Existen tial T yp es ?e>e C#IW J?@. 13 G/ 10 7n 1 F| A0 >O $G $O univ ersal t yp e ( 8 X :T ) $r JY 6/ $7 $? $, !" $3 $N >O $G $O existen tial t yp e( 9 X :T ) $K $D $$ $F JY 6/ $9 $k !# $I $N $h $& $K Lr $K N) $D $N $+ $r @h $K 8@ $C $F $* $/ $H !" $3 $l $O Ab- straction $d Mo dule System Ey$r7A<0E*$K5DO@$9$k$N$KLrN)$D!# 24.1 Motiv ation Existen tial T yp e $O %W %m %0 %i %_ %s %0 8@ 8l $N %b %8 %e !< %k $d Cj >] %G !< %? 7? $H L) @\ $K4X 78 $, $"$k !# $3 $N A‘ :n E*$J 0U L# $r 6/ D4$9 $k $? $a $K !" $3$N K\ $G $O 7? $N Syn tax $r 9 X :T $+$i f9 X ; T g $K JQ 99 $9 $k !# $^ $? !" term f� S; t g $N � $O!" tuple $H:. F1 $7$J$$$h$&$KIU2C$7$F$$$k$o$1$G$9 !# Univ ersal [ T yp e : 8 X :T , T erm : �X :t ] O@M} G$0U$N7? S $KBP$7!" [ X 7! S ] T $N7?$r;}$DCM D>46 $"$k7? S $,M?$($i$l$k$H!" [ X 7! S ] T $N7?$r$b$D term $rJV$94X?t Existen tial [ T yp e : f9 X :T g , T erm : f� S; t g ] O@M} $"$k7? S $KBP$7 [ X 7! S ] T $N7?$r;}$DCM D>46 7?$H term $N%Z%" ( 7? S $r7? X $G1#JC$7$?%G!<%? t) 24.1.1 P ac king 7A<0E*$JDj5A$r8+$kA0$K!"6qBNE*$KNc$r8+$F$_$k$3$H$K$7$^$7$g$& !# p = {*Nat, {a=5, f= � x:Nat. succ(x)}} p $N term ItJ, ( {a=5, ...} ) $O<B:]$K$O f a : N at; f : N at ! N at g (A) $N7?$r;}$A!"$3$l$N Nat 7?$r1#JC$9$k$H f a : X ; f : X ! X g (B) 1

$K$J$k$N$G!" p $O f9 X ; f a : X ; f : X ! X gg $r;}$D$3$H$,$o$+$j$^$9 !# :#!" (A) $+$i (B) $K7?$rJQ7A$7 $^$7$?$,!"O@M}E*$K8+$k$H!" (B) $N X $H$$ $&7?$K1#JC$5$l$F$$$k%G!<%?7? (Nat) $rBeF~$9$k$3$H$G!"<B:]$K$b$C$F$$ $k %G!< %? 7? (A) $KEy$7 $/ $J $l $P !" p $O (B) $N7? $r$b $D $3 $H $, 5v $5 $l $k $o $1$G $9 !# 0lJ} !" p $O f9 X ; f a : X ; f : X ! Nat gg $N7? $b;} $C $F $b $$ $$ $+ $H ;W $$ $^ $9 !# $3$l $G$O p $K0l0U $J7? $r IU$1 $k$3 $H $,$G $- $J$$ $N $G!" @N $d $C $? Ascription $H $$$&Cm<a$r$D$1$^$9 !# p = {*Nat, {a=5, f= � x:Nat. succ(x)}} as { 9 X, {a:X, f:X ! X}} > p : { 9 X, {a:X, f:X ! X}} p2 = {*Nat, 0} as { 9 X, X} > p2 : { 9 X, X} p3 = {*Bool, true} as { 9 X, X} > p3 : { 9 X, X} $3$l$i$N7A<0E*$JDj5A$O<!$N$h$&$K$J$j$^$9 !# � ‘ t 2 : [X 7! U] T 2 � ‘ f� U ; t 2 g as f9 X ; T 2 g : f9 X ; T 2 g (T-P A CK) $G$O !" $b $C $H M-1W $J Nc ( %G!<%? Cj >] $7$? %* %V %8 %’ %/ %H ) $r:n @.$7 $F $_ $k $3$H $K $7$^$9 !# p4 = {*Nat, {a=0, f= � x:Nat. succ(x)}} as { 9 X, {a:X, f:X ! Nat}} p5 = {*Bool, {a=true, f= � x:Bool. 0}} as { 9 X, {a:X, f:X ! Nat}} p4, p5 $, F1 $8 7? { 9 X, {a:X, f:X ! Nat}} $r ;} $A !"$= $l $> $l $N <B Au %G !< %? $J$s $F 5$ $K $; $: $K � E,MQ $G f a : Nat $J$s $F $3 $H $, $G $- $k $o $1 $G $9 !# $^ $? !" 5$ $r$D$1$J$/$F$O$J$i$J$$$N$O!":G=i$NNc p $K$*$$$F!" p6 = ... as { 9 X, {a:X, f:X ! X}} p7 = ... as { 9 X, {a:X, f:Nat ! X}} p8 = ... as { 9 X, {a:Nat, f:Nat ! Nat}} $H7?IU$1$r9T$C$F $b!"Cj>]%G !<%?7?$H$7$FLr$K N)$?$J$$$H$$$&$3 $H$G$9 !# p6 $O$I$N $h$& $JA‘:n $r9T $C $F $b!" 7? X 0J30$NMW AG$r F@$k $3$H $,$G $-$: !" $=$N MW AG$rB> $K;H $$ $h$& $,$" $j$^ $;$s !# p7 $K;j$C $F $O !" f a $HE,MQ$9 $i $G$- $^$; $s!# $^$?!" p8 $OCj>]2=$9$k0UL#$,$"$j$^$;$s!# I>2A 5, B’ P ac king $NI>2A 5, B’ $O term ItJ, $, v alue $K$J $k $^ $G I> 2A $9 $k$? $a $K!"<!$N$h$&$K$J$j$^$9 !# t 12 ! t 0 12 f� T 11 ; t 12 g as T 1 ! f� T 11 ; t 0 12 g as T 1 (E-P A CK) 2

24.1.2 Unpac king >e$N @a$G $O f a $HE,MQ $9$k $H E,Ev $K 8@$$ $^ $7$? $, !" Nc$( $P %*%V %8 %’ %/ %H ( %b %8 %e !< %k )p4 $N f $H a $r;H MQ $9 $k $K $O !" >e $N J} K! $G $O $b $A $m $s BL L\ $G !" 7A <0 E* $KDj5A$K$-$A$s$HDj5A$7$F$d$kI,MW$,$"$j$^$9 !# � ‘ t 1 : f9 X ; T 12 g � ; X ; x : T 12 ‘ t 2 : T 2 � ‘ let f X ; x g = t 1 in t 2 : T 2 (T-UNP A CK) %*%V%8%’ %/%H t 1 $N X $GCj>]2=$5$l$?%$ %s%?!<%U %’!< %9 ( 7? ) $r x $K<h$j=P$7 ( %P%$%s%I$7 ) !"$=$N4D6-2<$G t 2 $r7?IU$1$7$F$$$^$9 !#Nc$($P!" let {X, x} = p4 in (x.f x.a) $O !" p4 $O { 9 X, {a:X, f:X ! Nat}} $K 7? IU $1 $5 $l $F $$ $k $N $G !" x $O {a:X, f:X ! Nat}} $K7?IU$1$5$l!" let ... in (x.f x.a) : Nat $H$J$j$^$9 !# 4V0c$$ P ac king $HF1MM$K4V0c$$$NNc$r8+$F$_$k$3$H$K$7$^$9 !# � ( Cj>]@- ) let {X, x} = p4 in succ(x.a) $?$H$(!" x.a $N<BAu $, Nat 7?$G$" $C $F$b !" x.a $O X $GCj>] 2=$5 $l $F$$ $k $?$a$K!"$3$l$O7?%(%i!<$H$J$j$^$9 � ( %9%3!<%W ) let {X, x} = p4 in x.a x.a $O 7? X $G $" $j !" 7? X $O let %9 %3 !< %W $+ $i =P $F $O $$ $1 $^ $; $s !# $h $C $F !" let {X, y} = p4’ in y.f (let {X, x} = p4 in x.a) $bBLL\$G$9 !# $3$N@)8B $,$J$$$H!" x, y $N8+$+$1>e$N7?$OF1$8$G$"$k $,!" y .f (let J8 ) $r I> 2A $9 $k :] $K !" 7? X $,Cj >] $7 $F $$ $k <B :] $N 7? $, >l =j $K $h $C $F0[$J$k$3$H$,@8$8$F$7$^$$$^$9 !# I>2A5,B’ :G8e$KI>2A5,B’$G$9$,!"%Q%C%1!<%8$,:n@.$9$k$?$a$N5,B’ t 1 ! t 0 1 let f X ; x g = t 1 in t 2 ! let f X ; x g = t 0 1 in t 2 (E-UNP A CK) $H!"%Q%C%1!<%8$r Unpac k $7$F!" b o dy $rI>2A$9$k5,B’ let f X ; x g = ( f� T 11 ; v 12 g as T 1 ) in t 2 ! [ X 7! T 11 ][ x 7! v 12 ] t 2 (E-UNP A CKP A CK) $,B8:_$7$^$9 !# 24.1 Data Abstraction with Existen tials Cj >] 2= $9 $k $H 2? $, $$ $$ $3 $H $, $" $k $N $+ $O JF 8& %a %s %P !< $J $i <+ L@ $G $7$g$& !# $h$C$F !"$3 $3 $G $O Cj >] 2= $9 $k $? $a $N J} K! $H $7 $F !" ADT, Existen tial Ob ject, Hybrid Ob ject $r=R$Y!"$=$N@bL@$HFC?’$N$_=R$Y$k$3$H$K$7$^$9 !# 3

24.1.1 ADT Abstract data t yp e (ADT) $O 7? JQ ?t t yp e A, <B :] $N 7? represen tation T, $= $l$K BP $9$k op erations $G9= @. $5 $l!" ADT $NFbIt $+ $i $O T $,8+$( $k $, !" ADT $N30 It $+ $i $O T $NBe $o $j $K A $,8+ $( $k !# 6q BN E* $J Dj 5A J} K! $O 2< 5- $N $h $& $K $J $k!# ADT counter = type Counter representation Nat signature new : Counter, get : Counter -> Nat, inc : Counter -> Counter; operations new = 1, get = � i:Nat. i, inc = � i:Nat. succ(i); ADT $H@h $[ $I $N %Q %C %1 !< %8 $H $N 0c $$ $O !" %Q %C %1 !< %8 $O <B :] $N %G !< %? $r 3J G< $9$k %U %# !< %k %I $H 4X ?t %F !< %V %k $r ;} $A 9g $o $; $F $$ $? $, !" ADT $K$* $$ $F $O <B :] $N%G!<%?$7$+;}$A9g$o$;$F$$$J$$!# $^$?!" ADT $O Existen tial T yp e $K%(%s%3!<%I $9$k $3$H$, $G$-$k !# Nc $($P !" >e$N ADT $r%(%s%3!<%I$9$k$H<!$N$h$&$K$J$k!# # counterADT = {*Nat, {new = 1, get = � i:Nat. i, inc = � i:Nat. succ(i)}} as { 9 Counter, {new: Counter, get: Counter -> Nat, set: Counter -> Counter}}; > counterADT : { 9 Counter, {new:Counter, get:Counter -> Nat, inc:Counter -> Counter}} # let {Counter, counter} = counterADT in counter.get (counter.inc counter.new); > 2 : Nat ; $^ $?!"0J A0 $K Dj 5A$7 $? ADT $G JL $N ADT $r Dj 5A$9 $k $K $O !"<!$N $h $& $K ;HMQ $9$k!# let {Counter, counter} = counterADT in 4 let {FlipFlop, flipflop} = {*Counter, {new = counter.new, read = � c:Counter. iseven (counter.get c), .... 24.1.2 Existen tial Ob ject $3$N>O$N:G=i$K@bL@$7$?%Q%C%1!<%8$H$[$\F1$8$G$"$k!#4X?t %F!<%V%k$N0U L#$r6/D4$9$k$?$a$K!"<!$N$h$&$K4X?t%F!<%V%kMQ$N%U%#!<%k%I$rJL$KMQ 0U$7 $F$$$k!# c = {*Nat, {state = 5, methods = {get = � x:Nat. x, inc = � x:Nat. succ(x)}}} as Counter; $? $@ $7 !" Counter = { � X, {state:X, methods: {get:X -> Nat, inc:X -> X}}}; purely functional program $N$?$a $K!" %+%& %s%?$N CM$r #1A}$d $9$?$a $K$O !" <! $N$h$&$K?7$?$K%*%V%8%’%/%H$r:n@.$7$J$/$F$O$J$i$J$$!# sendinc = � c:Counter. let {X, body} = c in {*X, {state = body.methods.inc(body.state), methods = body.methods}} as Counter $3$NCj>]2=$NJ}K!$O!"%*%V%8%’%/%H;X8~8@8l$NMxE@$rB?Bg$K<u$1$k$3$H $,$G $-!"%5%V%?%$%W$d7Q>5$NF3F~$b%9%‘!<%:$K$G$-$k!# $7 $+ $7 !" %* %V %8 %’ %/ %H $K BP $9 $k $9 $Y $F $N A‘ :n $r Cj >] 2= $5 $l $? %$ %s %? !< %U %’ !< %9 ( 7? ) $r$b$H $K $7 $J$/ $F $O$J $i $J$$ $? $a$K !" 8= <B $N%W %m %0%i %_ %s%0 $K $O @)8B $,$-$D$$!#Nc$($P!" Ja v a, C++ %i%$%/$N<!$N$h$&$J$3$H$,$G$-$J$$!# class C { private int a; public int sum(C obj) { return a + obj.a; } public int getValue() { return a; } } 5

$J $< $J $i !" Existen tial Ob ject $K $* $$ $F $O !" F1 $8 Cj >] 7? $G $b 0[ $J $k <B Au $r ;} $A $&$k $3 $H $, $" $k $+ $i $G $" $k !# (ob j.a $O in t $G $O $J $/ !" In teger Ob ject $+$b $7 $l $J$$ ) 0lJ}!" ADT $K$*$$$F$O>e$N$3$H$,2DG=$G$"$k!# 24.1.3 Hybrid Ob ject >e5-$NLdBj$r2r7h$9$k$?$a$K!"8=<B<gN.$N%W%m%0%i%_%s%08@8l $K$*$$$F$O Ob ject $H ADT $NBE6(E@$r :NMQ$7 $F$$$k !# $3 $l$i$N 8@8l$G $O!" %*%V%8 %’ %/%H $N 7? $O %/ %i %9 L> $G $" $j !" $? $H $( F1 $8 %$ %s %? !< %U %’ !< %9 $N %/ %i %9 $, $" $C $F $b !" @h $[$I$H $O 0[$J $k7? $H$7 $F$$ $k !# %5 %V%? %$%W $,2C $o $k$H !" $" $k7? A $N%5%V%? %$ %W B $,$" $k$H !"%/ %i%9 B $O I,$: %/%i %9 A $+ $i7Q >5$r 9T $&I, MW$, $" $j !"$=$N :]$K%U%#!<%k%I$r$9$Y$F;R%/%i%9 B $K$b0z$-7Q$0$h$&$KDj5A$7$F$$$k!# $3$&$9$k$3$H$G!"%/%i%9 C $N7?$HDj5A$5$l$?%*%V%8%’%/%H$OI,$: in t 7?$N %U%#!<%k%I a $r;}$D$3$H$,J]>Z$5$l$k$o$1$G$"$k!# 24.1 Enco ding Existen tials $3 $N @a $G $O Existen tial T yp e $, A0 >O $G @b L@ $7 $? Univ ersal T yp e $G %( %s %3 !< %I$G$-$k$3$H$r@bL@$9$k!# � pac king Existen tial T yp e $N7? f9 X ; T g $r$h $/ 8+ $F $b $i $& $H !" $3 $l $O P air T yp e $G $"$k $3 $H$, $o$+ $k !#$G$O !" P air T yp e $, Unisersal T yp e $G $O$I $N $h $& $K 7? IU $1 $5 $l $? $N $+ $r 8+ $k $? $a $K !"$^ $: @0 ?t $, $I $N $h $& $K 7? IU $1 $5 $l$k$N$+$r8+$F$_$k$3$H$K$9$k!# � ! $N Ch urc h Enco ding $G$O C n = �s:�z : s ( � � � ( s ( s | {z } n z )) � � � ) @0?t n $O!" z $N7?$r <u$1 <h$k $H !" $= $N7? $NCM $r JV$9 4X?t s $H=i4|CM z $r <u $1<h$k$H !" s $r n 2sE, MQ$9$k4X ?t$HDj 5A$7$?$o $1$G$" $k!#$9$J $o$A!" @0?t n $N7?$O CNat = 8 X : ( X ! X ) ! X ! X $H System F $G$O 7? IU $1 $G$- $? $o $1 $G $" $k!# 0l $D Cm 0U $9 $Y$- $3 $H $O !" >e $N Ch urc h Enco ding $,@0?t n $rI=$9M# 0l$N � <0$G$O $J$$ $H$$ $&$3 $H$G $"$k !# $3 $N $3 $H $O !" 0J 9_ $N P air, P ac king $K $D $$ $F $b $$ $( $k $3 $H $G $" $k !# $G$O!" P air T yp e $O$I$N $h $&$K 7? IU $1$G $- $? $N$+ !) $b $C $H!" LdBj $r 4J C1 $K $9 $k $? $a$K Nat $N CM $7 $+ $b $AF@ $J $$ P air T yp e (P airNat) $K$D $$ $F 9M $($k!# P airNat $N CM (a, b) $,$" $k$H!"4X?t f ( a; b ) $N $h$&$K%( %s%3!< 6

%G %# %s %0 $G $- $J $$ $+ $H 9M $( $k $H !" <B :] $= $l $, $G $- $F A0 >O $G $O <! $N $h $& $K 7?IU$1$G$-$?$N$G$"$k!# P airNat = 8 X : (CNat ! CNat ! X ) ! X $G$O!" Existen tial T yp e f9 X ; T g $r P air $H9M$($k$H f9 X ; T g = 8 Y : ( 8 X :T ! Y ) ! X $O $J$i$J$$ $@$m$& $+$H9M$( $l$k$o $1$G$" $k!#<B:]!"$3 $N7?$N CM f� S; t g as f9 X ; T g $O Univ ersal T yp e $G $O <! $N $h $& $K %( %s %3 !< %G %# %s %0 $G $- $k !# f� S ; t g as f9 X ; T g � 8 Y :� f : ( 8 X :T ! Y ) : f [S] t $^$5$K !" f [S] t $NItJ,$K<B:]$N7? $H%G!<%?$,1#JC$5$l$F$$ $k$N$G$"$k!# 8@MU $K 8@ $$ D> $9 $H !" 8 Y $G !" %* %V %8 %’ %/ %H $K BP $9 $k A‘ :n $N 7k 2L $N 7? !" �f $G!"Cj>]$7$?7? X $H%*%V%8%’%/%H $N7? T $K4X$9$k4X?t$r Unpac k $9$k $H$- $K ;H MQ $9 $k $H !" $= $l $i $r 6q BN 2= $7 $F JV $9 $3 $H $r 9T $& !# $= $7 $F !" $3 $N P ac king $N%( %s %3 !< %I $K BP $9 $k !" Unpac king $N%( %s %3 !< %I $r $- $A $s $H Dj 5A $G $-$l $P !" Existen tial T yp e $N Univ ersal T yp e $K $h $k%( %s %3 !<%G%# %s%0$,40@.$9$k!# � unpac king let f X ; x g = t 1 in t 2 : f9 X :T 11 g $r%(%s%3!<%I$9$k$3$H$r9M$($k!# t 1 = f� T 11 ; v 12 g as f9 X ; T g $H $* $/ $H !" t 1 $O <! $N $h $& $K%( %s %3 !< %I $G $-$?!# t 1 = 8 Y :� f : ( 8 X :T ! Y ) : f [ T 11 ] v 12 t 1 $K let J8$N JV $97? T 2 !" let J8$N JV $9CM $r t 1 $N0z ?t $N 7? $H F1 $8$K $J $k $h $&$K$& $^ $/ � Cj>]2= $7 $? $b$N $r $9 $J$* $K t 1 $KE,MQ $7 $?$b $N $r U $H$9 $k $H!" U � t 1 [ T 2 ]( �X :�x : T 12 :t 2 ) = �f : ( 8 X :T ! Y ) : ( f [ T 11 ] v 12 )( �X :�x : T 11 :t 2 ) = ( �X :�x : T 12 :t 2 )[ T 11 ] v 12 = ( �X :�x : T 12 :t 2 )[ T 11 ] v 12 = ([ X 7! T 11 ]( �x : T 12 :t 2 )) v 12 = ([ X 7! T 11 ](( �x : T 12 :t 2 ) v 12 ) = [ X 7! T 11 ][ x 7! v 12 ] t 2 $H $J $j !" $3 $N7k 2L $O (E-UNP A CKP A CK) $N7k 2L $H 0l CW $9 $k !# $H $$ $& $o $1 $G !" U $9 $J$o $A !" let f X ; x g = t 1 in t 2 $O Univ ersal T yp e $r;H MQ $7 $F <! $N $h $& $K %(%s%3!<%G%#%s%0$G$-$k!# let f X ; x g = t 1 in t 2 � t 1 [ T 2 ] ( �X :�x : T 11 :t 2 ) 7