In terpreter without In terpretiv e Ov erheads =;0f 1998 G/ 11 7n 19 F| MW;] static binding $K $7 $?$, $& JQ?t $r ;}$C$? 8@ 8l $KBP $7!" naiv e $J %$%s %? %W%j %? $+$i e�cien t $J!V%3 %s %Q %$%i!W $rF@ $k systematic $J J}K! $K$D $$ $F=R $Y$k!# F1MM $N L\E* $rC# @. $9$k J}K! $H $7$F $OFs B< pro jection $, M-L> $@ $,!":# 2s$N J} K! $O0l HL E* $J partial ev aluator $r I,MW $H $7 $J$$ $@ $1 $G$J $/!" Fs B< pro jection $G$O =| 5n $G $-$J $$!" 4D 6-$r A‘:n$9$k%*!<%P!<%X%C%I$b=|5n$G$-$k!# 6q BN E* $J Nc$H $7 $F!" un t yp ed � -calculus $N %$ %s%? %W %j %? $r ML $G 5- =R$7!" $= $3 $+ $i !V un t yp ed � -calculus $+$i ML $X$N %3%s%Q%$%i!W$r F3=P$9$k!#$=$l $@$1$G$O$D$^ $i$J$$$N$G!"$b$& 0l$D$NNc$H$7 $F!" � -calculus $K$D$$ $F$b$^$C$?$/F1MM$N$3$H$r9T$C$F$_$k!# 1 $O$8$a$K T yp e-Directed P artial Ev aluation $N$[$&$G$$$m$$$m$H9M$($F$$$F;W$$$D$$$?OC$G$9!#Ev=i$O2?$bCN$i$J$+$C$? $N$G$9$,!"$$$m$$$m$HD4$Y$F$_$?$i!"%F%/%K%+%k$K$O higher-order abstract syn tax [3] $H shortcut deforestation [4] $N 1~ MQ $K Ev $? $k $h $& $G $9!# $? $@!" $= $l $i $r AH $_ 9g $o $; $F %$ %s %? %W %j %? $K E, MQ $9 $k!" $H $$ $& OC $O 8+ Ev $? $i $J $+$C $?$N$G!" no v elt y $O$"$k$+$b$7$l$^$;$s!# 1 2 naiv e $J%$%s%?%W%j%? $^$:!"!VIaDL$K!W%$%s%?%W%j%?$r=q$$$F!"$I$&$$$&E@$G8zN($,0-$$$+$r9M$($F$_$k!# 0l HL$K%$ %s%? %W%j %?$r =q$/ $H$-$O!" target language $N abstract syn tax tree $r!" meta language $K$* $$$F 2? $i$+$N7A$GI=8=$9$k!#$?$H$($P!" ML $G � -calculus $N%$%s%?%W%j%?$r=q$/$J$i$P!" naiv e $K$O type var = string $N$h$&$K � JQ?t$r ML $NJ8;zNs$GI=$7!" infix @@ infix ++ datatype exp = % of int (* i *) | $ of var (* x *) | \ of var * exp (* lambda x . e *) | @@ of exp * exp (* e1 e2 *) | ++ of exp * exp (* e1 + e2 *) | IF of exp * exp * exp (* if e1 > 0 then e2 else e3 *) $N$h$&$K!" � <0$r ML $N datat yp e $GI=$9!#$3$NI=8=$@$H!"$?$H $($P ( �x:�y :x + y ) 3 7 $H$$$& � <0$O!" ML $G $O 1 B>$N?M$,F1$8$3$H$r$9$G$K9M$($F$$$k!?$3$l$+$i;W$$$D$/2DG=@-$OBg$$$K$"$k$H;W$$$^$9$,!# 1

- \("x", \("y", $"x" ++ $"y")) @@ %3 @@ %7; val it = \ ("x",\ ("y",$ "x" ++ $ "y")) @@ % 3 @@ % 7 : exp $N$h$&$K=q$1$k!# <0 $N I= 8= $r 7h $a $? $i!" <! $O $= $l $r I> 2A $9 $k 4X?t $r =q $/!# � JQ 49 $d � 4J Ls $H $$$C $? 5, B’ $r %9 %H %l!< %H $K <B Au $9 $k $H 8z N( $, 0- 2a $. $k $N $G!" Ia DL $O 4D 6- $d closure $N 35 G0 $r F3 F~ $7 $F!" !V � <0 $H 4D 6- $r <u $1 <h $k $H!" $= $N <0 $r $= $N 4D 6-$GI> 2A $7$? 7k 2L$N CM$r JV $9!W$h $& $K$9 $k!#$3 $3 $G$O!" CM $O@0 ?t$^ $? $O closure $G!" 4D 6-$O JQ ?t$+ $iCM $X $N �nite map $G!" closure $O4X?t$H4D6-$NAH$J$N$G!" ML $G$O datatype value = Num of int | Closure of closure withtype env = (var * value) list and closure = var * exp * env $N$h$&$KI=8=$G $-$k!#$^$?!" 4D6-$KBP$9 $kA‘:n$H $7$F!"JQ?t$N CM$r4D6- $K2C$($k \up date" $H!"JQ?t $NCM$r4D6- $+ $i0z$/ \lo okup" $r0J2<$N$h$&$KDj5A$9$k!# fun update (x, e) env = (x, e) :: env fun lookup x ((n, v) :: rest) = if x = n then v else lookup x rest $3$l$i$rMQ$$$k$H!"I>2A$r9T$&4X?t$O<!$N$h$&$K=q$1$k!# fun eval (%n) env = Num(n) | eval ($x) env = lookup x env | eval (\(x, e1)) env = Closure(x, e1, env) | eval (e1 @@ e2) env = let val Closure(x, e3, env0) = eval e1 env val v = eval e2 env in eval e3 (update (x, v) env0) end | eval (e1 ++ e2) env = let val Num(v1) = eval e1 env val Num(v2) = eval e2 env in Num(v1 + v2) end | eval (IF(e1, e2, e3)) env = (case eval e1 env of Num(0) => eval e3 env | Num(_) => eval e2 env) $?$H$($P!"@h$N ( �x:�y :x + y ) 3 7 $O - eval (\("x", \("y", $"x" ++ $"y")) @@ %3 @@ %7) []; val it = Num 10 : value $N$h$&$KI>2A$G$-$k!# 2

0J >e$N $h$& $K%$%s %?%W %j%? $r=q $/$H!" !JEvA3 $@$,!K %W%m %0%i %‘$r <B9T $9$k $H$- $NB.EY $,!"%3 %s%Q %$%i $KHf $Y$F Hs >o$KCY$$!# $?$H $($P!" harp $N sml/nj-110.0.3 $G!"$3$N %$%s %?%W %j%? $r;H$C $F ack (3 ; 7) $r7W ;;$9$k $H!"Ls 18 IC $b$+$+$k!#$A$J$_$K!"$^$C$?$/F1$8 � <0$r c hez $GI>2A$9$k$H!"Ls 1 IC$7$+$+$+$i$J$$!# CY$5$N<g$J860x$O!"$$$o$f$k \in terpretiv e o v erhead" $K$"$k$H;W$o$l$k!#FC$K � lookup $,4D6-$+$iJQ?t$NCM$r0z$/%*!<%P!<%X%C%I � eval $, � <0$r%Q%?!<%s!&%^%C%A%s%0$K$h$j deconstruct $9$k%*!<%P!<%X%C%I $NFs$D$,Bg$-$$$H;W$o$l$k!# � <0$N ev aluator $K8B$i$:!" static binding $K$7$?$,$&JQ?t$r;}$D8@8l$N%$%s%?%W%j%?$r naiv e $K=q$/$H!">o$K F1MM$N%*!<%P!<%X%C%I$,@8$8$k!# 3 higher-order abstract syn tax $= $3$G!" $^$: $O0l HVL\ $N%*!< %P!<%X%C %I $r<h $j=| $/!#4D 6-$r %j%9 %H$G $O$J $/!"%O%C %7%e$J $I $NJL $N9= B$$G I=$9 $3 $H$b9M$($i$l$k$,!"<B$O$=$l$h$j$b$b$C$H4JC1$GB.$$J}K!$,$"$k!# � -calculus JQ ?t $,!" ML $N JQ ?t $H F1 MM $K static binding $K $7 $? $, $& $3 $H $K Cm L\ $7 $F!" � -calculus $N JQ ?t!& 4D 6-!& closure $H$7$F!" ML $NJQ?t!&4D6-!& closure $rMxMQ$9$k!# $?$H$($P!"@h$N ( �x:�y :x + y ) 3 7 $H$$$& � <0$NNc$@$H!":#$^$G$O \("x", \("y", $"x" ++ $"y")) @@ %3 @@ %7 $HI=$7$F$$$?$N$r \(fn x => \(fn y => $x ++ $y)) @@ %3 @@ %7 $N$h$&$KI=$9$h$&$K$9 $k!#0lHL$K$O!":#$^ $G \("x", ...) $H I=$7$F$$$? � <0$r \(fn x => ...) $H I=$7!":#$^ $G $"x" $HI=$7$F$$$? � <0$r $x $HI=$9$h$&$K$9$k!# abstraction $O ML $N abstraction $GI=8=$9$k$N$G!" exp $NDj5A$O0J2<$N$h$&$K$J$k!# datatype exp = % of int | $ of exp | @@ of exp * exp | ++ of exp * exp | IF of exp * exp * exp | \ of exp -> exp \ $N7? $, var * exp $+$i exp -> exp $K$J$C $?E@ $, 0JA0 $H0[ $J $k!JJQ ?t$K ML $NJQ ?t $r;H$C $F$$ $k $N$G!" <B$O $ $OITMW$J$N$@$,!K!# $^$?!" closure $b ML $N closure $GI=8=$9$k$N$G!" value $NDj5A$O datatype value = Num of int | Closure of value -> value $N$h$&$K$J$k!# 0lHL$K!"$3$N$h$&$J abstract syn tax $NI=8=$r higher-order abstract syn tax [3] $H$$$&$i$7$$!#O@J8 [3] $G$O!" 9‘$NA‘:n$K$D$-$b $N$N � JQ49$d side condition $,ITMW$K$J $k!"$H$$$&MxE@ $7$+=R$Y$F$$ $J$$$N$@$,!" ev al $K $*$$ $F closure $d4D6-$rA‘:n$7$J$/$FNI$$!J meta language $,$d$C$F$/$l$k!K$N$G3Z$GB.$$!"$H$$$&MxE@$N$[$&$,$3$3 $G$OBg$-$$!# 3 higher-abstract syn tax $r MQ $$ $k $H!" abstraction $N I> 2A $K $A$g$C $H 9) IW $, $$ $k!# exp -> exp $H $$ $& 7? $N M? $( $i $l $? CM $+ $i!" value -> value $H $$ $& 7? $N CM $r !V<+ A3 $K!W :n $i $J $$ $H $$ $1 $J $$!# $= $3 $G!" exp $K Embed : value -> exp $H$$$& constructor $rIU$12C$($F!" value $r exp $K!VKd$a9~$‘!W!#$=$&$9$k$H!" f : exp -> exp $rM? $($i $l $l $P!" eval o f o Embed : value -> value $, F@ $i$l $k !J2< ?^!K!#$? $@ $7!" Embed(v) $NI> 2A $O!" C1$K eval(Embed(v)) = v $H$9$k!# f exp --> exp ^ | |Embed |eval | v value --> value eval o f o Embed F1 MM $N tric k $O!" !V4X ?t $N 0z ?t $N 0L CV!W $K recursiv e $J =P 8= $r ;} $D data t yp e $K BP $9 $k!" 0l HL E* $J catamor- phism $KE,MQ$G$-$k!# [1] 0J>e$r$^$H$a$k$H!"%$%s%?%W%j%?$NA4BN$O?^ 1 $N$h$&$K$J$k!#;H$$J}$O - eval (\(fn x => \(fn y => $x ++ $y)) @@ %3 @@ %7); val it = Num 10 : value $N$h$&$K$J$k!# ack (3 ; 7) $K$+$+$k;~4V$O!"Ls 18 IC$+$iLs 8 IC$K2~A1$9$k!# 4 shortcut deforestation $5$i$K!"FsHVL\$N%*!<%P!<%X%C%I$r<h$j=|$/$3$H$r;n$_$k!#$O$8$a$N - eval (\("x", \("y", $"x" ++ $"y")) @@ %3 @@ %7) []; val it = Num 10 : value $H$$$&I>2A$d!">e$N - eval (\(fn x => \(fn y => $x ++ $y)) @@ %3 @@ %7); val it = Num 10 : value $H$$$&I>2A$O!" 1. CM$r5a$a$?$$ � <0$N abstract syn tax tree $r construct $9$k 2. $=$N abstract syn tax tree $r destruct $7$J$,$iCM$r5a$a$F$$$/ $H$$$&7W;;$r9T$C$F$$$k!# $H$3$m$,!" � -calculus $G$O!V expression $NA4BN$N0UL# (denotation) $O!"$=$N sub expression $N0UL#$+$i7hDj$5 $l$k!W $H $$ $& 86 M} $, @. $j N)$C $F $$ $k $* $j!" eval $b $= $& $$ $& 7A $G =q $+ $l $F $$ $k!# formal $K $$ $& $H!" � -calculus $N denotational in terpreter $G $" $k eval $H $$ $& 4X ?t $O!" � -calculus $N %W %m %0 %i %‘ !J � <0!K $r I= 8= $9 $k exp $H $$ $& datat yp e $KBP$9$k catamorphism $K$J$C$F$$$k!#F1MM$N$3$H$O!" � -calculus $K8B$i$:!"BgDq$N8@8l$K$D$$$F$$$( $k!# [2] $= $3 $G!"!V exp $r construct $7 $F$+ $i!" destruct $7 $J $,$i CM $r 5a $a$F $$ $/!W $+$o $j $K!" :G=i $+ $i CM $r5a $a $F $$ $/!#$D$^$j!" exp $N constructor $H ev al $r!V9g@.!W$7$F$7$^$&!#$?$H$($P!" application $K$D$$$F$O!" @@ $H$$$& constructor $r 4 datatype value = Num of int | Closure of value -> value infix @@ infix ++ datatype exp = % of int | $ of exp | @@ of exp * exp | ++ of exp * exp | IF of exp * exp * exp | \ of exp -> exp | Embed of value fun eval (%n) = Num(n) | eval ($x) = eval x | eval (e1 @@ e2) = let val Closure(f) = eval e1 val v = eval e2 in f v end | eval (e1 ++ e2) = let val (Num(v1)) = eval e1 val (Num(v2)) = eval e2 in Num(v1 + v2) end | eval (IF(e1, e2, e3)) = (case eval e1 of Num(0) => eval e3 | Num(_) => eval e2) | eval (\f) = Closure(eval o f o Embed) | eval (Embed(v)) = v ?^ 1: higher-order abstract syn tax $rMQ$$$?%$%s%?%W%j%? 5 fun (e1 @@ e2) env = let val Closure(x, e3, env0) = e1 env val v = e2 env in e3 (update (x, v) env0) end $H$$$&4X?t$GCV$-49$($k!# 0lHL$K!"2?$i$+$N datat yp e $r construct $7$F$+$i catamorphism $G destruct $9$k$H$$$&%W%m%0%i%‘$KBP$7$F!" $=$N datat yp e $N constructor $H catamorphism $r!V9g@.!W$7$F$7$^$&!"$H$$$&JQ49$r shortcut deforestation [4] $H$$$&$i$7$$!# $? $@!" ML $@$H $9 $Y $F$N 4X ?t $, strict $K $J$k $N $G!" termination $K4X $7 $F LdBj $, @8 $8$k!# $3 $N >l9g $@ $H!" <0$r M?$($k$@$1$GI>2A$,9T$o$l$F$7$^$&$N$G!"2?$b9)IW$7$J$$$H conditional expression ( IF ) $G!" then $NItJ,$H else $N It J, $, N> J} $H $b I> 2A $5 $l $F $7 $^ $&!# $= $3 $G!" IF $N $h $& $K I> 2A $, CY 1d $5 $l $k $Y $- <0 $O!" IF( condition , fn () => then-part , fn () => else-part $N $h $& $K I= 8= $9 $k!# $A $J $_ $K!" Hask ell $J $I $N lazy $J 8@ 8l $r ;H $( $P!" $3$N>l9g$OBg>fIW$G$"$k!# 2 0J>e$r$^$H$a$k$H!"%$%s%?%W%j%?$NA4BN$O?^ 2 $N$h$&$K$J$j!" - \(fn x => \(fn y => $x ++ $y)) @@ %3 @@ %7; val it = Num 10 : value $N$h$&$KF0$/!# ack (3 ; 7) $K$+$+$k;~4V$O!"Ls 4 IC$K=L$^$k!# $3$l$r \run time system" $H$7$FMxMQ$9$l$P!"IaDL$N abstract syn tax tree $H$7$FI=$5$l$? � <0$r!" \(fn x => \(fn y => $x ++ $y)) @@ %3 @@ %7 $N$h$&$K prett y prin t $9$k$@$1$G!" � -calculus $+$i ML $X$N!V%3%s%Q%$%i!W$K$J$k!# $A$J$_$K!"M}O@E*$K$O higher-order abstract syn tax $H shortcut deforestation $O orthogonal $J$N$@$,!"<B:] $K$O eval $KBP$7$F higher-order abstract syn tax $rMQ$$$:$K shortcut deforestation $r9T$C$F$b!"Ls 18 IC$J$N $,Ls 17 IC $K$J$k$@$1$G!"$[ $H$s$IB.$/$J$i$J $$!# shortcut deforestation $@$1$r9T$&$H!" � <0$O!J$?$H $(@0?t$G $"$m$&$H!K env -> value $H$$$&7?$N4X?t$GI=$5$l$k$N$G!" ML $K$H$C$F8zN($,0-$$$+$i$@$H;W$o$l$k!# 5 � -calculus $N>l9g � -calculus $@$1$G$O$D$^$i$J$$$N$G!"F1MM$N$3$H$r4JC1$J � -calculus $N%$%s%?%W%j%?!J?^ 3 !K$KBP$7$F$b9T$C$F $_$?!#=q$-49$($N$7$+$?$OK\Ev$K$^$C$?$/F1MM$J$N$G!">\$7$$2aDx$O>JN,$9$k$,!"7k2L$r?^ 4 $K<($9!# p�b (28) $r<B9T $9$k $N$K$+ $+$k ;~4V$r $O$+$C $F$_$k $H!" naiv e $K=q$$ $?%$ %s%?%W %j%? $G$OLs 22 IC$@$C $?$N$,!" higher-order abstract syn tax $r ;H $& $H Ls 13 IC $K $J $j!" $5 $i $K shortcut deforestation $r 9T $& $H Ls 5 IC $K $J$C $?!# 5.1 B>$N1~MQ :#2s$N J}K!$O!"JL$K%$ %s%?%W%j%?$G $J$$$H;H$($J $$$o$1$G$O$J $/!" static binding $K$7$? $,$&JQ?t$r;}$C $?<0$K BP$9$k!"0lHL$N catamorphism $r7W;;$9$k$N$KMxMQ$G$-$k!J t yp e inference $d pro of c hec king $J$I!K!# <B$O!";vA0$K7W;;$7$?$$ catamorphism $,M?$($i$l$F$$$J$/$F$b!";w$?$h$&$J$3$H$,$G$-$k!#$?$H$($P!" higher- order abstract syn tax $r ;H$C$F I= 8=$7 $? � <0 $KBP $7 $F!"?^ 5 $N$h $& $K$N $h $&$K catamorphism $r 7W ;;$9 $k 0lHL E*$J4X?t$rDj5A$9$k$H!" cata $b$^$? catamorphism $J$N$G!" shortcut deforestation $r9T$&$3$H$,$G$-$F!" 2 9bLn@h@8$K$h$k$H!" lazy $G pure $J functional language $G$b!"0lHL$K$OHyL/$JLdBj$,$"$k$=$&$G$9$,!# 6 datatype value = Num of int | Closure of value -> value infix @@ infix ++ fun %n = Num(n) fun $x = x fun (e1 @@ e2) = let val Closure(f) = e1 val v = e2 in f v end fun (e1 ++ e2) = let val Num(v1) = e1 val Num(v2) = e2 in Num(v1 + v2) end fun IF(e1, e2_, e3_) = (case e1 of Num(0) => e3_ () | Num(_) => e2_ ()) fun \f = Closure(f) ?^ 2: higher-order abstract syn tax $H shortcut deforestation $rE,MQ$7$?%$%s%?%W%j%? 7 type var = string datatype exp = EInt of int | EAdd of exp * exp | EVar of var and value = VInt of int | VChan of queue ref and queue = QOut of value list list | QIn of receiver list and proc = POut of (exp * exp list) (* e![f1, ..., fn] *) | PIn of (exp * var list * proc) (* e?[x1, ..., xn].P *) | PPar of proc * proc (* P | Q *) | PNew of (var * proc) (* new x in P *) | PRIn of (exp * var list * proc) (* e?*[x1, ..., xn].P *) | PIf of (exp * proc * proc) (* if e>0 then P else Q *) withtype env = (var * value) list and receiver = bool (* whether replicated or not *) * var list * proc * env fun lookup x ((y, v) :: env) = if x = y then v else lookup x env | lookup x [] = (print ("undefined variable: " ^ x ^ "\n"); raise Match) fun update (xs, vs) env = (ListPair.zip (xs, vs)) @ env fun eval env (EInt(i)) = VInt(i) | eval env (EAdd(e, f)) = let val VInt(i) = eval env e val VInt(j) = eval env f in VInt(i + j) end | eval env (EVar(x)) = lookup x env fun newchan () = VChan(ref (QOut([]))) fun send q vs = (case ! q of QOut(vss) => q := QOut(vss @ [vs]) | QIn([]) => q := QOut([vs]) | QIn((r as (rep, xs, p, env)) :: rs) => (q := QIn(if rep then rs @ [r] else rs); exec (update (xs, vs) env) p)) and recv q (r as (rep, xs, p, env)) = (case ! q of QIn(rs) => q := QIn(rs @ [r]) | QOut([]) => q := QIn([r]) | QOut(vs :: vss) => (q := QOut(vss); if rep then recv q r else (); exec (update (xs, vs) env) p)) and exec env (POut(e, fs)) = let val VChan(q) = eval env e val vs = map (eval env) fs in send q vs end | exec env (PIn(e, xs, p)) = let val VChan(q) = eval env e in recv q (false, xs, p, env) end | exec env (PPar(p1, p2)) = (exec env p1; exec env p2) | exec env (PNew(x, p)) = exec ((x, newchan ()) :: env) p | exec env (PRIn(e, xs, p)) = let val VChan(q) = eval env e in recv q (true, xs, p, env) end | exec env (PIf(e, p1, p2)) = let val VInt(i) = eval env e in exec env (if i > 0 then p1 else p2) end ?^ 3: � -calculus $N naiv e $J%$%s%?%W%j%? 8 datatype value = VInt of int | VChan of queue ref and queue = QOut of value list list | QIn of receiver list withtype receiver = bool * (value list -> unit) fun EInt(i) = VInt(i) fun EAdd(e, f) = let val VInt(i) = e val VInt(j) = f in VInt(i + j) end fun newchan () = VChan(ref (QOut([]))) fun send q vs = (case ! q of QOut(vss) => q := QOut(vss @ [vs]) | QIn([]) => q := QOut([vs]) | QIn((r as (rep, func)) :: rs) => (q := QIn(if rep then rs @ [r] else rs); func vs)) fun recv q (r as (rep, func)) = (case ! q of QIn(rs) => q := QIn(rs @ [r]) | QOut([]) => q := QIn([r]) | QOut(vs :: vss) => (q := QOut(vss); if rep then recv q r else (); func vs)) fun POut(VChan(q), vs) = send q vs fun PIn(VChan(q), func) = recv q (false, func) fun PPar(p1, p2) = (p1; p2) fun PNew(func) = func (newchan ()) fun PRIn(VChan(q), func) = recv q (true, func) fun PIf(e, p1_, p2_) = let val VInt(i) = e in if i > 0 then p1_ () else p2_ () end ?^ 4: ?^ 3 $N%$%s%?%W%j%?$K higher-order abstract syn tax $H shortcut deforestation $rE,MQ$7$?$b$N 9 infix @@ infix ++ fun %i (fs as (fint, _, _, _, _)) = fint i fun $x fs = x fs fun (e1 @@ e2) (fs as (_, fapp, _, _, _)) = fapp (e1 fs, e2 fs) fun (e1 ++ e2) (fs as (_, _, fadd, _, _)) = fadd (e1 fs, e2 fs) fun IF(e1, e2, e3) (fs as (_, _, _, fif, _)) = fif (e1 fs, fn () => e2 fs, fn () => e3 fs) fun \f (fs as (_, _, _, _, fabs)) = fabs(fn v => f (fn fs => v) fs) $N$h$&$K$J$k!#$9$k$H!"$?$H$($P ev al $O datatype value = Num of int | Closure of value -> value val eval = (fn n => Num(n), fn (Closure(f), v) => f v, fn (Num(v1), Num(v2)) => Num(v1 + v2), fn (Num(0), _, v) => v () | (Num(_), v, _) => v (), Closure) $HDj5A$G$-!" - ((\(fn x => \(fn y => $x ++ $y))) @@ %3 @@ %7) eval; val it = Num 10 : value $N$h $& $K ;H $( $k!# $7 $+ $7!" $3 $l $@ $H 8z N( $O Hs >o $K 0- $/ $F!" ack (3 ; 7) $G Ls 38 IC $b $+ $+ $k $N $G!" <B MQ $K $J $k $+ $I $& $+$O5?Ld$G$"$k!# 6 related w ork & future w ork 6.1 higher-order abstract syn tax @h$K$b=R$Y$?$,!"85$NO@J8 [3] $G$O!V binder $r;}$D9‘$NA‘:n$,4JC1$K$J$k!W$H$$$&E@$7$+=R$Y$i$l$F$*$i$:!"%$ %s%? %W%j %? $K ;H$& $H $$$& OC $O =q$+ $l $F $$$J $$!# $H $$$& $+!" higher-order abtract syn tax $r MQ $$ $FI= 8= $7 $?<0 $r $& $^$/ ev al $9$kJ}K!$O!"$o$j$H:G6a [1] $^$GCN$i$l$F$$$J$+$C$?$i$7$$!# 6.2 shortcut deforestation ev al $, exp $KBP $9$k catamorphism $G$" $k$H$$$& $3$H$O!"$@$l $G$b5$$, IU$/$H;W$& $N$@$,!"0U 30$H:G6a $NO@J8 [2] $G<gD%$5$l$F$$$k!#$3$NJU$NOC$,<g$K list $d tree $KBP$9$kA‘:n$rBP>]$H$7$F$-$?$?$a$+$b$7$l$J$$!# shortcut deforestation $bF1MM$G!"%$%s%?%W%j%?$K;H$&$H$$$&OC$O!JD4$Y$?8B$j$G$O!K8+Ev$?$i$J$+$C$?!# 6.3 partial ev aluation KA F, $K $b =q $$ $? $,!" %$ %s %? %W %j %? $+ $i %3 %s %Q %$ %i $r F3 =P $9 $k J} K! $H $7 $F $O!" Fs B< pro jection $, M- L> $G $" $k!# $7 $+$7!" :G=i $N naiv e $J%$ %s %? %W%j %? $K FsB< pro jection $r ;H $( $P!"3N $+ $K pattern matc hing $N %*!<%P!< %X%C %I $O 10 infix @@ infix ++ datatype ’a exp = % of int | $ of ’a exp | @@ of ’a exp * ’a exp | ++ of ’a exp * ’a exp | IF of ’a exp * ’a exp * ’a exp | Abs of ’a exp -> ’a exp | Embed of ’a fun cata (%i) (fs as (fint, _, _, _, _)) = fint i | cata ($x) fs = cata x fs | cata (e1 @@ e2) (fs as (_, fapp, _, _, _)) = fapp (cata e1 fs, cata e2 fs) | cata (e1 ++ e2) (fs as (_, _, fadd, _, _)) = fadd (cata e1 fs, cata e2 fs) | cata (IF(e1, e2, e3)) (fs as (_, _, _, fif, _)) = fif (cata e1 fs, fn () => cata e2 fs, fn () => cata e3 fs) | cata (Abs(f)) (fs as (_, _, _, _, fabs)) = let fun c e = cata e fs in fabs(c o f o Embed) end | cata (Embed(v)) _ = v ?^ 5: higher-order abstract syn tax $rMQ$$$FI=8=$5$l$? � <0$KBP$7$F!"0lHL$N catamorphism $r7W;;$9$k%W%m%0 %i%‘ 11

>C$($k$,!" lookup $H$+ update $H $+$N%*!<%P!<%X%C%I$^ $G$O>C$($J$$!# higher-order abstract syn tax $rMQ$$$? %$%s %? %W %j %? $K Fs B< pro jection $r ;H $& $H $$ $& <j $b 9M $( $i $l $k $,!" shortcut deforestation $N $_ $r 9T $& $N $K Hf $Y $F Bg$-$J%a%j%C%H$,$"$k$+$I$&$+$O!"$^$@$h$/9M$($F$$$J$$!# 6.4 attribute grammar <0 $KBP $7$F \comp ositional" $KCM $r5a $a$F$$ $/$H $$$& E@$G!" attribute grammar $HHs >o$K4X 78$, ?<$= $&$J $N$@ $,!"CN <1 $, $J $5 $9 $. $F $^$C $? $/ $o $+ $i $J $$!# attribute grammar $N @$ 3& $G $O :# 2s $N OC $, 4{ CN $G $" $k $H $$ $& 2D G= @- $b$"$k$H;W$&$N$G!"$A$c$s$HD4$Y$kI,MW$,$"$k!# ;29MJ88% [1] Leonidas F egaras and Tim Sheard. Revisiting catamorphisms o v er datat yp es with em b edded functions (or, programs from outer space). In Pr o c e e dings of the 21st A nnual SIGPLAN-SIGA CT Symp osium on Principles of Pr o gr amming L anguages , pages 284{294, 1994. [2] Graham Hutton. F old and unfold for program seman tics. In Pr o c e e dings of the thir d A CM SIGPLAN international c onfer enc e on F unctional pr o gr amming , pages 280{288, 1998. [3] F rank Pfenning and Conal Elliott. Higher-order abstract syn tax. In Pr o c e e dings of the A CM SIGPLAN ’88 Confer enc e on Pr o gr amming L anguage Design and Implementation , pages 199{208, 1988. [4] Akihik o T ak ano and Erik Meijer. Shortcut deforestation in calculational form. In Pr o c e e dings of the seventh international c onfer enc e on F unctional pr o gr amming languages and c omputer ar chite ctur e , pages 306{313, 1995. 12