Surv ey: Op enMP on Net w orks of W orkstations EDCf 5A=c 1999 G/ 10 7n 18 F| 35MW Op enMP $H $O $I $N $h $& $J $b $N $+ $H $$ $& 4J C1 $J >R 2p $H!" :G 6a $N Op enMP $N 8& 5f $N %5!< %Y %$ $r 9T $$ $^ $9!# 1 In tro duction 1.1 What is Op enMP Op enMP[3] $O!"6& M-%a%b %jJBNs 7W;;5! >e$K$* $$$F!" <+F0JB Ns2=$r 9T$&$? $a$N API $G$" $k!#6q BNE*$K $O!"C‘<!8@8l$G=q$+$l$?C‘<!%W%m%0%i%‘$N!"JBNs$K<B9T$7$?$$ItJ,$KJBNs2=;X<(;R$rA^F~$9$k$3$H$K$h$C $F <+ F0 JB Ns 2= $r 9T$C $F $$ $k!# $= $N $? $a!" 0[ $J$C $? %"!< %- %F %/ %A%c $N %^ %7 %s 4V $K $* $$ $F!" %=!< %9 %3!< %I %l %Y %k $G $N 0\ ?" @- $, Hs >o $K 9b $$ $H $$ $& FC D’ $, $" $k!# $^ $?!" C‘ <! %W %m %0 %i %‘ $K JB Ns 2= ;X <( ;R $r A^ F~ $9 $k $@ $1 $G JB Ns %W %m %0 %i %_ %s %0 $r $9 $k $3 $H $, =P Mh $k $N $G!" JB Ns %W %m %0 %i %_ %s %0 $K 47 $l $F $$ $J $$ ?M $G $b MF 0W $K JB Ns %W%m%0%i%‘$,=q$1$k$H$$$&FCD’$,$"$k!# 1.2 An Example Nc$($P!" int Summation() { int i, sum = 0; for(i = 0; i < 100; i++) sum += i; return sum; } $N$h $&$JC‘ <!$N%W %m%0%i %‘$,$"$C $?$H$- $K!"$3$N for $N ItJ,$r 10 Bf $N%9%l%C %I$rMQ $$$FJB Ns$K<B 9T$9$k $h$&$K=q$-49$($k$H$7$?$i!" void Loop(int* s, int a, int b) { if (b-a == 1) { int i, j = a*10; for(i = j; i < j+10; i++) *s += i; } else { int s1, s2, m=(a+b)/2; THREAD_CREATE(Loop(&s1, a, m)); Loop(&s2, m, b); } } int Summation() { int sum = 0; Loop(&sum, 0, 10); 1 return sum; } $N $h $& $K $J $k $G $" $m $&!# !J$? $@ $7!" %9 %l%C %I @8 @. $N It J, $K $O $+ $J $j $N >J N, $, $" $j!" $^ $? @5 $7 $/ <B 9T $9 $k $?$a$K$O$-$A$s$HF14|$r$H$kI,MW$,$"$k$N$G!"@53N$K$O$b$&>/$7J#;($K$J$k!#!K $7$+$7$J$,$i!"$3$N%W%m%0%i%‘$r Op enMP $rMQ$$$FJBNs2=$9$k$H!" int Summation() { int i, sum = 0; #pragma omp parallel for reduction(+:sum) for (i = 0; i < 100; i++) sum += i; return sum; } $N$h$&$K!"%W%i%0%^;XNa$rA^F~$9$k$@$1$G<+F0E*$KJBNs<B9T$7$F$/$l$k$o$1$G$"$k!# $3$N $h$& $K!" %W%m %0%i %^ $NIi C4$O Bg I}$K 7Z8: $5 $l$k $o$1 $G $"$k $,!"8z N( $N$h $$<B 9T $r$9 $k $?$a $K$O $= $NJ,%3%s%Q%$%i$,4hD%$kI,MW$,$"$k!# 2 Op enMP $N:G6a$N8&5f$NF08~ $5$F!" Op enMP $N@bL@$O$3$N$/$i$$$K$7$F!" Op enMP 4XO"$G:G6a9T$o$l$F$$$k8&5f$N>R2p$r$9$k!# Op enMP $O!" 6& M- %a %b %j JB Ns 7W ;; 5! 8~ $1 $N API $G $" $k $o $1 $@ $,!" :G 6a $h $/ 9T $o $l $F $$ $k 8& 5f $O!" J, ;6 %a %b%j JB Ns7W ;;5! $d SMP %/ %i%9 %? >e$K $*$1 $k JBNs %W %m%0 %i%_ %s %0$r Op enMP $rMQ $$$F 8z N(E* $K 9T$* $& $H$$ $&$b$N $G$"$k!# Op enMP $O!"JBNs 2=$,MF 0W$G$"$k $3$H!"%=!< %9%3!<%I %l%Y%k $G$N0\ ?"@-$, 9b$$$3 $H $, Gd $j $G $" $k $N $G!" %W %m %0 %i %‘ $K JQ 99 $r 2C $( $: $K!" 6& M- %a %b %j JB Ns 7W ;; 5!!" J, ;6 %a %b %j JB Ns 7W ;; 5! >e $G 8zN(E*$KF0$$$F$/$l$l$P$&$l$7$$$o$1$G$"$k!# 3 Op enMP on Net w orks of W orkstations $3$NO@J8 [2] $G$O!" Net w orks of W orkstations(NO Ws) >e$G!" Op enMP $rMQ$$$F=q$+$l$?%W%m%0%i %‘ $r 8z N( E* $K F0 $+ $9 $3 $H $r L\ I8 $H $7 $F =q $+ $l $F $$ $k!# $7 $+ $7 $J $, $i!" Op enMP $O 6& M- %a %b %j %^ %7 %s $r %?!< %2%C %H $K $7 $? ;E MM $G $" $k $N $G!" D> @\ J, ;6 %a %b %j %^ %7 %s MQ $K %3 %s %Q %$ %k $9 $k $N $O MF 0W $G $O $J $$!# $= $N $?$a!"$3$NO@J8$G$O!"%=%U%H%&%’%" DSM $N0l$D$G$"$k T readMarks[1] $rF3F~$9$k$3$H$K$h$j!" Op enMP $N %W %m %0 %i %‘ $r T readMarks >e $G F0 $+ $9 $h $& $K %3 %s %Q %$ %k $7 $F $$ $k!# $7 $+ $7 $J $, $i!" 6& M- %a %b %j %^ %7 %s $H NO Ws $G$O %"!<%- %F %/%A%c $,0c $&$N $G!" IaDL $K%3 %s%Q %$ %k$7 $?$N $G $O@- G=$, =P$J $$ 7k2L $K$J$C $F$7 $^ $&2DG=@-$,$"$k!# $= $3 $G $3 $N O@ J8 $G $O!" Op enMP $N %W %m %0 %i %‘ $r %= %U %H %&%’ %" DSM >e $G <B 9T $9 $k $H $- $N Ld Bj E@ $H $= $N2~NIK!$K$D$$$F=R$Y!" MPI $rMQ$$$F=q$+$l$?%W%m%0%i%‘$H$NHf3S$r$7$J$,$i@-G=$rI>2A$7$F$$$k!# 3.1 LdBjE@$H2~NI0F $^$:!"$3$NO@J8$G$O!" NO Ws $K Op enMP $r<BAu$9$k:]$K 2 $D$NDs0F$r$7$F$$$k!# 1. JBNsNN0h$K$*$1$kJQ?t$r default $G shared $G$O$J$/ priv ate $K$9$k 2. ush $rGQ;_$7$F!"Be$j$K c ondition variable $H semaphor e $rF3F~$9$k 1. $O%"!<%-%F %/%A%c$N0c $$$rI=$7 $F$$$k!# 6&M-%a%b %j%^%7%s $N>l9g$K $O!" static $J%0%m!< %P%kJQ?t $d heap >e $N JQ ?t $O 6& M- JQ?t $G $" $k $@ $1 $G $J $/!" %9 %l%C %I %m!< %+%k $J %9 %?%C %/ >e $N JQ ?t $G $5 $( $b %]%$ %s %? $r EO$9$3$H$K$h$C$F;2>H $9$k$3$H$,2DG=$G$"$k!#$7$+$7$J$,$i!" %=%U%H%&%’%" DSM $N>l9g$O!"$I$N$h$&$J JQ ?t $^ $G 6& M-$5 $l $k $+ $O %7 %9 %F %‘ 0M B8$G $" $j!" @E E* $K 3d $j Ev $F$i $l $? JQ ?t $@ $1 $, 6& M- $G$"$C $? $j!" heap $@ $1 $, 6& M- $G $"$C $? $j!" $^ $?!" @l MQ $N 4X ?t $G 3N J] $5 $l $? %a %b %j NN 0h $@ $1 $, 6& M- $G $"$C $? $j $9 $k!# T read- Marks $N >l 9g $K $O!" 4p K\ E* $K $O $9 $Y $F $N JQ ?t $O priv ate $G $" $j!" Tmk mal lo c $r MQ $$ $k $3 $H $K $h$C $F!" 6&M- heap >e$KJQ?t$r3d$jEv$F$k$3$H$,=PMh$k$h$&$K$J$C$F$$$k!# $5$F!"!VJB NsNN0h$K $*$1$k JQ?t$r default $G shared $G $O$J$/ priv ate $K$9$k!W $3$H$N 0U5A$G $"$k$,!" %3 %s %Q %$ %k ;~ $H <B 9T ;~ $N %3 %9 %H $N :o 8: $N $? $a $G $" $k!# 6& M- %a %b %j %^ %7 %s $N >l 9g!" 6& M- JQ ?t $N <B Au $O 4J C1 2

$G$" $k!#C1$K!" %]%$%s %?$r EO$7$F $d$l$P $$$$$@ $1$N$3 $H$G$" $k!#$= $l$KBP $7$F!" priv ate JQ ?t$O!"%9 %?%C %/ >e $K ?7 $? $J JQ ?t $r Dj 5A $7 $F $d $k I, MW $, $" $k $N $G >/ $7 <j 4V $, $+ $+ $k!# $= $l $K BP $7 $F!" T readMarks $N >l 9g$K $O!"4pK\ E*$K$9 $Y$F$N JQ?t$O priv ate $G$"$k $N$G!"$" $kJQ?t $r6&M- JQ?t$H$7 $FMQ$$ $?$$>l 9g$K$O!" @h $[ $I $H $O 5U $K ?7 $? $K Dj 5A $7 $F $d $k I, MW $, $" $k!# $^ $?!" 6& M- JQ ?t $X $N %" %/ %; %9 $O F1 4| $r H< $& $N $G!" Bg JQ %3 %9 %H$N $+ $+$k A‘ :n$G $" $k!#$7 $?$,$C $F!" C1$K CM $rEO $9 $@$1 $N A‘:n $N >l9g $K $O �rstprivate $rMQ $$$k $3 $H$K $h$C$F2r7h$7$F$$$k!# 2. $b 1. $K4X78 $7$F$$ $F!"DL?. $K%3%9 %H$,$+ $+$k$3 $H$,86 0x$NLd Bj$G$" $k!# ush $r9T$& $H!"$9$Y $F$N %9 %l%C %I 4V $G 6& M- JQ ?t $N 0l 4S @- $, $H $i $l $k!# $3 $N ;~!" 6& M- %a %b %j %^ %7 %s $G $" $l $P!" %l %8 %9 %? $N JQ ?t $r %a %b%j$K=q$-La$7$F write barrier $r$9$l$P$$$$$@$1$G$"$k$,!"%=%U%H%&%’%" DSM $N>l9g$K$O!"$I$N%9%l%C %I $,$I $N $h$& $J >u 67$G BT$C $F$$ $k $N$+ J, $+ $i$J $$ $N$G!" n 8D $N %9%l%C %I $, $"$C$? $H $9$k $H!" 2( n � 1) 2s $N DL ?. $r $r $9 $k I, MW $, =P $F $- $F $7 $^ $&!# $3 $N A‘ :n $O!" 6& M- %a %b %j %^ %7 %s $N A‘ :n $K Hf $Y $k $H $+ $J $j =E $$ $b $N$,$"$k$N$G!"LdBj$G$"$k!# $=$3$G!" $3$N O@J8$G $O!"?7 $?$K c ondition variable $H semaphor e $rF3 F~$9$k $3$H $K$h$j!" ush $h $j $b7Z$$A‘:n$G ush $HF1Ey$N8z2L$rF@$h$&$H$7$F$$$k!# 6q BN E* $K!" $I $N $h $& $J >l LL $G ush $, ;H $o $l $k $+ $H $$ $& $3 $H $G $" $k $,!" pip eline $d task queue $J $I $N JB Ns <B 9T $N $? $a $N 5! 9= $r <B Au $9 $k $H $- $K M- 8z $N $h $& $G $" $k!# $^ $:!" pip eline $G $" $k $,!" ush $r MQ $$ $F =q $/ $H Figure 1 $N $h $& $K $7 $F <B Au $9 $k $3 $H $, =P Mh $k!# F1 MM $K!" task queue $O!" Figure 2 $N $h $& $K $7$F<BAu$9$k$3$H$,=PMh$k!#$3$3$G!" c ondition variable !" samaphor e $r0J2<$N$h$&$K<BAu$9$k!# sema_wait(S): while (S <= 0) do no-op; S--; sema_signal(S): S++; $^$: semaphor e $G$"$k$,!"$3$l$OIaDL$N7W?t%;%^%U%)$G$"$k!# cond_wait(id) : Block on a condition variable cond_signal(id) : Unblock one waiting thread cond_broadcast(id): Unblock all waiting threads <! $K c ondition variable $G $" $k $,!" $3 $l $O critical section Fb $G $N $_ MQ $$ $k $3 $H $, $G $- $k!# $I $& $$ $& $3 $H $+ $H $$$& $H!" critical section Fb $G cond wait(id) $, 8F $P $l $k $H!"$= $N %9 %l%C %I$O critical seciton $+ $i H4$1$?>uBV$G blo c k $9$k!#$=$7$F!" cond signal(id) $d cond broadcast(id) $,8F$P$l$k$H!" critical section $NCf$+$i:F3+$5$l$k!# $3$l$i$rMQ$$$F@h$[$I$N pip eline !" task queue $r=q$-D>$9$H!" Figure 3 !" Figure 4 $N$h$&$K$J$k!# :#EY $N>l9g!" ush $H 0c$&$N $O!" c onditon variable $d semaphor e $N4IM} <T$O$I $N%9%l%C %I$,BT$C $F$$$k $N$+ $rCN$C $F$$ $k$N $G!" ush $KHf $Y$l $PDL ?.NL $,8: $j!"$^ $?!"I, MW$N$J $$F1 4|$r $H$i $J$/ $F$h $/$J $k$H $$$&MxE@$,$"$k!# 3.2 @-G=I>2A @- G= I> 2A$O!" T able 1 $K $" $k 5 $D $N %" %W %j %1!< %7%g %s $G 9T $o $l $F $$ $k!# $3 $N $& $A!" Sw eep3D $G $O!" @h$[$I$N pip eline $r!" QSOR T $G$O task queue $rMQ$$$F<BAu$5$l$F$$$k!#<B83$O!" 166MHz $N P en tium Pro 8 Bf $,!" switc hed !" full-duplex 100Mbps $N %$!< %5%M%C %H $G$D $J $,$l $F $$ $k>e $G 9T$o $l $?!#Hf 3S $N BP >N $O!" Op enMP $K $h$k %W %m %0%i %_ %s %0!" T readMarks $G D>@\ %W %m %0%i %_ %s %0!" MPI $G%W %m %0 %i %_%s %0 $N 3 $D$G 9T$o $l$?!# Figure 5 $, <B 837k 2L$G $"$j!" Op enMP $K$h $k%W %m%0 %i%_ %s%0 $N7k 2L $O!" T read- Marks $K $h $k %W %m %0 %i %_ %s %0 $K Hf $Y $k $H!" 3 � 17% Dx EY $N %*!< %P!< %X%C %I $G $"$C $? $,!" MPI $K Hf $Y $k $H 41% $b $N %*!< %P!<%X%C %I $, $+ $+$C $F $$ $k!#$= $N 86 0x $O!" T able 2 $K $* $1 $k DL ?. NL $N:9 $+ $i Mh $F $* $j!" T readMarks $,4V$G4hD%$C$FDL?.$7$F$$$kJ,$@$1%*!<%P!<%X%C%I$,$+$+$C$F$$$k$h$&$G$"$k!# 4 Omni on Stac kThreads/MP $N8=>u 8=;~E@$G$N<BAu$O!" SW oPP99 $K=P$7$?$H$-$H $OJQ99$7!" for $d sections $G$O:YN3EY %9%l%C%I$r@8@. $7 $J $$ J} 8~ $G ?J $a $F $$ $^ $9!# SW oPP99 $G!" parallel $N B> $K for $d sections $G $b :Y N3 EY %9 %l%C %I $r @8 @. $7 $F$$ $?$N $O @-G= $r=P $9$? $a $@$C$? $o$1 $G $9$,!" @-G= $,=P $J $+$C$? 860x $,!" %9%l%C %I$N freelist $r 4I M}$9 3

$k $H $- $K lo c k $r $H$C $F $$ $? $? $a $G $" $k $3 $H $, 2r L@ $5 $l $? $N $G!" $= $N It J, $r 2~ NI $7 $F 8= ;~ E@ $G $N <B Au $K $J $j$^$7$?!# 8= >u $N Ld Bj E@ $H $7 $F $O!" barrier $, CY $$ $H $$ $& $3 $H $, $" $2 $i $l $^ $9!# :Y N3 EY %9 %l%C %I $r L WP ?t 0J >e $K @8@. $9$k $?$a!" barrier $r <BAu $9$k $?$a $K$O!" :YN3 EY%9 %l%C%I $NCf CG!&:F 3+$r 9T$o $J$$ $H$$ $1$J $$$o $1 $G$9$,!"$I$&$7$F$b%3%9%H$,$+$+$C$F$7$^$&$?$a!" Omni $KHf$Y$F<B9T;~4V$, 180 8=:_ $O!" Omni $N %P!<%8%g %s 1.0 $N %j%j!< %9 $K9g $o $;$F Omni on Stac kThreads/MP $N � %P!< %8%g %s$r%j%j!<%9$G$-$k$h$&$K<BAu$r?J$a$F$$$k$H$3$m$G$9!# ;29MJ88% [1] C. Amza, A.L.Co x, S.Dw ark adas, P . Keleher, H. Lu, R. Ra jamon y , W. Y u, and W Zw aenep o e. T readmarks: Shared memory computing on net w orks of w orkstations. IEEE Computer , 29(2):18{ 28, F ebruary 1996. [2] Hongh ui Lu, Y Charlie Hu, and Willy Zaenep o el. Op enmp on net w orks of w orkstations. In Sup er c omputing’98 , No v em b er 1998. [3] Op enMP Arc hitecture Review Board. Op enMP C and C++ Applic ation Pr o gr am Interfac e , Octob er 1998. h ttp://www.op enmp.org/. 4