V ol. 42 No. SIG ??(PR O 13) >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 June 2001 6&M- %a %b %j 8~ $1 %W %j %_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= H, ?y >; 9( y ; yy 9b ED =a y ED H* M* 2p y >. 5\ >o 9/ y Er ^I B@ 0l y JBNs7W;;5! $O 6&M- %a %b %j7? $@$1$r 9M $($F$b %W %m%;%C %5 $d %a %b%j %b %G %k$J $I $N E@ $G MM !9 $J %"!< %-%F %/ %A%c $, $" $k!% %"!< %-%F %/ %A %c$N0c$$ $r 5[<} $7 $F ?.Mj@- !&:FMxMQ @- !&<B 9T8zN( $N9b$$ %=%U %H %&%’ %"$r 3+ H/$9 $k $K $O !$ JB Ns =hM} $N $?$a $N9b?e =‘ %W %m %0 %i%_ %s %0 8@8l $, M-MQ $G$"$k!% 9b ?e =‘ 8@8l %3 %s %Q %$ %i $G $O !$ D>@\ %"%; %s %V %j %3!< %I $r @8@. $9$kBe $o$j $K !$ C 8@8l $r<BAuMQ8@ 8l $H $7 $F MxMQ$9$k $3$H $G %W %m%;%C %5 $K 0MB8 $9 $k %3!< %I @8@. $r C %3 %s %Q %$ %i $KC4Ev $5 $;$k $3 $H $,$G$-$k!% $7 $+ $7 $J $,$i !$ C 8@8l $G $O !$ 6& M- %a %b %j $K 4X$9$k IT2D J,A‘ :n $d %a %b%j %" %/ %; %9 40N; =g =x $rD>@\5- =R $9$k $3 $H $O $G$- $:!$ %i %$ %V %i %j $d asm J8 $J $I $r MxMQ$9$kI,MW $, $"$j !$ 0\?"@- $d<B9T8zN( $r Dc2< $5 $;$k860x $H$J$C $F$$ $? !% $= $3$G 0\?"@- $d <B 9T8zN( $r9b $a$k $?$a !$ C 8@8l $N3HD% $K$h$k6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $r @_7W $7 $F$$$k !% 0l J}!$ %W %j %_ %F %# %V $N Ia5Z $r ?^$k $K$O 4{B8 $N %7 %9 %F%‘ $G$b$G$-$k $@$1 MxMQ2DG= $G$" $k $3 $H $, K>$^ $7 $$ !% $= $3 $G %W %j%_ %F %# %V $r >/ $7 JQ99 $7 !$ GCC $N 3HD%5!G= $K $h $k<B8= $r 9T$C$? !% Primitiv es for Shared Memory and its Implemen tation with GCC Masahir o Y asugi, y ; yy Jun T akad a, y Yusuke T aba t a, y Tsuney asu K omiy a y and T ai ichi Yuasa y There are v arious arc hitectures for shared-memory parallel computers in terms of pro ces- sors and memory mo dels. High-lev el programming languages for parallel pro cessing are quite useful to develop reliable, reusable and e�cien t applications on v arious parallel computers b y concealing their arc hitectural di�erence. Compliers for high-lev el languages ma y directly generate assem bly co de, but they are implemen ted more easily b y emplo ying C language as an implemen tation language and using C compilers to generate pro cessor-dep enden t co de. In C, ho w ev er, w e cannot directly describ e atomic op erations and memory orders for the shared memory; w e ha v e to use library routines or asm statemen ts, resulting in p o or p ortabilit y and lo w er p erformance. W e designed an extended language to C with primitiv es for shared mem- ory to obtain b etter p ortabilit y and p erformance. On the other hand, in order to promote those primitiv es, it is desirable that they are a v ailable on the con v en tional system. Th us, w e implemen t the slightly mo di�ed v ersion of the primitiv es with GCC’s extended functionalit y . 1. $O $8 $a $K 7W;; 5! $N9b @- G= 2= $N $? $a $K JBNs 7W ;; 5! $OL%NO E* $G$" $k!% JB Ns %"!< %-%F %/ %A %c $O !$ 6& M- %a %b %j 7? %"!< %-%F %/ %A%c !$J, ;6 %a %b %j7?%" !<%- %F %/%A%c$J $I MM !9 $G $" $j !$ $=$N0c $$ $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 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) $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 1

2 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 June 2001 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 $$$kI, MW $, $"$k!% DL ?. %i %$ %V %i %j $O !$ J, ;6 %a %b %j4D 6- $K $* $1 $kDL?. !& F1 4| $J $I $K MQ $$ $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| $N EY $K%i %$ %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$$ !% $=$3 $G !$ K\ 8& 5f $G $O !$ JB Ns=h M} $K E, $7 $?<BAuMQ 8@ 8l $H $7 $F JB9T6( D4 3H D% C 8@8l X C-cub e $r @_7W !& 3+ H/ $7 $F$$$k!% $^ $? !$ $I $N$h $& $J@_7W $, K>$^ $7 $$ $+ !$ $^ $? $I $N$h $& $J5-=R @- $d@- G= $N8~ >e $, 2DG= $H$J$k $N $+$r8&5f $7 $F$$$k!% 8= :_ $N4pK\ @_ 7WJ} ?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 $/ !$ HF MQ 8@ 8l!$ Dc?e =‘8@ 8l $H $7 $F =@Fp @- $r J] $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<B Au MQ 8@ 8l $H $7 $F$bMxMQ $G$-$k $h $& $K $9$k!% $= $N $? $aJBNs %"!< %- %F %/ %A%c $NDL?. !& F1 4| 5!G= $rD>@\ %5 %]!< %H $9$k!% $^ $?!$ B> $N %W %m%; %C %5 $+ $i$NMW5a $H<+ %W %m%; %C %5 $N=hM} $NB? =E <B9T $K I, MW $J %^ %k %A%3 %s %F%- %9 %H 4IM} 12) Ey$r <B 8=$9 $k $?$a$N 5!G= $r%5 %] !< %H $9 $k!% K\O@J8 $G$O$3 $l$i $N $& $A!$ JBNs %"!< %-%F %/ %A %c !$ FC $K 6&M- %a %b%j 7? JB Ns 7W ;; 5! $N %"!< %- %F %/ %A %c $N %5 %] !< %H $K $D$$ $FO@ $:$k!% C 8@8l $G $O !$ 6& M- %a %b%j $K 4X $9 $k IT2D J, A‘ :n $d %a %b%j %" %/ %;%9 40 N; =g =x $r D>@\ 5- =R $9 $k $3 $H $O $G$- $:!$ %i %$ %V %i%j $d asm J8 $J $I $rMx MQ $9 $k I, MW $, $" $j !$ <B9T 8zN( $NDc2< $d !$ 0[ $J $k %"!< %-%F %/ %A %c 4V $N0\ ?" @- $NDc2< $N860x $H $J$C $F$$ $? !% $= $3 $G 0\?" @- $d <B9T8z N( $r9b $a$k $? $a !$ 3H D% C 8@8l X C-cub e $N 6& M- %a %b%j8~ $1 %W %j%_ %F %# %V $r @_7W $7 $F$$$k!% 0l J}!$ %W %j %_ %F %# %V $NIa5Z $r?^$k $K $O 4{B8 $N %7 %9 %F%‘ $G$b $G$- $k $@ $1 MxMQ 2D G= $G$"$k $3 $H $, K> $^ $7 $$!% $= $3 $G %W %j %_ %F %# %V $r >/ $7 JQ99 $7 !$ GCC !J GNU C %3 %s%Q %$ %i !K $N 3HD%5!G= $K $h $k<B8= $r 9T$C $? !% 2. 6&M- %a %b %j$K 4X $9 $kLdBj 6&M- %a %b%j >e $N<B9T $K$*$$ $F $O !$ B> $N %W %m%; %C %5 $H $N 4V $G K> $^ $7 $/ $J$$ 43 >D $d 9T $-0c $$ $, @8 $8 $J$$$h $& $K $7 $?$$ !% $3 $N>O $G $O !$ 6& M- %a %b%j>e $N<B9T $K 4X $9$k Ld Bj $H $7 $F !$ %m%C%/ !$ IT 2DJ,A‘ :n!$ N3EY!$%a %b %j %b %G%k $r<h $j>e $2 !$ Alpha 2) !$ MIPS 4),6) !$ P en tium 5) !$ P o w- erPC 8) !$ SP AR C-V9 10) !$ SP AR C-V8 9) $H$$ $C $? %W %m %; %C%5%" !<%-%F %/ %A%c / %^ %k%A %W %m%; %C%5%7 %9 %F %‘$N >l9g $K $D $$ $F=R $Y$k!% $3$N>O $G $O !$ %W %m%; %C %5 $K$h$k 5!3# 8l %W %m %0 %i%‘ $N<B 9T $H6&M- %a %b%j $N4X 78 $K 4X $7 $F 5DO@ $7 !$ C 8@8l $N %W %m %0 %i%‘ $+ $i 5!3# 8l %W %m %0 %i%‘ $X $H JQ49 $9$k :] $NLd Bj $O <!>O 0J9_ $G =R $Y$k!% Ej 5! E* %m !< %I !$ %U%) !< %k %H L5 $7 %m!< %I $K $D$$ $F $O !$ D> @\5- =R $9$k $b$N $H$$ $& $h$j $O %W %m%;%C%5$d%3 %s %Q %$ %i $, 9bB.2= !& :GE, 2= $K MQ $$$k $b $N $H9M $($FK\O@ J8 $G $O $3 $l 0J>e 07 $o $J$$ !% %W %j %U%’ %C %A $K $D$$ $F $O !$ 4pK\E* $K$O%R %s %H $G $"$j !$ D> @\ 5- =R $G$-$k $h $& $K 8@8l $r3HD% $9 $k $3 $H $K FC $K LdBj $O$J$$$H 9M $( $i $l $k !% %W %j %U%’ %C %A $K $D$$ $F$b K\O@J8 $G$O$3 $l 0J>e07 $o$J$$ !% 2.1 %m%C%/ %m%C%/ $r Aj8_ GS B> $K MQ $$$k>l 9g !$ F1 ;~ $K 0l$D $N %W %m %;%C %5 $@ $1 $, %m%C%/ $r3MF@ $9$k $3 $H $,$G $- !$ %m %C %/ $, 2rJ| $5 $l $k$^ $GB> $N %W %m%; %C %5 $K$h$k %m %C %/ $N3MF@ $O @.8y $7 $J$$$h $& $K $9$k!% $3$N$h $& $J%m %C%/ $O !$%a %b %j >e $G 6&M- $5 $l$F$$$k9= B$ BN $X $N %"%/ %; %9 $r%/%j %F %# %+ %k%; %/ %7%g %s Fb $G B> $N %W %m%; %C %5 $H6%9g $; $: $K !J GSB> E* $K / IT2DJ, $K !K 9T $$ $?$$>l9g $J $I $K $h $/MQ $$ $i $l $k!% !J $3 $3$G !$B>$N %W %m%; %C%5 $O %m%C %/ $r 3MF@$9 $k $^ $G %/ %j %F %# %+ %k%;%/ %7%g %s$K ?J$^ $J$$ $H$$ $& Ls B+ $r<i$k I, MW $, $" $k!% !K $3 $N $h $&$J %m %C %/$O :G Dc 8B Hw$( $k $Y $- 5! 9=$H 9M$( $l !$Ev A3 !$6& M- %a %b %j 7? JB Ns 7W ;; 5!$K MQ $$ $i $l $k %W %m %; %C%5$K $O !$ $3 $N $h $&$J %m%C %/$r <B 8= $9 $k $? $a $N 5! 3# L? Na$, Hw $( $i $l $F $$ $k !%$$ $o $f $k %F %9 %H & %;%C %H !J test & set !K L? Na $K AjEv $9$kL?Na $G$" $k !% Alpha !$ MIPS !$ P en tium !$ P o w erPC !$ SP AR C-V9 !$ SP AR C- V8 $N %W %m%;%C %5 %"!< %-%F%/ %A %c $N $& $A!$ SP AR C-V8 $r=| $$ $F $O!$ 2.2 @a $G=R $Y $k IT 2D J, A‘ :n $N $? $a $N L? Na $r ;H $C $F %m %C %/ $,<B 8= $G $- $k !% SP AR C-V8 $G $O!$ ldstub !J atomic load-store unsined b yte !K L?Na $+ swap L?Na $rMQ $$ $k 9) !% ldstub L? Na $G $O !$ 6& M-%a %b%j >e $+ $i 1 %P %$ %H $N %G !<%? $r%m!< %I $7 !$ F1;~ $K$= $N %P %$ %H $N %S %C %H $r$9 $Y $F 1 $K =q $-49 $($k!% %m !< %I $H %9 %H %" $O IT2D J, $K <B9T $5 $l $k $?$a !$ ldstub L?Na $G 0 $, %m!< %I $5 $l $?$H $- $K%m%C %/ $N3MF@ $K @.8y $7 $? $H $7 !$ $= $l 0J30 $N>l9g $O :F;n 9T $9$k $3 $H $G !J %9 %T%s %m%C%/ $N>l9g !K %m %C%/ $N3M F@ $, <B8= $G$-$k!% $^ $? !$ %m %C %/ $N2rJ| $O C1 $K 3:Ev $9$k %P %$ %H $K 0 $r %9 %H %" $9 $l $P $h$$ !%<B:] $K$O !$ 2.4 @a $G =R$Y $k$h $& $K %m %C %/$N 3MF@ / 2rJ|$H 6& M-$5 $l $F $$ $k 9=

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 3 atomic_add(*s, v) = Lretry: load [s],d add d,v,n cas [s],d,n br_fail Lretry ;; = do{ d = *s ; n = d + v; ;; }while( cas(*s, d, n) == fail ); ?^ 1 cas L?Na $K$h $kIT2DJ,2C;; !J 5?;w %3 !< %I !K Fig. 1 atomic addition by cas instruction. cas(*s, o, n) = Lretry: ll [s],d br_ne d,o,Lfail sc [s],n br_fail Lfail Lsucess: ... Lfail: ... ;; = { d = ll(*s); ;; if(d != o) return fail; ;; else return sc(*s, n); } ?^ 2 ll L?Na!$ sc L?Na $K $h$k cas L?Na$N<B8= !J 5?;w%3!< %I !K Fig. 2 implemen tation of cas instruction using ll and sc instructions. atomic_add(*s, v) = ;;; = do{ d = *s ; n = d + v; ;;; }while( cas(s, d, n) == fail ); Lretry: load [s],d add d,v,n ll [s],d2 br_ne d2,d,Lretry sc [s],n br_fail Lretry ;;; = do{ d = *s ; n = d + v; ;;; d2 = ll(*s); ;;; if(d2 != d) continue; ;;; }while( sc(*s, n) == fail ); ?^ 3 ll L?Na !$ sc L?Na $G cas L?Na $H $7 $?$H$-$N IT2DJ,2C;; Fig. 3 atomic addition b y ll and sc instructions instead of cas instruction. atomic_add(*s, v) = Lretry: ll [s],d add d,v,n sc [s],n br_fail Lretry ;; = do{ d = ll(*s); n = d + v; ;; }while( sc(*s, n) == fail ); ?^ 4 ll L?Na !$ sc L?Na $K$h $kIT2DJ,2C;; !J 5?;w %3!< %I !K Fig. 4 atomic addition b y ll and sc instructions. B$BN $X $N %"%/ %;%9 $H$N4V $N %a %b%j %"%/ %;%940 N; =g =x $K $D$$$F$5 $i$K 9MN8$9$kI,MW $, $" $k!% 2.2 IT2DJ,A‘:n %W %m %;%C %54V $G 0l $D $NJQ?t $r 6&M- $7 !$ JQ ?t $NCM $rIT 2DJ, $K 99?7 $7 $?$$ $H$$ $& >l 9g $,$" $k!% Nc $( $P !$ %+ %& %s %?JQ?t $, J] ;} $9 $k 4 %P %$ %H $N@0?t CM $K !$ $"$k CM $rIT2D J, $K 2C;; $7 $?$$ $H$$ $& $h $& $J >l9g $G$"$k!% $3 $N$h $& $J IT 2D J, A‘ :n $N $? $a $N5! 3# L? Na $H $7 $F $O !$ P en tium $N$h $& $K lock L?Na %W %j %U %# %C%/ %9 $r ;H$C $?$b$N$J $I $, $" $k!% P en tium $N>l 9g $O !$ BTS !J bit test and set !K L? Na !$ INC L? Na !$ ADD L? Na$J $I $K lock %W %j %U %# %C%/ %9 $r IU $1 $k $3$H $G !$ %a %b %j>e $N CM $r IT2DJ, $K 99?7 $G $- $k!% 2C;; 0J 30 $N0lHL E* $J1i;; $b2D G= $H$9$k $? $a!$ 1i ;; $r <+M3 $K 5-=R $7 $?$$ $H$$ $& >l 9g $K$O !$ $$ $o$f$kHf 3S 8r 49 !J compare & sw ap !K L? Na !J 0J 2< cas L? Na $HI= 5- !K $rMQ $$$k $+ !$ %j %s %/ IU $- %m !< %I !J load link ed !$ !V link ed !W $O !$ !V lo c k ed !W !$ !V reserv e !W $J $I $N $3 $H $b $" $k !K L? Na !J 0J 2< ll L? Na$H I= 5- !K $H >r 7o IU$- %9 %H %" !J store conditional !K L?Na !J 0J2< sc L?Na $H I=5- !K $N %Z%" $r MQ$$$k $3 $H $, $G $- $k $H$h$$ !% BP>] $H $J$k6&M- JQ ?t!$ JQ ?t $N85 $NCM!$ ?7 $7 $$ CM $, M? $($i $l $k $H !$ cas L?Na $O !$ BP>] $H $J$k6&M-JQ ?t $NCM $, JQ ?t $N 85 $N CM$H Hf 3S $7 $F Ey $7 $$ $H $-$K $N $_ ?7 $7 $$ CM $G 6&M- JQ ?t $NCM $r CV $-49 $($k!% Hf 3S $7 $F 0[ $J$C $F$$ $? >l9g $O CV $-49 $( $r9T $J $o $J$$ !J $"$k $$ $O :G?7 $NCM $K La $9 !K !% P en tium $d SP AR C-V9 $N<B :] $N cas L? Na $G $O!$ Hf3S $7 $F 0[ $J$C $F$$ $?>l9g $K$b:G?7 $NJQ?t $NCM $, %m!< %I $5 $l $k $, !$ 0J 2< $G $O$3 $l$r L5;k $7 !$ C1 $K Hf3S $N7k2L $, J, $+ $k $h $& $J$C $F$$$k $H 9M $( $k!% cas L?Na $r MQ $$ $l $P !$ ?^ 1 $N$h $& $K !$ 85 $NCM $K$"$k CM $r2C $($? $b $N $r?7 $7 $$CM $H $7 $F MQ $$ $F !$ Hf 3S $7 $F 0[ $J$C $F$$ $?>l9g $K $O :F;n 9T $9 $k $h $& $K $9$k $3 $H $G %+ %& %s %?JQ ?t $X $NIT 2D J, 2C;; $, <B8= $G$-$k!% $^ $?!$ ?^ 1 $K $*$$ $F2C;; $r9T $C $F $$ $k ItJ, $K <+M3 $K 7W ;;<0 / <j =g $r 5-=R$9 $k $3$H$G !$0l HL E* $J 1i ;;$b 2D G= $H$J $k !% !J Nc $( $P !$ !V n = (d + v) % N !W $J $I !K $^ $?!$ ll L? Na $O !$ 6& M- JQ ?t $NCM $r %m !< %I $7 $? $3 $H $r 3P $($F$*$/ !% 8e $K ?7 $7 $$CM $G 6&M- JQ ?t $NCM $r CV $-49 $( $k $?$a $K sc L?Na $r <B9T$9$k $H !$85 $NCM $r%m !< %I $7 $F $+$i$= $l $^ $G $K 6&M- JQ ?t $K BP $7 $F B> $N %W %m %; %C %5 $+ $i $N %9 %H %"$J $I $, $J $+$C $?>l9g $O 6&M- JQ ?t $NCM $rCV $-49 $( $k $, !$ ES Cf $K <YKb $, F~ $C $F$$ $? $H$- $K$O 6&M- JQ ?t $N CM $rCV $-49 $($J$$ $h $& $K $9$k!% $^ $?!$ CV $-49 $( $, @.8y $7 $? $+ $I $& $+ $, J, $+$k$h$& $K$J$C $F$$$k !% ll / sc L?Na $r MxMQ $9 $l $P !$ ?^ 2 $N $h $& $K cas L? Na $r 9g@.$9 $k$3 $H $,$G$-$k!% $3$N9g@. $r MxMQ $9 $l $P !$ %+ %& %s %?JQ?t $X IT2D J, 2C ;; $O ?^ 3 $N$h $& $K $G$-$k!% $5 $i $K !$ 9g @. $7 $? cas L?Na $r ;HMQ $7 $F %+ %& %s %?JQ?t $XIT2D J, 2C;; $r $7 $J $/ $F $b!$ ?^ 4 $N$h $& $K !$ ll L?Na $H sc L?Na $N4V $G ?7 $7 $$CM $r7W;; $9$k $3 $H $G !$ $h$j>/ $J$$L?Na ?t $G IT2D J, 2C ;; $, <B8= $G $- $k!% cas L? Na $O SP AR C-V9 !$ P en tium $G ;H MQ $5 $l !$ SP AR C-V9 $O 4 %P %$ %H !J cas !K !$ 8 %P %$ %H !J casx !K $N CM $K $D$$ $F !$ P en tium $O 1 %P %$ %H !$ 2 %P %$ %H !$ 4 %P %$

4 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 June 2001 %H !J CMPXCHG !K !$ 8 %P %$ %H !J CMPXCHG8B !K $NCM $K$D $$ $F $N cas L?Na $r ;}$D!% ll / sc L? Na $O!$ MIPS !J R4000 0J 9_ !K !$ Alpha !$ P o w- erPC $G;H MQ $5 $l !$ MIPS $O 4 %P %$ %H !J LL / SC !K !$ 8 %P %$ %H !J LLD / SCD !$ $? $@ $7 64bit mo de ;~ $N $_ M- 8z !K $N CM $K $D $$ $F!$ Alpha $G $O 4 %P %$ %H !J LDL_L / STL_C !K !$ 8 %P %$ %H !J LDQ_L / STQ_C !K $N CM $K$D $$ $F!$ 32-bit $N P o w erPC $O 4 %P %$ %H !J lwarx / stwcx. !K $NCM $K$D$$ $F ll / sc L? Na $r ;}$D!% $J $* !$ SP AR C-V8 $K$O !$ cas L?Na $d ll / sc L?Na $K AjEv$9 $k L?Na $O B8 :_ $7 $J $$ !% SP AR C-V8 $G %+%& %s %? JQ?t $XIT 2DJ, 2C ;; $r<B8= $9 $k $? $a $K $O !$ %m %C %/ $K$h$k Aj8_ GS B> $r MQ $$$k I, MW $, $" $k!% $= $N>l9g!$ %+ %& %s %?JQ ?t $H $O JL $K%m%C%/ MQ $NJQ?t $r =‘Hw $9$k I, MW $, $"$k!% $3 $N $?$a !$0\?" @- $r 9M $( $k $& $($G !$ SP AR C-V8 $r =| 30 $7 $F 9M $( $k $Y$- $+ $I $& $+$H $$ $& LdBj $, ;D$k!% $^ $? !$ $3 $3 $G $N cas L? Na $O!$ C1 0l $N 6& M- JQ ?t $N $_ BP >] $H $7 $? $, !$ Fs $D $N 6& M- JQ ?t $rBP >] $H $7 $? dcas !J double compare & sw ap !K L? Na $,$" $l $P !$ $$ $o$f$k lo c k-free !J non-blo c king !K /w ait-free $J F1 4| %G !< %? 9= B$ $, <B :] E* $K ;H $o $l $k$h $& $K$J $k $H 9M $( $i $l $k 3) !% $3$N$h $& $J dcas L? Na $O8= :_ $O Motorola 68040 $G $7$+ Ds 6! $7 $F$$ $J$$ $, !$ >- Mh $N %W %m %;%C %5 %"!< %-%F%/ %A %c $G Ds6! $5 $l $k 2D G= @- $r9M $($k $H!$ 0\ ?" @- $r9M $($k >e $GLd Bj $H $J$k !% 2.3 N3 EY DL >o$N%m !< %I / %9 %H %" L? Na$d !$ cas L? Na !$ ll / sc L? Na $, 0l3g $7 $F 07$& %G !<%? $NN3 EY $K $O !$ %W %m%; %C %5 $K$h $k0c $$ $, Bg $- $$!% C‘ <!=h M} $G $O Bg $- $J %G !<%? $O J#?t $N %m !< %I / %9 %H %" L?Na$J $I $r MQ$$$F <B 8=$9$k$3$H$K Ld Bj $O $J $$ $, !$6&M- %a %b %j $K 4X $7 $F %m !< %I / %9 %H %" L?Na $r J, $1 $F $7 $^$& $H !J Nc $( $P !$ 64 %S %C %H JQ?t $K %"%/ %;%9 $9 $k $?$a $K 32 %S %C %H $N%" %/ %; %9 $r Fs2s9T $& >l9g $J $I !K !$ B> $N %W %m %; %C %5 $H $N 4V $GK> $^ $7 $/ $J $$43 >D $, H/ @8 $9 $k !% N3EY $rJ]>Z $9 $k $K $O E,@Z $JL?Na $rMQ $$ $F %"%/ %;%9 $r9T $& $h $& $K Cm0U$9$kI,MW $, $" $k!% Nc $( $P !$ 32 %S %C %H $N P o w erPC $G$O !$ @0 ?t $O :GBg 4 %P %$ %H $N Bg$- $5 $G 07 $o $l !$ 8 %P %$ %H $N%5 %$ %:$N @0?t $K 4X $7 $F N3EY $r J]>Z $G$-$J$$ !% $3$N $?$a !$ 8 %P %$ %H $N <B ?t $N $? $a $N cas $N5!G= $r<B 8= $7 $?$$>l 9g!$ <B ?t CM $r@0 ?t %l%8 %9 %? $K 0\ $7 $F @0 ?t %l%8 %9 %? $r;H $C $F cas $r <B 8= $9 $k $H$$ $& %" %W %m!<%A$r$H $k $3$H $O$G $-$J$$ !% P en tium $G $O !$ @0 ?t %l%8 %9 %? $r;H $C $? %m !< %I !?%9 %H %" L?Na $O DL>o 4 %P %$ %H $^ $G $G$"$j !$ 8 %P %$ %H $N @0?tCM $K $D$$ $F $NN3EY $rJ]>Z $7 $?%m!< %I !? %9 %H %" $r9T $& $3 $H $O$G$- $J$$!% $3 $l$r 4 %P %$ %H $N %" %/ %; %9 $r 2 2s9T $C $? $N $G $O N3EY $, J]>Z $G$- $J$$!% $? $@ $7 !$ 8e =R $9$k $h $& $K CMPXCHG8B L? Na$r Mx MQ $7 $F 8 %P %$ %H $N %a %b %j%" %/%; %9 $N N3EY $r J]>Z$9$k $3$H $O 2DG= $G$" $k !y !% SP AR C-V8 $G$O !$@0?t %l %8 %9 %?BP>e $N 8 %P %$ %H $N %G !< %?$K 4X$9 $k ldd L? Na$d sdd L? Na$G !$ 8 %P %$ %H $N %m !< %I !? %9 %H %" $N N3 EY $O J] >Z$5$l $k $, !$ ld L? Na$r 2 2s MQ$$$?$N$G$O N3EY $, J]>Z $G $-$J $$ !%$^$? !$ swap L? Na $J $I $O 4 %P %$ %H $7 $+ N3EYJ]>Z$5 $l $J $$ !% Alpha 2) $K $O!$ 1 %P %$ %H$d 2 %P %$ %H$r C1 0L $H $7 $F %m !< %I / %9 %H%" $9 $k $? $a $N L? Na $O=‘ Hw $5 $l $F $$ $J $$ !y!y !% 4 %P %$ %H $d 8 %P %$ %H $r C10L$H $9 $k L?Na $O =‘ Hw$5 $l $F $$ $k !% $3$N$?$a !$ 1 %P %$ %H $N %G !<%? $r %a %b %j $K =q $-9~$‘:] $K $O !$ $=$N%P %$ %H $r 4^ $‘Bg$-$J C1 0L$N %m !< %I $r 9T$J$$ !$ 3:Ev $9$k %P %$ %H $N$_JQ 99 $7 $? 8e!$ $b $H$N %a %b %j 0L CV $K %9 %H %"$9$k $3 $H $K$J$k!% $3 $l$O C‘<! =h M} $G $O LdBj $J$$ $, !$ 6& M- %a %b%j $N>l9g $O !$ %m!< %I $+$i %9 %H %" $^ $G$rIT 2DJ, $K $7 $J$$ $HF1 $8 %a %b %j 0L CV $K J#?t $N %W %m %; %C %5 $, 1 %P %$ %H $N %G !<%? $r =q $-9~ $b $& $H $7 $? >l9g $K $=$N8z2L $, <: $o $l $F $7 $^ $&2DG=@- $, $" $k!% $^$? !$N3EY $N Ld Bj $O !$6-3&@0 Ns !J %" %i %$ %s %a %s%H !K $N OC $, =P $F$/$k $H$5 $i $K J#;( $K$J$k!% 6- 3& @0 Ns $K$D$$ $F $O !$ @0 Ns $7 $F$J$$>l9g $K !$ N3 EY J] >Z $,$J $/ $J $k $@ $1 $G @0Ns 0c H? $r 5/ $3$5 $J$$ $b $N!$ @0 Ns 0c H? $G%U%) !< %k %H $9$k $b $N $d %H %i %C %W %O %s %I %i $G BP=h $9$k $b $N $J $I $, $" $k!% 6- 3& @0 Ns $NLd Bj $O C‘<!=h M} $G$bB8:_ $7 $F$*$jN3 EY $NLd Bj $H0[ $J $j %^ %k %A %W %m %; %C %5 8G M- $NLd Bj $G $O $J $$!% $? $@ $7 !$ 5! 3# 8l %W %m %0 %i%‘ $N>e $G $O N3EY $, DL>o J] >Z $5 $l $F$$$kL? Na $r ;H $C $F$$ $? $H $7 $F$b !$ @0Ns 0c H? $N:] $K $O %H %i%C %W %O %s %I %i $, 2 2s $K J, $1$F %"%/ %;%9 $9$k $H$$ $& $h$& $J>l9g $K $O !$ N3 EY J]>Z $O $J$$ $b $N $H $7 $F 07 $& I, MW $, $" $k!% 2.4 %a %b %j%b %G %k @)8f $NN. $l$K$=$C $F !$ 5! 3# 8l %W %m %0 %i%‘>e $NL?Na $N O@M} E* $J <B9T =g =x !J H/9T =g =x !K $O Dj $^$k $, !$ I, $: $7 $b $=$N=g=xDL $j !$ %W %m %;%C %5 $K $h$C $FL?Na $, <B9T $5 $l $k $H $O 8B $i$J$$!% 0M B8 4X 78 $N@)Ls $r K~ $? $7 $F L?Na $r0l $D $: $D=g $K <B9T $7 $?$N $HF1 $8 7k2L $H $J$k8B $j !$ <B :] $N %W %m %; %C %5 $G $O %l%8 %9 %? $N renaming $J $I $bMxMQ $7 $F L? Na$N F1 ;~<B 9T$d reordering $, 9T $o $l $k !% %a %b %j %" %/ %; %9 $K$D$$ $F$b!$ %W %m %;%C %5<+ ?H $K$H$C $F0l4S@- $, J] $? $l$F$5 $($$ $l $P !$ %a %b%j %" %/ %; %9 $, %a %b%j $K$h$C $F $I $N =g=x $G=hM} $5 $l $k $N $+ $O <+M3 $K $G$-$k $h $& $K$9$k !y B> $K$b MMX $NL?Na $rMQ$$$k $3 $H$b9M $( $i $l $k $, %W %m%;%C %5 $, D> @\J] ;}$9 $k %l %8 %9%?$J $I $N%3%s %F%- %9 %H $, B? $/$J $C $F $7 $^ $& $H $$ $&LdBj $, $" $k!% !y!y Hf3SE*?7 $7 $$$b$N$K$O 1 %P %$ %H $d 2 %P %$ %H%G !<%?$N%m !< %I / %9 %H %" L?Na $, DI2C$5 $l$F $$ $k!%

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 5 P1 P2 { { *p = 10; while(*f == 0); *q = 20; (membar;) (membar;) r1 = *p; *f = 1; r2 = *q; } } ?^ 5 2 %W %m%; %C%54V $G$N DL?.!&F14| !J 5?;w %3 !< %I !K Fig. 5 comm unication/sync hronization b etw een 2 p orcessors. $3$H$G !$@-G= $r 8~>e $G $- $k $H 9M $($i $l $F $$ $k!% :G 6a$N %W %m %; %C%5$K 4X $9 $k %a %b %j%b %G %k $O J8 8% 1) $J $I $K $h $/$^ $H $^$C $F$$ $k!% %a %b %j %b %G %k $K $O!$ :G $b 6/ $$ sequen tial consistency !J %W %m %0 %i %‘>e $G 7h$^ $kL? Na$N =g=x$N DL$j $K %a %b %j %" %/ %; %9 $, =h M} $5$l $J $/ $F $O $J $i $J $$ !K !$ %W %m %; %C%5 <+ ?H$K $H $C $F 0l 4S $7 $F $$ $k$J $i %m !< %I $, %9 %H %" $r DI $$ 1[ $7 $F $b $h $$ $H $$ $& SP AR C-V8 9) $N TSO !J total store ordering !K !$ $5 $i $K %a %b%j >e $G %9 %H %" $, =h M} $5 $l $k =g =x $, JQ$C $F $b $h $$ SP AR C-V8 $N PSO !J partial store ordering !K $J $I $, $" $k!% PSO $G$O %9 %H %"%P %j %" !J stbar !K L?Na$K $h $j %9 %H %" $N =g =x$r J] $D$3 $H$, $G $- $k !% In tel P6 %U%! %_ %j !J P en tium PR O 0J 9_ !K $N >l 9g $O !$ %W %m%; %C %5 $K $h$kEj 5! E* %m!< %I $, 5v $5 $l$F$$$k $b$N$N !$ TSO $H F1Ey$N pro cessor ordering $, MQ$$ $i $l $F $$ $k 5) !% TSO $d P6 %U%! %_ %j$N %a %b %j%b%G %k $O pro cessor consistency $H8F $P$l $k!% $3 $l $i $G $O !$ %m !< %I $, %9 %H %"$rDI $$1[$9 $N $, 5v $5 $l $k $?$a !$ %9 %H %"%P%C %U%!$K %9 %H %" MW 5a $r N/ $a $F $* $/$3 $H $, $G $- !$ $= $N 4V $K %9 %H %" @h $H F1 $8 %" %I %l %9 $K 4X$9 $k%m !< %I $, $"$l $P !$ %P%C %U %!Fb $N %9 %H %" MW5a $N;} $D %G !<%? $r JV $9 $H$$ $& $h $& $J<BAu $, 2DG= $H $J$k!% $3 $3 $G !$ 5! 3# 8l %W %m %0 %i%‘>e $G !$ %m !< %I $, %9 %H %"$r DI $$1[ $9 $N $r KI $$ $G =g=x $rJ] $D $K$O !$ SP AR C-V8 $G$O swap L?Na!$ P6 %U%! %_%j $G$O lock %W %j %U %# %C %/%9IUL?Na $r ;H$C$?$j !$0EL[ $N lock %W %j %U %# %C%/ %9 $r ;}$D XCHG L? Na $r I{:n MQ $, @8 $8 $J $$ $h $& $K Cm0U $7 $D$DMQ $$$kI, MW $,$" $k!% $3 $l$K $O !$%a %b %j $H %l %8 %9 %? $NCM $r 8r49 $9$k swap L?Na $J $I $, %m !< %I $H %9 %H %"$N N>J} $N 0UL# $r ;}$D $3$H$r MxMQ $7 $F $$ $k!% $^ $? !$ ?^ 5 $N $h $& $K 2 %W %m %; %C %5 4V $G 2 %o !< %I $N %G!< %? (10, 20) $r %W %m %; %C %5 P1 $+ $i %W %m %; %C %5 P2 $X $HEA $($? $$>l 9g !$ pro cessor consistency $G $O !$ (membar;) $H$7 $? $H $3 $m $K 2? $b ;X Dj $7 $J $/ $F $h $$ !% PSO $G $O %W %m %; %C%5 P1 $N (membar;) $N It J, $K %9 %H %" %P %j%" !J stbar !K L?Na $r MQ$$ $J $/ $F $O$J$i$J $$ !% $^ $?!$ Alpha !$ MIPS !$ P o w erPC $G $O !$ FC <l $JL? Na $K$h$j %a %b%j =g =x $r;X Dj $9 $k w eak ordering $, ;H $o $l $F$$$k !% Alpha $K$O %a %b%j %P %j %" !J MB !K L? Na !$ MIPS !$ P o w erPC $G $O SYNC L? Na $J $I $G !$ $= $NL? Na $NA0 $N %a %b %j %"%/ %; %9 $N40 N; 8e $K !$ $= $NL?Na $N8e $N %a %b %j %"%/ %; %9 $, 40 N;$9 $k$3$H $r @) Ls $H $7 $F M?$( $k$3$H$, $G $- $k !% @) Ls$N$J $$ %a %b %j %" %/%; %9 $N 40N; =g =x $O <+ M3 $G $" $k !% $3 $l $i$N %a %b%j %b %G%k$G?^ 5 $N$h$& $J %G !<%? $N<x <u $r <B 8= $9 $k $K $O !$ %W %m %; %C %5 P1 $H %W %m %; %C %5 P2 $NN> J} $N (membar;) $NIt J, $K %a %b%j %P%j %" !J MB / SYNC !K L? Na $rMQ $$ $J$/ $F $O $J $i $J $$!% $? $@ $7 !$ MIPS $K$D $$ $F $O !$ <B :] $N MIPS R10000 %W %m %; %C %5 $J $I $G $O sequen tial consistency $, ;H $o $l $F $$ $k !% W eak ordering $N0l <o !$ $" $k $$ $O3H D% $H $$ $($k $N $, !$ SP AR C-V9 $N RMO !J relaxed memory ordering !K $G!$ =g=x $r J]B8 $7 $?$$>l 9g $K $O %a %b %j %P %j %"L? Na $rMQ $$$k $, !$ %9 %H %" { %9 %H %"4V!$ %m!< %I { %m!< %I 4V $N $_=g =x $rJ] $D $J $I $N:Y $+ $$ ;X Dj $, 2D G= $G $" $k !% RMO %b %G%k $G?^ 5 $N$h$& $J %G !< %? $N <x <u $r<B 8= $9 $k $K $O!$ %W %m %; %C %5 P1 $N (membar;) $NItJ, $K %9 %H %" { %9 %H %" 4V $N %a %b%j %P %j %" L? Na !$ %W %m %; %C%5 P2 $N (membar;) $N It J, $K %m !< %I { %m !< %I 4V $N %a %b%j %P %j %"L?Na $r MQ $$$k $3 $H $K$J$k!% SP AR C-V8 $N TSO !$ PSO $G$O !$ %9 %H %" { %m !< %I 4V $N =g=x $, J] $? $l $J$$$? $a !$ $$ $o$f$k Dekk er $N%" %k %4 %j %: %‘ $G !$%9 %H %"$N Be$j $+ %9 %H %"$N 8e $K swap L?Na $r ;H $& $J $I $7 $J $/ $F $O $J$i $J$+ $C $? $, !$%9 %H %" { %m!< %I 4V $N =g=x $r J] $D %a %b%j %P %j %"L?Na $r MQ $$ $l $P $=$NI, MW $O $J $/ $J $k!% $5 $i$K !$ %m %C%/ $N3MF@!$ 2rJ| $K AjEv $9$k L?Na $r ;H$C $F !$ 3M F@ $N>l9g $O$= $l 0J8e $N %a %b%j %"%/ %; %9 $H !$ 2r J| $N >l9g $O$= $l 0JA0 $N %a %b%j %"%/ %;%9 $H$N4V $G$N $_=g =x $rJ] $D release consistency $J $I $bDs 0F $5 $l$F $$ $k !% $5 $i$K !$ %m %C%/ !J F14| %* %V %8 %’ %/ %H !K $N3MF@!$ 2r J| $N:] $K !$ 6& M- %G !<%? $r ;XDj $9$k en try release consistency $J $I $bDs0F $5 $l$F$$$k!% $3 $l$i $O !$ 4p K\ E* $K$O =g=x $N @)Ls $r <e $a $F$$$/ J} 8~ $G Ds0F $J $I $, 9T $J $o $l$F$$$k $H $$ $( $k!% 2.1 @a$G =R$Y $? %m%C %/$N 3M F@ / 2r J|$H !$6& M- $5$l $F $$$k9= B$ BN $X $N %" %/ %;%9 $H $N4V $N %a %b%j %" %/ %;%9 40 N; =g=x $K$D$$ $F $O !$ 9= B$ BN $X $N %"%/ %; %9 $N40N; $O%m%C%/ $r 3MF@ $h $j8e $+$D%m %C %/ $N2rJ| $h $jA0 $G$J$/ $F $O$J $i $J$$!% $3$N $? $a $K I,MW $J %a %b%j %P %j %"L?Na $O%"!< %- %F %/%A%c $K $h $j 0[$J $k !% pro cessor consistency $G $" $k In tel P6 %U%! %_%j $d !$ SP AR C $N TSO $G$O %m%C %/ $N 3MF@ $,%m!< %I $N0UL# $r;} $D $? $a %a %b%j %P %j %"L?Na $O I, MW $J $$!% SP AR C $N PSO $G$" $l $P !$ %m %C %/ $N2r J| A0 $K stbar L? Na $rMQ $$ $k I, MW $,$" $k !% $^ $?!$ SP AR C-V9 $N RMO $G$" $l $P !$ %m %C%/ $N3MF@ $N $? $a$N%m!< %I $^ $? $O %9 %H %"$N40 N; $h $j8e $K 9=B$ BN $X $N %"%/ %;%9 $, 40N; $9$k

6 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 June 2001 $h $& $K $9$k $? $a $N %a %b%j %P %j %"L?Na!$ %m %C %/ $N2rJ| $N $?$a $N %9 %H %"$N40 N; $NA0 $K 9=B$ BN $X $N %"%/ %;%9 $r40N; $5$;$k $? $a$N %a %b %j %P %j %"L?Na $, I,MW $H$J$k !% Alpha $N >l 9g$b F1 MM $G $" $k $, %a %b %j %P %j %" L? Na $H $7 $F$O MB L?Na $N 1 <oN‘ $7 $+$J$$ !% MIPS $K $D$$ $F $O !$ %m %C%/ $N 3MF@ $O %a %b%j %P %j %" $N0UL# $b;} $D $N $G !$ %m %C %/ $N2rJ| ;~ $K$N $_ SYNC L?Na $r MQ $$ $l $P $h$$!% $^ $?!$ P o w erPC $N >l9g!$ Alpha $N >l9g $H F1MM $K sync L?Na $r MQ $$ $l $P $h$$ $, !$ %m %C%/ 3M F@;~ $K $O 3MF@ 8e $N %a %b%j %"%/ %; %9 $N $_ $, =EMW $G 3MF@ A0 $N %a %b%j %"%/ %; %9 $, 40N; $7 $F$$$kI, MW $O$J $$$N $G !$ isync L?Na 8) $r MQ $$$k$3 $H$b$G$- $k !% 3. C 8@8l $K$h $k5-=R $N LdBjE@ 1 $D L\ $NLdBj $H $7 $F !$ A0>O $G =R $Y$?6&M- %a %b %j>e $G $N JB Ns =h M} $K Mx MQ$9$Y $- L? Na$N B? $/ $, C 8@ 8l !J $" $k $$$O =h M} 7O !K $G $O D> @\ %5 %] !< %H $5$l $F $$ $J $$ $3 $H$, 5s $2 $i$l $k!% $3$N $? $a !$ N3 EY $NJ]>Z $d !$%a %b%j %"%/ %; %9 40 N;=g =x $NJ]>Z!$ IT2D J, A‘ :n!$ %m %C %/ $J $I $r 8@8l <+ ?H $G $O 5-=R $9$k $3 $H $O$G$- $:!$ 0\ ?" @- $d8zN(LL $G LdBj $, $" $k $H 9M $( $i $l $k!% $3 $l$i$NN3EY $NJ]>Z!$ %a %b %j %" %/%; %940 N; =g =x$N J] >Z !$IT2D J, A‘ :n !$ %m%C %/ $J $I $O !$ 5! 3# 8l L? Na$r 4^ $‘%i %$ %V %i %j%k !< %A%s $X $N 8F =P $7 $d asm J8 $rMQ $$ $F !$ %5 %]!< %H $9$k I, MW $,$"$k!% N3 EY J] >Z $K OC $r 8B $C $F$b!$ Nc $( $P !$ GCC $d 0lIt $N C %3 %s %Q %$ %i $, %5 %] !< %H $7 $F $$ $k7? $G$" $k long long 7?!$ long double 7? $J $I $N %G !<%? $K 4X$9$k %a %b %j %" %/%; %9 $O C1 $J $k %m !< %I $+ %9 %H %" $G$"$C $F$bFs 2s $K J, $1 $i $l $k $3 $H $b B?$$ !%$^$? !$ long 7? $, 2 2s $K J, $1$i$l $k $3$H $b$" $k $7 !$ char 7?$N %G !< %?$N %9 %H %"$K $*$$$F !$ $=$N%P %$ %H $r 4^$‘ Bg $- $JC10L $N %m!< %I L?Na $r <B9T $7 !$ 3: Ev $9$k %P %$ %H $N$_JQ 99 $7 $?8e!$ 85 $N %a %b %j 0L CV $X $N %9 %H %" L? Na $r <B9T$9$k $H$$ $& >l9g $b $" $k!% 0lJ} $G !$ 6- 3& @0 Ns $NLdBj $O !$ C‘ <! $N>l9g $K 6&DL $G$" $k $N $G !$ DL >o!$ C %3 %s %Q %$ %i $, E,@Z $K BP=h $9 $k $H 9M $( $i $l $k!% C 8@8l $G5-=R $7 $? %W %m %0 %i%‘ $G 07$& %G !<%? $K $D$$ $F %a %b%j>e $N0L CV $r7h $a$k:] $K $O E,@Z $K 6-3& @0 Ns $r 9T $$!$ 6- 3& @0 Ns $r2>Dj $7 $? L?Na $r ;HMQ $G$-$k $h $& $K $J $C $F$$ $k $H$$ $( $k!% 2 $DL\ $NLdBj $H $7 $F !$ C %3 %s %Q %$ %i $, !$ C %= !< %9 %W %m %0 %i%‘ $r 5!3# 8l %W %m %0 %i%‘ $X %3 %s%Q %$ %k$9$k :] $K $* $$ $F$b!$ %=!<%9 %W %m %0 %i%‘>e $N<B9T =g =x $H $O 0[ $J$k=g =x $G 5!3# 8l L? Na $, <B9T $5 $l $k$h$& $J !$ <B 9T =g $NF~ $l BX $( $, 5/ $3$jF@ $k $3 $H $, 5s $2 $i $l $k!% FC $K :GE, 2= %3 %s %Q %$ %k ;~ $K $* $$ $F $O !$ %=!<%9 %W %m %0 %i%‘>e $N<B9T =g =x $G !V <+ %W %m%; %C%5 $@$1$, !W <B9T $7 $?$H $-$H F10l$N 7k 2L $, F@ $i $l $k HO 0O $G5! 3# 8l L? Na $N <B 9T =g =x $rF~ $l BX $( $? $j !$ L5BL $H ;W $o $l $k %a %b%j %"%/ %; %9 $r :o=| $9 $k 2D G= @- $,$" $k!% $3 $l$O !$ %W %m%; %C %5 $, M? $( $i $l $? 5!3# 8l %W %m %0 %i %‘ $N<B9T =g =x $rF~ $l BX $($k $3 $H $,$"$k $N $H;w $? %1 !<%9 $G$"$j !$ !V B> %W %m %; %C %5 $b9M N8 $9 $l $P !W F~ $l BX $( $F $O$J $i$J$$ $b $N $rF~ $l BX $( $J$$ $h$& $K$9$k $? $a $N;E AH $_ $, I,MW $G$" $k!% $3 $l$K 4X $7 $F $O !$ C 8@8l $G $O !$ %G !<%?7? $K 4X $7 $F 7? =$>~;R volatile 7) $r ;XDj $9$k $3 $H $G !$ %3 %s %Q %$ %k ;~ $K !$ $= $N %G !< %? $K 4X $9 $k %m !< %I $d %9 %H%" $r>J N, $7 $?$j !$ %" %/ %;%9 $N=g =x $rF~ $l BX $($?$j $O $7 $J$$ $H$$ $& 0U L# $K $J$k !y !% $? $@ $7 !$ =g =x $rF~ $lBX $( $J $$ $N $O volatile $H $5 $l$? %G !<%? 7? $K 4X $9$k %a %b%j %"%/ %;%9 $K$D$$ $F$N $_ $G $" $k $? $a !$ ?^ 5 $N $h$& $K (10,20) $N %G !< %? $r %W %m %; %C %5 P1 $+$i %W %m%; %C %5 P2 $X$HEA $($?$$>l 9g !$ *f $H *p $N%" %/ %; %9=g =x $N %3 %s %Q %$ %k ;~ $NJ]B8!$ *f $H *q $N%" %/ %; %9 =g =x $N %3 %s %Q %$ %k;~ $NJ]B8 $r 9MN8 $9$k $H !$ 7k 6I ?^ 5 $N$9 $Y $F $N %"%/ %;%9 $r volatile $G 9T$& I, MW $, @8 $8 !$ *p $H *q $N%" %/ %; %9=g =x $K $D$$ $F$N @)Ls $O K\MhI, MW $J$$ $K$b $+ $+$o $i $:!$ $= $l $b ;XDj $5 $l$F $7 $^ $C $F:G E, 2= $, K8 $2$i $l $k $H $$$& Ld Bj $,$"$k !% $J $*!$ volatile $O 5!3# 8l %W %m %0 %i%‘>e $N@)Ls $K 2a $. $:!$%a %b%j>e $N %" %/ %;%940 N; =g =x $K$D$$ $F $O 2? $bJ] >Z $7 $J$$ $3 $H $K$bCm 0U$9$kI,MW $, $" $k!% <B :] $K C 8@ 8l $G6& M-%a %b%j >e $N %W %m %0 %i%_ %s %0$r9T $&:] $K$O !$ POSIX threads $J $I $N %9 %l %C %I %i %$ %V %i %j $, MQ $$ $i $l $k $3 $H $, B? $$ $, !$ $3 $l$i$G $O !$ %G !<%? $r <x<u $9 $k $? $a $N %" %/ %;%9 $HF14| $N $? $a $N %" %/ %;%9 $rJ, N% $7 !$ F1 4| $N $? $a$N %" %/ %;%9 $K$D $$ $F $O%i %$ %V %i %j $N %W %j %_ %F %# %V $G 9T $& $h $& $K$J$C $F$$$k!% F1 4| $O%i %$ %V %i %j %k!< %A %s $N8F=P $7 $G 9T $o $l !$ %k!< %A %s$N =hM} Fb MF $r C %3 %s%Q %$ %i $, 2r @O $G$- $J $$ $H$9 $l $P !$ %k!< %A %s 8F =P $7 A0 $NL?Na $N<B 9T $H !$ %k!< %A %s 8F=P $7 8e $NL?Na $N<B 9T $N=g=x $r F~ $l BX $( $k $3 $H $O$G$- $J$$$?$a !$ 2 $D L\ $N LdBj $O 2r7h $5 $l $k!% $3$N $? $a !$ %G !<%? $N %" %/ %; %9 $K$D $$$F $O !$ volatile $J $I $N ;XDj $r$;$: $K $9$_ !$$^ $? :G E,2= $rK8 $2 $J $$ $H$$ $& 8z2L $b $"$k!% $3$3 $G !$ %k!< %A %s FbIt $G 5!3# 8l L? Na $rMQ $$ $F %a %b %j %"%/ %;%9 40 N; =g =x $N J]>Z $r $7 $F$d $l $P !$ C 8@8l <+ ?H $K %a %b %j %"%/ %;%940 N; =g=x $N J]>Z $N$?$a$N 5!G= $, Hw $o $C $F$$$J $/ $F$b$h$$ !% 0l J}!$ %9 %l %C %I %i %$ %V %i %j $, Ds6! $9 $k F1 4| $O m utex JQ ?t !$ >r 7o JQ ?t $K4X $9 $k F1 4| $J $I $K8B $i $l $F $$ $F!$ ?^ 5 $N$h $& $J $4 $/ %7 %s %W %k$G 9bB. $JF14| $r 9T$& $? $a$N %i %$ %V %i%j %k!< %A %s$9 $iMQ 0U $5 $l$F $$ $J $$ !% $3 $N B> $K $b 4.4 !y $? $@ $7 !$ ANSI C $N ;EMM $G $O volatile $N ;XDj $K =hM}7O FHN) $J 0U L# $O M?$($F $*$i$:!$C1 $K L5 ;k$9 $k =h M} 7O$b$" $k F@ $k$H $7 $F $$ $k!%

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 7 @a $N5-=R Nc $N$h $& $JMM!9 $J9bB. $JF14| $N5- =R $,$G$- $J $$ $H$$ $& LdBj $,$" $k!% $= $NB> $N %9 %l %C %I %i %$ %V %i %j $N LdBj E@ $H $7 $F$O !$ 4X ?t 8F =P $7 $N%*!< %P %X%C %I $, I,MW $J $3 $H $K2C $(!$ %9 %l%C %I $O m utex JQ ?t !$ >r 7o JQ ?t >e $G $N BT$A 9g $o $; $, D9$/ $J$j $= $& $J>l9g $K $O >!<j $K %V %m %C%/ $7 $F B> $N %9 %l %C %I !J $" $k $$ $O %W %m %; %9 !K $K @Z$j49 $o$k $3 $H $,$"$j !$ <B 9T $, D9;~ 4V %V %m %C %/ $9 $k 2D G= @- $,$"$k !% 4. Ds0F $9 $k8@8l@_7W $3 $N >O$G $O !$JB 9T 6( D4 3H D% C 8@ 8l X C-cub e !J an eXtended C language for Concurrency and Co op- eration = X C 3 !K $N 8@8l@_7W $K $*$$$F !$ 2 >O $G =R $Y$? 6&M- %a %b%j >e $G$NJB Ns=h M} $K MxMQ $9 $Y$-L? Na !J $K 4XO" $9$k5!G= !K $rD>@\ %5 %]!< %H $9$k $J $I $K $h$j !$ 6&M- %a %b %j >e $G$NJBNs =h M} $N:] $N3F %W %m %; %C %5 $N=h M} $N5- =R $r MF0W $H $7 !$ $^ $?<B9T @- G= $b9b $a $i $l $k $h $& $K $9$k!% $3 $3 $G $O !$ 8@ 8l %l %Y %k $G $I $N$h $& $K Cj>] 2= $9$k $+$r !$ Mx MQIQ EY!$ <B 8= 2D G= @-!$ 8z N(!$ 5! <o Hs0M B8 @- $J $I $r 9MN8 $7 $F@_ 7W $r9T $C $?!% X C-cub e $N?7 $7 $$ %W %j %_ %F%# %V $O AH $_9~ $_ $N5! G= $H $7 !$ asm J8 $J $I $H $O 0[ $J$k %" %W %m!< %A$G$" $k!% 5- =R J} <0$K 4X $9 $k J} ?K$H $7 $F $O !$4p K\ E* $J %W %j %_ %F %# %V $r Ds6! $9 $k $b $N $H $7 !$ 9b 5i 5!G= $O %W %j %_ %F %# %V $r AH $_9g $o$; $F<B8= $9 $k $b $N $H $7 $? !% $5 $i $K !$ $h$/ ;H $& 5!G= $K $D$$$F $O 4JC1 $K 5-=R $G $- $k$h $& $K $9 $k!% M} A[ E*$K $O !$@- G=$r 5> @7$K $; $: $K F1 $8 5- =R$G %W %m %0 %i %‘ $, =q $1!$ $" $H $O 3F %W %m%;%C %5!? %"!< %-%F %/ %A %c Kh $K %3%s %Q %$ %i$G :G E, 2=$H $$ $& $3$H$, $G $- $k$H $h $$ !% $7 $+ $7 !$ 8=<B E* $K $O !$ %W %m%; %C %5 $N<oN‘ Kh $K J]>Z 2D G= $J N3EY $K 0c $$ $, $"$C $?$j !$ Mx MQ 2D G= $JL?Na $N<oN‘ $, 0[ $J$C $?$j $9$k $? $a !$ 40 A4 $J0\?" @- $rDs6! $9$k $3 $H $O :$ Fq $G$"$k!% $= $3 $G !$ 0l DL $j $N %W %j%_ %F %# %V $N @_7W !& Ds 6! $O 9T $& $, !$ %W %m%;%C %5 $N<oN‘ $K$h$C $F $O %W %j%_ %F %# %V $N 0lIt $, <BAu $5 $l$F$$ $J$$ $+$b $7 $l $J$$ $H$$ $& %" %W %m!< %A $r $H$k $3 $H $K $7 $? !% Nc $( $P !$ J] >Z 2D G= $JN3 EY $d!$ cas L?Na $K AjEv$9$k 5!G= $, Ds6! $5 $l $k $+$O !$ %W %m%;%C %5$N%"!<%-%F %/ %A%c $K 0MB8$9$k!% 4pK\E* $J %W %j%_ %F %# %V $H $7 $F$O !$ � F14| JQ ?t $X %"%/ %;%9 $9 $k $? $a $NN3 EY $rJ]>Z $7 $? %W %j%_ %F %# %V � %a %b %j %P %j %" MQ %W %j%_ %F %# %V $r MQ$$$k$b $N$H $7 $? !%$5 $i$K !$ $h$/;H $& 5!G= $H $7 $F !$ � %m %C %/ $N %W %j%_ %F %# %V $r MQ$$$k$b $N$H $7 $? !% $3 $3$G !$ POSIX threads $H F1 MM $K !$F14| JQ ?t$X $N %" %/ %; %9 $H 0lHL $N %G !< %? $K 4X $9$k %"%/ %;%9 $OJ, $1$F9M J8K! h atomic_read <0 i ::= atomic_read( h :8JU<0 i ) h atomic_write <0 i ::= atomic_write( h :8JU<0 i , h <0 i 1 ) h atomic_swap <0 i ::= atomic_swap( h :8JU<0 i , h <0 i 1 ) h cas <0 i ::= cas( h :8JU<0 i , h <0 i 1 , h <0 i 2 ) 7? h :8JU<0 i : � h atomic_read <0 i : � h atomic_write <0 i : � h swap <0 i : � h cas <0 i : int h <0 i 1 : � 1 ( � 1 � � ) h <0 i 2 : � 2 ( � 2 � � ) � $O @0?t7? $+%] %$ %s %? 7? $+ IbF0>.?tE@?t7? !J 0lIt=|$/ !K 7?$NB> $K%" %i %$ %s %a %s %H $b 3NG’ ?^ 6 N3EYJ]>ZF14|JQ?t%"%/%; %9 %W %j%_ %F %# %V Fig. 6 atomic access primitiv es for sync hronization v ariable. $( $k $H $H$b $K !$ F1 4| JQ ?t $X $N %"%/ %; %9 $O L@<( $9$k $b $N $H $7 $? !% Nc $( $P !$ G$ 0U $N %5 %$ %:$N9=B$ BN $J $I $K BP $7 $F 2? $i $+$NIT 2D J, $JA‘:n !J Nc $( $P 4.4 @a $N ?^ 9 $N$h $& $J 0l4S @- $N $H $l$? 9=B$ BN $NFI $_=P $7 !? =q $-9~ $_ !K $r $7 $? $$ >l 9g$J $I $K !$ X C-cub e %3%s %Q %$ %i $, <+ F0 E* $K F1 4| JQ?t $r =‘Hw $7 $F E,@Z $K%"%/ %; %9 $9 $k $h$& $J %3!< %I $r @8 @. $9$k $h $& $J $3 $H $O $7 $J$$ !% $= $N$h$& $J9b5i 5! G= $O 9b ?e =‘ 8@ 8l $G ;}$D$Y $- 5! G= $G $" $j !$ X C-cub e 8@ 8l >e$G $O !$ 8B $i $l $?%5 %$ %: !J 1 %o!< %I Ey !K $N F14|JQ?t $K 4X$9 $k %W %j %_ %F %# %V $r AH $_9g $o$; $F<B8= $9$k!% $3 $l$O$5$^ $6 $^ $J9b5i 5! G= $, <B8= $G$-$k $h$& $K$9$k $H$$ $& Dc ?e =‘ 8@8l $H $7 $F$N =@Fp@- $r J]$D $?$a $G$" $k!% 0J2< $G$O 3F %W %j%_ %F %# %V $K $D$$$F @bL@$9$k!% 4.1 N3EYJ]>ZF14|JQ?t %"%/%; %9 %W %j %_%F %# %V N3EY J] >Z F1 4| JQ ?t %"%/ %; %9 %W %j %_ %F %# %V $N 9=J8 $H7? IU $1$r ?^ 6 $K <($9 !% atomic_read <0 $O h :8JU<0 i $NCM $rFI $_ =P $7 !$ $= $NCM $r 7k2L $H$9$k!% $= $N:]!$ $= $NCM $O IT2D J, $K FI $_=P $5 $l $k !% $D $^ $j !$ Nc $( $P !$ 32bit $NCM $rFI $_ =P $9 :] $K!$ 16bit $: $DFI $_=P $9 $h $& $J $3 $H $r $7 $F !$ $= $N4V $K CM $, JQ2= $9 $k$h $& $J$3$H $O$J $$$h $& $K $9 $k!% atomic_write <0$O h :8JU<0 i $K h <0 i 1 $N CM $r =q $- 9~ $_ !$ $= $NCM $r 7k2L $H$9$k!% $= $N:]!$ $= $NCM $O IT2DJ, $K =q $-9~ $^ $l $k!% $D$^ $j !$ Nc $( $P !$ 32 %S %C %H $NCM $r=q $- 9~ $‘:] $K !$ 16 %S %C %H $: $D=q$-9~ $‘ $h $& $J$3$H$r $7 $F !$ $=$N4V $K CM $, JQ2= $7 $?$j !$ FI $_=P $5 $l$?$j$9$k $h$& $J $3$H$O$J $$$h $& $K $9 $k!% atomic_swap <0 $O !$ h :8JU<0 i $NCM $rFI $_=P $7 !$ Be $o $j$K h <0 i 1 $N CM$r h :8JU<0 i $X Be F~$9 $k$3$H $r IT 2D J, $K 9T $& !% FI $_=P $7 $? CM $r 7k2L $H $9$k !% cas <0 $O !$ h :8JU<0 i $N CM$H h <0 i 1 $N CM$r Hf 3S $7 !$0l CW$9 $l $P !J CM $, Ey $7 $1 $l $P !K h <0 i 2 $N CM $r h :8JU<0 i $X BeF~ $9$k $3 $H $rIT2D J, $K ;n $_$k!% 0l CW $7 $F BeF~ $b@. 8y

8 >pJs=hM}3X2qO@J8;o !’ %W %m %0 %i %_ %s %0 June 2001 J8K! h membar J8 i ::= membar( h opt :8JU<0HO0O%j%9 %H i 1 : h opt :8JU<0HO0O %j%9 %H i 2 : h opt :8JU<0HO0O %j%9 %H i 3 : h opt :8JU<0HO0O %j%9 %H i 4 ); h start_access J8 i ::= start_access( h opt :8JU<0HO0O%j%9 %H i 1 : h opt :8JU<0HO0O %j%9 %H i 2 ); h finish_access J8 i ::= finish_access( h opt :8JU<0HO0O%j%9 %H i 1 : h opt :8JU<0HO0O%j %9 %H i 2 ); h opt :8JU<0HO0O %j%9 %H i ::= j h :8JU<0HO0O %j%9 %H i h :8JU<0HO0O %j%9 %H i ::= h :8JU<0HO0O i j h :8JU<0HO0O i , h :8JU<0HO0O %j%9 %H i h :8JU<0HO0O i ::= h :8JU<0 i j * j h :8JU<0 i ... h :8JU<0 i 7? h :8JU<0 i : G$0U $N 7? ?^ 7 %a %b %j %P %j %" %W %j%_ %F %# %V Fig. 7 Memory barrier primitives. $7 $? >l9g $O 0 !$ 0l CW $7 $J$$ $+ <:GT $7 $? $i 0 0J30 $NCM $r 7k2L $H$9 $k!% $3 $l$i$O !$ N3 EY $, J]>Z $5 $l $k!% $? $@ $7 !$ A4 $F$N@0?t 7? $K BP1~ $G$-$k $H $O 8B $i$J$$!% $^ $? !$ Ib F0>. ?t E@ ?t 7? $d %] %$ %s %?7? $K BP $7 $F$b MxMQ $G$-$k $, !$ A4 $F $NIbF0 >. ?tE@ ?t 7? $d %] %$ %s %?7? $K BP1~ $G$-$k $H $O 8B $i$J$$!% $? $H $( $P !$ SP AR C-V8 $G $O cas <0 $K $OBP 1~ $G $- $J $$ !% $^ $? !$ BP >] $H $J $k %G !<%?7? $O volatile $H $7 $F$bLdBj $J $$ $, !$DL>o $N$b$N $G $h$$$H $7 $? !% F etc h & add $J $I $NIT 2D J, A‘ :n $O cas <0 $rMx MQ $7 $F 5-=R $9 $l $P $h$$!% $= $N:]!$ BP>] $H $J$k %W %m%;%C %5 %"!< %-%F%/ %A %c $K$h$C $F $O @8@. $9$k 5! 3# 8l %3!< %I $r ?^ 3 $G $O$J $/ ?^ 4 $N$h $& $K$J$k $h$& $K :GE, 2= $9 $k $H$$ $C $? $3 $H$O !$ X C-cub e %3%s %Q %$ %i $, C4 Ev $9$Y $- ;E ;v$H $$ $& $3 $H $K $J $k !% %W %m %0 %i %‘$N 2r @O !J 8! >Z !$ %G %P %C %0 !K !$ X C-cub e =h M} 7O$N <B Au !$9b ?e =‘ 8@ 8l$N <B Au <T$N 8@ 8l $N=$ F@ !$ $K$* $$ $F $= $N <j 4V $r>. $5 $/ $9 $k $H $$$& E@ $+ $i !$ $‘ $d$_ $K %W %j %_ %F %# %V $r A} $d$9 $h $& $J $3 $H $O $7 $J$$ $3 $H$K $7 $? !% 4.2 %a %b %j%P%j%" MQ %W %j %_%F %# %V %a %b%j %P %j %" %W %j %_ %F%# %V $N9=J8 $H7?IU $1$r ?^ 7 $K <($9 !% %a %b %j %P %j %" %W %j %_ %F %# %V $r MQ $$ $J $$ >l9g $N %a %b%j %" %/%; %940 N; =g =x $O !$ C 8@ 8l$H F1 MM$H $9 $k !%$D$^ $j !$ <+ %W %m%; %C %5 $, 9T$& %a %b%j %" %/ %;%9 $O <+ %W %m%; %C %5 $K $H$C $F =g=x DL $j $K =hM} $5 $l $k$h$& $K$5 $(8+ $( $l $P !$ 6& M- %a %b%j >e $N %"%/ %;%9 $, <B :] $K $I $N$h$& $K9T $o $l $k $+ !$ $I $N$h $& $J=g=x $G40N; $7 $F$$$/ $+ $K$D $$ $F $O<+M3 $H$9 $k!% $D$^ $j !$ %3 %s %Q %$ %i $O !$ !V <+ %W %m %;%C %5 $@ $1 $, !W <B 9T $7 $? $H$- $H F1 0l $N7k 2L $, F@ $i $l $kHO 0O $G 5! 3# 8l L? Na $N <B9T =g=x $r F~ $l BX $($?$j !$ L5 BL $H;W $o $l $k %a %b %j %" %/ %; %9 $r :o=| $9$k 2D G=@- $,$" $k!% $5 $i $K !$ @8 @. $5 $l$? 5!3# 8l %W %m %0 %i%‘ $r %W %m %; %C %5 $, <B:] $K <B9T $9 $k :] $K $b !$ 2.4 @a$N4K$$ %a %b %j %b %G %k $N$h $& $K 6&M- %a %b %j>e $N%" %/ %;%9 $N40 N; =g =x $, F~ $l BX $o $k2D G= @- $,$" $k!% $3 $3 $K %a %b %j %P %j %" %W %j %_ %F %# %V $r MQ $$$k $3 $H $G%" %/ %; %940N;=g=x $N @)Ls $r M? $( $k!% 4{ B8$N C 8@ 8l $G$O 5! 3# 8l %l %Y%k $N 4K OB$5 $l $? %a %b %j %b %G %k$, $" $k 0U L#$=$N $^ $^ 8+ $( $F $7 $^$C$F$$ $? $, !$ $3 $3 $G $O !$3H D% C 8@ 8l$N ;E MM$H $7 $F %" !<%- %F %/%A%c $K 0M B8 $7 $J $$ C 8@ 8l %l %Y%k $N %a %b %j %b %G %k $K E}0l $9 $k!% $3 $N%b %G%k$O 4{B8 $N5!3# 8l %l %Y %k$N %a %b %j %b %G%k $N $I $l $h$j$b4K $$ !J @)Ls $N>/ $J$$ !K $b $N $K$J$C $F$$$k $?$a !$ :G E,2= $NM>CO $, 9-$/ $J$k!% <B 8= $H $7 $F$O !$%a %b %j %P %j %" %W %j %_ %F %# %V $r MQ $$$k $3 $H $G !$ C %W %m %0 %i%‘ $, 5!3# 8l L? Na Ns $K JQ49 $5 $l $k:] $K !$ %"%/ %; %9 $N>JN, $d =g=x $NF~ $l BX $($rKI $$ $@ $j !$ I, MW $J %a %b%j %P %j %"L?Na $r 4^ $a $?$j $7 $F !$ %" %/ %;%9 $N40N; =g =x $NJ]>Z $, $5 $l $k $h $& $K $9 $k!% membar J8 $O!$ membar J8 0J A0 $N h opt :8JU<0HO0O %j%9 %H i 1 $K4^ $^ $l$k h :8JU<0HO0O i $N !J %a %b %j!K 0L CV $+ $i $N FI $_ =P $7 !$ h opt :8JU<0HO0O%j%9 %H i 2 $K4^ $^ $l$k h :8JU<0HO0O i $N !J %a%b %j !K 0L CV $X $N =q $- 9~ $_ !$ $, 40 N;$7 $F $+ $i !$ membar J8 0J 8e $N h opt :8JU<0HO0O%j%9 %H i 3 $K 4^ $^$l $k h :8JU<0HO0O i $N !J %a %b %j !K 0L CV $+ $i $N FI $_ =P $7 !$ h opt :8JU<0HO0O %j%9 %H i 4 $K 4^ $^ $l $k h :8JU<0HO0O i $N !J %a %b %j !K 0L CV $X $N =q $- 9~ $_ $, 40 N; $9 $k $3 $H $r J] >Z $9 $k !% $3 $3 $G !$ h :8JU<0HO0O i $O !$ !V h :8JU<0 i !W $G $= $N %a %b %j 0L CV !$ !V * !W $O A4 $F $N %a %b %j 0L CV !$ !V h :8JU<0 i 1 ... h :8JU<0 i 2 !W $O h :8JU<0 i 1 $N %a %b %j 0L CV $+$i h :8JU<0 i 2 $N %a %b %j0LCV$^ $G$N O"B3 $7 $? HO0O$N %a %b %j0LCV $r I=$9 !% membar J8 $O F14| JQ?t%" %/%; %94V $N =g=x $rJ]>Z $9$k $N $K <g $K MxMQ $9 $k!% $= $N $? $a $@ $1$J $i h :8JU<0HO0O %j%9 %H i $N Be$j $K C1 $K h :8JU<0 i $G$" $l $P ==J, $G$"$k $, !$ F1 4| JQ ?t %" %/ %;%9 $H DL>o $N %G !<%? $K 4X $9$k %"%/ %;%9 $N4V $N=g =x J] >Z $r$h $j0l HL E* $K 9T $& $? $a $K $b MxMQ $G $- $k$h $& $K $7 $F$" $k!% start_access J8 $O !$D> A0 $N F1 4| 0L CV $X $N %" %/ %; %9 $, 40N; $7 $? 8e $K !$ h opt :8JU<0HO0O %j%9 %H i 1 $K 4^ $^ $l $k h :8JU<0HO0O i $N !J %a %b %j !K 0L CV$+ $i $N FI $_ =P $7 !$

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 9 h opt :8JU<0HO0O %j%9 %H i 2 $K 4^ $^$l $k h :8JU<0HO0O i $N !J %a %b %j !K 0LCV $X$N =q$- 9~$_ !$ $, 40N;$9 $k $3$H$r J]>Z $9 $k !%0l J} !$ finish_access J8$O !$D>8e$N F1 4| 0L CV $X $N %"%/ %; %9 $,40 N; $9 $k A0 $K h opt :8JU<0HO0O%j%9 %H i 1 $K4^ $^ $l$k h :8JU<0HO0O i $N !J %a %b %j!K 0L CV $+ $i $N FI $_ =P $7 !$ h opt :8JU<0HO0O%j%9 %H i 2 $K4^ $^ $l$k h :8JU<0HO0O i $N !J %a %b%j !K 0L CV $X$N=q $-9~ $_!$ $, 40N; $9$k $3 $H$rJ] >Z $9$k!% $3 $l$i $O !$ F1 4| JQ?t %"%/ %; %9 $HDL>o $N %G !<%? $K 4X $9 $k %"%/ %;%9 $N4V $N=g =x $rJ] >Z $9 $k $N $KMx MQ $9 $k !% $3$3 $G !$ 4X ?t 8F =P $7 $J $I $, $"$C $FD>A0 $dD>8e $NF14| JQ ?t $X $N %"%/ %;%9 $, ITL@ $J>l 9g $O !$ J] >Z $rJ] <i E* $K9T$& !% =g =x J] >Z $r J] <i E* $K 9T $& J, $K $O 9b B. 2= $N 2D G= @- $, 8: $k 0J 30 $N Ld Bj $O $J $$ !%FC $K !$F1 4| JQ ?t $X $N %" %/ %; %9 $N D> A0 $K finish_access(*:*) !$D> 8e $K start_access(*:*) $r>o $K5- =R $9 $k $3 $H $G!$ %a %b %j %P %j %" $,IT == J, $+ $b $7 $l $J $$ $H $$ $& $3 $H $K $D $$ $F ?< $/ 9M $( $J$/ $F $9 $‘ !% F1 MM $K 4.1 @a $N F1 4| JQ ?t %" %/ %; %9 $N %W %j %_ %F %# %V$K $D $$ $F !$ $= $N D> A0 $K finish_access(*:*) !$ D> 8e $K start_access(*:*) $r <+F0E* $K 9T $& $h $& $J API $r %^%/ %m $J $I $G Ds6! $7 $F $* $1 $P !$%a %b %j %P %j %" %W %j %_ %F %# %V $N5-=R $O $7 $J $/ $F :Q$‘!% $? $@ $7 !$ F1 4| $K$*$$ $F BP>] $H$9 $Y $-DL >o $N %G !<%? $K$D $$ $F !$ %G !<%? $NHO0O $O $7$P $7 $P L@ $i $+$G$"$k $N $G !$ $= $NHO0O $rL@<( E* $K 5-=R $9$k $3 $H $G !$ :G Bg 8B $K 9bB. 2= $NM>CO $r;D $;$k $h $& $K $7 $F$$$k!% $5 $i $K $O !$ F1 4| JQ?t $N %"%/ %;%9 $NA08e $I $A $i $G BP>] $H$J$kDL >o $N %G !< %? $N %"%/ %; %9 $, 9T $o $l $k $+$b $bJ, $+$C $F$$$k $O $:$J$N $G !$ I, MW $J %a %b%j %P %j %" %W %j %_ %F %# %V $N$_ $r5-=R $9 $k $3 $H $G !$ @- G=8~ >e $, ?^ $l $k $h $& $K $7 $F $$ $k!% 4.3 %m%C%/ %W %j %_%F %# %V %m%C %/ %W %j%_ %F %# %V $N 9=J8 $H 7?IU $1$r ?^ 8 $K <($9 !% try_lock <0 $O !$ h :8 JU <0 i $N %m %C %/ $N 3M F@ $r;n $_!$ @. 8y $7 $? $i 0 !$<: GT $7 $? $i 0 0J 30 $N CM $r 7k 2L $H $9 $k !% spin_lock J8 $O !$ %9 %T%s %m%C%/ $K$h$j h :8JU <0 i $N %m %C %/ $r 3M F@$9 $k !% release_lock J8 $O !$ h :8JU<0 i $N%m%C %/ $r 2rJ|$9$k!% try_rlock <0 $O !$ h :8JU<0 i $N read %m%C %/$N3M F@ $r ;n $_ !$ @. 8y $7 $? $i 0 !$ <: GT $7 $?$i 0 0J30 $NCM $r7k2L $H $9 $k !% spin_rlock J8 $O !$%9 %T%s %m%C %/ $G h :8 JU<0 i $N read %m %C %/ $r3MF@ $9 $k!% release_rlock J8 $O !$ h :8 JU <0 i $N read %m%C %/ $r 2rJ|$9$k!% try_wlock <0 $O !$ h :8 JU<0 i $N write %m %C%/ $N3M F@ $r ;n $_ !$ @. 8y $7 $? $i 0 !$ <: GT $7 $?$i 0 0J30 $NCM $r7k2L $H $9 $k !% spin_wlock J8 $O !$%9 %T%s %m%C %/ $G h :8 JU<0 i $N write %m%C %/$r 3M F@ $9 $k !% release_wlock J8 $O !$ h :8 JU<0 i $N write %m%C %/ $r 2rJ|$9$k!% J8K! h lock 7? i ::= lock_t h try_lock <0 i ::= try_lock( h :8JU<0 i ) h spin_lock J8 i ::= spin_lock( h :8JU<0 i ); h release_lock J8 i ::= release_lock( h :8JU<0 i ); 7? h try_lock <0 i : int h :8JU<0 i : lock_t J8K! h rwlock 7? i ::= rwlock_t h try_rlock <0 i ::= try_rlock( h :8JU<0 i ) h spin_rlock J8 i ::= spin_rlock( h :8JU<0 i ); h release_rlock J8 i ::= release_rlock( h :8JU<0 i ); h try_wlock <0 i ::= try_wlock( h :8JU<0 i ) h spin_wlock J8 i ::= spin_wlock( h :8JU<0 i ); h release_wlock J8 i ::= release_wlock( h :8JU<0 i ); 7? h try_rlock <0 i : int h try_wlock <0 i : int h :8JU<0 i : rwlock_t ?^ 8 %m%C %/ %W %j%_ %F %# %V Fig. 8 lo c k primitiv es. /* writer */ vn = obj->vn; atomic_write(obj->vn, 0); start_write(obj->f1, obj->f2, obj->f3); obj->f1 = f1; obj->f2 = f2; obj->f3 = f3; finish_write(obj->f1, obj->f2, obj->f3); atomic_write(obj->vn, vn+2); /* reader */ do{ do{ llbar(obj->vn : obj->vn); vn = atomic_read(obj->vn); }while(vn == 0); start_read(obj->f1, obj->f2, obj->f3); f1 = obj->f1; f2 = obj->f2; f3 = obj->f3; finish_read(obj->f1, obj->f2, obj->f3); }while(atomic_read(obj->vn) != vn); ?^ 9 %P !< %8 %g %s HV9f $K $h$k0l4S@-$NJ]$? $l $? 9=B$BN$N99?7$HFI$_ =P $7 Fig. 9 consisten t data structure reading/writing using v ersion n um ber. 4.4 5- =R Nc $3 $N @a $G$O !$ POSIX threads $J $I $N %9 %l %C %I %i %$ %V %i %j $G $O $& $^ $/ 8z N( $N$h $$5- =R $,$G$- $J $+$C $?6&M- %a %b %j>e $G$N JBNs=hM} $N 5-=RNc $r <($9 !% ?^ 9 $O !$ %P!< %8%g %s HV9f $K$h$k0l 4S @- $NJ] $? $l $?9= B$BN $N99 ?7 $HFI $_=P $7 $N Nc $G$"$k!% $3 $3 $G !$ llbar J8 $O membar J8$N 0l It$N %U %# !< %k %I $r >J N, $9 $k $b $N$G !$ %m !< %I { %m !< %I 4V $N =g =x $N J] >Z $r 9T $J $&$b $N $H $9 $k !% start_write J8 $O start_access J8 $N0l It $N %U%# !< %k %I $r >JN, $9$k $b $N $G !$ D> A0 $N6&M- JQ ?t $N %"%/ %; %9 $H %9

10 >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 June 2001 /* processor 1 */ /* processor 2 */ atomic_write(a1, 1); atomic_write(a2, 1); slbar(a1:a2); slbar(a2:a1); v = atomic_read(a2) v = atomic_read(a1) ?^ 10 Dekk er $N%"%k %4 %j %: %‘ !J 0lIt !K Fig. 10 Dekker’s algorithm (part). struct s1 { lock_t lk; int a; double b; }; void trans_half(struct s1 *x1, struct s1 *x2, double *hh){ spin_lock(x1->lk); start_read(x1->a, x1->b); spin_lock(x2->lk); start_read(x2->a, x2->b); { double b = (x1->b), h = b * 0.5; x1->b = b - h; x2->b += h; *hh += h; x1->a++; x2->a++; } finish_write(x2->a, x2->b); release_lock(x2->lk); finish_write(x1->a, x1->b); release_lock(x1->lk); } ?^ 11 %m %C %/ $N3MF@Cf$NJQ?t%" %/ %; %9 Fig. 11 access to v ariables with acquired lo c k. do{ v = count; }while(cas(count, v, (v+i)%N)); ?^ 12 >jM>4D $K $* $1 $kIT2DJ,$J2C;; Fig. 12 atomic addition in residue ring. %H %" $N 4V$N =g =x$N J]>Z$r 9T$J $& $b$N$H $9 $k !%F1 MM $K !$ start_read J8 $O start_access J8$N 0lIt$N%U %# !< %k %I $r >J N, $9 $k $b $N $G !$D> A0 $N 6& M- JQ ?t$N %" %/%; %9$H %m!< %I $N 4V $N=g=x $NJ]>Z $r 9T $$ !$ finish_write J8 $O finish_access J8$N 0l It$N %U %# !< %k %I $r >J N, $9 $k$b $N $G !$ D> 8e $N6& M- JQ ?t $N %"%/ %; %9 $H %9 %H %"$N4V $N=g =x $NJ] >Z $r9T$& $b $N $G $" $k !% $^ $?!$ %P !< %8 %g %s HV 9f !J vn !K $X$N %" %/ %;%9 $G $O N3EY $r J]>Z $9 $kI, MW $,$" $k!% $3$NNc $G$O !$ %m%C %/ $J $I $N%3 %9 %H$, 9b$/ !$ F1 ;~ %"%/ %;%9 $r2a EY $K @)8B $9 $k %W %j %_ %F %# %V $r MQ $$ $: $K !$ 0l 4S @- $N $H $l $? >uBV $N9= B$ BN $NFI $_=P $7 $r 2DG= $H $7 $F$$$k!% $3$N $h $& $J<jK! $O !$ %* %V %8%’%/ %H ;X8~ JB Ns 8@8l $r 9b?e =‘ 8@ 8l $H $7 $F MQ $$ $? $H$- !$ %* %V %8 %’%/ %H %G !<%? $N8zN( $h $$0l 4S@-4IM} $N <BAu $K MxMQ $G $- $k!% ?^ 10 $K$O !$ 6& M- %a %b %j>e $G$N%m!< %I $H %9 %H %" $@$1 $G!$ Aj 8_ GS B> $r <B 8= $9 $k Dekk er $N %" %k %4 %j %: %‘ $N 0l It $r<( $9 !% $3 $3 $G!$ slbar J8 $O membar J8 $N 0l It $N %U %# !< %k %I $r >J N,$9$k$b$N$G !$%9 %H %" { %m!< %I 4V $N =g =x$N J] >Z $r9T $J $& $b $N $H$9$k!% Dekk er $N%" %k %4 %j %:%‘ $G $O !$ 8e $N%m !< %I $, %9 %H %"$r DI $$1[ $7 $F $O$J $i$J$$ $N $G !$ $= /* push elm at the head */ finish_access(*elm:*elm); do{ elm->next = h = list_head; finish_write(elm->next); }while(cas(list_head, h, elm)); /* pop elm at the head */ do{ elm = atomic_read(list_head); start_read(elm->next); }while(cas(list_head, elm, elm->next)); start_access(*elm:*elm); ?^ 13 %j%9 %H $N @hF, $G$N IT2DJ, $J %j%9 %H MWAG$NDI2C / Cj=P Fig. 13 atomic insertion/extraction of a list elemen t at the list head. $l $r %a %b%j %P %j %" %W %j %_ %F %# %V $G <( $7 $F$$$k!% $3 $NNc $G$O !$ %m %C%/ $J $I $N%3 %9 %H$, 9b$/ !$ F1 ;~ %"%/ %;%9 $r 2a EY $K @)8B$9$k %W %j%_ %F %# %V $r MQ$$ $:$K !$ !V Aa$$<T>!$A !W $r H=Dj $G$- $F$$$k!% $3$N$h $& $J<jK! $O !$ CY 1d %?%9 %/ @8 @. $r9T$& %^ %k%A %9 %l %C %I 8@8l $r9b?e =‘ 8@ 8l $H $7 $F MQ $$ $?$H $- !$ %? %9%/ %9 %F %# !< %k $N @.H] / M- L5$N H=Dj$N <B Au $K MxMQ $G $- $k!% ?^ 11 $O !$C1 $J $k %m %C %/ $r ;H$C$? Nc $G $" $k $N $G POSIX threads $G $b F1 MM $N 5- =R$O $G $- $k !%0c $$ $O !$ %*!< %P%X %C %I $d %V %m%C %- %s %0 $N 2DG= @- $NB> $K !$%a %b%j %P %j %" $r BP >] $H $J$k %G !<%? $K$D$$ $F $N $_ $H $7 $F$$$kE@ $, $" $k!% $3$NNc $G $O !$ %m %C %/ $r3MF@ $9$k A0 $K JQ?t $rFI $_ =P $7 $F $7 $^$C $?$j !$ %m %C%/ $N2rJ| $, JQ?t $X$N=q $-9~ $_$rDI $$1[ $5 $J$$ $h$& $K %a %b %j %P %j %" %W %j %_ %F %# %V $r MQ $$ $F$$ $F !$ BP >] $H $J$k %G !<%? $r FCDj $7 $F$$$k!% $? $@ $7 !$ BP >] $H $J $k %G!< %? $,$h $/ J, $+ $i $J $+ $C $? $j !$ %] %$ %s %? $r 4^$‘ $J $I$7 $F C) $l $k %G !<%? $9 $Y $F $K $D $$ $F %a %b%j %P %j %" $rMQ $$ $? $j $7 $?$$>l 9g $O !$ ?^ 11 $N start_read $NBe $o$j $K !$ start_access(*:*) !$ finish_write $N Be $o $j $K !$ finish_access(*:*) $H $7 $F$* $1 $P 9bB. 2= $N M>CO $, 8:$k $3$H$r =|$$ $F LdBj $J$$ !% ?^ 11 $N Nc $G alias $J $7 $H J, $+ $C$F$$$k $H $9$k $H!’ � *hh $+$i$NFI $_=P $7 $r%m %C%/ $N3M F@ A0 $K 0\F0 $5 $; $F $b$h$$ !% � *hh $X $N=q $- 9~ $_ $r %m %C %/ $N 2r J| 8e $K0\ F0 $7 $?$j !$ CY $i$;$? $j $7 $F $h$$ !% � spin_lock(x1->lk); $N 8e $G $" $l $P !$ x1->a !$ x1->b $NFI $_ =P $7 $r spin_lock(x2->lk); $NA0 $K0\ F0 $5 $;$F$b$h$$ !% � release_lock(x1->lk); $N A0 $G$" $l $P !$ x1->a !$ x1->b $N =q $- 9~ $_ $r release_lock(x2->lk); $N 8e $K 0\F0$5 $;$?$j !$ CY $i$;$? $j $7 $F $h$$ !% � spin_lock(x1->lk); $H spin_lock(x2->lk); $N 4V $K =g=x $N @)Ls $O$J$$ !%

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 11 $J $I $H $J $k !% $3$3$G 0\F0 $7 $? $j CY $i $; $? $j $9 $k$N$O !$ %W %m%;%C%5 $@$1 $, <B9T;~ $K $7 $F $b$h$$$N $G $O$J $/ !$ C %3 %s %Q %$ %i $,%3 %s %Q %$ %k ;~ $K $7 $F$b$h $$!% $3 $l$i $O HO 0O $r;XDj $; $: A4 $F$N %" %/ %;%9 $K$D$$ $F %a %b%j %P %j %";X Dj $9$k $H $G$- $J$/ $J$k $b $N $G$"$k!% $5 $i $K !$ J, ;6 6& M- %a %b %j $r <B8= $9$k=hM}7O $J $I $N%-%c %C %7%e Ey $N4IM} $K $* $$ $F!$ %m %C %/ $H7k $S IU$/ %G !< %? $r8B Dj $9 $k !J Nc $( $P !$ x2->lk $K $O x2->a !$ x2->b $G $" $j !$ *hh $d x1->a , x1->b $O 4^$^ $J$$ $H$9$k !K $3 $H $G DL?. NL $d2s?t Ey $r 8: $i $9$3$H $,$G $- $k!% ?^ 12 $N Nc $O IT2DJ, $J 2C;; $N1~MQNc $G$"$j !$ 99?7 $N $?$a $N?7 $7 $$ CM $K 4X$9 $k <0 $r<+M3 $K 5-=R $G$-$k $3 $H $r <( $7 $F$$ $k !% POSIX threads $J $I $G$O !$ m utex JQ?t $r ;H $C $?Aj8_ GS B> $G IT2D J, $J2C;; $J $I $r 5-=R $9 $k I, MW $, $" $k $, !$ $= $l $H Hf$Y$F %m %C %/ $J $I $N%3 %9 %H $, IT MW !$ %V %m %C%/ $7 $F $7 $^ $& 2D G= @- $,$J$$ $H$$ $& Bg $- $JMxE@ $, $" $k !% $3 $N $h $& $J cas <0 $O !$JB Ns 8@ 8l Ey$r 9b ?e =‘ 8@ 8l $H $7 $F MQ $$ $? $H$- !$ %P %j %" F14|!$ =* N; H=Dj!$ %j %@ %/ %7 %g %s !$ $4 $_ =8 $a$N <BAu $J $I $K MxMQ $G $- $k!% ?^ 13 $O !$ cas %W %j %_ %F%# %V$r ;H $C $F %m %C %/ $J $I $rMQ $$ $: $K !$ %j %s %/ %H %j%9 %H $N @hF, $K MWAG $rDI2C $9$k Nc $r <( $7 $F$$$k !% B> $N %W %m%;%C %5 $, %j%9 %H $r @hF, $+$i C)$C $?$H $- $K <! $NMW AG $r$^ $@ ;X $7 $F$$ $J$$ $3 $H $,$J$$$h $& $K $9$k $? $a $K %a %b%j %P %j %" %W %j %_ %F %# %V $r MQ $$$k I, MW $, $"$k!% $^ $?!$ 5U $K@hF, $+ $i MW AG $rCj =P $9 $k Nc $b<( $9 !% $3$N$h $& $J <jK! $O !$ %* %V %8 %’%/ %H ;X8~JB Ns 8@ 8l $r9b?e =‘8@ 8l $H $7 $F MQ $$ $? $H$- !$%a %C %;!< %8%- %e!< $N<BAu $J $I $K MxMQ $G $- $k!% 5. GNU C %3 %s%Q %$ %i$r ;H$C $? <B8= A0>O $G $O !$ 0\ ?" @- $d<B9T 8z N( $r9b $a$k $? $a !$ 3H D% C 8@8l X C-cub e $N 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N 5-=R Nc $r <( $7 $? !% 0l J}!$ %W %j%_ %F %# %V $N Ia5Z $r ?^$k $K $O 4{B8 $N %7 %9 %F%‘ $G$b $G$-$k $@ $1 MxMQ 2D G= $G$"$k $3 $H $, K> $^ $7 $$!% $= $3 $G %W %j %_ %F%# %V $r >/ $7 JQ 99 $7 !$ GCC $N 3HD%5!G= $K $h $k<B8= $r 9T$C $? !% 5.1 %W %j %_%F %# %V $N JQ99 9=J82r@O4o!$ 7? %A%’ %C%+!$ %3!< %I @8@.4o $N3HD% $J $I $r H< $o$:$K !$ GCC $N 3H D%5!G=$N HO0O Fb $G %W %j%_ %F %# %V $r <B8= $9 $k $? $a $K $O !$ %W %j%_ %F %# %V $N JQ99 $, I,MW $H $J $k!% %a %b%j %P %j %" %W %j%_ %F %# %V $K $D$$ $F $O !$ BP >] $H $J$k HO0O ;X Dj $r5-=R $G$- $J$$ $b $N $H $7 $? !% IT Dj D9 $N %j%9 %H $, 9=J8 3H D% 0J 30 $G $O 07 $$ $K $/ $$ $3 $H !$ HO 0O ;X Dj $rM-8z Mx MQ $9 $k$K $O %3%s %Q %$ %i$G :G E, 2=$J $I $K $3 $l $r @8$+ $9I,MW $, $"$k $, !$ %3 %s %Q %$ %i $K <j $r F~ $l$J$$0J>e $= $l $, K>$a$J$$$3$H $, $= $N M} M3 $G $" $k !% membar J8$N Be $o $j $K !$ ssbar(); !$ slbar(); !$ sabar(); !$ lsbar(); !$ llbar(); !$ labar(); !$ asbar(); !$ albar(); !$ aabar(); $H $$ $& %W %j%_ %F %# %V $N J8 $r MQ0U $7 !$%9 %H %" { %9 %H %" 4V $J $i ssbar(); !$ %9 %H%" { %m !< %I 4V $J $i slbar(); !$ $= $N N>J} $J $i sabar(); $H $$ $&$U$& $K MQ$$$k!% $^ $? !$ start_access J8 $J $I $G $O !$D> A0 $N F1 4| JQ ?t $X $N %" %/ %; %9$O <+ F0 E* $K $O 8+ $D $1 $i $l $J $$ $N $G !$ start_access_after_lock(); !$ start_access_after_read(); !$ start_access_after_write(); !$ finish_access_before_unlock(); !$ finish_access_before_read(); !$ finish_access_before_write(); $H $$$& %W %j %_ %F %# %V $N J8$r MQ0U$9 $k !% !J start_read_after_lock(); $J $I $b !K F14| JQ ?t $X $N %" %/ %;%9 $K$D$$ $F $O !$ 5; =Q E* $JM}M3 $+ $i atomic_write( h :8JU<0 i , h <0 i ); $O J8 $K $9$k $3$H $K $9$k !% $^ $?!$ F1 4| JQ ?t $N7? $4 $H $K atomic_read_char !$ atomic_read_int !$ atomic_read_double !$ atomic_read_ptr $H $$$C $? %W %j%_ %F %# %V $r MQ0U $9$k!% $3 $l$O GCC $N3HD%5! G= $NHO0O Fb $G 07 $& 0J >e!$ 7? IU $1 $N 7k2L $G @8 @. $9 $k %3!< %I $r @Z $jBX $($k $3 $H $,$G$- $J$$ $? $a $G$" $k !% $3 $3 $G unsigned $O L5 ;k $9 $k $3 $H $K$9 $k !% $^$? !$ GCC 0J30 $G $b F1 $8 %^ %/ %m $r ;H $( $k$h $& $K $9 $k $? $a $K$b !$ %W %j %_ %F %# %V $r %G !<%?7? $K J, $1$F=‘Hw $9 $kI, MW $, $"$k!% $3 $l$O !$ %i %$ %V %i %j %k!< %A %s $N 4X?t $O int cas_int(int *, int, int) $N $h $& $J 7? $r ;}$? $J $/ $F $O$J$i$J $$$?$a $G$" $k!% $^ $? !$ %] %$ %s %?7? $K $O Cm0U $, I,MW $G$"$k!% C $N;EMM $G$O !$ char * $O 1 %P %$ %H C10L $N %" %I %l %9!$ int * $O 4 %P %$ %H C10L $N %" %I %l %9 $rMQ $$$k $J $I %] %$ %s %? $H $7 $F $O F1 $8 >l=j $r;X $9 $, !$ @0 ?t $H $7 $F$_$? $H$- $O 0[ $J$kCM $G $"$k $H $$$& $N $, 5v $5 $l $F $$ $k !y !% $3 $N $? $a!$ 3F 4p K\ 7? $N %] %$ %s %?Kh $K$b %W %j %_ %F %# %V $r J, $1 $kI, MW $, $"$k!% 4p K\7? $N %] %$ %s %?0J30 $O void * $G ;X $9 $7 $+$J $$ !% $3 $l 0J 30 $N JQ 99 $K78 $o$k Ld Bj E@ $K$D $$ $F $O 5.8 @a $G=R $Y$k !% 5.2 GNU C %3 %s%Q %$ %i$N 9=@. $H 3HD%5!G= GNU C %3%s %Q %$ %i 11) $G $O !$ %= !< %98@ 8l $K $*$1 $k C $N %W %m %0 %i%‘ $O !$ 9= J8 2r @O $H7? IU $1$N 8e !$ $^ $: R TL $H 8F $P $l $k Cf4V8@8l $N %W %m %0 %i %‘ $K JQ49$5 $l !$2r@O !& :GE, 2= $J $I $r 9T $C $?8e!$ BP >] %W %m%; %C %5 $N5!3# 8l %W %m %0 %i %‘$X JQ 49$5$l $k !% !J <B :] $K $O !$ %" %;%s %V %i$, %" %; !y GCC $N >l9g$O Ev$F$O $^$i$J $$ $h $& $G$" $k $, !$<B:] !$ %] %$ %s %? $N 7? $K$h $C $F$O 0[ $J $k %" %I %l %9CM $r MQ$$$k=hM}7O$b$"$k!%

12 >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 June 2001 %s %V %j 8@ 8l $N %W %m %0 %i%‘ $r5!3# 8l %W %m %0 %i%‘ $K JQ49 $9 $k $, !$ FC $K 6hJL $9 $kI, MW $,$J $1 $l $P !$ %"%; %s %V %j 8@ 8l $N %W %m %0 %i%‘ $b5! 3# 8l %W %m %0 %i%‘ $H$$ $& %l %Y %k $GB* $( $F $* $/ $3$H$K $9$k !% !K C 8@8l !$ R TL !$5!3#8l$N 3F %l %Y %k$G $O$= $l $>$l $N %G !<%?7? !$ %W %m %0 %i%‘I= 8= $, MQ $$ $i $l $k!% GNU C %3 %s%Q %$ %i $K $O C 8@8l $K BP $9 $k $5 $^ $6 $^ $J 5! G=3H D% $, ;\$5 $l $F $$ $k $, !$ $J$+$G $b asm J8 $O !$ %" %; %s %V %j 8@ 8l %W %m %0 %i%‘ $r $I $N$h $& $K @8@. $7 $?$$ $+$r ;X<( $9$k $3 $H $,$G$-$k!% %" %; %s %V %j 8@ 8l %W %m %0 %i%‘JR $N%F %s %W%l !< %H $H !$ %* %Z%i %s %I $N ;XDj!$ %* %Z %i %s %I $K 4X $9$k %l%8 %9 %? 3d IU $N@) Ls $N5-=R $dI{:n MQ $N5Z $VHO 0O $N5-=R $, 2D G= $G $" $j !$ $+ $J $j6/ NO $J $b $N $H $J $C $F $$ $k !% 5.3 8@8l3HD% $N J}K! %3%s %Q %$%i$r JQ$( $J $$ 8@ 8l 3H D%$N <B 8= J} K!$H $7 $F $O !$ 8@ 8l $N0UL# $NItJ,!$ FC $K FC<l $JL?Na $NMxMQ $K$D$$ $F $O !$ asm J8$+ %" %;%s%V %j 8@ 8l$G 5- =R$5$l $? %k !<%A %s $N8F=P $7 $, 9M $( $i $l $k!% 8@ 8l $N0UL# $NItJ,!$ FC $K 7? %A %’ %C%/$d 7? IU $1$K $D$$$F$O !$ 5.1 @a $G =R$Y$? $h $& $K %W %j %_ %F %# %V $+$i 7? $, J, $+$k$h$& $K$9$k $7 $+$J $$!% 9= J8 $NIt J, $K$D$$ $F $O !$ %^ %/ %m $+ !J %$ %s %i %$ %s E83+ $5 $l $k !K %k!< %A %s $N 8F=P $7 $, 9M $( $i $l $k!% :# 2s $O GCC $r MQ$$$? <B 8= $G $" $k$N$G !$ $G $- $k $@$1 asm J8$r MQ$$ $l $P $h$$ $, !$ asm J8 $, ;H $($J $$ C %3 %s %Q %$ %i >e $G >- Mh <B8= $9 $k $3 $H $r9M $($k $H %k!< %A %s 8F=P $7 $r MQ $$$k 2D G= @- $, $"$k!% :# 2s $O !$ $^ $: $O %W %j%_ %F %# %V $r %^%/ %m $H $7 $F Ds 6! $7 !$ asm J8 $r I, MW $H $9 $k $H$3 $m $K$O asm J8 $r MQ$$$k $3$H $K $7 $? !% GCC $r MQ$$ $? <B8= $G$O !$ %3 %s %Q %$ %k$N 2aDx $H F1Ey $N =h M}$r 9T $& $3$H $K $7 $? !%$D $^$j !$ R TL $N %W %m %0 %i %‘ $+$i 5! 3# 8l %W %m %0 %i %‘$X $I $&%^%C %T %s%0 $9 $k$+$H !$ C $N %W %m %0 %i %‘ $+$i R TL $N %W %m %0 %i %‘ $X $I $& %^ %C %T %s%0 $9 $k $+ $r 9M $( $k I, MW $, $" $k !% R TL $N %W %m %0 %i %‘ $+$i 5!3# 8l %W %m %0 %i%‘ $X $N%^ %C %T%s %0$G$O E,@Z $J5!3# 8lL? Na $NA* Br $J $I $, $"$k!% $^ $? !$ C $N %W %m %0 %i%‘ $+ $i R TL $N %W %m %0 %i %‘$X$N %^%C %T %s%0 $G$O !$ %G !<%? 7?$N JQ49 $H I,MW $J ItJ, $N <B9T=g=x $N J]B8 $, $" $k!% 2 >O $G07 $C $? %W %m %; %C %5 $N$& $A !$ SP AR C-V8 0J 30 $N ItJ, $K $D$$ $F $O ?^ 14 $h $& $J%^ %/ %m $r MQ$$ $F !$ %m %C%/ $d read/write %m %C %/ $O <B8= $G$-$k !% $? $@ $7 !$ ?^ 14 $G $O!$ %^ %/ %m Cf $G %^ %/ %m $r ;H $& 7k 2L !$ int *_loc=(_loc) $N $h $& $K E8 3+ $5$l $F IT ET 9g $, @8 $8 $k $N $G !$<B :]$K $O extern __inline__ $K $h $k %$ %s %i %$ %s E8 3+$r MQ $$ $F $$$k!% $^ $? !$ SP AR C-V8 $K $D$$ $F $O !$ ldstub L?Na $r MQ$$$k $H%m%C %/ $d read/write %m %C %/ $, <B8= $G$- $k !% #define lock_t int #define try_lock(loc) cas_int((loc),0,1) #define spin_lock(loc)\ do{int *_loc=&(loc);\ while(try_lock(*_loc))llbar();}while(0) #define release_lock(loc)\ atomic_write_int((loc),0) #define rwlock_t int #define try_rlock(loc)\ ({int *_loc=&(loc), _c=atomic_read_int(*_loc);\ ((_c<0) || cas_int(*_loc,_c,_c+1));}) #define spin_rlock(loc)\ do{int *_loc=&(loc);\ while(try_rlock(*_loc))llbar();}while(0) #define release_rlock(loc)\ do{int *_loc=&(loc), _c; do{_c = *_loc;}\ while(cas_int(*_loc,_c,_c-1));}while(0) #define try_wlock(loc) cas_int((loc),0,-1) #define spin_wlock(loc)\ do{int *_loc=&(loc);\ while(try_wlock(*_loc)) llbar();}while(0) #define release_wlock(loc)\ atomic_write_int((loc),0) ?^ 14 IT2DJ, %" %/ %; %9 %W %j%_ %F %# %V $r MQ$$ $?%m%C %/ $N <B8= Fig. 14 lo c k implemen tation using atomic access primitiv es 5.4 E,@Z $J %W %m%;%C%5 L?Na $N A*Br E, @Z $J %W %m %; %C %5 L? Na $N A* Br $O!$ Ds 0F $9 $k %W %j %_ %F %# %V $K BP1~ $9 $k L? Na $, $=$N$^ $^ $" $l $P $= $l$r A* $V $@ $1 $G $h$$ !% $3$3 $G$O Cm0U $r MW$9$kE@ $K $D$$$F =R $Y $k!% N3EYJ]>Z $O !$ Alpha $N 1 %P %$ %H , 2 %P %$ %H $d !$ P en- tium $N 8 %P %$ %H$, LdBj $H $J$k!% Alpha $N 1 %P %$ %H , 2 %P %$ %H $K $D$$ $F $O !$ 1 %P %$ %H $N %9 %H %"$N$? $a$NBg$- $J C1 0L $N %m !< %I $H %9 %H %" $K ll/sc L?Na $r;H $C $F $d$k $3 $H $G !$ B> $N %W %m%; %C %5 $H6%9g $9$k $3 $H $J$/ 1 %P %$ %H $N %9 %H %" $, <B8= $G$-$k!% P en tium $G !$ 8 %P %$ %H $N %G !<%? $r 0l3g $7 $F 07 $$ $?$$>l9g $O !$ CMPXHG8B L?Na $r cas <0 $N <B 8= 0J 30 $K !$ atomic_read <0 $d atomic_write %W %j %_ %F %# %V $N <B 8= $K $b MxMQ $7 $F $d $l $P $h$$ !% $D$^$j !$ cas L?Na $N%m!< %I !& Hf3S !& %9 %H %"$r 0l3g $7 $F 9T $& 5! G= $N $& $A !$ %m!< %I $N ItJ, !$%9 %H %"$N ItJ, $@$1$r MxMQ$9$k!% <B:] $K$O !$ 4 %P %$ %H !$ 8 %P %$ %H @0 ?t $K $D $$$F $N cas L?Na !J $^$? $O ll/sc L? Na !K $r MQ$$$F cas <0$N 5!G= $, <B8= $G$- $F$$$5 $($9 $l $P !$ 8z N( $NLdBj $O JL $H $7 $F !$ 1 !$ 2 !$ 4 !$ 8 %P %$ %H $N !$ @0?t 7?!$ <B?t 7?!$ %] %$ %s %? 7? $K 4X $9$k 4.1 @a $NN3EY J] >ZF1 4| JQ ?t %"%/ %;%9 %W %j%_ %F %# %V $O $9$Y$F <B8= $G $- $k!% %a %b%j %P %j %" $K $D$$ $F $O !$ SP AR C-V9 $K $D$$ $F $O !$ $= $N $^ $^ Ev$F$O $^ $k membar L? Na$r MQ$$$l $P $h $$ $, !$ Alpha, MIPS, P o w erPC $G$O !$ MB L?Na$d SYNC L? Na !J $^ $? $O isync L? Na !K $G J] <i E*$K 6a ;w $7 $F $d $l $P $h $$!% 0l J} !$ P en tium, SP AR C-V8 $N TSO $K$D $$ $F $O !$

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 13 slbar() %W %j %_%F %# %V $K Aj Ev $9 $k $b $N$K $D $$ $F $N $_ xchg L?Na , swap L?Na $r %@ %_!<$N %a %b %j0LCV $H %l %8 %9 %?$r MQ$$ $F 9T $( $P $h$$ !% 5.5 %= !< %9 %l %Y %k $N 7? $+ $i $N JQ49 <B $O GCC $@$1$r 9M $($k $J $i !$ %G !<%?7? $N%^ %C %T%s %0 $O sizeof() !$ __alignof()__ $N6-3&@0Ns $N>pJs $K $D$$$F if J8 $r MQ$$ $l $P !$%^%/ %mE83+;~ $K 7?$N%5 %$ %: >pJs $J $I $, F@ $i $l $J $/ $F$b%3 %s %Q %$ %k$O$G $- $k!% $? $@ $7 !$ GCC $, J, $+ $k $@$1 $G$J$/ $F !$ %W %m %0 %i %^ $K $b%5 %$ %: $K 4X $9 $k %^%/ %m $rDs6! $G$- $? $[ $& $, $= $l$O $= $l $GJX Mx $J $N $G !$ %5 %$ %:Ey $K 4X $9 $k %^ %/ %m $rDs 6! $7 !$ <+?H $G$bMxMQ $9$k !% %5 %$ %: Ey $O%3 %s %Q %$ %i %* %W %7%g %s $G 0[ $J $k $N $G !$ !V gcc -E -dM a.c !W $G =PNO $5 $l $k%^%/ %m Dj5A $K 1~ $8 $F E,@Z $K %^%/%m $r Dj5A$9$kI,MW $, $" $k!% BP1~4X 78 $K =>$C $F !$ %=!< %9 %l %Y%k$N int $r R TL %l %Y %k$N SImode $K BP1~ $5 $; $?$j !$ char $r QImode $K BP 1~$5 $; $k $3$H $K$J $k!% 5.6 %= !< %9 %l %Y %k $N <B9T=g=x $N J]B8 C %3 %s %Q %$ %i $G =g=x $r F~ $l BX $( $5$;$J$$$?$a $K$O !$ � %5 %V %k !< %A %s %3 !< %k$+ � $"$k>l =j $NCM $r %" %I %l %9 $H $7 $?ITL@ $J>l=j $X $N=q $- 9~ $_ $+ !$ � %a %b%j !J "memory" !K $K4X $7 $FI{ :n MQ $,$"$k $H$9 $k GCC $N asm J8 $r MQ$$ $k J}K! $, 9M $($i$l $k !%:#2s $O GCC $N asm J8 $r MQ $$ $F$$$k!% <B :] $K $O !$ %a %b%j %P %j %"$N $? $a $N asm J8 $G !$ I,MW $J %a %b%j %P %j %"L?Na !J 6u $N $3 $H$b $"$k !K $H $H $b$K !$I{:n MQ$N 5Z$V HO 0O $K "memory" $r ;X Dj $9 $l $P $h$$ !% 5.7 %3 %s %Q %$ %k%(%i!<$N =PNO %^%/ %m $G %W %j %_ %F %# %V $r Ds6! $9$k :] $K LdBj $K$J$k $N $, !$ E, @Z $G$J$$ %5 %$ %: $, MQ $$ $i $l $? $H$- $K !$ $I $N$h $& $K$= $l $r %3 %s%Q %$ %k %( %i !< $K$9 $k $+ $H $$$& Ld Bj $,$"$k !% FC $K%(%i!< $G$" $k $+ $I $& $+ $, sizeof $N CM $K 0MB8 $9$k >l9g $O !$IaDL $N if J8 $r MQ$$$?$N $G $O !$<B9T;~ $K$J$i $J $$$H%(%i!< $, Js9p $G $-$J$$ !% $3 $l$O !$Nc $( $P !$ sizeof() $N CM $, 4 $G $J $/ $F $O$J $i$J $+ $C $? $H$9$k $H !$ <! $N$h $& $J %H %j %C%/ $r ;H$& $3 $H $G BP=h $G $- $k!% {char not_supported[sizeof(tp)==4? 1: -1];} $3 $l $K $h $j !$ %3%s %Q %$ %k ;~$K %( %i !<$, Js 9p $5$l !$$^ $? !$ GCC $N >l9g $O JQ?tL> $r I=<($9$k $N $G !$ $3$N >l9g !V not_supported !W $H $$ $& %(%i!< %a %C%;!< %8 $r =PNO$9 $k $3$H $,$G $- $k!% 5.8 %3 %s %Q %$ %i$r 3HD% $7 $J $$ $3$H$K$h $k8B3& %3 %s%Q %$ %i 3H D% $J $i $G $- $F!$ %^ %/ %m $rHo $; $? asm J8 atomic_add(s, -1); // = do{ int v = s; }while( cas(s, v, v-1) ); // or // = mutex_lock(sl); s--; mutex_unlock(sl); while(s > 0); ?^ 15 IT2DJ,2C;; $K$h $k %P %j %"F14| Fig. 15 barrier sync hronization b y atomic addition. $" $k $$ $O %k!< %A %s 8F $S =P $7 $G$N <B8= $J $I $G $O Fq $7 $$Ld BjE@ $r@0M} $7 $F$*$/ !% %3 %s %Q %$ %i $r3HD% $7 $J$$$3 $H$N 1F6A $K $O !$ 8@ 8l ;E MM $K 5Z $\ $91F6A $H !$ <B Au $K 5Z $\ $91F 6A $, $" $k!% 8@ 8l ;E MM $K 5Z$\ $9 1F 6A $H $7 $F $O %3 %s %Q %$ %i $K 7? $r IU $1 $F $b $i $( $J $$ $N $G 7? $r L@ <( $7 $J $$ $H $$ $1 $J $$ $3 $H $, $" $k !%Nc$( $P !$F1 $8 atomic_write(x,a) $r !$ a $N 7? $K 1~ $8 $F atomic_write_int(x,a) $H $7 $? $j !$ atomic_write_short(x,a) $H $7 $?$j !$ $"$k$$ $O atomic_write_double(x,a) $N $h $& $K =q $- J,$1 $J $/ $F$O$J $i$J$$ !% $3 $l$O LLE] $G$" $k $P $+ $j $G$J $/ !$ a $N 7? $, !$ union { char c[4]; short s[2]; } $N$h $& $J%f!<%6Dj 5A $N7? $@$H$" $i $+ $8 $a$=$N7? $N %W %j %_ %F %# %V $r =‘ Hw $7 $F $* $/$3$H $O $G $- $J $$ !% $3$3 $G a $N 7? $, union { char c[4]; short s[2]; } * $H $$ $& %] %$ %s %?7? $J $i !$ void * 7? $K4X $9 $k %W %j %_ %F%# %V $r=‘ Hw $7 $F !$ atomic_write_ptr((void **)x, (void *)a) $H $O$G $- $k!% $7 $+ $7 !$7? %A%’ %C%/ $, 2sHr$5 $l $F $7 $^ $& $N $G !$ K\ Mh %3 %s %Q %$ %k ;~ $K @EE*8! =P $G$-$k $O $:$N %P %0$G <B9T;~ $K 7?%/%i%C %7%e $9 $k $+ $b $7 $l $J $$ !% $=$NB> $N8@8l ;E MM $K 5Z $\ $91F 6A $H $7 $F !$ IT Dj D9 $N %j %9 %H $r MQ $$ $F $b F0 E* $K =h M} $9 $k $H CY $$ $? $a !$ $= $l $J $i $J $$ $[ $& $,$h $$ $H$$$& E@ $,$"$k !% $^ $?!$ !V start_access !W $J $I $G D>A0 $NF1 4| JQ ?t $N %"%/ %; %9 $r FCDj $9 $k $3 $H $,$G $-$J$$$N $G !$ $3 $l $b L@<( $7 $F $b $i $&I,MW $, @8 $: $k!% <BAu $K 5Z $\ $91F6A $H $7 $F $O !$ 8BDj $7 $?%( %i!<=h M} $7 $+$G$- $J$$ $3 $H !$ :GE, 2= $r $7 $J$$$? $a !$ $"$k $$ $O :GE, 2= $, K8 $2 $i $l $k $? $a 8z N( $, 0- $/$J $k $3 $H !$ %k !< %A%s 8F=P $7 $N >l9g $O 8F=P $7 $N%*!< %P %X %C %I $, I,MW $H $J$k $3 $H $, 5s $2 $i$l $k!% :GE, 2= $K 4X $7 $F$$ $( $P !$ 3HD% It J, $r asm J8 $d!$ %" %; %s %V %j 8@ 8l $G=q $+ $l$? %k!< %A %s$N8F=P $7 $G M? $($i$l $F $b $=$N It J,$N 0UL# $, $o$+ $i $J $$$N$G !$ %W %m %0 %i%‘ $N0U L# $rJ]B8 $9 $kHO 0O $G L?Na $N:o=|!$ =g =x $N F~ $l BX $( !$ 7k 9g!$ 9g @. $r9T $& $J $I $H$$$C $?:GE, 2= $, $G $-$J$$ !% 6. M= Hw <B 83 M=Hw<B 83 $H $7 $F !$ IBM RS/6000 SP $N 1 %N!< %I >e $G I>2A $r9T$C $? !% %N !< %I $O 4 %W %m%; %C %5 $N SMP $H$J $k $h $& 9= @. $7 $? !% 3F %W %m%;%C %5 $O 332MHz P o w erPC

14 >pJs=hM}3X2qO@J8;o!’ %W %m %0 %i %_ %s %0 June 2001 I= 1 M=Hw<B83 $N 7k2L !J %P %j %" F14|!’%^ %$ %/ %mIC !K T able 1 result of preliminary exp eriments (barrier sync hronization, � s). # of PEs 1 2 3 4 non-opt 0.092 0.63 1.78 3.7 opt 0.086 0.62 1.74 3.4 lib/opt 0.093 0.65 1.74 3.6 m utex 0.69 4.2 200 8000 604e $G !$ L1 cac he $O L?Na 32KB !$ %G !<%? 32KB !$ L2 cac he $O 0.25MB $G$" $k!% IT 2D J, 2C ;; $r MxMQ $7 $? %P %j %" F14| !J ?^ 15 $N%3!< %I $K AjEv !K $N 0l2sEv $j $N=hM};~ 4V $r %W %m%; %C %5?t $rJQ2= $5 $; $FB,Dj $7 $? !% B, Dj BP >] $H $7 $?$N $O !$ 3HD% C 8@8l $G cas 5!G= $r AH $_9~ $_ $H $7 $F !$ IT2DJ, 2C;; $r do f int v = s; g while( cas(s, v, v-1) ); $N$h$& $K 5-=R $7 $? $H $7 $F !$ $3 $l$r P o w erPC $N lwarx / stwcx. L? Na $rMQ $$ $F!$ ?^ 3 $N$h$& $KC1=c $K %3 !< %I @8 @. $7 $? >l 9g !J non-opt !K !$ $^$?$3$l $r :G E, 2= $7 $F ?^ 4 $N $h $& $J%3 !< %I $H $7 $? >l9g !J opt !K !$ $5 $i$K ?^ 4 $N$h $& $J %3!< %I $r%i %$ %V %i %j 4X ?t $H $7 $F8F $S =P $7 $? >l9g !J lib/opt !K $G$" $k !%3HD% C 8@8l$N %3 %s %Q %$ %i $O 3+H/Cf $J$N $G IT2DJ, 2C;; 0J30 $NItJ, $K $D$$ $F $O gcc 2.95.2 $, @8@. $7 $? -O2 $N %3!< %I $r MxMQ $7 $? !% B, Dj 7k 2L $r I= 1 $K <($9 !% POSIX threads $N pthread_mutex_lock Ey$r MQ$$ $? >l9g !J m utex !K $O !$ %9 %l %C %I $, %V %m%C%/ $7 $F 6KC< $K CY$/ $J$C $F$$$k $3 $H $, J, $+$k!% $= $l 0J30 $N>l9g $O$= $l $[ $I JQ $o $i$J$$ $N $G !$ @- G= $NLL $G $O !$ Ds 0F $9$k %W %j %_ %F %# %V $r%3 %s %Q %$ %i $K AH $_9~ $s $G$b$= $l$[ $I JQ $o $i$J $$2DG=@- $, $" $k $3 $H $, J, $+ $k !% $? $@ $7 !$ $b$C $H %9 %l %C %I 4V $N>WFM $, >/ $J$$ %1!<%9 $G $O :9 $, Bg $-$/ $J$k2D G= @- $, $"$k!% $^ $? !$ %3 %s %Q %$ %i $K AH $_9~$‘ $3 $H $G !$ 5- =R $7 $d $9 $/ !$ %3 %s %Q %$ %i $K 7? %A%’ %C%/ $d :GE,2= $d E,@5 $J%( %i!< =hM} $r$5$; $k $3$H $,$G $- $k$h $& $K$J $k!% 7. $* $o $j $K K\O@ J8 $G $O !$ C 8@8l $r3HD% $7 $F 6&M- %a %b%j>e $G$NJB Ns=h M} $rMF0W $K !$ 8z N( $h$/ 9T$& $? $a $K !$ C 8@8l %l %Y %k $N %a %b%j %b %G%k$H$= $N>e $N %W %j %_ %F %# %V $N@_7W $r<($9 $H $H$b $K !$ $= $N GNU C %3 %s%Q %$ %i $rMQ $$ $?<B 8= $K$D $$ $F=R $Y $? !% :# 8e $O !$ 8! F$ $r?J $a$k $H6& $K !$ $= $N %3 %s %Q %$ %iHG $N <BAu $K $D$$$F 8&5f $7 $F $$$-$?$$ !% ;2 9M J8 8% 1) Adv e, S. V., P ai, V. S. and Ranganathan, P .: Recen t Adv ances in Memory Consistency Mo dels for Hardw are Shared Memory Systems, Pr o c. of the IEEE, Sp e cial Issue on Distribute d Shar e d Memory , V ol. 87, No. 3, pp. 445{455 (1999). 2) DEC: Alpha AXP %"!< %- %F %/ %A %c35 MW , 6& N) =P HG (1993). ( F|K\ DEC 4FLu !& JT , 9b_72E8w Lu ). 3) Green w ald, M. B.: Non-Blo cking Synchr oniza- tion and System Design , PhD Thesis, Stanford Univ ersit y (1999). 4) Heinric h, J.: MIPS R4000 Micropro cessor User’s Man ual, Second Edition (1994). 5) In tel: In tel Arc hitecture Soft w are Dev elop er’s Man ual (1999). 6) Kane, G. and Heinric h, J.: MIPS RISC A r- chite cutr e , Pren tice Hall (1992). 7) Kernighan, B. W. and Ritc hie, D. M.: %W %m %0 %i %_ %s %0 8@ 8l C Bh 2 HG , 6&N)=PHG (1989). ( @PED @25W Lu ). 8) Motorola Inc.: P o w erPC Micropro cessor F am- ily: The Programming En vironmen ts for 32-Bit Micropro cessors (1997). 9) SP AR C In ternational, Inc.: The SP AR C A r- chite ctur e Manual { V ersion 8 , Pren tice Hall (1992). 10) SP AR C In ternational, Inc.: The SP AR C A r- chite ctur e Manual { V ersion 9 , PTR Pren tice Hall (1994). 11) 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). 12) H, ?y >; 9( , GO C+ @? Fs , >. 5\ >o 9/ , Er ^I B@ 0l : %^%k %A %3%s %F %- %9 %H 4I M}$r %5%] !< %H $9 $k <B Au MQ 8@ 8l , >p Js =h M} 3X 2q %W %m %0 %i%_ %s %0 8& 5f 2q (SW oPP’99) (1999). ( J?@. ? G/ ? 7n ? F|<uIU ) ( J?@. ? G/ ? 7n ? F|:NO? ) H,?y >;9( !J @52q0w !K 1967 G/@8!% 1989 G/El5~Bg3X9) 3X It EE ;R 9) 3X 2J B4 !% 1991 G/ F1 Bg 3X Bg 3X 1! EE 5$ 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 3X1! >p Js 3X 8& 5f 2J DL ?. >pJs%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!%

V ol. 42 No. SIG ??(PR O 13) 6&M- %a %b %j8~ $1 %W %j%_ %F %# %V $H $=$N GCC $r ;H$C $? <B8= 15 9bED =a 1978 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 !% JB Ns =h M} $H 8@ 8l =h M} 7O $K6= L# $r ;} $D !% 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 ;} $D !% >.5\ >o9/ !J @52q0w !K 1969 G/@8!% 1991 G/K-665;=Q2J3X Bg 3X 9) 3X It >p Js 9) 3X 2] Dx B4 6H !% 1993 G/F1 Bg 3X 1! 9) 3X 8& 5f 2J >p Js 9) 3X @l 96 =$ ;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 Bg3X Bg 3X 1! 9) 3X 8& 5f 2J >p Js 9) 3X @l 96 =u <j !% 1998 G/$h $j F1 Bg3X 1! >p Js 3X8& 5f 2J DL ?. >pJs %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 Sc heme F~Lg !W !$ !V C 8@8l $K $h $k %W %m %0 %i %_ %s%0 F~ Lg !W B>!%F| K\%=%U %H %&%’%" 2J 3X 2q !$ EE;R>pJsDL?.3X2q !$ IEEE !$ A CM 3F2q0w!%