Flexible Represen tation Analysis[4] $N%5!<%Y%$ SHIMIZU, T oshihiro 9 Octob er 1997 1 ;O$a$K B?Aj 7? $NM- MQ @- $K$D $$ $F$O :# $5 $i8@ $& $^ $G$b $J $$$H $7 $F!" B?Aj 7? $N $O$$$C $? 7?%7 %9 %F %‘$r Mx MQ $7 $?<B Au 5;=Q $N OC $G$" $k!# B? Aj7? $N F~$C $?7? %7 %9 %F%‘ $r ;} $D8@ 8l $O!" @EE* $K 7? IU$1 $5 $l $F$$ $k $K $b $+$+ $o $i$:!" 7? IU 8@8l $H $$$& 8@ MU $+$i M= A[ $5$l $k <BAu $N 28 7C$r <u $1 $:$K!" D9 $$$3 $H <B Au$5 $l $F $- $?!#<B :] B? Aj7? $, $" $k$H!" 7? IU $H$O $$$C $F $b@E E* $K 7? $,Dj $^ $i $J$$ $H $3 $m$, $" $k $N$G!" 0B D> $K 9M $( $l $P!" A4 $F $N %G!< %? $O %] %$ %s %? 1 $K $7 $F $d $i $/ $A$c $$ $1 $J $$ $J $H $$ $& $3 $H $K $J$C $F $7 $^ $$!" <B :]$= $&$7 $F<B Au$5 $l$F $-$?!# M-L> $J SML $N<B Au $N SML/NJ0.93 $^$G $G$O oating $N $O$$$C $?1i ;;$r$9$k$H!"$9$4$/CY$/$J$k$N$O<~CN$N$3$H$G$"$k!# 1.1 GX7J $= $3 $G!" 6a G/ 2 !" 7? %7 %9 %F %‘ $r Mx MQ $7 $? %G!< %? $N <B 9T ;~ I= 8= $N 2~ A1 (represen tation analysis) $r $9 $k 5; =Q $, 9M 0F $5 $l $F $- $F $$ $k!# :G =i $N $b $N $O [2] $G!" 7? ?d O@ $K $* $$ $F!" 6q BN 2= $5 $l $k 7? >p Js $r ;H$C $F!" %G!< %? $N co ercion $r 9T $& %3!< %I $r A^ F~ $9 $k $H $$ $& $b $N $G $" $k!# 6q BN E* $K $O!" �x: ( x; x ) $N $h $& $J %3!< %I $G $O!" x $K $/ $k CM $H $$ $& $N $O!" 1 w ord $G I= 8= $5 $l $F $$ $k $H 7h $a $F $7 $^ $&!# $7 $+ $7$=$l $@$H!"Ib F0>. ?tE@ ?tEy$O $"$$ $+$o$i $: b o xed represen tation $K $J$C$F $7$^$&!# $=$3 $G!"Ia CJ$O un b o xed represen tation $r$7$F$*$-!"<B:]$K$3$N4X?t$KCM$rE,MQ$9$k$H$-!"CM$r b o xed rep- resen tation $K JQ 49 (co ercion) $9 $k!# $3 $N co ercion $r 9T $& $? $a $N %3!< %I $H $$ $& $N $O!" 7? ?d O@ $K $* $1$k!"7?$N instan tiation $9$k7?$r$b$H$K@EE*$K7hDj$G$-$k!#Nc$($P!" let val f = fn x => x in f 10; f 2.3 end $N$h$&$J%W%m%0%i%‘$G$O!" f $KE,MQ$5$l$kCM$N7?$O@EE*$K5a$^$k$N$G!"$=$N7?>pJs$rMxMQ$7$? co- ercion $N%3!<%I$r$O$5$‘$3$H$,$G$-$k!#<B:] f 2.3 $H$$$&8F$S=P$7$O un wrap[ real ]( f (wrap[ real ](2 : 3))) $H$$$&$h$&$J7A$KJQ99$9$k!#$3$3$G!" wrap $OCM$r b o xed represen tation $KJQ49$9$k4X?t$G$"$k!# $3$N J}<0 $N LdBj E@ $H$7 $F $O!" (1)ref $N$h $& $JJQ 99 $5$l $& $k%G!< %? $K$D $$ $FE, MQ $G$- $J $$$3 $H $H!" (2)list $N $h $& $J :F 5" E* %G!< %? 9= B$ $r co ercion $9 $k $N $O %3 %9 %H $, $+ $+ $j $9 $. $k $N $G!" <B :] >e 9T $( $J$$$H$$$&E@$,$"$2$i$l$k!# $3$l$i$NLdBj$r 2r7h$9$k<j K!$H$7$F!" [1] $G $O t yp e passing $G<BAu$9 $k<jK!$rDs 0F$7$F$$ $k!# $3 $N <j K! $G $O <B 9T ;~ $K CM $r co ercion $7 $F data represen tation $r JQ 99 $9 $k $3 $H $O $; $:!" $+ $o $j $K <B9T ;~ $K 7?$r $R $- $: $j $^$o $9 $3 $H $G!"@E E* $K $O $o$+ $i $J $+$C $?7? $r CN $j!" $=$l $K $h$C $F!" %G!< %? $N represen tation $rCN $j!" $^ $?7h $a $k $H$$ $& $3 $H$r $9 $k $b$N $G $" $k!#$3 $3 $G $O!"JQ 99 2D G=$J %G!< %? $d :F 5" E* 9= B$ $N %G!< %? $N Ld Bj $O 2r 7h $G $- $k!# $7 $+ $7!" (1) 7? $N >l 9g $o $1 $, Hs >o $K HK ;( $K $J $j!" (2) %3%s%Q%$%k;~4V$,$+$+$k$H$$$&LdBjE@$,$"$k!# 1 b o xed represen tation $H$$$& 2 $H$$$C$F$b!":G=i$NO@J8$,$G$F$+$i 5 G/6a$/$J$k 1

1.2 $3$N;E;v $3 $N ;E ;v $O $J $K $r $7 $? $b $N $+ $H $$ $& $H!" co ercion $N <B Au $r t yp e passing $r Mx MQ $7 $F $h $j 8z N( E* $K$7$h$&$H$$$&$b$N$G$"$k!#6qBNE*$K$O co ercion $N%3%9%H$r8:$i$=$&$H$$$&$b$N$G$" $k!#6qBNE* $K $O $3 $l $^ $G $"$C $? co ercion $G $O!" p olymorphic $J 4X ?t $K E, MQ $9 $k $K $O!" Kv C< $^ $G!" b o xed $K $7 $F $7 $^$C $F $$ $? $N $r!" :G =i $N $H $3 $@ $1 b o xed $K $7 $F $d $k $@ $1 $G $G $- $J $$ $+!) $H $$ $& $b $N $G $" $k!#$3$l$@$1$@$H2?$,$J$s$@$+$o$+$i$J$$$+$b$7$l$J$$$,!# 1.3 7k2L$r@h$K8@$C$F$7$^$&$H!D [2] $G$"$C$?$h$&$K naiv e $J<BAu$+$i!" co ercion $r$O$5$s$@JQ49$K$*$1$k8zN($N8~>e$KHf$Y$k$H!" $9$4$/$h$/$J$C$?$H$$$&46$8$r0l8+<u$1$J$$I=$G$"$k!#$7$+$7!"$h$/$h$/8+$k$H!"$I$&$b!" real*real*real $N$h$&$JIbF0>.?tE@?t$N%G!<%?9=B$$r4^$_!"$=$N1i;;$,B?$$$b$N$O$9$4$/B.$/$J$C$F$$$k!# p oly- morphism $N B? $$ $b $N $b %3 %9 %H $= $s $J $K CY $/ $J $i $: $K :Q $s $G $$ $k!# $= $l $K $7 $F $b!" ;d $N Dc $$ %W %m %0 %i %_ %s %0 G= NO $+ $i Hf $Y $k $H!" Shao $5 $s $N %3 %s %Q %$ %i :n $j $N B. $5 $K $O 6C C2 $9 $k ;W $$ $P $+ $j $G $" $k!# 3 4 1.4 Co ercion v.s. T yp e P assing Co ercion $H T yp e P assing $N Mx 32 F@ <: $K $D $$ $F $^ $H $a $F $* $/!# Hf 3S $H $7 $F naiv e $J <B Au 5; K! $G $" $k!" naiv e $J<BAu$$$D$$$F$bHf3S$N$?$a?($l$k!#$^$H$a$F$*$/!# � Naiv e $J<BAuJ}K!!# A4$F$N%G!<%?$O 1 w ord(b o xed represen tation) $K$J$C$F$$$k!#A4$F$N%G!<%?$, 1 w ord $J$N $G!" <B Au $O 3Z $@ $,!" C $N $h $& $J %W %m %0 %i %‘ $K Hf $Y $k $H Hs 8z N( $J $3 $H $O H] $a $J $$!# $^ $?!" C $d assem bly 8@8l$H$$$C$?Dc%l%Y%k$J8@8l$H$N%$%s%?!<%U%’!<%9$r@_$1$k$N$b:$Fq!# � co ercion recursiv e data $d m utable data $O fully-b o xed represen tation $K $J $i $6 $k $r $( $J $$!# %3 %s %Q%$%k;~4V$OHf3SE*C;$+$/:Q$_!" monomorphic co de $O9bB.$K<B9T2DG=!# � t yp e passing %G!< %? $N I= 8= $r <B 9T ;~ $K JQ 49 $9 $k $3 $H $O $J $$ $N $G!" ref Ey $N m utable data !" list Ey $N :F 5" E* $J %G!< %? 9= B$ $r 07 $& $3 $H $b $G $- $k!# $7 $+ $7!" >l 9g J, $1 $, B? $/ %3 %9 %H $, $+ $+ $k!# $3 $l $O Bg $/ $N %W %m %0 %i %‘ $G $O :G E, 2= $K $h$C $F =| $/ $3 $H $b $G $- $k $,!" %b %8%e!< %k $r $$ $l $F J, 3d %3 %s %Q %$%k$7$?$j$9$k>l9g$K$O$G$-$J$$$H;W$&!#$5$i$K0J2<$N$h$&$JLdBjE@$,$"$k!# { p olymorphic 4X?t$OHs>o$K cost $,$+$+$C$F$7$^$&$3$H!# T yp e P assing $G $O >l 9g J, $1 $, Hs >o $K J# ;( B? 4t $K EO$C $F $7 $^ $$!" $= $N $? $a $N <j B3 $- 8F $S =P $7 $, IQHK $K 5/ $3$C $F $7 $^ $& $3 $H$, Ld Bj $H $J $k!# $b $A $m $s!"$3 $l $i $O 3F >l 9g $K $D$$ $F %3!< %I $r $5$7 $3 $s $G $$ $1 $P $J $/ $9$3 $H $, $G $- $k $,!" Ev A3 %3!<%I Gz H/ $N Ld Bj $r Jz $($k $3$H$K$J$k!# { var ar g pr oblem $H $$ $&!" $h $j?< 9o $J Ld Bj $, $" $k!# MW $O%3 %s %Q %$ %k ;~ $K 7? $, $o$+ $i $J $$ $H!" $I $3 $K 0z?t $, $o $+ $i$s >l 9g $, $" $k $H $$$& $3 $H $@!# $3 $l $r 3F>l 9g Kh $K %3!< %I $r :n$k $J $s $F $3 $H $r$7 $F $7 $^ $& $H!" k 0z ?t $N 4X ?t $O 2 k $N >l 9g $, $" $j!" $= $l $> $l %3!< %I $r :n $k $J $s $F $3 $H $7 $?$i!"<+L@$K%3!<%I$, exp onen tial $K$J$C$F$7$^$&!#$H$s$G$b$J$$$H$$$&$3$H$G$"$k!# $3$l$rHr$1$k$N$K!" TIL[5] $G$O!"0z?t$OA4It b o xed $K$7$F$$$k!# 3 0l?M$G=q$$$F$$$k$N$+$OCN$i$J$$$,!# 4 Lero y $K$7$F$b$"$l$@$1%3%s%Q%$%i=q$$$F!"O@J8=q$$$F$H!"$9$4$$$H$$$&8@MU$7$+Ib$+$P$J$$!# 2

$A$J$_$K KM$,%3%s%Q%$%i $r:n$C$?;~$K$O C $K Mn$H$7$F!" SML2C $N7A$G%3 %s%Q%$%k$r $7$?$?$a!"0z?t$O%a%b%j$r;H$C$?<u$1EO$7$r$7$F$$$k$?$a!"<u$1EO$7$9$k$N$K!" 2w ord $r$H$C$F$*$/$3$H$G<BAu$7$F$$$?!# Fs$D$NK\<AE*$J0c$$$O!" co ercion $r;H$&J}K!$O<B9T;~$K%G!<%?$rJQ49$9$k$N$KBP$7!" t yp e pass- ing $O %G!< %? $r JQ 99 $; $:!" 3F 7? $K BP $7 $F 0c $& %3!< %I $r Av $i $; $k $H $$ $& E@ $K $" $k!# $D $^ $j!" %G!< %? $NJ}$rJQ99$9$k$+!"%3!<%I$NJ}$rJQ$($k$+$H$$$&OC$G$"$k!# 2 $3$3$G$O$I$&%G!<%?$rI=8=$9$k$+!) $H$$ $& $o $1$G!" :# F| >R2p $9 $k O@J8 $N OC $K$d$C $H C) $j Ce$$ $?!# $3 $NO@ J8 $N $*OC $H $$ $&$N $O!" @h $K $b =q$$$?$,!"%-%c%C%A%U%l!<%:$H$7$F$O!V co ercion $H t yp e passing $N$$$$$H$3$m$r9g$o$;$F9,$;$K $J$m$&!W$G$"$k!#%"%$%G%#%"$O$7$4$/C1=c$G!" � B? Aj 7? 4X ?t $X $N E, MQ $O!" [2] $N $h $& $K!" $9 $Y $F co ercion $r $7 $F b o xed represen tation $K $7 $F$"$2$k$s$@$1$I!" � @h$C $A$g $^ $G A4 It b o xed $K $9 $k $N $O %3 %9 %H $, $+ $+ $k $+ $i!" $= $l $O $; $:!" 0l HV >e $@ $1 b o xed $K$7$F!"8e:$$C$?;~$K$O run time t yp e information $r;H$C$F!" b o xing $7$F$"$2$h$& $H$$$&$3$H$G$"$k!# 2.1 I=8=J}K!$K$D$$$F Naiv e $J<B AuJ} K! $G$O A4$F $N data $O 1 w ord $G I=8= $5$l $F$$ $?!# $3$l $r fully b o xed represen ta- tion $H8F$V!#$H$3$m$G fun move (x,y) = (x+1.0, y +1.0) $N $h $& $J %3!< %I $N %3 %s %Q %$ %k 7k 2L $H $7 $F K> $^ $l $k $N $O!" x,y $O oating p oin ter register $K $H$C $F!" C $G $$ $& double a[2] $r 7k 2L $H $7 $F JV $9 4X ?t $r :n $k $3 $H $G $" $k!# $3 $N $h $& $K %3 %s %Q %$ %k $9 $k$N$r!" un b o xed represen tation $H8F$V!# [2] $N co ercion $O!" un b o xed represen tation $N%G!<%? $r fun id x = x $N $h $& $J 4X ?t $K E, MQ $9 $k ;~ $K $O!" %G!< %? $r fully b o xed represen tation $K JQ 49 $9 $k $N $G $"$C $?!# $H $3 $m $G!" $h $/ 9M $( $k $H!" id $K $3 $N %G!< %? $r E, MQ $7 $F $- $A $s $H F0 $/ $? $a $K $O!" $3 $N CJ 3, $G Kv C< $^ $G b o xed $K $J$C $F $$ $k I, MW $O $J $$!# $D $^ $j!" record $N Cf ?H $^ $G b o xed $K $J$C $F $$ $k I, MW $O $J $$ $N $G $" $k!# $3 $N $h $& $K 0l HV >e $N $H $3 $m $@ $1 b o xed $K $9 $k $N $r simply b o xed represen tation $H 8F $V!# $3 $l $K $h$C $F!" t yp e passing $G <B 9T ;~ $K 7? $r $0 $A$c $0 $A$c $$ $8 $/ $k $N JQ $o $j $K!" 4J C1 $J co ercion $@ $1 $G:Q $^ $9 $3 $H$, $G $- $k!#Bg BN!" %l %3!<%I $K $7 $m%j %9 %H $K $7$m %/ %m!< %8%c$K $7 $m!" $[ $H$s$I$N%G!<%? $O b o xed $K$J$C$F$$ $k$+$i!"<B:] $K$O$J$s$N %3%9%H$b$$ $i$J$$!#$7$+ $7$3$N>l9g $K $O co ercion $, <B 9T ;~ $N 7? >p Js $r I, MW $H $9 $k $h $& $K $J $k $N $G!" t yp e passing $, I, MW $K $J $k!# $3 $l$O<!$N$h$&$J%3!<%I$r9M$($l$P$o$+$k$H;W$&!# let fun f x = ... fun g y = ... f (#1 y) in g (1.0,2.0) end $3$N$H$-!" x,y $O$H$b$K7?JQ?t$r7?$H$7$F$$$k$H$9$k!# g $KEO$5$l$k (1.0,2.0) $O b o xed $J$N$G!" simply b o xed represen tation $G$O$=$N$^$^EO$5$l$k!#$7$+$7!" g $NCf$G!" f (#1 y) $H8F$V;~$K!" 3

$3$N CM $r b o xed $KJQ 49 $7 $J$/ $F $J$i $J $$ $,!"$3 $l $r $9$k $K $O y $N7? >p Js $,I, MW $G $"$k!# $3 $l $O%3 %s%Q%$%k;~$K$ODj$^$i$J$$!#$=$3$G7?>pJs$r<B9T;~$KM?$($F$"$2$kI,MW$,@8$8$k!# $A$J$_$K [2] $G!" fully b o xed represen tation $K $7$J$/$F $O$J$i$J $$M}M3$H $7$F!"Nc$( $P!" list $r9M$($k$H!" p olymorphic function $NCf$G$^$? p olyrmorphic function $KE,MQ$5$l$k>l9g$K!" list $N Cf ?H $, b o xed $G $J $$ $H :$ $k $H $$ $& $3 $H $, $" $2 $i $l $?!# $3 $N system $G $O $I $& $J $k $+ $H $$ $& $H!" $3$&$$$&>l9g$K$O!"<B9T;~$KJ,$+$k7?$r;H$C$F!" b o xing $rCY$i$;$k$H$$$&$3$H$r$9$k$N$G$"$k!# $3$N>l9g!" b o xing $N2s?t$OJQ$o$i$J$$$3$H$rCm0U$7$F$*$/!# $J $*!" simply b o xed represen tation $G $O!" m utable data $d recursiv e data $b 8z N( NI $$ I= 8= $, $G $- $k $N $O L@ $i $+ $@ $m $&!# $H $$ $& $N $b!" p olymorphic function $K EO $9 ;~ $K!" Ld Bj $H $J $k It J, $r b o xed $KJQ49$9$kI,MW$O$J$$$+$i!# $^$?!" run time t yp e manipulation $H b o xing $N trade o� $G!"0z?t$OI,$: b o xed $K$9$k$H$$$& partially b o xed represen tation $r$H$l$P!" v ararg problem $r2r>C$9$k$3$H$b$G$-$k!# 2.2 $3$NJ}K!$NMxE@ � recursiv e and m utable t yp e $r co ercion $K4p$/<jK!$G07$&$3$H$K2DG=$K$7$?!# � t yp e-passing $KHf$Y$l$P!"$^$@ run time t yp e information $N%3%9%H$O7Z$$!# � Ey!9 3 D>4QE*$J$*OC Bo xed represen tation $N>l9g$K$O!"$3$N$h$&$J5DO@$r$9$k>l9g$K canonical b o xed form $r7h$a$F $*$+$J $$$H :$$k!#$3 $l$^ $G$N co ercion $K4p $/<j K!$G$O!" full b o xing $, canonical b o xed form $G $"$C $?!# $7 $+ $7!" $3 $3 $G $O!" simply b o xed represen tation $d!" partially b o xed represen tation $H$$$C $? $b $N$r $$ $l $k$o $1 $@ $+$i!" $= $l $r9M $( $J $$ $H$$ $1 $J $$!# wrap[ � ] $H$$ $& 4X ?t $O � 7?$N CM $r canonical b o xed form $KJQ49 $9$k4X ?t$G$" $k!#$3$l $^$G$N co ercion base $N <jK!$G $O!"$3$N4X ?t$H$$$&$N$O>o$K fully b o xed represen tation $KJQ49$9$k$b$N$G$"$C$?!# un wrap $O wrap $N5U$r $9$k!# 3.1 Simply Bo xed Represen tation Simply b o xed represen tation $O top la y er $N$_ b o xed represen tation $K$9$k!# real � real $N$h $&$J monomorphic v alue $r simply b o xed represen tation $K $9$k $N$, MF 0W$J $3$H $O$9 $0$o $+ $k!# $7$+$7!" � � real $N$h$&$J7?$O$I$&$9$k$N$@$m$&!# � $r single w ord %G!<%?$H9M$($F$$$/$N$O$" $^$j$&$^$/$$$+$J$$!#<!$NNc$G9M$($k!# fun foo (x,y) = (x,y+3.0)::nil fun bar (x,y) = (x+3.0,y)::nil foo : 8 � : ( � � real ) ! ( � � real ) $G$"$j!" bar : 8 � : ( real � � ) ! ( real � � ) $G$"$k!# foo $d bar $NCf$G$O!" � 7?$N%G!<%?$O%j%9%H$NCf$G co ercion $5$l$F$7$^$&!#$=$N$?$a!"7k2L$O$I$A$i$b sim- ply b o xed list $G $J$/ $J$k!# � $O 1 w ord $G b o xed represen tation $K$J$C $F$$ $k$+ $i!# wrap[ � � real ] $N K>$^$l$k Dj5A$O � $r un b o xed represen tation $K$7$F!" $/$C$D$1$k$H $$$&$3$H $r$7$F$[$7 $$!#$3$l$r$9$k$K$O<B9T;~$K � $N7?$,I,MW$K$J$k!# $3$3 $G =E MW $J $3 $H $O!" b o xing sc heme $O v alid $J $N $O!" b o xing sc heme $, t yp e instan tiation $N 4X 78 $H =g HV $r $$ $l $+ $( $F $b 7k 2L $, F1 $8 $@ $H $$ $& $3 $H $G $" $k!# � $, � � real $^ $? $O real � $K instan tiate $5$l!" <! $K real � real $K instan tiate $5$l $? $H$9 $k!# $3$N $H $-!"$I$C $A$+ $i $-$F $b!":G8e$N b o xed form $,F1$8$G$"$k$3$H$,EvA3MW5a$5$l$k!# full b o xing $h$j$b simple b o xing $NJ}$, co ercion $,B?$$>l9g$b$"$k!#$,!"$3$3$G$O?($l$J$$!# 4

3.2 P artially Bo xed Represen tation simple b o xing $NLd BjE@ $H$7 $F!" wrap[ � ] $O v ararg problem $r0z $-5/ $3$9$3 $H$, $"$2 $i$l $k!#$3 $l$O partially b o xed represen tation $rMQ$$$k$3$H$G2r7h$G$-$k!# P artially b o xing $N simple b o xing $H$N0c$$$O!" unkno wn function $N t yp e $K$D$$$F$O!"<B9T ;~$N7?>pJs$K:81&$5$l$J$$$h$&$K!"0z?t$H7k2L$O>o$K simple b o xed $K$9$k!#$3$l$K$h$C$F!" v ararg problem $rHr$1$F$$$k!# partial b o xing $G$O!" co ercion $O run time t yp e $K0MB8$7$J$$!#$3$N b o x- ing sc heme $G $O!" wrap[ � ! � ] $O co ercion $r $7 $J $/ $F :Q $‘!# $H $$ $& $N $b!" � $H � $O partially b o xed $K$J$C$F$$$k$+$i!# 3.3 B>$N b o xing sc heme $b$" $k $1 $l$I!" :# 2s $O >J N,!#$3 $l $i $r exible $K @Z$j BX $( $i $l$k $H $$ $& $N$,!" title $N 4p $K $J$C $? $N$@$m$&!#$A $J$_$K$I $N$h$&$J b o xing sc heme $,BEEv$J$b $N$+$O8e $G=R$Y$k $,!"D>4QE*$K $O!"$I $& $$ $& =g HV $G canonical b o xed form $K $7 $F $b!" 7k 2L $, F1 $8 $K $J $k $b $N $, BE Ev $J b o xing sc heme $G$"$k!# 4 F ormal $JOC %?!<%2%C%H (TGT) $O [1] Cf$G � M L i $H8F$P$l$k$b$N$G$"$k!# 2 3,$N � 7W;;$K!" typerec $H$$$&7? $K$D $$ $F $N >l 9g J, $1 $N construct $r 2C $( $? $b $N $H ;W$( $P $$ $$!# SR C $O Mini-ML $H 8F$P $l $k BN 7O ( � -calculus+tuple) $K!" co ercible t ycon $H inco ercible t ycon $r 6h JL $9 $k $? $a $N!" pk ; upk $H $$ $& Fs $D $N 7? %3 %s %9 %H %i %/ %H $H!" $= $N 7? $r 2C $( $? $b $N $G $" $k!# FC $K Cf 4V 8@ 8l $H $7 $F!" F ! $N pred- icativ e v arian t(IL) $r;HMQ$7$F$$$k$,!"$3$l$OJL$KD>@\JQ49$b$G$-$k$N$@$,!" ML-st yle 0J30$N0l HL$NB?Aj7?$N%3%s%Q%$%k5;K!$K$D$$$F$b8@$($k$3$H$r<($9$?$a$@!# Predicativ e p olymorphism $H$O $I$&$$$& $b$N$+$N 2r@b$O >JN,$9$k!# $*$*$^$+ $K$O!" system F $H 8F $P $l $k impredicativ e p olymorphism $N BN 7O $G $O!" 7? $N Cf $+ $i 7? A4 BN $r ;2 >H $7 $F $$ $k 7? $, 5v $5 $l $k $N $K BP $7 $F!" predicativ e p olymorphism $G $O 5v $5 $l $J $$ $H $$ $& E@ $, 0c $$ $G $" $k!# $b$C $H J, $+ $j 0W $/ 8@ $& $H!" 7? Cj >] $5 $l $? 91 Ey 4X ?t $K B? Aj 7? (� t : T :� $N $h $& $J 7? ) $r E, MQ $7 $F $" $2 $k $3 $H$O $G $- $J $$!# $H $$ $& $N $bB? Aj 7? $O T $N MW AG$G $O $J $$ $+ $i!# $A $J $_ $K!" let x : � = N in M end $r predicativ e p olymorphism $N BN 7O $K 2C $( $? $b $N $,!" core-ML $r M[ $K 7? IU $1 $7 $? $b $N $H 9M $( $k $3 $H $, $G $-!" $3 $l $, XML $G!" $h $/ 8& 5f $5 $l $F $$ $k!# $3 $l $O!" impredicativ e p olymorphism $H predicativ e p olymorphism $N Cf 4V $G!" let $H $$ $& %7 %s %? %/ %9 $G!" B? Aj E* 4X ?t $N @k 8@ $r 2D G= $K $7 $F $$$k!#EvA3$N$3$H$J$,$i!" predicativ e p olymorphism $G$O!" �f : (� t:t ! t ) : � � � f nat 3 � � � f bool tr ue � � � $N $h $& $J 9‘ $O =q $1 $J $$!# $J $*!" impredicativ e p olymorphism(system F) $N 9‘ $N t yp e inference $, undecidable $J$3$H$,CN$i$l$F$$$k!# OC $, 2# F; $K $= $l $? $,!" $3 $3 $G $N Cf 4V 8@ 8l $, predicativ e v arian t $@ $H $$ $& $N $O!" 9‘ $K E, MQ $G $- $k $N $O!" t yp e constructor( � ) $N $_ $G!" G$ 0U $N p olymorphic t yp e $r E, MQ $G $- $J $$ $H $$ $& 0U L# $G $" $k!# $8$c!<!" let <0 $O $I $& JQ 49 $5 $l $k $N $+ $H $$ $& $3 $H $@ $1 5? Ld $@ $H ;W $& $, $= $l $K Ez $( $F $* $/!# JL$K$I $&$C$F$3 $H$J $/$F!" � M L i $K$" $k$h $&$K IL $G$O t yp e constructor $+ $i7? $XJQ49 $9$k $?$a$N T $H$$ $&4X ?t$, MQ0U$5 $l$F $$$F!" <B9T;~ $K$O!" $=$l $K$h$C $F!" t yp e constructor $r7? $KBP 1~IU$1 $k!# t yp e constructor $N Cf $K!" � t :: �:� $H $$ $& $b $N $, $"$C $F!" $= $l $, B? Aj 7? $K BP 1~ $7 $F $$ $k!# $A$J$_$K IL $N t yp e c hec k $O2DG=$G$"$k 5 !# 5 predicativ e v arian t $@$+$i 5 pk !" upk $K4X$9$k t yping rule, op erational seman tics $O$=$l$>$l0J2<$N$h$&$K$J$k!# �; � ‘ e : � �; � ‘ pk e : Pack ( � ) �; � ‘ e : Pack ( � ) �; � ‘ upk e : � e , ! v pk e , ! pk v e , ! pk v upk e , ! v SR C $+$i IL $X$NJQ49$K$D$$$F$O>JN,$9$k!# SR C $O ML $N p olymorphism $G!" IL $O$h$jI=8= NO$N9b$$ p olymorphism $r%5%]!<%H$7$F$$$k$+$i!"JQ49$G$-$k$3$H$O!"MF0W$KA[A|$G$-$k$H;W$&!# JQ49$O t yp e directed $K9T$o$l$k!# IL $+$i TGT $X$NJQ49$b>JN,$9$k!#$3$3$G$NOC$N4N$O!" wrap $H$$$&4X?t$,!" TGT $NCf$G$I$&Dj5A$5$l!" canonical b o xed form $,$I$N$h$&$J7A$G calculus $N Cf$GI=8=$5$l$F$$$k$+$H;W$&$N$G!"$=$3$rCf?4$K=R$Y$k!# 4.1 TGT Language T arget language $N$&$A!" b o xing,un b o xing $K4XO"$9$k$H$3$m$@$1OC$r$9$k!# TGT $K$O<!$N prim- itiv es $,$"$k!#$3$3$G Wrap [ � ] $O � $N canonical b o xed from $rI=$9 t yp e constructor $H9M$($l$P $$ $$!# 6q BN E* $K $O 7? $N >l 9g J, $1 $r $9 $k Typerec $H $$ $& %3 %s %9 %H %i %/ %H $r MQ $$ $F <B 8= $5 $l $k $N $@ $,!"6qBNE*$J Wrap [] $N<B8=$K0MB8$7$J$$OC$r$9$k$N$G!"$3$l$O>JN,!#8+DL$7$r$h$/$7$F$*$/$H!" @h$K=R$Y$? simply b o xed represen tation $d!" partially b o xed represen tation $rI=$9 W R AP ty con $O8e$GDj5A$9$k!# wrap : 8 t :: :T ( t ) ! T ( Wrap [ t ]) un wrap : 8 t :: :T ( Wrap [ t ]) ! T ( t ) 4.2 co ercion function $NA^F~ :G =i $K Lero y $, Ds 0F $7 $? J} K! $G $N co ercion function $N A^ F~ $G!" 4N $K $J $k $N $O JQ ?t $N $H $3 $m $G!" <!$N$h$&$J7A$G$"$C$?!# �( x ) = 8 � 1 : : : � n :� dom( � ) � f � 1 ; : : : ; � n g � ‘ x : � ( � ) ) S � ( x; � ) S � ( a 0 : � ) = un wrap[ � ( � )]( a 0 ) G � ( a 0 : � ) = wrap[ � ( � )]( a 0 ) S � ( a 0 : b ) = a 0 G � ( a 0 : b ) = a 0 S � ( a 0 : � 1 � � 2 ) = let x = a 0 in G � ( a 0 : � 1 � � 2 ) = let x = a 0 in (S � (fst( x ) : � 1 ) ; S � (snd( x ) : � 2 )) (G � (fst( x ) : � 1 ) ; G � (snd( x ) : � 2 )) end end S � ( a 0 : � 1 ! � 2 ) = �x: S � ( a 0 (G � ( x : � 1 )) : � 2 ) G � ( a 0 : � 1 ! � 2 ) = �x: G � ( a 0 (S � ( x : � 1 )) : � 2 ) S � $O b o xed $J CM $r un b o xed represen tation $K CM $r JQ 49 $9 $k 4X ?t $r 2C $(!" G � $O un b o xed $J CM $r b o xed represen tation $KCM$rJQ49$9$k4X?t$r2C$($k!# $5 $F!" $3 $N O@ J8 $G $O F ! $K co ercion $r $$ $l $k $N $G!" Lero y $N <j K! $K $* $1 $k co ercion function $N A^ F~ $O t yp e instan tiation $N $H $3 $m $G 9T $o $l $k!# K\ <A E* $K F1 $8 $G $" $k $N $O!" ML $N >l 9g $O $" $k 0U L# $G p olymorphic t yp e $, 7? $N 0L CV $K =P 8= $9 $k $N $O JQ ?t $N =j $@ $1 $J $3 $H $+ $i <+ L@ $@ $m $&!# $= $N IL $+$i$N TGT $X$NJQ495,B’$O<!$N$h$&$K$J$k!# 6

�; � ‘ e : 8 t :: �:� ) e 0 e 0 c = C C ([ � ! =t ] � u ; [ � u =t ] � u ) �; � ‘ e [ � ] : [ �=t ] � ) @ e 0 c ( e 0 [ � ! ]) C C ( � 0 ; � ) $O!" TGT $N 9‘ $G!" T ( � 0 ) 7? $N 9‘ $r T ( � ) 7? $N 9‘ $K co ercion $9 $k!# C T ( � 0 ; � ) $O � 0 7? $N 9‘$r � 7?$N9‘$KJQ49$9$k!# $3$N C C $H $$ $& 4X ?t$, >e $N S � $H$$ $& 4X ?t $K Aj Ev$9 $k!# p olymorphic v alue $O IL $G$O!" ;H $& ;~ $K $O 7? $r E, MQ $9 $k $, 6 !" $= $N E, MQ $5 $l $k 7? $r ;H$C $F!" co ercion function $r A^ F~ $9 $k!# P olymor- phic function $K E, MQ $5 $l $k CM $O canonical b o xed form $G $" $k I, MW $, $" $k!# $= $l $G $3 $l $i $N 0z ?t $r co erce $9 $k 4X ?t $r $$ $l $k!# 7k 2L $O p olymorphic v alue $J $N $G!" canonical b o xed form $G $" $k $+$i!"I|5"$9$k4X?t$r$$$l$k!# Wrap [ � ] $H$$$&$N$O t ycon � $GI=$5$l$k7?$N canonical b o xed form $K$J$C$F$$$kCM$rI=$97?$@$C$?!# 4JC1$K8@$&$H!"B?Aj7?$N4X?t$O canonical b o xed form $NCM$H$7$F<u$1<h$C$F!" canonical b o xed form $NCM$rJV$9$h$&$K$J$C$F$$$k$N$G!" C C $O!"$=$N4X?t$r$b$i$$!"$=$NA08e$K co ercion $N%3!< %I $r A^ F~ $9 $k %3!< %I $r $O $/ $H $h $$!# 5, B’ $N C C ([ � w =t ] � u ; [ � u =t ] � u ) $O!" canonical b o xed form $N CM$r!"$b $H$N 7?$K JQ49$9 $k4X ?t$H ;W$( $k!#$3$l $OD> 4QE* $K$O!" � $r4X ?t7?$H ;W$C$F $$$& $H$o $+$j $d$9$$!#>e$N5,B’Cf$N e 0 $O p olymorphic function $J$N$G!" canonical b o xed v alue $r$b$i$C$F!" canonical b o xed v alue $rJV$9!#$=$l$G!"$3$N$^$^$G$OE,MQ$7$?$H$-$KJQ$J$3$H$K$J$k!#$=$3$G!" $=$N 4X ?t $r $= $N J8 L. $G Dj $^ $k 7? $K $J$k $h $& $K co ercion function $r $/$C $D$1 $k!# $= $N 7? $O [ � u =t ] � $G$"$k!# C C ; C T $H S � ; G � $NBP1~ $O<!$r 8+$k $H$h$/ $o$+$k!# � 1 ; � 2 $O$=$l $>$l canonical b o xed form $r I=$97?$G$"$k!# C T ( � 0 1 ! � 0 2 ; � 1 ! � 2 ) = �f : � 0 1 ! � 0 2 :�x : � 1 : (@( C T ( � 0 2 ; � 2 ))(@( f )(@ C T ( � 1 ; � 0 1 ))( x ))) P olymorphic function $KE, MQ $9 $k>l 9g $K $O $=$N CM $r canonical b o xed form $KJQ 49 $9 $k$H $$ $& $N $,!" co ercion $r Mx MQ $7 $? <B Au 5; K! $N <g 4c $G $"$C $?!# $= $l $G!" $= $N 4X ?t <+ ?H $O canonical b o xed form $r $b $i$C $F!" canonical b o xed form $r JV $9 $h $& $K $J$C $F $$ $J $/ $F $O $J $i $:!" =>$C $F $= $N 7? $O � 0 1 ! � 0 2 $G $" $k!# $G!" 0z ?t $O!" non-canonical b o xed form $G $" $j $& $k CM $r canonical b o xed form $K $7 $J $$ $H $$ $1 $J $$ $N $G!" C T ( � 1 ; � 0 1 ) $K x $r E, MQ $7 $F!" f $K EO $9!# 0l J} 7W ;; 7k 2L $r $3 $N J8 L.$G;H$&$K$O!" canonical b o xed form $+$i!"J8L.$+$iDj$^$kI=8=$KLa$7$F$d$kI,MW$,$"$k$N$G!" C T ( � 0 2 ; � 2 ) $r$O$5$‘!#$=$&$$$&$3$H!# 4.2.1 $b$A$g$C$H%U%)!<%^%k$K � u $O IL $N t yp e constructor � $r TGT $N t yp e constructor $K JQ 49 $9 $k $b $N $G $" $k!# KX $I <+ L@ $J JQ 49 $@ $,!" 0c $& $N $, 0l E@ $@ $1 $" $k!# Pack () $N $h $& $J inco ercibale t ycon $O!" wrapp ed $J $= $l $H $9$k!#$D$^$j!" ( Pack ( � )) u = Pack ( Wrap [ � ]) $H$J$k!# inco ercible t ycon $O monomorphic con text $H p olymorphic con text $GI=8=$rJQ$($J$$!# 7?$NJQ49$bF1MM$K9T$&!#<!$K!" wrapp ed $JJQ49$r<($9!# � w = Wrap [ � u ] if � . � :: � w = (� t :: �:� [ t ]) w if � . � :: � ! � 0 (� t :: �:� ) w = � t :: �:� w substitution � $N � u $N0UL#$O ( � ( t )) u !# 6 87L)$K$O t yp e constructor 7

4.1 De�nition [v alid canonical b o xed form]: Wrap [] $NDj5A$,M?$($i$l$?;~$K!" substitution $H2D49 ( � ( Wrap [ � ]) = Wrap [ � ( � )]) $+$D!"<!$NEy<0$,F3$1$k!# Wrap [ � ] � Wrap [ Wrap [ � ]] Wrap [ � ( � 1 ; � 2 )] � Wrap [ � ( Wrap [ � 1 ] ; Wrap [ � 2 ])] Wrap [ ! ( � 1 ; � 2 )] � Wrap [ ! ( Wrap [ � 1 ] ; Wrap [ � 2 ])] $3$N$h$&$KDj5A$5$l$? v alid canonical b o xed form $K$D$$$F$O!" � u ; � u ; � w $, substitution $H 2D49$J$3$H$,$$$($k!# 4.3 $=$$$8$c!<!":G=i$K8@$C$F$?OC$O$I$&I=8=$5$l$k$N!) $H$$$&$o $1$G!":G =i$K8@$C $F$$$?!" partial b o xing !" simply b o xing $d full b o xing $O$I $&$J$C$? $s$@$H$$$&$3$H$K$J$k$,!"$3$l$i$OA4$F!" canonoical b o xed form $G$"$k$3$H$,8@$($k!# 4.3.1 Wrap [ ] $NDj5A Nc $( $P!" simple b o xed form $O $D $. $N $h $& $K $J $k!# $3 $3 $G $O pattern matc h $N 7A $G =q $$ $F $" $k $,!"<B:]$K constructor $H$7$F$O!" Typerec $r;H$C$F=q$/!# Wrap [ � ] = Boxed ( Uncv [ � ]) Uncv [ int ] = int Uncv [ real ] = real Uncv [ Pack ( � )] = Pack ( � ) Uncv [ Boxed ( � )] = � Uncv [ � ( � 1 ; � 2 )] = � ( Uncv [ � 1 ] ; Uncv [ � 2 ]) Uncv [ ! ( � 1 ; � 2 )] = ! ( Uncv [ � 1 ] ; Uncv [ � 2 ]) KM$bBg;3MM$d:YC+MM$N??;w$7$F!"LdBj$r=P$7$F$_$^$9!# Problem 4.1 Partial b oxing !" ful l b oxing $r>e$K$J$i$C$FDj5A$9$k$H!"$I$&=q$1$P$$$$$+!) 4.3.2 wrap ; un wrap $NDj5A $$$h$$$h!" wrap ; un wrap $NDj5A$r=R$Y$k!# Simple b o xing $G$O<!$N$h$&$KDj5A$9$k!# wrap[ � ] = box [ Uncv [ � ]] o uncv [ � ] un wrap[ � ] = cover [ � ] o unbox [ Uncv [ � ]] uncv [ Boxed ( � )] = unbox [ � ] uncv [ � ( � 1 ; � 2 )] = uncv [ � 1 ] � uncv [ � 2 ] uncv [ ! ( � 1 ; � 2 )] = cover [ � 1 ] ! uncv [ � 2 ] uncv [ � ] = identity [ � ] cover [ Boxed ( � )] = box [ � ] cover [ � ( � 1 ; � 2 )] = cover [ � 1 ] � cover [ � 2 ] cover [ ! ( � 1 ; � 2 )] = cover [ � 1 ] ! uncv [ � 2 ] cover [ � ] = identity [ � ] 8

P artial b o xing $G $O!" uncv [] ; cover [] $O ! ( Boxed ( � 1 ) ; Boxed ( � 2 )) $N $h $& $J constructor $K $D$$$F$O!" identity $HF1$8$K$J$k$3$H$rCm0U$7$F$*$/!# 5 Mo dule $X$N3HD%$K$D$$$F >JN, 6 7k2L$K$D$$$F %Y%s %A %^!<%/ $N 7k 2L$O ?^ 9 $K $"$k $h $& $K$J$C $F $$ $k!#?t ;z $, $Q$i $Q $i$7 $F $$ $F8+ $K $/ $$$,!" A4 It $,$9$4$/B.$/$J$C$?$H$$$&$o$1$G$O$J$$!# Lero y $N<jK!$K$h$k%3%s%Q%$%i$HHf$Y$F$$$k!# m utable or recursiv e t ycon $O pack $N$h $& $K07 $&!# list $O simple b o xed represen tation $G$" $k ( MWAG$O b o xed) !#G[Ns$O real !" in t32 $N;~$O at arra y !#B>$O b o xed arra y !# n ucleic $O real * real * real $N5pBg$J %j%9%H$r4^ $‘!#$3$$$D$,!" full b o xed $+$i simply b o xed $K$J$C$?$*$+$2$G9bB.$K$J$C$?!# simple !" �t $bF1$8M}M3$G9bB.2=$5$l$?!#0lJ}!"B?Aj7? $,$9$4$/B?$$ seiv e !" mly acc !" vliw !" kb-comp $O$[$\F1$87k2L!#$3$l$i$O!" monomorphic data $KD>@\E,MQ$5$l$k$+!" inco ercible ob ject $KE,MQ$5$l$F$$$k!# 5% $+$i 10% $N@-G=Dc2<$O t yp e pass- ing $N %3 %9 %H $H ;W $o $l $k!# unzipr $O co ercion $, M> J, $K $+ $+$C $F $$ $F CY $/ $J$C $F $$ $k $H 9M $( $i $l $k!#$3 $l $i$N sp eed-up $O TlL $N sp eed-up $H F1Ey $@ $= $&$G $" $k!# $7$+ $7!" p olymorphic co de $K $D$$$F!"%3%9%H$,$+$+$i$J$$$G$$$k$N$,$$$$$HCx<T$O=R$Y$F$$$k!# 7 46A[ $$$: $l $K $;$h!" 6a G/ $NB? Aj 7? $N<B Au 5; =Q$N 8& 5f $O!" 7?$r <B 9T ;~$K Mx MQ $9$k $3 $H $d!"Cf 4V %3!< %I $r 7?IU$1$7$F!"8zN($N$h$$%3!<%I$r$O$/$H$$$C$?<jK!$r$b$?$i$7$?!#$3$N8&5f$b$=$N0l$D$G$"$k!# 7?>pJs$r<B9T;~$KMxMQ$9$k$?$a$K!"7?$N%G!<%?$r<B9T;~$K9=@.$9$k$N$O!" [6] $K$"$k$h$&$K lazy t yp e instan tiation $r$9$l$P!"$=$s$J$K%3%9%H$,$+$+$i$J$$$H$O$$$(!"$3$NO@J8$N<B83$N$h$&$K!" t yp e passing $r $9 $k $H <B 9T ;~ 4V $,!" 10 $3 $N <j K! $G $O!" [6] $N $h $& $J <j K! $O $H $i $l $F $$ $J $$!# $^ $?!" [6] $N <jK!$G$O cop y gc $rDL >o$NJ}K! $G9T$($J $$$H$$$& 7gE@$, $"$C$?!#$3$N E@$b4^$a $F [3] $G $O!"7? $N <B9T ;~ $K $*$1 $k @8 @.$N %3 %9 %H$r $h $j 7Z8: $5 $; $k<j K! $, Ds0F $5 $l $F$$ $k!# KM $b!"$3 $N %3 %9 %H $r 7Z 8: $5 $; $h $& $H $7 $F!" 8& 5f $r $7 $h $& $H $7 $F $$ $? $N $@ $,!" [6] $N <j K! $r $h $/ M} 2r $7 $F $$ $J $+$C $?$;$$ $+!" tolmac h $N<j K!$h$j 8zN($N 0-$$ <jK!$G $d$C$F$$ $?!#$H $j$"$( $:$d$C$F $$$? $3$H$O %3%s %Q%$ %i $r :n$C$F!" <B :] $KBg $/ $N %W%m %0 %i %‘$G %3 %9 %H $,$+ $+ $k $3$H $r 3N G’$7 $F!" <+ J,$N 8@$C $F $k <j K!$@$H%3%9%H$,8:$C$F4r$7$$$M$H$$$&%9%H!<%j!<$N$D$b$j$@$C$?$,$@$a$@$C$?!# $3 $l $+ $i $I $& $9 $k $+!# NX Eg $+ $i A>!9 LZ $X $H 8~ $+ $& F; $N PN $7 $$ 3$ $r 8+ $? $j!" Lx ED B< $N =I $G 0l ?M 9M$($?!#G=EP$NKL$OPN$7$$$H$3$m$@$C$?!# References [1] Rob ert Harp er and Greg Morrisett. Compiling P olymorphism Using In tensional T yp e Anal- ysis. In A CM SIGPLAN-SIGA CT Symp osium on Principles of Pr o gr amming L anguages , pages 130 { 141, 1995. [2] Xa vier Lero y . Un b o xed ob jects and p olymorphic t yping. In A CM SIGPLAN-SIGA CT Symp osium on Principles of Pr o gr amming L anguages , pages 177 { 188, 1992. 9

[3] Y asuhik o Minamide. F ull Lifting of T yp e P arameters, 1996. An earlier v ersion of this pap er app eared in the pro ceedings of Second F uji In ternational W orkshop on F unctional and Logic Programming as Compilation Based on a Calculus for Explicit T yp e P assing. [4] Zhong Shao. Flexible Represen tation Analysis. In International Confer enc e on F unctional Pr o gr amming , 1997. [5] D. T arditi, G. Morriset, P . Cheng, C. Stone, R. Harp er, and P . Lee. TIL: A T yp e-Directed Optimizing Compiler for ML. In Confer enc e on Pr o gr amming L anguage Design and Im- plementation , 1996. [6] A. T olmac h. T ag-free garbage collection using explicit t yp e parameters. In A CM Confer enc e on LISP and F uncional Pr o gr amming , pages 1 { 11, 1994. 10