V ol. 0 No. 0 >pJs=hM}3X2qO@J8;o 1959 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W >. @n 9( 9b y >> 2, Ao y 4] ;3 E_ I’ y Aa ED 63 I’ y ;V B< 9@ Li yy Op en Compiler $O!$ <+8J H? 1G7W ;;$r %Y!< %9$H $7 $F!$%3 %s%Q %$ %i$K $5 $^$6 $^ $J8@ 8l3H D% $d:G E, 2=$N $?$a $N %b %8%e!< %k $r AH $_ 9~ $‘ 5; =Q $G $" $k!% 2f!9 $O!$ Ja v a 8@ 8l $N Just-In-Time %3 %s %Q %$ %i $K Op en Com- piler $N 5; =Q $r E, MQ $7!$ %/ %i %9 C1 0L $G $N :G E, 2= $N $? $a $N %+ %9 %? %^ %$ %<!< %7%g %s $r 2D G= $K $7 $? Op enJIT $r 3+ H/ $7 $F$$ $k!% Op enJIT $O!$ %" %W %j%1!< %7%g %s $d 7W;; 4D 6- $K FC2= $7 $? F0 E*$J 8@ 8l 5! G= $N3H D% $d :G E,2= $, 2D G= $G $"$j!$ ?7 $? $J%3 %s %Q %$ %k5; =Q $N 8& 5f4p HW $H $7$F $N Lr L\ $r2L $? $9!% Op enJIT $O!$ 2DHB @- $r 3N J]$9 $k $?$a $K 99% $, Ja v a 8@8l$G 5-=R$5 $l$F$*$j!$ %U%m%s %H%(%s %I%7%9%F %‘$H%P%C %/%(%s%I %7%9%F %‘$+$i9= @.$5 $l $k!% A0 <T $O $h $j 9b %l %Y %k$J Cf 4V I= 8= $G $N :G E, 2=!& FC 2= $r ;Y 1g$9 $k %P %$ %H %3!< %I JQ 49 4o $N %U %l!< %‘%o!< %/ $r Ds 6! $7!$ 8e <T $O %3!< %I @8 @. %l %Y %k $G $N:G E, 2= $r 9T $$!$ <B 9T ;~ %3!< %I $r @8 @. $9 $k!% K\ 9F $G $O!$ %U %m %s%H %( %s%I%7%9%F%‘$N<B8=$K$D$$$F=R$Y$k$H$H$b$K!$$=$l$rMQ$$$?C1=c$JNc$K$h$kI>2A$r9T$&!% A Design of Op enJIT F ron tend System Hir ot aka Oga w a, y Sa toshi Ma tsuoka, y Fuyuhik o Mar uy ama, y Yukihik o Sohd a y and K ouy a Shimura yy The so-called ‘Op en Compilers’ is a tec hnique to incorp orate v arious self-descriptiv e mo d- ules for language customization and optimization based on computational re ection. W e apply the op en compiler tec hnique to a Jav a Just-In-Time compiler to dev elop the Op enJIT compiler, whic h allo ws class-sp eci�c customization and optimization, fostering researc h of new compilation tec hniques suc h as application-sp eci�c customization and dynamic optimiza- tions. The Op enJIT is largely devided in to the fron tend and the bac k end. The fron tend tak es the Ja v a b yteco des as input, p erforms higher-lev el optimizations in v olving source-to-source transformations, and pass on the in termediate co de to the bac k end. The bac k end tak es the in termediate co de from the fron tend as input, p erforms lo w er-lev el optimizations, and outputs the nativ e co de for direct execution. In this pap er, w e describ e the in ternal arc hitecture of the fron tend system and ev aluate it for a simple lo op example. 1. $O $8 $a $K Ja v a 8@ 8l $K Be I= $5 $l $k 2D HB @- $N 9b $$ %W %m %0 %i %‘ 8@ 8l $,6aG/CmL\$5$l$F$$$k!%$3$l$i$N8@8l $N=hM}7O$G$O!$2D HB@-$r3NJ]$9$k$?$a$K%P%$%H%3!<%I$J $I$N%3%s%Q%/%H$+ $D5!<oFHN)$JCf4V7A<0$rMQ$$!$9bB.2= $N$?$a$KI,MW$JIt J,$r<B9T;~$K%M%$%F%#%V%3!<%I$K%3%s %Q%$%k$7!$<B9TB. EY $r 8~ >e $5 $; $k Just-In-Time !J JIT !K %3 %s %Q %$ %i $r MQ $$$k $N $,0l HL E* $G $" $k!% $7 $+$7!$ JIT %3%s%Q %$ %i $O!$ DL >o$N%3%s%Q%$%i$HHf3S$9$k$H!$$=$N9= C[$K4X$9$kE}9gE* $J5;=Q%U%l!<%‘%o!<%/$,M?$($i$l$F $$$J$$!%$=$N$?$a!$ JIT <+?H$N2DHB@-$N7gG!!$:GE,2=$K4X$9$k5;=Q E*CN8+$N y El5~9)6HBg3X T oky o Institute of T ec hnology yy !J3t!KIY;NDL8&5f=j F ujitsu Lab oratories Limited ITB-$J$I$NLdBj$,;XE&$5$l$F$$$k!% DL>o$N%3%s%Q%$%i$KMW5a$5 $l$k!V:GE,2=!W$O!$%a%b%j $J$I$N;q8;$,=<J,$K3NJ]$G$-$k$H$$$&2>Dj$N 4p$K!$$J$k $Y$/9b@-G=$J<B9T;~%3!<%I$rF@$k$3$H$K<g4c$, CV$+$l$F $$ $k!% 0l J}!$ JIT %3 %s %Q %$ %i $K MW 5a $5 $l $k !V:G E, 2=!W $O!$0l$D$N%W%m%0%i%‘$rMM!9$J0[$J$k7W;;4D6-$X E,9g$5 $; $k $? $a!$ !J 1 !K 8D!9 $N %" %W %j %1!< %7%g %s 5Z $S 7W ;; 4D 6- $K FC 2= $7 $? :G E, 2=!$ !J 2 !K 7W ;; 4D 6- $H %" %W %j %1!< %7%g %s $K1~$8$?%3%s%Q%$%k%3!<%I$N3HD%!$$r9MN8$9$kI, MW$,$" $k!%$7 $+ $7!$ => Mh $N JIT $O0l <o $N %V %i%C%/ %\%C %/ %9 $G $" $j!$ !J 1 !K $K 4X $7 $F $O HF MQ @- $N $" $k :G E, 2= $7 $+ 9T $o $:!$ $^ $?!$ !J 2 !K $K 4X $7 $F $O 8@ 8l $N 3H D% $d ?7 5, $N 5! G= $K BP 1~ $7$F%3!<%I@8@.$N<jK!$rJQ$($k$h$&$JFC2=$N5! G=$ODs6! $7$F$$$J$$!% $3 $N Ld Bj $N 86 0x $O!$ JIT $N 9= C[ $, C1 =c $K => Mh $N %3 %s %Q%$%i5;=Q$r2<CO$H$7$F!$%"%I%[%C%/$K9=C[$5$l $F$$$k 1

2 >pJs=hM}3X2qO@J8;o 1959 $? $a $H 9M $( $i $l $k!% Ja v a $N JIT $N B? $/ $O C 8@ 8l $d %" %;%s%V%i$G5-=R$5$l$F$*$j!$:FMxMQ @-!$2DHB@-!$E,9g@- $J$I!$K\Mh%=%U%H%&%’%"$,;}$D$Y$-@-<A $r7s$MHw$($F$$ $J $$!% DL >o $N %3 %s %Q %$ %i $G $O!$ Stanford Bg 3X $N SUIF Compiler System 13) $N$h$&$K!$9bIJ<A$J%3 %s%Q%$%i$r %*%V%8%’%/%H;X8~%U%l!<%‘%o!<%/$H$7 $F<B8=$7!$MM!9$J <oN‘$N%3%s%Q%$%i9=C[$N8&5f$d5;=Q3+ H/$NAC$H$9$k;n$_ $, $" $k $,!$ DL >o $N JIT $O 40 A4 $J %V %i%C %/ %\%C %/ %9 $G $" $j!$%=!<%9%3!<%I$9$i8x3+$5$l$F$$$J $$!%$3$N$h$&$J8= >u$,!$ JIT $r4^$‘ F0 E* %3 %s%Q %$ %k 5; =Q$N 8& 5f $N Bg$$ $J $k K8$2$K$J$C$F$$$k$H2f!9$O9M$($k!% 2f!9 $O >e 5- $N Ld Bj $r 2r 7h $9 $k $? $a $K!$ <+ 8J H? 1G 7W ;; !J%j%U%l%/%7%g%s!K$K4p$E$$ $? Op en Compiler !J3+J| 7?%3%s%Q%$ %i!K 7) 5;=Q$r%Y!< %9$H$7 $F!$%"%W %j%1!<%7%g %s$d7W;;4D6-$KFC2=$7$?8@8l$N5!G=3H D%$H:GE,2=$,9T$( $k JIT %3 %s %Q %$ %i $G $" $k Op enJIT $r 8& 5f!& 3+ H/ $7 $F $$$k!% Op enJIT $G$O!$ JIT %3%s %Q%$%i <+?H$, Ja v a $N %/%i%9%U%l!<%‘%o!<%/$H$7$F5-=R$5$l $F$*$j!$%/%i%9%i %$ %V %i %j $N :n @. <T $, %/ %i %9 C1 0L $G $= $N %/ %i %9 $K 8G M- $N :GE,2=%b%8%e!<%k$rAH$_9~$‘$3$H$r2D G=$H$9$k!%$3$l$K $h$j!$MM!9$J7W;;4D6-!&%W%i%C%H%U%)!< %‘!&%"%W%j%1!< %7%g%s$KBP$9$kE,9g$d!$J#;($J:GE,2=$r AH$_9~$‘$3$H$b 2DG=$H$J$k!% K\ 9F $G $O!$ Op enJIT $N 35 MW $K $D $$ $F =R $Y $k $H $H $b $K!$ Op enJIT $,Ds6!$9$k %/%i%9%U%!%$ %kC10L$G$N :GE, 2=!&FC2=$N5!G=$r<B8=$9$k%U%m%s%H%( %s%I%7%9%F%‘$N<B Au$K$D$$$F=R$Y$k!%$5$i$K!$C1=c$J%k!< %W$N%W%m%0%i%‘ JQ49$r Nc$K$H$C$F!$8= >u$N Op enJIT $N M=HwE*I>2A $r9T $&!% 2. Op enJIT $N35MW 2f!9$,8&5f3+H/$r?J$a$F$$$k Op enJIT %3%s%Q%$%i%7 %9%F%‘ 9) $O!$2>A[5!3#$K $h$k%W%m %0%i%‘ $N<B9T$N 9bB.2= $KMQ $$$i $l $k JIT %3%s%Q %$ %i $K<+ 8J H? 1G7W ;; $N 35G0 $r F3 F~$7 $?3+ J| 7? JIT %3%s%Q %$ %i $G$" $k!% Op enJIT $O!$7W ;;4D6-!&%W%i%C%H%U%)!<%‘!&%"%W%j%1!< %7%g%s$K1~$8$? F0E*$J%3%s%Q%$%k$NE,9g2=$,2DG=$K $9$k$?$a!$MM!9$J7W ;;4D6-$KBP$7$F!V@-G=$N2DHB@-!W$d !VJ]<i@-!W$N9b$$%W %m%0%i%‘$,<B8=$G$-$k!% $3 $l $K BP $7!$ DL>o $N Ja v a $N %7%9 %F %‘ $O 2D HB @- $, $" $k $H8@$o$l$F$$ $k$,!$$=$N 2DHB@-$O JVM !J Ja v a Virtual Mac hine !K $, <B 8= $9 $k ;E MM $N 2D HB @- $K 0M B8 $7 $F $$ $k!% JVM $, <B 8= $7 $F $$ $J $$ 5! G= $O!$ Ja v a $G 4J JX $K 5- =R $G $-$J$$8B$j!$HsI8=‘E*$J<jCJ$K$h$C$F<B 8=$;$6$k$rF@$J $$!% Nc $( $P!$ Ja v a $N %^ %k %A %9 %l%C %I $r MQ $$ $? JB Ns %W %m %0 %i %‘ $r J, ;6 %a %b %j 7W ;; 5! $G <B 9T $7 $h $& $H $7 $? >l 9g!$ 2? $i $+ $N 7A $G J, ;6 6& M- %a %b %j $r Ja v a >e $G <B 8= $9 $k I, MW $, $"$k!%$H$3 $m$,!$ JVM $O $=$b$=$bJ, ;66&M-%a %b%j$r0l @Z%5%]!<%H$7$F$*$i$:!$$^$?%f!<%6!<%l%Y%k$G$N J,;66& M- %a %b %j $N <B 8= $K I, MW $J Read/W rite Barrier $r A^ F~ $9$k$?$a$N%=%U%H%&%’%">e$N!V%U%C%/!W$bB8:_ $7$J$$!% =>$C$F!$ JVM $r2~B$$9 $k$+!$%W%j %W%m%;%C%5$r MQ$$$k $J$I!$HQ;($G2DHB@-$rK8$2$k<jK!$rMQ$$$kI,MW$,$"$k!% Op enJIT $G $O!$ %3 %s %Q %$ %i $N 3H D% %/ %i %9 %U%! %$ %k $H $7$F!$ Read/W rite Barrier $r%3%s %Q %$ %k %3!< %I $G0l HL E*$K<B8=$9$k$3$H$K$h$j!$I,MW$J>l9g$KJ,;66& M-%a%b%j $N%3!<%I$r=PNO$9$k$h$&$J2DHB@-$N9b$$%7%9%F %‘$N9=C[ $, 2D G= $H $J $k!% $D $^ $j!$ Op enJIT $O Ja v a $K JVM $, Ds 6! $7 $J $$ 0l <o $N %U%C %/ $r F~ $l $k <j CJ $H $7 $F Mx MQ $G $- $k!% $^$?!$ Op enJIT $O!$$h$j8z2LE*$J:GE, 2=$r%/%i%9$K FC2=$7$?7A$G<B8=$9$k$3$H$r2DG=$K$9$k!%$3$l $K$h$j!$ 8z2LE*$@$,%3%9%H$N9b$$:GE,2=$r!$%W%m%0%i%‘ $NI,MW$J ItJ,$@$1$KE,MQ$G$-$k!% Nc $( $P!$ Ja v a $G $O $" $^ $j 9T $o $l $F $3 $J $+$C $? ?t CM 7W ;; $N :G E, 2= !J%k!< %W JQ 49!& 3F <o %-%c%C %7%e %V %m%C %- %s %0!&%G!<%?J,;6$N%"%I%l%97W;;$N:GE,2=$J$I!K $r!$I,MW $J%/%i%9$N=89g$KBP$7$F9T$&$3$H$b2DG=$H$J $k!%$3$N$h $& $J :G E, 2= $O!$ => Mh $N F ortran $d C $N %3 %s %Q %$ %i $G $O I,?\ $@ $,!$ JIT %3%s%Q %$ %i$K $* $$ $F $OA4 $F $N %W %m%0 %i %‘ $KBP$7$F9T$&$K$O%3%9%H$,9b$9$.$k$H$$$&M}M3 $+$i4wHr $5$l$F$- $?!%0lJ}!$ Op enJIT $G$O!$$=$N $h$&$J:G E,2= $r!$I,MW$K1~$8$F%/%i%9%i%$%V%i%j!&%"%W%j %1!<%7%g%s $N:n@.<T!$$*$h$S%f!<%6$,I,MW$J%/%i%9$KBP$7$F >l9g$K 1~$8$F9T$($k!% $5$i$K!$%"%W%j%1!<%7%g%s$KFC 2=$5$l$9$.$k$,!$$7$+ $7 6K $a $F M- 8z $J :G E, 2= $,!$ HF MQ $N JIT %3 %s %Q %$ %i $K AH $_9~$‘$3$H$,$G$-$J$$>l9g$K$bBP1~$,2DG=$K $J$k!%Nc$( $P!$Dc%l%Y%k$N2hA|%^%k%A%a%G%#%"=hM}$G$O!$J# ?t$N2h A| =h M} %* %Z %l!< %? $r 9g @. $9 $k $H ?t == G\ $+ $i ?t I4 G\ $N B. EY 8~ >e $, F@ $i $l $k $3 $H $, Js 9p $5 $l $F $$ $k $,!$ %=!< %9 %l %Y%k$G%*%Z%l!<%?9g@.$r9T$&$H!$%=!<%9%W%m%0%i %‘$,6K $a $F HQ ;( $J $b $N $H $J $k!% $= $3 $G!$ 2? $i $+ $N FC 2= $7 $? %3 %s %Q %$ %i $, K> $^ $l $k $,!$ $= $N $h $& $J FC 2= $7 $? %3 %s %Q %$ %i$N:n@.$OFq$7$/!$$+$D%=!<%9$N5!L)@-$bLdBj $H$J$k!% Op enJIT $G $O!$ %P %$ %H %3!< %I %l %Y %k $G %* %Z %l!< %? 9g @. $r9T$&FC<l$J%3%s%Q%$%k$r$9$k%b%8%e!<%k$rAH$_ 9~$‘$3 $H$K$h$C$F!$BP1~$,2DG=$H$J$k!% $3 $N $h $& $K!$ Op enJIT $O => Mh $N %3 %s %Q %$ %i $H Hf 3S $7!$?7$?$J%W%m%0%i%_%s%0%9%?%$%k$r2DG=$K$9 $k!%=>Mh $N JIT $r A0 Ds $K $7 $? %W %m %0 %i %_ %s %0 $G $O!$ ?^ 1 $N >e ?^

V ol. 0 No. 0 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W 3 ?^ 1 =>Mh$N JIT $H Op enJIT $NHf3S$N35G0?^ Fig. 1 Comparison of T raditional JITs and Op enJIT $N$h $& $K!$%Y!< %9 %l %Y %k$N %W %m %0 %i %‘$r JIT %3%s%Q %$ %i $, %3 %s %Q %$ %k $7!$ %W %m %0 %i %^ $d %f!< %6 $O JIT %3 %s %Q %$ %i$,I,MW$J:GE,2=$r$9$k$3$H$r4|BT $9$k$+!$$"$k$$$O2? $i$+$N%=!<%9%l%Y%k$G$NJQ49$r$7!$%*%j %8%J%k$N%W%m%0 %i%‘$HHf3S$9$k$H8+DL$7$N0-$$%W%m%0 %i%‘$rJ]<i$;$6$k $rF@$J$+$C$?!%$7$+$7!$ Op enJIT $K$h$j!$?^ 1 $N2<?^ $N $h $& $K!$ %W %m %0 %i %^ $O 8+ DL $7 $N NI $$ Ja v a $N %Y!< %9 %l %Y%k$N%3!<%I$r5-=R$7!$%W%m%0%i%^<+ ?H!$$"$k$$$O$=$N %W%m%0%i%‘$N%f!<%6$,E,@Z$J:GE,2=!&E, 1~2=%/%i%9%i%$ %V%i%j$rA*Br$9$k$3$H$K$h$j!$%Y!<%9%l %Y%k$N5-=R$N4J 7i$5$rJ]B8$7$?$^$^!$8zN(2=$r?^$k$3 $H$,$G$-$k!%$3$N $h$&$J@-<A$O<+8JH?1G%7%9%F%‘0lHL $KHw$o$k$b$N$@$,!$ JIT %3%s%Q%$%i$H$7$F<B8=$9$k$3$H$K$h$j!$=> Mh$N<+8J H?1G%7%9%F%‘$HHf3S$7$F!$%W%m%0%i %‘$N%=!<%9$r%f!<%6 $K3+<($9$k$3$H$J$/!$%]!<%?%V%k$K!$$+ $D9b$$<B9T8zN( $rF@$k$3$H$,2DG=$H$J$k!% 3. Op enJIT $N9=@. Op enJIT $O!$ Ja v a 8@ 8l <+ ?H $G %]!< %? %V %k $K 5- =R $5 $l!$ Ja v a Virtual Mac hine $N JIT $K BP $9 $k I8 =‘ API $rK~$?$9$h$&$K:n@.$5$l$k!% Op enJIT $N 5! G= $O!$ Bg $- $/ J, $1 $F %U %m %s %H %( %s %I %7 %9%F%‘$N=hM}$H%P%C%/%(%s%I%7 %9%F%‘$N=hM}$N 2 $D$+$i 9=@.$5$l$k!% %U%m%s%H%(%s%I%7%9%F%‘$O!$%P %$%H%3!<%I%l%Y%k!$$b $7$/$O$h$j9b%l%Y%k$JCf4VI=8=$G$N :GE,2=4o!&FC2=4o$N %U %l!< %‘ %o!< %/ $r Ds 6! $9 $k It J, $G $" $j!$ Ja v a $N %P %$ %H %3!<%I$rF~NO$H$7$F<u$1<h$k$H!$G$0U $N:GE,2=!$8@8l3H D%$d?75,$N5!G=$K1~$8$?FC2=$J$I$N9b %l%Y%k$JJQ49$r;\ $7$F!$%P%C%/%(%s%I%7%9%F%‘$KEO$9Cf 4VI=8=!J$"$k$$$O %P%$%H%3!<%I!K$r=PNO$9$k!% 0l J}!$ %P%C %/ %( %s %I %7 %9 %F %‘ $O!$ Ja v a 8@ 8l <+ ?H $G %]!<%? %V%k $K 5- =R $5$l $? Dc %l %Y%k $N JIT %3%s %Q %$%i 5! G= $rDs 6! $9$k It J, $G $"$j!$ 4{ B8 $N JIT %3%s %Q %$%i $H F1 MM!$ F@$i$l$?Cf4VI=8=!J$"$k$$$O%P%$%H%3!<%I!K$K BP$7!$$h $jDc%l%Y%k$G$N:GE,2=$r9T$$!$%M%$%F%#%V%3!<%I $r=PNO $9$k!% %U%m%s%H%(%s%I%7%9%F%‘$H%P%C %/%(%s%I%7%9%F%‘4V$N %$%s%?!<%U%’!<%9$KCf4VI=8=$H%P%$%H%3!<%I$NN> <T$rMQ 0U$7$?$N$O!$%7%9%F%‘A4BN$N=hM}@-G=$r=E;k$9 $k$H$H$b $K%b%8%e%i%j%F%#$r3NJ]$9$k$?$a$G$"$k!% 0J2<$G$O!$%U%m%s%H%(%s%I%7 %9%F%‘!$%P%C%/%(%s%I%7 %9%F%‘$N=hM}$K$D$$$F35N,$r=R$Y$k!% 3.1 %U%m%s%H%(%s%I%7%9%F%‘ Op enJIT $N 5/ F0 $O!$ JDK $N Ds 6!$9 $k JIT %$%s %?!< %U%’!<%9 $r 2p $7 $F %a %=%C %I 5/ F0 $4 $H $K 9T $o $l $k!% Op en- JIT $,M?$($i$l$?%a%=%C%I$KBP$7$F5/F0$5 $l$k$H!$%U%m %s%H%(%s%I%7%9%F%‘$OBP>]$H$J$k%P%$%H%3!<%I Ns$KBP$7 $F0J2<$N=hM}$r9T$&!% $^ $:!$ BP >] $H $J $k %P %$ %H %3!< %I Ns $+ $i 85 $N Ja v a 8@ 8l $K $h $k 5- =R $H $[ $\ Ey 2A $J Cj >] 9= J8 LZ $K %G %3 %s %Q %$ %k $9 $k!%$3$N:]$K$O!$M?$($i$l$?%P%$%H%3!<%INs$+ $i!$85$N %=!<%9%W%m%0%i%‘$+$i@8@.$5$l$k%3%s%H%m!<%k%0 %i%U$N I|85$r9T$&!%$3$l$HF1;~$K!$BP>]$H$J$k%/%i%9 %U%!%$%k $K2?$i$+$N%"%N%F!<%7%g%s>pJs$,IU5-$5$l$F$$$? >l9g$K $=$N>pJs$rF@$k!%$3$N%"%N%F!<%7%g%s>pJs$OI,MW $K1~$8 $FCj>]9=J8LZ>e$NIU2C>pJs$H$7$FMQ$$$i$l$k !y !% <!$K!$F@$i$l$?Cj>]9=J8LZ$KBP $7$F:GE,2=!&FC2=$J$I $NJQ49$r;\$9!%$3$l$i$N=hM}$O!$Cj>]9=J8LZ$+$i I,MW$J %G!<%?%U%m!<%0%i%U$r9=C[$7!$$=$N>e$G$N2r@O $r9T$$!$ I,MW$K1~$8$FJQ49$r9T$&$3$H$G<B8=$G$-$k!%%U %m%s%H%( %s %I %7 %9 %F %‘ $G $O!$ !J 1 !K BP 1~ $9 $k %G!< %? 0M B8 %0 %i %U $d %3 %s %H %m!< %k 0M B8 %0 %i %U $r @8 @. $9 $k 5! G=!$ !J 2 !K $3 $l $i $N%G!<%?%U%m!<%0%i%U$KBP$9$k%G!<%?%U%m!< LdBj!$%^!< %8!$ IT F0 E@ 8! =P $J $I $r Ds 6! $9 $k <j B3 $- 72!$ !J 3 !K %F %s %W %l!<%H%^%C%A%s%0$K$h$kCj>]9=J8LZ>e$NJQ49 %a%=%C%I!$ $rDs6!$7$F$*$j!$$3$l$i$rMQ$$$F%f!<%6Dj5A$K$h $kJQ49 4o$r9=@.$9$k$3$H$,$G$-$k!% JQ498e$N7k2L$O%P%C%/%(%s%I%7 %9%F%‘$,I,MW$H$9$kCf 4VI=8=$J$$$7%P%$%H%3!<%I$KJQ49$5$l$F!$=PNO$5$l$k!% 3.2 %P%C%/%(%s%I%7%9%F%‘ %P%C %/ %( %s %I %7 %9 %F %‘ $O %U %m %s %H %( %s %I %7 %9 %F %‘ $K $h$C $F =P NO $5 $l $? Cf 4V I= 8= $J $$ $7 %P %$ %H %3!< %I $K BP $7 $F!$Dc%l%Y%k$N:GE,2==hM}$r9T$$!$%M%$%F%#%V %3!<%I$r =PNO$9$k!% $^$:!$%P%$%H%3!<%I$NL?Na$r2r@O $7$FJ,N‘$9$k$3$H$K !y 8= >u $N <B Au $G $O!$ <B 9T ;~ $N %U %m %s %H %( %s %I $N =h M} $r M^ $( $k $? $a $K!$ %"%N %F!< %7%g%s >p Js $,IU 5- $5$l $F $$$J $$ >l9g $K $O!$ %U%m %s %H %( %s%I $N =hM} $r>J N, $7$F %P%C %/%( %s %I$K EO$5 $l!$ Cj>] 9= J8LZ $N @8 @.$O9T$o$l$J$$!%

4 >pJs=hM}3X2qO@J8;o 1959 $h$j!$%9%?%C%/%*%Z%i%s%I$r;H$C$?Cf4V 8@8l$NL?NaNs$X $HJQ49$r9T$&!%%U%m%s%H%(%s%I%7%9%F %‘$,Cf4VI=8=$r=P NO$9$k>l9g$O$3$N7A<0$G=PNO$9$k$? $a!$$3$NJQ49=hM}$O >JN,$5$l$k!%<!$KF@$i$l$?L?NaNs$K BP$7!$%9%?%C%/%*%Z %i%s%I$r;H$C$?Cf4V8@8l$+$i2>A[E*$J %l%8%9%?$r;H$C$? Cf 4V 8@ 8l !J R TL !K $X JQ 49 $9 $k!% $3 $N :]!$ %P %$ %H %3!< %I $N@)8f$NN.$l$r2r@O$7!$L?NaNs$r4pK\ %V%m%C%/$KJ,3d$9 $k!%$^$?!$%P%$%H%3!<%I$N3FL?Na$N<B 9T;~$N%9%?%C%/$N ?<$5$r7W;;$9$k$3$H$G!$%9%?%C%/%*%Z%i %s%I$+$iL58B8D ?t$"$k$H2>Dj$7$?2>A[E*$J%l%8%9%?%* %Z%i%s%I$KJQ49$9 $k!% <! $K!$ P eephole :G E, 2= %b %8%e!< %k $K $h$C $F!$ R TL $NL?NaNs$NCf$+$i>iD9$JL?Na$r<h$j =|$/:GE,2=$r9T$$!$ :G E, 2= $5 $l $? R TL $, =P NO $5 $l $k!% :G 8e $K SP AR C %W %m %;%C %5 $^ $? $O!$ In tel x86 %W %m %;%C %5 $N %M %$ %F%# %V %3!<%I$,=PNO$5$l$k!%=PNO$5$l$?%M %$%F%#%V%3!<%I$O!$ Ja v aVM $K$h$C$F8F$S=P$5$l<B9T$5$l$k!% 4. Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N<B8= 3.1 @a $G =R $Y $? DL $j!$ Op enJIT %U %m %s %H %( %s %I %7 %9 %F %‘$O!$%P%$%H%3!<%I%l%Y%k!$$b$7$/$O$h $j9b%l%Y%k$JCf 4VI=8=$G$N:GE,2=4o!&FC2=4o$N%U%l!< %‘%o!<%/$rDs6!$9 $k!% $3 $N %U %l!< %‘ %o!< %/ $O!$ !J 1 !K %G %3 %s %Q %$ %i $K $h$C $F %P %$ %H %3!< %I $+ $i Cj >] 9= J8 LZ $r F@!$ !J 2 !K :G E, 2=!& FC 2= $K Aj Ev $9 $k Cj >] 9= J8 LZ >e $N JQ 49 $r <B ;\ $7!$ !J 3 !K :G 8e $KCj>]9=J8LZ$+$i%P%C%/%(%s%I%7%9%F %‘$NCf4V7A<0$^$? $O%P%$%H%3!<%I$r@8@.$9$k!$$H$$$&0lO" $N=hM}$r<B8=$9 $k Ja v a $N%/%i%9%i%$%V%i%j$+$i9=@.$5$l$k!% Cj >] 9= J8 LZ >e $N JQ 49 $O!$ %D %j!< $r %H %i %P!< %9 $7 $J $, $i!$I,MW$K1~$8$F%D%j!<$r99?7$9$k %a%=%C%I$K$h$C$F<B 8=$5$l!$$3$N%a%=%C%I$,0l<o$N%U%C%/5! 9=$H$7$F5!G=$9 $k!% Op enJIT %U%m%s%H%( %s%I%7%9 %F%‘$G$O!$$3 $N%U%C %/ 5! 9= $r %f!< %6 $N I, MW $K 1~ $8 $F Mx MQ $9 $k $? $a $K!$ %/ %i %9%U%!%$%k$K%"%N%F!<%7%g%s>pJs$rIU2C $7$F3HD%$7$F$* $j!$$3$N>pJs$r!V%/%i%9%U%!%$%k%" %N%F!<%7%g%s!W$H8F $s$G$$$k!% Op enJIT %U%m %s%H %(%s%I %7%9 %F%‘ $N35 4Q$O ?^ 2 $K <( $9 DL $j $G $" $j!$ 0J 2< $N 4 $D $N %b %8%e!< %k $+ $i 9= @. $5 $l $k!% ( 1 ) Op enJIT Byteco de Decompiler %P%$%H %3!<%I$r Cj>] 9=J8LZ $KJQ 49$9$k 5!G=$r Ds6! $9$k!% ( 2 ) Op enJIT Class Annotation Analyzer %/ %i %9 %U%! %$ %k %" %N %F!< %7%g %s $r Cj =P $7!$ %" %N %F!<%7%g%s >pJs$r Cj>] 9=J8 LZ$KIU 2C$9 $k5!G= $rDs 6!$9$k!% ?^ 2 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N35MW Fig. 2 Ov erview of Op enJIT F ron tend System ( 3 ) Op enJIT High-lev el Optimizer T o olkit Op enJIT $r MQ$$ $? :G E,2=!$ %3 %s %Q %$%k %3!< %I $N FC 2= $r 9T $& %b %8%e!< %k !J0J 2< $G $O Compilets $H 8F$V!K$r;Y1g$9$k%D!<%k%-%C%H$rDs6!$9$k!% ( 4 ) Abstract Syn tax T ree P ac k age Cj>]9=J8 LZ$N I=8=!$$* $h$S %f!<%F%# %j%F%# %k!<%A %s$rDs6!$9$k!% 0J2<$G$O!$ Op enJIT $KFCM-$N3HD%$G $"$k%/%i%9%U%! %$%k%"%N%F!<%7%g%s$K$D$$$F35MW$r@bL@$7$?8e!$ >e5-$N 4 $D$N%b%8%e!<%k$K$D$$$F@bL@$9$k!% 4.1 %/%i%9%U%!%$%k%"%N%F!<%7%g%s %/%i%9%U%!%$%k%"%N%F!<%7%g%s $H$O!$:GE,2=$dFC2=$r 9T$&$?$a $K!$ Op enJIT $KM? $($k$5$^$6 $^$JIU2C>p Js$N $3$H$G$"$k!% %/%i%9%U%!%$%k%"%N%F!<%7%g%s$K 4^$^$l$kIU2C>pJs$K $O!$Nc$($P0J2<$N$b$N$,$"$jF@$k : %f!<%6Dj5A$K$h$k:GE,2=4o!&FC2=4o%/%i%9$N%5%]!<%H Op enJIT $G $O!$ %U %m%s %H %( %s %I %7 %9%F %‘ $N ?6 $k Iq $$$rJQ99$9 $k:GE,2= 4o!&FC2=4o %/%i%9$r %f!<%6$,Dj 5A$9$k$3 $H$,$G$- $k!%%/%i%9 %U%!%$%k %"%N%F!<%7%g %s$G$O!$$3$N :GE,2=4o!& FC2=4o%/ %i%9$N;X Dj$rM?$( $k$3$H$,$G $-$k!%6q BNE*$K$O!$ %/%i%9%U%! %$%k$NL> A0$rM?$( $k!$%/%i%9 %U%!%$%k%" %N%F!<%7%g %s$K:GE, 2=4o%/%i%9 <+BN$r%( %s%3!<%I$9 $k$J$I$N J}K!$K$h$C $F<B8=2DG=$G$"$k!% J,;66&M-%a%b%j$N%5%]!<%H Op enJIT $r MQ $$ $F %f!< %6!< %l %Y %k $G $N J, ;6 6& M- %a %b %j $r <B 8= $9 $k >l 9g!$ Read/W rite Barrier $rE, @Z $K A^ F~ $9 $k I, MW $, $" $k!% $7 $+ $7!$ @E E* $J 2r @O $K $h$C $F imm utable $H J,$+$C$F$$$k %*%V%8%’ %/%H$KBP $7$F$O!$<B 9T;~$K$3 $l $i $N =h M} $r >J N, $9 $k $3 $H $, $G $- $k!% $3 $N $h $& $J >l 9g!$ imm utable $J %* %V %8%’ %/ %H $K4X $9 $k 0l Mw I= $r%/%i%9%U%! %$%k%" %N%F!<%7%g%s $K4^$a$k $3$H$,$G

V ol. 0 No. 0 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W 5 $-!$ITMW$J<B9T;~=hM}$rHr$1$k$3$H$,$G$-$k!% ?tCM7W;;$N:GE,2=$N%5%]!<%H Ja v a $N G[ Ns $r MQ $$ $? 9T Ns7W ;; $J$I $G $O!$ Arra y Bounds Chec k $N I,MW @- $J$I $+ $i!$ F ortran $J$I $N %3 %s %Q %$ %i $G $O 9T $o $l $F $$$kB?=E%k!< %W$N<+F0 E*$JJQ49 $,Fq$7$$!% 0BA4$KJQ 49$G$-!$$+$D8z 2LE*$G$" $k$3$H$, @EE*$KH= Dj$G$-$k %k!<%W$K%^!<%- %s%0$r 9T$&$3$H $G!$<B9T;~ $K%k!<%W JQ49!&3F<o %-%c%C%7%e%V %m%C%-%s %0!&%G!<%? J,;6$N %"%I%l%97W;;$N:GE,2=$J$I$r9T$&$3$H$,$G$-$k!% %/ %i %9 %U%! %$ %k %" %N %F!< %7%g %s $N <B 8= $K $O!$ %/ %i %9 %U%! %$ %k $K 4^ $^ $l $k 3F %a %=%C %I $N %" %H %j %S%e!< %H NN 0h $K IU 2C $9 $k $H $$ $& J} K! $r :N $k!% JVM $N 5, Ls $K $h $j!$ JVM $, G’ <1 $7 $J $$ %" %H %j %S%e!< %H $O L5 ;k $9 $k $? $a!$ $3 $NJ}K!$G:n@.$5$l$?%/%i%9%U%!%$%k %"%N%F!<%7%g%sIU$- %/%i %9%U%! %$ %k $O!$ Op enJIT 0J30 $N JIT %3%s%Q %$ %i $G $b;Y>c$J$/<B9T$G$-!$%/%i%9%U%!%$%k<+ BN$N2DHB@-$b0] ;}$5$l$k!% %/%i%9%U%!%$%k%"%N%F!<%7%g%s$O!$ 3F%a%=%C%I$N%"%H %j %S%e!< %H NN 0h $K IU 2C $5 $l $k $,!$ %/ %i %9 %U%! %$ %k %" %N %F!<%7%g%s$N@-<A>e!$%/%i%9%U%!%$%k$K 6&DL$9$k>pJs$K 4X$7$F$O%/%i%9$N%"%H%j%S%e!<%HNN0h$K J];}$9$k$3$H$, K>$^$7$$>l9g $,$"$k!%$3 $l$O!$ JDK $NI8=‘$N JIT %$%s %?!<%U%’!<%9$,3F%a%=%C%I$N%"%H%j%S%e!< %HNN0h$X$N%" %/ %; %9 $7 $+ 5v $7 $F $$ $J $$ $3 $H $K 5/ 0x $9 $k @) 8B $G $" $j!$ JVM <+BN$NJQ99$J$7$K$O<B8=$,Fq$7$$!% $^$?!$ Op enJIT $,F~NO$H$7$F 2>Dj$9$k%/%i%9%U%!%$ %k$K$O!$%M%C%H%o!<%/$J$IDL$8$F0lHLE* $KN.I[$7$F$$$k I8=‘E*$J$b$N!JI8=‘%/%i%9%U%!%$%k!K $H!$3HD%$,;\$5$l $?%/%i%9%U%!%$%k%"%N%F!<%7%g%s$r4^ $‘$b$N!J3HD%%/%i %9%U%!%$%k!K$H$K6hJL$G$-$k!%%U%m%s%H %(%s%I%7%9%F%‘ $K$h$k%W%m%0%i%‘JQ49$O!$$h$jB?$/ $N!$MM!9$J7ABV$GN. I[$5$l$k%/%i%9%U%!%$%k$KE,1~2DG=$G $"$k$Y$-$G$"$j!$ 8e<T$K8BDj$5$l$k$Y$-$G$O$J$$!% %=!< %9 $r 4^ $‘ 7A BV $G G[ I[ $5 $l $k %W %m %0 %i %‘ $K BP $7 $F $O!$3HD%%/%i%9%U%!%$%k$r@8@.$9$k$? $a$K!$$=$N5!G=$r M-$9$k FC<l $J Ja v a 8@8l%3 %s%Q %$%i !J ja v ac !K $rMQ $$$k $3 $H$G2DG=$K$J$k!% 0lJ}!$%=!<%9$r4^$^$J$$7ABV$GG[I[ $5$l$kI8=‘%/%i%9 %U%!%$%k$KBP$7$F$O!$4JJX$+$D<+F02=$5 $l$?<jB3$-$G%/ %i%9%U%!%$%k%"%N%F!<%7%g%s$rIU2C$9 $k%/%i%9%U%!%$%k JQ49%D!< %k$rMQ$$$k $+!$$"$k$$$O Op enJIT $N@_Dj $H$7 $F!$FCDj$N%/%i%9%U%!%$%k$KFCDj$N%W%m %0%i%‘JQ49$r9T $&;X<($rM?$($k$3$H$K$h$C$F!$BP1~$7F@$k!% $3$NN><T$rHf3S$9$k$H!$A0<T$O$h $j>\:Y$J>pJs$d;X<( $r%"%N%F!<%7%g%s$H$7$FM?$(F@$k$?$a!$ %U%m%s%H%(%s%I %7%9%F%‘$G$N=hM}$NMF0W@-$dB?MM@- $K4sM?$9$k!%0lJ}!$ 8e<T$O8BDjE*$J>pJs$d0lN’$J;X<($7$+M?$(F@ $J$$$?$a!$ %U%m%s%H%(%s%I%7%9%F%‘$G$N=hM}$r8BDj$9$k!% FC$K>e5- $N%"%N%F!<%7%g%s$NMxMQNc$G$O!$J,;6%a%b%j$d?t CM7W;; $N:GE,2=$N%5%]!<%H$O8BDjE*$K$J$i$6$k$rF@$J$$!% Op enJIT $N @_ 7W J} ?K $H $7 $F $O!$ %f!< %6 $, 9T $$ $? $$ %W %m%0%i%‘JQ49$N@-<A$d%=!<%9%W%m%0%i%‘$NMxMQ 2DG=@-$K =@Fp$KE,1~$G$-$k$h$&$K!$$3 $N 2 $D$NJ}K!$N0lJ}$KMxMQ K!$r8BDj$7$J$$!% 4.2 Op enJIT Byteco de Decompiler %b %8%e!< %k Op enJIT Byteco de Decompiler %b %8%e!< %k $O!$ %P %$%H%3!<%I$rF~NO$H$7!$Cj>]9=J8LZ$KJQ49$7$F=P NO$9$k 5!G=$rDs6!$9$k!%$3$N%b%8%e!<%k$G$O!$0J2<$N<j =g$G=h M}$r9T$&!% ( 1 ) %a%=%C%I$N%P%$%H%3!< %I$r JVM $NL?NaNs$KJ,2r $7!$F1;~$K %Y!<%7%C %/%V%m%C %/$N %j!<%@ $H$J $k$Y $-L?Na$K0u$r$D$1$k!% ( 2 ) %Y!<%7%C%/%V %m%C%/$N %j%9 %H$H $7$F %3%s %H%m!< %k %U%m!<%0%i%U$r9=C[$9$k!% ( 3 ) %3%s%H%m!<%k %U%m!< %0%i %U$KBP 1~$9 $k%I %_%M!< %? %D%j!<$r9=C[$9$k!% ( 4 ) %Y!< %7%C %/ %V %m%C %/ Kh $N %7 %s %\ %j%C %/ <B 9T $K $h $j!$%Y!<%7%C%/ %V%m%C %/$r $^$? $,$J $$!JIt J,!K<0 $dJ8$rI|85$9$k!% ( 5 ) J#?t$N%Y!<%7%C %/%V %m%C%/ $H>r7o J,4t $K$h $j<B 8= $5 $l $k!$ Ja v a 8@ 8l $N && $d || $N $h $& $J 1i ;; ;R $K $h$k<0$d>r 7o<0$r I=$9 %3%s %H%m!<%k %U%m!< $r8+$D $1=P$7!$$=$l$i$N<0$rI|85$9$k!% ( 6 ) @)8f9=B$$rI|85$9$k!% ( 7 ) 7k2L$rCj>]9=J8LZ$H$7$F=PNO$9$k!% $3 $l $i $N Fb!$ !J 1 !K $+ $i !J 5 !K $* $h $S !J 7 !K $O C1 =c $G $" $k$+!$4{CN$N<jK!$rMQ$$$F<B8=$G$-$k!%2f!9$O!$ 8zN(E* $K@)8f9=B$$rI|85$9$k?7$7$$%"%k%4%j%:%‘$H $7$F!$D>@\ %3%s%H%m!<%k%U%m!<%0%i%U$r2r@O$9$kBe$o$j$K!$ BP1~$9 $k%I%_%M!<%?%D%j!<$rMQ$$$kJ}<0$r:NMQ$7$F!$8z N(E*$K @) 8f 9= B$ $N I| 85 $r <B 8= $7 $F $$ $k 14) !% $3 $N J} K! $O!$ => Mh $N!$ Krak atoa 11) $KBe I= $5 $l $k %Q %?!< %s %^%C %A %s %0 $r MQ $$$F@)8f9=B$$rI|85$9$k<jK!$HHf3S$7$F!$8zN( $,NI$/!$ co de obfuscation $KBP$7$F%m%P%9%H$J@-<A$r;}$D!% 4.3 Op enJIT Class Annotation Analyzer %b%8%e!<%k Op enJIT Class Annotation Analyzer %b %8%e!< %k $O!$%/%i%9%U%!%$%k$+$i%/%i%9%U%!%$%k%"%N %F!<%7%g%s $rCj=P$7!$%"%N%F!<%7%g%s>pJs$rCj>]9=J8LZ$KIU 2C$9$k 5!G=$rDs6!$9$k!%$3$N%b%8%e!<%k$G$O!$0J2<$N<j =g$G=h M}$r9T$&!%

6 >pJs=hM}3X2qO@J8;o 1959 ( 1 ) %a%=%C%I$N%" %H%j %S%e!<%H NN0h $K%" %/%;%9 $7$F!$ %" %H %j %S%e!< %H $N %P %$ %H %" %l %$ $r <h F@ $9 $k!% $3 $l$O!$ Nativ e Metho d $H$7$F<B8=$5$l$F$*$j!$ JDK 1.1.x $N VM $+ $i F@ $i $l $k %a %=%C %I %V %m%C %/$NNN0h$r%Q!<%:$9$k$3$H$K$h$C$FF@$i$l$k!% ( 2 ) $3$N%P %$ %H %" %l %$ $r!$ Annotation %*%V%8%’ %/ %H $, %7 %j %" %i %$ %: $5 $l $F $$ $k $b $N $H $7 $F readOb- ject %a%=%C %I $G FI $_ 9~ $‘ $3 $H $G!$ Annotation %* %V%8%’%/%H$r@8@.$9$k!% ( 3 ) Annotation %*%V%8%’ %/%H$r!$Cj>]9=J8 LZ$N%N!< %I$K%"%N%F!<%7%g%s>pJs$H$7$FEPO?$9$k!% %/%i%9%U%!%$%k%"%N%F!<%7%g%s$N MQES$K$h$C$F!$4^$^ $l $k >p Js $N ;E MM $, 0[ $J $k $? $a!$ %5 %V %/ %i %9 2= $K $h$C $F HF MQ @-!& 3HD% @- $r3N J] $9 $k!%%9!< %Q!< %/%i %9 $N Annotation %/%i%9$K$O!$%"%N%F!<%7%g%s$N<oN‘$r<1 JL$9$kJ8;zNs$H EPO?@h$K$J$kCj>]9=J8LZ$N%N!<%I$r6&DL$KJ];}$9$k!% 4.4 Op enJIT High-lev el Optimizer T o olkit Op enJIT High-lev el Optimizer T o olkit $O!$ Op en- JIT $rMQ$$$?:GE,2=!$%3%s%Q%$%k%3!<%I$NFC2= $r9T$&%b %8%e!<%k!J Compilets !K $N9=C[$r ;Y1g$9$k %D!<%k%-%C%H $G $" $k !y !% $3 $N %D!< %k %-%C %H $O!$ Cj >] 9= J8 LZ $H %U %m!< %0 %i%U$rMQ$$$k0lHLE*$J%3%s%Q%$%i$N:G E,2=5;K!$K;H$o$l $k5!G=$r<B8=$7$?!$0J2<$N 3 $D$N%b%8%e!<%k$+$i9=@.$5 $l$k!% ( 1 ) Flo wgraph Constructor Flo wgraph Constructor $O!$ Cj >] 9= J8 LZ $+ $i %G!<%?0M B8%0 %i%U!$%3 %s%H %m!<%k 0MB8 %0%i%U $J$I $r4^ $‘ Flo wgraph %* %V %8%’ %/ %H$r @8 @. $9 $k5! G= $rDs6! $9$k!% %U%m!< %0%i %U$N @8@. 4o$O!$ F actory Metho d %Q %?!< %s $K => $$!$ Cj >] 9= J8 LZ $N %k!< %H %N!< %I$r 0z ?t $K <h$C $F!$ Flo wgraph %/%i %9 $N %5 %V %/ %i %9 $N %3 %s %9 %H %i %/ %? $H $7 $F <B 8= $5 $l $k!% =>$C$F!$B> $N<o N‘$N %U%m!< %0%i %U$N@8 @.4o $b%f!< %6$K$h$k3HD%$K$h$C$FMF0W$K<B8=$G$-$k!% ( 2 ) Flo wgraph Analyzer Flo wgraph Analyzer $O!$ %U %m!< %0 %i %U >e $N 0l HL E* $J 7W ;; $r 9T $& %U %m!< %0 %i %U $N 2r @O %" %k %4 %j %:%‘ %k!<%A %s!J%G!< %?%U %m!<Ld Bj!$ %^!<%8!$ ITF0 E@8!=P $J$I!K $rDs 6!$9 $k!%$3 $l$i$N %k!<%A %s$O!$ Command %Q %?!< %s $K => $$!$ 3F %" %k %4 %j %: %‘ $4 $H $K Analyzer %/ %i %9 $N %5 %V %/ %i %9 $K J, 3d $5 $l $F $* $j!$ 3F %5 %V %/ %i %9 $N Execute %a %=%C %I $H $7 $F!$<BAu$5 $l$k!%=>$C $F!$ Op enJIT $GDs6!$5$l !y Op enJIT $N =i 4| $N %G%# %9 %H %j %S%e!< %7%g %s $G $O!$ Compilets <+BN$O4^$^$J$$!% $F$$$J$$%" %k%4%j %:%‘ $b%f!< %6$K$h $k3H D%$K$h$C $FMF0W$KDI2C$G$-$k!% ( 3 ) Program T ransformer Program T ransformer $O!$%Q%?!<%s %^%C%A $K$h $kCj>]9=J8 LZ$+$i Cj>]9= J8LZ $X$NJQ 49$r 9T$&!%$3 $NJQ494o$O!$0J2<$N<jB3$-$+$i$J$k!% � register pattern(Expression src, Expres- sion dst) � register pattern(Statemen t src, State- men t dst) JQ 49 A0!& JQ 49 8e $N Cj >] 9= J8 LZ $N %Q %?!< %s $r ;XDj $7 $F!$%Q %?!< %s %^%C %A $N %k!< %k $r EP O?$9 $k!% register pattern %a%=%C %I $O!$ Cj >] 9= J8LZ $N It J, <0 $^ $? $O J8 $r I= $9!$ JQ 49 A0!& JQ 49 8e $N %Q %?!< %s $r EP O? $9 $k!% $3 $l $i $N %Q %?!< %s $O Abstract Syn tax T ree P ac k age $r MQ $$ $F @8@.$9$k$3$H$,$G$-$k!% � substitution(Expression ro ot) � substitution(Statemen t ro ot) ;XDj $5$l $? %N!< %I $r %k!<%H %N!< %I $H $9 $k Cj>] 9=J8LZ $N %5 %V %D%j!< $K BP $7 $F!$?< $5 M% @h C5:w $GEPO? $5 $l $? %Q%?!< %s $H %^%C %A$9 $k It J, $rC5 :w$7!$%^%C%A$9$l$P!$CV$-49$($r9T$&!% $3$N%Q%?!<%s %^%C%A $K$h$k JQ49 $O!$Dc %l%Y %k$G$" $j!$%Q%?!<%s$r @8@. $9$k<j B3$- $bHQ ;($G $"$k!%=@ Fp@-$r3NJ] $9$k$? $a$K$O!$ $h$j 9bEY$J 5-=R $+$i%Q %?!< %s $r @8 @. $9 $k API $r MQ 0U $9 $k $3 $H $J $I $, 9M $($i$l$k!% 4.5 Abstract Syn tax T ree P ac k age Abstract Syn tax T ree P ac k age $O!$Cj >] 9= J8 LZ $N I= 8=!$$*$h$S%f!<%F%#%j%F%#%k!<%A%s$rDs6!$9$k!% %U%m%s %H %( %s %I %7 %9 %F %‘ $G MQ $$ $k Cj >] 9= J8 LZ $O!$ Ja v a 8@ 8l $H $[ $\ Ey 2A $G $" $j!$ Cj >] 9= J8 LZ $N 3F %N!< %I $O Ja v a 8@ 8l $N Cj >] 9= J8 $N 1 $D <0 $J $$ $7 J8 $r I= $9!% $3 $N %Q%C %1!< %8 $G $O!$ Ja v a 8@ 8l $N $[ $\ $9 $Y $F $N 9= @. ;R $K BP 1~ $9 $k FC 2= $5 $l$?%/ %i%9!J 100 %/%i%9 0J>e!K$,E,@Z $K3,AXE* %5%V%/%i %92=$5$l$FMQ0U$5$l$F$$$k!J ?^ 3 !K!% ?^ 4 !$ ?^ 5 $K $= $l $> $l!$ E5 7? E* $J Expression $H Statemen t $rI=$9%/%i%9$N9=@.MWAG$r<($9!% E57? E*$J 2 9‘1i ;;<0$r I=$9 Expression %/%i %9$O!$ %* %Z %l!< %? $N <o N‘ $r I= $9 ID !$ :8 JU <0!$ 1& JU <0!$ <0 A4 BN $N 7?!$%"%N%F!<%7%g%s$X$N;2>H$rJ];}$9$k!%%" %N%F!<%7%g %s $X $N ;2 >H $O!$ Op enJIT Class Annotation Analyzer $K$h$C$F!$I,MW$,$"$l$PE,@Z$J%"%N%F!<%7%g%s$X $N;2>H $K =q $- 49 $( $i $l $k!% co de %a %=%C %I $O!$ $3 $N <0 $r %k!< %H

V ol. 0 No. 0 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W 7 � No de { Expression � BinaryExpression � AddExpression � SubtractExpression � MultiplyExpression � ... � UnaryExpression � Constan tExpression � ... { Statemen t � IfStatemen t � F orStatemen t � WhileStatemen t � CaseStatemen t � ... ?^ 3 Abstract Syn tax T ree P ac k age $N%/%i%93,AX Fig. 3 Class Hierarc h y of Abstract Syn tax T ree P ac k age %N!<%I$H$9$kItJ,<0$KBP1~$9$k%P%C%/%( %s%IMQ$NCf4V7A <0$^$?$O%P%$%H%3!<%I$r@8@.$9$k%a %=%C%I$G$"$j!$DL>o $N Ja v a 8@8l %3%s %Q%$ %i!J ja v ac !K$N %3!< %I@8 @.4o $H$[ $\ F1 $8 F/ $- $r $9 $k!% co de %a %=%C %I $O!$ 1& JU <0!& :8 JU <0 $N co de %a %=%C %I $r :F 5" E* $K 8F $S =P $9 $3 $H $K $h$C $F %3!< %I @8@.$r9T$&!%$= $N2aDx$G %"%N%F!< %7%g%s$X$N ;2>H$, n ull $G$J$$>l9g$K$O!$$3$N<0$K4XO"IU$1 $i$l$?%"%N%F!<%7%g %s $N execute %a %=%C %I $r %3!< %k %P%C %/ $9 $k $3 $H!$ :G E, 2=!&FC2=$J$I$N=hM}$rA^F~$9$k%U%C%/$H$7$F5!G=$9$k!% $^ $?!$ If J8$r I= $9 Statemen t %/%i %9 $O!$ Expression $H $[ $\ F1 MM $K!$ J8 $N <o N‘ $r I= $9 ID !$ >r 7o <0!$ Then It $N J8!$ Else It $N J8!$ %" %N %F!< %7%g %s $X $N ;2 >H $r J] ;} $7!$ $3$N If J8$KBP 1~$9 $k %P%C%/ %( %s%I MQ$N Cf 4V7A <0 $^$? $O%P %$%H%3!<%I$r@8@.$9$k co de %a%=%C%I$r;}$D!% Abstract Syn tax T ree P ac k age $rMQ $$ $F :n $i $l $? Cj >]9= J8 LZ $O!$ Op enJIT High-lev el Optimizer T o olkit $r MQ $$ $F :n @. $5 $l $? Compilets $K $h$C $F!$ 2r @O $d JQ 49 $NBP>]$H$J$k!%$3$N2r@O$dJQ49$rMF0W $K$9$k$H$$$&MW@A $+ $i $O!$ Cj >] 9=J8 LZ $N I= 8= $K SSA 7A<0 !J Single Static Assignmen t F orm !K $r :N $k $3 $H $, K> $^ $7 $$!% 0l HL E* $K SSA 7A <0 $r MQ $$ $k $H!$ %G!< %? %U %m!< 2r @O $d!$ Dj ?t EA HB!$ 6& DL It J, <0 =| 5n!$ %k!< %W :G E, 2=!$ %3!< %I 0\ F0 $J $I $N E5 7? E* $J JQ 49 $r C1 =c $K $9 $k $3 $H $, $G $- $k!% 8= >u $N 4.2 Op enJIT Byteco de Decompiler %b %8%e!< %k $G @8 @. $5 $l $k Cj >] 9= J8 LZ $O DL >o $N Cj >] 9= J8 LZ $G $" $k $,!$ $3 $l $r SSA 7A<0 $K JQ 99 $9 $k $3 $H $O :$ Fq $G $O $J $$ $H 9M $( $F $$ $k!% public int[][] matmul(int[][] m1, int[][] m2) { for (int i = 0; i < SIZE; ++i) { for (int j = 0; j < SIZE; j++) { for (int k = 0; k < SIZE; k++) { T[i][j] += m1[i][k] * m2[k][j]; } } } return T; } ?^ 6 9TNs@Q%a%=%C%I!JJQ49A0!K Fig. 6 Matrix Multiply metho d (b efore) 5. M=HwE*I>2A Op enJIT %U %m %s %H %( %s %I %7 %9%F %‘ $K $h $k C1 =c $J %W %m %0 %i %‘ JQ 49 Nc $r MQ $$ $F!$ K\ %7 %9 %F %‘ $N M= Hw E* I> 2A $r 9T $&!%$?$@$7!$8=>u$N<BAu$G$O%U%m%s%H%(%s%I%7%9 %F%‘$H %P%C%/%(%s%I%7%9%F%‘$N4V$N%$%s%?!<%U%’!<%9$K %P%$%H %3!<%I$rMQ$$$F$*$j!$%P%C%/%(%s%I%7%9%F%‘$NCf 4VI=8= $rD>@\@8@.$9$kJ}K!$KHf$Y$F!$8zN($ODc$$!% I> 2A $N $? $a $K!$ ?^ 6 $K Aj Ev $9 $k %W %m %0 %i %‘ $r ?^ 7 $K Aj Ev $9 $k %W %m %0 %i %‘ $K JQ 49 $9 $k Nc $r 9M $( $k !y !% $3 $N Nc $G $O!$%/ %i %9 %U%! %$ %k %" %N %F!< %7%g %s $H $7 $F!$ matm ul %a %=%C %I $N %" %H %j %S%e!< %H NN 0h $K !V Lo opT ransformer !W $H$$$&J8;zNs$N String %*%V%8%’%/%H$r Serialize $7$F3J G<$7$?!%$3$3$G!$$3$N%"%N%F!<%7%g%s$r%U%m%s%H %(%s%I %7%9%F%‘B&$G$O!$%a%=%C%IK\BN$N%k!<%H%N!<%I$K BP$7$F Lo opT ransformer $r E, MQ $9 $k $H $$ $& 0U L# $G MQ $$ $k $3 $H $K$9$k!%$3$N3HD%%/%i%9%U%!%$%k$N@8@.$K$O!$G$ 0U$N%* %V%8%’%/%H$r;XDj$7$?%a%=%C%I$N%"%H%j%S%e!<%H NN0h$K 3JG<$9$k%D!<%k$r:n@.$7$FMxMQ$7$?!%0lJ}!$FC 2=4o$O!$ Annotation %/ %i %9 $N %5 %V%/ %i %9 Lo opT ransformer $H $7$F :n@. $9 $k!% Lo opT ransformer %/%i%9 $N execute %a %=%C %I $G!$ 40 A4 %M %9 %H $7 $? 3 =E %k!< %W $N :G Fb %k!< %W $K $" $k 2 <! 85 G[ Ns $G!$ Bh 1 <! 85 $@ $1 $, :G 30 %k!< %W $N %k!< %W JQ ?t $K B+ G{ $5 $l $k $b $N $r 8+ $D $1 $F!$ CV 49 $r 9T $&!% Lo opT ransformer %/%i%9 $N35 N,$r ?^ 8 $K<( $9!%40 A4$J 5-=R$K $O 200 9TDxEY MW$7 $F$* $j!$FC 2=4o $NDj 5A$O 8=>u $G $OMF0W$H$O8@$$Fq$$$,!$6&DL%k!<%A%s$r%/%i%9%i %$%V%i %j2=$9$k$3$H$G>JNO2=$,4|BT$G$-$k!% 5.1 I> 2A 4D 6- I> 2A 4D 6- $K $O!$ 0J 2< $N <B 9T 4D 6- $r MQ $$!$ JDK 1.2.2 !J ClassicVM !K$K IUB0 $N JIT %3%s%Q %$%i !J sun wjit !K $H $NHf3S$r9T$C$?!% Op enJIT $G$O!$?^ 6 $N%W%m%0%i%‘$r $= $N $^ $^ <B 9T $5 $; $? >l 9g $H!$ <B 9T ;~ $K %U %m %s %H %( %s %I !y FI $_0W $5 $N $?$a $K %=!<%9 7A <0 $G<( $7 $?!% <B:] $K $O!$!VAj Ev $9 $k!W Cj>]9=J8LZ>e$NJQ49$r9T$&!%

8 >pJs=hM}3X2qO@J8;o 1959 public class MultiplyExpression extends BinaryExpression { int op; // Construct ID Expression left; // LHS expression Expression right; // RHS expression Type type; // Type of this expression Annotation ann; // Embedded Annotation (default: null) void code() { // Convert AST to backend-IR form // (or bytecodes) if (ann) ann.execute(this); // call-back for metacomputation left.code(); // generate code for LHS right.code(); // generate code for RHS add(op); // generate code for "operator" } Expression simplify() {} // Simplify expression form // (e.g. convert "a * 1" to "a") ... } ?^ 4 E57?E*$JFs9‘1i;;<0$KBP1~$9$k Expression %/%i%9$NNc Fig. 4 An example of Expression class for t ypical binary expression public class IfStatement extends Statement { int op; // Construct ID Expression cond; // Condition expression Statement ifTrue; // Statement of Then-part Statement ifFalse; // Statement of Else-part Annotation ann; // Embedded Annotation (default: null) void code() { // Convert AST to backend-IR form // (or bytecodes) if (ann) ann.execute(this); // call-back for metacomputation codeBranch(cond); // generate code for Condition ifTrue.code(); // generate code for Then-part ifFalse.code(); // generate code for Else-part addLabel(); // add label for "Break" statement } Statement simplify() {} // Simplify statement form // (e.g. if (true) S1 S2 => S1) ... } ?^ 5 If J8$KBP1~$9$k Statemen t %/%i%9$NNc Fig. 5 An example of Statement class for \If " statemen t public int[][] matmul(int[][] m1, int[][] m2) { for (int i = 0; i < SIZE; ++i) { int tmp[] = m1[i]; for (int j = 0; j < SIZE; j++) { for (int k = 0; k < SIZE; k++) { T[i][j] += tmp[k] * m2[k][j]; } } } return T; } ?^ 7 9TNs@Q%a%=%C%I!JJQ498e!K Fig. 7 Matrix Multiply metho d (after) %7 %9 %F %‘ $K $h$C $F ?^ 7 Aj Ev $N %W %m %0 %i %‘ $K JQ 49 $7 $F <B 9T$5$;$?>l9g$r B,Dj$7$?!% sun wjit $G$NB,Dj$G$O!$JQ49 A0 $H JQ 49 8e $N %=!< %9 %W %m %0 %i %‘ $r ja v ac $G M= $a %3 %s %Q %$ %k $7 $F $* $$ $F <B 9T $5 $; $?!% 9T Ns $N %5 %$ %: !J SIZE !K $O 200 � 200 $*$h$S 600 � 600 $H$7$?!% � Sun Ultra60 !J UltraSparc I I 300MHz � 2, 256MB !K � F|K\8l Solaris 2.6 � JDK 1.1.8 $H IU B0 $N Ja v a 2> A[ %^ %7 %s !J Clas- sicVM !K 5.2 I> 2A 7k 2L I= 1 $K Op enJIT $H sun wjit $r $= $l $> $l MQ $$ $? >l 9g

V ol. 0 No. 0 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W 9 public class LoopTransformer extends Annotation { int loop_nest = 0; LocalField index; LoopTransformer() {} boolean isRegularForm(Statement init, Expression cond, Expression inc) { // For J8$N=i4|2=J8!$>r7o<0$J$I$r8!::$7!$%k!<%W$,@55,7A$r$7$F$$$k$+$I$&$+8!:: } void execute(Node root) { if (root instanceof CompoundStatement) { for (int i = 0; i < root.args.length; i++) { execute(root.args[i]); } } // 40A4%M%9%H$N 3 =E%k!<%W$+H]$+8!:: else if (root instanceof ForStatement && root.body instanceof ForStatement && root.body.body instanceof ForStatement) { if (isRegularForm(root.init, root.cond, root.inc) && isRegularForm(root.body.init, root.body.cond, root.body.inc) && isRegularForm(root.body.body.init, root.body.body.cond, root.body.body.inc)) { // root $N%k!<%WJQ?t$r index $K5-O? // root.body.body $, ForStatement $r4^$^$J$$$3$H$r8!:: // 4^$^$J$1$l$P!$1&JU<0$r=g$KAv::$7$F!$ ([] ([] index) _) $H$$$&7A>u$N 2 <!85G[Ns$rC5:w // H/8+$G$-$l$P!$=jDj$NJQ49$r<B;\ } } } else return; } } ?^ 8 JQ49%/%i%9$NDj5A$N35N, Fig. 8 Ov erview of Lo opT ransformer $N!$ matm ul %a%=%C %IIt J, $N JQ 49 A0!& JQ 49 8e $N <B 9T ;~ 4V $H!$ matm ul %a%=%C %IIt J, $N <B 9T 3+ ;O $^ $G $K MW $9 $k %;%C %H%"%C%W;~4V $r<( $9!% sun wjit $N>l9g$O 2 $D$N%P!<%8%g %s$rM=$a%3%s%Q%$%k$7$?$b$N$rMQ$$ $F$$$k$N$G!$%;%C%H %"%C%W;~4V$K:9$O$J$$!% JQ 49 A0!& JQ 49 8e $N %P!< %8%g %s $N Op enJIT $H sun wjit $N matm ul %a %=%C%I K\ BN$N <B 9T;~ 4V $N:9 $O 10% 0J 2< $G $" $j!$ Bg $- $/ $O $J $$!% $3 $N :9 $O @8 @. $5 $l $k %M %$ %F%# %V %3!<%I$N8zN($N:9$G$"$j!$$h$jE,@Z$J %3!<%I@8@.$r9T$& $3$H$G2~A1$,4|BT$5$l$k!% JQ 49 A0 $N Op enJIT $N %;%C %H %"%C %W ;~ 4V $O 1.09 IC $G $" $j!$ sun wjit $N 0.49 IC$H Hf 3S $7 $F 2 G\ 0J >e MW $7 $F $$ $k!% Op enJIT $G $O BP >] %/ %i %9 %U%! %$ %k $N B> $K!$ Op enJIT <+BN$b%3%s%Q%$%k$9$kI,MW$,$"$k$3 $H$r9MN8$9$l$P!$5v MF$7F@$k%*!<%P!<%X%C%I$H8@$($k!% JQ49A0!&JQ498e$N Op enJIT $N%;%C%H%"%C%W;~4V$N:9 $N 1.59 IC $O!$ %U %m %s %H %( %s %I %7 %9 %F %‘ $G $N =h M} $K MW $9 $k ;~ 4V $G $" $k!% 9T Ns %5 %$ %: $, 200 $N >l 9g $K $O!$ %;%C %H %"%C%W;~ 4V$N A}2C $,B. EY8~ >e$r >e2s $k$N $KBP $7!$ 600 $N >l9g$K$O!$5U$KB.EY8~>e$,>e2s$k!%8=>u $N%U%m%s%H%(%s %I%7%9%F%‘$N<BAu<+BN!$%G%3%s%Q%$%k $N2aDx$G>/$J$+$i $L?t$N>.%*%V%8%’%/%H$N@8@.!&GK4~$r 9T$&$J$I!$I,$:$7 $b8zN(E*$G$O$J$/!$%;%C%H%"%C%W;~4V$K 4X$7$F2~A1$NM> CO$,==J,$K$"$k!%$^$?!$%U%m%s%H%(%s%I %7%9%F%‘$N=hM} I= 1 I>2A7k2L ( C10L : IC ) T able 1 Results matrix size 200 600 b efore after b efore after Op enJIT 2.52 2.26 85.22 77.74 Op enJIT setup-time 1.09 2.68 1.09 2.67 sun wjit 2.34 2.06 80.19 73.55 sun wjit setup-time 0.49 0.49 0.49 0.49 $O!$%/%i%9%U%!%$%k%"%N%F!<%7%g%s$,IU2C$5$l$F $$$J$$ %/%i%9%U%!%$%k$K$OE,MQ$5$l$J$$$?$a$K8zN($r Dc2<$5$; $J$$!%$^$?JQ498e$N%3!<%I$,7+$jJV$7:FMxMQ$5$l $k$3$H $G!$%U%m%s%H%(%s%I%7%9%F%‘$N=hM}$K$h$k%;%C %H%"%C%W ;~4V$NA}2C$b$$$:$l=~5Q$5$l$k$H9M$($i$l$k!% 6. 4X O" 8& 5f JIT %3 %s %Q %$ %i $O!$ 8E $/ $O Lisp $d Smalltalk $J $I $N!$Cf4V8@8l$rM-$9$k8@8l=hM}7O$N9bB.2=5;=Q $H$7$F3+ H/$5 $l $? !J P arcPlace Smalltalk $N Deutc h-Sc hi�man $N :G E, 2= 5; K! $J $I 4) !K!% $7 $+ $7!$ $3 $l $i $O Ja v a $K $* $1 $k JIT %3 %s %Q %$ %i $H F1 MM!$ C 8@ 8l $J $I $N Dc %l %Y %k $J 8@ 8l$G5-=R$5$l!$<+8JH?1GE*$JFC2=$N5!G=$O$J$$!% <+ 8J H? 1G 7W ;; $O!$ 1982 G/ $K Indiana Bg 3X !JEv ;~ MIT !K $N Brian Smith $N Ds >’ $7 $? 3-Lisp $K $h$C $F :G =i$NM}O@E*$J4pHW$,Ds>’$5$l$?!%4pK\E*$K$O!$E, @Z$J7W

10 >pJs=hM}3X2qO@J8;o 1959 ;;7O$NDj5A$K$h$j!$DL>o$N7W;;$rI=$9 =>Mh$+$i$N%Y!<%9 %l%Y%k$N%3!<%I$K2C$(!$<+8J$N7W;;7O$r I=$9%a%?%l%Y%k $N%3!<%I $r%f!< %6 $O5- =R $9$k $3$H $, 2DG= $H $J$k!% Smith $N8&5f0J8e!$MM!9$J8&5f$K$h$j!$%W%m%0 %i%_%s%08@8l$d %*%Z%l!<%F%#%s%0%7%9%F%‘!$$"$k$$$OJ, ;6%7%9%F%‘$K$* $$$F!$$=$l$i$N7W;; / <B9T%b%G%k$r<+8JH?1G7W;;%b %G%k $H$9$k$3$H$K$h$j!$=>Mh$G$ONc30E*$+ $D8GDjE*$J7A$G07 $o$l$F$-$?3F<o$N5!G=!JNc30=hM}!$ ;q8;4IM}$J$I!K$r!$ @09gE*$+$D=@Fp$JJ}K!$G%b%G%k$KF3F~ $G$-$k$3$H$,<($5 $l$?!%$3$l$i$N8@8l$d OS $O!$4J7i@-$H$H$b$KHs>o$K9b $$3HD%@-$rDs6!$7$F$$$k!%$^$?!$<+8JH? 1GE*$J%W%m%0%i %_%s%05;K!$N1~MQ$H$7$F!$%W%m%0%i%‘ 8@8l=hM}7O$N%W%m %H%?%$%T%s%0!$%&%#%s%I%&%7%9%F%‘5- =R$d!$AH9~$_7?$N OS $N 9= @.!$ J, ;6%7 %9 %F %‘ $K $* $1$k ?t!9 $N ;q 8; @) 8f$J $I $,Js9p$5$l$F$$$k!% Op en Compiler $O!$ %3 %s %Q %$ %i $N %3 %s %Q %$ %k ;~ $N 5s F0 $r <+ 8J H? 1G E* $K JQ 99 $9 $k 5! G= $r Ds 6! $9 $k %7 %9 %F %‘ $G $" $k!% %3 %s %Q %$ %i $r %* %V %8%’ %/ %H ;X 8~ @_ 7W $K 4p $E $- %b %8%e!< %k 2= $7 $F %f!< %6 $+ $i JQ 99 2D G= $K $7!$ $5 $i $K %3 %s %Q %$ %k ;~ $K %a %? 7W ;; $r $" $i $+ $8 $a @E E* $K 9T $& $3 $H $K $h$C $F!$ 8@ 8l $N 3H D% $d %" %W %j %1!< %7%g %s 8G M- $N :G E, 2= $J $I $r 9T $&!% 8E $/ $O Lisp $N %^ %/ %m $, %" %I %[%C %/ $K Op en Compiler E* $J 5! G= $r Ds 6! $7 $? $,!$ <+ 8J H? 1G 7W ;; 7O $H $7 $F $N Op en Compiler $O Xero x P AR C $N Anibus/In trigue 10) $, @h 6n E* $G $" $j!$ MPC++ 6) !$ Op enC++ v.2.0 2) !$ EPP 5) !$ Ja v assist 3) $J $I!$ MM!9 $J=hM}7O$,Ds0F!&8&5f$5$l$F$$$k!% $^$?!$JBNs%*%V%8%’ %/%H;X8~8@8l ABCL/R3 8) $K$*$$$F!$ Ja v aVM $N$h$& $J %$ %s %? %W %j %? $K $h $k 2r <a <B 9T $K 4p $/ %a %? %l %Y %k 5- =R $r!$ItJ,7W;;!J P artial Ev aluation !K$K$h$C $F%3%s%Q %$ %k$9$k 5; K!$, Ds 0F$5 $l $F$$ $k!% $^$?!$ Consel $i$O Ja v a $K$*$$$FItJ,7W;;$rMQ$$$F9bB.2=$r?^ $k<jK!$rDs0F$7$F $$$k 12) !% Op enJIT $O!$ :# $^ $G $N Op en Compiler $H $O 0[ $J $j!$ JIT $N3F %b %8%e!< %k $r <B 9T ;~ $K CV$- 49 $(!$ <+ 8J E, MQ E* $J :G E, 2= $r 9T $& $N $G!$ ABCL/R3 $H Op en Compiler $NCf4VE*$JB8:_$G$"$k$H8@$($k!%=>$C $F!$N>J}$N5;=Q$r 4p HW $H $7!$ $+ $D M; 9g $5 $; $k $3 $H $K $h$C $F!$ 9b B. $J =h M} 7O $r 9= C[ $9 $k $3 $H $r L\ ;X $7 $F $$ $k $H $b 8@ $( $k!% $^ $?!$ EPP !$ Ja v assist $N$h$&$J Op en Compiler !J$"$k$$$O $=$l$K =‘$:$k$h$& $J%D!<%k!K$, Op enJIT $N%U%m%s %H%( %s%I$H$7$F!$%"%N%F!<%7%g%s$r4^$s$@ %/%i%9%U%!%$%k!$ $"$k$$$O:GE,2=4o!&FC2=4o$r@8@.$9$k $3$H$b5;=QE*$K$O 2DG=$G$"$j!$AjJdE*$J5;=Q$G$"$k$H8@$($k!% Stanford Bg 3X $N SUIF Compiler System 13) $O!$ :G E,2=%3%s%Q%$%i$r%*%V%8%’%/%H;X8~ %U%l!<%‘%o!<%/$H$7 $F!$ C++ 8@ 8l $G <B 8= $7 $? $b $N $G $" $k!% Suif $O!$ <B :] $KMM!9$J%3%s%Q%$%k5;=Q8&5f$N4pHW$H$7$FMxMQ $5$l$F$* $j!$ Op enJIT $, JIT %3%s%Q %$%i 5; =Q 8&5f $K $* $$$F L\ I8 $H$9 $k $b $N $K 6a $$!% Suif $O6& DL $N Cf 4V I= 8= $K BP $9 $k 2r @O 4o!&JQ494o$r%3%s%Q%$%k%Q%9$KDI2C$9$k$3$H$G!$ :GE,2= %3%s%Q%$%i$N3HD%$,$G$-$k!%$7$+$7!$$I$N%3%s%Q %$%k%Q %9$rMxMQ$9$k$+$H$$$&@)8f$O!$%f!<%6$,%3%s%Q%$ %k;~$K Kh2sM?$($k$+!$@EE*$J@oN,$G9T$o$6$k$rF@$J $$!%0lJ}!$ Op enJIT $G $O!$ $I $N :G E, 2= 4o!& FC 2= 4o $r MQ $$ $k $+ $H $$ $&A*Br$O!$%/%i%9%U%!%$%k%"%N%F!<%7%g%s$N7A$G %"%W%j %1!<%7%g%s$KFC2=$7$FM?$($k$3$H$,$G$-!$$h$j<B MQE*$G $"$k $H 8@ $( $k!% $^ $?!$ Suif $G$O 2r @O 4o $N <+ F0 @8 @. 7O $J $I $N%D!<%k72$,Ds6!$5$l$k$,!$0lJ}$G%f!<%6$,2r@O 4o$rD> @\ 5- =R $9 $k $N $O IT 2D G= $J $[ $I $K J# ;( $G $" $k!% Op enJIT $G$O!$ <+F0@8 @.7O$r MQ0U$9 $k$N$G $O$J$/!$ $‘$7$m Op en Implemen tation $KCi<B$K!$:GE,2=4o$J$I$N@8@.$r;Y1g $9 $k %G %6 %$ %s %Q %?!< %s $d API $r MQ 0U $9 $k $H $$ $& J} ?K $G $"$k!%K\9F$G@bL@$7$?%U%m%s%H%(%s%I%7%9%F%‘ $O$3$l$i $N<B8=$r9MN8$7!$C1=c$+$D3HD%@-$N9b$$<BAu$K $J$C$F$$ $k!% 4{ B8 $N JIT %3 %s %Q %$ %i $G $O!$ Op enJIT $N $h $& $K 3H D% @- $, $" $j!$ <+ 8J 2~ JQ 2D G= $J %7 %9 %F %‘ $O $J $$ $,!$ %3 %s %Q%$%k;~$K%"%N%F!<%7%g%s$r;\$7$?%/%i%9%U%!%$ %k$r@8 @. $7 $F!$ $= $N >p Js $r Mx MQ $9 $k Annotation-directed $J JVM $d JIT %3 %s %Q %$ %i $O J# ?t Ds 0F $5 $l $F $$ $k!% $7 $+ $7!$ AJIT 1) $KBeI=$5$l$k$h$&$K!$$=$l$i$NB?$/ $O<B9T ;~%3!<%I@8@.$N8zN($N8~>e$rL\E*$H$7!$%P%$%H %3!<%IL? Na $4 $H $K %" %N %F!< %7%g %s $r ;\ $9 %7 %9 %F %‘ $G $" $k $? $a!$ Op enJIT $N$h$&$K JIT %3%s%Q%$%k<+BN$N%+%9%?%^%$%: $OIT2DG=$G$"$j!$$h$j9b$$%l%Y%k$NI=8=>e$N%W %m%0%i%‘ JQ49$N<B8=$b:$Fq$G$"$k!% 7. $^ $H $a 2f!9 $O!$ <+ 8J H? 1G 7W ;; !J%j %U %l %/ %7%g %s!K $K 4p $E $$ $? Op en Compiler !J3+J|7?%3 %s%Q %$%i!K 7) 5;=Q$r%Y!< %9 $H $7 $F!$ %" %W %j %1!< %7%g %s $d 7W ;; 4D 6- $K FC 2= $7 $? 8@ 8l $N 5! G= 3H D% $H :G E, 2= $, 9T $( $k JIT %3 %s %Q %$ %i $G $" $k Op enJIT $r8& 5f!& 3+H/ $7$F $$$k!% Op enJIT $G $O!$ JIT %3 %s %Q %$ %i <+ ?H $, Ja v a $N %/ %i %9 %U %l!< %‘ %o!< %/ $H $7$F5-=R$5$l$F$*$j!$%/%i%9%i%$%V%i%j$N:n@. <T$,%/%i %9C10L$G$=$N%/%i%9$K8GM-$N:GE,2=%b%8%e!<%k$r AH$_9~ $‘$3$H$r2DG=$H$9$k!%$3$l$K$h$j!$MM!9$J7W;; 4D6-!&%W %i%C%H%U%)!<%‘!&%"%W%j%1!<%7%g%s$KBP$9$kE, 9g$d!$J# ;($J:GE,2=$rAH$_9~$‘$3$H$b2DG=$H$J$k!% K\ 9F $G $O!$ Op enJIT $N 35 MW $K $D $$ $F =R $Y $k $H $H $b $K!$ Op enJIT $, Ds6!$9$k %/%i%9%U%!%$ %kC10L$G$N :GE,

V ol. 0 No. 0 Op enJIT %U%m%s%H%(%s%I%7%9%F%‘$N@_7W 11 2=!& FC 2= $N 5! G= $r <B 8= $9 $k %U %m %s %H %( %s %I %7 %9 %F %‘ $N <BAu$K$D$$$F=R$Y$?!%$5$i$K!$C1=c$J %k!<%W$N%W%m%0%i %‘JQ49 $rNc$K$H$C$F!$ 8=>u$N Op enJIT $NM=HwE*I> 2A$r 9T$C$?!%I> 2A7k2L$G$O!$ Op enJIT %7%9 %F%‘<+BN$r <B9T ;~ $K %3 %s %Q %$ %k $9 $k ;~ 4V!$ $* $h $S %U %m %s %H %( %s %I %7 %9 %F%‘$N=hM}$KMW$9$k ;~4V$,$+$+ $kJ,!$ sun wjit $KHf$Y$F %;%C%H%"%C%W;~4V$,A}Bg$7$?!%$7$+ $7!$A0<T$N%*!<%P!< %X%C%I$OHf3SE*>.$5$/!$$^$?!$BP>]LdBj %5%$%:$,Bg$-$$ >l9g$dJQ498e$N%3!<%I$,==J,$K:FMxMQ $5$l$k>l9g$K$O!$ 8e<T$N%*!<%P!<%X%C%I$O=~5Q$5$lF@$k!% $^$?!$%U%m%s%H %(%s%I%7%9%F%‘$N=hM};~4V$ND9$5$O4{ CN$N<BAu>e$NLdBj $K5/0x$9$kItJ,$,$"$k$N$G:#8e$N2~A1$b2DG=$G$"$k!% Op enJIT $O $^ $@ 3+ H/ CJ 3, $K $" $k $,!$ 4{ $K :G ?7 $N >& MQ JIT %3%s%Q%$%iJB$N@-G=$r<($7$F$*$j!$$+$D%3 %s%Q%/%H $G%3!<%I$bJ,$+$j$d$9$$!%K\9F$G=R$Y $?%/%i%9%U%l!<%‘ %o!< %/ $K 2C $(!$ API $r @0 Hw $9 $k$3 $H $K $h$C $F!$ JIT %3 %s%Q%$%i$N8&5f$NAC$H$J$j!$$+$D<BMQ E*$K$bMM!9$JFC<l 2= $5 $l $? E, 9g 2=!$ :G E, 2= $, 2D G= $J %7 %9 %F %‘ $r L\ ;X $7 $? $$!% :# 8e $N >\ :Y $O http://www.openjit.org/ $r ;2 >H $N$3$H!% <U<- K\8&5f$O!$>pJs=hM}?66=;v6H6(2q!J IP A !K$N9b EY>pJs2=;Y1g%=%U%H%&%’%"0i@.;v6H $K$*$$$F!$%F!<%^L> !V<+ 8J H? 1G 7W ;; $K 4p $E $/ Ja v a 8@ 8l MQ $N 3+ J| 7? Just-in- Time %3 %s %Q %$ %i Op enJIT $N 8& 5f 3+ H/!W $H $7 $F <B ;\ $5 $l$?!% ;2 9M J8 8% 1) Azev edo, A., Nicolau, A. and Hummel, J.: Ja v a Annotation-Aw are Just-In-Time (AJIT) Compilation System, Java Gr ande ’99 (1999). 2) Chiba, S.: A Metaob ject Proto col for C++, Pr o c e e dings of A CM OOPSLA’95 , pp. 285{299 (1995). 3) Chiba, S.: Ja v assist{A Re ection-based Pro- gramming Wizard for Ja v a, OOPSLA’98 Workshop on R e e ctive Pr o gr amming in C++ and Java (1998). 4) Deutsc h, L. P . and Sc hi�man, A.: E�cien t Im- plemen tation of the Smalltalk-80 System, Pr o- c e e dings of POPL’84 (1984). 5) Ic hisugi, Y. and Roudier, Y.: The Extensible Ja v a Prepro cessor Kit and a Tin y Data P aral- lel Ja v a, Pr o c e e dings of ISCOPE’97 , Springer LNCS, No. 1343, Marina Del Rey , CA, pp. 153{ 160 (1997). 6) Ishik a w a, Y. and et. al.: Design and Imple- men tation of Metalev el Arc hitecture in C++ {MPC++ Approac h{, Pr o c e e dings of R e e c- tion ’96 , San F rancisco, pp. 141{154 (1996). 7) Kiczales, G., Lamping, J., Ro driguez, L. and Ruf, E.: An Arc hitecture for an Op en Com- piler, Pr o c e e dings of the IMSA’92 Workshop on R e e ction and Meta-level A r chite ctur es , T oky o, Xero x P AR C, pp. 95{106 (1992). 8) Masuhara, H., Matsuok a, S., Asai, K. and Y oneza w a, A.: Compiling Aw a y the Meta-Lev el in Ob ject-Orien ted Concurren t Re ectiv e Lan- guages using P artial Ev aluation, Pr o c e e dings of A CM OOPSLA’95 , pp. 300{315 (1995). 9) Matsuok a, S., Oga w a, H., Shim ura, K., Kim ura, Y., Hotta, K. and T ak agi, H.: Op enJIT{A Re ectiv e Ja v a JIT Compiler, OOPSLA’98 Workshop on R e e ctive Pr o gr am- ming in C++ and Java (1998). 10) Ro driguez Jr., L. H.: A Study on the Viabilit y of a Pro duction-Qualit y Metaob ject Proto col- Based Statically P arallelizing Compiler, Pr o- c e e dings of the IMSA’92 Workshop on R e e c- tion and Meta-level A r chite ctur es , T oky o, p. 107112 (1992). 11) T o dd Pro ebsting and Scott W atterson: Krak a- toa: Decompilation in Ja v a, COOTS ’97 (1997). 12) V olarsc hi, E., Consel, C. and Co w an, C.: Declarativ e Sp ecialization of Ob ject-Orien ted Programs, Pr o c e e dings of A CM OOPSLA ’97 , pp. 286{300 (1997). 13) Wilson, R., F renc h, R., Wilson, C., Amras- inghe, S., Anderson, J., Tjiang, S., Liao, S.-W., Tseng, C.-W., Hall, M., Lam, M. and Hennessy , J.: The SUIF Compiler System, T ec hnical re- p ort, Computer Systems Lab oratory , Stanford Univ ersit y (1994). 14) 4];3E_I’ , >.@n9(9b , >>2,Ao : Ja v a %P%$%H%3!<%I $r %G%3 %s %Q %$%k $9 $k $?$a $N 8z 2LE* $J %" %k %4%j %: %‘ , >p Js =h M} 3X 2q %W %m %0 %i %_ %s %0 8& 5f 2q O@ J8 ;o ( 7G :\ M= Dj ) (1999). ( J?@. 11 G/ 7 7n 16 F|<uIU ) ( J?@. 11 G/ 10 7n 10 F|:NO? )

12 >pJs=hM}3X2qO@J8;o 1959 >.@n 9(9b !J@52q0w!K ><OB 46 G/@8!%J?@. 6 G/El5~Bg3X9) 3X It 7W ?t 9) 3X 2J B4 6H!% J? @. 8 G/ F1 Bg 3X Bg 3X 1! 9) 3X 7O 8& 5f 2J >p Js 9) 3X @l 96 =$N;!% J?@. 10 G/ EYF1Gn ;N2]Dx CfB‘!% 8= :_!$ El 5~ 9) 6H Bg 3X Bg 3X 1! >p Js M} 9) 3X 8& 5f 2J ?t M}!& 7W ;; 2J 3X @l 96 =u <j!% %W %m %0 %i %_ %s %0 8@ 8l =h M} 7O!$ %* %V %8%’ %/ %H ;X 8~ 5; =Q!$ JB Ns 7W ;; 5! %"!< %- %F %/ %A%c!$ 9- 0h J, ;6 %7 %9 %F %‘ $K 6= L# $r ;} $D!% A CM 2q 0w!% >>2, Ao !J@52q0w!K >< OB 38 G/ @8!% >< OB 61 G/ El 5~ Bg 3X M} 3X It >p Js 2J 3X 2J B4 6H!% J? @. 85 G/ F1 Bg 3X Bg 3X 1! Gn ;N 2] Dx Cf B‘!% F1 Bg 3X >p Js 2J 3X 2J =u <j!$ >p Js 9) 3X @l 96 9V ;U $r 7P $F!$ J? @. 8 G/ $h $j El 5~ 9) 6H Bg 3X >p JsM}9)3X8&5f2J?tM}!&7W;;2J3X@l96 =u65<x!%M}3XGn;N!% %* %V %8%’ %/ %H ;X 8~ 8@ 8l!$ JB Ns %7 %9 %F %‘!$ %j %U %l %/ %F%# %V8@8l!$@)Ls8@8l!$%f!<%6!&%$%s%? %U%’!<%9%=%U%H%&%’ %" $J $I $N 8& 5f $K => ;v!% 8= :_ ?J 9T Cf $N Be I= E* %W %m %8%’ %/ %H $O!$ @$ 3& 5, LO $N 9b @- G= 7W ;; 4D 6- $r 9= C[ $9 $k Ninf %W %m %8%’ %/ %H!$ 7W ;; 4D 6- $K E, 9g!& :G E, 2= $r L\ ;X $9 Ja v a 8@ 8l $N 3+ J| 7? Just-In-Time %3 %s %Q %$ %i Op enJIT !$ @) Ls %Y!<%9 $N TRIP %f!<%6!& %$ %s %? %U%’!< %9 $J $I!% JB Ns <+ 8J H?1G7?%*%V %8%’%/ %H;X8~ 8@8l ABCL/R2 $N8&5f$G 1996 G/ EY >p Js =h M} 3X2q O@ J8 >^ <u >^!% 1997 G/ $O%* %V %8%’ %/ %H ;X 8~ $N 9q :] 3X 2q ECOOP’97 $N %W %m %0 %i %‘ 0Q 0w D9 $r EX $a $k!% %= %U %H %&%’ %" 2J 3X 2q!$ A CM !$ IEEE-CS 3F 2q 0w!% 4];3 E_I’ >< OB 46 G/ @8!% J? @. 11 G/ El 5~ 9) 6H Bg 3X M} 3X It >p Js 2J 3X 2J B4 6H!% 8= :_!$ F1 Bg 3X Bg 3X 1! >p Js M} 9) 3X 8& 5f 2J ?t M}!& 7W ;; 2J 3X @l 96 =$ ;N 2] Dx :_ 3X Cf!% %* %V %8%’ %/ %H ;X 8~ 8@ 8l!$ JB Ns!& J, ;6 %7 %9 %F%‘!$9-0hJ,;6%7%9%F%‘$J$I$K6=L#$r;}$D!% AaED 63I’ >< OB 49 G/ @8!% J? @. 10 G/ El 5~ 9) 6H Bg 3X M} 3X It >p Js 2J 3X 2J B4 6H!% 8= :_!$ F1 Bg 3X Bg 3X 1! >p Js M} 9) 3X 8& 5f 2J ?t M}!& 7W ;; 2J 3X @l 96 =$ ;N 2] Dx :_ 3X Cf!% JB Ns!& J, ;6 %7 %9 %F %‘!$ %* %V %8%’ %/ %H ;X 8~ 8@ 8l!$9-0hJ,;6%7%9%F%‘$J$I$K6=L#$r;}$D!% ;VB< 9@Li ><OB 62 G/5~ETBg3X9)3X It>pJs9)3X 2J B4 6H!% J? @. 85 G/ F1 Bg 3X Bg 3X 1! 9) 3X 7O 8& 5f 2J >p Js 9) 3X @l 96 =$ ;N 2] Dx =* N;!% F1 G/!$ ( 3t ) IY ;N DL 8& 5f =j F~ <R!% Bh 5 @$ Be %W %m %8%’ %/ %H $G PIM/P $N %O!< %I %&%’ %" @_ 7W!$ %^ %$ %/ %m %W %m %;%C %5 $N 3+ H/!$ %^ %$ %/ %m %"!< %- %F %/ %A%c $N @- G= I> 2A $N 8& 5f $r 7P $F!$ 8= :_!$ Ja v a $N JIT %3%s%Q%$%i$r8&5f3+H/$K=>;v!%