K%U%i%C %7%e$9$kI,MW $, $" $k $3$H$J $I $N%* !<%P%X%C %I $, H/@8$9$k!% !y $?$@ $7 !$I>2A $G =R$Y $k$h $& $K !$ P o w erPC $G $O DL >o$N 4X?t %] %$ %s %?$G$" $C $F$b%3!< %I $H 4D6-$NAH $K$J $C $F$$ $k!% !y!y DL >o$N 4X?t$N >l9g$b Dj5A ;~$N 4D 6- $G %0 %m !<%P%k JQ ?tEy$K%" %/%; %9 $G $- $k $, !$ $=$N 4D6- $O %3%s %Q %$ %k$H %j %s %/$N :] $K %3 !< %I $K Kd $a$3 $^ $l $k!%

4 3. Nc Bj <y>u :F 5" E* $G IT5, B’ $J:YN3EY JB Ns 7W ;; $H $7 $F !$ K\ O@ J8 $G$H $j$" $2 $kNcBj $K $D$$$F @bL@$9$k!% 0l $D $O !$Dj HV$G $" $j !$ @b L@ $N I, MW$O $J $$ $H ;W $o $l $k $, !$ �b(1) = �b(2) = 1 �b( n ) = �b( n � 1) + �b( n � 2) for n > 2 $G Dj 5A$5 $l $k Fib onacci ?tNs �b( n ) $N Bh n 9‘ $r :F5" E* $J7W;; $G 5a $a$k $H$$ $& $b $N $G$"$k!% <B MQ >e $N0UL# $O $J$$ $, !$ <y >u :F 5" E* $G IT5, B’ $J:YN3 EY JB Ns 7W ;; $r9T $& $b$N $G$"$j !$ $^ $?3F4X ?t $N=c?h $J;E;v $,$[$H $s $I $J$$ $?$a8F=P $7 $d JBNs =h M} $K 4X $9$k %* !< %P %X %C %I $J $I $NB, Dj $K 8~$$ $F$$ $k!% $b $& 0l $D $O%Z %s %H %_%N %Q %: %k $H $7 $F CN $i $l$F$$$kC5 :wLdBj $r $H$j$" $2 $k!% %Z %s %H %_%N $H $O 1 � 1 $N @5J} 7A 5 $D $rJU F1 ;N $GO" 7k $7 $? 12 <o N‘ $N %T !<%9 $N $3 $H $G!$ Nc $( $P !$ == ;z 7? $d %3 ;z7? $N %T !< %9 $, $" $k!% %Z %s %H %_%N %Q %:%k$O !$ $3$N %T !< %9 $r 6 � 10 $N D9J} 7A$N %\ !< %I $K A4 $F G<$a $k 2r $r 8+$D $1 $k$H $$ $&LdBj $G $" $k !% $3$3$G $O !$ $9 $Y $F $N2r $r 5a $a$k %Z %s %H %_%N A4 2r C5 :w $r Nc Bj $H $7 $F MQ $$$k!% 0l HL $K !$ $3$N<o $N%Q %: %k $O%P%C%/ %H %i%C %/ K! $r MQ $$ $F2r$/ !% %P%C%/ %H %i%C%/ K! $O !$ %T !< %9 $, %\ !< %I $K $& $^ $/ CV $1 $k $+ $I $& $+$r H=Dj $7 !$ $& $^ $/ CV $1 $k $h $& $J $i !$ G[ CV %G !<%? $r =q $-49 $( $F !$ $5 $i $K :F5"E* $K C5:w $r B3 $1 $k $, !$ $=$N CV$- J} $K $D $$$F $N C5 :w$r =* $( $?$i !$ G[ CV %G !< %?$r =q$- La $7 $F %T !< %9 $r <h$j =|$- 85 $K La $9 !% $7 $+ $7 !$ $3$N $d$jJ} $O !$ G[CV %G !<%? $r 0l$D $N %W %m%; %C %5 $N$_ $, JQ99 !? %P%C %/ %H %i%C %/ $9 $k $3 $H$rA0Ds $H $7 $F $*$j !$ JB Ns =h M} $G$3 $l$r 9T$& $N $O Fq $7 $$ !% B?$/ $NJBNs =hM} $G $O !$ $h $j?<$/ C5:w $r B3 $1$kEY $K G[CV %G !<%? $r %3 %T !<$9$k I,MW $,$"$C $?!% G[ CV %G !<%? %3 %T !< $K$D$$ $F $O :9 J, $N $_ $r J] ;} $9 $k$J $I %3%T !< $r 2> A[ E*$K 9T $&$3 $H $G $=$N %3 %9 %H $r >. $5$/ $G$-$k $, !$ $= $& $9$k $H5U $K G[CV %G !<%?$X$N%" %/ %; %9 $, CY$/ $J $k $J $I $N LdBj $, $" $C $? !% 4. 4X O" 8& 5f 4.1 9b?e=‘ %^ %k%A %9 %l %C %I 8@8l 9b?e=‘%^ %k%A %9 %l %C %I 8@8l $H $7 $F$O !$ Sc heme 8@8l $K future 9= J8 $r F3 F~ $7 $? Multilisp 8@ 8l 4) !$ C 8@ 8l $K spawn 9=J8 $J $I $N %9 %l %C %I 5!G= $r F3F~ $7 $? Cilk 8@ 8l 3) !$ Ja v a 8@ 8l $K par 9= J8$J $I $N %9 %l %C %I 5! G=$r F3 F~ $7 $? OP A 8@8l 15) $J $I $, $" $k !% 4.2 L\E* ( Cf4V ) 8@8l L\E* 8@ 8l $H $7 $F D>@\ %" %; %s %V %j 8@ 8l $r MQ $$$k %3 %s %Q %$ %i $b9M $( $i $l !$ %*%j %8%J %k$NCY 1d %?%9 %/ @8 @. 8) $G MQ $$ $i$l $F $$ $k !% Cilk $d OP A $N%3%s %Q %$ %i $G$O C 8@ 8l $rL\E* 8@ 8l $H $7 !$ %"%; %s %V %j8@ 8l $N %3!< %I $r =PNO $9 $k $? $a$NCf4V 8@ 8l $H $7 $F MQ $$ $F$$$k!% $? $@ $7 !$ 0l It $N 5! G= $N9b B. 2= $N $? $a $K GCC 10) $N3H D% 5! G= $rMx MQ $7 $F $$$k!% 2f!9 $, 8&5f $7 $F$$$k3HD% C 8@8l X C-cub e $O C 8@ 8l $G$O $&$^ $/5- =R$G $-$J $$ 6( D4 5! G=$r C 8@ 8l $K DI 2C $7 $? 8@8l $G GCC $H F1MM $NF~ $l ;R4X ?t $J $I $, MxMQ $G $- $k!% C -- 8@8l 6),9) $O !$ C 8@8l $G $O $& $^ $/ 5- =R $G$- $J$$ $H $$ $& Ld Bj $r !$ C 8@8l $r 3HD% $9$k $N $G $O$J$/ !$ %"%; %s %V %j8@ 8l$X$H 6a $E $1 $k$H $$ $& %" %W %m !<%A$r $H $C$F$$ $k !% 2f!9 $, F~ $l ;R4X ?t $G Ds6! $7 $h $& $H $7 $F$$$kJB9T @- !& 6( D4@- $N5!G= $H F1MM $K !$ %^ %$ %0%l !< %7%g %s!&%A%’ %C%/ %] %$ %s %F %# %s%0 !$Nc30 =h M} 9) !$ GC $G $N %9%?%C %/ %9 %-%c %s 6) $J $I $, <B8= $G$- $k!% $^ $? !$ stac k w alking $r MQ$$ $l $P K\O@ J8 $G =R $Y$k F0 E* Ii 2YJ, ;6 !$ $"$$$k $O %^ %k%A %9 %l %C %I 18) $b <B8= $G$- $k $H 9M $($i $l $k !% 4.3 <B Au <j K! $b $H$b $H$NCY 1d %?%9 %/ @8 @. 8) $O !$ O@ M} E* $J %9 %l %C %I @8 @. $r0U L# $9 $k future 9= J8 $N<B 9T $K$* $$ $F!$ future $N BP >]$H$J $k <0$N I> 2A <B 9T$r $= $N $^ $^ 9T $$ !$ future $N 8e $N7QB3 $r %9 %? %C %/ $K J]B8 $7 !$ $3$N7QB3 $r B> $N idle $J %W %m %; %C %5 $, %? %9 %/ $H $7 $F Ep$‘ $3 $H$b $G$-$k $h $& $K $9 $k$3$H$G Ii 2YJ, ;6 $r 9T $&J}<0 $G $" $k !%7QB3 $O L TQ $H $$ $& deque $G 4I M}$5$l 7Q B3 $O Ep $^ $l $J $+ $C $?$H $- $O <+J, $G$= $N$^$^ <B9T $9$k!% $3 $3 $G !$ <+ %W %m %;%C %5 $O L TQ $N tail B& $K BP $7 $F 7QB3 $N push/p op $r 9T$$ !$B> $N %W %m%; %C%5 $O L TQ $N head B& $+$i 7Q B3 $r <h$j =P $7 $F%? %9%/ $H $7 $F Ep$‘!% $3 $N$h $& $J <jK! $O !$ 4pK\ E* $K $O %"%; %s %V %j 8@ 8l $N %W %m %0 %i%‘ $G %9 %? %C%/ $rD>@\ A‘ :n $9 $k I, MW $, $" $k !% Cilk $N =h M} 7O 3) $G $b CY 1d%? %9 %/@8 @. $r MQ $$ $F $$$k $, !$ C 8@8l $rL\E* 8@ 8l $H $7 $F$$$k $3 $H $+ $i !$7QB3$r C $N %9%?%C %/ $H %R !< %W $K Fs =E $K J] B8 $7 $F $$$k !% C $N %9 %?%C%/ $O C 8@8l $, 4IM}$9$k $b$N $J$N $G !$ =P NO$9 $k C $N %W %m %0 %i %‘$G$O !$ %R !< %W >e $K 7Q B3$r CV $/$h $& $K $9 $k !%7Q B3 $O !$<+ J, $G $= $N $^ $^ <B 9T$9 $k$+ !$ idle $J %W %m%; %C %5 $, %? %9%/ $H $7 $F Ep$‘ $+ $I $A $i $+ 0lJ} $J$N $G !$ Aj 8_GS B> $, I,MW $G$"$k!% $= $l$K$O%m %C%/ $rMQ $$ $k $+ 8) !$ Dekk er $N %"%k %4 %j %: %‘ Ey $r Mx MQ$9 $k I, MW $, $" $k 3) !% 0lJ} !$ %a %C %; !< %8%Q %C %7 %s %0 7?CY 1d %?%9 %/ @8 @. 2) $G $O !$ idle $J %W %m%;%C %5 $O 7QB3 !J %? %9%/ !K $r D>@\Ep$‘ $N $G$O$J $/ !$ $^ $: %?%9%/ $NMW5a $r9T $$!$ MW 5a $5 $l $? %W %m %;%C %5 $, !$ <+ J, $G 7QB3 $+ $i%? %9%/ $r@8@. $7 $F MW5a $7 $? %W %m%; %C %5 $K JV$9 !% $3$NJ}<0 $G $O !$ Aj 8_GS B> $, ITMW $H $J $k >e !$ callee sa v e %l %8 %9%?$K J] B8$5$l $F $$ $k 7Q B3

5 ?^ 1 Ds0F$9$k%? %9%/%9 %F %# !< %k %W %m %H %3%k Fig. 1 Prop osed task steal proto col. $N >p Js $b Mx MQ $7 $F !$ %? %9 %/$N @8 @.$r 9T $&$3 $H$, $G $- $k 12),17) !% $^ $?!$ OP A 8@8l $N=hM}7O $K $* $1 $k L TC 16) $N$h $& $K !$ MW 5a $5 $l$F$O $8 $a$F ( $h $j lazy $K ) 7QB3 $r %R !< %W >e $K :n$k$h $& $K $9 $k $3$H$b $G $- $k!% 0l J} !$ 7Q B3 $G $O $J$/ !$ future 9= J8 $GO@ M} E* $K@8 @. $5 $l $h $& $H $9$k%9 %l %C %I $r !$ lazy $K %? %9%/ $H $7 $F @8@. !& <x<u$9 $k J}K!$b 9M $($i $l $k !% Leapfrogging 13) $O $=$N $h $& $J J} <0 $G $" $k !% $3$N J} <0 $G $b %? %9%/ $O lazy $K @8 @.$5 $l $k$N$G !$CY 1d%? %9 %/@8 @.$N 0l <o$H 9M $($i$l $k !% $? $@ $7 !$ L$ =h M} $N7QB3 $G $O $J $/L$ =h M} $N%9 %l %C %I $+$i %? %9%/ $r @8@.$9$k $H$$ $& 0c $$ $H$J $k !y !% Leapfrogging $G$O !$ L$ =h M} $N %9 %l %C %I $r%? %9%/ $H $7 $F Ep $^ $l$? %W %m %;%C %5 $O %9 %l %C %I $N7k2L $r BT $D>u BV $K$J$k $H !$ $= $N %9 %l %C %I $+ $i GI @8 $7 $? %9 %l %C %I $r Ep $_JV $9 !% $3 $l $K$h $j !$ C‘<! <B9T $N>l9g $h$j !$ %9 %? %C%/ $rM>7W $K >CHq $9$k $3 $H $O $J $/$J $k !%:# 2s Ds 0F $9 $k J} <0$O !$4p K\ E*$K $O $3 $N Leapfrogging $K 4p $E $$$F $$ $k !% $? $@ $7 !$ Cilk $H F1MM $K !$ @8@. $7 $? %9 %l %C %I $N 40N; $O F1 $8 4X?tFb $G I, $: F14| $, $H $i $l $k$b $N $H $7 !$ Ep $^ $l$J$+$C $? %9 %l %C %I $r <+ %W %m %; %C %5 $G <B9T $9 $k >l 9g $O !$ 4X ?t Fb $K inline $7 $F <B 9T $9$k $b $N $H $7 $?!% $J$* !$ Leapfrogging $H F1 MM $NIi 2Y J, ;6 $r 9T $& $b $N $K$O !$ SHE 5) $, $" $k !% 5. C1=c $J <y>u:F5"E*7W;; $N F0E*Ii2YJ,;6 Ds0F$9$kF0E*Ii2YJ,;6 $G$O <! $N J}<0 $r MQ$$$k!% � %a %C %;!< %8 %Q %C %7 %s %0 7? 2) $G $" $k !% � Leapfrogging 13) $N $h $& $K !$L$=h M}$N %9 %l %C %I $+ $i lazy $K %? %9%/ $r @8@.$9$k � Cilk $H F1MM $K !$ @8 @. $7 $? %9 %l %C %I $N40N; $O F1 $8 4X ?tFb $G I, $: F14| $,$H$i$l $k$b$N $H $9$k !% � Ep$^ $l$J $+$C $?%9 %l %C %I $O 4X ?t Fb inlining $G <B 9T !y $3$l $i $N Cf 4VE*$J $b$N$H $7 $F !$ Cilk $J $I $G$O spawn $N 8e $+$i spawn $N F14| $,$H$i$l $k$H$3$m !J sync !K $^ $G$N ItJ,7QB3 $r Ep $‘ $3$H $b 9M $($i $l $k int fib(proc_env pr, int (*bkf)(req_buf_t *), int k){ int s = 0; int restp = 1; int ret = 1; void **saved_req_port_p; int result_buf; int result_port; int bk(req_buf_t *req_buf_p){ if(ret) ret = bkf(req_buf_p); if(ret) return 1; if(restp){ task_buf_t *tbp =req_buf_p->task_buf_p; int *tpp =req_buf_p->task_port_p; restp = 0; /* save info for "request back" */ saved_req_port_p =req_buf_p->req_port_p; /* result not available yet */ result_port = 0; /* put a task */ tbp->f = tf_fib; tbp->sender = pr->myid; tbp->a.t1.result_buf_p = &result_buf; tbp->a.t1.result_port_p = &result_port; tbp->a.t1.k = k-2; /* transfer the task */ finish_write_before_write(); atomic_write_int(*tpp, 1); return 1; } return 0; } if(k <= 2) return 1; else { restp = 1; /* thread creation */ POLL(pr->req_port, bk); s += fib(pr, bk, k-1); if(restp){ restp = 0; /* inlining thread */ s += fib(pr, bk, k-2); }else{ /* wait for thread completion */ while(atomic_read_int(result_port) == 0) /* request back a task and run*/ steal_run_task(pr,saved_req_port_p,1); start_read_after_read(); s += result_buf; } return s; } } ?^ 2 Fib onacci $N F0E*Ii2YJ,;6%3!< %I Fig. 2 load balancing co de for Fib onacci. $9$k !% � %? %9%/ @8 @.$N$?$a $N >p Js $O !$ L TQ $+ $i $G$O $J $/ F~ $l ;R4X?t $G 8F=P $7 85 $K AL$C $F 8+$D $1 $k !% %a %C %; !< %8 %Q %C %7 %s %0$H!$ F~ $l ;R 4X ?t $G8F =P $7 85 $KAL $C $F8+ $D $1$k MM ;R $r ?^ 1 $K <( $9 !% L TQ $,$J$/ $J $C $F $$ $k $3 $H $, FCD’ $N0l $D $G $"$k!% %W %m %0 %i%‘ $N0l It $r ?^ 2 $K <($9 !% %U%i %0 $N%;%C %H $N$_ !J restp = 1 !K $G %9 %l %C %I $, :n $i $l !$ $= $N%9 %l %C %I $N !J F~ $l ;R4X?t Fb $G$N !K %?%9 %/@8 @. $+ !$<+J, $G inlining $9 $k$H$-$K !J restp = 0 !K $H $7 $F $$ $k!%

6 ?^ 3 SP AR C %Y !<%9 $N%^ %k%A %W %m%;%C%5>e $G$N Fib onaccti ?t$N <B9T;~4V$HBf?t8z2L Fig. 3 Elapsed time and sp eedup of Fib onacci num b er on SP AR C-based Multipro cessor. 6. C5:wLdBj $N F0E*Ii2YJ,;6 C1=c $J <y>u:F5"E*7W;; $N F0E*Ii2YJ,;6 $K 2C $($F � %? %9%/ $r @8@. $9$k $?$a $K !$ 0l;~ E* $K%P%C%/ %H %i%C %/$9$k!% $H$$$& 5! G= $, 2C $o $C $F $$ $k !J ?^ 1 !K !% $3 $l $K$h $C $F %Z %s %H %_%N A4 2r C5 :w Ld Bj $G $O !$ G[ CV >p Js $N %3 %T !< $r%?%9%/ @8@. ;~ $N $_ $K 8BDj $9 $k $3 $H $, =PMh $F$$$k !% %Z %s %H %_%N A42rC5:wLdBj $N F0E*Ii2YJ,;6 %3 !< %I $r IUO? A $K <($9 !% %3 %T !< $r 8: $i $9 $3 $H $G !$ %3%T !< $N %3 %9%H :o 8: $d !$ %-%c %C %7%e%R %C %H N(8~>e $, C#@. $G $- $k $H 9M $($i $l $k!% Cilk $G$b;R $N4V $GF1 $8 NN0h $r:F Mx MQ 2D G= $H$9 $k $? $a $N SYNCHED $, MQ0U$5 $l$F $$ $k $, 11) !$?F;R4V $O%3 %T !< $7 $J$/ $F $O $J $i $J $$ !% $^ $?!$ SICStus Prolog $G $O !$ JB Ns<B 9T ;~ $K B+G{ >p Js $N %3 %T !< $r$5 $1 $k $? $a $K !$ Ep$‘ %W %m%; %C%5$O Ep $^ $l $k %W %m %; %C%5$K 3d$j 9~$_$r$+ $1 $F !$ %9 %? %C %/ A4 BN $r %3 %T !< $7 !$ Ep $s $@ %W %m%; %C %5<+?H $, I, MW $J $@$1%P %C %/ %H %i%C%/ $r $7 $F$+$i Ep $s$@ branc h $r <B9T$9$k$h $& $K$J $C $F$$ $k!% 7. I> 2A ?^ 3 !$ ?^ 4 !$ ?^ 5 $K$O !$ <o!9 $N6&M- %a %b%j7? JBNs 7W ?^ 4 P o w erPC %Y !< %9 $N %^ %k%A %W %m%;%C%5 >e $G$N Fib onacci ?t $N <B9T;~4V $H Bf?t8z2L Fig. 4 Elapsed time and sp eedup of Fib onacci num b er on P o w erPC-based Multipro cessor. ;; 5!>e $G !$ �b(36) $N Fib onacci ?t 7W;;$N C‘ <! %W %m %0 %i%‘ $N<B9T $H !$ Ii 2Y J, ;6 $r 9T$& JB Ns %W %m %0 %i%‘ $NJBNs <B9T $r9T$C $?7k2L $r<($9 !% MQ $$ $?6&M- %a %b%j 7?JB Ns 7W ;;5! $N ;EMM / 4D6- $O$= $l $>$l 0J2< $N$b$N $G$" $k!% � Sun Ultra En terprise 10000 !J 250MHz Ultra- SP AR C-I I, 1MB L2 Cac he, 64CPUs !K Solaris 7, gcc 2.95.2 -O2 -mcpu=ultrasparc � IBM RS/6000 SP $N 1 %N !< %I !J 332MHz P o w er- PC 604e L? Na 32KB/ %G !< %? 32KB L1 cac he !$ 0.25MB L2 cac he, 4CPUs !K AIX V ersion 4.3, gcc 2.95.2 -O2 -mcpu=powerpc � PC !J 1GHz P en tium-I I I, 2CPUs !K , Solaris 8, gcc 2.8.1 -O2 Ii 2Y J,;6$r 2D G= $H $7 $? JB Ns %W %m %0 %i %‘$N 1CPU >e $G $N<B 9T ;~ 4V $rC‘ <! %W %m %0 %i%‘ $N <B 9T ;~ 4V $HHf 3S $9 $k $H!$ SP AR C, P o w erPC, P en tium $= $l $> $l $N >l 9g $K $D$$ $F !$ 3.33 G\!$ 1.81 G\!$ 2.24 G\ $H $J$k !% SP AR C $N%* !< %P%X%C %I $, Bg $-$$ $N $O !$ %/ %m!< %8%c@8@. $N %*!< %P%X%C %I !$ F~ $l ;R4X?t $H 85 $N4X?t $G 6&M- $5 $l $kJQ?t $N %l%8 %9 %?3d $jIU $1 AK32 $N %*!< %P %X %C %I $, 9b $$ $? $a $@$H;W $o $l $k!% %/ %m !< %8%c@8 @. $N %*!< %P%X%C %I $K $D$$ $F $O %H %i %s %] %j %s$K 4X$9$kL?Na %-%c %C %7%e$N%U%i%C %7%e$r H< $& $3

7 ?^ 9 8 %W %m%;%C%5 >e$N%Z %s %H %_ %NA42rC5:w $G$N%? %9%/E>Aw5-O? Fig. 9 Record of task transfer b y P en tomino searc h on 8 pro cessors. ?^ 5 P en tium %Y!< %9 $N%^ %k%A %W %m%;%C%5>e $G$N Fib onacci ?t$N <B9T;~4V$HBf?t8z2L Fig. 5 Elapsed time and sp eedup of Fib onaccti n um b er on P en tium-based Multipro cessor. $H $, 5s $2 $i$l $k !% P o w erPC $N%* !< %P%X %C %I $, Hf3S E* >.$5$$$N $O !$ P o w erPC $G$O $b$H$b$H 4X?t %] %$ %s %? $r %3 !< %I $N%" %I %l %9 $G $O$J $/ !$ %3!< %I $H $=$N4D6- !J Dj?t %] %$ %s %?$N $? $a$N !K $r I= $9 %G !<%?9= B$ $X $N %] %$ %s %? $H $7 $F$$$k $? $a !$ %/ %m !< %8%c@8 @. ;~ $N%9 %? %C%/ >e $X $NF0 E*%3 !< %I @8 @. $, IT MW$H $J $k$? $a$G $" $k !% P en tium $N >l9g $K $= $l$[ $I 0-$/ $J$$$N $O !$ L?Na %-%c %C %7%e$N L@<( E* $J%U %i %C %7%e $, ITMW $J E@!$ $b $H$b $H %l%8 %9 %? $, >/ $J $$ $? $a $K !$ %l%8 %9 %?3d $jIU $1 AK32 $N%* !< %P%X %C %I $, L\ ?^ 6 SP AR C %Y !< %9$N%^ %k%A %W %m%;%C%5 >e $G$N%Z %s %H %_ %NA42rC5 :w $N <B9T;~4V $H Bf?t8z2L Fig. 6 Elapsed time and sp eedup of Pen tomino searc h on SP AR C-based Multipro cessor. N) $?$J$$ E@ $, 9M $($i $l $k!% $^$? !$?^ 3 !$?^ 4 !$?^ 5 $N$h $& $K JBNs %W %m %0 %i %‘$N Bf?t 8z 2L $K$D$$ $F $O !$ A4 $F$N7W;; 5! $K$D$$ $FM}A[ E* $J Bf?t 8z 2L $, F@ $i $l $? !% Nc $( $P Ultra En terprise 10000 >e $G$O 48CPU $N ;HMQ ;~ $K 47.8 G\$N Bf ?t8z 2L $, F@ $i $l $? !% $3 $l$O !$ Ds 0F $9$k Ii 2YJ, ;6 J} <0 $, ==J, $K 5!G= $7 $F $$ $k $3$H$r <( $7 $F $$ $k!% ?^ 6 !$ ?^ 7 !$ ?^ 8 $K $O!$ <o !9 $N 6& M-%a %b%j 7? JB Ns 7W ;; 5!>e $G !$ %Z %s %H %_%N A4 2r C5:w $NC‘<! %W %m %0 %i%‘ $N<B9T

8 ?^ 7 P o w erPC %Y !< %9 $N%^ %k%A %W %m%; %C%5>e $G$N%Z %s %H %_%NA42r C5:w$N<B9T;~4V$HBf?t8z2L Fig. 7 Elapsed time and sp eedup of Pen tomino searc h on Po w erPC-based Multipro cessor. $H !$ Ii 2YJ, ;6 $r 9T $& JBNs %W %m %0 %i %‘ $NJBNs <B9T $r9T$C $? 7k2L $r <( $9 !% Ii 2Y J, ;6 $r2DG= $H $7 $? JBNs %W %m %0 %i%‘ $N 1CPU >e $G $N <B9T ;~ 4V$r C‘ <! %W %m %0 %i %‘$N <B 9T ;~ 4V $H Hf 3S$9 $k $H !$ SP AR C, P o w erPC, P en tium $= $l $>$l$N>l 9g $K$D $$ $F!$ 1.60 G\!$ 1.32 G\!$ 1.23 G\ $H $J $C $? !% P o w erPC $H P en tium $G 5U E> $7 $F$$ $k $N $O !$ 0l $D $N 4X?tFb $G$N;E;v $NNL $, A} $($F$$$k $?$a !$ %/ %m!< %8%c @8@. $N %*!< %P %X%C %I $h$j !$ F~ $l ;R4X?t $H85 $N4X?t $G 6& M- $5 $l $kJQ ?t $N %l%8 %9 %?3d $jIU $1 AK32 $N%* !< %P %X %C %I $N$[ $& $, =EMW $H$J $k $?$a $@$H 9M $($i $l $k!% $^$? !$?^ 6 !$?^ 7 !$?^ 8 $N$h $& $K JBNs %W %m %0 %i %‘ $N Bf ?t 8z 2L$K $D $$ $F $O !$A4$F $N 7W ;; 5!$K $D $$ $F $[$\ M} A[E* $J Bf?t 8z 2L $, F@ $i $l$? !% Nc $( $P Ultra En terprise 10000 >e$G $O 32CPU ;H MQ ;~$K $O !$ 30.9 G\$N Bf ?t 8z 2L !$ 48CPU $N ;H MQ ;~$K 45.4 G\$N Bf ?t 8z 2L $, F@$i$l $? !% Fib onacci ?t7W;; $H $/ $i$Y$F$d$dMn$A$k $N $O !$ ;^ 4" $j $N7k 2L!$ $;$C $+ $/<x <u $7 $?%? %9%/ $N;E;v NL $, >/ $J $9 $. $k $3$H$b$" $k $?$a$H 9M $($i $l $k!% $3$3 $G !$ ?^ 9 $K$O !$ 8 %W %m%; %C %5>e $N %Z %s %H %_%N A4 2rC5 :w $G$N%?%9%/ E> Aw5- O? $r<( $9 !% 2# <4 $, ;~9o $G =D<4 $, %W %m%;%C%5HV9f $G$" $k !%?^ Cf help $O %9 %?%C%/ $, 6u $K$J$C $? %W %m%; %C %5 $, B> $N %W %m%; %C %5 $+$i%? %9 %/ $N6! ?^ 8 P en tium %Y !< %9 $N%^ %k%A %W %m%; %C%5>e $G$N%Z %s %H %_ %NA42r C5:w$N<B9T;~4V $H Bf?t8z2L Fig. 8 Elapsed time and sp eedup of Pen tomino searc h on Pen tium-based Multipro cessor. 5k $r <u $1 $? >l 9g $r <( $7 !$ takeback $O %? %9%/ !J %9 %l %C %I !K $N40N;BT $A $K$J$C $? %W %m%; %C %5 $, !$ %?%9%/ $r Ep $s $@ %W %m %; %C %5 $+ $i ;E;v $N0lIt $r%?%9%/ $H $7 $F <h $jJV $9 >l9g $r <($9 !% <B9T $N=i4| !& Cf 4| $G $O$H$- $?$^;E;v $N<h $jJV $7 $, 7+ $jJV $5 $l$F $$$k0J30 $O !$ %?%9 %/ $N@8@. !& <x <u $O :G>. 8B $K M^ $( $i $l$F$$$k $H$$ $($k!% <B 9T $N=*HW $G $O !$ ;D $j;E ;vNL $, 8:$C $F$/$k $? $a%? %9%/ $N@8@. !& <x <u $, 3hH/ $J$k $, !$ ;D $j;E ;v NL $b8: $C $F$$$/ $? $a $= $N $& $A <B9T $, 40N;$9$k $3$H $K$J $k!% 8. :#8e $N 2]Bj :#8e $N 2]Bj $K$O 0J2< $N$b$N $, $" $k !% � J, ;6 %a %b %j 7? >e $G $N I> 2A $r 9T $& M= Dj $G $" $k !% Leapfrogging $N @) Ls$N 4K OB $9 $k$3 $H !$ %? %9 %/$N %P%C %U %! %j %s %0 $9$k $3 $H $G !$ %?%9 %/ <x <u $NCY1d 1# JC $, 2DG= $+$r ;n$9M=Dj $G$" $k !% � 9b?e=‘8@ 8l OP A 8@8l $J $I 9b?e=‘ 8@8l $G Ds0F<jK! $r MxMQ $9 $k $H $7 $F 8@8l ;E MM $r $I $& $9 $k $+$H$$$& Ld Bj $, $" $k !% Sc heme $N dynamic-wind 7) $N $h $& $J 5!G= $, $" $l $P $h$$ !% � 3HD% C 8@8l X C-cub e $N <BAu $H $7 $F !% %/ %m!< %8%c @8@. $N 7ZNL2= $N$?$a$N <BAu $r ?J $a $F$$ $k !%

9 9. $* $o $j $K K\O@ J8 $G $O !$ F~ $l ;R4X ?t $r MxMQ $9 $k $3 $H $G !$ %P%C%/ %H %i %C%/ $K$bBP1~ $G$-$kF0 E* Ii 2Y J, ;6 $, 5-=R 2D G= $G$" $k $3 $H $r <( $7 $? !% $^ $? !$ 6&M- %a %b %j 7? JB Ns7W ;; 5! >e $G Ds0F $9$k 5- =R J} <0 $N %W %m %0 %i %‘ $NI>2A $r9T $$!$ ?t Bf $N %W %m %; %C %5 $rMQ $$ $l $P C‘<! %W %m %0 %i%‘ $HHf3S $7 $F B.EY 8~>e $, F@ $i $l $k $3 $H !$ JB Ns %W %m %0 %i%‘<B 9T $K $* $$ $F $O M}A[E* $J Bf?t8z2L $, F@ $i $l $k $3$H$r <( $7 $? !% <U<- Ultra En terprise 10000 $N;HMQ $r2w$/ 5v 2D $7 $F$$ $? $@$-$^ $7 $?El5~Bg 3X $NJ?LZ @h @8 $K !$ 6‘ $s $G 46<U $N 0U $r I= $7 $^$9 !% ;2 9M J8 8% 1) Breuel, T. M.: Lexical Closures for C++, Usenix Pr o c e e dings, C++ Confer enc e (1988). 2) F eeley , M.: A Message P assing Implemen ta- tion of Lazy T ask Creation, Pr o c e e dings of International Workshop on Par al lel Symb olic Computing: L anguages, Systems, and Appli- c ations , Lecture Notes in Computer Science, No. 748, Springer-V erlag, pp. 94{107 (1993). 3) F rigo, M., Leiserson, C. E. and Randall, K. H.: The Implemen tation of the Cilk-5 Multi- threaded Language, A CM SIGPLAN Notic es , V ol. 33, No. 5, pp. 212{223 (1998). 4) Halstead, Jr, R. H.: New Ideas in P arallel Lisp: Language Design, Implemen tation, and Pro- gramming T o ols, Par al lel Lisp: L anguages and Systems (Ito, T. and Halstead, R. H.(eds.)), Lecture Notes in Computer Science, V ol. 441, Sendai, Japan, June 5{8, Springer, Berlin, pp. 2{57 (1990). 5) Ito, T.: Sound P arallelization F ramew ork for P arallel Sc heme Programming, Pr o c e e dings of International Workshop on Par al lel and Dis- tribute d Computing for Symb olic and Irr e gular Applic ations , W orld Scien ti�c, pp. 3{40 (2000). 6) Jones, S. P ., Ramsey , N. and Reig, F.: C--: a P ortable Assem bly Language that Supp orts Garbage Collection (1999). 7) Kelsey , R., Clinger, W. and Rees, J.: Revised 5 Rep ort on the Algorithmic Language Sc heme, A CM SIGPLAN Notic es , V ol. 33, No. 9, pp. 26{76 (1998). 8) Mohr, E., Kranz, D. A. and Halstead, Jr, R. H.: Lazy T ask Creation: A T ec hnique for Increas- ing the Gran ularit y of P arallel Programs, IEEE T r ansactions on Par al lel and Distribute d Sys- tems , V ol. 2, No. 3, pp. 264{280 (1991). 9) Ramsey , N. and Reig, F.: A Single In termedi- ate Language That Supp orts Multiple Imple- men tations of Exceptions (2000). 10) Stallman, R. M.: Using and Porting GNU Compiler Col le ction , F ree Soft w are F ounda- tion, Inc., for gcc-2.95 edition (1999). 11) Sup ercomputing T ec hnologies Group: Cilk- 5.1(Beta1) R efer enc e Manual , MIT Lab ora- tory for Computer Science (1997). h ttp://theory .lcs.mit.edu/~cilk. 12) T aura, K., T abata, K. and Y oneza w a, A.: Stac kThreads/MP: In tegrating F utures in to Calling Standards, Pr o c e e dings of A CM SIG- PLAN Symp osium on Principles & Pr actic e of Par al lel Pr o gr amming (PPoPP) , pp. 60{71 (1999). 13) W agner, D. B. and Calder, B. G.: Leapfrog- ging: A P ortable T ec hnique for Implemen ting E�cien t F utures, Pr o c e e dings of Principles and Pr actic e of Par al lel Pr o gr amming (PPoPP’93) , pp. 208{217 (1993). 14) H, ?y >; 9( , 9b ED =a , ED H* M* 2p , >. 5\ >o 9/ , Er ^I B@ 0l : 6& M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= , >pJs=hM}3X2q O@J8;o !’ %W %m %0 %i %_ %s %0 , V ol. 43, No. SIG 1 (PR O 13), pp. 118{132 (2002). 15) H,?y >; 9( , GOC+ @? Fs , 3y ED == ;0 O: , EDH* M* 2p , 0KF# CR0l , >.5\ >o 9/ , Er^I B@0l : %* %V%8 %’%/ %H ;X8~ JBNs 8@8l OP A $N $?$a $N%3 !< %I @8 @.<j K! , >p Js=h M} 3X 2qO@J8;o !’ %W %m %0 %i %_ %s %0 , V ol. 42, No. SIG 11 (PR O 12), pp. 1{13 (2001). 16) GOC+ @? Fs , H,?y >; 9( , >. 5\ >o 9/ , Er ^I B@ 0l : %k !< %W Fb%9 %l %C %I @8@. $K BP1~ $7 $? Lazy T ask Creation, JB Ns =h M}%7%s %] %8 %& %‘ (JSPP2001) O@ J8 =8 , pp. 157{164 (2001). 17) ED C< K. CK , ED 1: 7r <! O/ , JF _7 L@ 7{ : C %W %m %0%i%‘ $K $* $1 $k Lazy T ask Creation, >p=h8& Js 97-PR O- 14(SW oPP’97), pp. 79{84 (1997). 18) EDH* M* 2p , H,?y >; 9( , >. 5\ >o 9/ , Er ^I B@ 0l : F~ $l ;R 4X ?t $rMx MQ $7$?%^ %k %A %9 %l %C %I $N <B 8= , >p Js =h M} 3X 2q O@ J8 ;o !’ %W %m %0%i%_ %s %0 , V ol. 43, No. (PR O 14) (2002). ( :NO?M=Dj ). IU O? A.1 F~ $l ;R4X?t $rMxMQ $7 $F F0E* Ii2Y J, ;6 $r 9T $& %Z %s %H %_%NA42rC5:w %W %m %0 %i%‘ #include <stdio.h> #include <sys/time.h> #include <math.h> #include "xccmem.h" #include "systhr.h" #define MAXNPROC 64 #define DPRINT0 typedef struct _proc_locals *proc_env;

10 typedef struct _task_buf { void (*f)(proc_env, struct _task_buf *); int sender; /* optional */ int why; /* optional */ union { struct { int *result_buf_p; int *result_port_p; int k, i; int a[12]; int b[70]; } t1; } a; } task_buf_t; typedef struct _req_buf { task_buf_t *task_buf_p; int *task_port_p; void **req_port_p; /* (struct _req_buf **) */ } req_buf_t; struct _proc_locals { int n_proc; int myid; task_buf_t task_buf; int task_port; req_buf_t req_buf; void *dumy1[64]; void *req_port; /* (req_buf_t *) */ void *dumy2[64]; int a[12]; /* 0, if piece is unused */ int b[70]; /* 0, if the board location x+y*7 is empty */ void *dumy3[64]; } pe[MAXNPROC]; void init_proc_locals(proc_env pr, int id, int num_proc){ int i; for(i=0;i<12;i++) pr->a[i] = 0; for(i=0;i<70;i++) pr->b[i] = 0; /* right side wall */ for(i=6;i<70;i+=7) pr->b[i] = ’\n’; pr->n_proc = num_proc; pr->myid = id; pr->req_port = 0; } void tf_do_nothing(proc_env pr, task_buf_t *task_buf_p){ } void refuse_req(proc_env pr){ /* transfer a null task to refuse request. */ void *req_buf_p=atomic_read_ptr(pr->req_port); if(req_buf_p){ req_buf_t *rbp = (req_buf_t *)req_buf_p; start_read_after_read(); atomic_write_ptr(pr->req_port,0); rbp->task_buf_p->f = tf_do_nothing; finish_write_before_write(); atomic_write_int(*(rbp->task_port_p), 1); } } /* For idle processor */ void steal_run_task(proc_env pr, void **req_port_p, int why){ pr->task_port = 0; pr->task_buf.why = why; /* request a task */ pr->req_buf.task_buf_p = &(pr->task_buf); pr->req_buf.task_port_p = &(pr->task_port); pr->req_buf.req_port_p = &(pr->req_port); finish_write_before_write(); while(cas_ptr(*req_port_p, 0, (void *)(&(pr->req_buf)))) refuse_req(pr); /* wait for a task */ while(atomic_read_int(pr->task_port) == 0) refuse_req(pr); start_read_after_read(); /* run the stolen task */ (pr->task_buf.f)(pr, &(pr->task_buf)); } int bv; void *helper(void *p){ proc_env pr=(proc_env)p; double r, q; int n; systhr_bind_to_proc(pr->myid); systhr_bind_to_proc(pr->myid); /* atomic-inc */ do{n = bv;}while(cas_int(bv, n, n+1)); for(r = sqrt(0.5 + pr->myid), q = sqrt(r + pr->myid), r -= (int)r;; r = r * 3.0 + q, r -= (int)r){ int tg = (int)(pr->n_proc * r); if(tg != pr->myid){ steal_run_task(pr, &(pe[tg].req_port), 0); } } } void init_parallel(int num_proc){ int i; for(i=0; i<num_proc; i++) init_proc_locals(pe+i, i, num_proc); systhr_init(num_proc); systhr_bind_to_proc(0); bv = 1; for(i=1; i<num_proc; i++) systhr_create(helper, pe+i); while(atomic_read_int(bv) < num_proc) start_read_after_read(); } #define POLL(req_port, bk) \ do{ \ void *req_buf_p = atomic_read_ptr((req_port));\ if(req_buf_p){ \ req_buf_t *rbp = (req_buf_t *)req_buf_p; \ start_read_after_read(); \ atomic_write_ptr((req_port),0); \ if((bk)(rbp) == 0){ \ rbp->task_buf_p->f = tf_do_nothing; \ finish_write_before_write(); \ atomic_write_int(*(rbp->task_port_p), 1); \ } \ } \ }while(0) /* A piece shape for some direction. A piece consists of fives squares. Position (x,y) is represented by integer x+y*7. Starting from the topmost-leftmost square of a piece, a piece shape is given by the relative positions of the other four squares in topmost-leftmost order. Here, "topmost" means "smallest y-coordinate", "leftmost" means "smallest x-coordinate", and "relative" means "relative to the previous

11 square". */ typedef int pshape[4]; pshape p1[2] ={{1,1,1,1}, {7,7,7,7}}, p2[8] ={{7,1,1,1},{4,1,1,1},{1,1,1,4},{1,1,1,7}, {7,7,7,1},{7,7,6,1},{1,6,7,7},{1,7,7,7}}, p3[8] ={{6,1,1,1},{5,1,1,1},{1,1,1,5},{1,1,1,6}, {7,1,6,7},{7,7,1,6},{7,6,1,7},{6,1,7,7}}, p4[4] ={{7,7,1,1},{1,1,5,7},{1,1,7,7},{7,5,1,1}}, p5[4] ={{2,5,1,1},{1,1,5,2},{1,6,7,1},{1,7,6,1}}, p6[4] ={{7,1,1,5},{5,1,1,7},{7,6,1,1},{1,1,6,7}}, p7[8] ={{7,1,1,6},{5,1,1,6},{6,1,1,5},{6,1,1,7}, {1,7,1,6},{7,1,5,1},{1,5,1,7},{6,1,7,1}}, p8[4] ={{7,1,1,7},{5,1,1,5},{1,7,7,1},{1,6,6,1}}, p9[1] ={{6,1,1,6}}, p10[8]={{1,6,1,1},{1,1,5,1},{1,5,1,1},{1,1,6,1}, {7,1,6,1},{1,6,1,6},{6,1,6,1},{1,6,1,7}}, p11[8]={{1,4,1,1},{1,1,7,1},{1,7,1,1},{1,1,4,1}, {7,1,7,7},{7,6,1,6},{6,1,6,7},{7,7,1,7}}, p12[4]={{7,1,7,1},{1,5,1,6},{1,7,1,7},{6,1,5,1}}; typedef struct { int n; /* number of different directions */ /* pointer to the array of piece shapes */ pshape *pss; } piece; piece ps_org[12] = {{2,p1},{8,p2},{8,p3},{4,p4}, {4,p5},{4,p6},{8,p7},{4,p8}, {1,p9},{8,p10},{8,p11},{4,p12}}; /* avoid symmetric solutions */ pshape p2d[8] = {{4,1,1,1},{7,7,6,1}}; piece ps[12] = {{2,p1},{2,p2d},{8,p3},{4,p4}, {4,p5},{4,p6},{8,p7},{4,p8}, {1,p9},{8,p10},{8,p11},{4,p12}}; void show_b(proc_env pr){ int i; for(i=0;i<70;i++) putchar(pr->b[i] ? pr->b[i] : ’ ’); putchar(’\n’); } int search(proc_env, int (*)(req_buf_t *), int); /* examine the "i"-th piece for all directions at the first empty location "k" */ int try_piece(proc_env pr, int (*bkf)(req_buf_t *), int k, int i){ int s = 0; /* the sum of solutions */ int d; /* direction */ int n = ps[i].n; /* number of directions */ int bk(req_buf_t *req_buf_p){ int ret; int kk=k,l; int *pss = ps[i].pss[d]; /* remove the piece (backtrack) */ pr->a[i] = 0; pr->b[kk=k] = 0; for(l=0;l<4;l++) pr->b[kk += pss[l]] = 0; ret = bkf(req_buf_p); /* put the piece (cancel backtrack)*/ pr->a[i] = 1; pr->b[kk=k] = i+’A’; for(l=0;l<4;l++) pr->b[kk += pss[l]] =i+’A’; return ret; } for(d=0;d<n;d++){ int kk=k,l; int *pss = ps[i].pss[d]; /* room available? */ for(l=0;l<4;l++) if((kk += pss[l]) >= 70 || pr->b[kk] !=0) goto Ln; /* put the piece */ pr->a[i] = 1; pr->b[kk=k] = i+’A’; for(l=0;l<4;l++) pr->b[kk += pss[l]] =i+’A’; /* find the first empty location */ for(kk=k; kk<70; kk++) if( pr->b[kk] == 0 ) break; /* recursive search */ s += search(pr, bk, kk); /* remove the piece (backtrack) */ pr->a[i] = 0; pr->b[kk=k] = 0; for(l=0;l<4;l++) pr->b[kk += pss[l]] = 0; Ln: continue; } return s; } struct timeval tv0; void tf_backup_and_try_piece(proc_env pr, task_buf_t *task_buf_p){ int bk(req_buf_t *req_buf_p){ return 0; } int a_bak[12]; int b_bak[70]; int jj; int *saved_result_port_p; int *saved_result_buf_p; task_buf_t *tbp = task_buf_p; /* backup */ for(jj=0;jj<12;jj++) a_bak[jj] = pr->a[jj]; for(jj=0;jj<70;jj++) b_bak[jj] = pr->b[jj]; /* save info for "result back" */ saved_result_port_p = tbp->a.t1.result_port_p; saved_result_buf_p = tbp->a.t1.result_buf_p; /* get a task */ #ifdef DPRINT { struct timeval tv1; gettimeofday(&tv1, 0); printf("%9d %2d gets %2d %2d of %2d for %d\n", (tv1.tv_sec-tv0.tv_sec)*1000000 +tv1.tv_usec-tv0.tv_usec, pr->myid, tbp->a.t1.k, tbp->a.t1.i, tbp->sender, tbp->why); } #endif for(jj=0;jj<12;jj++) pr->a[jj] = tbp->a.t1.a[jj]; for(jj=0;jj<70;jj++) pr->b[jj] = tbp->a.t1.b[jj]; { int k = tbp->a.t1.k, i = tbp->a.t1.i, s = 0; if(pr->a[i] == 0) s += try_piece(pr, bk, k, i); *saved_result_buf_p = s; } finish_write_before_write(); atomic_write_int(*saved_result_port_p, 1); /* restore */ for(jj=0;jj<12;jj++) pr->a[jj] = a_bak[jj]; for(jj=0;jj<70;jj++) pr->b[jj] = b_bak[jj]; } int search(proc_env pr, int (*bkf)(req_buf_t *), int k){ int s = 0; /* the sum of solutions */ int i = 0, si = 12;

12 int ret = 1; void **saved_req_port_p[12];/* req_buf_t ** */ int result_buf[12]; int result_port[12]; int bk(req_buf_t *req_buf_p){ if(ret) ret = bkf(req_buf_p); if(ret) return 1; while(i<si){ int ii = --si; if(pr->a[ii] != 0){ /* avoid a trivial task */ result_port[ii] = 1; result_buf[ii] = 0; }else{ int jj; task_buf_t *tbp =req_buf_p->task_buf_p; int *tpp =req_buf_p->task_port_p; /* save info for "request back" */ saved_req_port_p[ii] = req_buf_p->req_port_p; /* result not available yet */ result_port[ii] = 0; /* put a task */ tbp->f = tf_backup_and_try_piece; tbp->sender = pr->myid; tbp->a.t1.result_buf_p =result_buf+ii; tbp->a.t1.result_port_p =result_port+ii; tbp->a.t1.k = k; tbp->a.t1.i = ii; for(jj=0;jj<12;jj++) tbp->a.t1.a[jj] = pr->a[jj]; for(jj=0;jj<70;jj++) tbp->a.t1.b[jj] = pr->b[jj]; /* transfer the task */ finish_write_before_write(); atomic_write_int(*tpp, 1); return 1; } } return 0; } if(k == 70){ /* a solution is found */ /* show_b(pr); */ return 1; } else { /* prune */ if((k+7 >= 70 || pr->b[k+7] != 0) && (pr->b[k+1] != 0 || (k+8 >= 70 || pr->b[k+8] != 0) && pr->b[k+2] != 0)) return 0; while(i<si){ int ii=i++; POLL(pr->req_port, bk); if(pr->a[ii] == 0) s += try_piece(pr, bk, k, ii); } /* i == si */ while(i<12){ int ii=i++; while(atomic_read_int(result_port[ii])==0) /* request back a task and run*/ steal_run_task(pr, saved_req_port_p[ii], 1); start_read_after_read(); s += result_buf[ii]; } return s; } } main(int argc, char *argv[]){ int bk(req_buf_t *req_buf_p){ return 0; } struct timeval tv[2]; int num_proc=2, ans; if(argc>1) num_proc=atoi(argv[1]); init_parallel(num_proc); gettimeofday(tv+0, 0); tv0 = tv[0]; ans = search(pe+0, bk, 0); gettimeofday(tv+1, 0); printf("answers: %d\n", ans); printf("%lf\n", tv[1].tv_sec-tv[0].tv_sec +(tv[1].tv_usec-tv[0].tv_usec)*0.000001); }