V ol. 42 No. SIG 0(PR O 12) >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 2001 %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3!< %I @8@.<jK! H, ?y >; 9( y ; yy GO C+ @? Fs y 3y ED == ;0 O: yyy ED H* M* 2p y 0K F# CR 0l y >. 5\ >o 9/ y Er ^I B@ 0l y MIMD 7?JBNs7W ;;5! $K $* $1 $k 8zN($N NI$$JBNs=h M} $N$?$a$N !$ %a %=%C %I $N <B 9T;~CV49 $H 9=B$2=$5 $l $? %9 %l %C %I $K $h$kJBNs=hM} $r FCD’ $H$9$k%* %V %8 %’ %/ %H ;X8~JBNs 8@8l OP A $r 3+H/ $7 $F$$ $k!% K\O@J8 $G $O !$ $=$N6&M- %a %b %j7?JB Ns7W;;5!MQ $N %3!< %I @8@.<jK! $K $D$$ $F =R $Y$k !% %3 %s %Q %$ %k ;~ $K$O !$ %* %V %8 %’ %/ %H $X $N %a %b %j %" %/ %; %9$d%3 %s %F%- %9 %H %9 %$ %C %A ;~$N %a %b %j %" %/%; %9 $r :o 8:$9 $k$?$a $N 2r@O$r 9T $& !% $^$?<BAu J}<0 $H $7 $F$O !$ %W %m%; %C%54V DL?. $H %9 %l %C %I %9 %1 %8 %e !< %j %s %0 $K$O lo c k-free %P %C%U %! 4IM} J}<0 !$%9 %l %C %I Fb %9 %1 %8%e !< %j %s %0 $K$O 4X?t %U %l !<%‘Fs=EI=8=J}<0 $H CM %Y!< %9 %5 %9 %Z %s %I %A%’ %C%/J} <0 !$F14|=hM} $K$O =E$_IU$- %+%& %s%H J} <0 $J $I $r MQ$$$F$$ $k !%CM %Y!< %9 $N%A%’ %C%/ $K $h$j!$ 1 8F=P $7 $" $?$j 1 J,4tL?NaDI2CDxEY$N%*!< %P%X%C %I $G 9bB. $J%3 %s %F%- %9 %H %9 %$ %C%A $r 2DG= $H $7 $? !% Co de Generation T ec hniques for an Ob ject-orien ted P arallel Language OP A Masahir o Y asugi, y ; yy Seiji Uma t ani, y Tomio Kamad a, yyy Yusuke T aba t a, y Tomokazu Ito, y Tsuney asu K omiy a y and T ai ichi Yuasa y W e are dev eloping an ob ject-orien ted parallel language OP A for e�cien t parallel pro cessing on MIMD computers, whic h features dynamic metho d replacemen t and structured parallel pro cessing using m ultiple threads. In this pap er, the co de generation tec hniques for shared- memory parallel computers are presen ted. The compiler p erforms analyses to reduce the memory access to ob jects and the memory access on con text switc hes. The implemen ta- tion tec hniques include a lo c k-free bu�ering metho d for in ter-pro cessor communication and thread sc heduling, a double function-frame represen tation metho d and a v alue-based susp en- sion c hec k metho d for in tra-thread sc heduling, and an w eigh ted coun ting metho d for syn- c hronization. The v alue-based c hec k enables fast con text switc hes with small o v erhead for an additional branc h instruction p er call. 1. $O $8 $a $K 6a G/ !$ MIMD 7? JBNs 7W ;; 5!$r MQ$$$? JB Ns =h M} %7 %9 %F %‘$O !$9b $$ 7W ;; G= NO$r => Mh$N %Y %/ %H %k 7W ;; 5! $h $j 0B 2A $K Ds 6!$9 $k$b $N$H $7 $F Cm L\$5 $l $F $-$? !% $7 $+ $7 !$ MIMD 7?JB Ns7W ;;5! $K$O !$ $$ $/$D$b$N 0[ $J $C$? JB Ns 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) yyy ?@8MBg3X9)3XIt>pJsCNG=9)3X2J Departmen t of Computer and Systems Engineering, F acult y of Engineering, Kob e Univ ersit y %"!< %-%F%/ %A %c $,$"$j !$ 8=>u $G $O <gN. $H$J$kFCDj $NJB Ns %"!< %-%F%/ %A %c $, B8:_ $7 $J$$ $H$$ $& Ld Bj $, $"$k!% $3 $N$h $& $J8=>u $K $* $$ $F $O !$ %W %m %0 %i %_ %s %0 8@8l $K$h$j JBNs%" !< %- %F %/ %A%c$N 0c$$ $r 5[ <}$9$k$3$H !J Cj>] 2= !K $O =EMW $H$J $k!% $= $3 $GK\ 8& 5f $G $O!$ JB Ns =h M} !$ FC $K!$ IT 5, B’ $J JB Ns @- $r 4^$‘ Ld Bj $N5- =R $rMF0W $H$9$k %W %m %0 %i %_ %s %0 8@8l $N 8&5f!$ 5Z $S $=$N8z N( NI $$<B9T $r 2DG= $H$9$k8@ 8l =h M} 7O $N <BAu 5; =Q $N8&5f $r 9T $C $F$$$k!% 6a G/ CmL\ $5 $l$F$$$k %* %V%8 %’ %/ %H ;X 8~ 8@ 8l $G $" $k Ja v a 8@ 8l $+ $i%9 %l%C %I $K 4X $9$k ;E MM $r <h $j=| $-!$ Be $o$j $K !$ 9= B$ 2= $5 $l$? JBNs 9=J8 $r4^ $s$@ %9 %l %C %I $K 4X $9$k ;E MM $rDI2C $9$k $3 $H $G JBNs %W %m %0 %i %_ %s %0 $N 5-=R $rMF0W $H $7 $? !$ %* %V %8 %’%/ %H ;X 8~ 8@ 8l OP A !J an Ob ject-orien ted language for P Arallel pro cessing !K $r@_ 7W $7 $F$$$k 19) !% $^ $?!$ JB Ns 1

2 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 2001 =hM} $K I,MW $J !$ 0l 4S @-@) 8f!$ %9 %l %C %I 4IM} $K 4X $9$k <B Au5; =Q $r8&5f $7 !$ 6& M- %a %b%j7? JB Ns 7W ;; 5! $K $* $1 $kI> 2A $r 9T$C $F$$ $k 18) !%6qBNE* $K$O <!$N DL$j $G$" $k !% (1) Ja v a 8@ 8l $+$i %* %V %8 %’ %/ %H ;X 8~$N 5! G=$r 0z$- 7Q $0 $H $H$b $K !$ $h $j<+A3 $J %9 %l %C %I MxMQ $N5!G= $d%* %V %8 %’%/ %H%G !<%? $N0l4S @- @)8f $N5!G= $r <BAu !& I> 2A $7 !$ JB Ns =h M} $K $* $1 $kK\8@8l $N ;H $$ 0W $5 $r <($9 !% (2) %9 %l %C %I 4I M}J} <0!$ 0l4S @- @) 8f <BAu J} <0!$ <B 9T ;~ %a %= %C %I CV49 5! G= $r <BAu !& I> 2A $7 !$ 9b $$=hM} @-G= $, F@ $i $l $k $3 $H$r<B >Z$9$k!% K\8&5f $G $O >e5- $N$h $& $JL\E* $G OP A %3 %s %Q %$ %i $r 4^$‘ =h M} 7O $r3+H/ $7 $F$$$k !% OP A %3 %s %Q %$ %i $O OP A $N %W %m %0 %i %‘ $+$i C 8@ 8l$N %W %m %0 %i %‘$X$N %H %i%s %9 %l !<%? $H $7 $F <BAu $5 $l$F$$$k!% K\ 8& 5f $G $O @-G= $b6/$/ DI5a $7 $F$*$j !$ 8G Dj E* $J%i %s %? %$ %‘ $O :G>.8B $H $7 !$ =E MW$J =h M} $O %3%s %Q %$ %i $, @8 @. $9 $k C $N %3 !< %I Cf $G 9T $J $& $h $& $K $7 $F$$$k!% K\ O@ J8 $G $O !$ $= $N %3!< %I @8@. <j K! $r Cf?4 $K =R $Y $k!% 0J2< !$ 2 @a $G%* %V %8 %’ %/ %H ;X8~JBNs8@ 8l OP A $N 8@ 8l@_7W $K$D$$ $F $^ $H$a$?8e !$ 3 @a $G 6&M- %a %b %j7? JBNs 7W;;5! $K $* $1 $k<BAu5;=Q!$ 4 @a $G :#2sCf?4 $H$J$k %3!< %I @8@.<jK! !$ 5 @a $G I>2A7k2L $r <( $7 !$ 6 @a $G 4XO"8&5f $J $I $r 5DO@ $7 !$ 7 @a $G 7kO@ $r =R $Y $k!% 2. %* %V%8 %’%/ %H ;X8~JBNs8@8l OP A OP A $O Ja v a 8@8l $rJBNs =h M} MQ $K 2~ NI $7 $?%* %V%8%’ %/ %H ;X 8~ 8@ 8l $G$" $j !$ %W %m %0 %i%‘Nc $O ?^ 1 $N$h $& $K$J $k!% %* %V %8 %’ %/ %H $H %9 %l %C %I $r J,N% $5 $; !$ %* %V %8 %’ %/ %H $K BP $9$k J# ?t%9 %l %C %I $+$i$NJB9T %" %/ %;%9 $rGSB> @) 8f $7 %* %V%8 %’%/ %H $N %G !<%? $N0l 4S @- $rJ] $D $H$$ $& %b %G %k$K $h $C $F JBNs=hM} $r 9T $J $& !% JB Ns =h M}$K$O MM !9 $J J, N‘ J} K! $, B8 :_ $9 $k $, !$ OP A $G$O %9 %l %C %I 4V$N4X78 $K 1~ $8 $F JBNs=hM} $r !$ (1) J,C4 7? JB Ns =h M} !$ (2) 6( D4 7? JB Ns =h M} !$ (3) GS B> 7? JB Ns =h M}!$ $N;0 $D $N7? $K J,N‘ $7 !$ $= $l $>$l$r D>@\E* $K 5-=R $G $-$k$h $& $K $9 $k!% (1) J,C47?JBNs =hM} $O !$ ?^ 2 $N$h $& $K %9 %l %C %I 4V $K fork $H join $N 4X78 $, $" $j !$ JBNs=hM} $N 9=B$ 2= $5 $l $?5-=R $, 2DG= $G$"$k!% J, C4 7? JB Ns =h M} $G B* $( $i $l$J$$ (2) 6(D4 7? JB Ns =h M} $G $O !$ ?^ 3 $N$h $& $K %9 %l %C %I 4V $G $OC1 $K DL?. / F1 4| $,$H $i $l !$ DL ?. / F1 4| $r $7 $? 8e$b$= $l $> $l $N %9 %l %C %I $O <B 9T $r B3 $1 $k !%DL?. / F14| $O%* %V %8 %’%/ %H $r 2p $7 $F 9T$& $3 $H $H $7 !$ $= $N $? $a $N %/ %i %9 $r MQ0U$9 $k !% (3) GS B>7?JB Ns=h M} $G$O !$ ?^ 4 $N$h $& $K B> $N %9 %l %C %I $r GS=| $7 $F <B9T $G$-$k6h 4V $r@_ $1$i$l $k$h $& $K $9 $k!% (3) GSB> 7? JB Ns =h M} $K$D $$ $F $O !$ instan t %a %= %C %I $H class BinTree{ internal int key, value; internal BinTree left = null, right = null; public BinTree(int k, int val){ key = k; value = val; } public instant readonly int search(int k, int v){ ... } public replaceable instant void insert(int k, int val){ if(k < key){ if(left != null)left.insert(k, val); else{ left = new BinTree(k, val); if(right != null) setmethod(insert, insertF); } }else{ if(right != null)right.insert(k, val); else{ right = new BinTree(k, val); if(left != null) setmethod(insert, insertF); } } } substitutive instant readonly void insertF(int k, int val){ if(k < key)left.insert(k, val); else right.insert(k, val); } } ?^ 1 OP A $N %W %m %0 %i %‘Nc !J FsJ,LZ<-=q !K Fig. 1 An example of OP A programs (binary tree dictionary) $$ $& %a %= %C %I $r =hM} C1 0L $N 1 $D $H $7 $F !$ %* %V %8%’%/ %H %G !<%? $N0l 4S @- @) 8f $N $? $a $NGSB> @) 8f $r:GDc 8B $K M^ $( $k!% instan t %a %= %C %I $O $5 $i$K !$FI $_=P $7 @l MQ !J R O !K %a %= %C %I $H FI $_=q $-N> MQ !J R W !K %a %= %C %I $K J,N‘ $5 $l !$ $^$? !$ instan t %a %=%C %I $K $h $k%* %V %8 %’ %/ %H%G !<%?$K 4X $9$k FI $_=P $7 $d =q $-9~ $_ $r$= $l $>$l %a %= %C %I 3+;O E@ $d 99?7 $N2D G= @- $, >C<: $9$k E@ $G 0l3g $7 $F 9T $& $b $N $H$9 $k!% $3 $l$K $h$j !$ R O %a %=%C %I $N JBNs<B9T $r 5v$9 $H $H $b$K !$ R O %a %=%C %I $N non-blo c king $J <B 9T $, 2D G=$H $J $k!% %* %V%8 %’%/ %H$K$O !$ E,@Z $J =q $-9~ $_ $N8e $K 99?7 $5 $l $J $/ $J$k $H$$ $& @- <A $r$b$D $b $N $, B?$/ $"$j !$ 99 ?7 $r9T $J $o $J $/ $J$C $? %a %= %C %I $r R O %a %= %C %I $K CV49 $9$k $3 $H$G !$=hM}$N 9b B.2= $, ?^ $l $k !% OP A $G$O !$ %a %=%C %I $N <B9T ;~ CV 49 $K$h$j $3$N $h$& $J %W %m %0 %i %_ %s %0$, 2DG= $G $" $k!% 2.1 J,C47?JBNs=hM} =hM} $7 $h $& $H$9$k Ld Bj $, $$$/ $D $+$NIt J, Ld Bj $K IT5, B’$K J, 3d 2D G=$G $" $k >l 9g$K !$ $=$l$> $l $N It J, Ld Bj$r J, C4 $7 $F JB Ns$K =h M} $9 $k $h $& $K %W %m %0 %i %‘$r 5- =R $9

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 3 ?^ 2 J,C47?JBNs Fig. 2 F ork-Join parallel ?^ 3 6(D47?JBNs Fig. 3 Co op erativ e parallel ?^ 4 GSB>7?JBNs Fig. 4 Mutually exclusiv e parallel $k$3 $H $O !$=> Mh $N 8@ 8l$K $* $$ $F $O I,$:$7 $b MF 0W$H $O $$ $($J$$!% OP A $G$O !$ $= $N$h $& $J J,C47? JB Ns=h M} $r !$ fork-join $r MQ $$$F MF 0W$K 8m $j$J $/ 5- =R$G $- $k $h $& $K $9 $k!% LdBj $r=hM} $7 $F$$$k $H$-!$ $"$kIt J, $G JBNs $K <B9T $G $-$kIt J, LdBj $, J#?t $"$k>l 9g $O !$ I, MW 8D ?t $N%9 %l %C %I $r @8 @. !J fork !K $7 !$ $= $l$K ItJ, Ld Bj $r2r $+$;$k $3 $H $G !$ JBNs=h M} $r9T $J $& !% ?7 $? $K @8@. $5 $l $? %9 %l %C %I $b !$ $5 $i$K %9 %l %C %I $r @8@. $9 $k $3 $H $G !$ M? $( $i $l$? ItJ, Ld Bj $r $h $j JB Ns$K =h M}$G $- !%F~ $l ;R 9= B$$G JB Ns =h M}$r 5- =R $G$-$k!% join %V %m%C%/ Fb $G @8@. $5 $l $? A4 $F$N %9 %l %C %I $O !$ %V %m%C %/ $N=*N; CO E@ $GF14| !J join !K $,$H $i $l $k!% !J ?^ 5 !K !% %9 %l %C %I $N fork $H join $K $O!$ %- !< %o !< %I par !$ join $r 0J2< $N$h $& $K MQ$$$k!% !J ?^ 5 $K BP1~ !K void f0(){ join{ par f1(); // JBNs<B9T par f2(); // JBNs<B9T ... } // $3$3$G F14| } void f1(){ par f1_1(); // $3 $l $b join $9 $k ... } void f2(){ join{ // F~ $l ;R $N join par f2_1(); ... } } fork $5 $; $? $$ %a %= %C %I 8F =P $7 $K par $r IU 2C $9 $k $H!$ ?7 $? $K%9 %l %C %I $, @8 @. $5 $l !$ $= $N %a %= %C %I $r?7 $7 $$%9 %l%C %I $G <B9T $9 $k $3 $H $,$G$-$k!% $^ $? !$ join %V %m%C %/ Fb $G fork $5 $l $? %9 %l %C %I $O !$ $=$N join %V %m%C %/ Fb $G =*N; $9$k $?$a!$ =h M} $, =*N; $7 $? 8e $b %9 %l %C %I $, @8 $-;D $k $3 $H $O$J$$ !% $3 $3 $G !$ par $O <B9T;~ $N%9 %l %C %I @8@.A‘ :n $G $"$j !$ %9 %l %C %I $, LdBj $N $I $N ItJ, $r C4Ev $9 $k $+$rF0 E* $K 7h $a $i $l $k $, !$ join $K$D $$ $F $O !$ <B 9T ;~ $K %9 %l%C %I $r ;XDj $7 $F 8D !9 $N %9 %l %C %I $N 40N; $r BT $D $? $a$NF1 4| A‘:n $J$N $G $O$J $/ !$ $= $NFbIt $G @8@. $5 $l $? A4%9 %l %C %I $N 40N; $r BT $D $? $a$NF14| 9= J8 $H$J$C $F$$$k!% $^ $? !$ %9 %l %C %I $, @8 @.$5 $l $?$H $- $N join @h $O F0 E* %9 %3 !< %W $G ;2>H$5 $l $k 10),16) !% ?^ 5 J,C47?JBNs=hM}$NN. $l Fig. 5 Threads of fork-join parallel pro cessing. $^ $? !$ %9 %l %C %I $N7W;;7k 2L $r <u $1 <h$k I, MW $, $" $l $P <! $N$h $& $K =q$/ !% { int x = par obj1.m(); // JBNs<B9T int y = par obj2.m(); // JBNs<B9T .. join: // $3$3$G F14| r = x + y; } $3$N$h $& $K J#J8 $r !V join: !W $G 6h@Z$k $3$H $G !$6h@Z $j 0J A0 $, join %V %m %C %/ Fb $G $" $k$H $7 $F <B 9T$5 $l !$$^$? $=$N<B9T Cf $K @8@. $7 $? %9 %l %C %I $N 7W;; 7k 2L $r6h@Z $j0J 9_MxMQ$9$k $3$H$b $G $- $k!% OP A $G$O !$0J>e$N$h $& $K J,C4 7?JB Ns=hM} $r 9= J8 $G %5 %]!< %H $9$k $3 $H $K$h$j !$ $"$kBg $- $JLdBj $K 4^ $^ $l $k JBNs =h M} 2D G= $JItJ, Ld Bj $r5-=R $7 $d$9$/ @_ 7W $5 $l$F$$ $k $, !$ $3 $l$K$h$jJB Ns =h M}Cf $NNc30 =h M} $b<+ A3 $K $G$- $k $h $& $K$J $k !% $D$^ $j !$ It J,LdBj $r J,C4 $9$k3F%9 %l %C %I Kh $K Nc30 $, H/@8 $7 $?$H$- $N=hM} $r 5-=R $9 $k I, MW $O L5 $/ !$ JB Ns $K ItJ,Ld Bj $r2r$/ >e $G H/@8 $7 $? Nc30 $r 0l3g $7 $F =hM} $9$k $h $& $K 5-=R $G$- $? $[ $& $, <+A3 $G$"$k!% $= $3

4 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 2001 $G !$ OP A $N Nc30 =hM} $O !$ join %V %m %C %/Fb $N JB Ns=hM} $G H/ @8$9 $k Nc 30$r join @h$G <u $1 ;_$a $k$3$H$, $G $- $k $h $& $K $9$k!% >\ :Y $O J88% 10) !$ 16) $G =R $Y $i $l $F$$$k !% 2.2 0l4S@-@)8f $H %a %= %C %I 8F=P $7 %* %V %8%’%/ %H $N %a %= %C %I $r J,N‘ $7 $F !$ $= $l $>$l$K E, $7 $? <j=g $G 8F $S =P $9 $3 $H $G !$%a %= %C %I 8F=P $7 $r 9bB. 2= $9$k $3 $H $,$G$-$k!% Nc $( $P !$ %* %V%8 %’%/ %H $N$b $O$dJQ 2= $7 $J $/ $J $C $?JQ ?t $NCM $rFI $_=P $9 $@ $1$N %a %= %C %I $r !$ free $J %a %=%C %I $H 8F $V $3 $H $K $9$k $H !$ free $J %a %=%C %I $, %" %/ %;%9 $9 $k JQ ?t $NCM $r %3 %T !< $7 $F$*$/ $3 $H $G !$ !J FC $K J,;6 4D 6- $G $O !K 9b B. $J %"%/ %;%9 $, 2D G= $K $J$k!% $^ $?!$ free $J %a %=%C %I $O A4$/ $N GSB>@)8f $J $7 $G 5/F0 $G $- $k!% OP A $G$O !$ %a %=%C %I $N Dj5A $K%- !<%o!< %I instant $r IU 2C $9 $k$3 $H $G !$ %* %V %8 %’ %/ %H $X $N %" %/%; %9$r 0l 3g $7 $F 9T $& $3$H$, $G $- $k !% instan t %a %=%C %I $O $5 $i$K readonly %- !<%o!< %I $N M-L5 $K $h $C $F FI$_=P $7 @lMQ %a %= %C %I !J R O %a %= %C %I !K $HFI $_ =q $- N> MQ %a %= %C %I !J R W %a %= %C %I !K $KJ,N‘ $5 $l $k !y !% instan t %a %= %C %I $K $h$k0l 3g %"%/ %;%9 $O J8 LL >e $GFI $_=q $- $5 $l $kJQ?t $K BP $7 $F 9T $$ !$ R O %a %=%C %I $K $D$$ $F $O FI $_=P $7 $N$_ $G$" $k $3 $H $r%3 %s %Q %$ %i $, 3NG’$9$k!% R O %a %=%C %I $K $D$$ $F $O !$ 0l 4S@- $N $H $l $? >uBV $N %* %V %8%’%/ %H $N %G !<%? $rFI $_=P $9 $3 $H $,$G$- $l $P !$ FI $_ =P $7 $? 8e $N%* %V %8 %’ %/ %H $N GSB>@)8f $O I,MW $J$$ !% R W %a %= %C %I $K $D $$ $F $O !$ %* %V%8%’ %/ %H $N %G !< %? $N99 ?7 $r !$ %$ %s %9 %? %s %9JQ ?t $X $N=q $-9~ $_ $,$"$kEY $K 9T $J $& $N $G $O$J$/ !$ J8 8% 9) $N $h$& $K %a %= %C %I $N $" $k FC Dj $NE@ $G0l 3g99 ?7 $9 $k $3 $H $K$h$C $F !$ GS B> @) 8f 6h4V $r :G>. 8B $K M^ $( $k$3$H $, $G $- $k !% instan t %a %=%C %I $G$O <B9T $K :] $7 $F%* %V%8 %’%/ %H $NI,MW $J %G !<%? $r0l;~ JQ ?t $K 0l3g FI $_ =P $7 !J %3 %T !< !K $7 !$%a %=%C %I $N <B9T $O$3$NJ#@= !J 0l;~ JQ?t !K !y!y $r Mx MQ $7 $F 9T $J $& !% %* %V %8%’%/ %H $X$N=q $-9~ $_$b$^ $: $O J#@= !J 0l;~JQ ?t !K $K BP $7 $F 9T $J$$ !$ $= $l 0J 9_$N =q$-9~$_$N 2DG=@- $, >C $($? E@ !J OP A %3 %s %Q %$ %i $, 2r @O !K $G %* %V%8 %’ %/ %H K\ BN $N %G !< %? $r0l 3g 99 ?7 $9 $k !% $= $N:] !$ CM $, 99?7 $5 $l$?2D G= @- $N $"$k 0l ;~ JQ ?t !J OP A %3 %s %Q %$ %i $, 2r@O !K $K 4X $7 $F$N $_ %* %V %8%’%/ %H K\BN $N 3:Ev $9$k It J, $N %G !<%? $r 99?7 $9 $k!% 99 ?7 $N2DG= @- $r2r @O$9 $k$3$H$G !$$9$Y$F $N JQ ?t $K 4X $7 $F 99 ?7$9 $k >l 9g !$ !y =>Mh$O readonly $r MQ$$$:$K%3%s %Q %$ %i $, <+F0E* $K J,N‘$9 $k$H $7 $F$$ $? $, !$ <! $NLdBj $,$"$C $? !’ (1) 7Q>5 ;~ $N>e =q $- $, 5v $5 $l$J $$ final %a %=%C %I $N 8F=P $7 $N %a %=%C %I 8!:w $J $I $r >J$/ $H$$$C $? :G E, 2=$N :]$K $=$N H= Dj$K <j 4V $, $+$+ $k !% (2) <+ F0 E* $K J, N‘ $9 $k $3 $H$G %W %m %0 %i %^$H%3%s %Q %$ %i$N G’ <1 $, 0[$J $k$3$H$K %W %m %0 %i %^ $, 5$ $E$-$K $/$$!% (3) native %a %=%C %I $N 2r@O $,$G $-$J$$ !% !y!y <BAu $H $7 $F$O C %3 %s %Q %$ %i $K$h$j $G$-$k $@$1 %l%8 %9 %?>e $K J#@= !J 0l;~JQ?t !K $, :n $i $l $k$h $& $K Cm0U$9$k !% ?^ 6 %a %=%C %I 8F=P $7 $N <j=g Fig. 6 Metho d inv o cation steps. $" $k $$ $O <B 9T Cf $K 99?7 $NM- L5 $r5-O? $9 $k >l 9g $HHf3S $7 $F%*!< %P %X%C %I $r :o8: $7 $F$$$k!% $3 $l$i$N 2r@O $K$D$$ $F$O 4.1.1 @a !$ 4.1.2 @a $G =R $Y $k!% <! $N0l3g99 ?7 $^ $G$N 4V!$ R O %a %=%C %I $O :G8e $K 99?7 $5 $l $? >uBV $N %G !<%? $, FI$_ =P $; $k$b$N $H $9 $k $H !$ R O %a %=%C %I $O I, $: %G %C %I %m%C %/ $J $7 $G <B9T $G$-$k $3 $H $K $J$j !$ R O %a %= %C %I $H free $J %a %= %C %I $O @-G= >e $N0c $$ $O $" $l !$ 7W ;; %b %G %k>e $N 0c $$ $O $J$/ $J $k !% free $J %a %= %C %I $O <BAu $G $O 9bB. 2= $N $? $a $K MQ $$$k $, !$ 8@ 8l $H $7 $F :N MQ $7 $J $$ !% R O %a %= %C %I $H R W %a %= %C %I $K $D$-!$ %a %= %C %I 8F=P $7 <j=g !J ?^ 6 !K $H GSB> @)8f $9$k6h 4V $r@0M} $9$k $H<! $N $h $& $K$J $k!% R O %a %= %C %I : (R O1) %a %= %C %I $r <h$j =P$9 !% (R O2) %a %=%C %I K\ BN$N <B 9T 3+ ;O !% (R O3) 0l 3g $7 $F %* %V %8 %’ %/ %H $N I, MW$J%G !< %? $r FI $_ =P $9 !% (R O4) %a %= %C %I $N B3 $- $r <B9T$9$k!% R W %a %= %C %I : (R W1) %a %= %C %I $r<h $j =P $9 !% (R W2) %a %=%C %I K\ BN$N <B 9T 3+ ;O !% (R W3) 0l 3g $7 $F %* %V %8 %’ %/ %H $N I, MW$J %G !< %?$r FI$_ =P $9 !% (R W4) 0l 3g 99 ?7 $^$G $N %a %=%C %I $N =h M}$r 9T $& !% (R W5) 0l 3g 99 ?7$r 9T $& !% (R W6) 0l 3g 99 ?7 8e$N %a %=%C %I $N =hM} $r 9T $& !% 0J 2< $G $O!$ R W1 $+ $i R W5 $^ $G $N =h M} $N 6h 4V $r R W 6h 4V !$ R O1 $+ $i R O3 $^ $G $r R O 6h4V !$ R W5 $r W 6h 4V $H8F $V!% GS B> @) 8f $O !$ %G !<%? $r FI $_=P $7 2C9) $7 $F =q $-La $9 $H$$ $& !J 0l4S @- $N $H $l $? >uBV $X $NA+0\ $9$k $? $a $N !K 0lO" $N=hM} $, ;} $D8z2L $NIT2D J, @- !& J, N% @- $r J]>Z $9 $k $?$a R W 6h4V $N <B9T $H R W 6h4V$NB>$N <B9T $N 4V $K I,MW $G$"$j !$ $^ $? !$ %* %V %8 %’%/ %H$+$i 0l4S @- $N $H $l $? >u BV$N %G !<%?$r FI$_ =P$9$? $a$K$O !$ W 6h 4V <B 9T$H R O 6h4V<B9T $N4V $K $b I,MW $H$J $k!% $3$3 $G !$ R O 6h4V $N<B9T $H R O 6h4V $NB> $N<B 9T $N4V $NGS B> @) 8f $O I, MW $J $$ !% $^ $? !$ W 6h4V $O R W 6h4V $K 4^$^ $l $k $? $a R W 6h 4V $K 4X$9$kGSB>@)8f $K $h$j <+F0E* $K W 6h4V $N <B9T $O GSB> E* $H$J$k!% $3 $3 $G !$%a %= %C %I $r <h $j=P $9 ItJ, $b6h 4V $K 4^$^ $l $k $N $O !$ 8e =R $N<B9T ;~ %a %= %C %I CV49 $N $? $a

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 5 ?^ 7 <B9T;~ %a %=%C %I CV49 Fig. 7 Dynamic metho d replacement. $G $" $k!% $3 $l$K$h$j !$ %a %=%C %I 8F=P $7 A4BN $r C10L $H $7 $F GSB> @) 8f $9 $k >l 9g$K Hf$Y !$GS B> @) 8f $N IQ EY$d 6h 4V $, C; =L $5 $l !J R W 6h4V<B 9T $N4V $NGSB>@) 8f!$ R O 6h4V <B9T $H W 6h4V <B 9T $N4V $NGS B> @) 8f $N $_ $K C; =L !K !$ GS B> @) 8f $N ITMW $JItJ, $K$D$$ $F $O C10l %* %V%8 %’%/ %H$K 4X $7 $F F1;~ $K !J JBNs $K !K J# ?t $N %9 %l %C %I $, F0:n $9$k $3 $H $, 2DG= $K $J $k!% 2.3 <B9T;~ %a %= %C %I CV49 %* %V %8%’%/ %H$K$O E,@Z $J 99?7 $N8e!$ JQ2= $7 $J $/ $J$k $H$$ $& FC@- $r ;} $D $b $N $, B?$/ 8+ $i $l $k!% $^ $?!$ $3 $l$O %W %m %0 %i%^ $K GD0. $5 $l$F$$$k $3 $H $, B? $$!% $3 $l$r MxMQ $7 !$99?7$r 9T $J$o$J $/ $J $C $? R W %a %= %C %I $r R O %a %=%C %I $K CV49 $9$k $h $& 5- =R $9$k $3 $H $G GSB> @) 8f $, I,MW $J 6h 4V $r =L >. $7 !$JB Ns@-$r 8~ >e$5$; $k$3$H$, $G $- $k !% $3 $l$O !$%a %= %C %I FbIt $G =hM} $rJ,4t $5 $;$k $3 $H $G $O F@ $i$l $J $$ 8z2L $G$" $k!% <B9T ;~ $K %a %= %C %I CV49 $r 9T$& $3 $H $G !$ GS B> @) 8f $r8: $i $7 $? $j !$ JQ 2= $7 $J $$ JQ ?t $rA} $d $9 $3 $H $, $G $- $k !% ?^ 1 $N FsJ, LZ <- =q $NNc $G $O !$ :8 1& $N;R%N !< %I $r @8@. $7 $? 8e $O !$EP O? ;~$K %$ %s %9 %?%s %9 JQ ?t $N 99 ?7$r 9T$o $J $/$J $k$? $a !$ setmethod(insert, insertF) $N It J,$G %a %= %C %I insert $r R O %a %=%C %I $N insertF $K CV 49 $7 $F$$ $k!% CV49 2DG= $J %a %=%C %I insert $O !$ %-!<%o!< %I replaceable $r IU $1$F Dj 5A$5 $l $k !% $J $* !$?^ 1 $K $* $$ $F !$ substitutive %- !<%o!< %I $O %a %=%C %I $, CV49MQ %a %= %C %I $G$"$k $N $G !$ setmethod $r $7 $J$$ $GD>@\ 8F $S =P $9 $3 $H $O $G$- $J$$ $3 $H $r<( $7 !$ J8 8% 11) !$ 12) !$ 14) !$ 15) $G =R $Y $? free %a %= %C %I 2r @O $K$* $$ $F2r @O @: EY $r9b $a$k $? $a $KMxMQ $G$- $k !y !% $^ $?!$ internal %-!< %o !< %I $O $=$N%/ %i%9 $N %a %s%P$K%" %/ %; %9 $G$-$k $N $O%* %V %8 %’ !y =>Mh $O substitutive $r MQ$$ $:$K IaDL$N %a %=%C %I $r MQ$$ $F$$$? $, !$ setmethod $5 $l $F $$ $J $$ >u BV $G8F $S =P $5 $l$J $$ $3 $H $rD> @\ <( $9 $3 $H $,$G$- $J $+$C $?!% 4V @\ E* $K <($9 $K $O internal $+ $D this $+$i $N 8F=P $7 $, $J $$$3$H$r 2r@O$9$kI,MW $, $" $C$?!% %/ %H$= $l <+ ?H !J this !K $@ $1 $G $"$k $3 $H $r<( $9 !% Ja v a $N =$ >~ ;R private $G$O !$B>$N %/%i %9 $+$i $N%" %/ %; %9 $O 6X;_ $G$-$k $, !$ F1 $8 %/ %i%9 $NB> %* %V%8 %’%/ %H $+$i$N %" %/ %; %9 $O 6X;_ $G$- $J$$!% $3 $l$K $h$j !$ JQ ?t $NCM $, 99?7 $5 $l $k2DG=@- $K $D$$$F$N 2r@O $r MF0W $K $7 $F $$ $k!% B?=E Dj 5A $5 $l$F$$$k %a %= %C %I $O BP1~ $9$k CV 49 2D G= %a %=%C %I !$ CV 49MQ %a %= %C %I $N APJ} $, B8:_ $9$k $b $N $r <B9T ;~ %a %=%C %I CV49 $NBP>] $H$9$k!% $^ $? !$ 7Q >5 ;~ $K $* $1 $k >e=q$- !J o v erride !K $O !$CV492DG= %a %=%C %I !$CV49MQ %a %=%C %I $= $l $>$l$K $D$$ $FDL>o $N %a %=%C %I $H F1MM $K 9T $& $3 $H$, $G $- $k !% $?$@$7 !$7Q >5 ;~$K %5 %V %/%i %9$G B? =E Dj5A $H $7 $F DI2C $5 $l$? %a %=%C %I $K $D$$ $F $O !$ <B 9T ;~ %a %= %C %I CV49 $N BP>] $H $7 $J $$ !% OP A $G$O !$%9 %l %C %I 4V $G $N DL ?. !$F14|$N$?$a$K %a %=%C %I CV49 $r MxMQ $G$-$k!%%a %= %C %I CV49 $K $* $$ $F !$ CV 49@h $N %a %= %C %I L> $K %-!<%o!< %I suspends $r ;XDj $9 $k $H !$ $= $N %a %=%C %I $r 8F $S =P $7 $? %9 %l %C %I $O $=$N>l $G%5 %9 %Z %s %I $9$k!% B> $N%9 %l %C %I $K $h$C $F %a %= %C %I $r DL>o $N %a %=%C %I $K CV49 $9$k $3 $H $G !$ $= $N%9 %l %C %I $O <B9T $r :F3+$9$k!% %* %V%8 %’ %/ %H ;X 8~ $N N) >l $+ $i %a %= %C %I CV 49 $r $_ $k $H!$ $3 $l$O%* %V %8%’%/ %H$K Aw $i $l$? %a %C %;!< %8$N FO $-@h $r %9 %$ %C %A$9$k $H$$ $& 9M $( J} $,$G$- $k!%%a %C %;!< %8$r Aw $kB& $+ $i 5/F0 $5 $l $k %a %= %C %I $, FCDj $G$- $J$$E@ $O DL>o $N CY1d B+ G{ $HF1MM $K B* $($k $3 $H $,$G$-$k!% $3 $NN)>l $+ $i 8+ $? setmethod(m1, m2) $N %a %= %C %I CV49 $NMM;R $r ?^ 7 $K <($9 !% %a %= %C %I CV49 $G $O %a %= %C %I $H %$ %s %9 %? %s %9JQ ?t $O 9g $o$; $F0l3g99 ?7 $9 $k $b $N $H$9$k!% $^ $? !$%a %= %C %I <h $j =P $7 $b 2.2 @a $GDj 5A $7 $?GS B> @) 8f $K4X $9 $k 6h 4V $G9T$& !% Cm0U $, I,MW $J E@ $O !$%a %=%C %I CV49 $N1F6A $K$h$j !$ <B 9T $7 $h $& $H $7 $F $$ $k %a %=%C %I $, R O %a %=%C %I $G $" $k$+ R W %a %= %C %I $G$" $k $+ $O <B:] $K %a %= %C %I $r <h $j=P $9 $H $-$^ $G $o $+ $i$J$$ $K$b $+ $+$o $i $:!$ %a %=%C %I $r <h $j=P $9 A‘:n<+?H$bGSB>@)8f $, I,MW $J E@ $G$" $k!% 3. OP A $N <BAu<jK! OP A $N %3 %s%Q %$ %i $O!$ OP A $N %= !< %9 %3!< %I $r C $N %3 !< %I $K JQ49 $9$k $b $N $G$" $k!% $^ $? OP A $N%i %s %? %$ %‘ $O !$ OS $N%7 %9 %F %‘ %3!< %k Ey $K $h$j !$ 3F %W %m%; %C%5 $K 1 $D $:$D !$ 2> A[ %a %b%j6u 4V $r 6&M- $9 $k %W %m%;%9 !J $^ $? $O %7%9 %F %‘ %l %Y %k $N%9 %l%C %I !K $r@8 @. $9 $k !% OP A $N 8@8l %l %Y %k$N %9 %l %C %I $N%5%9 %Z %s %I $d <B9T :F3+ !$ B> %W %m%; %C%5$X$N 0\ F0 $O !$ OP A $N%i %s %? %$ %‘ $K 4IM}$5 $l $k $, !$ $=$N Bg It J,$N =h M} $O @8 @.$5 $l $? C %3 !< %I $, 9T $& $h $& $K$J $C $F$$ $k!%

6 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 2001 3.1 join $N <B8= 8z N( NI $/ join $N40 N; $rH= Dj $9 $k $K $O!$ join %U %l !<%‘ $K =E $_IU $-;2 >H %+ %& %s %? 1) $r @_ $1!$ =E $_IU $-;2 >H %+ %& %s %? $, 0 $K $J $C $F$$$k $+ $I $& $+$r D4 $Y $l $P NI$$!% join %U %l !<%‘ $K$O !$ %9 %l %C %I $N 7W;; 7k 2L $r 3JG< $9$k >l =j $d join $N 40N; 8e $N=h M} $rB3 $1 $k%9 %l %C %I $, BT $A 9g $o$;$k !J %5 %9 %Z %s %I $9 $k !K $?$a$N >l=j$b =‘ Hw$9$k !%<B9T ;~ $K ?7$?$J %9 %l %C %I $N fork $r 9T $& $H $-$K $O !$ $=$N %9 %l %C %I $O $= $N ?F %9 %l %C %I $+ $i join @h !J join %U %l !< %‘ !K $N ;2 >H$r =E$_ IU$-$G 0z$- 7Q $0 !% $3 $&$9$k$3$H$G join $9 $k%9 %l %C %I $N?t $, <B9T ;~ $K $7 $+ J, $+ $i$J $/ $F$b8z N( E* $K join A‘ :n $, $G$- $k !% =E $_ $, 1 $H $J $j:F J, 3d $G$- $J$/ $J $C $? >l 9g $O !$4V@\;2 >H%+%& %s %H 4) $N 9M $( J}$H F1 MM !$ ?7$?$K F1 4|$r Cf 7Q $9 $k$? $a $N join %U %l !< %‘$r :n$j BP =h $7 $F $$ $k!% $^$? !$?7 $?$K fork $9 $k %9 %l %C %I $, A4$F F1 0l$N %W %m %;%C %5 $K :n $i $l $k2D G= @- $r9M $($k $H !$ J8 8% 7) $G reply b o x $K BP $7 $F MQ$$$i $l $F $$ $k$h $& $J lazy $J %" %m %1 !< %7%g %s$r !$ join %U %l !<%‘ $K BP $7 $F$bMQ $$$k $3 $H $,$G$- $k!% $3 $l$K $D$$$F $O 8=:_<BAuCf $G$" $k!% 3.2 %9%1 %8 %e!< %j %s%0 %9 %l %C %I $rB> $N %W %m %; %C %5 $K @8 @. $7$? $j !$ 0\ F0 $5 $; $? $j $9 $k $? $a $N DL ?. %P %C %U %! !J %9 %1 %8 %e !< %j %s %0%- %e !< $r 7s $M$k !K $N 4I M} $K $O!$ Aw ?. 85 !& <u ?. @h $N %Z %" Kh $K %- %e !< $r @_ $1 $F %m%C %/ $r GS $7 $? lo c k-free J} <0 17) $r MQ$$ $k !% K\ 8& 5f$G $O !$J8 8% 17) $N J} <0$r 2~ NI $7 !$Aw ?. B& $, I, MW $J %P%C %U %! $r %j %s %/ $7 $F$$$/ $H $H$b $K !$ $9 $G $K <u?. $5 $l $?%P%C %U %!$N2s<} $b9T$& !% $^ $? !$ %P%C %U %!Fb $N $I $3 $^ $G$rDL?. $K ;HMQ $7 $?$N $+$r<( $9JQ ?t $r %P%C %U %! $H F1 $8 9=B$ BN $K CV$/ $3 $H $G !$ =q $-9~ $_ $N6I=j @- $, 9b $a $i $l $? !% 0J 9_$O %9 %1%8 %e !< %i$, %9 %l %C %I $r $I $N $h $& $K %9 %1 %8 %e!< %k $9$k $+ !$ $^ $?!$ 3F%9 %l %C %I $N <B9T $K $* $$ $F$= $N 4X ?t %U %l !< %‘$r $I $N $h $& $K 4I M} $9 $k$+ $K $D $$ $F =R $Y $k!% 3.2.1 %9 %l %C %I $N %9%1 %8 %e!< %j %s%0 4p K\ E* $J%9 %l %C %I $N%9 %1 %8 %e !< %j %s %0 $O!$ %9 %1 %8 %e !< %i $, 3F%9 %l %C %I $N %3!< %I $r 8F $S =P $9 $3 $H $G 9T$& !J <B:] $K$O 8e=R $N 4X?t %U %l !<%‘ %9 %1 %8%e !<%i $r F0 $+ $9 !K !% $3 $N :] !$3F %9 %l %C %I $N %3 !< %I $O %9%1 %8%e !< %i $N C $N %9 %? %C %/ >e $GF0 :n $9 $k !% $D $^ $j !$ J8 8% 7) $H F1 MM!$ 3F %W %m %; %C %5 $N%9 %1 %8 %e !< %i $O !$ $= $N 1 $D $N%9 %? %C %/ $r OP A 8@8l %l %Y%k$N B??t $N %9 %l %C %I $N$?$a$K MQ$$$k!% %9 %l %C %I @8@. ;~ $K $O B> $N %W %m %;%C %5 $K %9 %l %C %I @8@. $9$k $3 $H $,$G$- $k!% %9 %l %C %I $N<B9T $r 3+;O $9$k $? $a$N %U %l !<%‘ $r :n $j !$ DL?. %P%C %U %! $r 7s $M$? %9 %1 %8%e!<%j ?^ 8 %9 %l %C %I %5 %9 %Z %s %I ;~ $K $* $1 $k4X?t%U %l !<%‘$N %j%9 %H I=8=$X $N JQ49 Fig. 8 F unction frame con v ersion to a list represen tation on thread susp ension. %s %0 %-%e !< $K F~ $l $k $3 $H $G <B8= $5 $l $k!% $J$* !$ ?7 $? $K fork $9 $k %9 %l %C %I $, A4$F F1 0l$N %W %m %; %C%5$K :n$i$l $k>l 9g!$ J8 8% 7) $N$h $& $J lazy $J%R!< %W >e $N %"%m%1 !< %7%g %s$r !$ %9 %l %C %I $N%U %l !<%‘ $K BP $7 $F$bMQ $$$k $3 $H $, $G $- $k !% $3 $l$K $D$$ $F$b join %U %l !<%‘$N lazy $J%" %m%1!< %7%g %s$H F1MM!$ 8=:_ <B Au Cf $G$"$j !$ JL $K H/I= $9 $kM=Dj $G$" $k!% 3.2.2 4X?t %U %l !<%‘$N 4IM} %9 %l %C %I $N 4X ?t %U %l !<%‘ $K $O J8 8% 5) !$ 7) $N$h$& $K 2 <oN‘ $NI= 8= $r MQ $$$k!% 1 $D $O DL>o $N$h $& $K C $N %9 %? %C %/ $N>e $K$H $k !J C %3 %s %Q %$ %i $, I=8= $r 7hDj $9$k !K !% $b $& 1 $D $O%U %j !<%j %9 %H$+$i 3d $jEv $F !$ %R!< %W >e $G ;R $N 4X?t %U %l !<%‘ $+ $i ?F %U %l !<%‘ $X $N%j%9 %H I=8= $H $J$k $h $& $K$9$k!% OP A $G$O J88% 5) $H F1MM $K$= $l $>$l$N I=8= $K 9g $o $; $F 2 $D$N %P!< %8%g %s$N%3!< %I !J 4X?t !K $r @8@. $9$k!% %9 %? %C %/ I= 8= $O ?7 $? $J %a %=%C %I 8F=P $7 $K MQ $$ $i $l !$ %5%9 %Z %s %I $7 $J$$8B $j $= $N$^ $^ MQ $$ $i $l $k!% 0l J} !$ %j%9 %H I= 8= $O 8F =P $7 $N %5 %9 %Z %s %I / :F3+$N$?$a$K MQ$$ $i$l $k!% %9 %l%C %I Fb $G !J ?7 $? $K !K OP A $N4X ?t !J %a %= %C %I !K $r 8F $S =P$9 >l 9g $O !$C1=c $K %9%?%C %/ MQ$N C $N 4X ?t$r 8F $S =P $9 !% $= $N 7k 2L$H $7 $F C $N %9%?%C %/$N >e $K 4X ?t%U %l !<%‘ $, IaDL $K 3NJ] $5 $l $k!% $G$-$k $@ $1 %9 %? %C %/ >e $G %9 %l %C %I $, F0:n $9$k $h $& $K $7 $F$d$k $3 $H $G !$ $= $N@-G= $r C 8@8l$G Ia DL $K =q$$$? %W %m %0 %i %‘ $K 6a $E$1 $k$3$H $, 2DG= $H$J $k!% %9 %? %C %/ $rMQ $$ $F$$$k 4X ?t $, %5 %9 %Z %s %I $7 $J $/ $F $O $J $i$J $/ $J$C $?>l9g $O !$ $= $N4X?t $O$=$N %9 %? %C %/ I= 8= $K BP 1~$9 $k %j %9 %H I= 8=$N 4X ?t%U %l !< %‘$r :n$j C $N JV $jCM $H $7 $F ?F $K JV $9 !% %5%9 %Z %s %I $; $: $K$=$N$^ $^4X ?t 8F=P $7 $, 40N; $7 $? >l9g $O C $N JV $jCM $H $7 $F 0 $r JV$9 !% !J 0 $G $J $$ !K ;R$N 4X ?t%U %l !< %‘ $, JV$5 $l $k$N$O %5 %9%Z %s %I $7 $J $/ $F$O$J$i $J $$ >l9g$J$N$G !$8F=P $7 85 !J ?F !K $b %9 %? %C %/ >e $G F0:n $7 $F$$$k>l 9g $O %j%9 %H I=8= $N4X ?t %U %l !<%‘ $r?7 $? $K :n $j !$ ?^ 8 $N$h$& $K ;R $N4X ?t %U %l !< %‘ $+ $i %j %s %/ $5 $l $k $h $& $K $9$k $3 $H $G !$ %j %9 %H I=8= $X JQ49$9$k!%

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 7 ?^ 9 %j%9 %H I=8= $N 4X?t %U %l !< %‘ $r ;H$C $? %9 %l %C %I <B9T:F3+ $H$=$N 8e$N %j%?!< %s $^$? $O 8F=P $7 Fig. 9 Thread resumption with a list of function frames and subsequen t return or call. $^ $?!$ 4X ?t 8F =P $7$, 40N; $7 $F C $NJV $j CM $H $7 $F 0 $r JV$9 >l9g !$ OP A $N JV$j CM$N$[ $& $K $D$$$F$O %W %m %; %C %5Kh $K 7h$^ $C $? !J %a %b %j >e $N !K >l =j $r ;H $C $F JV$9 !% 7h $^ $C $?>l =j $H $7 $F$$ $k $? $a!$ J8 8% 5) $N$h$& $KJL ES !$ JV $jCM $r3JG< $9 $k >l =j $N %" %I %l %9 $r0z?t $H $7 $F EO $7 $F$d $kI, MW $O L5$$ !% $7 $+ $7 !$0J>e$N J}<0 $G$O !$ OP A $N JV $j CM $N7? $, void $G $J$1 $l $P !$ JV $jCM $N<x<u $K %a %b %j %" %/ %; %9 $, H/@8$9$k $3$H $K$J $k !% $3 $l$K $D$$$F $O 4.2 @a $G Ds0F $9 $k $h $& $K !V CM $K 4p $E $/ %A %’ %C %/ !W $rMQ $$ $F !$ $G $- $k $@$1$3 $l $r >J$/ $3$H$r 9T$C $F$$ $k!% %j%9 %H I=8= $N>l 9g!$ <! $N $h $& $J C1=c $J4X?t %U %l !<%‘ %9 %1 %8 %e !<%i$r MQ$$ $F %9 %l %C %I $r <B9T$9$k!% !J ?^ 9 !K !% while(fr){ fr = (fr->f)(pr, fr); } ;R$N 4X ?t $O C $N JV$j CM $H $7 $F !$?^ 9 >e CJ$N$h $& $K <! $K %9 %1 %8%e !< %k $7 $F$[ $7 $$ ?F $N4X?t %U %l !<%‘ !J %j%9 %H $N <! $NMWAG !K $rJV$9 !% !J $" $k $$ $O ?7 $? $K 4X?t %U %l !<%‘ $r :n $C $F JV $9 $3 $H $G ?7 $? $J 8F=P $7 $H $9$k $3$H$b $G$-$k!% !K $3 $3 $G !$ fr $O OP A $N %j %9 %H I= 8=$N %R !< %W >e$N 4X ?t %U %l !<%‘ $G:F3+ !J $"$k $$ $O 3+;O !K $rC4 $& C $N 4X?t $r f $K $H $k !% pr $O 3F %W %m %; %C%5 Kh $K I, MW $J %G !< %?$r J] ;} $9 $k9=B$BN $G !$ OP A $N JV$jCM$N$?$a$N >l=j$b $3$3 $K 3N J]$5 $l $k !% fr $H $7 $F 0 $, JV$5 $l $?$H $-$O !$ $=$N %9 %l %C %I $N <B9T $O 40N; $^ $? $O CfCG $7 $? >l9g $J$N $G !$ <! $N <B 9T 2D G= $J %9 %l %C %I $, %9 %1 %8 %e !< %k$5 $l $k $h$& $K$9 $k !% C $NJV $jCM $NLr3d $, !$ %9 %? %C %/ I= 8= $N>l9g $H0[ $J$C $F $$$k $, !$ JL $N %P!< %8%g %s$N%3!< %I $r MQ $$$k $N $G LdBj $J $$ !%$^$? !$ OP A $N JV$j CM$N$[ $& $K $D$$$F$O %W %m %; %C %5Kh $K 7h $^ $C $?>l=j $r ;H $C $FJV $7 !$ <! $K %9 %1 %8%e!< %k $5 $l $k?F $N4X?t %U %l !<%‘ $N<B 9T $N:] $K FI $_=P $5 $l $k $3 $H$K$J $k!% 0l EY %5 %9%Z%s %I $7 $F %j %9 %H I= 8=$K $J $C $? $b $N $r %9 %? %C%/ I= 8= $K La $9 $3 $H $O$G$- $J$$ $, !$ %j %9 %H I=8= $G$N <B9T Cf $K ?7 $? $J4X?t 8F =P $7$, $"$C $?>l 9g $O ?^ 9 2<CJ $N $h $& $K %9 %? %C%/I= 8= $r MQ $$$k $N $G !$ <B :] $K $O !$ 1 $D$N %9 %l %C %I $, !$ ;R $N $[ $& $O %9 %? %C%/ I=8=!$ ?F $N $[ $& $O %j %9 %H I=8= $H $J$jF@ $k!% ?F $, %j%9 %H I=8= $G 4X?t %U %l !<%‘ %9%1 %8 %e !< %i >e $G ;R$N 4X ?t 8F =P $7 $N 40 N; $r BT$D 4V $K !$ ;R $N4X?t 8F =P $7$, %5 %9 %Z %s %I $7 $? >l9g !$ ?F $O <+J, $N %j %9 %H I=8= $N4X?t %U %l !<%‘ $NFbMF $r99?7 $7 !$ $+$D !$ $= $N 4X?t %U %l !<%‘ $, ;R $N4X ?t %U %l !<%‘ $+ $i %j %s %/ $5 $l $k $h $& $K $7 $? 8e!$ C $N JV $jCM $H $7 $F 0 $r JV $9 !% $3$N:]!$ %j %9 %H I=8= $GF0:n $9$k $3 $H $K$J$C $?;R $N8F=P $7$, !J 4X?t %U %l !<%‘%9 %1 %8%e!< %i>e $G !K 40 N; $7 $?$H$- $K !$ E, @Z $K OP A $N JV$j CM $r <u $1 <h$C $F =h M} $, B3 $1$i$l $k$h $& $K 99?7$9$kI,MW $, $" $k!% 3.3 0l4S@-4IM} $H <B9T;~ %a %= %C %I CV49 $N <BAu %* %V %8 %’%/ %H $N %G !<%? $N0l4S@- $N$? $a !$ R W %a %=%C %I $G$O R W 6h4V {R W 6h4V $NGSB>@)8f!$ R O %a %=%C %I $G$O R O 6h4V {W 6h4V$NGSB>@)8f $, I,MW $G$" $k !% R O 6h4V {W 6h4V $NGSB> @)8f $N<BAu $K $O !$ %m %C%/ $r I,MW $H $7 $J $$%P!< %8 %g %s HV9fJ}<0 $r MxMQ $7 $F $$ $k!% GSB> @) 8f $N<BAu $H <B9T ;~ %a %= %C %I CV49 $N<BAu $K$D$$ $F$O !$J88% 11) !$ 12) !$ 14) !$ 15) $K >\ $7 $/ =R$Y $i$l $F $$$k $N $G>JN, $9$k!% :# 2s!$ %3!< %I @8@. $K I,MW $J 2r@O $K $D$$$F $O <!@a $G =R $Y $k!% 4. %3!< %I @8@.<jK! 4.1 OP A %3 %s%Q %$ %i$N 9=@. OP A %3 %s %Q %$ %i $O !$ 9= J8 2r @O It !J ;z6g 2r @O It !K !$ 0U L#2r@OIt!$ Cf4V %3!< %I @8@.It!$Cf 4V %3!< %I 2r@OIt!$ C %3!< %I @8@.It $G 9=@. $5 $l$F$$ $k!% 9= J8 2r @O It !J ;z6g 2r @O It !K $O ex + bison $rMQ $$ $F3+ H/ $5 $l$F $* $j !$ OP A %3 %s %Q %$ %i $N;D $j $NIt J, $O Common Lisp $K $h $j3+ H/ $5 $l $F $$ $k!% 9=J8 2r @O It !J ;z6g 2r @O It !K $O 9=J8 LZ $r S <0 $H $7 $F =P NO $7 !$ 0UL# 2r @O It $O$= $l$r <u $1 <h $j !$ L> A0 $N%9 %3!< %W $N =hM}!$ 7? IU $1 Ey $r 9T $& !% Cf4V %3!< %I @8@. It $O 0l;~ JQ ?tEy $r F3F~ $7 $F @)8f %U%m !< $, L@<( $5 $l$?L?Na Ns 7A <0 $N Cf4V %3!< %I $r @8@. $9$k!% Cf 4V %3!< %I 2r@O It $G $O !$ 99 ?7 2DG= @- >C <:E@ $N2r@O!$ 0l 3g 99 ?7 JQ?t $N2r@O!$ @8 $- $F$$ $kJQ ?t 2r @O $r9T $$!$ %3!< %I @8@. $K I,MW $J>pJs $r<}=8 $9 $k !% C %3 !< %I @8 @.It $G$O 2 $D$N%P !< %8 %g %s $N C $N 4X ?t $r MQ$$$k C %3 !< %I $N @8@. $r 9T $& !% 4.1.1 99?72DG=@->C<:E@ $N 2r@O 2.2 @a $G=R $Y $? $h$& $K OP A $N instan t %a %= %C %I $NFI $_ =q $-N>MQ %a %=%C %I!J R W %a %=%C %I !K $G $O !$ %* %V %8 %’ %/ %H $X$N=q $-9~ $_ $r$^ $: J#@= !J 0l;~JQ ?t !K $K BP $7 $F 9T

8 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 2001 $J$$ !$ $= $N0J 9_ $N=q $-9~ $_ $N2DG= @- $, >C $($?E@ $G%* %V %8 %’%/ %H K\BN $N %G !<%? $r 0l3g 99 ?7 $9$k!% $3$N99?7 2D G= @->C<:E@ $O%3 %s %Q %$ %i $K $h$j 2r@O$9$k!% 99?7 2D G= @- >C <: E@ $O$$ $o $f$k %G !<%? %U %m!< 2r @O $G 5a $a $k $3 $H $,$G $-$k!% %G !<%? %U%m!<2r @O $G $O !$ Cf 4V %3!< %I $+$i 4pK\ %V %m%C %/ $N=89g $H4pK\ %V %m%C %/ 4V $N@)8f %U %m!< $rI= $9JU $+ $i$J$k %U %m!< %0 %i%U $r:n@. $9$k!% 4p K\ %V %m%C%/ $N@hF, !& Kv Hx $K$* $1 $k>pJs 4V $N4X78 $r %G !<%? %U%m!<J} Dx <0 $H $7 $F I= $7 !$ $3 $l$r H?I| K! $J $I $G 2r$/ $3 $H$G 5a $a $k>pJs $, F@ $i $l $k!% 99?7 2D G= @- >C <: E@ $N2r @O $G $O !$ %U %m!< %0 %i %U $rMQ $$ $F !$ R W %a %= %C %I $N 3F<B 9T 7P O) $K$* $$ $F !$ %$ %s %9 %? %s %9 JQ ?t $, :G8e $K =q $-9~ $^ $l $kE@!$ $b $7 $/ $O !$ $= $l 0J9_ %$ %s %9 %? %s %9JQ ?t $X $N=q $-9~ $_ $, 9T $o $l$J$$6h 4V $N:G =i $NE@ $r5a $a$k!% %G !< %? %U%m !<J} Dx <0 $O !$ !V 0J9_ $N99 ?7 $, $" $k !W $H$$ $& >pJs $K$D$$ $FO"N) $5 $; $l $P $h$$!% $D$^ $j !$ 4pK\ %V %m%C%/ $NKvHx $K $*$$ $F $O 8eB3 $N 4pK\ %V %m%C %/ $N@h F, $N>pJs $NO@M} OB $G$"$k $H $7 !$ 4p K\ %V %m%C%/ $N @hF, $N>p Js $O %V %m%C %/ Kv Hx $N>p Js $H %V %m%C %/ Fb 99 ?7 M- L5 $H$N O@M}OB $H $7 $F J}Dx<0 $r O"N)$5 $; $l $P $h$$ !% 4.1.2 0l3g99?7JQ?t $N 2r@O 2.2 @a $G=R $Y $?$h $& $K R W %a %= %C %I $N0l3g99 ?7 $N:] $K $O !$CM $, 99 ?7 $5$l $? 2D G= @- $, $" $k J# @= $N 0l ;~ JQ ?t !J OP A %3 %s %Q %$ %i $, 2r@O !K $K 4X $7 $F$N$_ %* %V%8%’%/ %H K\BN $N 3:Ev$9$kItJ, $N %G !<%?$r 99?7$9$k!% 0l;~ JQ ?t $N99 ?7 $N2D G= @- $O !$ !V 0J A0 $K 99?7 $N2D G= @- $, $" $kJ# @= $N0l ;~ JQ ?t $N=89g !W $H$$ $& >p Js $K$D$$ $F %G !< %? %U %m !< J} Dx <0$r O" N) $5 $; !$ $3$l $r 2r $/$3 $H $G 5a$a $i $l $k!% $D$^ $j !$ 4p K\ %V %m%C%/ $N@hF, $K $*$$ $F $O @h9T $9 $k 4p K\ %V %m%C %/$N Kv Hx$N >p Js$N =8 9g OB $G $" $k$H $7 !$ 4pK\ %V %m%C %/ $NKvHx $N>pJs $O %V %m%C %/ @h F, $N>pJs $H %V %m %C%/ Fb 99 ?7 JQ ?t =8 9g $H$N=8 9g OB $H $7 $F J}Dx <0 $rO"N) $5$; $l $P $h$$ !% $^ $? !$ @h $K 5a $a$?99 ?7 2DG= @- >C <: E@ $G 5a $a $i $l$? 99 ?7JQ ?t =8 9g $K$D $$ $F0l3g =q $-9~ $_ $r9T $($k $h $& $K Cf4V %3!< %I $r 99?7 $9 $k!% $3$N0l3g =q $-9~ $_ $G$N0l;~ JQ ?t $N CM $rMQ $$ $? %* %V %8 %’%/ %H K\BN $X $N=q $-9~ $_ $O !$ 0l ;~ JQ ?t $K 4X $7 $F $O FI $_=P $7 $G$"$k $N $G !$ <! $K =R $Y$k@8 $- $F $$$kJQ ?t 2r @O $G $O$=$N0l ;~ JQ ?t $K$D$$ $F $O$= $ND> A0 $G @8$- $F$$ $k$b $N$H $7 $F 07 $o $l $k!% 4.1.3 @8 $-$F $$ $kJQ?t2r@O @8 $- $F $$$k JQ ?t 2r @O $K$D$$ $F $O$h$/CN $i $l $?2r@O $G $" $k $N $G $/ $o $7 $/ $O =R $Y$J$$ $, !$ !V 0J8e $G !J 99?7A0 $K !K ;HMQ $N2D G= @- $, $"$kJQ?t $N=89g !W $H$$ $& >p Js $K$D$$ $F %G !<%? %U%m!< J} Dx <0 $r O"N) $5 $;!$ $3 $l$r 2r$/ $3 $H $G 5a $a$i $l $k!% @8 $-$F$$ $kJQ?t$N>p Js $r MQ$$$k $H !$ 2.2 @a $G =R$Y$? %a %=%C %I $N @hF, $K $* $1 $k0l3g FI $_=P $7 $K $* $$ $F !$ FI $_ =P $9 $Y $-JQ ?t $r:G >. 8B $KM^ $($k $3 $H $, $G$- $k !% $D $^ $j !$ %a %= %C %I $N @hF, $G @8 $- $F$$$k JQ ?t $N=89g $K 4^$^ $l $kJ# @= $N0l ;~ JQ ?t $K$D $$ $F $N $_ 0l 3g FI $_=P $7 $r9T $( $P $h $$ !% $^ $? !$ @8 $- $F$$$kJQ ?t $N>pJs $r MQ $$$k $3 $H $K$h$j !$ %5 %9 %Z %s %I ;~ $K CM $rB‘Hr !J <B9T :F 3+;~ $K I|5" !K $9$k JQ ?t $r :G>.8B $K$H $I $a $k $3$H $, 2DG= $H$J $k!% 4.2 CM $K 4p$E$/ %5%9%Z %s %I %A %’ %C %/ 3.2.2 @a $G =R $Y $? $h $&$K !$%9%l %C %I Fb $N 4X ?t %9 %1 %8%e!<%j %s %0$G$O !$ %9 %? %C %/ I= 8= $H %j%9 %H I=8= $N 2 <o N‘ $N4X?t %U %l !<%‘ $, ;H $$J, $1$i $l !$ $= $l $>$l$K BP1~ $7 $F OP A $N 4X ?t$r C4 $& C $N %3 !< %I !J 4X ?t !K $b 2 $D$N %P!< %8%g %s $, @8@. $5 $l $k!% $3 $3 $G !$ 4X ?t 8F =P $7 4V $G$N OP A $NJV $j CM $N <x <u $d!$ %5 %9 %Z %s %I ;~ $N=h M} $K $D $$ $F $O 86B’E* $K$O 3.2.2 @a $K =R$Y$? DL$j $G$" $k $, !$%9 %?%C %/I= 8= $N4X?t $+ $i 8F=P $7 85 $K La $k:] $K $O !$ CM $K 4p $E $/ %A%’ %C%/ $r ;H $& $3 $H$G !$ %a %b %j %" %/ %; %9 $r 8: $i $9 $3$H $, 2DG= $H$J $k!% %9 %? %C%/ I= 8= $N4X?t $+ $i La$k:] $K $O !$ 8F =P $7 $N ?FB& $K BP $7 $F !$ %a %=%C %I K\BN $N<B9T $, 40N; $7 $F OP A $N JV $j CM $r H<$C $F return $7 $? $N$+ !$ %5 %9 %Z %s %I $7 ;R $N 4X ?t %U %l !< %‘ $r H<$C $F return $7 $?$N$+$r CN $i$; $kI,MW $, $" $k !% $3 $l $i $N >pJs$N EO $7 J} $r !$ OP A $N %a %=%C %I $N JV $jCM $N7? $K 1~ $8 $F <! $N$h$& $K 9)IW $9 $k $3 $H $,$G$- $k !J I= 1 !K !% � int !$ long $J $I $N >l9g $d !$;2>H7? $N>l9g 4X ?t <B 9T 40 N; ;~ $K $O C $N JV $jCM $H $7 $F OP A $NJV $jCM $, JV $5 $l !$ $^ $?!$ %5%9 %Z %s %I ;~ $K $O C $NJV $j CM $H $7 $F FCJL $J %U %i %0 CM !J Nc !’ � 5 !K $, JV $5 $l $k $h $& $K$9$k!% $5 $i $K !$ %5%9 %Z %s %I ;~ $K $O %j%9 %H I=8= $N 4X ?t%U %l !< %‘ !J $N%" %I %l %9 !K $r pr->child_fr $K F~ $l$F 8F=P $7 85 $K JV $9 $h $& $K $9$k!% 8F =P $7 85 $G $O!$ C $N JV $j CM $,%U %i %0 CM $G $" $C $? >l 9g $O!$ B3 $1 $F pr->child_fr $K 4X?t %U %l !<%‘ $, @_Dj $5 $l $F$$$k $+ D4 $Y$k $3 $H $G !$ K\ Ev $K%5 %9 %Z %s %I $7 $?$N $+ !$ $" $k $$ $O !$ OP A $NJV $j CM $,$? $^ $? $^ %U %i %0 CM $G $" $C $?$N $+ $, 6hJL $G$-$k!% $3 $& $9$k $3 $H $G !$ 4X?t <B 9T 40 N; $G $" $C $? >l 9g $N %5 %9 %Z %s %I %A %’ %C %/ $G $O!$ %a %b %j %"%/ %;%9 $r9T $J $& I, MW $, @8 $:$k $N $, $4 $/5) $J>l 9g $@ $1 $H $J $k !% $b $A $m $s!$ OP A $N JV $j CM $K $O C $N JV $j CM !J$, ;H$& %l %8 %9 %? !K $rMQ $$ $k $N $G!$ %a %b %j %" %/ %; %9 $O I,MW $J$$!% $^ $? !$ pr->child_fr $N CM $O DL >o 0 $K J] $D $h$& $K $7 !$ !V %5%9 %Z %s %I Cf !W $N4V $N $_ 4X ?t %U %l!< %‘ $r J] ;} $9 $k $h $& $K $9 $k !% $3 $N $? $a!$ 4X ?t <B 9T 40 N; ;~ $K return $9$k :] $K !$ pr->child_fr

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 9 I= 1 4X?t $+$i$N !$ OP A $N JV$jCM $H !J %5 %9 %Z %s %I $7 $? !K 4X?t %U %l !< %‘ $N JV $7 J} T able 1 Ho w to return the return v alue for OP A and the (susp ended) function frame from the called function. 4X?t%U %l !<%‘ %9%?%C%/I=8= %j%9 %H I=8= !J %R !< %W !K /C %3 !< %I %P !< %8 %g %s / 9bB. %P!< %8 %g %s / DcB.%P!< %8 %g %s OP A $N JV$jCM $N 7? int , long Ey , ;2>H7? void , float , double $9$Y$F$N7? 4X?t8F=P $7 40N;;~ C $N JV$jCM = OP A $N JV$jCM C $N JV$jCM = 0 C $N JV$jCM = <!$N4X?t%U %l !<%‘ pr->child_fr = 0 pr->ret = OP A $N JV$jCM pr->ret = OP A $N JV$jCM %5 %9 %Z %s %I ;~ C $N JV$jCM = %U%i %0 CM ( Nc : � 5) C $N JV$jCM = ;R$N4X?t%U %l !<%‘ C $N JV$jCM = 0 pr->child_fr = ;R$N4X?t%U %l !<%‘ $K 0 $r =q$-9~ $‘I,MW $O$J $$ !% %U%i %0 CM $K $O 9bB. $K H=Dj $G$-$k !J L?Na $NB(CM $K <} $^$k !K 5) $JCM $r MQ $$ $l $P $h$$ !% $D$^ $j !$ $3$NJ}K! $G$O !$ 1 $D $N C $N JV $jCM $rDL>o $N OP A $N JV $jCM $H%5%9 %Z %s %I $r I= $9 %U %i %0$NN> J} $KMx MQ $7 $F$* $j !$ DL>o $N OP A $N JV $jCM $, %U%i %0 CM $H =E $J$k$N $O 5) $G $" $k $H$$ $&@-<A $r MxMQ $7 $F$$ $k !% � void !$ double !$ float $N >l9g OP A %a %= %C %I $N JV $j CM $, $J $$ !J void !K >l 9g $O OP A $N JV$j CM $K 4X$9 $k =h M} $O I, MW $J $/ !$ $3$N$? $a !$ OP A $N JV$j CM $r %l %8 %9%? $K >h$; $k I,MW$b$J $$ $N$G !$86B’ DL$j C $N JV$j CM$H $7 $F ;R$N 4X ?t%U %l !< %‘ $, JV$5 $l $k$h $& $K $9 $l $P $h$$ !% float !$ double $N>l 9g $O !$ @0 ?t 7? $H0c $$!$ 0l HL E* $G$+$D<B :] $K $O 5) $J %U%i %0 CM $r =‘ Hw $9 $k $N $, Fq $7 $$ $& $( !$ Ib F0 >. ?t E@?t $NHf3S $K $O !$%a %b%j %"%/ %; %9 $H F1Dx EY $NCY1d $rMW$9 $k $3 $H $, B? $$ $? $a !$ CM $K 4p $E $/ %A%’ %C%/ $K $O 8~ $+$J$$ !% $^ $? !$ IbF0 >.?tE@ ?t $O %a %b%j >e $K CV $+ $l $k $3 $H $, B? $$ $HA[Dj $7 $? L? Na %;%C %H $K$J$C $F$$$k $3 $H$bB? $$!% $h $C $F !$ $3 $l $i $K $D $$$F$O 86 B’ DL$j C $N JV $j CM $H $7 $F ;R$N 4X ?t %U %l !< %‘ $, JV$5 $l $k$h $& $K $7 !$ OP A $N JV$j CM $, pr->ret $H$$ $&%a %b%j >e $N>l =j $K3JG< $5 $l $k $b $N$H $9$k !% 4.3 %9%?%C %/ I=8=MQ $N%3!< %I @8@. OP A $N 0J2<$N %W %m %0 %i %‘ $r 9M $( $k !% class C { static int c(int x){ ... } static int p(int n){ return c(n+1) + n; } } $3$3$G !$%/ %i %9 !J static !K %a %=%C %I p $N %9 %?%C%/I=8= MQ %3!< %I $O ?^ 10 $N $h $& $K @8@.$5 $l $k!% 0z?t n !J C $N >e $G $O p__n !K 0J 30 $K !$ %W %m%; %C %58G M- $N %G !<%? NN0h $r ;X$9 pr $b 0z?t $H $7 !$ int 7? $N 7k2L $r JV $9 4X ?t$H $J $C $F $$ $k !%4X ?t L> f__p_II_C $O !$9b B. %P !< %8 %g %s$G $" $k $3 $H$H !$%a %=%C %I $N signature !J 0z int f__p_II_C(proc_env *pr, int p__n){ f_frame *child_fr; int t0__, t1__; t1__ = p__n + 1; t0__ = f__c_II_C(pr, t1__); /* 8F=P $7 */ if((t0__ == (int)SUSPEND) && (child_fr = pr->child_fr)){ /* pr->child_fr = 0 $O >JN,2D */ /* %5 %9 %Z %s %I =hM}3+;O */ // $3$3$G %U %j!<%j%9 %H $+ $i 4X?t %U %l !<%‘ fr $r // 3d$jEv $F !$%j%9 %H I=8=MQ %3 !< %I $G <B9T:F3+ // $G $- $k$h $& $K%3 %s %F%- %9 %H $r 3JG<$9$k child_fr->parent_fr = fr; /* %j %s %/ */ pr->child_fr = fr; /* ?F $X JV$9 */ return (int)SUSPEND; /* ?F $X JV$9 */ } return t0__ + p__n; /* ?F $X JV$9 */ /* pr->child_fr $O DL>o 0 $J$N$G @_DjITMW */ } ?^ 10 %9%?%C%/I=8= !J %9%?%C%/ %U %l !<%‘ !K MQ %3!< %I Fig. 10 Co de for stac k represen tations (stac k frames). ?t $HJV $j CM $N7? !K $H%/ %i %9 C $K$h $j Dj $a $F $$ $k !% t0__ !$ t1__ $O %3 %s %Q %$ %i $, =‘Hw $7 $? 0l ;~JQ ?t $G $" $k !% OP A $K $* $1$k%/ %i%9 %a %= %C %I c $N 8F=P $7 $K BP1~ $7 $F !$ @8 @. $5 $l$? %3 !< %I $G $O$= $N%9 %? %C %/ I= 8= MQ 4X ?t $r8F $S =P $7 !$ $= $N D> 8e$N if J8$G %5 %9%Z %s %I $N M- L5$r 3N G’ $7 $F I, MW $J =hM} $r 9T $C $F$$$k!% %5%9 %Z %s %I $N 3NG’ $O !$ %U %i %0 CM !J SUSPEND !K $H $N Hf 3S$H !$0l CW $9 $k >l 9g $K$O B3 $1 $F ;R $N 4X ?t%U %l !< %‘ !J pr->child_fr $+ $i child_fr $K FI $_ =P $7 $F$$ $k !K $, 0 $G$J$$ $3 $H $r 3NG’ $9$k $3 $H $G 9T $C $F$$$k!% %5%9 %Z %s %I =hM} $H $7 $F$O %j%9 %H I=8= $N4X?t %U %l !<%‘ $r@8@. $7 $F%3 %s %F %- %9 %H $r 3JG< $7 !$ ;R $N4X?t %U %l !<%‘ !J child_fr !K $+ $i$N%j %s %/ $r@_Dj $7 $? 8e!$ I= 1 $N %9 %? %C %/ I= 8= $N int 7? $K => $C $F?F $K >p Js $rJV $7 $F$$ $k!% %5%9 %Z %s %I $, $J $+ $C $?>l9g $O !$ B3 $-$N=hM} $r 9T$C $? 8eIaDL $K CM $r JV $; $P $h$$ !% 4.4 %j %9 %H I=8=MQ $N%3!< %I @8@. ?^ 11 $K$O !$ %/ %i%9 %a %=%C %I p $N %j%9 %H I=8=MQ %3!< %I $r <($9 !% %j %9 %H I=8=MQ %3!< %I $G$O !$%a %=%C %I $N 0z?t n $O C $N auto JQ?t $H$J$j !$ %j%9 %H I=8= $N4X?t %U %l !< %‘ <+ BN $, C $N4X ?t $N0z ?t $H $J$k !% %j %9 %H I= 8= MQ %3!< %I $O !$ 8F =P $7 $N%5%9 %Z %s %I $@$1$G $J $/<B 9T :F 3+ $bC4$& $N

10 >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 2001 f_frame *c__p_II_C(proc_env *pr, f_frame *fr){ f_frame *child_fr, *parent_fr; int t0__, t1__; int p__n; switch (fr->ln) { case 1: goto CONT_1; } CONT_0: // $3$3$G 3+;O$N$?$a fr $+$i p__n $r FI$_=P$9 t1__ = p__n + 1; t0__ = f__c_II_C(pr, t1__); if((t0__ == (int)SUSPEND) && (child_fr = pr->child_fr)){ pr->child_fr = 0; /* %5 %9 %Z %s %I =hM}3+;O */ // $3$3$G 4X?t %U %l !< %‘ fr $, ln = 1 $G // :F3+$9$k$h $& $K%3 %s %F%- %9 %H $r @_Dj$9$k child_fr->parent_fr = fr; /* %j %s %/ */ return 0; /* %9 %1 %8%e !<%i$X */ CONT_1: // $3$3$G :F3+ $N$?$a fr $+$i p__n $r FI $_ =P$9 t0__ = pr->ret.i; /* ;R $+$i$N JV$jCM */ } pr->ret.i = t0__ + p__n; /* ?F $X JV$9 */ parent_fr = fr->parent_fr; /* ?F %U %l !< %‘ */ // $3$3$G fr $r%U %j !< %j%9 %H $K La$9 return parent_fr; /* <! $K %9 %1 %8 %e !< %k */ } ?^ 11 %j%9 %H I=8= !J %R !< %W %U %l !<%‘ !K MQ %3!< %I Fig. 11 Co de for list represen tations (heap frames). $G !$ 4X ?t $NESCf $+$i$N=hM} $N:F 3+ $K BP1~ $9$k!% $3$N $? $a 4X?t $N@h F, $N switc h J8 $G !$ fr->ln $, J];} $9 $k %i %Y %k HV 9f !J %3 %s %Q %$ %i $, CONT_1 Ey$N%i%Y%k$K $D$1$? HV 9f !K $K =>$C $F :F 3+E@ $r 7h Dj $7 $F $$ $k !% CONT_0 $O !$8F =P $7 $r :G=i $+ $i <B9T $9 $k>l 9g $N %i %Y %k $G$"$k!% %/ %i%9 %a %= %C %I c $N8F=P $7 $K BP1~ $7 $F @8 @. $5 $l $kIt J, $N %3!< %I $O %9 %? %C %/ I= 8= $N>l 9g $H F1MM $G$"$k $, !$ %5%9 %Z %s %I ;~$N return $N J} K! $H :F3+$N$?$a $N%3 !< %I $r 4^ $‘E@ $, 0[ $J$C $F$$$k!% :F 3+ $N $? $a $N=hM} $O%5 %9 %Z %s %I ;~ $N %3 %s %F %- %9 %H $N J] B8 $K BP 1~ $7 $? FI$_ =P $7 $r 9T$C $F$$ $k !% $J $* !$@8 $- $F $$ $k JQ?t 2r@O $K $h$j :F3+;~ E@ $G !$ t0__ !$ t1__ $O @8$- $F $$ $J $$ $3 $H$, 2r @O$5$l $k$N $G !$ $3 $N >l 9g !$ p__n $N >p Js$N$_ 2s I|$5$; $l $P $h$$ !%%9%?%C %/I= 8=MQ %3!< %I $N%5%9 %Z %s %I ItJ, $, J]B8 $9 $k %3 %s %F %- %9 %H $O %j%9 %H I=8= MQ %3!< %I $N%5%9 %Z %s %I ItJ, $, J] B8 $9 $k %3 %s %F%- %9 %H $H F1 $8 $K$J $k $h $& $K%3!< %I @8@. $r9T $C $F$* $j !$ $3$N:F3+ It J, $O %9 %? %C %/ I= 8= MQ %3!< %I $G%5 %9 %Z %s %I $7 $? $b$N$r :F3+$9$k $N $K $b MQ$$ $i $l $k!% return $NJ} K! $OI= 1 $NDL $j $G$" $j !$ %5%9 %Z %s %I ;~ $O 0 $r JV $7 !$ 40N; ;~ $O pr->ret $K OP A $N JV$jCM $r @_Dj $7 $F !$ <! $K %9 %1 %8%e!< %k $7 $F M_ $7 $$?F $N %U %l !<%‘ $rJV $7 $F $$ $k!% ?^ 12 %9 %l %C %I Fb %9%1 %8%e !< %j %s %0 $N%* !<%P%X%C %I Fig. 12 Overheads of within-thread sc heduling. 5. I> 2A $3$3 $G $O %9 %l %C %I Fb $N4X?t%9 %1 %8%e!<%j %s %0 J}<0 $N Hf3S $r 9T $J $& !% :F 5" 8F =P $7 $G%U %# %\ %J%C %A?t $r 5a $a$k %W %m %0 %i %‘ $r MQ $$!$ C $G =q $$ $?%5%9 %Z %s %I $N $G$- $J$$ %W %m %0 %i %‘ $H !$ OP A %3%s %Q %$ %i $, @8@.$9 $k%5 %9 %Z %s %I 2D G=$J C $N %W %m %0 %i %‘$N @- G= $r Hf3S $9 $k !% $3$3 $G $O !$ %5%9 %Z %s %I $, <B:] $K $O H/@8 $7 $J$$>l9g $NC10l %W %m %;%C%5>e $N@-G= $r Hf3S $7 !$ ?^ 12 $K$O !$ C $G =q $$$? %W %m %0 %i%‘ $N<B 9T ;~ 4V $r 1 $H $7 $? $H$- $NAj BP E* $J<B9T ;~ 4V $r <($9 !% I> 2A $O !$ SP AR C !$ MIPS !$ In tel $N %W %m %; %C%5 $r ;} $D 7W ;; 5! $G 9T $J $C $? !% SP AR C $G $O !$ Sun Ultra 30 !J UltraSP AR C-I I 296MHz !$ %* %s%A %C %W %- %c %C %7 %e 32KB !$ 30 It %-%c %C %7%e 2MB !$ Solaris 2.6 !K $N7W;;5! $G C %3%s %Q %$ %i $K GCC 2.8.1 -O2 $r MQ$$$? !%$^$? !$ MIPS $G $O!$ SGI PO WER On yx !J MIPS R10000 196 MHz !$ 32KB L?Na /32KB %G !< %? 1 <! %- %c %C %7 %e !$ 2 <! %- %c %C %7 %e 2MB !$ Irix 6.5 !K $N 7W ;; 5! $G !$ C %3 %s%Q %$ %i $K MIPSpro Compilers: V ersion 7.2.1 -O2 -n32 $r MQ $$ $? !% $^ $? !$ In tel $G $O!$ PC !J P en tiumI I I 500MHz !$ 1 <! %- %c %C %7 %e 32KB !J L? Na MQ 16KB/ %G!< %? MQ 16KB !K !$ 2 <! %- %c %C %7 %e 512KB !$ Solaris 7 !K $G!$ GCC 2.8.1 -O2 $r MQ $$ $? !% $^ $?!$ %" %I %l %96u 4V $O !$ $9 $Y $F 32bit $N$b $N$r MxMQ $7 $? !% $3 $3 $G!$ !V OP A !W $H $" $k $N $,CM %Y !< %9 %5 %9 %Z %s %I %A %’ %C %/ $r ;H $C $? OP A $N <B 9T ;~ 4V !$ !V old OP A !W $H $" $k $N $,CM %Y!< %9 %5 %9 %Z %s %I %A %’ %C %/ $r;H $o $: OP A $NJV $j CM $r >o $K pr->ret $r ;H $C $F<x <u $9 $k >l 9g $N<B 9T ;~ 4V !$ !V Heap !W $H$"$k $N $, %9 %? %C%/ I= 8= $r ;H $o $: $K !$ >o $K 4X?t %U %l !< %‘ $r%R!< %W $K$H $k%j%9 %H I=8= $rMQ $$ $?>l 9g $N<B 9T ;~ 4V $G$" $k!% $= $N>l9g $G$b!$ 4X ?t %U %l !<%‘ $O%U %j !<%j%9 %H $G LIF O 4IM} $5 $l$F$$ $k $? $a !$ %- %c %C %7%e%_%9 $, IQH/

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 11 $9$k $H$$ $& $3 $H $O$J $/ !$ %3!< %I NL $N0c $$DxEY $N<B9T ;~ 4V $N :9 $H$$ $( $k!% %U %# %\ %J %C%A 4X?t $K $*$$$F !$ OP A $N @8@.$9 $k%3 !< %I $N @-G= $O !$ C $N %W %m %0 %i %‘ $H Hf3S $7 $F !$ 14 � 43% Dx EY $N %*!< %P%X %C %I $G$"$C $?$b $N $, !$ CM %Y!<%9 %5%9 %Z %s %I %A%’ %C %/ $r ;H $& $3$H$G !$ 12 � 17% DxEY$N%* !<%P%X %C %I $K M^ $($k $3 $H $,$G$- $F$$$k!% %5%9 %Z %s %I $7 $J$$>l9g $K <B :] $K <B 9T$9 $k L?Na Ns$N C $N %W %m %0 %i %‘ $H $N 0c$$ $O !$ 8F=P $7 $+$i La $C $F $- $? $H$- $K%5 %9 %Z %s %I $7 $F$$$k $+ $N%A%’ %C%/ $r %l %8 %9 %? $NCM $K 4p $E$$$? J,4tL?Na $K$F 9T $J $C $F $$$k E@ $@ $1 $G $"$k !J callee-sa v e %l%8 %9 %? $N=h M} $r =|$/ !K !% $3$3 $G !$ %U %# %\ %J %C %A 4X?t $O 8F=P $7 $N =h M} $, <B9T ;~ 4V $NBg It J, $r @j $a$k4X ?t $G$"$k $N $G !$ B> $N 0lHL E* $J4X?t $N>l9g $O !$ $5 $i $K%*!< %P %X%C %I $O >. $5$/ $J $k!% 6. 5D O@ OP A $K $* $1 $k R O %a %= %C %I !$ R W %a %= %C %I $O Sc hematic 9) $N metho d !$ metho d! $H$$$& #2 <o N‘ $N %a %=%C %I $K AjEv $7 $F$$ $k!% metho d $O FI $_=P $7 @lMQ $N %a %= %C %I $G !$ metho d! $O%* %V%8%’ %/ %H$N>u BV $rJQ 2= $5 $; $k $3 $H $N $G $- $k FI $_ =q $- N> MQ%a %= %C %I $G $" $k !% metho d! $K 4X $7 $F $O !$ %a %= %C %I $N<B 9T $r b efore-stage $H after- stage $H$$ $& #2 $D $NItJ, $K J, $1$F 9T $J $& !% after-stage $O B>$N after-stage $H F1 ;~ $K <B9T$9$k $3$H $, $G $- $k $H $7 $F $$ $k !% metho d! $N b efore-stage, after-stage $O R W %a %= %C %I $N0l3g 99 ?7 E@ 0J A0 $H 0l 3g 99 ?7 E@ 0J 9_ $K BP 1~$9$k $, !$ OP A $G$O $3$l $r 99?72D G=@- >C<:E@ $H $7 $F <+F0 E* $K 2r@O $7 $F$$$*$j !$ $^ $?0l3gFI $_=P $7 !$ 0l 3g 99 ?7 $N JQ?t$b<+F0E* $K 2r@O $7 $F $$ $k!% %5%9 %Z %s %I / <B 9T :F 3+ $N $? $a $K !$ 2 $D $N %P!< %8 %g %s$N %3 !< %I $r MQ $$$k $b$N $H $7 $F$O%A%’ %C%/ %] %$ %s %F %# %s %0 $r 2DG= $H$9$k =h M} 7O $d<B9T Cf $N %9 %l %C %I $N%^ %$ %0 %l !< %7 %g %s $r 2D G= $H $9 $k =hM} 7O 20) $, $" $k !% $3 $l$i $N%7 %9 %F %‘ $G $O !$ DL >o!$ %9 %l %C %I $N %9 %? %C%/ A4 BN $K $D $$ $F %3 %s %F%- %9 %H $N J]B8 / I|5" $, 9T $o $l !$8F=P $7 C10L $G $N J] B8 / I|5" $, 9T$o $l $J $$ !% $3 $N$?$a !$<B9T:F 3+;~ $K $*$$ $F $O J]B8 $7 $? %9 %? %C%/ A4 BN $N2s I| $,$J$5 $l $k$^ $G <B9T :F3+ $,$G $- $J$$$N $G%3 %s %F %- %9 %H $N @Z49 $( $, CY$/ $J$C $F $7 $^ $& !% OP A $G $O 8F =P $7 $r C10L $H $7 !$;D$j$N 8F=P $7 $N4X ?t %U %l !<%‘ $r $= $N $^ $^ $K<B 9T $r:F 3+ $G $- $k $? $a!$ 9bB. $K%3 %s %F%- %9 %H$, @Z$j49 $($i $l $k!% 2 <o N‘ $N 4X ?t %U %l !< %‘ I= 8=$H 2 $D $N %P !<%8 %g %s $N %3 !< %I $r MQ$$ $k$b $N$H $7 $F$O Concert %7 %9%F %‘ 5) $N B> $K !$ Cilk 2) $J $I $b$"$k!% Cilk $O OP A $N J,C4 7? JB Ns =h M} $K;w $?JB Ns =h M} $, 9T $J $($k $, !$ $3 $N %7 %9 %F %‘ $G $O !$ Lazy T ask Creation 3) $K 4p $E $$ $? %? %9 %/ %9%F %# !< %k $, 9T $J $o $l $k$h $& $K$J $C $F$$$k !% $=$N $?$a !$ 2 <oN‘ $N 4X ?t%U %l !< %‘$N N> J} $K %3%s %F%- %9 %H $r J] B8 $7 $F $*$- !$ %? %9%/ $r %9 %F %# !< %k $7 $? %W %m%; %C %5 $O !$ %R!< %W >e $K I= 8= $5 $l $?%U %l !<%‘ $K 4X$9 $k !J CY $$ !K %3!< %I $N $[ $& $rMQ $$ $F !$ %9 %F %# !< %k $7 $? %?%9%/ $r=hM} $9 $k $h$& $K$J$C $F $$ $k!% 2 <o N‘ $N 4X ?t %U %l !< %‘ I= 8=$H 1 $D $N %P !<%8 %g %s $N %3 !< %I $r MQ$$ $k$b$N $H $7 $F$O !$ Stac kThreads 7) $, $" $k !%J88% 7) $G =R$Y $i$l $F $$ $k %3 !< %I @8@. $K$O %R !< %W I=8= $N4X?t %U %l !<%‘ $r:F3+ $9$k It J, $G$N %9 %? %C%/ NN 0h $N 3NJ] $K <c43LdBj $, $" $k $, !$ OP A $N <jK! $G $O 2 $D$N %P!< %8%g %s$N%3!< %I $r MQ $$$k $3 $H $G$= $NLdBj $O 2r7h $5 $l $F$$$k!% $^ $? Stac kThreads $r %i %$ %V %i %j $H $7 $F <B 8= $7 $? $b $N$K $O J8 8% 13) $, $" $k $, !$ C 8@ 8l$N $_$K 0M B8$9$k $b$N $G $O$J $$ !%0lJ}!$ Stac kThreads/MP 8) $G $O !$ 1 <oN‘ $N4X?t %U %l !<%‘I=8= $H 1 $D$N %P!< %8 %g %s $N %3!< %I $r MQ $$ $F$*$j !$ :F 3+ ;~ $K$O %9 %? %C %/ %] %$ %s %?$N ItJ, $O ==J, 3N J] $7 $? >e $G%U %l !<%‘ %] %$ %s %? $, 85 $N4X ?t %U %l !<%‘ $r;X$9 $h$& $K$J$C $F$$$k $, !$ $= $N<B8= $N $? $a $K C %3%s %Q %$ %i $, @8 @.$9 $k%"%;%s %V %j%3 !< %I $r 8e =h M} $7 $F $$ $k!% CM $K4p $E$/ %A %’ %C %/ $O!$ %= %U %H%& %’ %" J, ;6 6& M-%a %b%j %7 %9 %F%‘ Shasta 6) $G$bMQ $$ $i $l$F $$$k !% Shasta $G $O !$ %-%c %C %7%e$+$i $N %m !< %I %_ %9 $r 8! =P$9 $k$N$K !$ %-%c %C %7%e $+$i CM $r%m!< %I $7 $?8e!$ $= $NCM $, FCJL $J%U%i %0 CM $G$J $1 $l $P %m!< %I %_%9 $O H/@8 $7 $J $+$C $?$b $N $H $7 $F =h M} $r B3 $1 $k$h $& $K$J $C $F$$ $k!% %] %$ %s %? $, 32bit $G I=8=$5 $l $F $$ $k >l9g !$ 64bit $N @0?t $r MQ $$$k $3 $H $G 4X?t $NJV $jCM $H%5%9 %Z %s %I >pJs $r F1;~ $K JV$9 $H$$ $C $?<BAuK! $b2D G= $G$"$k!% $7 $+ $7 !$ $= $N >l9g !$ C 8@8l $N $_ $K 0MB8 $9$k $H$$$& 0\ ?" @- $r J] $D $N $O Fq $7 $/ $J$k>e!$ 6a $$>-Mh !J $" $k $$ $O 8=:_ $b !K %a %b %j MFNL $, A} $($F !$ 64bit $N%" %I %l %96u4V $r MQ$$$k$h $& $K $J $C $? >l9g $K$O MxMQ $G $-$J$$ !% 7. $* $o $j $K K\8& 5f $G $O !$ IT 5, B’ $JJBNs @- $r 4^$‘ Ld Bj $N5-=R $rMF 0W $H$9$k %* %V%8 %’%/ %H ;X8~ $K 4p $E $/JB Ns 8@ 8l $N8@ 8l @_ 7W !$5Z $S $= $N 8z N( NI $$ <B 9T $N $? $a $N JB Ns =h M}$K I, MW $J !$ 0l 4S @- @)8f!$ %9 %l %C %I 4IM} $K 4X$9$k <B Au 5;=Q $J $I 3+H/ $7 $F$$$k!% K\ O@J8 $G $O !$ $= $N6&M- %a %b%j7? JB Ns 7W ;;5! MQ $N %3!< %I @8@. <j K! $K $D$$ $F=R $Y $?!% :# 8e $O !$ %9 %l %C %I 4V $N %9 %1 %8%e!<%j %s %0$K $* $$ $F !$ ?7 $7 $/@8 @. $7 $? %9 %l %C %I $K 4X $9$k MM!9 $J %U %l !<%‘ $N %"%m %1!< %7%g %s $r lazy $K 9T $J $&J}K!$N 3+ H/ !$%9%1 %8%e !<%i$r :F 5"E*

12 >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 2001 $K 8F $S =P $9 $3 $H $GL5BL $J %j%9 %H I=8= $X $NJQ49 $r9T $J $o $J $$$h $& $K $9 $kJ}<0 $N 3+H/ $r ?J $a$F$$ $/M=Dj $G$" $k!% ;2 9M J8 8% 1) Bev an, D. I.: Distributed Garbage Collec- tion Using Reference Coun ting, Pr o c e e dings of P ARLE, Par al lel A r chite ctur es and L an- guages Eur op e, V olume 2: Par al lel L anguages , V ol. 259, Eindho v en, The Netherlands, June 15{19, Springer, Berlin, pp. 176{187 (1987). 2) 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). 3) Mohr, E., Kranz, D. A. and Halstead, Jr., R. H.: Lazy T ask Creation: A T ec hnique for In- creasing the Gran ularit y of P arallel Programs, IEEE T r ansactions on Par al lel and Distribute d Systems , V ol. 2, No. 3, pp. 264{280 (1991). 4) Piquer, J. M.: Indirect Reference Coun ting: a Distributed Garbage Collection Algorithm, P ARLE’91|Par al lel A r chite ctur es and L an- guages Eur op e , Lecture Notes in Computer Sci- ence, No. 505, Eindho v en (the Netherlands), Springer-V erlag, pp. 150{165 (1991). 5) Plevy ak, J., Karamc heti, V., Zhang, X. and Chien, A. A.: A Hybrid Execution Mo del for Fine-Grained Languages on Distributed Mem- ory Multicomputers, SUPER COMPUTING’95 (1995). 6) Scales, D. J., Gharac horlo o, K. and Thekk ath, C. A.: Shasta: A Lo w-Ov erhead Soft w are-Only Approac h to Fine-Grain Shared Memory , Pr o- c e e dings of the 7th International Confer enc e on A r chite ctur al Supp ort for Pr o gr amming L an- guages and Op er ating Systems , pp. 174{185 (1996). 7) T aura, K., Matsuok a, S. and Y oneza w a, A.: StackThr e ads : An Abstract Mac hine for Sc heduling Fine-Grain Threads on Sto c k CPUs, JSPP’94 , pp. 25{32 (1994). 8) 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). 9) T aura, K. and Y oneza w a, A.: Sc hematic: A Concurren t Ob ject-Orien ted Extension to Sc heme, T ec hnical Rep ort 95-11, Departmen t of Information Science, Univ ersit y of T oky o (1995). 10) Y asugi, M.: Hierarc hically Structured Syn- c hronization and Exception Handling in P ar- allel Languages Using Dynamic Scop e, Par- al lel and Distribute d Computing for Symb olic and Irr e gular Applic ations (Ito, T. and Y uasa, T.(eds.)), W orld Scien ti�c, pp. 122{148 (2000). 11) Y asugi, M., Eguc hi, S. and T aki, K.: Elimi- nating Bottlenec ks on P arallel Systems using Adaptiv e Ob jects, Pr o c. of International Con- fer enc e on Par al lel A r chite ctur es and Compi- lation T e chniques, Paris, F r anc e , pp. 80{87 (1998). 12) Y asugi, M., Eguc hi, S. and T aki, K.: Adap- tiv e Ob jects for Concurren t Accesses, Obje ct- Oriente d Par al lel and Distribute d Pr o gr amming (Bahsoun, J.-P ., Baba, T., Briot, J.-P . and Y oneza w a, A.(eds.)), HERMES Science Publi- cations, pp. 187{206 (2000). 13) ED 1: 7r <! O/ , JF _7 L@ 7{ : :G >. 8B $N %3%s %Q %$ %i %5 %] !< %H$K $h$k :Y N3 EY %^ %k %A %9 %l %C %G %# %s %0 | 8zN( E* $J %^ %k%A%9 %l %C %I 8@8l $r <BAu $9$k $? $a $N %3 %9 %H 8z N( $N NI $$ J} K! , >p Js =h M} 3X 2q O@ J8 ;o , V ol. 41, No. 5, pp. 1459{1469 (2000). 14) 9> 8} =E 9T , 2D ;y 0! M4 H~ , H, ?y >; 9( , Bm OB CK : E, 1~ E* %* %V%8 %’%/ %H$K $h$kJBNs =h M} $N %\ %H%k %M%C %/ 2r >C , JB Ns =h M} %7 %s%] %8%&%‘ (JSPP’98) O@ J8 =8 , pp. 111{118 (1998). 15) 9>8} =E 9T , H,?y >; 9( , 3y ED == ;0 O: , BmOB CK : E,1~ E* %* %V %8 %’ %/ %H $K $h $kGSB> @)8f $N <B9T;~4KOB , >pJs =hM} 3X 2qO@ J8 ;o , V ol. 40, No. 5, pp. 2084{2092 (1999). 16) H,?y >; 9( : F0 E*%9 %3!< %W $NMx MQ $K$h $k JB Ns 8@ 8l $N F1 4| !& Nc 30 =h M} $N3, AX E* 9= B$ 2= , >p Js =h M} 3X 2q O@ J8 ;o !’ %W %m %0 %i%_ %s %0 , V ol. 40, No. SIG 4 (PR O 3), pp. 44{57 (1999). 17) H,?y>;9( , BmOBCK : J,;66&M- %a %b%j7?JBNs 7W;; 5! KSR >e $N:Y N3 EY JB Ns =h M} MQ <B 9T J} <0 $NI> 2A , ?. 3X 5; Js CPSY-95-59(SW oPP’95), V ol. 95, No. 210, pp. 71{78 (1995). 18) H, ?y >; 9( , Bm OB CK : JB Ns =h M} $N $? $a $N %*%V %8 %’ %/ %H ;X 8~ 8@ 8l OP A $N @_ 7W$H <B Au , >p =h 8& Js 96- PR O-8(SW oPP’96), V ol. 96, No. 82, pp. 157{162 (1996). 19) H, ?y >; 9( , Bm OB CK : <B MQ E* $J JB Ns =h M} $N $? $a $N %* %V %8 %’ %/ %H ;X 8~ 8@ 8l OP A $N @_ 7W , Bh 13 2s%* %V %8 %’ %/ %H ;X8~7W;; %o!<%/ %7%g %C %W (W OOC’97) (1997). 20) B? 2l F‘M3 B@ , 4X 8}N6 O: , JF_7 L@ 7{ : DL>o$N <B9T 8z N( $r $[ $H $s $I B; $o $J$$%9 %l %C %I %^ %$ %0 %l !< %7%g %s $, 2D G=$J C++, >p Js =h M} 3X 2q O@ J8 ;o !’ %W %m %0 %i %_ %s %0 , V ol. 41, No. SIG 2 (PR O 6), pp. 41{53 (2000). ( J?@. 13 G/ 1 7n 04 F|<uIU ) ( J?@. 13 G/ 4 7n 16 F|:NO? )

V ol. 42 No. SIG 0(PR O 12) %* %V %8 %’ %/ %H ;X8~JBNs8@8l OP A $N$?$a$N%3 !< %I @8@.<jK! 13 H,?y >;9( !J @52q0w !K 1967 G/@8!% 1989 G/El5~Bg3X9)3X It EE ;R 9) 3X 2J B4 !% 1991 G/ F1 Bg 3X Bg 3X 1! EE 5$ 9) 3X @l 96 =$ ;N 2] Dx =$ N; !% 1994 G/F1 Bg 3X Bg 3X 1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 Gn ;N 2] Dx =$ N; !% 1993 !A 1995 G/ F| K\ 3X =Q ?6 6= 2q FC JL 8& 5f 0w !J El 5~ Bg 3X !$ %^ %s %A %’ %9 %? !< Bg 3X !K !% 1995 G/ ?@ 8M Bg 3X 9) 3X It =u <j !% 1998 G/ $h $j 5~ ET Bg 3X Bg 3X 1!>p Js 3X 8& 5f 2J DL ?. >p Js %7 %9%F %‘ @l 96 9V ;U !% Gn;N !J M}3X !K !% 1998 G/ $h $j2J 3X 5; =Q ?6 6= ;v 6H CD $5 $- $, $1 8&5f 21 8&5f0w!%JBNs=hM} !$8@8l=hM}7O $J $I $K 6=L# $r ;}$D!%F|K\ %=%U %H %&%’%" 2J3X2q !$ A CM 2q0w!% GOC+ @?Fs 1974 G/@8!% 1999 G/5~ETBg3X9)3X It >p Js 3X 2J B4 !% 2001 G/ 3 7n F1 Bg 3X Bg3X 1! >p Js 3X 2J DL ?. >p Js %7 %9 %F%‘ @l 96 =$ ;N 2] Dx =$ N; !% 2001 G/ 4 7n$h $j F1 8& 5f 2J F1 @l 96 Gn ;N 2] Dx$K :_ @R Cf !% JBNs / J,;6=hM} !$ %W %m %0 %i %_ %s %0 8@8l $K 6=L# $r ;}$D!% 3yED==;0O: !J @52q0w !K 1970 G/@8!% 1993 G/El5~Bg3XM}3X It >p Js 2J 3X 2J B4 !% 1995 G/ F1 Bg 3X Bg 3X1! M} 3X 7O 8& 5f 2J >p Js 2J 3X @l 96 =$ ;N 2] Dx =$ N; !% 1998 G/ F1 Gn ;N 2] Dx C1 0L =$ F@ B‘ 3X !% 1996 !A 1998 G/ F| K\ 3X =Q ?6 6= 2q FC JL 8& 5f 0w !J El 5~ Bg 3X !K !% 1998 G/ $h $j ?@ 8M Bg 3X9)3XIt=u<j!% =$;N !J M}3X !K !% JB Ns !&J,;6=hM}!$ 8@8l =h M} 7O$J $I $K 6= L#$r ;}$D !%F|K\%= %U %H %&%’%" 2J 3X 2q !$ A CM 2q0w!% EDH* M*2p 1976 G/@8!% 2000 G/5~ETBg3X9) 3X It>p Js 3X 2J B4!% F1 G/ $h $jF1 Bg 3X Bg 3X 1! >p Js 3X 8& 5f 2J =$ ;N 2] Dx$K :_ 3X Cf !% JB Ns =h M} $H 8@ 8l =h M} 7O $K6= L# $r ;} $D !% 0KF# CR0l 1977 G/@8!% 2001 G/5~ETBg3X9) 3X It>p Js 3X 2J B4!% F1 G/ $h $jF1 Bg 3X Bg 3X 1! >p Js 3X 8& 5f 2J =$ ;N 2] Dx$K :_ 3X Cf !% 8@8l=hM}7O $J $I $K 6=L# $r ;}$D!% >.5\ >o9/ !J @52q0w !K 1969 G/@8!% 1991 G/K-665;=Q2J 3X Bg 3X 9) 3X It >p Js 9) 3X 2] Dx B4 6H !% 1993 G/F1 Bg 3X 1! 9) 3X 8& 5f 2J >p Js 9) 3X @l 96 =$ ;N 2] Dx =$ N; !% 1996 G/ F1 Bg 3X 1! 9) 3X8& 5f 2J %7 %9 %F%‘>p Js 9) 3X @l 96 Gn ;N 2]Dx =$ N;!% F1 G/ 5~ ET Bg 3X Bg3X 1! 9) 3X 8& 5f 2J >p Js 9) 3X @l 96 =u<j !% 1998 G/$h $j F1Bg 3X 1! >p Js 3X8& 5f 2J DL ?.>p Js %7 %9 %F%‘@l96=u<j!% Gn;N !J 9)3X !K !% 5- 9f=hM}8@8l $H JB Ns %W %m %0 %i%_ %s %0 8@8l $K 6=L# $r;} $D!% J? @. 8 G/EY >p Js =hM}3X2qO@J8>^<u>^!% Er^I B@0l !J @52q0w !K 1952 G/?@8M@8!% 1977 G/5~ETBg3X M} 3X It B4 6H !% 1982 G/ F1 Bg 3X Bg 3X 1! M}3X 8& 5f 2J Gn ;N 2] Dx=$ N; !% F1 G/ 5~ ET Bg 3X ?t M} 2r @O 8& 5f =j =u <j !% 1987 G/ K- 66 5; =Q 2J 3X Bg 3X 9V ;U !% 1988 G/ F1 Bg 3X =u65<x!$ 1995 G/F1Bg 3X65<x!$ 1996 G/5~ETBg3X Bg3X 1! 9) 3X8& 5f 2J >p Js 9)3X @l 96 65 <x !% 1998 G/ F1 Bg 3X Bg3X 1! >pJs 3X 8& 5f 2J DL ?. >p Js %7 %9 %F%‘@l 96 65 <x $H $J$j8= :_ $K ;j$k!% M} 3XGn ;N!% 5- 9f =hM}!$ %W %m %0 %i %_ %s %0 8@8l=h M} 7O!$ D6 JB Ns 7W ;; $K 6=L# $r;} $C $F $$$k!% Cx =q !V Common Lisp F~Lg !J 6&Cx !K !W !$ !V C 8@8l $K $h$k %W %m %0 %i %_ %s %0 F~ Lg !W !$ !V %3 %s %Q %$ %i !W B>!% F|K\ %= %U %H %&%’ %"2J3X2q!$ EE ;R>pJsDL?.3X2q !$ IEEE !$ A CM 3F2q0w!%