NX9V : T yp e Systems and Programming Languages Mizuk ami T atsuo J?@. 13 G/ 4 7n 23 F| 6 Nameless Represen tation of T erms JQ?t$r$I$N$h$&$KI=$9 $+$K$O$$$/$D$+$NJ}K!$, $"$j !"$=$l$>$l$K$O$=$l$J $j$NMxE@$,$"$k!# 1. BeF~;~$NL>A0$D$1JQ$(5,B’$r7A<02=$7!"J8;zNs$GJQ?t$rI=8=$9$k!# 2. L>A0$D$1JQ$($rI,MW$H$7$J$$J}K!$r?7$?$K:n@.$9$k!# %P %0 $, Aa 4| $K 8+ $D $+ $j $d $9 $$ Ey $N <B Au >e $N ET 9g $H $7 $F !"$3 $N K\ $K $* $$ $F $O !" :n<T$O8e<T$rA*Br$7$F$$$k!# 6.1 T erms and Con texts $3$3 $G>R 2p$9 $k J}K! $O De Bruijin $5$s$, 9M$( $@$7 $? J}K! $G$" $j !" J8;z Ns $N JQ?t$NBe$o$j$K?t;z$r;HMQ$9$k!#$=$NJ}K!$H$O!"$b$H$NJ8;zNsJQ?t$H$= $NDj 5A$5$l $F$$$k JQ?t $N4V$N � $N?t$, k 8D$N>l9g!" $= $NJQ?t $r k $KCV$- 49$( $k$H $$$&J}K!$G$"$k!# $D$^$j !"Nc$r$"$2$k$H!" �x:�y :x ( y x ) = ) �:�: 1(0 1) �f : ( �x:f ( �y : ( x x ) y ))( �x:f ( �y : ( x x ) y )) = ) �: ( �: 1( �: (1 1)0))( �: 1( �: (1 1)0)) $N$h$&$K!"J8;zNs$NJQ?t$+$i?7$?$KDj5A$7$?I=8=J}K!$KJQ49$5$l$k$o$1 $G$" $k!#L> A0 L5$7 $N term( �: 1 Ey ) $r de Bruijin term $H$$ $$ !"<B:] $N ?t;z $N It J, $r de Bruijin index $H$$$& !# <!$K de Bruijin term $N syn tax $r Dj5A $9$k $?$a $K!" 0 $+ $i n-1 $^$G $N?t $N $&$A $G 9b !9 n 8D$N <+ M3 JQ ?t $7 $+ $J $$ term $N=8 9g $r T n $H$9 $k $H !" T n $O<! $N $h $&$K$7$FDj5A$G$-$k!# 1

6.1.2 DEFINITION[TERMS] 1. k 2 T n whenev er 0 � k < n 2. if t 1 2 T n and n > 0, then �:t 1 2 T n � 1 3. if t 1 2 T n and t 2 2 T n , then ( t 1 t 2 ) 2 T n JdB-$H$7$F!" T $r f T 0 ; T 1 ; : : : g $H$7$FDj5A$7!" T n $NMWAG$r n-term $H$$$& !# $3$3$^$G$O!"J8;zNs$NJQ?t$+$i?t;z$NJQ?t$KL>A0$N$D$1JQ$($N 86M}$r@bL@ $7!" term $N=8 9g $r Dj5A $7 $? $N $@ $, !" JQ 49 $N :] $K � <0$NCf $K <+ M3 JQ ?t $, $" $k >l 9g$,$^$@@bL@$5$l$F $$$J$$!#$3$3$G$O$=$N>l 9g$KBP1~$9$k$?$a$K!"$^$: !"J8 ;zNs $N <+M3 JQ?t $H ?t;z $H $NBP 1~$, naming con text F $K Dj5A $5 $l$F $$$k $H $9 $k!#Nc$($P!" F = x ! 4 y ! 3 z ! 2 a ! 1 b ! 0 $3 $l $r N, 5- $9 $k $H F = x; y ; z ; a; b $H $7 $F I= $5 $l !" dom ( F ) $r f x; y ; z ; a; b g $HDj 5A$9 $k!# ( Dj 5A 6.1.3) NX9V MQ$N K\ $K$O !"85$N J8;z Ns%P !<%8%g%s $N � <0$H naming con text F $r ;H MQ $7 $F $N L> A0 $r ?t ;z $K JQ 49 $9 $k $? $a $N %" %k %4 %j %: %‘ $, =q$+$l$F$$$J$$$H;W$&$,!"<+J,$J$j$K9M$($?$H$3$m$K$h$k$H!" � $b$7!"85$NJQ?t$,B+G{JQ?t$N;~!" ( 0O$^$l$F$$$k � $N?t ) $r;HMQ!# � $b $7 !"85$N JQ ?t $, <+ M3 JQ ?t $N ;~!" ( 0O $^ $l $F $$ $k � $N ?t )+(F $G BP 1~ $E $1$i$l$??t ) $r;HMQ!# $=$&$9$k$H!">e5-$NNc$N F $N$b$H$G$O!" x ( y z ) ! 4(3 2) �x:y x ! �: 4 0 �w :�a:x ! �:�: 6 <B:]$NL>A0 L5$7$N>l 9g$N � <0$NBeF~$rDj 5A$9$k$3 $H$O!" C1 =c$JLdBj $G$O$J $$!# $J $< $J $i !" <+ M3 JQ ?t $N ?t ;z $N 3d $j Ev $F J} K! $r >e $N $h $& $K Dj 5A $7 $? $? $a $K !" BeF~ $9 $k CM $b !" Be F~ $5 $l $k >l =j $K $h $C $F $= $N 3d $j Ev $F HV 9f $, JQ$o $C $F$7 $^ $& !# $=$N $? $a $N Be F~ $r 9T $& >l =j $K $h $C $F !" Be F~ $9 $k CM $r JQ $( $k $? $a $N 4X ?t " d c $r<! $N$h$&$KDj5A$9$k!# 2

6.2.1 DEFINITION[SHIFTING] " d c ( k ) = ( k if k < c k + d if k � c " d c ( �:t 1 ) = �: " d c +1 ( t 1 ) " d c ( t 1 t 2 ) = " d c ( t 1 ) " d c ( t 2 ) d $O � <0 $r 0l $D I> 2A $9 $k $H 3d $j Ev $F $k ?t $r A} $d $9 CM $G $" $j !" c $O naming con text $G B+G{ $5 $l $? JQ?t $N ?t $H $7$F ;H MQ $5 $l$k !#D> 46 E* $K$O " d c $O E,MQ $5 $l $k � <0 $N<+M3JQ?t$NCM$r 1 $@$1A}$d$9$3$H$r9T$& !#$9$k$H!">e5-$N<0$rMxMQ$7$FBe F~$rDj5A$G$-$k!# 6.2.4 DEFINITION[SUBSTITUTION] [ j ! s ] k = ( s if k = j k otherwise [ j ! s ]( �:t 1 ) = �: [ j + 1 !" 1 ( s )] t 1 [ j ! s ]( t 1 t 2 ) = ([ j ! s ] t 1 [ j ! s ] t 2 ) <B:]$N?t;z%P!<%8%g%s$N � <0$NI>2AJ}K!$O<!$N$h$&$K$7$FDj5A$5$l$k!# 6.2 Ev aluation ( �:t 12 ) v 2 !" � 1 ([0 !" 1 ( v 2 )] t 12 ) $D$^$j !"$3$N >O$G9T$$$?$+ $C$?$3$H$O!" J8;zNsJQ ?t$GI=8=$5$l$? � <0$r?t 3X E* $K H~ $7 $/ I= $9 $? $a $K !"J8 ;z Ns JQ ?t $H <+ A3 ?t $H $N BP 1~ 4X 78 $r Dj 5A $r 9T $$ !" <B:]$K<+A3?tJQ?t$KJQ49$5$l$? � <0$K$*$1$kBeF~$HI>2A$rDj5A$7$?!# 7 An ML Implemen tation of the Lam b da-Calculus $3$N>O $O 4 >O$G OC$5 $l$? %$%s %?!<%W %j%? !<$N <BAu $r!" 6 >O$N JQ?t $N<+ A3?t $K$h $k Dj 5A $H $= $l $K 4p $E $/ Be F~ Ey $r ;H MQ $7 $F !" 3H D% $r 9T $* $& $H $$ $& $* OC $G $9 !# 3

7.1 T erms and Con texts A0>O$N term $NDj5A$+$i ML $N<BAu$r$9$J$*$KI=8=$9$k$H!" type term = TmVar of int | TmAbs of term | TmApp of term * term %$ %s %? !< %W %j %? $N 4D 6- Ey $N >p Js $r J] B8 $9 $k $? $a $K !" info $H $$ $& 7? $r IU $1 2C $( $k !# type term = TmVar of info * int | TmAbs of info * term | TmApp of info * term * term JQ ?t $N Dj 5A ;~ $N naming con text $N%5 %$ %: $r J] B8 $9 $k $? $a $K !" ?7 $? $J 7? $r IU $1 2C$($k !# TmV ar $N 2 HVL\$N in t CM$OJQ?t $r<B :]$K I=<( $9$k $H$- $K%G %P %C %0 L\ E*$K ;H MQ$5 $l $k$i $7 $$!#$^ $? !" TmAbs $N string CM$O 8+0W $5 $N$? $a $K!"4X ?t $KL>A0$r$D$1$l$k$h$&$K$7$F$$$k!# type term = TmVar of info * int * int | TmAbs of info * string * term | TmApp of info * term * term 7.2 Shifting and Substitution $3 $N>O $b A0 >O $G Dj 5A $7 $? %7 %U %H !"BeF~ $N 4X?t $r OCaml $G :F Dj 5A $7 $? $@ $1 $G$9 !# let termShift d t = let rec walk c t = match t with TmVar(fi, x, n) -> if x >= c then TmVar(fi, x+d, n+d) else TmVar(fi, x, n+d) | TmAbs(fi, x, t1) -> TmAbs(fi, x, walk (c+1) t1) | TmApp(fi, t1, t2) -> TmApp(fi, walk c t1, walk c t2) in walk 0 t let termSubst j s t = let rec walk c t = match t with TmVar(fi, x, n) -> if x = j+c then (termShift c s) else TmVar(fi, x, n) 4

| TmAbs(fi, x, t1) -> TmAbs(fi, x, walk (c+1) t1) | TmApp(fi, t1, t2) -> TmApp(fi, walk c t1, walk c t2) in walk 0 t 7.3 Ev aluation 0l2s I>2A $9$k 4X?t ev al1 $r Dj5A $7$F !"$=$N 4X?t I>2A $rDd ;_$9 $k$^ $GI> 2A$9 $k4X?t ev al $rDj5A$7$F$$$^$9 !#$=$l$@$1$G$9 !# 5