@EE*$+$DF0E*$J<0$r5v$9$h$&$JItJ,I>2A4o$N$?$a$NB+G{;~2r@O @u0f 7r0l El5~Bg3XBg3X1! M}3X7O8&5f2J >pJs2J3X@l96 asai@is.s.u-tokyo.ac.jp 1 $O$8$a$K ItJ,I>2A (partial ev aluation)[10] $H$O!"%W%m%0%i%‘$H0z?t$N0lIt$r<u$1<h$C$F!"$=$N4{CN$N0z?t$N>pJs$+$i7W;;$G$- $kItJ,$r@h$K7W;;$7 $F$7$^$&$3$H$G%W%m %0%i%‘$N8zN($r$" $2$k%W%m%0%i%‘JQ 49$G$"$k!#ItJ,I>2A$N 5;K!$r;H$&$H%$%s %?%W %j %? $+ $i %3 %s %Q %$ %i $r @8 @. $G $- $k [6] !" $J $I 1~ MQ $, 9- $$ $? $a!" FC $K 4X ?t 7? 8@ 8l $N @$ 3& $G $O B? $/ $N 8& 5f $, $J $5 $l!" <B :] $K $$ $/ $D $+ $N %7 %9 %F %‘ $, F0 $/ $K ;j$C $F $$ $k [2] !# $^ $?!" 6a G/ $G $O %* %V %8%’ %/ %H ;X 8~ 8@ 8l $N :G E, 2= Ey $K $b Mx MQ $5 $l $k $h $& $K $J$C $F$-$F$$$k [5, 4] !# ItJ,I>2A$NCf $G$b o�ine $NItJ,I> 2A$H8F $P$l$kJ} K!$G$O!"It J,I>2A$r %W%m%0%i %‘2r@O $N%U%’!<%:!JB+ G{;~2r@O BT A $H8F$P$l$k!K$H%W%m %0%i%‘FC2=$N%U%’!< %:$K$o$1$F9T$&!#2r @O$N%U%’!<%:$G$O!"%W %m%0%i%‘$rItJ, I>2A;~$K<B9T2D G=!J@E E* static !K $J It J, $H IT 2D G= !JF0 E* dynamic !K $J It J, $H $K $o $1!" FC 2= $N %U%’!< %: $G $O @E E* $J It J, $r <B 9T $9 $k!# $3 $N J} K! $O!" 2r @O $N %U%’!< %: $G $" $i $+ $8 $a <B 9T 2D G= $J It J, $r J, N% $9 $k $? $a FC 2= $, 8z N( E* $K 9T $( $k 0l J} $G!" 2r @O $N G= NO $, F@ $i $l $k 7k2L$KBg$-$J1F6A$rM?$($k!"$H$$$&FCD’$r;}$D!# =>Mh$N o�ine ItJ,I>2A4o$K;H$o$l$F$$$kB+G{;~2r@O$O!"9=B$%G!<%?$N07$$$KFqE@$,$"$C$?!#$9$J$o$A!"9=B$%G!<%?$, 0lEY!"F0E*$K$J$k$H!"$=$N9=@.MWAG$,A4$FF0E*$K$J$C$F$7$^$C$F$$$?!#Nc$($P!"<!$NNc$r8+$F$_$h$&!# ( � x: c ons ( c ar x ) x )@( c ons 1 2) $3$l $rIt J, I>2A $7 $?$i c ons 1 ( c ons 1 2) $,F@ $i $l$k $3 $H$r 4| BT$9 $k $o$1 $@ $,!"=> Mh $NB+ G{ ;~2r @O $G$O!" :G =*7k 2L $K x (= c ons 1 2) $,;D$C$F$$$k$?$a!"$3$N cons %;%k$OF0E*$H$J$k!#$9$k$H c ar x $bF0E*$H$J$jA4$/7W;;$,9T$o$l$J$$$^$^!"F~NO $7$?<0$,$=$N$^$^7k2L$H$7$FJV$5$l$k 1 !# $3 $3 $G $N Ld Bj $O!" x $, @E E* $K $b F0 E* $K $b ;H $o $l $F $$ $k!" $H $$ $& E@ $G $" $k!# $3 $N $h $& $J <0 $r!" K\ 9F $G $O @E E* $+ $D F0 E* (b oth static and dynamic) $H8F $V$3$H$K$9$k!# @EE*$+$DF0 E*$J<0$K$D$$ $F$O!"@EE*$JIt J,$OItJ,I> 2A;~$K<B9T$7 $D$D!" F0E*$JItJ,$O:G=*7k 2L$K;D$7$?$$!#$3 $l$r<B8=$9$kJ}K! $H$7$F!"$=$l$>$l$N >l9g$KBP1~$9$Y $/#2%P!<%8%g%s:n$k!"$H $$$& J}K! $, $" $k!# Nc $( $P!" >e $N Nc $G $O c ons 1 2 $, @E E* $+ $D F0 E* $K ;H$o $l $F $$ $k $N $G!" 0J 2< $N $h $& $K >e $N %W %m %0 %i %‘ $r JQ49 $9 $k!# ( � x: ( c ons D ( c ar ( cdr x )) ( car x )))@( cons ( c ons D 1 2) ( c ons 1 2)) $3$3 $G!" 8*$K D $N $D$$ $F $$ $k$b $N $OF0 E* $J$b $N!" $=$l 0J 30 $O@E E* $J$b $N $G$" $k!# @EE* $+ $D F0E* $J c ons $K BP 1~$7 $F!" @E E* $J c ons $H F0 E* $J c ons D $N #2 %P!< %8%g %s $, :n $i $l!" $3 $l $i $U $? $D $, cons $G $^ $H $a $i $l $F x $K EO $5 $l $F $$ $k!# $= $7 $F!"@E E* $K;H $o $l $k;~ $O @E E*$J It J, $, cdr $G $H$i $l!" F0 E*$K ;D $k ItJ, $O F0 E*$J It J, $, car $G $H$i $l $F $$$k 2 !#$3 $N $h $& $K@EE*$JItJ,$HF0E* $JItJ,$NN>J}$rMQ0U $7$F$*$1$P!"F0E*$J ItJ,$r:G=*7k2L$K ;D$7$D$D@EE*$JItJ, $K$b%"%/%;%9$,2D G=$H $J$k!#>e$NNc$G$O!"$b$H$N%W%m%0%i%‘$N c ar $r@EE*$K<B9T$G$-!"4uK>DL$j c ons 1 ( c ons 1 2) $rF@$k$3$H$,$G$-$k!# K\9F$G $O!" $3$N $h $& $JIt J, I>2A $r 2D G=$H $9 $k$? $a!" @EE* $+ $D F0E* $J ItJ, $r FCDj $9 $k B+G{ ;~ 2r@O $r Ds0F $9 $k!# $3$N B+ G{ ;~2r@O$O!"7?%7%9%F%‘ $H$7$FDj<02=$5$l!" @)Ls$r2r$/$3$H$G 7k2L$rF@$k!#<B:]$K @EE*$+$DF0E*$K;H $o$l$F$$$kItJ,$N $_$, @EE*$+$DF0E*$H$J$k$?$a!"@EE*$+$DF0E*$JCM$r:n$k%*!<%P!<%X%C%I$O:G>.8B$KM^$($i$l$k!# F1$8 <0 $K J# ?t$N B+ G{ ;~ $r 5v $9 0l HL E* $J B+ G{;~ 2r @O $H $7 $F $O p olyv arian t $J B+ G{ ;~ 2r @O$, $" $2 $i $l $k!# $7 $+ $7!" p oly- v arian t $J2r@O$O%3%9%H$,Hs>o$K9b$$$3$H$,CN$i$l$F$$$k [1] !#$3$3$G$O07$($kB+G{;~$r@EE*$+$DF0E*$J$b$N$^$G$K8B$k$3 1 cons %;%k$N x $X$NBeF~$O9T$o$l$k$,!"%3!<%I$NJ#@=$rHr$1$k$?$a let J8$,A^F~$5$l let x = c ons 1 2 in c ons ( c ar x ) x $,7k2L$H$J$k!# 2 $3$3$G$O!"8+$d$9$/$9$k$?$a cons , car , cdr $H=q$$$?$,!"$3$l$i$O<B:]$K$O c ons , c ar , c dr $r;H$&$3$H$,$G$-$k!# 1

$H$G mono v arian t $J 2r@O $N 8zN( $r B;$J $&$3 $H $J$/!" 9=B$ %G!< %?$N 07$$ $r 8~>e $9$k $3 $H$r L\;X $7 $F$$ $k!#<B :]!" K\9F $G <( $9 B+ G{ ;~ 2r @O $O!" => Mh $N $b $N $H F1 $8 $/ $[ $\ @~ 7A $G $G $- $k $3 $H $, $o $+$C $F $$ $k!# 8= :_!" $3 $N J} K! $K 4p $E $$ $? Sc heme MQ $N =hM}7O$r:n@.Cf$G!"$[$\F0$/$K;j$C$F$$$k!# 0J2<!" 2 @a$G K\9F$G 07$&8@ 8l$r@b L@$7!" 3 @a$G$O FC2=4o $r<($9!# 4 @a$G B+G{;~ 7?$rF3 F~$7$? 8e!" 5 @a $K annotation $N$D$$$?8@8l$KBP$9$k7?5,B’$r<($9!# 6 @a$G$O$3$N5,B’$r annotation $N$D$$$F$$$J $$8@8l$N$b$N$KJQ49$7!"@)Ls@8@.$N 5,B’ $r F@$k!# 7 @a $G!"@) Ls 2r >C;~ $K ;H $&7? $N 2r <a$r <( $7!" 8 @a $G <B :]$K @) Ls 2r>C %" %k%4 %j %: %‘$r =R $Y $k!# 9 @a $G $=$N %" %k%4 %j%: %‘ $N@5 Ev @-$r <( $9$H $H $b$K!" 10 @a$G $O $=$N 7W ;;NL $b =R$Y $k!# $^$?!" 4J C1$J 2r @ONc $r 11 @a $K <($9!# 4X O"8& 5f $r 12 @a$G=R$Y!" 13 @a$G$^$H$a$k!# 2 8@8l K\ 9F $G 07 $& 8@ 8l $O!" 0J 2< $K <( $9 $h $& $J 4X ?t 7? 8@ 8l $N 0l It $G!" 9b 3, 4X ?t!" 4X ?t E, MQ!" primitiv e $N E, MQ!" $= $7 $F 9= B$ %G!< %? $H $7 $F c ons , c ar , c dr $r 07 $&!# $3 $3 $G $O 4J C1 $N $? $a :F 5" $r 07$C $F $$ $J $$ $,!" :F 5" $, F~$C $F $b K\ 9F $N OH AH $O Ld Bj $J $/3HD%$G$-$k$3$H$,$o$+$C$F$$$k!# L = Dj?t j x j � x: L j L @ L j c ons L L j c ar L j c dr L j L + L 8@ 8l L $N %W %m %0 %i %‘ $r <u $1 <h $k $H!" B+ G{ ;~ 2r @O $O annotation $N IU $$ $? %W %m %0 %i %‘ $r JV $9!# => Mh $N B+ G{ ;~ 2r @O $G $O!" annotation $O S !J@E E*!K$^$? $O D !JF0 E*!K$N#2 <oN‘ $G$"$C$? $,!"$3 $l$K 2C$($F K\9F $G$O B !J@EE* $+$DF0 E*!K$b 5v$9!# 0J2<$K!" annotation $NIU$$$?8@8l$NDj5A$r<($9!# M = Dj?t j x j � S x: M j � D x: M j � B x: M j M @ S M j M @ D M j c ons S M M j c ons D M M j c ons B M M j c ar S M j c ar D M j c dr S M j c dr D M j M + S M j M + D M j M # B S j M # B D � B x: M $* $h$S c ons B M M $,!"@E E*$+ $DF0 E* $JCM $rJV $9L? Na$G $"$k!# $^$?!" M # B S $H M # B D $O$= $l$> $l!"@E E* $+$D F0 E*$JCM$r<u$1<h$C$?$i!"$=$N@EE*$JItJ,!"F0E*$JItJ,$rJV$9L?Na$G$"$k!#$3$N$U$?$D$rK\9F$G$O7?JQ49L?Na$H8F$V!# 3 FC2=4o ?^ 1 $K annotation $N IU $$ $? 8@ 8l M $K BP $9 $k FC 2= 4o $r <( $9!#?^ Cf $N 1& JU $G!" 8* $K � $N IU $$ $? JQ ?t $O ?7 $? $K F3 F~ $5 $l$? fresh $JJQ?t!"$^ $?!"8*$K D $NIU$$$?L? Na$O!"$=$l $,FC2=$N7k 2L!"%3!<%I$H$7 $F;D$k$3$H $r<($9!# � �: � � � $H h� � �i $O shift $H r eset L? Na [3] $G $" $k!# shift L? Na $O c al l/c c $H F1 $8 $h $& $K 8= :_ $N 7Q B3 $r $H$C $F Mh $k L? Na $@ $,!" c al l/c c $H $O 0c$C$F!" r eset L?Na $G0O$^ $l$? HO0O$N 7QB3 !JItJ,7Q B3!K$r $H$C$FMh $kL? Na$G$" $k!#$3 $l$i$N L?Na $O!"%3!<%I $NJ# @=$rHr $1 $k let D J8 $rA^ F~ $9 $k$? $a $K MQ$$ $i $l $F $$$k!# # 1 $H # 2 $O%Z %" ( A; B ) $N c ar It J,!" c dr It J,$r $H$C $F Mh$k L? Na $G$" $k!# # 1 ( A; B ) = A; # 2 ( A; B ) = B FC2=4o S $O<0$H4D6-$r<u$1<h$k$H@EE*$JL?Na$r<B9T$7!"F0E*$JL?Na$r%3!<%I$K;D$9!#@EE*$JL?Na$K$D$$$F$OIaDL$N%$ %s%?%W%j%?$HF1$8$J $N$G!"$3$3$G$OF0E* $JL?Na$H@EE*$+$D F0E*$JL?Na$K$D$$ $F8+$F$$$/!#F0E*$J L?Na$O!"$=$NL?Na$r I=$9 %3!<%I$r@8@.$9 $k$o$1$@$,!" @8@.$5$l$? %3!<%I$,J#@=$5 $l$?$j>C5n $5$l$?$j$9 $k$N$rHr$1 $k$?$a!"I,$: let D J8$NA^F~ $, 9T$o$l $k!#Nc$( $PF0E* $J&K <0$N>l 9g$O!"$^ $:!"$= $N&K<0 $NK\BN ItJ, $,ItJ, I>2A$5 $l!"$= $N7k2L $, v � $H $$$&!J?7 $7$$!K JQ ?t$KB+G{$5$l!" let D J8$K;D $5$l$k!#$=$7$F!"0J9_ $NFC2=!J h �v � i $NItJ,!K$G$O JQ?t v � $N $_$,;H$o$l$k!# v � $N;H$o$l J} $K$+$+$o$j$J$/&K<0$, let D J8$K;D$C$F$$$k$?$a!"J#@=$b>C5n$b$5$l$J$$;EAH$_$G$"$k!#$3 $3$G � $O shift L?Na$K$h$C$F $H$C$F$3 $i$l $?ItJ, 7QB3 $G$" $k!#$=$N 8e$N ItJ, I>2A$N 7k2L $r let D J8 $N%9 %3!<%W $NCf$K ;D$9 $?$a shift L? Na$G7Q B3$r F@!" $=$l$r let D J8$NK\BNItJ,$N r eset L?Na$NCf$GE,MQ$7$F$$$k!#&K<0$NK\BNItJ, M $NFC2=$b r eset L?Na$G0O$^$l$F$$$k$,!" $3$l$b M $NFC2=$N7k2L$N%3!<%I$,@5$7$/ � D x � : � � � $N%9%3!<%W$KF~$k$h$&$K$9$k$?$a$G$"$k!#B>$NF0E*$JL?Na$NFC2=$b F1MM$G$"$k!# @EE*$+$DF0E*$J <0$K$D$$ $F$O!"$=$N 8e$NFC2=$K @EE*$JCM $bF0E*$J CM$bEO$9 $3$H$K$J$k!# Nc$($P!" � B x: M $N>l9g $O!" � D x: M $N >l9g $HF1 $8 $h$& $K &K<0 $r let D J8 $K ;D$9 3 $H$H $b $K!"$= $N8e $N FC2= $K $OF0 E* $JCM !J v � !K $H@E E* $J&K JD Jq$N N> J} 3 � B x: M $H c ons B M 1 M 2 $K=P$F$/$k D ( � ) $K$D$$$F$O8e=R$9$k!# 2

S : Exp ! Env ! R esidual Co de S [ [ Dj?t ] ] � = Dj?t S [ [ x ] ] � = � ( x ) S [ [ � S x: M ] ] � = � x 0 : S [ [ M ] ] � [ x 0 =x ] S [ [ � D x: M ] ] � = � �: let D v � = � D x � : hS [ [ M ] ] � [ x � =x ] i in h �v � i S [ [ � B x: M ] ] � = � �: let D v � = � D x � : hD ( S [ [ M ] ] � [ x � =x ]) i in h � ( v � ; � x 0 : S [ [ M ] ] � [ x 0 =x ]) i S [ [ M 1 @ S M 2 ] ] � = ( S [ [ M 1 ] ] � )( S [ [ M 2 ] ] � ) S [ [ M 1 @ D M 2 ] ] � = � �: let D v � = ( S [ [ M 1 ] ] � )@ D ( S [ [ M 2 ] ] � ) in h �v � i S [ [ c ons S M 1 M 2 ] ] � = ( S [ [ M 1 ] ] �; S [ [ M 2 ] ] � ) S [ [ c ons D M 1 M 2 ] ] � = � �: let D v � = c ons D ( S [ [ M 1 ] ] � ) ( S [ [ M 2 ] ] � ) in h �v � i S [ [ c ons B M 1 M 2 ] ] � = � �: let ( m 1 ; m 2 ) = ( S [ [ M 1 ] ] �; S [ [ M 2 ] ] � ) in let D v � = c ons D D ( m 1 ) D ( m 1 ) in h � ( v � ; ( m 1 ; m 2 )) i S [ [ c ar S M ] ] � = # 1 ( S [ [ M ] ] � ) S [ [ c ar D M ] ] � = � �: let D v � = c ar D ( S [ [ M ] ] � ) in h �v � i S [ [ M 1 + S M 2 ] ] � = ( S [ [ M 1 ] ] � ) + ( S [ [ M 2 ] ] � ) S [ [ M 1 + D M 2 ] ] � = � �: let D v � = ( S [ [ M 1 ] ] � ) + D ( S [ [ M 2 ] ] � ) in h �v � i S [ [ M # B D ] ] � = # 1 ( S [ [ M ] ] � ) S [ [ M # B S ] ] � = # 2 ( S [ [ M ] ] � ) ?^ 1: FC2=4o $r %Z %" $K $7 $F EO $9!# $3 $l $i $O!" $= $N 8e $N FC 2= $G I, MW $K 1~ $8 $F 7? JQ 49 L? Na M # B D $d M # B S $K $h$C $F F0 E* $J It J,!" @E E* $J It J, $, <h $j =P $5 $l $k $3 $H $H $J $k!# $3 $3 $G !V@E E* $+ $D F0 E* $J CM $O I, $: 0l EY!" %3!< %I $H $7 $F let D J8 $N Cf $K ;D $k!W $H $$ $& $3 $H $K Cm 0U $7 $h $&!# $3 $N $3 $H $O !V@E E* $+ $D F0 E* $J 4X ?t $N 0z ?t $O F0 E* $G $J $/ $F $O $J $i $J $$!W $H $$ $& @) 8B $r $b $? $i $9!# Nc $( $P ( � f : c ons f ( f @2))@( � x: x + 3) $H$$$& <0$r9M$( $F$_$h$&!# � x: x + 3 $O@E E*$KE,MQ $5$l$k$H $H$b$K :G=*7k2L $K;D$k$N $G @E E* $+ $D F0 E* $G $" $k!# $= $3 $G @E E* $J It J, $O 7W ;; $7!" F0 E* $J It J, $O ;D $7 $F c ons ( � x: x + 3) 5 $r 7k 2L $H $7 $F F@ $? $$!# $7 $+ $7!" � x: x + 3 $O 0l EY!" F0 E* $J CM $H $7 $F :G =* 7k 2L $K ;D $k I, MW $, $" $k $? $a!" x $r @E E* $H $9 $k $3 $H $, $G $- $J $$!# 7k 2L $H $7 $F c ons ( � x: x + 3) (2 + 3) $7$+F@$k$3$H$,$G$-$J$$$N$G$"$k 4 !# $3$N @E E* $+ $D F0 E* $J &K <0 $K BP $9 $k @) 8B $O!" K\ 9F $G 07 $& B+ G{ ;~ 2r @O $, mono v arian t $G $" $k $3 $H $K $h $k!# &K <0 $r :G =* 7k 2L$K;D$9$?$a$K$O!"$= $N&K<0$NK\BNItJ, $r2r@O$9$k$H$-$K 0z?t$K4X$7$F2?$b2> Dj$G$-$J$$$N$G!"0z ?t$OF0E*$H$;$6$k $rF@ $J$$!# mono v arian t $J 2r @O $G $O %W%m %0 %i %‘ 3F It$K $R $H $D $N B+G{ ;~ $7 $+ 3d $jEv $F $i $l $J $$$N $G!" $3 $N &K <0$, JL $N $H $3 $m $G @EE*$K;H$o$l$F$$$? $H$7$F$b!"$=$N0z?t $OF0E*$H$;$6$k $rF@$J$$$N$G$"$k!# $7$+$7!"$3$N$h$&$J @)8B$,IU$$$F$$$F $b!"=> Mh!"@EE*$+$DF0E*$J&K <0$OA4$FF0E*$H07 $o$l$F$-$F$$$?$N $G!"=>Mh$NItJ,I>2A $HHf$Y$l$P$h$jIt J,I>2A$G$-$k$h$& $K$J$C $F$$$k!# 0lJ}!"4X ?t $NK\ BN ItJ, $d%Z %" $NMW AG $K$D $$ $F$O $3 $N$h $& $JLd Bj $O$J $$!# Nc$( $P!"@E E* $+$D F0 E*$J 4X ?t � x: c ons x x $N JV$jCM c ons x x $, $I$3$+$G@EE*$K;H$o$l$?$H$7$h$&!#$=$N$h$& $J>l9g$G$b!"$3$N c ons x x $O@EE*$+$DF0E*$J$b$N$H$9$k $3$H$G!"%3!<%I$K;D$7$D$D@EE*$K$b;HMQ$9$k$3$H$,2DG=$G$"$k!#Nc$($P ( � S f : c ons D f # B D ( c ar S ( f # B S @ S 1)))@ S ( � B x: c ons B x x ) $N � B x: c ons B x x $O@EE*$+$DF0E*$JCM$rJV$9@EE*$+$DF0E*$J4X?t$G$"$k$,!"$3$N<0$O let D u = � D x: c ons D x x in let D v = c ons D 1 1 in c ons D u 1 $N$h$&$KFC2=$5$l$k!# 4 x $r@EE*$+$DF0E*$H$9$k$3$H$bIT2DG=$G$"$k!#@EE*$+$DF0E*$JCM$O>o$K@EE*$K$bF0E*$K$b;HMQ2DG=$JCM$@$,!"&K<0$,%3!<%I$K;D$k;~$N x $OF0E*$J>p Js$7$+;}$C$F$$$J$$!# 3

$3$3$G � B x: M $H c ons B M 1 M 2 $N5, B’ $K=P $F Mh $k D ( M ) $O M $, F0E* $J $i$= $N $^ $^JV $7!" @EE* $+ $DF0 E* $J $iF0 E* $JItJ,$rJV$9L?Na$G $"$k!#@EE*$+$DF0E* $J&K<0$NK\BNIt J,$OF0E*$G$b@EE* $+$DF0E*$G$bNI$$ $?$a!"%3!<%I$K;D$9;~ $K!"F0 E*$J$i$=$N$^$^;H$$!"@EE*$+$DF0E*$J$iF0E*$JItJ,$r<h$j=P$9I,MW$,$"$k!#$=$N$?$a � B x: M $H c ons B M 1 M 2 $N5,B’$N %3!<%I $r;D $9 ItJ, $G D ( � ) $,;H $o $l$F $$ $k!#$J $*!" $3$3 $G $O4J C1 $N$? $a FC2= ;~ $K M $NB+ G{ ;~$r %A%’%C %/$9 $k $h$& $K =q$$ $F$$$k$,!" M $NB+G{;~$OB+G{;~2r@O$,=*N;$7$?;~E@$G$o$+$C$F$$$k$N$G!"$=$l$K=>$C$F � B x: M $N5,B’$r M $,F0E*$J >l9g$H @EE* $+$D F0E*$J >l9g $N$U $?$D $K$o$1 $l$P!" FC2= ;~$K B+G{;~ $r%A%’%C %/$9 $kI, MW$O$J $/$J $k!# c ons B M 1 M 2 $bF1 MM $G!"?^ 1 $N5, B’$O M 1 $H M 2 $,$= $l$>$l F0E* $J>l9g $H@E E*$+ $DF0E* $J>l 9g$N#4 DL$j $r D ( � ) $r;H$C $F$^$H $a$F =q$$ $F$" $k!# $3$3$G!"@E E*$+$D F0E* $JCM $rF3F~ $7$F $b%3!<%I $NJ# @=$O $*$-$J $$$3 $H$r8+ $F$* $3$&!# 1 @a$NNc $G$O!" @EE* $+$DF0 E*$J CM $r ;H $& $H $= $N It J, $N %3!< %I $, J# @= $5 $l $k $h $& $K 8+ $( $k $, $= $N $h $& $J $3 $H $O $J $$!# � B x: M $N 5, B’ $r 8+ $k $H M $N FC 2= $O!"%3!<%I$K;D$9$?$a $K#12s!"9T$o$l$k$@ $1$G$"$k!#$=$N8e!"$= $N&K<0$,@EE*$K ;H$o$l$l$P:F$SFC 2=$,5/$-$k$,!"$3 $l$O =>Mh$N@EE* $J&K<0$N FC2=$HF1$8 $G$"$k!#$^ $? c ons B M 1 M 2 5, B’$G$b!"$=$N MWAG$O#1 2s$@$1FC 2=$5$l!"%3!<%I $K;D$9:] $K $OC1$KF0E*$JJQ?t$r;H$&$@$1$G$"$k!# %3!<%I $NJ# @= $, 5/ $- $J$$ $? $a!" ?^ 1 $N FC 2=4o $O CM $N id !J%] %$ %s%? F1 CM @-!K $r J]B8 $9 $k!# @E E*$+ $D F0 E* $J CM$O!" @E E* $K;H $o$l $k;~ $O8G M- $N id $r;}$C $?@E E* $JCM $=$N $b$N $, !J%3!<%I $K;D $k $3$H $J$/!K ;H$o $l $k$? $a!"3F CM$N %] %$%s %?F1 CM@- $OJ]B8$5$l$k!#$^$?!"F0 E*$K;H$o$l$k;~$b 8GM-$NJQ?tL>$, ;H$o$l$k$?$a!"%]%$ %s%?F1CM@-$OJ]B8 $5$l$k!#@EE*$J7W;; $HF0 E*$J7W;;$O$^$6$i$J$$$N$GA4BN$H$7$F%]%$%s%?F1CM@-$,J]$?$l$F$$$k$3$H$,$o$+$k!# 4 7? K\9F $G07 $& B+ G{;~ 2r @O $O!" 7?%7 %9 %F %‘$H $7 $F Dj <02= $5 $l $F$* $j!" $= $3 $G;H $o $l $k3F <0 $N B+ G{;~ $N CM � $H7? � $O0J 2< $N$h$&$KDj5A$5$l$k!# � = S j D j B � = � j � ! � � j � � � � j � j �: � B+G{;~ CM � $O S !J@E E*!K!" D !JF0E*!K!" $^$? $O B !J@E E*$+ $DF0 E*!K$G $"$k!# $3$l $i$O F1 ;~$K Dj?t $N7? $H$7 $F$b MQ$$ $i $l$k!# � ! � � $OB+G{;~CM$, � $N4X?t7?!" � � � � $OB+G{;~CM$, � $N%Z%"7?$G$"$k!#$^$? � $O7?JQ?t!" �: � $O:F5"7? $G$"$k!#$3$l$i$O Sc heme $N$h$&$J7?$J$78@8l$G@EE*$J7?$NIU$+$J$$9‘$r7?IU$1$9$k$N$KI,MW$H$J$k 5 !# B+G{;~ 7?$N $&$A 0J2< $N5, B’$G F3 $1$k $b$N $N$_ $,M- 8z$J 7?$G $" $k!#$3 $3$G!" � ‘ � : � $O 4D6- � $N$b $H$G 7? � $,B+ G{ ;~CM � $r;}$D$3$H$r<($9!# � ‘ � : � � ; � : � ‘ � : � � ; � : � ‘ � : � � ‘ �: � : � � ‘ � 1 : � 1 � ‘ � 2 : � 2 � . 0 � 1 � . � 2 � ‘ � 1 ! � � 2 : � � ‘ � 1 : � 1 � ‘ � 2 : � 2 � . � 1 � . � 2 � ‘ � 1 � � � 2 : � I8=‘E*$J5,B’$K2C$( $F!"4X?t7?$H%Z%"7? $K$OM-8z$J7?$H$J $k$?$a$N@)8B$,$D$$ $F$$$k!#$3$l$i$O4p K\E*$K$O=>Mh$NB+ G{;~ 2r@O$K;H$o$l$k7? %7%9%F%‘$HF1$8$G!" Nc$($P!V%Z%"$,F0E* $J$i$=$NMWAG$b F0E*!W$H$$$C$?N‘$N$b $N$G$"$k!#$7$+$7!" $=$l $K2C$($F $3$3$G$O @EE*$+ $DF0E* $J>l9g$b 9M$($k I,MW$,$" $k!#$=$l $r9MN8$K F~$l$F Dj5A$5$l $?$N$, <!$N � 1 . � 2 $H � 1 . 0 � 2 $G$"$k!# S . S S . D S . B D . D B . D B . B S . 0 S S . 0 D S . 0 B D . 0 D B . 0 D � 1 $,@EE*$J$i � 2 $O2?$G $bNI$$!#$^$? � 1 $,F0E*$J $i � 2 $OF0E* $G$J$/$F$O$J $i$J$$!#$3$3 $^$G$O!"=>Mh $N>l9g$HF1$8 $G $"$k!# � 1 $, @E E* $+$D F0 E* $J >l 9g$O!" � 2 $H $7 $F @EE* $+ $D F0 E* $J>l 9g $r 5v $9 $b$N $H 5v $5 $J $$$b $N $N #2 <o N‘$, $" $k!# @E E* $+ $DF0E*$J4X?t$N0z?t ItJ,$O!"F0E*$G$J$/ $F$O$J$i$J$$$N$G!" 8e<T$,;H$o$l!"$=$l 0J30$NItJ,$O@EE* $+$DF0E*$J>l9g$b 5v$9 A0<T$,;H$o$l$F$$$k!# 5 Nc$($P � f : f @ f $K$*$1$k f $N7?$O �: � ! � $N$h$&$K$J$k!# 4

� ‘ Dj?t : � � ; x : � 1 ‘ M : � 2 � ‘ � S x: M : � 1 ! S � 2 � ; x : D ‘ M : D � ‘ � D x: M : D � ; x : D ‘ M : � � 2 f B ; D g � ‘ � B x: M : D ! B � � ; x : � ‘ x : � � ‘ M 1 : � 2 ! S � 1 � ‘ M 2 : � 2 � ‘ M 1 @ S M 2 : � 1 � ‘ M 1 : D � ‘ M 2 : D � ‘ M 1 @ D M 2 : D � ‘ M 1 : � 1 � ‘ M 2 : � 2 � ‘ c ons S M 1 M 2 : � 1 � S � 2 � ‘ M 1 : D � ‘ M 2 : D � ‘ c ons D M 1 M 2 : D � ‘ M 1 : � 1 � ‘ M 2 : � 2 � i 2 f B ; D g � ‘ c ons B M 1 M 2 : � 1 � B � 2 � ‘ M : � 1 � S � 2 � ‘ c ar S M : � 1 � ‘ M : D � ‘ c ar D M : D � ‘ M 1 : S � ‘ M 2 : S � ‘ M 1 + S M 2 : � � ‘ M 1 : D � ‘ M 2 : D � ‘ M 1 + D M 2 : D � ‘ M : D ! B � � 2 f B ; D g � ‘ M # B S : D ! S � � ‘ M : D ! B � � 2 f B ; D g � ‘ M # B D : D � ‘ M : B � ‘ M # B S : S � ‘ M : B � ‘ M # B D : D � ‘ M : � 1 � B � 2 � i 2 f B ; D g � ‘ M # B S : � 1 � S � 2 � ‘ M : � 1 � B � 2 � i 2 f B ; D g � ‘ M # B D : D � ‘ M : � � = � 0 � ‘ M : � 0 ?^ 2: Annotation $NIU$$$?8@8l$KBP$9$k7?5,B’ M-8z$J7? � $NB+G{;~CM j j � j j $O j j � j j = � ( ) ‘ � : � $,F3=P2DG= $HDj5A$5$l$k!#$^$?!"7?$N4V$K$O0J2<$N$h$&$JF1CM4X78$r2>Dj$9$k!# D = D ! D D = D � D D ; �: � = � [ �: � =� ] 5 7?5,B’ ?^ 2 $K annotation $N IU$$$? 8@8l$K BP$9$k7? 5,B’$r <($9!#@E E*$+$D F0E*$J CM$N7? $NM-8z @-$K$@ $1Cm0U $7$F$*$1 $P!"$3 $l$i$N5,B’$O$$$:$l $bI8=‘E*$J$b$N$G $"$k!#M#0l!"FC<l$J$N $ODj?t$N7?$H@EE* $J2C;;$N7k2L$N7? $G!"$3$l$i$O$$$D$b @EE* $H$O$;$:!"$=$N;H$o$lJ}$K$h$C$F2?$G$bNI$$$3$H$K$7$F$$$k!#$3$l$O@EE*$JDj?t$O$$$D$G$bF0E*$JDj?t$K!J=>Mh$N lift L? Na $K $h$C $F!K JQ 49 $G $- $k $+ $i $G $" $k!# $^ $?!" ?^ 2 $N 7? 5, B’ $G $O!" Dj ?t $b @E E*!" F0 E*!" @E E* $+ $D F0 E* $N #3 <o N‘ $K 6h JL $7 $F $$$k!#$3$l$O!"Dj?t$rB> $N9=B$%G!<%?$HF1 $8$/E}0lE*$K07$& $?$a$G$"$k$,!"@EE* $+$DF0E*$JDj?t $NI=8=$H$7$F!"@EE* $JDj ?t$HF0E*$JDj?t$NN>J}$r;}$C$F$*$/I,MW$O$J$$!#@EE*$JDj?t$N$_$r;}$C$F$*$-!" S [ [ Dj?t # B D ] ] � = lift ( Dj?t ) S [ [ Dj?t # B S ] ] � = Dj?t $H$9$k$3$H$G!"=>Mh$HF1MM$KDj?t$r07$&$3$H$,$G$-$k!# annotation $NIU $$$?%W%m%0 %i%‘ p ann $KBP $7 ‘ p ann : D $,F3 $1$k$H$-!"$= $N annotation $OM-8z $G$"$k!"$H $$$&!# F1$8%W %m%0%i %‘$KBP $9$kM- 8z$J annotation $N $&$A$G!" 0J2< $N$U$? $D$N@- <A$rK~ $?$9 $b$N$r $h$jK> $^$7$$ annotation $H 8F$V!# 1. A4$F$N B $r D $HFI$_$+$($?;~$K!" D $H$J$C$F$$$kItJ,$,$h$j>/$J$$!# 2. F1$8;~$O!" B $H$J$C$F$$$kItJ,$,$h$j>/$J$$!# Bh#1E@$O$h$jB?$/$N ItJ,$rItJ,I>2A;~ $K<B9T$G$-$k$3$H $r<($7!"Bh#2E@$OIt J,I>2A;~$K@EE*$+ $DF0E*$JCM$r:n$k %*!<%P!< %X%C%I$,$h$j>/$J$$$3$H$r<($9!#Bh#1E@$G B $r D $H2r<a$7$F$$$k$N$O!"@EE*$K$7$+;H$o$l$F$$$J$$CM$rITI,MW$K@EE*$+ 5

� ‘ Dj?t : � � ; x : � ‘ x : � 0 f j j � j j � j j � 0 j j g � ; x : � 1 ‘ L : � 2 � ‘ � x: L : � 1 ! � � 2 f � . 0 j j � 1 j j ; � . j j � 2 j jg � ‘ L 1 : � 2 ! � � 1 � ‘ L 2 : � 2 � ‘ L 1 @ L 2 : � 0 1 ( j j � 1 j j � j j � 0 1 j j ; � . 0 j j � 2 j j ; � 2 f S; D g ; � . j j � 1 j j ) � ‘ L 1 : � 1 � ‘ L 2 : � 2 � ‘ c ons L 1 L 2 : � 1 � � � 2 f � . j j � 1 j j ; � . j j � 2 j jg � ‘ L : � 1 � � � 2 � ‘ c ar L : � 0 1 ( j j � 1 j j � j j � 0 1 j j ; � . j j � 1 j j ; � 2 f S; D g ; � . j j � 2 j j ) � ‘ L 1 : � 1 � ‘ L 2 : � 2 � ‘ L 1 + L 2 : � ( � 1 . p � 2 ; � 2 . p � 1 ; � 1 . p � ; � 2 . p � ; � 1 2 f S; D g ; � 2 2 f S; D g ) � ‘ L : � � = � 0 � ‘ L : � 0 ?^ 3: Annotation $NIU$$$F$$$J$$8@8l$KBP$9$k7?5,B’!J@)Ls@8@.5,B’!K $DF0E*$H$7!"8e$G$= $N@EE*$JItJ,$r$H$C $F$-$F;H$&!"$H$$$C$? L5BL$J>l9g$rGS =|$9$k$?$a$G$"$k!# $^$?!"Bh#2E@$OF0 E*$K $7$+;H$o$l$F$$$J$$ CM$rITI,MW$K@EE* $+$DF0E*$H$7!"8e $G$=$NF0E*$JItJ, $r$H$C$F$-$F%3!<%I$K ;D$9!"$H$$$&>l9g$r GS=| $7$F$$$k!# B+G{;~ 2r@O $O!" annotation $N IU $$$F $$$J $$%W %m %0%i %‘ p $,M? $( $i$l $?;~ $K!" M-8z $J annotation $NIU $$$? %W %m%0 %i %‘ p ann $N$&$A!">e$N0UL#$G:G$bK>$^$7$$ annotation $rJV$9$b$N!"$H$$$&$3$H$,$G$-$k!# 6 @)Ls$N@8@. ?^ 2 $N5, B’$O annotation $NIU $$$? 8@8l$K BP$9 $k7?5, B’$J $N$G!"$3 $l$r ;H$C$F annotation $NIU $$$F $$$J$$ %W%m %0%i %‘$K annotation $r IU $1$k $3 $H $O $G $- $J $$!# annotation $N IU $$ $F$$ $J $$ %W %m %0 %i %‘$K annotation $r IU $1 $k $? $a $K $O!" 7?5,B’$r annotation $NIU$$$F$$$J$$%W%m%0%i%‘$KBP$9$k$b$N$K=q$-49$($kI,MW$,$"$k!# $3$N=q$-49$($O!J#1!KF1$8L?Na$KBP$9$k5,B’$r$^$H$a!"!J#2!K B $+$i S $d D $X$N7?JQ495,B’$rB>$N5,B’$KKd$a9~$‘ $3$H$G9T$o$l$k!#$3$N$&$ABh #1E@$O7?$NF1CM4X78 D = D ! D D = D � D D $r;H $$!"Bh#2E@$O7?JQ495,B’$N F~$jF@$k>l =j$rFCDj$9$k$3$H$G9T$o$l$k!#=q$-49$($?7k2L$r?^ 3 $K<($9!# ?^Cf!";M 3Q$G 0O $s$G $"$k It J,$, 7?JQ 49 $,5/ $-$k 2D G=@- $N$" $k >l=j $G$" $k!# $3$3 $K=P $F $/$k � � � 0 $H $$ $&@) Ls$O 7? $N JQ492DG=@-$r<($9$b$N$G0J2<$N$h$&$KDj5A$5$l$k!# B > S; B > D � � � 0 ( ) ( � > � 0 ) _ ( � = � 0 ) <B:]$K � > � 0 $H$J$C$?$H$-$K$O!"B+G{;~2r@O=*N;;~$K � 0 $KBP1~$9$k9‘$K annotation $H$7$F # B � 0 $,IU$/!# 7?JQ49 $, $3 $N#3%v =j $N $_$G == J, $J$3 $H $O !J#1!K?d O@ 5, B’$N 7k O@ ItJ, $N $_ $G7? JQ 49 $r9T $( $P ==J, $J $3 $H!"$= $7 $F !J#2!K >e$N#3%v=j0J30$G$O7? JQ49$OL5BL$G$"$k $3$H$+$i$o$+$k!#$3 $N$&$ABh#2E@$O!"Nc $($P$b$7&K<0$N7k O@ItJ,$G7?JQ49$, ;H$o $l$F$$$?$i!":G=i$+$iJQ498e$N&K<0$r:n$l$PNI$$$3$H$+$i$o$+$k!# ?^ 3 $N5,B’$,?^ 2 $HF1$8$G$"$k$3$H$r8+$F$$$3$&!#Dj?t$N5,B’$OA4$/F1$8!"JQ?t$N5,B’$b7?JQ49$NItJ,$r=|$1$PF1$8 $G$"$k!#&K<0$N5,B’$O?^ 2 $N #3$D$N5,B’$r$^$H$a $?$b$N$K$J$C$F$$$k!# D = D ! D D $G$"$k$3$H $KCm0U$9$l$P!" � $, $=$l$>$l S , D , B $N>l9g$H?^ 2 $N#3$D$N5,B’$,BP1~$7!"$+$D � $K4X$9$k@)Ls$,L58z$J7?$rGS=|$7$F$$$k$3$H$,$o$+$k!# c ons $N5,B’$b D = D � D D $r;H$($PF1MM$G$"$k!# 4X?tE,MQ$H c ar $N5,B’$O!"@E E*$+$DF0E*$J >l9g$,$J$$$N $G!"$5$i$K � 2 f S ; D g $H $$$&@)Ls$b2C $o$C$F$$$k!# primi- tiv e $N E,MQ$N $H$3 $m$K=P $F$/ $k@)Ls $O!V primitiv e $N0z ?t$,$R $H$D $G$bF0 E*$K $J$C$?$i A4BN$b F0E* $H$J$j!" $=$N>l 9g$O B> $N0z?t$bF0 E*$K$J $k!W$H$$$& $3$H$r<( $7$F$$$k!# $3$3$G � 1 . p � 2 $O!V � 1 $, F0E*$J$i � 2 $bF0E*!W $H$$$&$3 $H$r<($7!" <! $N$h$&$KDj5A$5$l$k!# S . p S S . p D S . p B D . p D B . p S B . p D B . p B 6

?^ 3 $N5,B’ $O annotation $N IU$$$F $$$J$$8@ 8l$KBP $9$k5, B’$H$J$C $F$$$k $,!"3F<0 $r$I$& $$$&7? $K$9$l $PNI$$$+ $OL@ $i$+ $G $O $J $$!# B+ G{ ;~ 2r @O $O!" $^ $: ?^ 3 $N 5, B’ $G 7? $K 4X $9 $k @) Ls $r @8 @. $7!" $= $l $r 2r $/ $3 $H $G 9T $o $l $k!# 0l EY!" @) Ls $, 2r>C$5$l!"B+G{;~CM$,5a$^$l$P!"?^ 3 $N5,B’$,?^ 2 $N$I$N5,B’$KBP1~$9$k$+$O$o$+$k$N$G!" annotation $rIU$1$k$3$H$, $G$-$k!# 7 7?$N%Z%"$K$h$k2r<a K\9F$G9T $&@) Ls$N 2r>C $O!"$^ $:B+ G{;~ CM � $r ( s; d ) $H$$ $&??56 CM$N %Z%" $GI= 8=$9 $k!#$= $7$F � >e $N@) Ls$r $3$l $i$N JQ?t$N>e$N@)Ls$KJQ49$7!"$=$3$G@)Ls2r>C$r9T$&!# ( s; d ) $N$&$A s $OCM$, @EE*$K;H$o$l $?$+$I$&$+ $r<($9??56 CM$G$"$k!#6qBN E*$K$O s $O!J#1!K@EE* $J&K<0$,E, MQ$5$l$? ;~!"!J#2!K@EE*$J%Z%"$N c ar $^$?$O c dr $,$H$i$l $?;~!"$=$7$F!J#3!KDj?t$,@EE* $K primitiv e $KE,MQ$5$l$? ;~$K true $K $J$k!#5U$K s = false $O@EE*$K$O;H$o$l$J$$ $3$H$r<($9!#0lJ} d $O$=$N<0$,:G=*7k2L$KF0 E*$JCM$H$7$F;D$k$+$r<($9!#;D $k>l9g$K$O true $H$J$j!";D$i$J$$>l9g$K$O false $H$J$k!# 0J2<$NI=$K s $d d $,$I$&$$$&CM$r$H$C$?;~$K!"$=$NB+G{;~CM$,2?$K$J$k$+$r$^$H$a$?!# s $N$_$,??$N>l9g$O!"$=$NCM $O;H $o $l $k $, :G =* 7k 2L $K $O ;D $i $J $$ $N $G @E E* $G $" $k!# $^ $?!" 5U $K d $N $_ $, ?? $N >l 9g $O!" :G =* 7k 2L $K ;D $k $@ $1 $G ;H$o $l $J $$$N $GF0 E*$G $"$k!# s = d = true $N;~ $O!"$= $NCM $O@E E*$K ;H$o $l$k $H $H$b $K:G =*7k 2L$K $b;D $k$3 $H $r<( $7$F $$$k!# $3$N >l9g$O @EE*$+ $DF0E* $H$J$k!# 0lJ}!" s = d = false $N>l 9g$O!"$= $NCM $,@EE* $K;H$o $l$k$3 $H$b $J$1$l $P:G=* 7k2L$K $b;D $i $J$$$3$H$r<($9 6 !#$3$N>l9g$O!"$=$NCM$r$I$&07$C$F$b7k2L$K$O1F6A$7$J$$$N$@$,!"$3$3$G$OJX59E*$K ? $H$7$?!# d = false d = true s = false ? D s = true S B $3$N$h$&$KB+G{;~CM$r2r<a$9$k$H!"$h$jK>$^$7$$ annotation $H$O 1. d $, true !J$D$^$j D $^$?$O B !K$H$J$C$F$$$k$b$N$,$h$j>/$J$$!# 2. F1$8;~$O!" s $, true $H$J$C$F$$$k$b$N$,$h$j>/$J$$!# $H2r<a$G$-$k!# ( s; d ) $r ;H$C $F!" ?^ 3 $K =P $F $/ $k � >e $N @) Ls $r 0J 2< $N $h $& $K ( s; d ) >e $N @) Ls $K JQ 49 $9 $k!# !J0J 2< $G $O � = ( s; d ), � i = ( s i ; d i ) $H$9$k!#!K � 1 . � 2 : ( d 1 = true ) ) ( d 2 = true ) ^ ( s 1 = false ) ) ( s 2 = false ) � 1 . 0 � 2 : ( d 1 = true ) ) ( d 2 = true ) ^ ( d 1 = true ) ) ( s 2 = false ) � 1 . p � 2 : ( s 1 = false ) ) ( s 2 = false ) � 1 � � 2 : ( d 2 = true ) ) ( d 1 = true ) ^ ( s 1 = false ) ) ( s 2 = false ) � 2 f S; D g : ( s = false ) ) ( d = true ) ^ ( d = true ) ) ( s = false ) $$$:$l $N@)Ls $b!J7? $, ? $H $J$k>l 9g$r =|$1$P!K $b$H$N @)Ls $HF1$8 @)Ls $rI=$7 $F$$ $k!#$3$N $3$H $O ( s; d ) $N?? 56CM $NA4$F $N>l 9g $r 3N $+ $a $l $P 3N G’ $G $-$k!# D> 4Q E* $K $O 0J 2< $N $h $& $K $J$k!# � 1 . � 2 $O !V � 1 $, :G =* 7k 2L $K ;D $k $J $i � 2 $b ;D $k!W!" � 1 . 0 � 2 $O !V � 1 $, :G=* 7k2L$K ;D$k $J$i � 2 $O F0E*$G $J$/ $F$O$$ $1$J $$!W!" � 1 . p � 2 $O !V � 1 $,@E E*$K;H $o$l $J$$$J $i � 2 $b;H$o$l$J$$!W!" � 1 � � 2 $O!J s $K$D$$$F$N@)Ls$OBP6v$r$H$C$F!K!V � 2 $,@EE*$K;H$o$l$k$N$J$i � 1 $b;H$o$l!" � 2 $,:G =*7k2L$K;D$k$J$i � 1 $b;D$k!W$H$J$k!# 8 @)Ls$N2r>C %W%m%0 %i%‘ $,M? $( $i$l $?$i A0@a $^ $G$N J}K! $K =>$C$F @)Ls $r@8 @. $9$k!# $=$7 $F!"$= $N %W%m %0%i %‘<+ BN $N7? $r � = ( s; d ) $H$9$l$P d = true $H$$$&@)Ls$r2C$($?>e$G@)Ls2r>C$r9T$&!#$3$N d = true $H$$$&@)Ls$O!"$3$N%W%m%0%i%‘$rItJ,I>2A$7 $?7k2L<+BN$,:G=*7k2L$K;D$i$J$/$F$O$$$1$J$$!"$H$$$&$b$N$G!"=i4|>r7o$N$h$&$J$b$N$G$"$k!# @)Ls$N2r>C$O!"$h$jK>$^$7$$ annotation $N#2>r7o$K$=$C$F0J2<$N#2CJ3,$G9T$&!# 6 Nc$($P c ar ( c ons 1 2) $N 2 $J$I!# 7

Bh#1CJ3, $^$: !J=i4|>r 7o$K;H $o$l$k d $r =|$/!K A4$F$N d $K false !" A4$F$N s $K true $r BeF~$9 $k!#$=$7 $F!"@) Ls ( A ) ) ( B ) $r !V A $, @. $j N)$C$F $$ $?$i B $,@. $j N) $D$h $& $KCM $r JQ 99$9 $k!W $H 2r<a $7 $FE, MQ $7!" $3$l $r JQ 2=$, $J $/$J $k $^ $GB3$1$k!# Bh#2CJ3, d $NCM$OBh#1CJ3,$G3NDj$7$?$b$N$r;HMQ$7!" s $NCM$OA4$F false $H$7$F@)Ls$NE,MQ$rJQ2=$,$J$/$J$k$^$G9T$&!# $3 $N:]!" @)Ls $O A4$F BP 6v$r $H$C$F 2r <a$9 $k!# $D$^ $j ( A ) ) ( B ) $r!V B $, @. $jN)$C $F$$ $J $+$C$? $i A $,@. $jN) $? $J$$$h$&$KCM$rJQ99$9$k!W$H2r<a$9$k!# Bh#1CJ 3,$G $O s = true , d = false $9$J$o $AA4 $F$N CM$r$^ $: S $H2>Dj $7!"$= $NCf $G d = true $9$J $o$A :G=*7k 2L$K ;D$9 $? $a B $H$7$J $/$F$O$J $i$J$$ $b$N$rFC Dj$9$k!# Bh#1CJ3, $G d $@$1$G $O$J$/ s $b 9MN8$KF~ $l$F$$ $k$N$O s $NCM $, d $NCM$K 1F6A$r5Z $\$9$3 $H$,$" $k$+$i$G $"$k!#$= $l$O!"6q BNE*$K $O!J4X?t E,MQ$J$I!K � 2 f S ; D g $N@)Ls$, 8=$l$k $H$3$m $G$"$k!# 4X?tE, MQ$O S $+ D $N$I $A$i$+ $G$J $/$F$O $J$i $J$$$,!" S $H $O$J$j F@$J $$>l9g $K$N$_ D $H $7$?$$!# $=$3 $G!"$^$: S $^ $?$O B !J$D$^ $j s = true !K$H $$$&2> Dj$+$i $O$8$a!" S $^$? $O B $H$O$J $jF@$J $$!J s = false !K$3$H $,$o$+$C $?$H$- $N$_ D !J$^$?$O ? !K$H$9$k$N$G$"$k!# $3$3$G!V4X?tE,MQEy$O2DG=$J$i S $H$7$?$$!W$H$$$&MW 5a$H!V D $H$7$F$7$+;H $o$l$F$$$J$$CM$rITI,MW$K B $K$O$7$? $/$J$$!W$H$$ $&MW5a$O AjMF$l$J $$$3$H$K Cm0U$7$h $&!#A0<T $O s $r$J $k$Y$/ true $K$7!"8e <T$O s $r$J$k$Y $/ false $K $9$k J}8~$G$"$k!#$3$N$?$a!" K\9F$N@)Ls2r>C%" %k%4%j%:%‘$O#2CJ 3,$KJ,$+$l$F$$$k!# $U$?$D$NMW5a$N$& $A$h$j=EMW$JA0<T $,Bh #1CJ3,$GK~$?$5$l!"8e<T$NMW5a$OBh#2CJ3,$GK~$?$5$l$k!# Bh#2 CJ 3, $G $O!" Bh #1 CJ 3, $G B $H $J$C $? $b $N $N $& $A!" <B :] $K @E E* $+ $D F0 E* $K ;H $o $l $F $$ $k $b $N $r FC Dj $9 $k!# $= $N $? $a $K $^ $:!" Bh #1 CJ 3, $G B !J$^ $? $O D !K $H H= CG $7 $? $b $N $r A4 $F D $H $7 $F!" B $H $7 $F $O ;H $o $l $F $$ $J $$ $H 2> Dj $9 $k!# $= $7 $F!"$=$NCf$G S $N7W;;$r9T$&$?$a$KI,MW$J$b$N$r B $KLa$9$3$H$G!"<B:]$K@EE*$+$DF0E*$K;H$o$l$F$$$k$b$N$rFCDj$7$F $$$k!# 9 %"%k%4%j%:%‘$N@5Ev@- $3$3 $G$O A0 @a $N %" %k%4 %j %: %‘ $, <B:]!" 4| BT DL $jF0 $/ $3 $H $r 8+$F $$ $/!# 0J 2< $G$O ?? 56 CM $N 4V$N Bg >. 4X 78$r true > false $H$9$k!#Bh#1CJ3,$O!" s = true , d = false $+$i ;O$a$F!"I,MW$K1~ $8$F s $r false $K!" d $r true $K$9$k!#<! $NJdBj$O@)Ls $NE,MQ$rG$0U$N=gHV$G9T$C$FNI$$$3$H$r<($7$F$$$k!# JdBj 1 Bh#1CJ3,$N@)Ls $NE,MQ$O ( s 1 ; d 1 ) � ( s 2 ; d 2 ) ( ) ( s 1 � s 2 ) ^ ( d 1 � d 2 ) $H$$$&B+$N$b$H$G7? $r8:>/$5$;$J$$!#$^ $?!"@)Ls$O0lEY!"K~$?$5$l$?$i0J8e!"Bh#1CJ3,$N4V$O$:$C$HK~$?$5$l$?$^$^$G$"$k!# >ZL@!’ @)Ls ( A ) ) ( B ) $N B $NItJ,$K$O s = false $"$k$$$O d = true $H$$$&7A$7$+8=$l$F$$$J$$!#$b$H$N s $d d $NCM$, 2?$G$"$C$F$b!"$3$l$i$NCM$NBeF~$G$O7?$,>.$5$/$J$k$3$H$O$J$$!#$^$?!"0lEY!"$3$N@)Ls$,K~$?$5$l$?$i!"0J8e s = true $d d = false $,BeF~$5$l$k$3$H$O$J$$$N$G!"@)Ls$O$:$C$HK~$?$5$l$?$^$^$G$"$k!# 2 6KC< $J >l 9g $H $7 $F A4 $F $N s $, false !" d $, true $N >l 9g $r 9M $( $k $H!" <+ L@ $K A4 $F $N @) Ls $r K~ $? $7 $F $$ $k $N $G!" 2r $O B8 :_$9$k!#Bh#1CJ3,$N%" %k%4%j%:%‘$O!":G>. $N2r$+$iI,MW$J$b $N$N$_$K$D$$$F7?$r ;}$A>e$2$k$3$H$G @)Ls$rK~$?$7$F$$ $k$N $G!"$$$:$l :G>.$N2r $KE~C#$9 $k!#=>$C$F!"7k 2L$O4|BT DL$j@) Ls$rK~$? $9$b$N$N $&$A$G d $, true $H$J$C$F $$$k$b $N$,:G$b >/$J$$$b$N$H$J$C$F$$$k$3$H$,$o$+$k!# <!$KBh#2CJ3,$G$"$k!#:#EY$O s = true !" d $OBh#1CJ3,$GF@$i$l $?$b$N$K@_Dj$7$F@) Ls$rE,MQ$9$k!#<!$NJd Bj$O!"Bh#2 CJ3,$G$O d $O$b$O$dJQ2=$7$J$$$3$H$r<($9!# JdBj 2 Bh#2CJ3,$G$O d $NCM$,99?7$5$l$k$3$H$O$J$$!# >Z L@!’ Bh #1 CJ 3, =* N; ;~ $K $O!" A4 $F $N @) Ls $, K~ $? $5 $l $F $$ $k $N $G ( d = true ) ) ( d 0 = true ) $N 7A $N @) Ls $O A4 $F K~ $? $5 $l $F $$ $k!# =>$C $F!" $3 $l $i $, d $N CM $r =q $- 49 $( $k $3 $H $O $J $$!# $^ $? d $K 8@ 5Z $7 $F $$ $J $$ @) Ls $O d $N CM $r =q $- 49 $( $k $3 $H $O$J $$!# =q$- 49 $( $k 2DG= @- $N $"$k 5, B’ $O � 1 . 0 � 2 $H � 2 f S; D g $N 5, B’$K =P $F $/$k ( d = true ) ) ( s = false ) $NBP 6v $N ( s = true ) ) ( d = false ) $N7A$N@)Ls$rE,MQ$7$h$&$H$7$?;~$K!" d = true $@$C$?>l9g$N$_$G$"$k!# Bh #2 CJ 3, $N 3+ ;O ;~ $K $O A4 $F $N s $O false $J $N $G s $, true $K $J $k 2D G= @- $N $" $k $N $O � 2 f S; D g $N 5, B’ $K =P $F $/ $k ( s = false ) ) ( d = true ) $NBP6v$N ( d = false ) ) ( s = true ) $K$h$k >l9g$H!"$=$N 8e ( s = false ) ) ( s 0 = false ) $NBP 6v$N ( s 0 = true ) ) ( s = true ) $N@) Ls$G s = true $,EA HB$7 $F$-$? >l9g $N$_ $G$"$k!# :#!"Bh #1CJ 3,$N7k 2L d 0 = false $G!" $=$l 8

$, ( d 0 = false ) ) ( s 0 = true ), ( s i � 1 = true ) ) ( s i = true ) (1 � i � n ), ( s n = true ) ) ( d n = false ) $H$$$&$h$&$K!"EA HB$7$F d n $K false $rBeF~$7$h$&$H$7$?$H$7$h$&!#$3$N$H$-Bh#1CJ3,=*N;;~$N d n $NCM$, true $G$"$k$3$H$O$J$$!#$J$<$J $i$b$7 true $@$C$?$i!">e$N7PO)$r5U$K$?$I$C$FBh#1CJ3,$G d 0 = true $H$J$C$F$$$?$O$:$@$+$i$G$"$k!# 0J>e$K$h$j d $NCM$OBh#2CJ3,$G$O99?7$5$l$J$$$3$H$,>ZL@$5$l$?!# 2 $3$l$K$h$j!"Bh#2CJ3,$G$O s $K$D$$$F$N$_9M$($l$PNI$$!#$3$l$O!VBh#2CJ3,$G$OL5BL$J B $r D $K$9$k!W$H$$$&D>4Q $K$b9gCW$7$F$$$k 7 !# <!$NJdBj$O!"Bh #2CJ3,$K $*$1$k@) Ls$NE,MQ $bG$0U $N=gHV$G 9T$C$FNI$$ $3$H$r<( $7$F$$ $k!#$3$3$G!" B+$NDj5A $G s $NBg >.4X78$,Bh#1CJ3,$H$O5U$K$J$C$F$$$k$3$H$KCm0U$7$h$&!# JdBj 3 Bh#2CJ3,$N@)Ls $NE,MQ$O ( s 1 ; d 1 ) � ( s 2 ; d 2 ) ( ) ( s 1 � s 2 ) ^ ( d 1 = d 2 ) $H$$$&B+$N$b$H$G7? $r8:>/$5$;$J$$!#$^ $?!"@)Ls$O0lEY!"K~$?$5$l$?$i0J8e!"$:$C$HK~$?$5$l$?$^$^$G$"$k!# >ZL@!’ d $NCM$OJQ$o$i$J$$$N$G s $N$3$H$@$1$r9M$($l$PNI$$!#@)Ls$NBP6v$N7kO@ItJ,$G s $,=P$F$/$k$N$OA4$F s = true $H $$ $& 7A $r $7 $F $$ $k!# $b $H $N s $N CM $, 2? $G $"$C $F $b!" $3 $N Be F~ $K $h$C $F 7? $, >. $5 $/ $J $k $3 $H $O $J $$!# $^ $?!" 0l EY!" $3 $N @)Ls$,K~$?$5$l$?$i!"0J8e s = false $,BeF~$5$l$k$3$H$O$J$$$N$G!"@)Ls$O$:$C$HK~$?$5$l$?$^$^$G$"$k!# 2 6KC<$J>l 9g$H $7$F!" Bh#1 CJ3, $N7k 2L$r;}$C $F$/ $l$P @)Ls $OA4 $FK~ $?$5 $l$F$$ $k$N $G!"2r $OB8 :_$9 $k!# s $K $D$$ $F:G >. $N 2r $+ $i ;O $a $F!" I, MW $J $b $N $N $_ $r ;} $A >e $2 $k $3 $H $G @) Ls $r K~ $? $7 $F $$ $k $N $G!" $$ $: $l :G >. $N 2r $K E~ C# $9 $k!# d $N CM $O Bh#1CJ3,$G F@$i$l $k$b$N$H F1$8$J$N $G!"Bh#2CJ 3,$N7k2L $O4|BTDL $j!"@)Ls$r K~$?$9$b $N$N$&$A $G d $, true $H $J$C$F$$$k $b$N$,:G$b>/$J$/!"$=$NCf$G s $, true $H$J$C$F$$$k$b$N$,:G$b>/$J$$$b$N$H$J$C$F$$$k$3$H$,$o$+$k!# 10 7W;;NL $3$3$G $O!" %"%k %4 %j %:%‘ $, %W%m %0 %i %‘$N D9 $5$K BP $7$F $[ $\ @~7A ;~ 4V$G $" $k$3 $H $r 8+$F $$ $/!#$^ $:!" @8@. $5 $l $k@) Ls $N ?t$O3FL?Na$KBP$7$F Dj?t$J$N$G!"%W%m%0 %i%‘$ND9$5$KBP$7 $F@~7A$G$"$k!#$7$+ $7!"@)Ls$r@8@.$9$k 2aDx$G7?$NC10l2= $,5/ $-$k$? $a!"$= $N;~ $K union/�nd %"%k %4%j %:%‘ [12] $,I, MW$H $J$k!# union/�nd %"%k %4%j %:%‘$N 7W;; NL$O!" %W%m %0%i%‘ $N Bg$-$5 $r N $H $7!"%"%C %+!<%^ %s 4X?t $N5U 4X?t $r � $H $9$k $H O ( N � ( N ; N )) $G $"$k $,!"<B :]E* $J%W %m%0 %i%‘ $K BP$7 $F$O � ( N ; N ) $O 4 0J2<$G$"$k$3$H$,$o$+$C$F$$$k [12] $N$G!"$[$\@~7A$H8@$&$3$H$,$G$-$k!# Bh#1CJ3, $O!"=i4| >r7o $N d = true $+ $i;O$a $F!"0J 8e d = true $" $k$$ $O s = false $r=g $KEA HB$7$F $$$/ $3$H$G @~7A ;~ 4V$G=*N;$9$k!#$3$l $O!"3F@)Ls$,0lEY!"K~ $?$5$l$?$i$=$N8e $O$:$C$HK~$?$5$l B3$1$k$?$a!"9b!9@)Ls $N?t$7$+EAHB$9 $kI, MW$, $J$$ $? $a$G $" $k!#Bh #2 CJ3, $b F1MM $G!" d = false $G$" $k $b$N A4$F $K $D$$ $F s $N CM$r true $K $9 $k$+ D4 $Y!"$= $l $rEA HB $7$F$$$/$3$H$G!"@~7A;~4V$G=*N;$9$k!# 11 Nc 1 @a$NNc$r K\9F$G=R$Y$?B+G{;~2r@O$K $+$1$?7k2L$r0J2<$K<($9!#$3 $N7k2L$r8+$k$H!"@5$7$/ x = c ons 1 2 $,@EE*$+$D F0E*$JCM$H$7$FG’<1$5$l!";M3Q$G0O$s$@ItJ,$G$=$l$>$l$=$N@EE*$JItJ,!"F0E*$JItJ,$,<h$j=P$5$l$F$$$k$3$H$,$o$+$k!# x : D � B D ‘ x : D � S D x : D � B D ‘ c ar x : D x : D � B D ‘ x : D � D D D � D D = D x : D � B D ‘ x : D x : D � B D ‘ c ons ( c ar x ) x : D ‘ � x: c ons ( c ar x ) x : D � B D ! S D ‘ 1 : D ‘ 2 : D ‘ c ons 1 2 : D � B D ‘ ( � x: c ons ( c ar x ) x )@( c ons 1 2) : D $3$l$KBP1~$7$F$b$H$N%W%m%0%i%‘$K annotation $rIU$1$k$H ( � S x: c ons D ( c ar S x # B S ) x # B D )@ S ( c ons B 1 2) $H$J$k!#7?JQ49$N9T$o$l$F$$$kItJ,!J;M3Q$G0O$^$l$?ItJ,!K$KBP1~$7$F7?JQ49L?Na$,A^F~$5$l$F$$$k$N$,$o$+$k!# 7 2C$($F!"L5BL$J S $r ? $K$b$7$F$$$k!# 9

12 4XO"8&5f K\8&5f$O!" Hornof[9] $i$, C $G9T$C$?B+G{;~2r@O$HL)@\$J4X78$,$"$k!#H‘$i$O!"Cj>]2r<a$K4p$E$$$F9=B$%G!<%?$N;H MQ$H Dj5A $rA0 8~ $-2r @O$H 8e 8~$- 2r@O $r ;H$C$F 5a$a $F $$$k!# $3$l $O!"$A$g $& $IK\ 9F$G s $H d $r ;H$C$F #2CJ 3, $G@) Ls$r 2r >C $7$F$$$k$N$KAjEv$7 $F$$$k!#K\8&5f$G$O!" H‘$i$N;E;v$r7?%7 %9%F%‘$H$7$FDj<0 2=$9$k$H$H$b$K!"9b 3,4X?t$K$D$$$F$b @)8B IU$-$J$,$iF1MM$N$3$H$,9T$($k$3$H$r<($7$?!# K\9F $G <( $7 $? 7? %7 %9 %F %‘ $H @) Ls 2r >C 7O $O!" Henglein[8] $N :n @. $7 $? => Mh $N B+ G{ ;~ 2r @O $r @E E* $+ $D F0 E* $J B+ G{ ;~ $r 5v $9 $h$&$K3HD%$7$?$b$N $H8+$k$3$H$,$G$- $k!#@EE*$+$DF0E* $JCM$,F~$C$?$3$H$G @)Ls2r>C$O#2CJ3, $K$J$C$?$,!"@)Ls2r>C $N7W ;;NL$O=>Mh$N$b$N$HF1$8$/$[$\@~7A$G9T$&$3$H$,$G$-$k!# Sp erb er[11] $O!" @E E*!" F0 E*!" $= $7 $F L$ CN!" $H $$ $& #3 $D $N B+ G{ ;~ $r 07 $& It J, I> 2A 4o $r :n @. $7 $F $$ $k!# $3 $l $O!" @E E*!" F0 E* 0J 30 $N CM $r 07 $&!" $H $$ $& E@ $G $O K\ 8& 5f $H N‘ ;w $7 $F $$ $k $,!" Fb MF E* $K $O FH N) $G $" $k!# Sp erb er $N It J, I> 2A 4o $O!" >r 7o J,4t $N $= $l $> $l $N B+G{ ;~ $, 0[ $J $k ;~ $K!" $=$N >r 7o J8 $N B+ G{ ;~ $rF0 E* $H $O $; $: $K L$ CN$H $7 $F $* $-!" online $K$= $N B+ G{ ;~ $r H=CG$9$k!"$H$$$&$b $N$G$"$k!#$3$N$h$& $J>l9g$K$O!"2f!9$NIt J,I>2A4o$G$OF0 E*$HH=CG$5$l$k!#0l J}!"@EE*$+$DF0E* $JCM $H$$$&$N$O!"@EE*$+F0 E*$+$o$+$i$J$$ $N$G$O$J$/!"I,$:!"@E E*$K$bF0E*$K$b;H $o$l$k$h$&$JCM $G$"$k!#$3$N$h$&$J CM$O!" Sp erb er $NJ}K!$G$OF0E*$H$J$k!# 13 $*$o$j$K K\9F$G $O!" 4X ?t7? 8@ 8l$N It J, I>2A 4o $G!"9= B$ %G!< %?$N 07 $$$r 8~ >e $9$Y $/!" @EE* $+ $D F0E* $J CM $r5v $9 $h$& $J B+ G{;~ 2r @O $rDs0F$7$?!#$3$NB+G{ ;~2r@O$O!"7?%7%9 %F%‘$H$7$FDj<02= $5$l!"@)Ls$r2r$/$3 $H$G7k2L$rF@$k!# $5$i$K!"7?%7%9%F%‘ $N@5 Ev@-$r<($9$H$H$b$K!" @)Ls$N2r>C$,=>Mh $N8zN(E*$JB+G{;~ 2r@O$HF1$8$/$[$\@~ 7A;~4V$G$G$-$k$3 $H$r<($7$?!#$3$l$K 4p$E $$$F=hM}7O$r:n@. Cf$G$"$j!"8=:_!"$[$\ F0$/$K;j$C$F$$$k!#:# 8e$N2]Bj$H$7$F $O!"<B:]$KBg$-$J%W %m%0%i%‘$r;H$C$? ItJ, I>2A$N<B83$HI>2A!"OHAH$NB?CJ$NItJ,I>2A [7] $X$N3HD%$J$I$,$"$2$i$l$k!# <U<- F|:"$h$jK\8&5f$K$D$$$FB?$/$N%3%a%s%H$rD:$$$F$$$kA}861QI’;a$K46<U$$$?$7$^$9!# ;29MJ88% [1] Ashley , J. M., and C. Consel \Fixp oin t Computation for P olyv arian t Static Analyses of Higher-Order Applicativ e Programs," A CM T r ansactions on Pr o gr amming L anguages and Systems , V ol. 16, No. 5, pp. 1431{1448 (Septem b er 1994). [2] Bondorf, A. Similix 5.0 Manual , DIKU, Univ ersit y of Cop enhagen (Ma y 1993). [3] Dan vy , O., and A. Filinski \Abstracting Con trol," Pr o c e e dings of the 1990 A CM Confer enc e on Lisp and F unctional Pr o gr amming , pp. 151{160 (June 1990). [4] Dean, J., C. Cham b ers, and D. Gro v e \Iden tifying Pro�table Sp ecialization in Ob ject-Orien ted Languages," A CM SIGPLAN Workshop on Partial Evaluation and Semantics-Base d Pr o gr am Manipulation (PEPM ’94) , pp. 85{96 (June 1994). [5] F# GH =g 5W!V%*%V%8%’%/%H ;X8~8@8l$r MxMQ$7$?<+F0 E*$+$D8zN( E*$J<B9T;~%3!< %I@8@.!W%3%s%T%e!< %?%=%U%H%&%’ %" V ol. 15, No. 5, pp. 25-37 (Septem b er 1998). [6] F utam ura, Y. \P artial ev aluation of computation pro cess { an approac h to a compiler-compiler," Systems, Computers, Contr ols , V ol. 2, No. 5, pp. 45{50, (1971). [7] Gl � uc k, R., and J. J�rgensen \An Automatic Program Generator for Multi-Lev el Sp ecialization," Lisp and Symb olic Computation , V ol. 10, No. 2, pp. 113{158, Klu w er Academic Publishers (July 1997). [8] Henglein, F. \E�cien t T yp e Inference for Higher-Order Binding-Time Analysis," In J. Hughes, editor, F unctional Pr o gr amming L anguages and Computer A r chite ctur e (LNCS 523) , pp. 448{472 (August 1991). [9] Hornof, L., C. Consel, and J. No y � e \E�ectiv e Sp ecialization of Realistic Programs via Use Sensitivit y ," In V an Hen- tenryc k P ., editor, Static A nalysis (LNCS 1302) , pp. 63-73 (1997). [10] Jones, N. D., C. K. Gomard, and P . Sestoft Partial Evaluation and A utomatic Pr o gr am Gener ation , New Y ork: Pren tice-Hall (1993). [11] Sp erb er, M. \Self-Applicable Online P artial Ev aluation," In O. Dan vy , R. Gl � uc k, and P . Thiemann editors, Partial Evaluation (LNCS 1110) , pp. 465{480 (F ebruary 1996). [12] T arjan, R. Data Structur es and Network Flow A lgorithms , V olume CMBS 44 of R e gional Confer enc e Series in Applie d Mathematics , SIAM (1983). 10